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Preface 

This thesis at the SEVAB doctoral school from Toulouse III Paul Sabatier University was led at the 

Station d’Ecologie Théorique et Expérimentale of Moulis (CNRS), and at the DECOD UMR of Rennes 

(INRAE), financed by a PhD grant from the French Ministry of Higher Education, Research and 

Innovation (MESRI), and by the PKD project (French Office for Biodiversity grant), under the 

supervision of Simon Blanchet and Erwan Quéméré.  

The thesis is written in English, and composed of a general introduction, followed by four 

chapters under scientific papers form, submitted for peer-review or in preparation for submission, a 

general discussion, and appendices complementing the writing. Chapter 1 is published in Environmental 

DNA, and Chapter 4 is published in Biological Conservation.
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Abstract 

The epidemiological dynamics of infectious diseases result from a complex interplay between the 
parasite, the host and the environment. Changes in environmental conditions can affect key 
characteristics of either hosts or parasites, favouring the emergence of disease in wild populations. The 
proliferative kidney disease (PKD), caused by Tetracapsuloides bryosalmonae, is responsible for 
important declines in salmonid fish. T. bryosalmonae’s life cycle is complex and involves two hosts: a 
salmonid fish and a bryozoan. The different stages of its life cycle and PKD development in fish are 
temperature dependent, so that climate change may increase the severity of PKD outbreaks and extend 
further the disease range. Understanding the parasite distribution and its drivers, as well as its impacts 
on wild populations are thus key elements for the elaboration of management plans.  
 

In my thesis, I investigated the distribution, the ecological and evolutionary impacts of T. 

bryosalmonae on wild brown trout (Salmo trutta) populations from Southern France, at the foothill of 
the Pyrenean mountains. The first objective was to map the parasite distribution and infection prevalence 
along environmental gradients to investigate the biotic and abiotic factors favouring the development of 
the disease. To this end, I developed a new non-lethal method for effective wide-scale detection of 
infected fish, building on the excretion of infective spores through fish urine, and an environmental 
DNA (eDNA) based approach. I demonstrated that the abundance of T. bryosalmonae in the water was 
tightly linked to the abundance of its hosts but poorly to abiotic factors, whereas the infection prevalence 
in fish was tightly linked to abiotic factors related to water quality and weakly to the abundance of 
parasites in the water. The second objective aimed to test the ecological and evolutionary consequences 
of selection conjointly mediated by the parasite and the water temperature on brown trout populations. 
I specifically compared juvenile density and intraspecific variation at both genetic and phenotypic levels, 
before and after PKD outbreak. I found a negative effect of the infection prevalence on the density of 
naive populations that was not observed on populations already heavily infected the year before. I also 
found that high infection reduced the diversity of immune-related genes, which was not observed at 
neutral loci. I further revealed a joint negative impact of temperature and infection prevalence on the 
body condition and ornamentation of juveniles, suggesting that these stressors might affect brown trout 
fitness. In a last part, I developed an integrative index combining the pathological, the ecological, and 
the genetic status of populations to inform on their global health. This multifaceted index, transposable 
to other ecosystems and species, highlighted the importance of the surrounding agricultural land and the 
oxygen concentration in the water as the main drivers of brown trout population health.  
 

This thesis provides and uses new tools to investigate the distribution of an endoparasite, either 
within its vertebrate host or directly into the aquatic environment, and to assess the global health of host 
populations. The consequences of the disease outbreaks depended on the infection prevalence and the 
water temperature, with a pronounced effect on populations’ phenotypes. These results fill some gaps 
in the understanding of this emerging disease settlements and impacts, and may serve as a guide for 
future management plans. 
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Résumé 

La dynamique épidémiologique des maladies infectieuses résulte de l’interaction complexe entre le 
parasite, l'hôte et l'environnement. Des changements de conditions environnementales peuvent affecter 
des caractéristiques clés des hôtes ou des parasites, favorisant l'émergence de maladies dans les 
populations sauvages. La maladie rénale proliférative (PKD pour proliferative kidney disease en 
anglais), causée par Tetracapsuloides bryosalmonae, est responsable d'importants déclins chez les 
salmonidés. Le cycle de vie de T. bryosalmonae est complexe et implique deux hôtes : un poisson 
salmonidé et un bryozoaire. Les différentes étapes de son cycle de vie et le développement de la PKD 
chez les poissons étant température-dépendants, le changement climatique est susceptible d’augmenter 
la sévérité des épidémies de PKD et d’étendre davantage sa répartition géographique. Comprendre la 
répartition du parasite et ses déterminants, ainsi que ses impacts sur les populations sauvages sont donc 
des éléments clés pour l'élaboration de plans de gestion. 

Dans ma thèse, j'ai étudié la distribution ainsi que les impacts écologiques et évolutifs de T. 

bryosalmonae sur les populations sauvages de truites fario (Salmo trutta) du sud de la France, au pied 
des Pyrénées. Le premier objectif était de cartographier la distribution du parasite et la prévalence de 
l'infection le long de gradients environnementaux afin d'étudier les facteurs biotiques et abiotiques 
favorisant le développement de la maladie. À cette fin, j'ai développé une nouvelle méthode non létale 
permettant une détection efficace à grande échelle des poissons infectés, en s'appuyant sur l'excrétion 
de spores infectieuses par l'urine des poissons et la détection d’ADN environnemental (ADNe). J'ai 
démontré que l'abondance de T. bryosalmonae dans l'eau était étroitement liée à l'abondance de ses hôtes 
et peu aux facteurs abiotiques, tandis que l'infection chez les poissons était étroitement liée aux facteurs 
abiotiques traduisant la qualité de l'eau et faiblement à l'abondance des parasites dans l'eau. Le second 
objectif visait à tester les conséquences écologiques et évolutives de la sélection exercée conjointement 
par le parasite et la température de l'eau sur les populations de truites fario. J'ai spécifiquement comparé 
la densité de juvéniles et la variation intraspécifique aux niveaux génétique et phénotypique avant et 
après l'épidémie de PKD. J'ai trouvé un effet négatif de la prévalence d'infection sur la densité des 
populations naïves, qui n’apparaissait pas chez les populations déjà fortement infectées l'année 
précédente. J'ai également montré qu'une forte infection réduisait la diversité des gènes liés au système 
immunitaire, ce qui n'était pas observé aux loci neutres. J'ai en outre révélé un impact négatif conjoint 
de la température et de la prévalence d’infection sur la condition corporelle et l'ornementation des 
juvéniles, suggérant que ces facteurs de stress affectent la fitness des truitelles. Dans une dernière partie, 
j'ai développé un indice intégratif combinant les statuts pathologique, écologique et génétique des 
populations afin d’informer leur santé globale. Cet indice à multiples facettes, transposable à d'autres 
écosystèmes et espèces, a mis en évidence l'importance des terres agricoles alentours et de la 
concentration en oxygène dans l'eau comme principaux déterminants de la santé des populations de 
truites fario. 

Cette thèse fournit et utilise de nouveaux outils pour étudier la distribution d'un endoparasite au 
sein de son hôte vertébré ainsi que dans le milieu aquatique, et pour évaluer la santé globale des 
populations hôtes. Les conséquences des épidémies dépendaient de la prévalence de l'infection et de la 
température de l'eau, avec un effet prononcé sur les phénotypes des populations. Ces résultats comblent 
certaines lacunes dans la compréhension de l’établissement et des impacts de cette maladie émergente, 
et permettent d’orienter les futurs plans de gestion. 
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General introduction 

On the importance of species interactions 

Ecology is the science studying the interactions among and between living organisms and their 

environment, at all the levels of biodiversity, from the cell to the biosphere (Molles & Sher, 2019). An 

ecological community is composed of coexisting species involved in a complex network of interactions 

(Montoya et al., 2006). Species interactions, just as the number of interacting species, are a core 

component of biodiversity. As such, it appears substantial for the study of an ecosystem to not only 

consider a list of present species, but also the network of interactions existing between the species, as 

they are keys to ecosystem functioning and services (Harvey et al., 2017). In an ecological community, 

all the species and their mutual interactions intertwined contribute to the maintenance of ecosystem 

stability (Mougi & Kondoh, 2012).  

 The outcomes of any biological interaction strongly depend on the environmental conditions 

experienced by the involved species (Chamberlain et al., 2014; Song et al., 2020). The complexity of 

the interaction network connecting the different species within an ecosystem makes the prediction of 

the effects of global change difficult. Indeed, changes in abiotic conditions may have both direct and 

indirect (i.e. due to the alteration of species interaction networks) impacts on species and ecosystems 

(Tylianakis et al., 2008; Ockendon et al., 2014). Famous examples of domino effects involving species 

interactions include the Yellowstone wolves (Canis lupus) restoring stream functionality (Ripple & 

Beschta, 2012). After 70 years of absence, this top predator was reintroduced into the Yellowstone Park 

from 1995. It widely contributed to the regulation of the elk (Cervus elaphus) population that had 

prospered in its absence, releasing the vegetation from an over-browsing pressure. This way, aspens 

(Populus tremuloides), willows (Salix spp.), and cottonwood (Populus spp.) could develop further, 

increasing the riparian vegetation along streams. This created favourable niche for beavers (Caster 

canadensis), that in turn increased in density. This latter engineer species, together with the riparian 

plant community, contributed to enhance the stability of the eroding streambanks. Dams built by the 

beavers impacted the morphology of the streams and created small pounds benefiting a whole 

community of waterfowls, amphibians, reptiles, fish and amphibious mammals (Ripple & Beschta, 

2012; Beschta & Ripple, 2019). Another example involves the impact of an emerging infectious disease 

on a whole trophic chain in kelp forests along the central coast of California (Fig. 1a). In 2014, a series 

of climatic stressors coinciding with the development of the sea star (Pycnopodia helianthoides) wasting 

disease caused an unprecedented decline in kelp (Macrocystis pyrifera) density. This released urchins’ 

(Strongylocentrotus purpuratus) populations from the sea star predation, and the exponential 

development of this grazer transformed the kelp forest into a patchy landscape of remnant kelp 

interspersed with sea urchin barrens (i.e., “naked” seabed covered with urchins suffering from starvation 
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because of the lack of kelp). The over-development of the urchins favoured an increase of this system’s 

top-predator, the sea otter (Enhydra lutris nereis). In turn, by favouring healthy active urchins within its 

diet, the sea-otter contributes to the preservation of the remnant patchy kelp forest (Smith et al., 2021). 

Moreover, species’ phenology, which is the timing of species life cycle, is guided by environmental 

clues (Körner & Basler, 2010). Species may shift their phenology in response to changing environmental 

conditions, but these shifts might be species-specific and lead to phenological mismatches in interspecies 

interactions (Chmura et al., 2019). For instance, great and blue tits’ (Parus major and Parus caeruleus) 

reproduction is synchronised with the period favourable to the development of the winter moth 

(Operophtera brumata) caterpillars to ensure enough feeding to the offspring, while caterpillars’ 

development is synchronised with the development of pedunculate oaks (Quercus robur) leaves. The 

increase in temperature leads to earlier oak budbursts, and earlier peak in the caterpillars’ abundance. 

This creates a great selection pressure on tits for earlier laying dates, with failure to synchronise chick 

food needs with the caterpillar’s availability (phenological mismatch, see Fig. 1b) leading to decreased 

recruitment (Van Noordwijk et al., 1995; Buse et al., 1999; Reed et al., 2013). 

These examples illustrate how a change in the ecology of one species might affect the whole 

community of species within an ecosystem, so that the study of species interactions should be considered 

cautiously for the elaboration of appropriate wildlife conservation plans to anticipate unfortunate events 

(Harvey et al., 2017; Clark-Wolf et al., 2022). However, studies describing species interaction networks 

and their dynamic in such details are scarce, because of technical difficulties in acquiring information 

on the nature and strength of interactions in wild environments.   
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(a) 
(b) 

Figure 1. (a) Illustration of the trophic cascade in the kelp forest. The emergence of the sea star wasting disease caused a sharp decline in the sea star density 
(D). The decline of this mesopredator released predation pressure on the sea urchins, resulting in a massive development of this grazer (C), which together 
with the action of climatic stressors, caused a decline in kelp density (B). The abundance of urchins resulted in an increase of the system’s top predator, the 
sea otter (A), which prevented further decline of the remnant patchy kelp forest by controlling the urchins’ development. This figure is from Smith et al. 
(2021), ©Jessica Kendall-Barr. (b) Illustration of the synchronisation between tits chick food needs and the peak of caterpillar biomass (upper panel), and 
of the phenological mismatch that may occur because of early budburst. This figure is adapted from Reed et al. (2013). 
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Parasitism and host-parasite interactions 

Among the different types of interspecies interactions, parasitism refers to the intimate interaction 

between a parasite and its host, resulting in potential harmful effects to the host (Crofton, 1971). 

Parasitism is ubiquitous in the living world and parasite species may represent a wide part of the 

biodiversity (Dobson et al., 2008). Parasites play a significant role in ecosystems by regulating host 

population dynamics, altering interspecific interactions, and shaping intra and interspecific biodiversity 

(Hudson et al., 2006). Parasite organisms depend, at least for one stage of their life cycle, on a host 

organism that provides them habitat, transport (especially when the host is an animal), and food 

(Combes, 2001). Before exploiting its host, the parasite must go through two main filters, namely the 

encounter filter and the compatibility filter (Fig. 2; Combes, 2001). The encounter filter describes the 

fact that the parasite must stray in the environment close to its hosts to maximise its chances of 

encountering one. The compatibility filter includes the ability of the parasite to pass through the defence 

mechanisms of its host once it is encountered. The strategies used by parasites to find, enter, and exploit 

their hosts are highly diversified and specialised. These strategies include high reproduction to counter 

the risk of mortality during dispersal as free-living stages between two hosts, synchronization in time 

and space with the hosts, and manipulation of the hosts’ behaviour to ensure a better transmission (Rea 

& Irwin, 1994; Combes, 2005; Lefèvre et al., 2009). These elaborated strategies result from long-term 

coevolution between a parasite and its host species. 

 

Figure 2. Schematic representation of the encounter and the compatibility filters that have to be 
overcome by a parasite to infect its host. The potential impacts of environmental factors are also shown 
as non-exhaustive examples. The dashed line separates between the hosts attributes on the left, and the 
parasite attributes on the right. However, this line is not closed because for instance, a parasite virulence 
might depend on host characteristics (see below). This figure is adapted from Budria & Candolin (2014). 
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Coevolution of parasite virulence and host defences  

Parasitism describes, by essence, an antagonistic relationship between the parasite and its host. 

Pathogenic effects of parasitism on the hosts include decrease in growth, reproduction, and survival. 

Because of these deleterious impacts, parasites exert a selection pressure on their hosts, and the hosts 

showing better defences may have a higher survival or reproduction, leading to an increase of their 

genes’ frequency in the host population (Combes, 2005). On the other hand, parasites with a higher 

chance of circumventing the hosts’ defences may also be selected for, and their genes will also increase 

in frequency in the parasite population. This leads to a reciprocal selection favouring the coevolution of 

the host defence mechanisms against infection (resistance and tolerance, see below), and of the parasite 

virulence (Fig. 3; Råberg et al., 2014). 

Parasite virulence is the reduction of host fitness caused by the infection. It is the product of the 

density of parasites within a host (parasite load) and the extent of damages caused by each parasite 

(pathogenicity) (Little et al., 2010). A high parasite load in the host confers a high transmission success 

to the next host benefiting the parasite, but an increase in density within the host leads to higher 

virulence, with the potential risk of killing the host before transmission (or too early in the case of 

obligate killers, Ebert & Weisser, 1997). This leads to a trade-off between transmission (positively 

linked to the parasite load) and pathogenicity, implying that the most successful parasite would show an 

intermediate level of virulence (Frank, 1996; Little et al., 2010). However, parasite virulence, which is 

the impact of parasite infection on the host, does not depend on the parasite only but also on the host 

ability to cope with the infection.  

Hosts use two distinct mechanisms to reduce the impact of parasite infection: resistance to limit 

the parasite load, and tolerance to limit the damages caused by a given parasite load (Råberg et al., 2009; 

Medzhhitov et al., 2012). These two defence mechanisms are costly and may be negatively correlated. 

Their relative benefits may vary across different environmental conditions (Råberg et al., 2007; Read et 

al., 2008). A parasite with high transmission but low pathogenicity may favour increased parasite 

tolerance, while a parasite with low transmission but high pathogenicity would have a tendency to favour 

increased resistance mechanisms (Read et al., 2008). Resistance has a direct negative impact on the 

parasites by limiting their establishment in the host population, whereas tolerance is expected to have 

limited effect on the parasite because it only prevents or repairs hosts’ damages. Resistance may thus 

exert selection on parasites to overcome the hosts defence (see Fig. 3), while tolerance is not expected 

to impose such selection (Råberg et al., 2009; see below).  

 Host-parasite coevolution is defined as the reciprocal, adaptive genetic changes between the two 

species, each increasing its fitness at the other’s expense (Little et al., 2010; Van Oosterhout, 2021). 

Each step of evolution for an increase in parasite pathogenicity or in host resistance has indeed a negative 
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effect on host or parasite fitness respectively (Fig. 3). However, just as the increase in parasite 

pathogenicity may have a cost for its transmission potential (see above), an increase in resistance or in 

tolerance may be costly to the host. There is an energetic trade-off between traits involved in limiting 

parasite load and its effects and other costly functions for maintenance (basal metabolism), growth or 

reproduction. An over-reactive response of the immune system to infection may lead to collateral 

damages such as immunopathology (i.e., when the immune system turns against host tissues; Svensson 

et al., 1998; Stjernman et al., 2008). Furthermore, the investment in high resistance can become useless 

and decrease host fitness when the parasite is no longer in the environment, and resistance to a specific 

parasite might be negatively correlated to resistance to other parasites (Stjernman et al., 2008; Auld et 

al., 2013). Tolerance might be negatively correlated to resistance, so that increased tolerance represents 

a cost of resistance and vice versa (Råberg et al., 2007, 2009).  

 

Figure 3. Schematic representation of host-pathogen coevolution, adapted from Woolhouse et al. 
(2002). Green arrows represent intraspecific selection and yellow arrows represent interspecific 
selection. 

Genetic background of the host-parasite coevolution 

To evolve, host resistance or tolerance to parasite infection needs to be at least partially genetically 

determined (Sorci et al., 1997). A genetic variant (allele) conferring benefits to the host by limiting the 

effects of parasite infection will be selected for and will increase in frequency in the population. Once 

this allele becomes common in the population, the parasite will adapt to it through coevolution and the 

allele will lose its benefits, so that another allele might be selected for (see Fig. 4). This process is 

referred to as the frequency-dependent selection (Tellier & Brown, 2007). Changes in genetic 
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frequencies in the host population as a result of parasite-induced selection may lead to changes in genetic 

frequencies in the parasite population, and so on (Woolhouse et al., 2002). This represents the Red 

Queen dynamics where to stay at the same place (i.e., to exist and maintain its fitness), a species has to 

continuously run (evolve) to keep track with its interacting species’ evolution (Van Valen, 1973; 

Brockhurst et al., 2014). While Red Queen dynamics shaping host resistance and parasite virulence may 

lead to an increase in the diversity of host genes involved in resistance through negative-frequency 

dependence, tolerance may result in other evolutionary outcomes. Because tolerance to parasite 

pathogenicity has no negative effect on the parasite, increased tolerance may favour its transmission and 

increase the infection prevalence in a population, so that tolerant genes might be selected for until 

fixation (Best et al., 2014). Tolerance may turn host–parasite interactions into apparent commensalism, 

that may cause severe damages upon transmission to other non-tolerant host populations, or a shift in 

virulence due to a change in the ecological context or host population genetic background (Little et al., 

2010; Best et al., 2014). 

 

Figure 4. Graphical representation of the negative frequency dependence, from Lenz et al. (2018). A 
new allele enters the population at low frequency, originating either from mutation or from immigration 
(orange dot). Under the negative frequency dependence selection hypothesis, this new allele is expected 
to confer higher fitness than common alleles, because these latter have been the main target of selection 
by coevolving parasites, so that the new allele frequency increases ①. Once common, the allele’s fitness 
is expected to decrease again, because it now becomes itself the main target of selection by parasites, 
resulting in two possible trajectories: Once the allele is rare again, it loses its fitness disadvantage, 
because parasites adapt to other, more common alleles, and it ultimately gains again in frequency, 
leading to a full cycle in the allele frequency trajectory ②. Instead, the allele can also be lost from the 
population, because of either continuous fitness disadvantage or neutral drift effects ③. The blue 
shading illustrates the time dependence of the process. 
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The outcome of the host-parasite interaction is partially determined by the standing genetic 

variation of the host that encompasses all the genetic variation across the genome available for disease 

resistance/tolerance. Indeed, a high level of standing genetic variation maximises the chances that some 

alleles conferring advantage to a potentially new parasite (or strain) are already present in the population 

(Barrett & Schluter, 2008). The standing genetic variation within a population is shaped by several 

neutral and selective evolutionary forces (including parasite-mediated selection) that operated in 

synergy during its recent demographic history. While genetic drift leads to the random loss of alleles at 

each generation (because of the random contribution of breeders to the next generation), especially in 

small populations, mutation and migration favour the appearance of new alleles. However, mutation is 

a slow process, especially in long-lived species, and migration depends on the connectivity between 

populations (Lacy, 1987).  

In their natural systems, host species are confronted with a wide range of different parasites 

acting all at once in a different manner on the host genotype (Maizels & Nussey, 2013). Moreover, the 

selective pressures exerted by these multiple pathogens may strongly vary in space and time depending 

on the environmental conditions. As a result, host-parasite coevolution and the selection pressure 

imposed by multiple parasites on host species may favour the maintenance of high genetic diversity 

(balancing selection) in host genomic regions involved in pathogen recognition and immunity (Ebert & 

Fields, 2020). The host immunity to infection is composed of two mechanisms. The innate immune 

response, that is rapidly effective, represents a broad-spectrum defence because of its non-specificity, 

but in turn may result in collateral damages to the host through immunopathology and destruction of 

self-tissue. The adaptive immune response, that is much more parasite-specific, avoids damages to the 

host tissues and confers long-lasting immune memory so that immune response to previously 

encountered parasites is faster and stronger. The adaptive immune system is launched by the innate 

immune system, and therefore takes more time to be efficient (Fearon & Locksley, 1996). The 

individuals possessing the adequate alleles involved in the adaptive immune system will mount a more 

specific response more rapidly, therefore avoiding the costs of immunopathology (Råberg et al., 2009).  

Three non-exclusive selection mechanisms have been proposed for the high genetic diversity of 

immune loci: heterozygote advantage, rare-allele advantage (resulting from a frequency-dependent 

selection, see above and Fig. 4) and fluctuating selection in time and space (Spurgin & Richardson, 

2010). To disentangle these mechanisms, most work focused on the major histocompatibility complex 

(MHC), a complex of genes involved in the adaptive immunity that show an exceptional polymorphism 

in vertebrates (Bernatchez & Landry, 2003). Their structure and mechanisms of interaction with antigens 

are well described (Swain, 1983). Furthermore, their ability to trigger a rapid microevolutionary 

response to varying pathogen-mediated selective pressures has been demonstrated experimentally 

(Eizaguirre et al., 2012; Phillips et al., 2018). MHC genes code for molecules that bind to self and non-
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self antigens and present them to T-cells which can initiate the immune response process. MHC class I 

genes are associated with the recognition of intracellular pathogens, and class II with the recognition of 

extracellular pathogens (Neefjes et al., 2011). Because different MHC molecules bind to a different set 

of antigens, heterozygous hosts may be better armed against different pathogens than homozygous hosts, 

illustrating the heterozygote advantage (Lewontin & Hubby, 1966). Alternatively, it is expected that the 

most common alleles within the host population will select pathogens capable of circumventing their 

action, so that hosts presenting rare alleles will get the advantage and these rare alleles will get more 

common, thus maintaining a wide variety of alleles in the host population through negative frequency-

dependent selection (mechanism illustrated by Fig. 4). For instance, rare alleles at the human leukocyte 

antigen (HLA, the human MHC) represent an advantage against HIV infection (Trachtenberg et al., 

2003), and novel MHC variants conferred an advantage to guppies experimentally infected by an 

ectoparasite (Phillips et al., 2018). Lastly, the fluctuating selection suggests that the variation in space 

and time of the parasite pressure maintains the polymorphism at MHC loci through context-dependent 

advantage of the different alleles (Levene, 1953; Hill, 1991).  

 Parasite-mediated selection acting on MHC genes is expected to modulate allelic frequencies in 

a different way than when only neutral evolutionary forces (drift, mutation and migration) are acting. 

Therefore, the comparison of patterns of genetic diversity at the MHC to that of non-functional loci, that 

are expected to be under the influence of neutral forces only, may inform on the parasite-mediated 

selective pressure (Spurgin & Richardson, 2010). For instance, populations that are not connected by 

gene flow (migration) may be different at neutral loci, but similar at MHC loci because of similar 

environmental pressure acting on the MHC (e.g. in Fraser & Neff, 2010).  

Global change and emerging infectious diseases 

As presented above, parasites are ubiquitous, and they regulate wild populations by decreasing their 

reproduction and causing disease-related mortality at a background level (Okamura & Feist, 2011; 

Adlard et al., 2015). The spread and severity of an infection are the outcome of the interaction between 

the parasite, the host, and the environment (Fig. 5). There are therefore many sources of variation that 

can affect infection parameters. These include heterogeneity among hosts and parasite strains, but also 

environmental abiotic and biotic factors (such as hosts and parasite density), leading to context-

dependent disease outcomes. Abiotic factors directly modulate hosts and parasite physiology and life 

cycles, so that they are often used to predict parasite distribution and forecast disease outbreaks (Turner 

et al., 2021). Changes in environmental conditions may affect key characteristics of either hosts or 

parasites, such as their geographic range, parasite virulence and transmission rate, or host sensitivity to 

infection (Schrag & Wiener, 1995; Lafferty, 2009; Gallana et al., 2013; Altizer et al., 2013). Moreover, 

when infections are governed by seasonal patterns, changes in environmental conditions may lead to an 
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alteration of the timing window for infection and disease development, or to phenological mismatching 

(Koelle et al., 2005; Paull & Johnson, 2014). These changes, acting at both the spatial and the temporal 

scales, may cause an imbalance in the dynamics of the host-parasite interaction and favour “emerging 

infectious disease” (EID), i.e. an infectious disease that recently appeared within a population or whose 

incidence is rapidly increasing in an existing host population (Schrag & Wiener, 1995; Engering et al., 

2013). EIDs may therefore result from the introduction of pathogens in new areas by natural range 

extension, or by human intervention or displacement (novel pathogen hypothesis), but also from an 

increase in host range, in parasite virulence or in the period favourable for parasite transmission 

(endemic pathogen hypothesis, Rachowicz et al., 2005). Generally benign infections may indeed express 

increased virulence under new environmental conditions (Brown et al., 2003). For instance, Vale et al. 

(2011) showed experimentally a strong influence of temperature and food availability on the virulence 

of a bacterial infection in daphnia hosts.  

 

Figure 5. Visual representation of the interplay between the host, the pathogen and the environment 
leading to disease: “the epidemiological triangle”, adapted from Arkoosh et al. (1998). The disease 
outcome (D) depends on the interactions between the three parts of the diagram and may extend for 
instance where the environment is altered, the pathogen is more virulent and/or the host is more sensitive 
to the infection. These changes in environment, host or pathogen attributes and their impacts on the 
disease extent are represented by the double-arrows.  
 

Studying EIDs is critical to anticipate host population health issues and demographic declines. 

EIDs are widely studied in human and livestock populations (Morse 2004) but have received 

comparatively less attention in wild plant and animal populations (Spalding & Forrester, 1993; 

Cunningham et al., 2017). This is an important issue because wildlife can serve as a reservoir for 

zoonotic diseases, transmitted from wild to domestic animal populations and to humans, such as 

brucellosis, Lyme disease, the recently emerged virus COVID-19, or mosquitoes-transmitted diseases 

(Steere et al., 2004; Godfroid et al., 2005; Jones et al., 2008; Karesh et al., 2012; Rizzoli et al., 2019; 

Zhou et al., 2020). EIDs have a deep economic impact, either directly when affecting human health, or 
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indirectly when affecting food production and ecosystem services (Daszak, 2000; Jones et al., 2008; 

Sileshi & Gebeyehu, 2021; Brooks et al., 2022). Investigating EIDs dynamics in space and time in wild 

populations is also crucial for management and conservation purposes (Smith et al., 2006).  

A renowned example of the impacts of a wildlife EID caused by a newly introduced pathogen 

is the use of an American myxoma virus as a biological control for rabbits (Sylvilagus brasiliensis and 

Sylvilagus bachmani) in Australia (Kerr, 2012). After an initial severe decline in some rabbit populations 

(up to 95% mortality), an attenuation of the virus virulence and the emergence of host resistance 

reducing the disease impacts occurred within a decade, illustrating real-time host-pathogen coevolution. 

Other notorious examples of EIDs in the wild include the chytridiomycosis, responsible for a large share 

of the global amphibian decline (Berger et al., 1998; Daszak et al., 1999; Scheele et al., 2019; Fisher & 

Garner, 2020). This disease is caused by fungi of the genus Batrachochytrium, and likely results from 

the introduction of the pathogen into new areas (thus corresponding to the novel pathogen hypothesis), 

as suggested by molecular analysis revealing that the global pandemic lineages of the fungus would 

originate from Asia (Fu & Waldman, 2019; Fisher & Garner, 2020). In its supposed origin area, the 

infection by B. dendrobatidis is highly prevalent and virulent, as revealed by the experimental infection 

of naive populations, but causes no apparent harm on its indigenous host populations, suggesting that 

they have coevolved with endemic B. dendrobatidis infection and express defence mechanisms (Fu & 

Waldman, 2019). However, environmental factors have also been shown to play an important role in 

disease outcomes and infection dynamics outside Asia, thus corresponding to patterns of the endemic 

pathogen hypothesis. Temperature, precipitations, altitude, seasonality, ultraviolet exposure or 

pesticides, together with the density of zoospore exposure have indeed been identified as determinants 

of the disease outcomes by diverse studies, either experimentally or in the field (Fisher & Garner, 2020). 

Similarly, the bat white-nose syndrome, caused by the fungus Pseudogymnoascus destructans, is 

responsible for big declines in bat populations of North America (Hoyt et al., 2021). This fungus 

originated from Europe where it remained unnoticeable until investigations after disease outbreaks in 

North America, also substantiating the novel pathogen hypothesis (Warnecke et al., 2012; Hoyt et al., 

2021). Temperature and humidity have been identified as factors modulating the fungus development 

and disease outcomes in bats (Langwig et al., 2012; Hoyt et al., 2021). Another example of a wild EID 

involves Trichomonas gallinae, a common protozoan parasite of pigeons. Unprecedented levels of finch 

birds (Carduelis chloris and Fringilla coelebs) mortality were reported in Great Britain in 2006, 

attributable to an epidemic of trichomonosis, until then never reported in finches (Robinson et al., 2010). 

Here, the hypothesis of the endemic pathogen that has switched its host range seems the most likely. 

The spread of the infection in finches might be exacerbated by garden feeders where the birds 

preferentially feed in degraded habitats, favouring high densities of susceptible hosts. The epidemic has 

then been reported in other European countries, with bird migration as the most probable means of 

transmission (Lawson et al., 2011; Chavatte et al., 2019). 
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As emphasised by the above examples of wildlife EIDs, parasite infections may interact with 

multiple environmental stressors, modulating the disease outcomes in different host populations. The 

extinction of wildlife populations rarely has a single cause, and most of the time results from the 

interaction of multiple stressors. Global change may lead to an increase in severity of most 

environmental stressors, and lead to the emergence of novel stressors combinations (Niinemets et al., 

2017). Faced with environmental change, species may show three different responses: they may shift 

their geographical range to a more suitable environment, they may adapt to the new environmental 

conditions, or they may become extinct (Hoffmann & Sgrò, 2011). The adaptation can occur by shifting 

phenotype through phenotypic plasticity, i.e., the ability of a genotype to express different phenotypes 

in different environmental conditions, and/or by microevolution and natural selection of adapted 

genotypes (Nunney, 2016). Therefore, to be able to stay within their current range, species must possess 

enough standing genetic variation to be able to respond rapidly to the environmental changes and 

produce the adequate phenotypes (Barrett & Schluter, 2008). Temperature appears as the main driver of 

species extinction, with future global temperatures estimated to threaten up to one in six species (Urban, 

2015). Ectotherm species, including amphibians, fish, reptiles, crustaceans, and insects, might be 

particularly at risk because their body temperature is directly driven by ambient temperature, influencing 

physiological functions such as locomotion, growth and reproduction (Deutsch et al., 2008). Optimal 

performances of ectotherms are characterised by a thermal performance curve which rises gradually 

from a minimum critical temperature to an optimum temperature and then drops to a critical thermal 

temperature (Huey & Kingsolver, 1989). Phenotypic plasticity in ectotherm thermal tolerance might be 

limited and insufficient to prevent species extinction, so that behavioural and evolutionary response 

(through the increase in tolerant genotype frequencies due to natural selection) may play a substantial 

role for their conservation (Gunderson & Stillman, 2015). Nonetheless, other non-ectotherm taxa might 

suffer as much from the temperature increase, probably as a result of biotic interactions including trophic 

chains (decrease in prey abundance, phenological mismatch), species introduction to novel 

environments due to range shift, or the increase of parasite development (Cahill et al., 2013; Urban, 

2015).  

Habitat fragmentation, climate change, pollution, increased displacement of human populations, 

livestock and wild organisms, which are leading factors of biodiversity loss, may act synergistically as 

multiple stressors to modulate the outcomes of host-parasite interactions (Fig. 6; Williams et al., 2002). 

EIDs, in addition to the other exacerbated environmental stressors, may increase further the biodiversity 

loss (Keesing et al., 2010), as illustrated by Fig. 1a and the impact of the sea star wasting disease on the 

kelp forest through a trophic cascade. For instance, a wild population of rattlesnake (Crotalus horridus) 

was driven towards extinction because of the synergistic effects of inbreeding due to fragmentation, and 

a context-dependent skin infection exacerbated by high summer rainfall (Clark et al., 2011). Likewise, 

Rohr et al. (2008) showed that the exposure of amphibians to pesticides had both positive and negative 
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effects on trematode transmission, and that the net outcome of both stressors (infection and pesticide) 

would most likely lead to increased infection in the amphibian hosts (somewhere between additive and 

antagonistic effect, Fig. 6). On the other hand, global change could also have a negative effect on 

parasites and alter their regulation function in some ecosystems (reverse effect illustrated in Fig. 6; 

Lafferty & Kuris, 1999). 

 

Figure 6. Net effect of multiple stressors acting together additively, synergistically, antagonistically or 
in a reverse direction compared to their single effects, adapted from Johnson & Penaluna (2019).  

These examples illustrate that population characteristics may modulate the impact of 

environmental change in both abiotic and biotic conditions. For instance, the amount of standing genetic 

variation available within a population appears substantial to increase the chances of populations to 

adequately respond to the environmental change, either through phenotypic plasticity or through the 

selection of the most tolerant genotypes (Barrett & Schluter, 2008). Intraspecific genetic diversity thus 

informs on the adaptive potential of populations in changing environments (Lande & Shannon, 1996; 

Hoban et al., 2013). Similarly, environmental change might lead to stochastic demographic fluctuations 

that might have devastating consequences in small populations, buffered within more dense populations. 

It therefore appears important to monitor wildlife populations characteristics enabling to anticipate their 

potential response to environmental change.  

Surveillance of infectious diseases in the wild 

Passive and active surveillance 

The complexity of the host-parasite relationships, together with the action of multiple stressors, make 

the surveillance of EIDs a crucial step in the elaboration of management plans for biodiversity 

conservation. However, surveillance of EIDs in wild populations is notoriously challenging because of 

the elusive features of the host species, for which we often lack knowledge on the ecological and 
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behavioural characteristics (Ryser-Degiorgis, 2013). Surveillance of wildlife disease consists in the 

process of monitoring population health status to set up management plans when a certain threshold in 

disease/infection prevalence is reached. Surveillance of wildlife disease can either be passive or active 

(Christensen, 2001; Artois et al., 2009; Guberti et al., 2014). Passive surveillance of wildlife disease 

refers to the recording of disease cases as they occur, typically through the finding of carcasses (Ryser-

Degiorgis, 2013). Although informative to detect new infection events, passive surveillance generally 

fails to provide precise estimates of parasite prevalence and abundance in host populations, which are 

two essential parameters to model and predict the dynamics of disease in host populations (Perez & 

Dragicevic, 2009). Indeed, passive surveillance records individuals showing symptoms, which is only 

the tip of the iceberg. Asymptomatic parasite carriers are an invisible parasite reservoir that plays a key 

role in the spread of the disease (Kalajdzievska & Li, 2011). Therefore, an active surveillance involving 

the random testing of host individuals without prior knowledge is essential to monitor the spatio-

temporal dynamics of EIDs and guide management decisions (Artois et al., 2009).  

The active surveillance of EIDs in wild host populations is often a highly challenging task, 

especially for endoparasitic diseases. Indeed, screening the presence of endoparasites often requires 

sampling organs or tissues to detect the infectious agent, which generally implies killing the host (Fig. 

7a; e.g. in Böhm et al., 2006; Sjöberg et al., 2009; McAllister et al., 2016; Cilia et al., 2020). Lethal 

approaches for monitoring key parameters such as parasite prevalence and abundance are problematic, 

because of ethical issues and low achievable sample size in host populations. Such approaches can 

obviously not be considered in the case of protected, endangered, or even exploited species for which 

EIDs monitoring is however particularly important (Smith et al., 2006; Breed et al., 2009). Moreover, 

lethal sampling precludes individual-based follow-up, which is useful to monitor the individual health 

state all along the infection. Faced with this challenge, an increasing number of studies have developed 

indirect methods to non-lethally detect and monitor endoparasitic infections in wild animal populations 

(Fig. 7b, 7c). Most of these studies involve faeces collection (Meijer et al., 2011; Honma et al., 2011; 

Riepe et al., 2019; Kumar et al., 2019), and/or the use of environmental DNA (eDNA, see below) for 

detecting the infectious agents in the environment and evaluating disease risks (Huver et al., 2015; Bass 

et al., 2015; Sengupta et al., 2019).  

New tools for active surveillance 

Contrary to studies lead in a laboratory under controlled conditions, studies in the wild are subjected to 

great fluctuations in environmental conditions, so that large sampling over a wide spatial scale and along 

environmental gradients is needed to ensure enough statistical power for unravelling ecological 

mechanisms. Studies in the wild require appropriate and powerful tools to ensure an accurate monitoring 

of environmental conditions, as for instance remote sensing to map land use, vegetation type, canopy 

cover or even the ocean floor (Turner et al., 2003), loggers for air, water temperature or physico-
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chemicals sensors (Rogers, 2006). Then, the monitoring of wildlife populations and their characteristics 

has been revolutionised notably by bio-loggers such as GPS or sensors devices directly borne by the 

studied animals (Wilmers et al., 2015). Another breakthrough in wildlife monitoring, allowed by the 

development of molecular technologies, is the use of environmental DNA (eDNA) (Bohmann et al., 

2014).  

eDNA is defined as the DNA of all organisms present in environmental samples, including 

intracellular or free DNA molecules released from organisms that can then be found in water, soil or 

faeces samples, witnessing the presence of a species (Bohmann et al., 2014; Pawlowski et al., 2020). 

eDNA detection has quickly become a standard in ecological studies due to the increasing availability 

of powerful genetic tools allowing the detection of species even from slight amount of DNA available 

in the environment (Jerde et al., 2011; Shokralla et al., 2012; Miotke et al., 2014). In the case of 

infectious diseases, eDNA can be used to detect parasites either from the open environment (i.e. air, 

water, soil) to get information about host exposition (Fig. 7c; Rusch et al., 2018), or from host fluids 

(i.e. blood, faeces or urine), which allows to get host individual infection status, as well as individual 

follow-up all along the infection stages (Fig. 7b; e.g. in Etienne et al., 2012). The approach using host 

fluids has until now rarely been used for aquatic species (but see Berger & Aubin-Horth, 2018).   

 

 

Figure 7. Methods for investigating infectious agents and their invasiveness. Examples from this thesis 
are also given. (a) Brown trout (Salmo trutta) euthanised for gross lesion examination and kidney 
sampling for parasite DNA detection. This method was used in Chapter 1 to validate the non-lethal 
method shown in (b). (b) Filtration of brown trout excreted urine for detection of parasite DNA. The 
fish is at the bottom of the bottle and will be released after manipulation. This method was used in the 
four chapters of this thesis. (c) Filtration of river water for the detection of parasite environmental DNA. 
This method was used in Chapter 2. The figure is adapted from Chapman et al. (2021). 
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The proliferative kidney disease of salmonid fish: an emerging infectious disease linked to 

global warming 

The proliferative kidney disease (PKD) is an EID of salmonid fish caused by the myxozoan parasite 

Tetracapsuloides bryosalmonae. During the last two decades, PKD outbreaks have been increasingly 

reported in salmonid populations of Europe and North America (see Fig. 8 for a map; Hedrick et al., 

1993; Sudhagar et al., 2020). PKD has been reported in most of the salmonid species, and in the northern 

pike (Esox lucius) (Fig. 8; Seagrave et al., 1981; Bucke et al., 1991; Sudhagar et al., 2020). This disease 

is responsible for important losses in aquaculture and worrying declines in wild salmonid populations, 

with up to 95% mortality reported in fish farms (Okamura et al., 2011). For instance, several studies 

have shown that brown trout (Salmo trutta) declines in Swiss rivers were linked to PKD development 

(Burkhardt-Holm & Scheurer, 2007; Wahli et al., 2007). More recently, an impressive outbreak of the 

disease occurred in the Yellowstone River (Montana, USA) with over tens of thousands of fish deaths 

reported including > 99% of mountain whitefish (Prosopium williamsoni), brown trout, rainbow trout 

(Oncorhynchus mykiss) and cutthroat trout (Oncorhynchus clarkii) (Hutchins et al., 2021). Disease 

outbreaks are seasonal and occur during the summer, tightly linked with the increase in water 

temperature (Okamura et al., 2011; see below). Therefore, more PKD outbreaks are to be expected under 

the context of global warming (Koelle et al., 2005; Ros et al., 2022).  

If the first occurrence of PKD was reported in Germany in 1924 (Plehn, 1924), T. 

bryosalmonae’s taxonomy and complex life cycle were resolved far more recently (Kent & Hedrick, 

1985). Because transmission from fish to fish had never been shown, it suggested that there was a 

missing piece in the parasite life cycle, involving another host species. The observation of similar 

cellular structures between myxozoans infecting bryozoans and the parasite causing salmonid PKD 

provided the first clue, and comparison through molecular analyses further confirmed the identity of T. 

bryosalmonae. The parasite life cycle was finally resolved after the confirmed experimental parasite 

transmission from bryozoans to the rainbow trout (Anderson et al., 1999; Feist et al., 2001; Okamura & 

Wood, 2002).    



-G
eneral introduction- 

19 
  

Figure 8. Occurrence of 
the proliferative kidney 
disease reported in the 
world. Cases have been 
reported in Northern 
America and in Europe. 
Figures indicate the 
species involved when 
detection occurred in wild 
populations. When no 
figure is indicated, PKD 
has been detected in fish 
farms, most of the time in 
rainbow trout 
(Onchorhynchus mykiss). 
This figure illustrates the 
successive surveys by 
Clifton-Hadley et al. 
(1984), Hedrick et al. 
(1993) and Sudhagar et al. 
(2020). Photo credits: 
1,6,7,9: Patrick Clayton; 
2: Ross Roberton; 3: 
Kevin Cass; 4: Alaska 
stock; 5: Mossy Oak; 8: 
Johan Frederiksson; 10: 
Gilbert van Ryckevorsel; 
11: Jobomir Hlasek; 12: 
Robert J. Erwin; 13: 
rktl.fi. 
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Myxozoans are microscopic endoparasites of vertebrates and invertebrates, mostly from fresh 

and marine waters (Goater et al., 2014). They are part of the Cnidaria phylum, that also includes 

anemones, corals, hydrozoans, and jellyfish, and they are characterized by multicellular spores 

(Atkinson et al., 2018). T. bryosalmonae is part of the Malacosporea, a class of myxozoans that 

alternates between freshwater bryozoan as invertebrate host and fish as vertebrate host (see Fig. 9 for an 

illustration of the life cycle). In its bryozoan host, T. bryosalmonae alternates between two distinct 

infection phases. During covert infection, T. bryosalmonae is present as single cells within the bryozoan 

body cavity and develops into multicellular sac structures containing up to 4000 spores during overt 

infection (Okamura et al., 2011). Covert infection is costless to the bryozoan host and may persist 

throughout the year (Fontes et al., 2017). Overt infection develops when the environmental conditions 

are favourable to the bryozoan growth and causes temporary castration of the bryozoan colony as well 

as reduced growth (Hartikainen & Okamura, 2015). Favourable environmental conditions include an 

increase in temperature and nutrient abundance in the water (Fontes et al., 2017), and the onset of spore 

release from the sacs occurs in spring when water temperature reaches 9°C (Gay et al., 2001). T. 

bryosalmonae spores released by bryozoans during overt infection are infective to the fish hosts. These 

spores are ovoid with soft outer valves, two sporoplasms (infective cells), and four polar capsules 

(Okamura & Canning, 2003; Gruhl, 2015). 

 When reaching their fish host, parasite spores enter the body through gills or skin, circulate 

through the blood and settle for multiplication (sporogony) when they reach their target organs, mainly 

the kidney and spleen (Okamura et al., 2011). The infection can remain benign, producing asymptomatic 

parasite carriers (Fig. 9). However, parasite proliferation in the kidney interstitial tissue may cause an 

excessive immune response, responsible for kidney swelling (Fig. 9; Chilmonczyk et al., 2002). This 

results in impaired kidney functions, including blood cell production, leading to anemia and decreased 

oxygen transportation that may eventually cause fish death from asphyxia (Hedrick et al., 1993; Palikova 

et al., 2017). As they are ectotherm organisms, fish physiology, including the immune response, is 

directly affected by the ambient temperature (Bowden et al., 2007). In agreement, the development of 

PKD is tightly linked to water temperature, and disease symptoms are mostly reported when the 

temperature reaches 15°C (Clifton-Hadley et al., 1986; Bailey et al., 2017). Fish surviving their first 

infection by T. bryosalmonae likely develop an adaptive immune response as they do not develop PKD 

upon reinfection (Foott & Hedrick, 1987; Feist & Longshaw, 2006). Therefore, young-of-the-year fish, 

by definition exposed for the first time, are the most concerned with PKD issues. When surviving the 

infection, fish most probably become long-term parasite carriers, as spore shedding has been reported 

up to 5 years post infection in the brown trout (Soliman et al., 2018). After multiplication in kidney 

interstitium, spores may migrate into the lumen of kidney tubules (Morris & Adams, 2008), and be 

excreted in the river water through fish urine excretion (Hedrick et al., 2004). These spores, infective to 
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the bryozoan hosts, are also ovoid with soft outer valves, but with only one sporoplasm and two polar 

capsules (Hedrick et al., 2004; Gruhl, 2015). Up to now, only brown trout and brook trout (Salvelinus 

fontinalis) have been shown to successfully transmit T. bryosalmonae to bryozoan colonies (Grabner & 

El-Matbouli, 2008), suggesting that the other fish hosts may represent dead-ends for the parasite.  

Bryozoans, T. bryosalmonae’s definitive hosts, are moss-like colonial animals leaving attached 

to the substrate, often within small cavities, or attached to the roots of riparian trees, that they use as a 

shelter from the mainstream flow, or even within submerged artificial pipes (Wood & Marsh, 1999; 

Hartikainen & Okamura, 2015). Tree roots are also attractive to salmonid fish for shelter and feeding, 

so that parasite transmission might be enhanced in this microhabitat (Hartikainen & Okamura, 2015; 

Mathieu‐Bégné et al., 2021). Bryozoan colonies are formed of connected zooids that feed with their 

ciliated tentacles on organic particles in suspension (Massard & Geimer, 2008). Their growth is favoured 

in spring by increased water temperature and nutrient concentration in the water (Hartikainen et al., 

2009; Okamura et al., 2011). Increased bryozoan growth leaves more available niche for parasite 

infection, and increased temperature also favours T. bryosalmonae’s multiplication within the bryozoan 

body cavity, so that more spores may be released to infect fish hosts (Tops et al., 2006). Furthermore, 

T. bryosalmonae can exploit its bryozoan host clonal reproduction for transmission. Branches may 

detach from the mother colony under the river flow, disperse and attach to new surfaces to form new 

colonies via fragmentation (Fig. 9). Moreover, T. bryosalmonae can also be vertically transmitted within 

bryozoan statoblasts. These dormant resistant propagules are emitted by senescent colonies to survive 

the winter and germinate to form new bryozoan colonies when conditions become favourable again 

(Abd-Elfattah et al., 2013). Transmission through colony fragmentation and within bryozoan statoblasts 

allow the parasite to persist and disperse further within the stream system, balancing the fact that its 

free-living stages are fragile and remain infectious only for 12-24h after emission (De Kinkelin et al., 

2002). Besides, T. bryosalmonae has been found in bryozoans inhabiting a lake deprived of is potential 

fish hosts (salmonids and pike), suggesting that it can persist even in the absence of its fish hosts 

(Okamura et al., 2001).  
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Figure 9. Illustration of Tetracapsuloides 
bryosalmonae’s life cycle and some 
environmental factors’ effects. The transfer 
between the fish and bryozoan hosts is 
seasonal. T. bryosalmonae is non-virulent to 
its bryozoan host during fall (covert 
infection) and develops into sacs containing 
thousands of spores (overt infection) during 
spring when conditions become favourable 
for bryozoan growth (increased water 
temperature and nutrient abundance). Spores 
infectious to fish are then excreted in the 
water. Once in the fish, the infection can be 
asymptomatic in tolerant hosts, or provoke 
proliferative kidney disease during summer. 
The right picture shows a cross section of a 
diseased fish with swollen kidney (dark red), 
in comparison with a healthy kidney (left 
picture). T. bryosalmonae is excreted 
through fish urine in the water during early 
fall and may then infect a bryozoan host to 
complete its cycle. T. bryosalmonae uses the 
bryozoan asexual reproduction by 
fragmentation and statoblasts for dispersion 
and winter survival. A picture of a typical 
Pyrenean river is also shown. This 
representation is adapted from Gallana et al. 
(2013) and Hartikainen & Okamura (2015). 
Juvenile brown trout illustration 
©americanfishes.co 
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Study context and general aims 

The salmonid species brown trout Salmo trutta originally occurred naturally in Europe, North Africa 

and Western Asia. This species has been subsequently successfully introduced into 24 countries outside 

its initial range, resulting in a worldwide distribution encompassing all continents (Elliott 1994). Its wide 

range of occupied habitats, together with a wide diversity of morphologies and a continuum between 

different life-history strategies has led to troubles regarding classification of the brown trout (Elliott, 

1994; Cucherousset et al., 2005). Some taxonomists had indeed favoured the description of about fifty 

species for all the varieties of brown trout that could be described (Klemetsen et al., 2003). The high 

plasticity in life-history strategies of this species (e.g., brown trout from the same population may stay 

as resident in their natal river, or migrate to other streams, lakes or to the sea; Cucherousset et al., 2005) 

is presumably responsible for its successful worldwide establishment (Elliott 1994). The establishment 

of this ectotherm cold-water species is mainly determined by the water temperature, with an upper 

thermal limit for feeding of 19.5°C in brown trout adults, and a critical maximum temperature of 26°C 

when exposed more than 10min (Fig. 10; Elliott, 1994; Elliott & Elliott, 2010). This species also needs 

well-oxygenated streams (tightly linked to cool water temperatures) and non-polluted waters.  

 

Figure 10. Schematic representation of the thermal requirements of the brown trout. Stressing and lethal 
temperature zones are indicated in red. This representation is adapted from Elliott (1994).  
 

 The anthropogenic global change represents a multi-level threat to the freshwater habitat and to 

brown trout populations because of the increase in water temperature, eutrophication due to pollution, 

fragmentation from dams’ construction, fishing pressure and fish stocking (Dudgeon et al., 2006; 

Jonsson & Jonsson, 2009; Frank et al., 2011). These multiple stressors may lead to a loss of brown trout 

intraspecific diversity, in line with the increasing report of population declines in Europe, its native 

region (Burkhardt-Holm & Scheurer, 2007; Stelkens et al., 2012; Santiago, 2017; O’Briain et al., 2019). 

Moreover, the recent development of the proliferative kidney disease, a temperature-dependent disease 
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(see above), has added a new biotic threat to brown trout populations’ survival (Hari et al., 2006; 

Borgwardt et al., 2020). 

The proliferative kidney disease was first detected in wild brown trout populations of the 

Pyrenees (Southern France) in 2016. High mortality of juveniles was reported through the finding of 

dead carcasses (passive surveillance) presenting the typical signs of the disease along the riverbanks, 

i.e., opened gills revealing death from asphyxia and kidney swelling (Garmendia & Lautraite, 2017). 

The infection by T. bryosalmonae was further confirmed by parasite DNA amplification from kidney 

samples. These findings alerted the local angling federations and annual surveys through active 

surveillance were thereafter conducted in Ariège. Brown trout is an emblematic fish of the Pyrenean 

streams, with high socio-economic value, and declines of this fish populations (all ages included) are 

reported since 2007. The aim of the present project was to build a methodological framework for an 

integrative study of the different compartments of the disease tryptic (Fig. 5), including multiple 

environmental stressors, at a large geographical scale to cover environmental gradients and at the intra 

and inter host population levels to better grasp the mechanisms involved in populations declines and in 

the epidemiological dynamics of the disease. To this end, I investigated in my thesis the distribution, the 

ecological and evolutionary impacts of T. bryosalmonae on wild brown trout in nearly a hundred sites 

spread over 200 kilometers at the foothill of the Pyrenean mountains. I developed and applied a set of 

new environmental DNA tools to detect the parasite in the river but also within its fish host fluids. This 

allowed me to investigate the respective roles of abiotic and biotic factors (hosts and parasite propagules 

density) in the parasite distribution and the infection prevalence within fish populations. I also used a 

before/after study design to assess the ecological and evolutionary impacts of the combination of the 

infectious and thermal stressors. Finally, for management perspectives, I aimed at assessing the global 

health of wild brown trout populations by combining complementary indicators informing on their 

genetic, ecological and pathological status, and investigated the role of multiple abiotic environmental 

factors.  

Chapter 1. Urine DNA (uDNA) as a non-lethal method for endoparasite biomonitoring: 
development and validation. 
Endoparasite infections are usually assessed through the sampling of specific organs targeted by the 

parasite. Such sampling is obviously lethal and may prevent large and repeated samplings that appear 

necessary to understand disease dynamics because of ethical and conservation reasons (Okamura et al., 

2011). This first chapter aimed at developing a new operational tool to monitor an endoparasite infection 

without killing the sampled host. I have sought to answer to this specific question:  

 Can we accurately assess the infection status and the parasite load of a host by using its fluids 

excretion? 
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Building on T. bryosalmonae’s life cycle, I isolated and quantified parasite DNA after filtration of 

juvenile brown trout urine excretion (uDNA) and compared the results to the classical method that 

quantifies parasite DNA from kidney samples.  

Chapter 2. Investigating the environmental conditions shaping parasite distribution and 
infection prevalence in host populations: an integrative approach using eDNA 

Wildlife disease surveillance usually relies on host sampling, and the presence of a parasite outside its 

host in the open environment (parasite pressure) is rarely assessed, so that there is a missing piece for 

the understanding of the disease dynamics. Moreover, a parasite life cycle may include several host 

species so that it is necessary to study the ecology of all the compartments of the life cycle to better 

understand and predict the eco-evolutionary dynamics of the disease. In this second chapter, I aimed at 

mapping and explaining the parasite distribution in the water and within its fish host (infection 

prevalence) at a wide scale, answering these specific questions:  

 What are the main drivers of the parasite propagules’ distribution in flowing water? What is 

the relative role of abiotic and biotic environmental factors?   

 What are the main causes of the parasite infection in the fish host?  

Since a parasite relies on its hosts for surviving, spreading, and completing its life cycle, we expected 

its distribution to be tightly linked to that of its hosts. However, the abiotic environmental conditions 

may also act directly on its free-living stages (Pietrock & Marcogliese, 2003). As temperature and 

eutrophication may favour the parasite and its bryozoan host development, we expected water quality 

parameters to be linked to the parasite distribution. Fish infection may depend on the intensity of the 

propagule pressure (i.e., the abundance of infective parasite propagules in the milieu, e.g. for the 

infection of amphibians by a trematode in Johnson et al., 2007), but also on the abiotic condition acting 

on the fish physiology. As water temperature is the main factor influencing brown trout physiology, we 

expected that fish immune response might be altered in warm environments, leading to higher infection 

prevalence. The infection prevalence could thus be affected by the abiotic conditions either directly by 

their effect on fish host, or indirectly by their effect on the parasite density in the open environment 

(biotic condition). To answer these questions, I quantified the parasite and its hosts abundances (biotic 

factors) using water eDNA and digital PCR and measured relevant abiotic environmental factors at 83 

sites located on 54 different streams, and I measured population infection prevalence with the uDNA 

method in 46 brown trout populations.  

Chapter 3. Eco-evolutionary response of cold-water fish populations to the combined effect of an 

emerging parasite and temperature. 

Wild species are confronted to multiple stressors acting synergistically on their integrity, but the impacts 

of multiple stressors on population intraspecific variation are rarely assessed conjointly in the wild. 

Moreover, the impact of infectious diseases in the wild is hardly ever assessed with before/after study 



-General introduction- 

26 
 

designs (due to the lack of opportunity and often unpredictable disease development), leading to 

potentially biased overview of the disease impacts as individuals with low resistance or tolerance may 

have died before the sampling. PKD develops seasonally during the summer, so that brown trout 

juveniles (the most sensitive stage to the disease) sampling before and after the summer may give 

insights on the infection impacts. Because water temperature and infection by T. bryosalmonae may act 

synergistically on brown trout populations through their impact on fish physiology and parasite 

multiplication, I raised these specific questions within chapter 3:  

 How does the combination of infection and water temperature influence the survival of brown 

trout juveniles?    

 What are the eco-evolutionary responses of the populations to the combined effect of water 

temperature and infection?  

Literature suggests a strong combined impact of temperature and infection on naïve brown trout survival 

(Okamura et al., 2011; Waldner et al., 2021). We thus expected that these factors would act conjointly 

to decrease populations’ density. Moreover, provided that host populations show genetic variation in 

parasite control (tolerance and/or resistance) (Debes et al., 2017), we expected to find a shift in genetic 

variation at a locus involved in the adaptive immune response. We expected that pathogen- and 

temperature- mediated selection would also translate at the phenotypic level, with either only the fittest 

individuals surviving the summer, or a decrease in the mean fitness traits (body condition, 

ornamentation) due to trade-offs with a costly immune response (Rauw, 2012). To answer these 

questions, we sampled juveniles from 15 brown trout populations exposed to gradients of temperature 

and parasite infection to compare their genetic and phenotypic variations before and after the summer. 

Chapter 4. A multifaceted index of population health to detect risk-prone populations and 
underlying stressors in wildlife. 

The adaptive potential of wild populations (i.e., their ability to respond to environmental change) 

depends on intrinsic factors related to their global health. However, most studies on wild populations 

focus on only one facet of population health, for instance their pathological status or genetic variation. 

The use of a single facet may miss a part of the story, leading to erroneous conclusions and misguided 

management plans. In this last chapter, I developed an integrative multifaceted index combining the 

pathological, ecological and genetic status of wild populations to inform on their global health, aiming 

at answering these questions:   

 Can we develop an integrative index of population health that accurately represents multiple 

facets of population integrity? 

 Using this index, can we identify the major environmental drivers of wild population health? 

I therefore developed and tested this index on 46 wild populations of brown trout and assessed the impact 

of a wide range of environmental factors in shaping this multifaceted index.   
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Abstract  

Changes in environmental conditions alter host-parasite interactions, raising the need for effective 

epidemiological surveillance. Developing operational, accurate, and cost-effective methods to assess 

individual infection status and potential for pathogen spread is a prerequisite to anticipate future disease 

outbreaks in wild populations. For endoparasites, effective detection of infections usually relies on host-

lethal approaches, which are barely compatible with wildlife conservation objectives. Here, we used the 

brown trout (Salmo trutta) - Tetracapsuloides bryosalmonae host-parasite system to develop a non-

lethal method for endoparasite infection detection, hereafter called “uDNA” for urine DNA. The uDNA 

diagnostic test is based on the amplification of endoparasite DNA from host urine. We sampled wild 

fish (N = 111) from eight sites, let them excrete in individual buckets filled with mineral water and 

performed parasite DNA amplification from water filtration. We compared the results of the uDNA 

diagnostic test for host infection status and parasite load to those from kidney samples (the current 

standard method). uDNA was sensitive in determining host infection status (even for infected hosts 

showing no sign of the disease), since up to 90% of fish individuals were correctly assigned to their 

infection status. The quantity of uDNA detected from the hosts depended on the sampling sites, 

suggesting a spatial variation in the parasite spread. uDNA was positively, but weakly correlated with 

parasite load in the kidney. This correlation depended on the severity of macroscopic lesions caused by 

the disease, and was negative in fish with severely damaged kidney, likely due to impaired urine 

excretion. The uDNA approach provides novel avenues to non-lethally infer infection parameters from 

wildlife populations at large spatial scales. By targeting parasite transmission stage, uDNA is also 

valuable to get insights on the parasite fitness and the ecological and evolutionary dynamics of this host-

parasite interaction.  

Keywords: parasitology, proliferative kidney disease, non-lethal sampling, wildlife, fresh water, 

Salmonids 
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Introduction 

Changes in environmental conditions can affect both host and pathogen geographic ranges as well as 

the outcomes of host-parasite interactions, such as parasite virulence and transmission rate, host 

susceptibility to infection and ultimately disease development (Schrag & Wiener, 1995; Lafferty, 2009; 

Gallana et al., 2013). Investigating the dynamics of parasites in space and time in wild host populations 

is crucial for management and conservation plans (Smith et al., 2006). However, parasite surveillance 

in wild populations is notoriously challenging because of sampling difficulties (Ryser-Degiorgis, 2013), 

especially when it involves endoparasites. For instance, screening for the presence of endoparasites often 

requires sampling specific organs or tissues, which generally implies killing a substantial number of 

hosts to reliably monitor key parameters such as parasite prevalence and abundance (Sjöberg et al., 

2009; McAllister et al., 2016; e.g., Cilia et al., 2020). These lethal approaches raise ethical issues and 

often fail to provide sufficient sample sizes in host populations. These approaches can additionally 

hardly be considered for protected, endangered or even exploited species for which parasite infection 

monitoring is particularly important (Smith et al., 2006; Breed et al., 2009). Moreover, lethal sampling 

impedes repeated individual-based survey, which would be useful to monitor individual infection over 

time. To overcome this challenge, an increasing number of studies have developed indirect methods to 

non-lethally detect and monitor endoparasites in wild animal populations. Most of these studies involve 

parasite morphological identification in faeces collection (Riepe et al., 2019; Kumar et al., 2019), and/or 

the use of environmental DNA (eDNA) to detect the infectious agents and evaluate disease risks (Honma 

et al., 2011; Huver et al., 2015; Bass et al., 2015; Sengupta et al., 2019). eDNA is defined as free DNA 

molecules released from living bodies in surrounding environment without having to isolate target 

organisms, thereby indicating the presence of a species (Bohmann et al., 2014; Pawlowski et al., 2020). 

eDNA has quickly become a prominent tool due to the increasing availability of powerful genetic 

devices allowing the detection of species even from slight amounts of DNA (Jerde et al., 2011; Shokralla 

et al., 2012; Miotke et al., 2014). eDNA can be used to detect parasites from the open environment (i.e., 

air, water, soil) (Rusch et al., 2018) or from host fluids (i.e., blood, faeces or urine) to measure host 

individual infection status along the infection course (e.g., Etienne et al., 2012). Using host fluids may 

be particularly relevant for detecting endoparasites colonising internal organs, but is still rarely used, 

especially for aquatic species (but see Berger & Aubin-Horth, 2018; Jousseaume et al., 2021). Moreover, 

detection of parasite DNA into host fluids mediating parasite transmission could further provide 

valuable information on the parasite fitness and on its ability to produce infectious stages.  

The myxozan endoparasite Tetracapsuloides bryosalmonae represents an ideal case study for 

testing the effectiveness of a non-lethal method to infer infection from its fish host fluids. This parasite 

has a complex life cycle involving two hosts: a salmonid fish species (intermediate host) and a bryozoan 

species (primary host). Parasite spores excreted from infected bryozoans enter salmonid fish through 
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gills and skin, circulate through the blood until they reach the kidney and spleen where they settle and 

develop (Hedrick et al., 1993; Okamura et al., 2011). Parasite multiplication and strong host 

inflammatory response can lead to renal lesions and impair renal functions, especially blood cell 

production (Hedrick et al., 1993; Bailey et al., 2020). As a result, fish can suffer from anaemia, which 

is considered to be the most severe health consequence of Proliferative Kidney Disease (PKD), often 

resulting in losses in aquaculture and declines of several wild salmonid populations (Hedrick et al., 

1993; Okamura et al., 2011).  

As its development strongly depends upon water temperature and quality, global environmental 

changes could lead to more recurrent and severe PKD outbreaks (Okamura et al., 2011), emphasizing 

the need for precise and operational tools for monitoring T. bryosalmonae infection in both wild and 

hatchery-reared salmonid populations. T. bryosalmonae spores are excreted from infected fish into the 

water through urine (Hedrick et al., 2004; Morris & Adams, 2006). Up to date, detection of T. 

bryosalmonae in open waters is based on eDNA approaches targeting free-circulating spores and/or 

DNA molecules (Fontes et al., 2017; Hutchins et al., 2018). Nonetheless, the amount of T. bryosalmonae 

DNA detected with these approaches does inform neither on its developmental stage (i.e. relative 

number of spores released by the salmonid fish or by the bryozoan) nor on individual host infection 

status. The latter information is however important, because fish individuals are not equally infected 

even when exposed to the same concentration of parasite spores due to individual variation in resistance 

(Råberg et al., 2007; Debes et al., 2017). Current monitoring of fish parasite load and infection status 

relies on histological observation or T. bryosalmonae DNA amplification out of kidney samples 

(hereafter kDNA for “kidney DNA”) (Hedrick et al., 1993; Bruneaux et al., 2017), involving fish 

euthanasia, and thus relatively small sample sizes when inferring infection prevalence (Okamura et al., 

2011; Fontes et al., 2017). T. bryosalmonae DNA detection from brown trout excretion has been 

explored recently in an experimental setup to approximate the start of spore release by infected fish host 

(Strepparava et al., 2018), but it has never been used for individual infection status assessment.  

 

Here, we exploited the fact that T. bryosalmonae spores are released in fish urine to develop a 

non-lethal diagnostic test to monitor T. bryosalmonae infection and parasite spore release at the 

individual fish level. This novel approach based on the detection and quantification of T. bryosalmonae 

DNA in the fish urine (hereafter uDNA for “urine DNA”), was developed on wild brown trout (Salmo 

trutta), a species known to be an intermediate host of T. bryosalmonae and for releasing infectious 

spores (only towards bryozoan host) through urine (Okamura et al., 2011). Specifically, we tested (i) 

whether the probability to detect T. bryosalmonae DNA in the excreted urine (uDNA) is positively 

correlated with the probability of detection directly in the kidney (kDNA) and to a lesser extent with the 

detection of PKD symptoms, i.e. typical gross renal lesions, and (ii) whether the quantity of T. 

bryosalmonae uDNA is a good proxy of individual fish parasite load. Infected brown trout should release 
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T. bryosalmonae spores or at least DNA traces in their surrounding water through urine, even though 

we have no information on the regularity of the release. However, by waiting for several excretion 

cycles, the uDNA could inform on the infection status (infected or uninfected) and parasite load (relative 

quantity of parasites in the kidney) of fish individuals, and be used to infer parasite prevalence and mean 

parasite load in fish populations. Moreover, as uDNA measures parasite transmission through fish 

excretion, it could be used as a proxy for the fitness of the parasite (the higher the quantity of DNA 

excreted in urine, the higher the fitness of the parasite), which has to our knowledge never been 

estimated. To assess the reliability of the uDNA method, we compared results of the uDNA test to the 

detection of T. bryosalmonae DNA in fish kidney (kDNA) that we used as a “reference” as it is the 

classical method currently used to detect fish infection status and parasite load (Bettge et al., 2009; 

Bruneaux et al., 2017). We expected the infection status inferred directly from kidney (kDNA) to be 

only partially correlated with the detection of gross PKD lesions, as some individuals can be 

asymptomatic parasite carriers (Abd Elfattah et al., 2014; Soliman et al., 2018). In addition, previous 

PKD studies did not find a clear relationship between the level of PKD lesions and the parasite load in 

the kidney (Gorgoglione et al., 2013; Bruneaux et al., 2017). More importantly, we expected to find a 

positive correlation between the infection status inferred from DNA detected in the urine and that 

inferred from DNA detected in the kidney, and that the uDNA diagnostic test would be more efficient 

than macroscopic examination of gross renal lesions to detect infected fish hosts, as asymptomatic 

infected fish should also release parasite DNA (Soliman et al., 2018). Moreover, we tested whether the 

amount of uDNA varied among environmental contexts (sampled sites), as ecological parameters such 

as water temperature may impact parasite development and disease severity (Okamura et al., 2011), 

which could influence uDNA detection success through variability in parasite release. We predicted a 

positive correlation between uDNA concentration and parasite load inferred from kidney, except for fish 

showing important gross renal lesions and/or fish living in the warmest sites, because of impaired 

excretion rate due to the disease development.    
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Methods 

Brown trout sampling 

The study area was located in southern France, at the foothills of the Pyrenean mountains and sampling 

took place in the Bouigane, Lez, Oriège, Arize and Ariège Rivers (Fig. 1). PKD was suspected in the 

area by the Fédération Départementale de Pêche de l’Ariège since late 2000s, and confirmed in 2016 

after a high mortality of juvenile brown trout was reported through passive surveillance (Garmendia & 

Lautraite, 2017). Brown trout were sampled at eight sites; six of them were sampled during the first 

week of September 2018, while the last two sites were sampled during the first week of October 2018 

(Table 1, Fig. 1). At this time of the year, all the infected fish should be shedding parasite spores 

(Strepparava et al., 2018). The sampled sites showed contrasted environmental conditions, especially in 

terms of thermal regime (see Table 1). Fish were sampled through electrofishing by the Fédération 

Départementale de l’Ariège de Pêche et de Protection des Milieux Aquatiques, in charge of the local 

angling management and the conservation of aquatic environment. We primarily targeted small juvenile 

trout (mean = 120mm, range = 68 - 169mm) corresponding mainly to young-of-year (0+) because brown 

trout are more prone to develop PKD when exposed to infectious spores of T. bryosalmonae for the first 

time (which generally occurs in Spring, some months after trout emergence from the gravel, Okamura 

et al. 2011). A total of 111 fish were sampled (4 to 16 individuals per site according to local abundances, 

Table 1). 

 
Figure 1: Sampled sites location (blue dots with codes) at the foothills of Pyreneans Mountains, 
southern France. Main rivers of the sampled area (Ariège department) are also shown.  
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Table 1: Characteristics of sampled sites, date of sampling and number of brown trout individuals 
sampled (N). Mean water temperature for summer 2018 was computed with SIEAG (Système 
d’Information sur l’Eau du Bassin Adour Garonne) and the Fédération de pêche de l’Ariège data when 
available.   

 

uDNA collection 

After capture, fish recovered for about 30 minutes in a bucket filled with stream water and aerated by a 

small air pump. Each individual was “rinsed” with commercial (i.e. uncontaminated) mineral water to 

avoid false-positive detection of parasite DNA potentially present in the stream water, and then placed 

in a plastic bag filled with 2L of commercial mineral water (Villéger et al., 2012; as in Raffard et al., 

2019). To minimise physiological stress, we chose mineral water (Cristaline®) with physicochemical 

characteristics similar to those encountered in streams and stored at stream temperature. Each bag was 

maintained in a bucket to allow proper movements of the fish, and buckets were covered and shaded to 

reduce fish stress. Given that urine excretion occurs by bursts every ~20 minutes (Curtis & Wood, 1991), 

fish were kept in bags for at least one hour to ensure they had enough time for at least one excretion 

cycle. At each site, the experimental design included 1 negative control bucket with mineral water only 

per 4 sampled fish (i.e. 1-4 controls per site, Table 1). 

After excretion, 1L from each bag was filtered onto a 1.2µm cellulose nitrate Sartorius® filter 

(Ø 50mm), using a Solinst® peristaltic pump (model 410) and Sartorius® filter holders. Filters were 

then individually stored in Eppendorf Tubes 5mL in a cooler on the field, and then at -80°C until DNA 

extraction. The material (filter holders, buckets, pipes…) was thoroughly disinfected in a 10% bleach 

bath overnight and rinsed with clear water after each field session to avoid cross-contamination. 
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Gross lesions and kidney parasite prevalence and load (kDNA) 

After excretion, fish were euthanised with an overdose of benzocaine, measured to the nearest mm and 

weighed to the nearest 0.1g. PKD gross lesions were assessed after dissection by a trained fish 

veterinarian (AL) through a visual inspection of gills, spleen and kidney, showing typical PKD gross 

lesions ranging from 0 (no lesion) to 3 (very high PKD suspicion). A gross lesions score of 3 represents 

a pale kidney exhibiting severe swelling (due to hyperplasia). Medium kidney samples were collected 

from each individual, stored in 70% ethanol and sent to the laboratoire des Pyrénées et des Landes (LPL, 

Mont-de-Marsan), a certified laboratory for analyses, in order to assess fish kidney parasite load (kDNA) 

through quantitative Polymerase Chain Reaction (qPCR). 18S T. bryosalmonae rDNA was co-amplified 

together with 12S brown trout mitochondrial DNA to correct for the amount of kidney tissue used for 

extraction. kDNA is thus expressed as the ratio between the number of 18S T. bryosalmonae rDNA 

copies detected and the number of 12S brown trout mitochondrial DNA detected in the sample. As the 

LPL is commercially exploiting the kDNA approach described above, they held details about the 

laboratory protocol confidential. kDNA provides the actual infectious status and parasite load of a fish, 

i.e. the “reference” value (Bruneaux et al., 2017).  

uDNA detection 

DNA extraction was performed on excretion filters using the QIAGEN DNeasy PowerWater kit 

following manufacturer recommendations and under a strict laboratory environment for eDNA 

extractions. The 518F_Q and 680R_Q primers designed by Fontes et al. (2017) were used to amplify a 

182bp fragment of T. bryosalmonae 18S SSU rDNA sequence. To accurately measure the quantity of 

parasite DNA released by fish individuals, DNA amplifications were run through quantitative PCRs 

(qPCRs). The PCR reactions were performed in a total volume of 20µL including 10µL SYBR® Green 

master mix, 2 µl of sample DNA, 1 µl of each primer (10µM) and 6 µl of DNase/RNase-free water. The 

PCR program was run with a QuantStudio™ 6 Flex System (Applied Biosystems), under the following 

thermal conditions: 95 °C for 15 min followed by 45 cycles of 95°C for 15s and 60 °C for 1 min. We 

performed a qPCR standard curve with one positive sample and a 1:10 serial dilution of this sample (n 

= 7 concentrations). The linear standard curve revealed an amplification efficiency above 100% 

suggesting too high concentration of samples. So, we diluted the most concentrated sample in the 

standard curve and all samples in our study to 1/10th. The 7 standards used encompassed the full range 

of sample tested in this study. The standard curve was applied to all runs to allow comparison of parasite 

DNA quantification across separately run qPCR plates. Each 96-well qPCR plate included 3 PCR 

negative controls (water only), 2 field negative controls (buckets with no fish), 2 dilution series and 

samples in triplicates. A sample would be considered positive for T. bryosalmonae DNA when at least 

two out of three replicates yielded positive results. Following qPCRs, mean Ct values, representing the 
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number of amplification cycles needed to get to a fluorescence threshold, ranged from 26.8 to 38.8 for 

positive samples. Ct values exceeding 40 were considered as artefacts and the corresponding assays as 

negative. After correcting Ct values for among-plates variation in PCR efficiency (see above), the initial 

relative concentration values (N0) ranged between 0 and 1, 1 being the individual with the highest T. 

bryosalmonae DNA concentration found in urine.   

For a comparison purpose, we used a second method of DNA amplification and quantification 

that is expected to be more sensitive than classical qPCRs and eases comparisons among samples: the 

droplet digital PCR (ddPCR) (Doi et al., 2015). ddPCR is based on water-oil emulsion droplet 

technology and transforms the PCR mix into approximately 20000 droplets in which independent PCR 

reactions occur. If target DNA is present in the droplet, amplification occurs and the droplet fluoresces. 

This method provides concentration values (hereafter dC for droplet concentration) that are directly 

interpretable and that corresponds to the ratio of positive fluorescing droplets to total number of droplets, 

with no need for corrections, nor sample replicates, while limiting trouble with PCR inhibitors (Doi et 

al., 2015; Wood et al., 2019). ddPCRs were run with a BioRad QX200 Droplet Digital PCR system™ 

(Bio-Rad, Temse, Belgium), with the following thermal conditions: 95°C for 5 min followed by 40 

cycles of 95°C for 30s and 60°C for 1 min; and 4°C for 5 min and 90°C for 5 min. The PCR reactions 

were performed in a total volume of 22 µl including 11 µL EvaGreen digital PCR Supermix, 2.2 µl of 

sample DNA, 1.1 µl of primer mix (same primers as for the qPCRs, 2µM) and 7.7 µl of DNase/RNase-

free water. Each 96-well run included 4 PCR negative controls (water only), and a total of 18 field 

negative controls (buckets with no fish) were distributed among the different runs. The baseline 

threshold for separating positive and negative droplets was manually chosen per run, according to the 

distribution of the negative droplets from the negative control wells.  

Ultimately, because urine excretion depends both on time spent in the plastic bag and on fish 

body mass (Hunn, 1982), we corrected the resulting uDNA values (N0 and dC for qPCR and ddPCR 

concentration values respectively) by the time of excretion (in minutes) and fish body mass (in grams).  
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Statistical analyses 

Statistical analyses were conducted using the R environment (R 3.6.1, R Core Team 2019). 

Inferring infection status and parasite prevalence from uDNA 
 

We first used a Cochran’s Q test (RVAideMemoire R package, Hervé 2020) to test whether the global 

prevalence (percentage of infected fish across all populations) varied among the methods (renal lesions 

examination, kDNA, uDNA amplified using either qPCR or ddPCR). When significant, pairwise 

Wilcoxon post-hoc tests were conducted. Then, we tested whether T. bryosalmonae prevalence 

estimated at the site level using the uDNA diagnostic test correlated (Spearman rank correlation) with 

the parasite prevalence estimated using kDNA.  

Finally, the sensitivity and specificity of the uDNA test (using either qPCR or ddPCR) were 

quantified to provide a quantitative reliability of the method. Sensitivity is defined as the proportion of 

infected trout (i.e. positive with kDNA) that are also detected as infected with the uDNA test, while 

specificity corresponds to the proportion of non-infected trout (i.e. negative with kDNA) that are also 

identified as non-infected with the uDNA test (Akobeng, 2007). We thus classified each individual as 

“true positive” or “true negative” when the status (infected or non-infected) identified through uDNA 

(using either qPCR or ddPCR) was the same than the status identified through kDNA. On the contrary, 

we classified each individual as “false positive” or “false negative” when the status identified through 

uDNA differed from that identified through kDNA. Sensitivity is then calculated as the ratio between 

the number of true positives and the sum of true positives and false negatives and specificity as the ratio 

between the number of true negative and the sum of true negatives and false positives.  

Inferring parasite load from uDNA 

Our second objective was to test whether the uDNA approach was a reliable method to estimate the 

parasite load of fish hosts.  

We first used a Spearman rank correlation test to assess the relationship between individual T. 

bryosalmonae DNA concentration in urine samples obtained either from qPCR or ddPCR, so as to test 

whether these two methods yield similar information about T. bryosalmonae DNA excretion. A similar 

approach was used at the site level to assess and test the relationship between T. bryosalmonae DNA 

concentration estimated from kidney and the DNA concentration estimated from urine samples 

(amplified using either qPCR or ddPCR), in order to provide information about the reliability of uDNA 

for estimating the mean parasite intensity.  

Finally, we tested whether the quantity of T. bryosalmonae DNA excretion in fish urine could 

vary depending on the environmental and epidemiological contexts. We assumed that different sites 
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corresponded to different environmental contexts, and that the extent of PKD gross lesions corresponded 

to different epidemiological contexts, i.e. different stages of disease development estimated by a trained 

veterinarian. We used a linear model with T. bryosalmonae DNA concentration estimated from urine at 

the individual level as the dependent variable, and T. bryosalmonae DNA concentration estimated from 

kidney as the explicative variable and we included in the full model the site identity, the extent of gross 

renal lesions and their two-terms interactions as additional fixed effects. Note that three out of the eight 

sites (LEZAub, ARZDur and BOUArg) were removed from this analysis because they had too few 

infected individuals. Based on a full model (all simple terms + the interactions between site identity and 

kDNA concentration and between renal lesions and kDNA concentration), we used an information-

theoretic approach (based on the small-sample size corrected Akaike Information Criterion, AICc) to 

identify the most likely model(s) (Burnham & Anderson 2002) using the MuMIn package (Barton, 

2019).  

Results 

Inferring infection status and parasite prevalence from uDNA 

The overall T. bryosalmonae infection prevalence differed significantly among the four methods of 

detection (Cochran’s Q test, Q=73, df=3, P < 0.001, Fig. 2a). We identified more infected individuals 

with the detection of parasite DNA from kidney (kDNA, 62%) or from urine (uDNA, qPCR = 53%, 

ddPCR = 56%) than with macroscopic examination of PKD gross lesions (28%, Fig. 2a, post-hoc tests, 

P < 0.001), meaning that 55% of the infected individuals were asymptomatic. T. bryosalmonae 

prevalence estimated from uDNA was slightly lower than from kDNA (Fig. 2a, Fig 3). Nonetheless, this 

difference was significant when uDNA was amplified using qPCR (post-hoc test, P = 0.02), but not with 

ddPCR (post-hoc test, P = 0.08). Using kDNA individual infection status as reference, uDNA methods 

provided a correct infection status (true positives + true negatives) for 87% (qPCR) and 90% (ddPCR) 

of the samples (Fig. 3).  
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Figure 2: (a) T. bryosalmonae infection prevalence recorded among the 111 brown trout sampled 
according to the detection method. kDNA indicates parasite DNA detected in kidney and serves as a 
reference. uDNA indicates T. bryosalmonae DNA detected in urine (either using ddPCRs or qPCRs). 
Gross lesions indicate suspicion of T. bryosalmonae infection based on macroscopic examination of the 
fish. Different letters above the bars indicate a significant difference after Cochran’s Q test and post-hoc 
pairwise Wilcoxon tests (α = 0.05). (b) T. bryosalmonae kDNA infection prevalence recorded at each 
site.  
 
 
 

Infection prevalence (from kDNA) varied markedly among sites with three out of the eight sites 

(LEZAub, ARZDur, BOUArg) not or barely infected (0 to 6% infection prevalence), whereas five sites 

(ARILuz, ARIPam, ARISav, ARIVar, ORIAx) had a prevalence of 100% (Fig. 2b). In these highly 

infected sites, PKD gross lesions score varied between 0 and 3, except for ORIAx in which none of the 

individuals displayed any PKD gross lesions (Fig. S1). kDNA and uDNA prevalence measured at the 

site level were significantly positively correlated (rho = 0.85, P < 0.01 for uDNA prevalence estimated 

from ddPCR; rho = 0.85, P < 0.01 for uDNA prevalence estimated from qPCR). However, uDNA 

underestimated the prevalence for ARIVar and ARISav (Fig. 4a). 
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Figure 3: Qualitative comparison between T. bryosalmonae detection in the kidney (kDNA) and in the 
urine (uDNA) with qPCR and ddPCR amplifications respectively. True negative/positive: samples that 
were found positive and negative both with kDNA and uDNA methods. False negative/positive: samples 
that were found either positive or negative with uDNA while they were found at the opposite with kDNA 
(reference method). 
 
 

The specificity of the uDNA diagnostic test was very high (95%) for both amplification methods 

(qPCR and ddPCR). The sensitivity was slightly lower for uDNA amplified using qPCR than using 

ddPCR (83% vs. 87%) because qPCR yielded more false negatives (11% vs 8% using ddPCR), even 

though the difference in distribution of the results categories between both methods was not significant 

(Stuart-Maxwell marginal homogeneity test, χ² = 1.8, df = 3, P = 0.615) (Fig. 3).  

Inferring parasite load from uDNA   

T. bryosalmonae DNA concentrations estimated with uDNA from qPCR and ddPCR were strongly and 

positively correlated (rho = 0.96, P < 0.001, Fig. S2), indicating that both approaches yielded very 

similar estimates of DNA parasite concentrations in the urine. Only the results with T. bryosalmonae 

DNA concentrations obtained from ddPCR will be shown hereafter. 
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Figure 4: (a) Relationship between T. bryosalmonae prevalence per site inferred from the parasite DNA 
contained in the urine (uDNA diagnostic test) and prevalence inferred from the parasite DNA contained 
in the kidney (kDNA, reference method). (b) Relationship between the mean T. bryosalmonae DNA 
concentration detected in urine (uDNA diagnostic test) per site and the mean parasite DNA 
concentration detected in kidney (kDNA). Values are scaled to the mean. Each dot represents the values 
for a single site, letters above dots are the code of each site (see Figure 1 for site location). 



-Chapter 1- 

53 
 

kDNA concentration, representing our standard measure of parasite load, ranged from 1.27 10-

6 to 9.29 10-2 T. bryosalmonae DNA copies per S. trutta DNA copy for infected trout. At the site level, 

mean T. bryosalmonae DNA concentrations measured in kidney were positively correlated with mean 

concentrations measured with uDNA, but this relationship was only marginally significant (rho = 0.71, 

P = 0.06). T. bryosalmonae kDNA/uDNA concentrations strongly departed from the 1:1 expectation for 

two sites (ARIPam and ARILuz, Fig. 4b) indicating both over- and underestimations of the T. 

bryosalmonae parasite load when measured with uDNA.  

The most likely model to explain T. bryosalmonae DNA concentration measured in urine at the 

individual level included the identity of the sampling site, the score of fish PKD gross lesions, T. 

bryosalmonae DNA concentration measured in kidneys and the two-term interaction involving the two 

later variables as fixed effects (Table 2, Table S1, AICc = -8.4, W = 0.72). This model revealed that T. 

bryosalmonae DNA concentration measured in urine significantly varied among sites with a highest 

uDNA quantity excreted by fish from ARIPam (see Fig. 4b and Fig. 5). More importantly, the 

relationship between T. bryosalmonae DNA concentration measured in urine and T. bryosalmonae DNA 

concentration measured in kidney significantly varied among PKD gross lesions scores (Table 2, Fig. 

5). The relationship between T. bryosalmonae DNA concentration measured in urine and in kidney was 

positive (as expected) for all gross lesions scores, except for score “3”, corresponding to the most 

affected fish (in which case the relationship was negative, Fig. 5). In other words, fish with highly 

damaged kidneys excreted less T. bryosalmonae DNA in their urine than expected despite high 

concentrations of T. bryosalmonae DNA in their kidneys. It is noteworthy that a significant and positive 

relationship was observed between T. bryosalmonae DNA concentration measured in urine and in 

kidney for the site ORIAx in which no fish exhibited any PKD lesion (see inset in Fig. 5).  

 

Table 2: Output of the best linear model explaining the quantity of T. bryosalmonae DNA excreted 
along with infected brown trout (S. trutta) urine. kDNA is the quantity of T. bryosalmonae DNA 
detected in fish kidney, Site is the fish site of origin, and Gross lesions represents the score of 
proliferative kidney disease gross lesions estimated through macroscopic examination of the fish. 
Adjusted R² = 0.38, P < 0.001 
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Figure 5: Relationship between the quantity of T. bryosalmonae DNA (parasite load) detected in urine 
(uDNA) and that detected in kidney (kDNA) for 63 infected individuals. Values are scaled to the mean 
for the different intensities of the proliferative kidney disease gross lesions scores. The different symbols 
represent different sites and the different colours are for different gross lesions scores. Mean values for 
each site are shown, along with their 95% confidence intervals (error bars). The inset shows the linear 
regression between uDNA and kDNA parasite load for the site ORIAx at the individual level.  

 

Discussion 

The aim of the present study was to develop a non-lethal method for monitoring endoparasite infection 

in wild host populations. Detection of endoparasite infection is usually performed through tissue 

sampling, which is often lethal for the host (e.g. Cilia et al., 2020; Waldner et al., 2020). However, the 

recent development of molecular techniques now permits to detect endoparasites DNA in the 

environment, faeces or other host fluids (Bohmann et al., 2014). Recently, Berger & Aubin-Horth (2018) 

developed an elegant non-lethal method to detect a large endoparasite using DNA shed by parasites via 

swabbing the host abdominal cavity and Jousseaume et al. (2021) used DNA from faecal samples to 

detect endoparasite infections in eels. Here, we followed this logic by hypothesizing that the brown trout 

microparasite T. bryosalmonae, which proliferates in fish kidney, could be non-lethally detected from 

fish urine excretion (Strepparava et al., 2018), therefore enlightening individual host infection 
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parameters. In line with our initial hypothesis, we successfully inferred parasite prevalence and 

occurrence from urine DNA (“uDNA”) and we were able to determine individual fish parasite load, 

although this latter inference was strongly context dependent.  

Based on individual infection status measured with a conventional (but lethal) approach as a 

reference (Hedrick et al., 1993; see Bruneaux et al., 2017), our uDNA diagnostic test correctly identified 

host infection status for 87 and 90% individuals with qPCR and ddPCR amplifications respectively, 

proving its efficiency for detecting T. bryosalmonae infection. Accordingly, test specificity was high 

and test sensitivity was slightly higher for ddPCR amplifications. Specifically, when an individual was 

not infected, the uDNA test was negative in 95% of the cases (specificity), and when an individual was 

infected, the uDNA test was positive in 83% and 87% cases (sensitivity) considering qPCR and ddPCR 

amplifications respectively. One limitation in the validation of the uDNA method is that our sampled 

populations showed extreme infection prevalence (either 0-5 or 100% of infected individuals), so that 

we could not validate the method for intermediate values of prevalence.  

The overall patterns of individual infection and population prevalence were very similar when 

using the qPCR and ddPCR approaches. Moreover, parasite DNA concentrations found in urine with 

both amplification methods were strongly correlated (as in Koepfli et al., 2016; Mulero et al., 2020), 

suggesting that both qPCR and ddPCR can be reliably used to infer key epidemiological parameters 

from hosts’ urine. Nevertheless, in agreement with recent studies (Koepfli et al., 2016; Wood et al., 

2019), we found a higher sensitivity for ddPCR due to a lower percentage of false negative (i.e. fish 

found uninfected using uDNA while actually infected), but the difference between both methods was 

not significant (8% vs. 11% for qPCR). It is noteworthy that false negatives found with ddPCR were 

individuals with relatively low parasite load in their kidney (ranging between 1.27 10-6 and 1.45 10-3 

copies of T. bryosalmonae 18S rDNA/one copy of S. trutta 12S rDNA), so that some of these false 

negatives could be attributed to a limit of detection, or to false positives of qPCR detection in the kidney. 

However, the uDNA diagnostic test was efficient even for very low parasite load in kidney (as low as 

3.65 10-6 T. bryosalmonae DNA copy/S. trutta DNA copy), showing its high sensitivity, and when 

infected hosts showed no sign of PKD (i.e. asymptomatic infected fish). Identifying these asymptomatic 

infected individuals is particularly relevant as they can act as an invisible reservoir for potential future 

disease outbreaks. This is for instance the case when asymptomatic infected individuals move (or are 

moved by humans) into new locations with susceptible bryozoans. Besides, as the disease development 

depends -among other environmental factors- on water temperature, the presence of asymptomatic 

infected individuals can point out populations that have to be closely monitored if environmental 

conditions are changing as they would be in the frontline for developing PKD outbreaks (Okamura & 

Feist, 2011).  
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Overall, we found a positive relationship between the quantity of parasite DNA detected in urine 

and that detected in kidney, but this relationship was weak and strongly dependent upon fish gross PKD 

lesions score. The relationship between uDNA and kDNA was positive for fish showing none or 

moderate gross lesions and particularly strong in ORIAx, a site in which all fish were infected but not 

diseased (no PKD gross lesion detected). One potential explanation could be that parasite development 

and/or fish hosts immune responses (responsible for kidney hyperplasia in diseased fish) were likely 

less triggered in ORIAx compared to the other sites due to a lower water temperature or other local 

environmental factors (Okamura et al., 2011). By contrast, uDNA and kDNA were poorly correlated for 

fish with severe gross lesions, suggesting that high level of kidney damage may impair urine excretion 

and hence the quantification of parasite load in this fluid. Furthermore, we found that uDNA quantity 

varied among sampled sites. Specifically, mean uDNA quantity was significantly higher in fish from 

ARIPam compared to all other sites, while parasite load inferred from kDNA was similar among all 

sites. This illustrates that among-site variation in parasite load inferred from uDNA is yet complex to 

explain and must be carefully interpreted. Furthermore, another potential bias in our uDNA 

quantification approach is that we do not know the actual quantity of urine excreted by fish in the bags. 

Indeed, salmonid fish urine flow rate can be influenced by factors such as nutrition, health status, water 

quality and temperature, handling, hypoxic stress (Hunn, 1982). In the future, we propose using an 

“excretion control” such as urea concentration in the bag, to correct for the quantity of urine excreted. 

Future studies examining urine excretion may be necessary to refine this promising uDNA method for 

quantifying parasite load.  

Finally, our results show that highly infected individuals do not release spores proportionally to 

their parasite load in the kidney, which suggests that kDNA may not necessarily be a good proxy for the 

infectious potential of fish. In other words, our results strongly suggest that fish with high concentration 

of T. bryosalmonae in the kidney do not substantially contribute to the excretion of spores in the open 

water, likely because of impaired kidney function and decreased excretion. These highly infected fish 

may therefore not be advantageous for the parasite life cycle and fitness. Our uDNA method actually 

provides the possibility to quantify what is excreted by fish in the open water, which can be used as a 

proxy of the number of released parasite spores. These two measures are thus complementary: kDNA 

informs on host parasite load, and uDNA could be used as a proxy of fish infectious potential, informing 

on the parasitic cycle dynamics. For example, in this study, the high uDNA excretion in fish from 

ARIPam (compared to other populations) seems to indicate a higher fitness of the parasite in this site. It 

could be explained by favourable environmental conditions for the parasite development, including the 

fish host’s characteristics. The heterogeneity of uDNA release and thus of parasite spore shedding in 

this site could indeed highlight the presence of super-spreaders, i.e. infected fish hosts that highly 

contribute to the parasite cycle (Stein, 2011; Stephenson et al., 2017). This is particularly relevant as the 

current detection of T. bryosalmonae in streams through eDNA cannot discriminate between parasite 
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DNA stemming from fish spores and that from spores excreted from the primary host (bryozoans) 

(Fontes et al., 2017), so that uDNA gives access to new information on this infectious disease dynamics.  

To conclude, we demonstrated the efficiency of a non-lethal method for endoparasite detection 

in the context of an emerging infectious disease in salmonid fish. The uDNA diagnostic test proved to 

be efficient in determining individual infection status and prevalence at population levels and provided 

encouraging results to estimate individual and population parasite loads. The ease and fast 

implementation of this new method opens fascinating perspectives for dissecting the eco-evolutionary 

dynamics of this host-parasite interaction considering large spatial and temporal scales. For instance, 

individual surveys along the infection course can be performed in the wild through capture-recapture to 

determine the ecological and evolutionary impacts of this emerging parasite on host populations. We 

thus encourage the future development of such non-invasive approaches based on host fluids for 

endoparasite detection to provide a better knowledge about wild animal population infection status and 

infectious potential, improve the surveillance of wildlife emerging diseases, and take appropriate 

decisions for management actions.  
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Supporting information  

 

Figure S1: Proliferative kidney disease gross lesions score and T. bryosalmonae infection prevalence 
according to the sampled sites. Infection prevalence (%) measured in kidney (kDNA) is indicated in 
italic at the bottom and is increasing from left to right. Sample sizes are indicated above bars. 

 

Figure S2. Relationship between the quantity of T. bryosalmonae DNA detected in urine (uDNA) with 
qPCR and ddPCR for infected individuals (with T. bryosalmonae DNA detected in the kidney).   
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Table S1: Output of the comparison of linear models explaining the quantity of T. bryosalmonae DNA 
found in brown trout (S. trutta) urine based on the Akaike Information Criterion. The full model (M12) 
includes parasite load inferred from trout kidney (kDNA), proliferative kidney disease gross lesions 
score, fish site origin, and the interaction between kDNA and gross lesions score as well as that between 
kDNA and site origin.   

 

df: degrees of freedom, AICc: corrected Akaike Information Criterion, ΔAICc: difference in AICc compared to 
the smallest, Wi: model Akaike weight. 
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Abstract 

Infectious diseases result from the interaction between hosts, parasites, and the environment. 

Understanding the environmental conditions (abiotic and biotic) triggering disease development is 

critical to anticipate the decline of host populations. The abiotic environment may act at different levels 

of the interaction: on the parasite within the host, on the parasite out of the host as free-living stages, 

and on the host physiology. Biotic conditions, including the density of susceptible hosts and the density 

of parasite propagules, are also influenced by the abiotic conditions. Acting synergistically at these 

different levels, the environmental conditions shape the parasite distribution in the milieu and within its 

hosts, as well as the infection outcomes. It is therefore important to apprehend parasite distribution as 

free-living stages and within its hosts together with the underlying environmental factors to successfully 

forecast disease outbreaks. These two parts of the parasite life cycle are rarely investigated conjointly, 

mostly because of detection issues of the propagules in the open environment. Here, we aimed at 

identifying the environmental drivers of T. bryosalmonae propagules’ distribution in the milieu and of 

the infection prevalence in brown trout Salmo trutta host populations to provide a general and 

mechanistic understanding of the emergence of proliferative kidney disease in natural ecosystems. We 

used environmental DNA (eDNA) to detect and quantify the heteroxeneous freshwater parasite, together 

with its salmonid and bryozoan hosts. We measured environmental parameters and used available 

databases to identify the underlying abiotic environmental factors. Our results demonstrated that the 

abundance of the parasite in the water was tightly linked to the abundance of its hosts but poorly to 

abiotic factors, whereas the infection prevalence in fish was tightly linked to abiotic factors related to 

water quality and weakly to the abundance of parasites in the water. This study further shows the 

importance of the abiotic context in shaping the outcomes of biotic interactions and refines the 

understanding of the dynamics of a wild emerging infectious disease. 

Keywords: parasite distribution, environmental DNA, environmental drivers, host-parasite interactions, 

wildlife infectious disease 
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Introduction  

The outcomes of host-parasite interactions strongly depend on the surrounding environmental conditions 

(Wolinska & King, 2009). Rapid and drastic changes in environmental conditions can affect key 

characteristics of either hosts or parasites, such as parasite virulence and transmission rate, host 

susceptibility to infection or their geographic range (Budria & Candolin, 2014). These environmental 

changes, coupled with human-assisted dispersal, can favour the expansion of diseases outside of their 

native range (e.g., malaria; Tatem et al., 2006; Chaves & Koenraadt, 2010). These changes can also 

destabilise “benign” host-parasite dynamics that are endemic to a particular area -i.e., interactions in 

which infection causes non-noticeable damages to the hosts-, which can turn into the emergence of 

infectious diseases with major deleterious impacts on host populations (Schrag & Wiener, 1995; 

Lafferty, 2009; Gallana et al., 2013; Altizer et al., 2013). Understanding under which environmental 

conditions parasite infections become excessively harmful to the hosts is critical to anticipate host 

population health issues and demographic declines.  

 The environmental conditions driving host-parasite dynamics consist of abiotic conditions 

acting on the hosts, on the parasite inside its hosts (especially when the hosts are ectotherms), and on 

the parasite outside its hosts as free-living stages. They also include biotic conditions such as the density 

of parasite propagules and the density of hosts in the environment (Pietrock & Marcogliese, 2003; 

Lagrue & Poulin, 2015). For instance, we might expect that the higher the density of parasite infective 

stages in the milieu, the more likely the infection of the hosts, and reciprocally the higher the host 

density, the more efficient the parasite life cycle (Arneberg et al., 1998; Hallett et al., 2012). Acting 

synergistically, these multi-level environmental conditions shape the parasite distribution in the milieu 

and in its hosts, as well as the impact of the infection on the host populations (Turner et al., 2021). A 

(subtle) change in one of these environmental conditions can lead to an increase in infection prevalence 

by favouring parasite development and transmission, by decreasing the host capacity to control the 

parasite infection, and/or by increasing parasite pathogenicity (Martin et al., 2010; Budria & Candolin, 

2014; Cable et al., 2017). As an example, Johnson et al. (2007) identified cascading effects of 

eutrophication on the outcomes of the trematode parasite Ribeiroia ondatrae infection in the amphibian 

Rana clamitans. Eutrophication promoted algal development, increasing the density of snails 

Planorbella trivolvis, the intermediate host of R. ondatrae, that in turn produced more infective stages 

of the parasite leading to higher propagule pressure in the open environment and increased infection 

intensity within the amphibian larvae. Furthermore, other studies found that an increase in water 

temperature negatively affected the immune capacity of amphibian hosts, which increased their 

susceptibility to infection by the fungus Batrachochytrium dendrobatidis, and ultimately accelerated 

their worldwide decline (Raffel et al., 2006; Rohr & Raffel, 2010). The increase in B. dendrobatidis 

free-living zoospore density is also a factor driving host mortality through increased effective parasite 
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load in the hosts (Fisher & Garner, 2020). To understand when and how apparently benign host-parasite 

interactions may lead to disease outbreaks, it is thus important to disentangle the impacts of the 

environment on both the parasite exposure and the host susceptibility (James et al., 2015; Stewart Merrill 

et al., 2021). 

The acquisition of knowledge about the distribution of the parasite propagules and its underlying 

environmental factors is therefore substantial to successfully understand and forecast disease outbreaks 

(Marcogliese, 2008; Okamura & Feist, 2011; Cable et al., 2017). In most studies however, parasites are 

quantified within their host organisms (as prevalence or intensity estimates), but rarely as free-living 

propagules in the environment, so that there is a lack of information about the host exposure to infective 

propagules. The main reason is that free-living propagules are difficult to detect because of they are 

microscopic and highly diluted in the environment, which complicates their detection and quantification 

without appropriate tools. The development of molecular detection techniques related to environmental 

DNA (eDNA) have revolutionised the assessment of the presence of rare and cryptic species, as well as 

the early detection of invasive species (Bohmann et al., 2014; Rees et al., 2014). Recent improvements 

in the accuracy of eDNA detection and quantification enable to quantify the abundance (or relative 

abundance) of the target species (Lodge et al., 2012; Doi et al., 2015; Seymour, 2019). Accordingly, 

eDNA has become an important tool in parasitology to enhance the detection of otherwise invisible 

pathogen agents (Huver et al., 2015; Bass et al., 2015). For instance, Carraro et al. (2017, 2018) used 

eDNA to unravel patterns of abundance and distribution of Tetracapsuloides bryosalmonae, an 

emerging myxozoan parasite of salmonid fish, in a Swiss river. Parasite DNA that is detected in 

freshwaters may therefore be used as a proxy for the quantification of the host exposure to parasite 

propagules, an important factor modulating the infection success of parasites.  

 Here, we aimed at identifying the environmental drivers of parasite propagules in the milieu 

(❶, Fig. 1) and parasite prevalence in host populations (❷, Fig. 1) to provide a general and mechanistic 

understanding of the emergence of an infectious disease in natural ecosystems. We notably tested the 

prediction that the probability for disease emergence increases with increasing parasite propagules 

pressure in the milieu and with higher levels of environmental stressors acting on the hosts. We used 

eDNA for estimating parasite free-living propagules distribution and abundance, and we investigated 

their environmental determinants (abiotic and biotic through host abundances). T. bryosalmonae is a 

parasite species, so that its survival in an ecosystem depends on the presence of its hosts. However, the 

abiotic environmental conditions may have a role in its survival in the open environment during the 

between-hosts transmission (Pietrock & Marcogliese, 2003). We compared models including biotic, 

abiotic environmental conditions or both to estimate the relative importance of the hosts’ abundance 

(biotic factors) and the abiotic factors. We then tested the relative role of the parasite exposure (quantity 

of propagules in the milieu) and the abiotic stressors (that impact host susceptibility) on the prevalence 
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of a wildlife emerging infectious disease. We focused on the interaction between T. bryosalmonae and 

the brown trout Salmo trutta. T. bryosalmonae is a myxozoan parasite with a complex life cycle 

involving a salmonid fish and a bryozoan, that is responsible for the salmonids’ proliferative kidney 

disease (PKD), causing high mortality especially when associated with elevated temperatures (a major 

source of environmental stress for salmonids, Okamura et al., 2011). The intertwined mechanisms 

sustaining this temperature-associated mortality are still poorly understood, especially in the wild. In 

particular, it is not clear yet whether increased water temperatures trigger disease development by 

favouring the abundance of free-living infective stages (indirect impact of the abiotic environmental 

conditions through biotic interaction), and/or by destabilising the immune and physiological capacity of 

the fish host (direct impact of the abiotic environmental conditions, see Fig. 1 for a visual 

representation). Therefore, we compared models including the biotic, abiotic conditions or both to assess 

their relative importance in explaining infection prevalence within the fish hosts.  

 

Figure 1. Visual representation of the paper’s aims. First (❶), we investigated the abiotic and biotic 
factors responsible for T. bryosalmonae’s distribution (occurrence and abundance) in the milieu. We 
also investigated which of the abiotic (as a whole) and biotic factors (as a whole) are the most important 
for the parasite distribution (represented by the dashed double-arrow determining the blue arrows width). 
In a second part (❷), we investigated in the same way the abiotic and biotic (here the parasite 
propagules abundance) factors responsible for the infection prevalence in brown trout. We also 
investigated which of the abiotic (as a whole) and biotic factors are the most important for the infection 
prevalence in fish (represented by the dashed double-arrow determining the yellow arrows width). We 
can see from this representation that the abiotic factors may act directly on fish infection prevalence by 
acting on the fish physiology, but also indirectly by determining the parasite propagules abundance. The 
dashed-grey arrow represents the role of the abiotic factors in shaping the hosts’ distributions, that were 
investigated in Appendix 5. 
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Methods 

Studied host-parasite system 

T. bryosalmonae alternates between two hosts to complete its life cycle: a bryozoan (definitive host, 

here Fredericella sultana, its main and most widespread bryozoan host in our study area, Schmidt-

Posthaus et al., 2021, Hartikainen, pers. comm.) and a salmonid fish (intermediate host, here S. trutta) 

(Okamura et al., 2011). The transitions between its life stages are temperature dependent. Parasite 

release in the river by the bryozoans occurs in spring when the water temperature reaches 9°C (Gay et 

al., 2001), and shows another peak during autumn (Tops et al., 2009). The released parasite propagules 

infect brown trout by entering through gills and skin, circulate through the blood until reaching the 

kidney where they develop, potentially triggering an exaggerated immune reaction of the fish host when 

water temperature exceeds 15°C, leading to disease development (Hedrick et al., 1993). The disease 

may develop at the first infection of naive fish, and if they survive, they acquire immunity upon 

reinfection, so that young-of-the-year fish are the most impacted (Feist & Longshaw, 2006). The severity 

of PKD development following T. bryosalmonae infection in brown trout, also dependent on water 

temperature, modulates brown trout thermal tolerance and metabolic rate (Okamura et al., 2011; 

Bruneaux et al., 2017). On the other hand, brown trout is a cold-water species, and as such, its physiology 

is impacted by water temperature (Elliott & Elliott, 2010). The development of the parasite and its 

bryozoan host further depend on the water quality and the quantity of nutrient available in the stream, 

while brown trout physiology may also be negatively affected by decreased water quality (Hartikainen 

et al., 2009; Bailey et al., 2018; Rubin et al., 2019).  

We first jointly quantified the abundance of T. bryosalmonae’s hosts (brown trout and bryozoan 

Fredericella sultana) and measured a wide range of abiotic factors to investigate their respective impacts 

on T. bryosalmonae’s free life stages distribution. Then, we disentangled the effects of the abundance 

of parasite propagules in the stream from the effects of the abiotic environmental factors on the infection 

prevalence in young-of-the-year fish at their first encounter with the parasite.    

eDNA sampling 

The study covered a wide area in Southern France, with 83 sites sampled on a total of 54 streams (Fig. 

2). We sampled eDNA between the 30th of July and the 14th of August 2020. 
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Figure 2. Map of the 83 sampled sites. The presence or absence of detection of the parasite (T. 
bryosalmonae) and its bryozoan host (F. sultana) is represented by circles, and the fish infection 
prevalence indicated by fishes. Inset indicates the location of the studied area, at the South of France. 
The dotted ellipse shows three sites sampled on the Neste river, described as an example in the 
discussion.  

At each site, we filtered up to 12L of upstream water onto 1.2µm cellulose nitrate Sartorius® 

filters (Ø 50mm) with a Vampire sampler (Bürkle®) and Sartorius® filter holders as follows: we used 

8 filters per site and filtered a maximum of 1.5L per filter, less when the turbidity of the water prevented 

it, and we measured the volume of water filtered per filter. We put the filters in pairs in 5mL Eppendorf® 

tubes, to get 4 field replicates per site that were stored in a cooler on the field and then at -80°C until 

DNA extraction.  

DNA extraction and amplification 

We performed DNA extraction directly on filters using QIAGEN® PowerSoil pro kit following 

manufacturer recommendations and under strict laboratory environment required for eDNA extractions. 

We used the primers and probes designed by Carraro et al. (2018) and Carim et al. (2016) to 

amplify a 71bp fragment of F. sultana 16S SSU rDNA sequence, a 102bp fragment of T. bryosalmonae 

COI DNA and a 108 bp fragment of S. trutta cytochrome B DNA (Table S1). Target DNA was amplified 

with duplex droplet digital PCR (ddPCR) using a BioRad QX200 Droplet Digital PCR system™ (Bio-

Rad, Temse, Belgium), with the following thermal conditions: 10min at 95°C, then 40 cycles 

encompassing 30s at 94°C and 1min at 60°C, followed by 10min at 98°C and 30min at 4°C. The PCR 

reactions were performed on a total volume of 22µL including 11µL of EvaGreen digital PCR Supermix, 
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2.4µL of sample DNA and 8.6µL of primer mix (including 1.9µL of each primer and 0.5µL of each 

probe, 10µM). Each 96-well run included 4 PCR negative controls with water only, and 1 PCR positive 

control consisting of F. sultana tissue infected by T. bryosalmonae. The baseline threshold for separating 

positive and negative droplets was manually chosen for each ddPCR run, according to the distribution 

of the droplets from the negative and positive control wells.  

We run 2 ddPCRs per sample: one with the primers and probes amplifying F. sultana and T. 

bryosalmonae and one with the primers and probes amplifying S. trutta and T. bryosalmonae. We 

targeted T. bryosalmonae twice to maximise the chances of detection of this species for which we 

expected low eDNA concentrations in the water (Sieber et al., 2020). 

Environmental data  

A wide range of environmental factors were measured or extracted from available databases for each 

sampling site to assess their impact on T. bryosalmonae distribution, abundance, and on the infection 

prevalence in fish. We focused on factors related to water temperature and quality because they are 

relevant to the establishment of the bryozoan, the parasite and the disease, but also to brown trout 

physiology (see above). Upon eDNA sampling, we used an In-Situ® Aqua TROLL 500 Multiparameter 

Sonde to measure water temperature, pH, specific conductivity and O2 concentration. We used QGIS 

software (2022) to get information on the land use with the CORINE Land Cover 2018 dataset 

(European Environment Agency) on a 2km buffer around each site and collected the percentage of 

forest, urban and agricultural land, as land use may impact water quality through chemical pollution or 

agricultural inputs (Tong & Chen, 2002). We used the Réseau Hydrographique Théorique (RHT, Pella 

et al., 2012) to get information on the mean flow (module), the sediment size (phi: the higher the value, 

the finer the sediment), the river width and depth. The mean slope (‰) of the upstream 2kms was 

computed. The cumulative height of dams and weirs as well as the cumulative nominal capacity of the 

Wastewater Treatment Plants (WWTP) 2kms upstream of the sampled sites were computed using the 

SANDRE (Service d’Administration Nationale des Données et Référentiels sur l’Eau) database, as these 

facilities may act on water temperature and quality (Carey & Migliaccio, 2009; Zaidel et al., 2021). The 

mean flow, the cumulative height of dams and the cumulative nominal capacity of WWTP were logged 

to homogenise their distribution.  

 We checked for correlation between the environmental variables and removed those that had a 

correlation coefficient > |0.7|, that is the percentage of forested area (we kept the percentage of 

agricultural area), and the river width and depth which were highly correlated with and thus represented 

by the mean water flow.   
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Infection prevalence 

Infection prevalence in juvenile brown trout was estimated at 46 out of the 83 sites. We could not cover 

all the sites because electro-fishing is time-consuming and mobilises a consequent team on the field. For 

each of these 46 sites, we sampled up to 20 individuals (according to local abundances that were 

sometimes lower). We targeted juvenile trout (mean size (SD) 78mm (16)), corresponding mainly to 

young-of-the-year (0+) fish because it is the most sensitive stage to environmental stressors and parasite 

infection, and also the most abundant cohort. We used a non-lethal method (uDNA for urine DNA) 

based on eDNA detection and the excretion of T. bryosalmonae spores by infected fish through urine 

excretion to infer each fish infection status. Details about the uDNA method are available from previous 

studies (Duval et al., 2021; 2022). The infection prevalence at each site was measured as the number of 

fish infected divided by the number of tested fish. Fish were then released alive at their sites of sampling. 

Authorisations to sample brown trout were provided by the Directions Départementales des Territoires 

of Ariège, Haute-Garonne and Hautes-Pyrénées, respectively. Prevalence was estimated for 31 sites in 

2019 and 15 sites in 2020. For these 15 latter sites, the prevalence was also assessed in 2019 and shows 

that there was a high temporal congruency in the infection prevalence measured in both years (r = 0.89, 

n = 15, P < 0.001). We chose to use prevalence data from 2020 when available to be the closest in time 

to the eDNA sampling in the rivers. 

Statistical analyses 

The statistical analyses were conducted in the R environment (R 4.0.3; R Core Team 2020). 

 We divided the raw eDNA concentration of the three species by the number of liters filtered on 

the field, and averaged the concentrations found for the 4 field replicates of each site (8 replicates for T. 

bryosalmonae because the 4 field replicates were amplified twice, see above). The concentrations of S. 

trutta were multiplied by 100 and the concentrations of T. bryosalmonae and F. sultana by 10000 to 

assimilate concentrations to count data and ease modelling. The species concentrations were log-

transformed when used as explanatory variables of the different models. 

We used hurdle linear models with negative binomial distribution to account for the excess of 

zeros in the distribution of T. bryosalmonae eDNA concentration (aim ❶, Fig. 1). These models 

analyse the relationship between the eDNA concentration and the environmental variables in two parts: 

a binary part modelling the occurrence (i.e., presence/absence), and a negative-binomial part modelling 

the abundance when the species is present. After visual exploration of the dataset, we included a 

polynomial term for the effect of water temperature in the models.  
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Due to the high number of environmental variables, we used a model selection procedure based 

on the small-sample size corrected Akaike Information Criterion (AICc, Burnham & Anderson, 2002; 

Plowright et al., 2008) with the MuMIn package (Barton, 2020) to identify the most impacting variables 

for T. bryosalmonae concentration. We kept models with ΔAICc < 4 relative to the best model and 

computed the relative importance (RI) of each variable as the cumulative weight of each model in which 

it appears (Burnham & Anderson, 2002). The cumulative weight of the model selection with ΔAICc < 4 

was standardised so that the RI of each term varied between 0 and 1. We considered that a variable was 

relevant when RI > 0.5 (De Kort et al., 2021). We then used a model averaging procedure to compute 

the mean estimate of each relevant variable, averaging the estimates of the models in which it appeared 

(i.e., with the subset method).  

We used negative binomial linear models to assess the relative role of the environmental 

variables and of the abundance of parasite spores in the water on the fish infection prevalence (aim ❷, 

Fig. 1). We assessed the relative importance of each variable by using the same framework as for T. 

bryosalmonae eDNA concentration in the water, i.e., model selection and model averaging on the 

variables with a RI > 0.5. 

To assess the relative roles of the abiotic and biotic factors in determining the parasite 

distribution and the infection prevalence within fish, we compared models including either only abiotic 

environmental variables, only biotic variables, or both (among the variables with a RI > 0.5) with 

likelihood ratio tests.  

Results 

As expected, S. trutta eDNA was detected at all sampled sites, supporting an efficient eDNA sampling 

and conservation protocol. The mapping of T. bryosalmonae and F. sultana occurrence revealed that 

most of the time, T. bryosalmonae was detected together with its bryozoan host (red dots, Fig. 2), except 

for four sites where it was detected alone (orange dots, Fig. 2). We found T. bryosalmonae in the water 

for 21 out of 27 sites with infected fish. Some discrepancies appear where we detected the parasite in 

fish hosts but not in the river and vice-versa (red fish with green or yellow dots, or green fish with orange 

or red dots, Fig. 2). We did not detect neither the bryozoan nor the parasite, either through river eDNA 

or within the fish host in 29 out of the 83 sampled sites (green dots associated with green fish and green 

dots alone, Fig. 2).  

T. bryosalmonae distribution 

The model selection procedure with the complete set of environmental variables (abiotic and biotic) 

revealed that the abundance of the two hosts, the water conductivity and the cumulative height of the 
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upstream dams were the most likely variables for explaining the distribution of T. bryosalmonae DNA 

in the water (all RI > 0.75, Fig. 3a). The DNA abundances of trout and bryozoan in the water had the 

highest RI for explaining both the occurrence and abundance of T. bryosalmonae (Fig. 3a). The 

probability of occurrence of T. bryosalmonae in a site increased as the DNA abundance of the two hosts 

increased, and –once settled in a site- its abundance increased as the DNA abundance of the two hosts 

increased (Fig. 3b). 

Comparison models including or excluding abiotic and biotic variables respectively revealed 

that the model including the two hosts abundances together with abiotic environmental variables 

explained significantly more variance in T. bryosalmonae distribution than the models with either abiotic 

information or biotic information alone (likelihood ratio tests; abiotic vs abiotic + biotic, χ² = 62.17, df 

=1, P < 0.0001; biotic vs abiotic + biotic, χ² = 12.34, df = 2, P = 0.002; Table 1). Interestingly, the model 

including only the host abundances explained a large amount of variance in the distribution of T. 

bryosalmonae, whereas the model including only the best environmental predictors explained a very 

low amount of variance in the distribution of T. bryosalmonae (Table 1). 

 Overall, this indicates that the distribution of T. bryosalmonae DNA in the water (a proxy for 

the parasite propagules pressure) was mainly driven by the abundance of its two hosts in the milieu, and 

poorly by the surrounding environment. 

 

Table 1. Log-likelihood and pseudo-R² of the different models built after model selection including 
abiotic and/or biotic variables (respectively the host DNA abundances for T. bryosalmonae distribution 
and the propagule DNA abundance for the infection prevalence in fish). The three models (abiotic, biotic 
and abiotic + biotic) were compared through likelihood ratio tests and the associated p-value is indicated 
by the stars.   

 

. P < 0.1, ** P < 0.01, *** P < 0.001. R² = (cor(obs, fitted))² is also given for information. Df: degrees of freedom.
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Figure 3. (a) Relative importance of the environmental factors for the modelling of the abundance (concentration) and occurrence of T. bryosalmonae in the 
milieu. The relative importance is the standardized (between 0 and 1) cumulative weight of each model in which it appears. The dashed grey line indicates 
the 0.5 threshold. (b) Mean estimates of the effects of the relevant variables on T. bryosalmonae abundance and occurrence. The 95% confidence intervals 
are indicated. The dashed black line represents a null effect. 
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Infection prevalence  

The model selection procedure with the complete set of environmental variables (abiotic and parasite 

propagules abundance) revealed that the sediment size, the water temperature, the abundance of T. 

bryosalmonae and the percentage of agricultural land were the most likely variables for explaining the 

infection prevalence within fish (RI > 0.5, Fig. 4a), and that they were all positively linked to the 

infection prevalence (Fig. 4b). 

 

 

Figure 4. (a) Relative importance of the environmental factors for the modelling of fish infection 
prevalence by T. bryosalmonae. The relative importance is the standardized (between 0 and 1) 
cumulative weight of each model in which it appears. The dashed grey line indicates the 0.5 threshold. 
(b) Mean estimates of the effects of the relevant variables on fish infection prevalence by T. 
bryosalmonae. The 95% confidence intervals are indicated. The dashed black line represents a null 
effect.  
 

Comparison models including or excluding abiotic and biotic variables respectively revealed 

that the model including the abiotic environmental variables only was the most parsimonious to explain 

the infection prevalence (likelihood ratio tests; abiotic vs propagules + abiotic, χ² = 4.86, df =2, P = 0.09; 

propagules vs abiotic + propagules, χ² = 31.84, df = 3, P < 0.0001; abiotic vs propagules, χ² = 31.84, df 

= 3, P < 0.0001, see Table 1).  

 Overall, this indicates that the infection prevalence in brown trout was most likely driven by 

abiotic environmental stressors acting directly on the hosts, independently of the abundance of the 

parasite propagules in the water.   
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Discussion 

In this study, we investigated the relative roles of the abiotic and biotic environment in shaping a 

myxozoan parasite distribution and the infection prevalence in its fish host. Our results indicated that 

the abundance of the hosts was the most important driving factor for T. brysalmonae’s distribution, even 

though the addition of abiotic variables contributed further. On the other hand, the infection prevalence 

measured in brown trout populations was mostly driven by abiotic environmental variables and the 

influence of the abundance of parasite propagules in the water was not significant.  

The mapping of T. bryosalmonae and its bryozoan host occurrences highlights sites where future 

PKD outbreaks might occur in fish, that is sites where either the bryozoan, the parasite or both are 

detected in the water but where infection is not detected in the fish urine. For instance, in the Neste river 

(sites included in the dotted ellipse of Fig. 2), the parasite was detected at all the three sampled sites, but 

we did not detect the infection in the fish urine at the upstream site. A weak infection prevalence was 

also found within juveniles’ kidney tested in-between our two sampled fish populations (Lautraite, pers. 

comm.), confirming that what we measure in fish urine is a good proxy of the actual infection prevalence 

within fish kidney (Duval et al., 2021). Furthermore, this example illustrates the influence of the gradient 

of environmental conditions from the upstream to the downstream parts of a river on the infection 

prevalence within fish, even when the parasite is present at all sites. Hence, the upstream sites with 

parasite detected in the water but not in fish could reveal an impact of the abiotic environment on the 

ability of the parasite to infect its fish hosts. There could be a mis-optimisation for the parasite between 

its release from bryozoans and its transmission to the fish. The abiotic environmental conditions may 

either cause an increased mortality of parasite spores that may prevent fish infection, and/or enhance 

parasite avoidance or clearance by fish hosts (Pietrock & Marcogliese, 2003; Vale et al., 2011). 

However, at these sites, the infection prevalence in fish was tested in 2019, and the eDNA sampling 

occurred in 2020, so that the infection prevalence within fish may have increased. On the other hand, 

there are sites in which we detect the infection within the fish hosts, but not through eDNA detection in 

the water. These discrepancies may be due to a difficulty in detecting parasite eDNA that has already 

been reported in an experimental study (Sieber et al., 2020). Besides, we previously showed that 

diseased fish may excrete a reduced quantity of parasite spores due to impaired kidney functions (Duval 

et al., 2021), so that it might be more difficult to find it in the open environment if populations are 

diseased. Alternatively, it could reveal a negative impact of abiotic environmental factors such as water 

temperature on the spore survival (Pietrock & Marcogliese, 2003) or on DNA degradation (Strickler et 

al., 2015). Indeed, even though we were able to detect brown trout DNA at all sites, the efficiency of 

DNA detection might be species-specific (Breton et al., 2022), notably depending on the primers and 

the amplified sequence (Beng & Corlett, 2020). The mapping of T. bryosalmonae’s distribution further 
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revealed that a lot of sites in our study area are for now exempt of any trace of the parasite cycle, because 

neither T. bryosalmonae nor F. sultana were detected in the water, nor T. bryosalmonae within the fish. 

The distribution of parasite DNA in the water, used as a proxy of the parasite propagules 

distribution, was mainly and positively driven by the abundance of its bryozoan and fish hosts. The 

association with the bryozoan abundance was especially expected as it is T. bryosalmonae’s definitive 

host (Okamura et al., 2011). The strong association with brown trout abundance was more surprising as 

previous studies suggested that the parasite eDNA in the river may mostly originate from bryozoan 

release (Carraro et al., 2017, 2018), though they actually did not estimate brown trout abundance. Biotic 

interactions may indeed prevail over abiotic factors in shaping the distribution of a species, especially 

for parasites which depend on the presence of hosts for survival and reproduction (Staniczenko et al., 

2017; Facon et al., 2021). The height of upstream dams and water conductivity were also positively 

linked to the occurrence of the parasite in the river water. This could be explained by the fact that these 

two environmental conditions represent favourable environment for bryozoan growth and parasite 

release (i.e., warmer water coming from the upstream reservoir, and higher nutrient concentration; 

Hartikainen et al., 2009; Ros et al., 2022). 

On the contrary, the infection prevalence in fish was mostly driven by abiotic environmental 

conditions, although we also revealed a potential positive influence of the abundance of parasite 

propagules. This corroborates a recent experimental study that found no difference in fish infection 

intensity (parasite load in the kidney) between fish exposed once to either low or high parasite spores 

concentrations, or fish exposed repeatedly to low spore concentrations (Strepparava et al., 2020). In this 

latter study however, the infection prevalence (% of individual infected) was lower in fish exposed once 

to a lower concentration in propagules, but this situation is unlikely in the wild where the release of 

infective spores is most likely diffuse in time. This experiment was furthermore lead under controlled 

conditions, with a constant temperature of 15°C, so that they did not investigate the influence of 

fluctuating abiotic environmental conditions. Even if the parasite is present in the environment (and 

here, although eDNA does not differentiate between spores released by bryozoan or by fish, we may 

expect that spores infective to the fish are present, at least at sites where the bryozoan is also detected), 

it is only when the abiotic conditions deteriorate for the fish host that the infection prevalence increases, 

most probably because of impaired fish physiology, and/or of increased parasite proliferation within the 

fish host (Bruneaux et al., 2017; Lauringson et al., 2021).  

In agreement, our study highlights the importance of water temperature and sediment size in 

driving the infection prevalence. The water temperature is a major driver of brown trout physiology, and 

its metabolic and immunologic aptitudes have been shown to deteriorate in warm conditions, especially 

when combined with T. bryosalmonae’s infection (Bruneaux et al., 2017; Bailey et al., 2017; Borgwardt 

et al., 2020; Waldner et al., 2021). The increased infection prevalence with finer sediments is to take 
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more cautiously because this variable could represent other patterns of the downstream variation in the 

river. However, the correlation between sediment size and the distance from the river source was only 

moderate (r = -0.29, P = 0.01), and it is possible that finer sediment size could better retain parasite free-

living spores and favour their contact with juvenile fish that on the other hand preferably use coarser 

substrate when available (Heggenes et al., 1999; Droppo et al., 2006). In that sense, Mathieu-Bégné et 

al. (2021) found a high influence of the microhabitat on the infection of the rostrum dace Leuciscus 

burdigalensis by the crustacean ectoparasite Tracheliast polycopus, including of the riverbed substrate. 

Such hotspots of infection may also exist for T. bryosalmonae, so that greater fine-sediment patches on 

the riverbed could be associated with higher infection prevalence in fish. Overall, these results 

corroborate a recent review showing a stronger impact of negative biotic interactions when closer to the 

species warm limit range (Paquette & Hargreaves, 2021). 

Here, we highlighted the importance of the hosts abundance in determining a parasite 

distribution. The identification of sites containing the basement for disease establishment in fish (i.e., 

with the detection of either the parasite, the bryozoan or both) via eDNA could help to prioritise 

populations in management plans (Amarasiri et al., 2021). However, the presence of the parasite itself 

does not explain the infection prevalence in its vertebrate host, which is rather triggered by the impact 

of environmental conditions on host physiology and/or parasite multiplication inside the host. This study 

further shows the importance of the abiotic context in shaping the outcomes of biotic interactions, and 

refines the understanding of the dynamics of a wild emerging infectious disease. 
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Abstract 

The intraspecific variation of wildlife populations, composed of genetic and phenotypic diversity, is 

challenged by changes in environmental conditions and their associated mortality events. Genetic 

diversity may be altered through the random loss of individuals due to the demographic decline, and/or 

from the loss of maladapted individuals (directional selection). Meanwhile, phenotypic variation may 

also shift, either via the selection of the fittest individuals (viability selection), or via a trade-off between 

maintenance functions and the considered traits (plasticity). Emerging infectious diseases represent a 

change in biotic conditions where a parasite infection might cause high mortality in host populations. 

The impact of the infection may furthermore be triggered by environmental stressors. Here, we 

investigated the combined impact of water temperature and infection by Tetracapsuloides 

bryosalmonae, a myxozoan parasite causing the salmonid proliferative kidney disease (PKD), a 

temperature-dependent disease, on wild brown trout Salmo trutta populations. We sampled juveniles 

before and after summer (propitious period for PKD development), along gradients of infection 

prevalence and water temperature, and compared population density and intraspecific variation between 

the two sampling sessions. Population density decreased in naive populations after infection, but not in 

populations already heavily infected the year before. High infection prevalence reduced diversity of a 

immune-related gene, but not of neutral loci. This suggests directional selection acting at this adaptive 

locus. We further revealed a negative effect of temperature and infection on juvenile body condition and 

interactive effects of both stressors on carotenoid-based coloration. Together, our results suggest that 

the initial mortality caused by the disease outbreak might be followed by a rapid micro-evolution of the 

populations’ immunity. Moreover, we observed phenotypic responses likely resulting from a trade-off 

between fitness-related traits, illustrating a short-term plastic response that could contribute to the 

persistence of the juvenile cohort. However, the adaptive effects of these genetic and plastic phenotypic 

responses on long term fitness remain to be tested.  

 

Keywords: multiple stressors, emerging infectious disease, salmonids, selection, micro-evolution 
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Introduction 

Intraspecific variation of phenotypes and genotypes is a major component of biodiversity, at the 

foundation of many ecological and evolutionary processes promoting populations’ dynamics, species 

interactions and ecosystems’ functions (Mimura et al., 2017). In the context of global change, species 

are increasingly confronted to rapid changes in environmental conditions and exposure to multiple 

stressors (Easterling et al., 2000). This may lead to large declines in wild populations and decrease in 

intraspecific variation depending on the magnitude and combinations of stressors and the type of 

response to selection (i.e. plastic, genetic or range shift changes) (Canale & Henry, 2010; Pauls et al., 

2013; Grant et al., 2017). Deciphering the ecological and evolutionary mechanisms involved in the rapid 

adaptation of wild populations is thus critical for predicting their short- and long-term persistence and 

guide management decisions (Fox et al., 2019). However, few studies have investigated the impacts of 

changes in environmental conditions by comparing the patterns of intraspecific variation of wildlife 

populations before and after a sudden change in biotic or abiotic conditions. In some cases, extreme 

disturbances such as storms or floods could have marked effects on phenotypic and genetic variation 

through changes in natural selection (Vignieri, 2010; Banks et al., 2013; Campbell-Staton et al., 2017; 

Donihue et al., 2018). In other cases, sudden changes in environmental conditions may result in weak 

changes in intraspecific variation (Blondel et al., 2021), depending on plastic responses and changes in 

intraspecific diversity in phenotypes and genotypes, indicating that general conclusions are still hard to 

draw.   

Emerging infectious diseases (i.e., diseases that recently increased in incidence or that infected 

new host populations; Schrag & Wiener, 1995) represent a special case of sudden change in biotic 

conditions, and large disease outbreaks may cause severe mortality in wild host populations (Gallana et 

al., 2013; Fisher & Garner, 2020; Hoyt et al., 2021). When such mortality events occur, several mutually 

non-exclusive mechanisms can operate in synergy driving shifts in genotypes and/or phenotypes. First, 

changes in genotypes following disease outbreaks may occur due to demographic crashes leading to an 

erosion of the global genetic diversity (genetic bottleneck; Nei et al., 1975; Trudeau et al., 2004; Albert 

et al., 2015). Concomitantly, a shift in genotypes in the surviving population may also arise from the 

directional selection of genotypes providing better resistance or tolerance to the infection through 

differential mortality (Epstein et al., 2016; Wright et al., 2017; Auteri & Knowles, 2020). Under parasite-

mediated selection, a higher change in genetic diversity is expected at non-neutral (adaptive) loci 

involved in pathogen resistance/tolerance compared to neutral loci (e.g. in Westerdahl et al., 2004; 

Savage & Zamudio, 2016). Consistently, several studies showed genotypic shifts after a disease outbreak 

at putative loci for disease resistance, e.g. in sea stars for wasting disease (Schiebelhut et al., 2018), in 

bats for white-nose syndrome (Gignoux‐Wolfsohn et al., 2021) or in Tasmanian devils for facial tumour 

disease (Epstein et al., 2016).  
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Second, phenotypic changes are also frequently observed after a sudden disruption of 

environmental conditions such as disease outbreaks (Poulin & Thomas, 1999; Altizer et al., 2003). 

Parasite infection may favour shifts in fitness-related traits such as body mass or condition (Wilcoxen 

et al., 2010; Vander Wal et al., 2014), but also indirectly affect traits linked to individual quality and 

health such as ornamental traits (Siva–Jothy, 2000; Martínez-Padilla et al., 2007; Ezenwa & Jolles, 2008; 

Ducrest et al., 2008). Two main mechanisms are often invoked. First, when a trait is positively correlated 

with survival, viability (directional) selection may lead to a shift in the mean of the considered trait after 

the infection event (viability selection hypothesis) (Hoekstra et al., 2001; Hadfield, 2008). For instance, 

house finches (Carpodacus mexicanus) surviving Mycoplasma gallisepticum infection responsible for 

mycoplasma conjunctivitis had a smaller mean size compared to individuals before infection, and male 

survivors were redder than the deceased males (Nolan et al., 1998). Alternatively, plastic responses (i.e., 

the ability of a genotype to express different phenotypes according to the environmental conditions; Fox 

et al., 2019) could lead to changes in phenotypic traits that could enhance fitness, and to trade-offs 

between traits involved in stress resistance and performance (plasticity hypothesis). Indeed, the cost of 

the immune response for parasite control during the infection may decrease the amount of resources 

allocated to costly traits such as body condition or ornamental traits (Folstad & Karter, 1992; Sheldon 

& Verhulst, 1996), leading to a shift towards lower mean values after the infection. For instance, 

infection leads to lower horn growth in bighorn sheep (Martin et al., 2022) and lower coloration signals 

in blackbirds (Faivre et al., 2003; Baeta et al., 2008). The joint study of demography, genetic and 

phenotypic variation provides a better understanding of host populations responses to parasitism at 

different levels, and identifies potential selection on phenotypes and genotypes, as well as phenotypic 

plasticity (Hendry & Kinnison, 1999; Linnen & Hoekstra, 2009). 

Furthermore, the impact of pathogen infection on wild populations may be exacerbated by 

specific environmental conditions and concomitant exposure to other stressors (Wolinska & King, 2009; 

Crozier & Hutchings, 2014). Indeed, several environmental conditions may influence host 

immunocompetence (Sandland & Minchella, 2003), as well as pathogen life cycles (Brown et al., 2003; 

Mitchell et al., 2005), therefore altering disease outbreaks (Johnson et al., 2010; Marcogliese & Pietrock, 

2011; Gehman et al., 2018). Most of the studies investigating the impact of an extreme event on 

intraspecific variation focus on a single environmental stressor, but in the case of an emerging disease, 

the parasite and the environment could have synergetic effects on intraspecific variation, strengthening 

the overall selective pressure exerted on the host population (Johnson & Penaluna, 2019). Accordingly, 

some studies have shown how environmental stressors can exacerbate the infection outcomes in the host 

population, resulting in more severe disease (Harvell et al., 2002; Altizer et al., 2013). For instance, the 

proliferative kidney disease (PKD) of salmonids, caused by the myxozoan parasite Tetracapsuloides 

bryosalmonae, is known for its temperature-dependent severity (Okamura et al., 2011; Bailey et al., 

2017; Waldner et al., 2021), and fish become diseased during the warmest days of the summer (Carraro 
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et al., 2016). Water temperature is also a major determinant of salmonids’ ecological niche, so that a 

high temperature may have a negative impact on salmonids intraspecific variation even in uninfected 

populations (Elliott & Elliott, 2010). Conversely, the parasite might have negligible impact on host 

health at lower temperatures (Bailey et al., 2017). This illustrates the importance of investigating the 

impacts of multiple stressors in heterogeneous populations to better predict and anticipate the effects of 

emerging diseases on wildlife health and population persistence in the context of global changes (Altizer 

et al., 2013; Merilä & Hendry, 2014; Reid et al., 2019). 

In this study, we investigated the combined effect of the infection by T. bryosalmonae and water 

temperature on the genotypic and phenotypic variation of wild populations of brown trout (Salmo trutta). 

We studied 15 populations differently exposed to gradients of water temperature and infection 

prevalence and tested whether the parasite-temperature-mediated selection led to significant and 

directional shifts in abundance, genotypic diversity and phenotypes during the summer (before/after 

PKD outbreak). We used Single Nucleotide Polymorphism (SNPs) and a locus from the Major 

Histocompatibility Complex (MHC, a highly polymorphic complex of genes implicated in pathogen 

recognition as part of the acquired immune system, Bernatchez & Landry, 2003) to assess populations 

genetic diversity at neutral and adaptive loci respectively. We measured fish body condition, together 

with melanin and carotenoid-based colouration as phenotypic traits related to individual fitness 

(Robinson et al., 2008; Ducrest et al., 2008; Price et al., 2008). As we expected a cumulative and 

amplifying effect of the temperature and the infection, we predicted a decrease in population density 

due to high mortality at sites showing both high temperature and high disease prevalence (Waldner et 

al., 2021; Ros et al., 2022). In turn, we expected that this demographic loss would be associated with a 

loss in genetic diversity both at the SNPs and MHC loci but with different patterns among neutral and 

immunogenetic diversity (Hoffmann & Willi, 2008; Banks et al., 2013). Similarly, we expected to find 

differences in the mean phenotypes of fitness-related traits for the warmer sites with higher prevalence. 

If the individuals surviving the summer are the fittest with higher body condition and more pronounced 

ornamental traits (i.e., viability selection hypothesis), we expect an increase in these traits mean at the 

population level (Nolan et al., 1998). Alternatively, if surviving individuals in these warm and highly 

prevalent sites suffer from pathogen control and have limited resources to allocate to their growth or 

ornamental traits, phenotypic plasticity may lead to a decrease in these traits means at the population 

level through a resource trade-off, in line with the plasticity hypothesis (Wernicke von Siebenthal et al., 

2018; Masó et al., 2022).  
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Methods 

Studied species 

The brown trout is a salmonid species known for its very high degree of polymorphism, especially for 

its diversity of life history strategies (Cucherousset et al., 2005). This species shows high genetic 

diversity and phenotypic plasticity, reflected by high levels of genetic and phenotypic divergence 

between populations even at a small geographical scale without geographic barriers (Stelkens et al., 

2012). This high level of intraspecific variability has enabled this species to establish in a wide 

geographical area outside of its natural range (Elliott, 1994). The main determining factor for brown 

trout establishment is water temperature, with optimum temperature at around 14°C and a physiological 

stress induced above 19.5°C at the adult stage (Elliott, 1994). Warming water can induce physiological 

stress, resulting in decreased growth and impaired immune function (Borgwardt et al., 2020). In 

addition, increase in water temperature favours the development of T. bryosalmonae, while decreasing 

brown trout tolerance to infection and enhancing PKD symptoms and mortality (Okamura et al., 2011; 

Bruneaux et al., 2017; Waldner et al., 2021). PKD outbreaks are reported during the summer 

(corresponding to the warmest days), and mean summer temperature is expected to influence the severity 

of the outbreaks (Bruneaux et al., 2017). PKD may develop upon the first infection (i.e., in naive fish), 

and fish surviving the infection likely develop an adaptive immune response preventing disease 

development upon reinfection, so that young-of-the-year fish represent the most sensitive stage (Foott 

& Hedrick, 1987; Feist & Longshaw, 2006; Okamura et al., 2011). We therefore expected that parasite 

infection in colder sites would have few effects on brown trout populations, whereas high infection 

prevalence associated with high water temperature would act synergistically on juvenile brown trout 

intraspecific variation during the summer.   

Brown trout sampling 

We sampled brown trout populations in 15 sites located at the foothills of the Pyrenean mountains in 

southern France (Fig. 1). These sites were chosen based upon an extensive field study conducted in 

2019, at first aiming at a balanced sampling design with cold, warm, infected and non-infected sites. In 

2020, most of the 2019 non-infected (i.e., naive) sites became infected, but we ended up with a fair 

gradient of T. bryosalmonae infection prevalence from 0 to 100%, and a gradient of mean summer 

temperature from 14.5°C to 18.2°C (Table 1, Fig. 1, Fig. S1). These gradients were not significantly 

correlated (Spearman correlation test, rho = 0.37, P = 0.18). At each site, we electro-fished juvenile 

brown trout before and after the summer, once at the end of June 2020 (S1), and once at the end of 

September 2020 (S2). Between the two sessions, water temperature was recorded every 4h with 

HOBO® loggers. This period corresponds to the warmest days of the year that are most favourable to 
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PKD development (Fig. S2, Okamura et al., 2011; Waldner et al., 2021), and therefore represents the 

period at which the pressure imposed by the two stressors should be the strongest. We aimed at sampling 

as many fish as possible at each site and session, resulting in a total of 1046 brown trout (12 to 52 

individuals per session and per site according to local abundances, Table S1). We targeted small juvenile 

trout (mean = 66mm, range = 35-95mm for S1 and mean = 90mm, range = 50–136mm for S2, Appendix 

S1), corresponding to young-of-the-year (0+) because this is the age at which brown trout are the most 

susceptible to PKD and water temperature (Elliott & Elliott, 2010; Okamura et al., 2011, see above). 

Juvenile brown trout density was estimated as the number of trout caught per minute using single-pass 

electrofishing surveys (“catch-per-unit-effort”, CPUE; Hanks et al., 2018; Kruse et al., 1998; Table 1).  

After all measures (excretion, anaesthesia, pictures, morphometry, and fin-clip, see hereafter), 

all fish were put in a bucket with stream water and air pumps to recover, before being released at the 

site of sampling. 

Morphometric measures and fin-clip 

We anaesthetised each fish with benzocaine before length and weight measurements to the nearest mm 

and the nearest 0.01g, respectively. We calculated fish body condition (K) according to equation (1) 

(Fulton, 1904), where W is fish mass in g, and L the fish length in cm (Table 1).  

(1) � =
�

	
 × 100  

Infection prevalence  

The infection prevalence by T. bryosalmonae at each site was assessed by examining the infection status 

of 20 randomly selected fish (or less when less individuals were available). The infection status was 

determined using the non-lethal urine DNA (uDNA) method developed in Duval et al. (2021) that 

quantifies parasite DNA excreted in fish urine. Briefly, after recovering for about 30 minutes, fish were 

placed individually into plastic bottles with commercial mineral water for 1 hour to let time for the 

infected fish to excrete pathogen spores or DNA through urine. We then filtered the water using a 

peristatic pump and extracted DNA from filters. Lastly, we used specific droplet digital PCRs (ddPCRs) 

to quantify T. bryosalmonae DNA (see Duval et al., 2021; 2022 for details). Population infection 

prevalence corresponds to the number of positive individuals for T. bryosalmonae DNA detection 

divided by the number of sampled individuals. We used uDNA to detect fish infection in September 

during S2 (i.e. after summer) to maximise the number of infected fish actually shedding parasite spores 

(Okamura et al., 2011; Ros et al., 2022).  
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Table 1. Sampled sites and their measured parameters for the two sampling sessions, ranked by decreasing infection prevalence.  

The infection prevalence was measured once at the second sampling session. 

NSNPs, NMHC: Total number of alleles at the SNPs and MHC loci respectively. 

He-SNPs, He-MHC: Expected heterozygosity at the SNPs and MHC loci respectively. 

K: body condition factor. 

Δ: difference in % between the parameter measured in S2 and that measured in S1, see formula (2). 
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Figure 1. Map showing the 15 sampled sites and their infection prevalence by T. bryosalmonae as 
measured during the second sampling session in September 2020. The top-corner inset shows the 
location of the study area, in Southern France. Mean summer temperature (°C) is indicated in brackets.  
 

Colouration measurement 

We adapted a standardised protocol to measure brown trout carotenoid and melanin-based colouration 

based on previous studies (Wedekind et al., 2008; Jacquin et al., 2017). Briefly, we took a picture of the 

left side of each fish with a Canon® PowerShot G16 camera, under a white light cage to standardise 

light conditions. Brightness values of each image were then calibrated using a color checker of known 

standard values (X-Rite® ColorChecker Passport) to correct for potential differences in brightness 

between pictures using GIMP 2.10.8 (The GIMP Development Team, 2019). We then treated each 

image with ImageJ 1.52a (Schneider et al., 2012), defining a zone excluding the head and fins, and 

calculated the percentage of fish skin covered by black colouration (melanin-based colouration) and red 

colouration (carotenoid-based colouration, Table 1). 

Neutral and adaptive genetic diversity 

A small piece of pelvic fin was sampled and stored in 70% ethanol for individual genotyping. Individuals 

were genotyped using two marker types: (1) a set of 173 neutral SNPs evenly spread on the brown trout 

genome (Saint-Pé et al., 2019) and (2) the DAB-MHC exon 2 locus, a highly polymorphic gene involved 

in pathogen resistance in vertebrates including Salmonids (Dionne et al., 2007).   
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SNPs 

After DNA extraction, SNP genotyping was performed using the KASPar allele-specific fluorescent 

genotyping system provided by the LGC® Group (UK). To identify potential genotyping errors, we ran 

tests for Hardy-Weinberg equilibrium (Hosking et al., 2004) with the genepop 1.1.7 package (Rousset, 

2008) and removed from the analyses loci that departed from the equilibrium in all the populations in 

which they were polymorphs. In the end, we kept 144 polymorph SNPs loci (Appendix S2). Because at 

least one of the populations (GARVil) could be affected by hatchery fish stocking, we used Structure 

2.3.4 (Pritchard et al., 2000) to compare each population with the genotype of individuals from 

neighbouring hatcheries to identify and remove stocked individuals from the dataset (representing a total 

of 31 individuals, Appendix S3). Neutral genetic diversity at each site in S1 and S2 was evaluated by 

computing the total number of alleles (NSNP) and the expected heterozygosity (He-SNP) with the poppr 

package (Kamvar et al., 2014; Table 1). We used the number of alleles in a population rather than the 

allelic richness because it directly represents the extinction or apparition of genetic variants (Hoban et 

al., 2014).  

MHC 

We amplified and sequenced the second exon of the DAB-MHC locus (255 pb), encoding the ligand-

binding domain of the protein. A single DAB locus has been reported salmonids (Stet et al., 2002). We 

used the primers TVS4501 5’-TCTGTATTATGTTTTCCTTCC-3’ (Langefors et al., 2000) and ÅL1002 

3’-CACCTGTCTTGTCCAGTATG-5’ (Olsén et al., 1998), with the addition of a partial overhang 

Illumina sequencing primers in 5′-end. These primers were first designed for Atlantic salmon (Salmo 

salar) but have been successfully used for brown trout in previous studies (Forsberg et al., 2007; Jacob 

et al., 2010; Monzón-Argüello et al., 2014; Schenekar & Weiss, 2017). We used a two-step PCR 

approach with a dual-index paired-end sequencing approach (see Galan et al., 2018; Portanier et al., 

2019) following the procedure detailed in Appendix S2. We used obitools (Boyer et al., 2016) to sort 

sequences, identify the haplotypes and discard artefactual variants, and genotype the individuals. We 

checked for the presence of codon sites affected by positive selection with the help of a maximum-

likelihood analysis by using the programme codeML implemented in pamlX 1.3.1 software (Xu & Yang, 

2013) as detailed in Schwensow et al. (2007). The analysis, run with our allele sequences aligned with 

100 sequences retrieved on GenBank from previous studies (Shum et al., 2001; Forsberg et al., 2007; 

Jacob et al., 2010; Monzón-Argüello et al., 2014; Schenekar & Weiss, 2017), identified 22 positively 

selected codon sites that were used to define a total of 118 MHC alleles in our dataset. As for the SNPs, 

we computed the number of alleles (NMHC) and the expected heterozygosity (He-MHC) at each site in S1 

and S2 with the poppr package (Kamvar et al., 2014; Table 1). 
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Statistical analyses 

To evaluate the variation of each parameter (body condition, melanin and carotenoid-based colouration, 

number of alleles and He for SNPs and MHC) between the two sampling sessions (S1 and S2) at each 

site, we used a delta statistic computed as follows:  

(2) ∆���������=  
��������� ������������ �� 

��������� ��
× 100 

A negative delta value indicates a decrease in the parameter during the summer whereas a 

positive delta value indicates an increase. This metric allows to compare populations while taking into 

account their own initial values. 

Then, to investigate the potential impacts of water temperature, infection prevalence and both 

stressors on these deltas, we used linear models using the following formula:  

(3) ∆���������~ ������ �!�� + ���# $�%&� + ������ �!��: ���# $�%&� 

For each parameter, we then used a model selection procedure based on the small-sample size 

corrected Akaike Information Criterion (AICc, Burnham & Anderson, 2002) with the MuMIn package 

(Barton, 2020), to reveal potential effects that might be overriding because of the interaction effect and 

collinearity (even though the correlation between infection prevalence and water temperature was not 

significant, see above). We examined models with ΔAICc < 4 relative to the best model and computed 

the relative importance (RI) of each variable as the cumulative weight of each model in which it appears 

(Burnham & Anderson, 2002). The cumulative weight of the model selection with ΔAICc < 4 was 

standardised so that the RI of each term varied between 0 and 1. We considered that a variable was 

relevant when RI > 0.5, and corresponding variables were thereafter included in the final model used to 

infer their estimates (De Kort et al., 2021). All statistical analyses were conducted in the R environment 

(R 4.1.2; R Core Team, 2021). 

Results 

Variation in population density 

The variation in population density between the two sampling sessions was poorly explained by the 

mean summer water temperature and the infection prevalence (RI < 0.5 for both variables, Table 2). 

However, three highly infected populations were identified as outliers in this relationship, and they 

corresponded to already highly infected populations the previous year (infection prevalence > 90% in 

2019, see Fig. S1, Fig. 2a). After removing these three populations, the final model showed a marked 

negative effect of the infection prevalence on the variation in density (RI = 1, Table 2; R²adj = 0.52, P = 
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0.005, Fig. 2b). The decrease in brown trout density is thus higher when the infection prevalence 

increases but only in populations where the infection was low or medium in 2019. 

 

 

Figure 2. Variation in brown trout density between the two sampling sessions according to the infection 
prevalence in the different sites (a) including all the sampled sites and (b) after removing 3 sites (red 
points in (a)) that were already infected with a high prevalence in 2019 (> 90%, Fig. S1). 

 

Table 2. Relative importance of the variables in the model selection ΔAICc < 4. 

 
a Density delta after removing 3 populations with very high infection prevalence in 2019. 
Terms with relative importance > 0.50 indicated in bold were used in the final  
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Variation in genetic diversity 

We did not observe any effect of the infection prevalence, the water temperature and their interaction 

on the variation in neutral genetic diversity across sessions (i.e., the number of alleles or the expected 

heterozygosity at the SNPs loci; RI < 0.5, Table 2, Fig. S3). 

 By contrast, we found relationships between the variation in the number of alleles and the 

expected heterozygosity at the MHC (indices of adaptive genetic diversity) and the infection prevalence 

(RI = 0.63 for both NMHC and He-MHC, Table 2). There was a significant decrease in the number of alleles 

at the MHC with infection prevalence (Fig.3a, R²adj = 0.21, P = 0.048). The MHC heterozygosity also 

tended to diminish when the infection prevalence increased (Fig. 3b, R²adj = 0.13, P = 0.098). 

 

Figure 3. Variation in the genetic diversity at the MHC locus according to the infection prevalence and 
the water temperature. (a) Variation in the number of alleles. (b) Variation in expected heterozygosity. 

Variation in body condition and colouration 

Variation in body condition between sessions was related to the infection prevalence and the mean 

summer water temperature (RI = 0.67 and 0.73 respectively, Table 2, R²adj = 0.53, P = 0.004). Fish body 

condition decreased in sites with a high infection prevalence and/or a high water temperature (Fig. 4a, 

Fig. 4b). Carotenoid-based colouration was affected by infection prevalence, mean summer water 

temperature and their interaction (RI > 0.5 for the 3 variables, Table 2, R²adj = 0.81, P < 0.001). More 

specifically, fish carotenoid-based colouration at cold and non-infected sites sharply increased during 

the summer, while non-infected warmer sites showed a smaller increase in carotenoid-based colouration. 

However, the difference in carotenoid-based colouration enrichment during summer between cold and 

warm sites was erased with increasing infection prevalence (Fig. 4c). In contrast, melanin-based 

colouration was not affected by either stressor (Table 2, Fig. S3). 
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Figure 4. Variation in phenotypic traits related to the individual fitness. (a) Variation in the mean body 
condition according to the infection prevalence (with fixed value for water temperature) and (b) to the 
water temperature (with fixed value for infection prevalence). (a) and (b) illustrate the same model 
output (∆()*+ ,)-*.�.)-~ /%0�&�/1% ���# $�%&� + 2 ��� ������ �!��, R²adj = 0.53, P = 0.004). (c) 
Variation in the mean area of carotenoids according to the infection prevalence and its interaction with 
the water temperature. 

 

Discussion 

Most studies investigating the evolution of intra-specific variation of wild populations before and after 

their exposure to stressful conditions focus on either the genetic or the phenotypic level but rarely 

investigate both levels in parallel. Furthermore, multi-stressor approaches are still scarce, although 

stressors often interact in complex and sometimes unexpected ways (Spears et al., 2021). In this study, 

we investigated the combined impact of summer water temperature and parasite infection on wild brown 

trout populations density and intraspecific variation at genetic and phenotypic levels. Brown trout 
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density decreased with increasing T. bryosalmonae parasite prevalence, except for populations that were 

already highly infected the year before. We also found a decline of genetic diversity at a MHC gene 

involved in adaptive immune response in infected populations, and highlighted a combined effect of 

infection and temperature on the alteration of phenotypic traits related to the fitness. 

Impacts of temperature and infection on brown trout density 

As expected, we found a stronger decrease in brown trout density with increasing prevalence, except for 

three highly infected populations whose densities only slightly varied over the summer. These three 

populations were already highly infected in 2019 (infection prevalence > 90%, Fig. S1), suggesting that 

the parasite infection might have a greater impact in “naive” populations. This is an important result 

suggesting that infected populations may suffer large population declines (up to 90% young-of-the-year 

(YOY) mortality reported in wild populations; Schager et al., 2007), but that an attenuation of population 

declines may occur in the years following first high infection, therefore exhibiting transient dynamics, 

that is, dynamics (here high declines) that are different from the long-term dynamics (e.g., stabilisation 

likely due to micro-evolution and adaptation, see below) (Hastings, 2004; Briggs et al., 2010; Wells et 

al., 2019). Two non-exclusive mechanisms could explain the reduced mortality in populations that had 

already suffered a major PKD outbreak the summer before. Here, we worked on YOY individuals at 

their first encounter with the parasite. First, a strong directional selection might have already operated 

on breeders, leaving only the most resistant or tolerant individuals for reproduction. This would result 

in a higher resistance/tolerance in their offspring if these traits are genetically determined and heritable 

(McKnight et al., 2017). It has indeed been suggested that when a parasite is highly pathogenic, the 

disease dynamics could be mainly driven by host characteristics rather than parasite virulence, likely 

through the selection of adaptive host genotypes and the rapid micro-evolution of host resistance or 

tolerance (Voyles et al., 2018). A second non-exclusive mechanism could be an induction of immune 

response in juveniles which could be facilitated by epigenetic responses or by maternal transfer of 

immunity (Gasparini et al., 2002; Hasselquist & Nilsson, 2009), which is a common mechanism in fish 

(e.g., in rainbow trout (Oncorhynchus mykiss), Oshima et al., 1996; and tilapias (Oreochromis niloticus), 

Nurani et al., 2020). For this mechanism to be efficient in protecting a population from an outbreak, a 

large proportion of the breeding females would have to be infected (Boulinier & Staszewski, 2008), 

which could potentially explain why populations previously infected but at a low prevalence declined. 

Such rapid micro-evolutionary response could be favoured by the homing behavior in brown trout 

(Hansen et al., 2002). Further studies on the underpinning mechanisms are now necessary to conclude 

on the relative importance of the genetic and maternal source of heritability of pathogen 

resistance/tolerance.  



-Chapter 3- 

102 
 

Nonetheless, part of these results could also translate juvenile movements during summer, i.e., 

emigration or immigration of fish individuals in the studied populations. Indeed, rivers are dendritic 

ecological networks where fish populations are connected by migration (Paz-Vinas & Blanchet, 2015). 

Brown trout juveniles are known to disperse downstream during summer over short distances (~200m) 

(Jenkins et al., 1999; Vøllestad et al., 2012), as illustrated by the appearance of alleles in some of this 

study’s populations after summer (positive delta for the number of alleles). Therefore, potential 

mortality due to water temperature/and or parasite infection may be partly offset by the colonisation of 

new individuals from neighbouring populations (e.g., Hanski, 1998; Carlson et al., 2014). In this case, 

immigrating individuals entering the population could potentially compensate mortality and increase 

population viability, resulting in little net change in density over time. Further studies quantifying 

migration between connected populations are thus necessary to better understand the role of dispersal 

in the eco-evolutionary rescue from an emerging parasite threat (Thrall & Burdon, 1997; Jiao et al., 

2020). 

Impacts of temperature and infection on genetic variation  

In line with a potential compensation of mortality through immigration, we did not detect any erosion 

of the neutral genetic diversity at the sites under high stressor pressure. The neutral genetic variation 

measured either through alleles number or expected heterozygosity remained stable across the summer 

for all the sampled populations. Accordingly, other studies in the wild have found that population 

declines were not systematically accompanied by declines in genetic diversity (Lachish et al., 2011; 

Vazquez et al., 2019).  

However, we observed a different pattern for immunity-related genetic variation with a decrease 

in allele number at the MHC locus in highly infected populations. This result may illustrate a potential 

directional selection of advantageous alleles that could in turn lead to the observed decrease of the 

expected number of heterozygous individuals (Nielsen, 2005). This result is consistent with previous 

studies showing rapid and adaptive evolution of MHC genes in response to pathogen-mediated selective 

pressures (Eizaguirre et al., 2012; Phillips et al., 2018), including in salmonids (Oncorhynchus mykiss) 

showing rapid natural selection for resistance to Myxobolus cerebralis, another myxozoan parasite 

(Miller & Vincent, 2008), and wild brown trout exposed to T. bryosalmonae (Debes et al., 2017).  

Impacts of stressors on phenotypic variation: body condition 

A major result of this study was that both infection prevalence and elevated summer water temperature 

had independent negative effects on fish body condition. Summer is an important period for food intake 

and growth in brown trout (Kelly-Quinn & Bracken, 1990; Marsh et al., 2022). Elevated summer water 

temperature could decrease feeding efficiency by increasing the portion of time spent above the optimal 
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temperature for feeding (Elliott & Elliott, 2010; Parra et al., 2012). Brown trout adults stop feeding at 

19.5°C, and small individuals are known to be more sensitive to temperature (Elliott & Elliott, 2010). 

The temperature of our sampled sites often reached 19.5°C (Fig. S2), and the time spent above this 

threshold was indeed highly correlated with the mean temperature (Fig. S2, Fig. S4).  

In addition, we found a negative effect of infection on body condition, which could potentially 

be explained by the cost of immunity and a trade-off with other costly functions such as maintenance 

and growth in infected individuals (Rauw, 2012). This would validate the phenotypic plasticity 

hypothesis modulating this underpinning resource trade-off. Accordingly, a negative impact of T. 

bryosalmonae infection was found on the variation in body condition throughout summer in farmed 

Atlantic salmon (Cauwelier et al., 2010).   

These negative effects of temperature and infection on body condition could have important 

effects on individual fitness later in life. Indeed, individuals experiencing good environmental 

conditions in their early life may have a higher fitness later in life (reproduction and survival) than those 

experiencing poor conditions (illustrating the silver spoon effect; Grafen, 1988; e.g., in Vasilieva & 

Tchabovsky, 2020). Negative effects of high infection and/or high water temperature on body condition 

and growth during the first summer of juvenile trout may thus have long-term effect on over-winter 

survival, size at all age and adult future reproduction (Biro et al., 2004; Parra et al., 2009; Ros et al., 

2022). 

Impacts of stressors on phenotypic variation: colouration 

Interestingly, both stressors (infection prevalence and water temperature) had interacting effects on the 

carotenoid-based skin colouration. Carotenoids cannot be synthetised by animals and are acquired 

through the diet (Price et al., 2008). Generally, carotenoid availability is expected to increase during 

summer due to enhanced river productivity, thereby enhancing brown trout carotenoid coloration. 

Accordingly, the coldest non-infected sites showed a great increase in carotenoid-based colouration 

during the summer. At the warmest sites, the carotenoid-based colouration remained stable during 

summer, whatever the infection prevalence (i.e., the water temperature stressor alone may have limited 

the gain in carotenoid colouration, and the infection stressor did not add to its negative effect). However, 

the difference in carotenoid-based colouration enrichment during summer between cold and warm sites 

decreased with increasing infection prevalence. This suggests that the use of carotenoid pigments for 

colouration is already limited by temperature at warm sites, and that infection prevalence plays a more 

important role in carotenoid-based colouration at colder sites, suggesting that high temperature 

suppresses the effects of infection on colouration (and/or that infection prevalence suppresses the 

benefiting effect of cold temperature). This could be explained by the fact that carotenoid pigments are 

involved both in immunity and ornamentation, and there is a presumed trade-off between carotenoid 
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colouration and immunity (Lozano, 1994; Clotfelter et al., 2007; Baeta et al., 2008). Infected individuals 

might thus lack of carotenoid pigments to allocate to their pigmentation (Blount, 2004). In addition, the 

interaction between infection and temperature, and the suppressed infection effect at high temperature, 

suggests antagonistic interaction between both stressors (i.e., one stressor decreases the effect of another 

stressor, Jackson et al., 2016; Johnson & Penaluna, 2019). Higher food availability at warmer sites could 

offset the effects of infection prevalence on colouration if individuals are able to compensate for the cost 

of immunity by increasing food intake (Sheldon & Verhulst, 1996). This result would thus also 

corroborate the phenotypic plasticity hypothesis. 

In contrast, we did not find any relationship between the changes in melanin-based coloration 

during the summer and the two environmental stressors. This could be explained by the fact that skin 

coloration in melanin is more genetically determined and less condition-dependent than the coloration 

in carotenoids (e.g. in Hill & Brawner, 1998; Roulin, 2016).  

Conclusion and perspectives 

Altogether, our results suggest that T. bryosalmonae may have a severe impact on wild brown trout 

populations with consequences on density in naive populations and on intraspecific variation at both 

genetic and phenotypic levels. Results also suggest an attenuation of the infection effects on population 

density in the years following high infection prevalence. The mechanisms involved in this apparent rapid 

adaptation remain to be clarified but our study emphasises the importance of standing genetic variation, 

especially at adaptive loci (Eizaguirre et al., 2012; Phillips et al., 2018) and/or of the potential beneficial 

effect of migration from neighbouring population bringing new individuals and genes (genetic rescue; 

Tallmon et al., 2004). 

In addition, water temperature and infection prevalence both had important effects on 

phenotypic intraspecific variation in body condition and carotenoid-based coloration, which suggests a 

plastic response and a reallocation of resources between fitness-related traits (maintenance, immunity 

and coloration) under adverse environmental conditions. Besides, we found interactive effects of both 

stressors on carotenoid-based colouration, suggesting a complex antagonistic combined effect. These 

early effects on juvenile phenotype may have long-lasting effects on individual fitness including future 

reproduction and survival to other stressors (Lindström, 1999; Pigeon & Pelletier, 2018). These results 

suggest a directional parasite-mediated selection operating at an adaptive locus involved in immune 

response, and a plastic response to multiple stressors of phenotypes probably linked to resource trade-

offs. A population monitoring before and after disease outbreaks for several consecutive years, together 

with the investigation of small-scale dispersal, may help to confirm possible rapid micro-evolution in 

genetic and phenotypic variation and their long-term effects (Royle et al., 2018; Vredenburg et al., 

2019). 
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Supporting information 

 

Figure S1. (a) Infection prevalence in 2020 according to the infection prevalence in 2019, and (b) Water 
temperature in 2020 according to water temperature in 2019. The dashed line represents a 1:1 relation, 
dots above and below the line represent respectively an increase and a decrease in prevalence (a) or in 
temperature (b). Water temperature remained stable across the two years, while most of the sites showed 
an increase in infection prevalence. 
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Figure S2. Continuous recording of water temperature at the 15 sampled sites. Sites are ranked by their density delta (disparition rate during the summer, 
D) and their infection prevalence is indicated (P). Five sites are represented per panel for visualisation purpose. Temperature thresholds for the release of T. 
bryosalmone infective spores from bryozoans (9°C, Gay et al. 2001), the initiation of proliferative kidney disease symptoms (15°C, Hedrick et al. 1993), 
and the limit for brown trout feeding (19.5°C, Elliott & Elliott 2010) are indicated by the dashed horizontal lines. 
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Figure S3. Supplementary biplots. Difference in the number of SNPs (delta) before and after the 
summer according to infection prevalence (a) and water temperature (b). Delta He according to infection 
prevalence (b) and water temperature (c). Delta in melanin area according to infection prevalence (d) 
and water temperature (e). 
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Figure S4. Percentage of time recorded between the 3rd of July and the 14th of September with a 
temperature > 19.5°C, the upper limit for brown trout feeding, according to the mean summer water 
temperature.   
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Table S1. Number of brown trout individuals at each sampling session, for each measured parameter.   
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Appendix S1. Discrimination between 0+ and 1+ individuals in our dataset. 

In this study, we were interested in studying fish response to the infection at their first encounter 

with the parasite. Therefore, we aimed at sampling 0+ individuals only, but the discrimination 

between 0+ and 1+ fish is not obvious on the field. To discriminate these two age classes in the 

dataset, we used size distributions at each site and each session. The individuals were suspected 

to be 1+ when they were outside the 0.95 confidence interval for the associated normal 

distribution plus the difference between the lower-tail of the normal distribution and the 

minimum size of that site and session. We double-checked with recapture data (obtained with 

the SNPs genotyping and the allelematch R package): if an individual was part of the 0+ 

distribution in S1 but was out of the distribution in S2, it was still considered as a 0+ and vice-

versa.  

 

Appendix S2. Two-step PCR protocol for the MHC genotyping. 

PCR1 were carried out in a 10 µL reaction volume using 5 µL of Multiplex PCR Kit (Qiagen) and 

0.5 mM of each primer, with 1.5 µL of sample DNA. This PCR consists of an initial denaturation at 

95°C for 15min, followed by 30 cycles including denaturation at 94°C for 30s, annealing at 50°C for 

45s and extension at 72°C for 2min, with a final extension phase at 72°C for 10min. We mixed the 96 

index i5 and 96 index i7 to get 1001 unique combinations in the same MiSeq run. PCR2 were carried 

out in a 10µL reaction volume using 5 µL of Multiplex PCR Kit (Qiagen), 4µL of a unique index 

combination and 1µL of PCR1 product. PCR2 consists of an initial denaturation at 95°C for 15min, 

followed by 8 cycles including denaturation at 95°C for 40s, annealing at 55°C for 45s and extension at 

72°C for 2min, with a final extension phase at 72°C for 10min. We pooled PCR products by volume 

and a 2×250 bp paired-end MiSeq (Illumina) run was conducted at the ECOGENO laboratory. 
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Appendix S3. Identification of stocked individuals with population admixture analyses. 

 

Results of the analyses run in STRUCTURE for quantifying the introgression into the sampled 
populations. Each bar represents one individual, and each color one genetic cluster. PISSou is the 
Soueich hatchery used for stocking in Haute-Garonne and Ariège, and PISCau the Cauterets hatchery 
used for stocking in the Hautes-Pyrénées. STRUCTURE was run 3 times with a burn-in period of 5000 
replications and a run length of 50000 Markov Chain Monte Carlo iterations, for K=1 to K=4 clusters. 
We kept the results for K=2 and K=3 (ARGFoi, BOUSer) according to the homogeneity of the hatchery 
cluster. The individuals with a proportion > 0.75 (arbitrary threshold) were considered as stocked 
individuals, that we removed from the analyses (31 individuals). GARVil and GERPoi were especially 
concerned by these individuals. 
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Abstract  

Local declines of wild populations represent the most visible part of biodiversity loss, and their detection 

often relies on long-term surveys. An alternative to identify risk-prone populations is to use indicators 

informing on their general health (i.e., their general fitness and ability to cope with changing 

environment) based on simple and complementary parameters estimated from snapshot sampling. 

However, most studies on wildlife population health focus on one or only a few parameters, yielding 

potentially biased conclusions for conservation. Here, we developed a multifaceted index of population 

health by combining 3 complementary indicators, namely pathological, ecological, and genetic 

indicators, based on an integrative approach traditionally used to assess ecosystem multifunctionality. 

We investigated their complementarity and relevance for detecting brown trout (Salmo trutta) risk-prone 

populations at a large spatial scale, and the underlying environmental stressors. The multifaceted health 

index properly represented the individual indicators’ complementary information. It identified a cluster 

of moderately risk-prone populations and raised the alarm for one population. Each indicator was 

individually associated with distinct environmental stressors relevant for brown trout requirements. The 

multifaceted health index highlighted surrounding agricultural land and oxygen concentration as the 

most impacting environmental factors for the general health and sustainability of brown trout 

populations. The implementation of such integrative index can be transferred to a wide range of species 

and contexts. This index therefore provides to environmental managers and conservationists a snapshot 

and easily operated tool to identify risk-prone populations and areas to restore or conserve.  

Keywords: population demography, sustainability, biological indicator, parasitology, genetics, 

environmental variability 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Abbreviations: 
MFI: multifaceted indicator of population health 
PI: pathological indicator   
EI: ecological indicator 
GI: genetic indicator 
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Introduction 

By altering environmental conditions and biotic interactions, global change is threatening many plant 

and animal species, thereby increasing their risk of extinction (Radchuk et al., 2019; Spooner et al., 

2018; Thomas et al., 2004). Species extinction is systematically preceded by the decline in abundance 

of local populations, which actually represents the most important and visible part of the global 

biodiversity loss (Collen et al., 2011; Hughes et al., 1997). Local declines of populations may therefore 

serve as early warning signals (EWS) for managers to mitigate the aftermaths of global change (Drake 

& Griffen, 2010). However, characterizing these declines requires long-term surveys of populations’ 

abundance that are labor-intensive and still scarce in wild populations (Atkinson et al., 2006).  

Monitoring indicators informing the general health of populations may be a relevant alternative 

to long-term surveys to infer their ability to cope with new environmental conditions (Stephen, 2014), 

and to identify risk-prone populations (Clements & Ozgul, 2016; Goff et al., 2020). The general health 

of populations is here defined as their general status (i.e., fitness) and their demo-genetic sustainability 

over short- to long-term periods (Hoban et al., 2013; Kophamel et al., 2021). Population health is 

therefore intrinsically multifaceted, and it can be informed by multiple indicators (generally genetic, 

phenotypic, or demographic information), measured during snapshot sampling events. For example, a 

decrease in the mean body size of whales appeared as a good EWS of local populations’ declines 

(Clements et al., 2017). Similarly, intraspecific genetic diversity (or related indices such as effective 

population sizes) informs on the adaptive potential of populations in changing environments (Hoban et 

al., 2013; Lande & Shannon, 1996). Likewise, pathogenic infection can represent a silent threat to 

population fitness by provoking sudden mortality under new environmental conditions (Valenzuela-

Sánchez et al., 2017). Hence, a thorough monitoring of wildlife populations’ characteristics informing 

their general health may help noticing EWS and setting pro-active management decisions.  

Wildlife population health is multifaceted and encompasses several intrinsic parameters such as 

ecological (e.g. population abundance, body condition), genetic (e.g. genetic diversity) or pathological 

(e.g. pathogen infection) parameters, which are complementary and influenced by multiple 

environmental factors (Stephen, 2014). Most studies on wildlife population health focus on one or only 

a few parameters. However, when interpreted independently, these indicators can yield opposite 

conclusions, and therefore potentially biased outcomes for wildlife population management. For 

instance, a population can show high local abundance, making it resilient to stochastic demographic 

fluctuations but a low level of genetic diversity, leaving it vulnerable under fluctuating environmental 

conditions (Maebe et al., 2019). Similarly, pathogen infection may differently affect a genetically 

diversified or an inbred host population (King & Lively, 2012). In addition, different indicators might 

be differently modulated by environmental factors. For example, an increase in temperature may benefit 
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individual growth, while favoring pathogen development detrimental to individual fitness and 

population health, so that the use of multiple indicators may better capture the global impact of 

environmental stressors. Besides, the combination of several indicators into a single index of population 

general health could buffer potential uncertainties related to the measurement of each individual 

indicator. Therefore, more integrative studies incorporating several indicators are needed to grasp the 

multiple dimensions of wild population health.  

This query is timely because recent advances in field and laboratory techniques enable the 

development of such integrative indicators. For instance, remote sensing mapping landscape types 

(Skidmore, 2003) or molecular tools assessing genetic diversity and environmental DNA quantifying 

the abundance of species (Bohmann et al., 2014; Hoban et al., 2013) offer new non-invasive monitoring 

tools to address this challenge while minimizing the impact on sampled populations. Building on such 

new field and molecular techniques, this study aims at developing a multifaceted index of population 

health (MFI) combining individual indicators related to the pathological, ecological, and genetic status 

of populations. The construction of this MFI is inspired from studies measuring ecosystem 

multifunctionality by synthetizing multiple ecosystem functions into a single score (e.g. Manning et al., 

2018). We first tested the covariation between each component indicator and their covariation with the 

MFI to investigate their complementarity or redundancy for informing population general health. We 

then tested the link between each of these indicators and potential natural and anthropogenic 

environmental stressors to identify the most impacting for population health.  

We focused on populations of a common freshwater fish, the brown trout Salmo trutta, that has 

important economic, cultural and recreational values (Unfer & Pinter, 2018). This species is highly 

sensitive to environmental stressors such as water warming and chemical alterations (Eklöv et al., 1999; 

Elliott & Elliott, 2010). We sampled populations along a large spatial gradient associated with water 

physicochemical variations. For each population, we quantified 3 component indicators informing on 

their pathological, ecological and genetic status and combined them into a MFI. Our final aims were to 

identify low-health populations that are the most risk-prone and likely to decline in the sampled area, 

and the underlying environmental factors. We expected the component indicators to provide 

complementary information, revealed by a weak covariation among them within populations. 

Consequently, combining these indicators into a MFI should provide a better assessment of population 

health and its underlying environmental factors. We thus predicted a tighter association between 

environmental factors and the MFI relative to each individual component indicator. 
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Methods 

Brown trout sampling 

We developed the MFI in brown trout populations because the ecology of this salmonid fish is well 

known. This species is particularly sensitive to water temperature and quality (Elliott, 1994), so that 

water characteristics may be tightly associated with population health. We sampled 46 wild populations 

experiencing a wide range of environmental conditions in southern France, at the foothills of the 

Pyrenean mountains (Fig. 1, Table A1). During summer 2019, we electro-fished up to 20 individuals 

per site (when local abundances allowed it), representing 865 sampled brown trout in total (Table 1, 

Table A1). We targeted juveniles (mean size ± SD 75±14mm), corresponding mainly to young-of-the-

year (0+) fish because it is the most sensitive stage to environmental stressors and pathogen infection, 

and the most abundant cohort. After manipulations (see hereafter), we released the fish alive into their 

sampling sites. Authorizations to sample brown trout were provided by the Directions Départementales 

des Territoires of Ariège, Haute-Garonne and Hautes-Pyrénées respectively. 

 

Table 1. Summary of the measures in the 46 sampled brown trout populations, see Table A1 for details 

on each population.  

 

a Multilocus heterozygosity 
b Effective population size 
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Pathological indicator (PI) 

The PI focused on the most impacting pathogen for brown trout in our study area: the myxozoa 

Tetracapsuloides bryosalmonae. This pathogen is the causative agent of the proliferative kidney disease 

(PKD), an emerging disease that has been increasingly reported during the last two decades, in Europe 

and North America. PKD can cause up to 100% mortality during severe outbreaks, especially in young-

of-the-year cohorts, representing a threat for infected populations (Okamura et al., 2011). 

We assessed the infection by T. bryosalmonae and its load in sampled fish using a non-lethal 

method developed in Duval et al. (2021) quantifying the DNA of pathogen excreted in the fish urine, 

considered as a proxy for the level of kidney infection. After capture, the fish recovered for 30min, and 

were placed individually into plastic bottles with 1.2L of commercial mineral water for 1h to let time 

for the infected fish to excrete pathogen spores or DNA through urine. Then, we used a Vampire 

sampler® to filter 1L of the water and extracted DNA from 1.2μm filters. Lastly, we used specific 

droplet digital PCRs (ddPCRs) to quantify T. bryosalmonae DNA (see Duval et al. (2021) for the 

complete procedure). Population infection prevalence is the number of positive individuals for T. 

bryosalmonae DNA detection divided by the number of sampled individuals. The fish pathogen load 

corresponds to the concentration of T. bryosalmonae DNA divided by the time of excretion and the fish 

body mass to correct for variation in urine excretion (Hunn, 1982).  

We scaled the infection prevalence and the mean pathogen load in each population into scores 

ranging between 0 (the population with the highest prevalence or highest mean pathogen load) and 1 

(the population with the lowest prevalence or lowest mean pathogen load), with the R scales package 

(Wickham & Seidel, 2020). We averaged these two scores and rescaled the mean between 0 and 1 to 

build the PI. Populations with the lowest pathogen prevalence and load were considered the healthiest 

from a pathological point of view. 

Ecological indicator (EI) 

The EI is based on the population density and the fish mean body condition. We estimated fish density 

at each site as the number of juveniles caught per minute through single-pass electrofishing surveys 

(“catch-per-unit-effort”, CPUE, Kruse et al., 1998). After the urine excretion step (2.1.1.), we 

anaesthetized each fish with benzocaine, measured and weighed them to the nearest mm and 0.1g 

respectively. We calculated fish body condition (K) according to equation (1) (Fulton, 1904), with W as 

fish mass in g, and L as fish length in cm.  

(1)  � =
�

	
 × 100  
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As for the PI, we scaled the mean body condition and fish density into scores between 0 and 1, 

averaged them and rescaled the mean to build the EI. Populations with the highest density of juveniles 

and the highest mean body condition were considered the healthiest from an ecological point of view 

(Lobón-Cerviá, 2005; Robinson et al., 2008). 

Genetic indicator (GI) 

We fin-clipped each fish for genetic analyses and stored the fins in 70% ethanol. The LGC® Group 

(UK) used the KASPar allele-specific fluorescent genotyping system to genotype each individual at 175 

SNPs, among which 158 were confidently genotyped (Table A2). These included 141 SNPs evenly 

spread on the brown trout linkage genetic map from Saint-Pé et al. (2019), as well as 17 SNPs from 

Ahmad et al. (2018), identified as candidate loci in the resistance/tolerance to the infection by T. 

bryosalmonae. To ensure the reliability of the genotyping, we duplicated 17 individuals that indicated a 

0.2% error in scoring (5 mismatches in 2584 comparisons). To identify potential genotyping errors, we 

ran Hardy-Weinberg equilibrium tests with the genepop package (Rousset, 2008). We removed from 

the analyses 6 loci that departed from the equilibrium in 5 to 22 populations (Table A2) and 7 individuals 

that did not amplify properly so that 152 loci and 858 individuals were genotyped.  

 The GI is based on the effective population size (Ne), a measure of population sustainability 

(Waples & Do, 2010) and the mean multilocus heterozygosity (MLH), a genomic inbreeding estimator 

often positively correlated with individual fitness in wild populations (Hansson & Westerberg, 2002). 

We computed the MLH with the package inbreedR (Stoffel et al., 2016). We computed populations’ Ne 

with the linkage disequilibrium method (Waples & Do, 2007) in NeEstimator 2.1 (Do et al., 2014) with 

a lowest allele frequency of 0.05. These values were logged to homogenise variance.  

As for the other indicators, we scaled MLH and Ne into scores between 0 and 1, averaged them 

and rescaled the mean to build the GI. Populations with the highest Ne and MLH harbor higher genetic 

variation, enhancing their response to environmental changes and reducing their sensitivity to genetic 

stochasticity, so that they were considered the healthiest from a genetic point of view (Evans & Sheldon, 

2008; Palstra & Ruzzante, 2008). 

Multifaceted health index (MFI) 

We then calculated the MFI of each population by combining these 3 component indicators. We 

averaged the PI, EI and GI, before rescaling the mean between 0 and 1 to obtain the final MFI.  
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Environmental data 

To investigate the impact of natural and anthropogenic factors on these different indicators, we measured 

key environmental factors (Table 1). Brown trout is highly sensitive to temperature, oxygen 

concentration, pH and conductivity (Elliott, 1994). Therefore, we recorded water temperature in each 

site every 4h between July and August 2019 with a HOBO® logger and we acquired O2 concentration, 

pH, and specific conductivity through snapshot measures with the In-Situ® Aqua TROLL 500 

Multiparameter Sonde in August 2020. In addition, we quantified PO4
3-, NO2

- and NO3
- concentrations 

in the water reflecting water eutrophication, based on 50mL samples collected in May 2020 at the 

Laboratoire Ecologie Fonctionnelle et Environnement according to the ISO 15681-2 and ISO 13395 

norms, respectively.  

We estimated the percentage of agricultural land in a 2km buffer around each site with the 

CORINE Land Cover 2018 dataset (European Environment Agency), as it represents the main 

anthropogenic pressure in the sampled area. We also used the QGIS software (2022) to estimate the 

distance from the source and the altitude of the sampled sites. We expected that the general health of 

brown trout populations would be lower in the warmest waters with the lowest oxygen concentration, 

the highest values of eutrophication and the highest surfaces of agricultural land in their surroundings 

(Jonsson et al., 2011; Molony, 2001). 

Statistical analyses 

We conducted the statistical analyses in the R environment (R 4.0.3, R Core Team 2020). 

Covariance between the indicators  

We quantified the covariance between the PI, EI and GI and with the MFI respectively using pairwise 

Spearman correlation tests with Holm’s correction for multiple inference (n=6 pairs of indicators) from 

the RcmdrMisc package (Fox, 2020). A positive and significant correlation between two indicators 

would indicate that they co-vary and support redundant information. 

Impacts of the environmental factors on the indicators and multifaceted health index 

To investigate the impacts of the environmental factors on the component indicators and the MFI, we 

used a redundancy analysis (RDA) with the vegan package (Oksanen et al., 2020). This analysis is a 

constrained form of principal component analysis which explains a set of response variables (here the 

indicators) by a set of explanatory variables (here the environmental factors). We assessed the validity 

of the RDA through an analysis of variance (ANOVA, 999 permutations).  
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Additionally, we ran path analyses to outline the statistically significant relationships between 

the environmental factors and the indicators while taking into account the inter-dependence of the 

environmental factors, using the lavaan (Rosseel, 2012) and semPlot (Epskamp et al., 2019) packages. 

We added and removed incrementally the links between the variables, only keeping significant 

relationships until reaching the lowest Akaike’s Information Criterion (AIC), together with a non-

significant Chi² p-value (>0.05), a Comparative Fit Index (CFI) >0.95 and a Root Mean Square Error of 

Approximation (RMSEA) <0.05 (Hu & Bentler, 1999; Rigdon, 1996). Because the MFI was highly 

correlated with the component indicators, we ran two path analyses separately: one including the 3 

component indicators and one including only the MFI. However, as the covariations among 

environmental factors remained the same, we joined both analyses for graphical representation. 

Results 

Covariance between the component indicators and with the multifaceted index 

The PI, EI and GI did not significantly covary (Spearman correlation tests and adjusted Holm’s p-values; 

PI vs. EI, r=0.14, 95% CI -0.16 to 0.41, P=1; PI vs. GI, r=0.06, 95% CI -0.23 to 0.34, P=1; GI vs. EI 

r=0.03, 95% CI -0.26 to 0.32, P=0.1; Fig. A2). In addition, each of the 3 component indicators were 

significantly and positively correlated to the MFI (Spearman correlation tests; MFI vs. PI r=0.69, 95% 

CI 0.50-0.82, P<0.001; MFI vs. EI, r=0.52, 95% CI 0.27-0.70, P=0.001; MFI vs. GI, r=0.52, 95% CI 

0.27-0.70, P=0.001; Fig. A2). These correlation coefficients did not differ significantly among them 

(95% CI overlap among the coefficients, Fig. A2), hence indicating that the 3 component indicators 

equally contributed to the MFI.  

Effect of environmental factors on the indicators 

The highest MFI scores were mostly located upstream and closer to the Pyrenean mountains, whereas 

the lowest scores were found further downstream, with a specific cluster in the western part of the 

studied area (Fig. 1). This spatial pattern was also detectable with the PI but not with the EI and GI (Fig. 

A1). The population with the lowest MFI score was BAUSou, which had a low score for each component 

indicator (Fig. 1, Fig. A1). 
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Figure 1. Map of the 46 sampled populations and their multifaceted health index. Dark red represents 
the populations with a low multifaceted health index score, and dark green the populations with a high 
score. The inset map shows the location of the studied area, in Southern France at the foothill of the 
Pyrenees. Codes for the sampled sites (in bold) and departments (standard police) are indicated. 
 

The ANOVA confirmed the validity of the RDA (df=9, F=3.11, P=0.001). The global variance 

of the indicators’ scores (component and MFI) constrained by the environmental factors was of 43.71%, 

including 39.93% explained by the two first axes (Fig. 2). The PI was negatively associated with the 

mean summer water temperature and the NNO2-NNO3 concentration (Fig. 2), suggesting that fish in 

colder and less eutrophicated water were less frequently and severely infected by T. bryosalmonae. The 

EI was poorly defined by both axes, and thus poorly explained by the measured environmental factors 

(Fig. 2). The GI was positively associated with the distance from the source, and negatively with the 

percentage of agricultural land, suggesting that fish further downstream and in less agricultural areas 

had a better genetic status. The MFI was strongly and negatively associated with the percentage of 

agricultural land, and positively associated with the O2 concentration. Overall, the first axis was 

positively related to high scores for all the indicators, therefore the populations on the left part of the 

plot were identified as the less healthy and the most likely to decline (Fig. 2).  
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Figure 2. Biplot of the redundancy analysis showing the relation between the indicators (response 
variables, in red) and the environmental factors (explanatory variables, in blue). Dots represent the 
sampled populations together with their code.  

 

The path analyses for the component indicators (χ²=20.68, df=19, P=0.36; CFI=0.99; 

RMSEA=0.04) and the MFI (χ²=6.070, df=7, P=0.53; CFI=1; RMSEA=0) both met the validation 

requirements. Consistently with the RDA, they revealed statistically significant relationships between 

some environmental factors and the indicators, while evaluating the covariances between environmental 

factors, i.e., considering their non-independence (Fig. 3). For instance, the concentration of NNO2-

NNO3, the percentage of agricultural land and the mean summer water temperature were positively 

correlated: agricultural sites were thus warmer and more eutrophicated. The mean summer temperature 

and the percentage of agricultural land were negatively correlated with the altitude, implying that warm 

agricultural sites were mostly located at low altitudes. After considering the environmental factors 

covariations, the PI was negatively associated with the nutrient concentration and the mean water 

temperature (Fig. 3, see Fig. A3 for a visual representation). The EI was negatively associated with the 

percentage of agricultural land, as was the GI which was additionally positively associated with the 

distance from the river source (Fig. 3, see Fig. A3 for a visual representation). The set of measured 

environmental factors explained a consistent part of the variance of the PI and the GI (R²=0.45 and 

R²=0.37, respectively), but barely explained the variance in the EI (R²=0.09, Fig. 3). The path analysis 

run separately for the MFI identified a positive relationship with the O2 concentration and a strong 
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negative relationship with the percentage of agricultural land (Fig. 3, see Fig. A4 for a visual 

representation). The MFI had the highest percentage of variance explained by the model (R²=0.55, Fig. 

3). 

 

Figure 3. Plot of the best path analyses explaining the 3 indicators and the multifaceted health index. 
Plain arrows represent the impact of the environmental factors on the indicators, and double arrows 
represent the covariations between the environmental factors. Dotted arrows towards the multifaceted 
health index and the dotted rectangle indicate that this variable was part of a different analysis but 
represented on the same figure for the sake of clarity (see 2.3.2.). Red arrows represent negative 
relationships and green arrows represent positive relationships, and the estimates are indicated. All the 
relationships represented on the graphic are statistically significant (see Table A3 for details). T°C: 
temperature. 

Discussion 

We developed an easy-to-build operational multifaceted index informing on the general health of wild 

populations, as a first management step to identify risk-prone populations and guide conservation 

priorities. To that end, we combined indicators of population pathological, ecological, and genetic status 

into a multifaceted health index (MFI) by adapting a framework traditionally used to assess ecosystem 

multifunctionality. We showed that the 3 component indicators measured in brown trout populations did 

not covary, suggesting that they carry non-redundant and complementary information on population 
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health. The MFI equally synthetized their information and enhanced the detection of risk-prone 

populations. The component indicators were associated with different environmental stressors, and the 

MFI highlighted the most important stressors regarding the populations’ general health, which can help 

prioritizing conservation actions.  

Identifying risk-prone populations 

The pathological, ecological, and genetic indicators (PI, EI and GI, respectively) did not covary, 

indicating that they carry complementary information regarding population health. For instance, the 

population ARRGou showed a good GI suggesting a high adaptive potential, but its PI and EI were 

weak. The discrepancy between indicators illustrates the need for a more integrative index to get reliable 

insights of populations’ general health. The combination of the indicators into a MFI therefore enhanced 

the accuracy of health assessment and ultimately classified ARRGou as a moderately risk-prone 

population.  

This is especially true because the 3 component indicators equally contributed to the MFI, 

indicating that each indicator was accurately represented by the MFI. The MFI identified a cluster of 

populations with low scores in the north-western part of the studied area, in which especially one 

population (BAUSou) showed a high risk of decline. Congruently, we observed that its density has 

decreased markedly in 2020 (data not shown). This particular case illustrates the potential of the MFI to 

detect early warning signals of populations’ declines (Clements & Ozgul, 2016; Drake & Griffen, 2010), 

even though further temporal surveys would be needed to validate this hypothesis.  

Identifying underlying environmental stressors 

We further showed that the component indicators were influenced by different environmental factors. 

We found associations between the indicators and the environmental factors tested that were mutually 

coherent and consistent with the biological requirements of brown trout, hence comforting the 

robustness of the multifaceted index.  

For instance, the PI decreased with increasing nutrient concentration and water temperature. 

This result is consistent with T. bryosalmonae life cycle: increased water temperature favors its 

multiplication and transmission as well as the growth of its main host, a bryozoan, that is also favored 

by increasing concentration in nutrients, which in turn increases the available niche for the pathogen 

(Okamura et al., 2011).  

Likewise, the GI increased with increasing distance from the source, following the prediction 

that genetic diversity usually increases downstream in riverine fish (Paz-Vinas et al., 2015), and 

decreased with increasing percentage of agricultural land. In addition, we found that our agricultural 
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sites were warmer and more eutrophicated (3.2.). Since high concentration in nutrients, high temperature 

and low oxygen concentration are unfavorable conditions for brown trout survival and reproduction 

(Burkhardt-Holm & Scheurer, 2007; Elliott & Elliott, 2010), large agricultural surroundings may thus 

be associated with a rapid decline in the population demographic performance, ultimately decreasing its 

genetic diversity, as observed in other aquatic species (Blum et al., 2012; Nicol et al., 2017).  

The EI also decreased with the percentage of surrounding agricultural land, but this indicator 

was globally poorly explained by the measured environmental factors.  

The MFI was better explained by the measured environmental stressors than the 3 individual 

indicators, showing its relevance in indicating the most impacting factors for brown trout populations’ 

health, i.e., the percentage of agricultural land and the oxygen concentration in the water. Consistently, 

the populations identified as the most likely to decline had the highest percentages of agricultural land 

in their surroundings. This corroborates the negative impact of agricultural land on the density and 

production found in other wild salmonid populations (Jonsson et al., 2011; Vondracek et al., 2005).  

Lastly, an important advantage of the MFI is that it revealed the most impacting environmental 

stressors among those measured, including both the direct and indirect impacts of other environmental 

factors as revealed by the path analysis. Indeed, this integrative MFI approach showed that the presence 

of agricultural land was the main driver of low population health, combined with low oxygen 

concentration. Investigating the impact of environmental factors on the different facets of population 

health could enhance existing knowledge on the species’ ecological niche and tolerance ranges (Sax et 

al., 2013) and help refining management practices.  

Implementation and implications for wildlife conservation 

This study shows how integrating different facets of health at the intraspecific level can improve risk 

assessment in wild populations, which is a major target for managers and stakeholders. Biological 

indicators combining multiple parameters at different scales of the ecosystem (communities, species, 

populations, genes) generally outperform single-parameter indicators (Alric et al., 2021; Friberg, 2014). 

Our MFI likewise demonstrated that the combination of several indicators appears wiser to limit the 

individual indicators’ imperfections. Nonetheless, some individual parameters must be interpreted 

cautiously. For instance, a low genetic diversity could merely reveal past demographic history rather 

than the consequence of a recent contemporary stress (Matocq & Villablanca, 2001), and the body 

condition may misleadingly reflect individual health as it can be density-dependent or associated with 

some diseases (Bruneaux et al., 2017). This implies that the use of an integrative index should not 

impede complementary analyses of the individual parameters to ensure that some important information 
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is not lost during the process, blurring special patterns (e.g., especially alarming pathological or genetic 

status).  

Importantly, the implementation of such integrative health indexes is highly flexible depending 

on management objectives as they can be built from a wide variety of parameters depending on the 

particularities of the studied systems. In this study, the parameters chosen were relevant for the brown 

trout, and easily implemented in the field, which improves the operationality of this index by managers 

and stakeholders. In other studies or species, additional indicators could be integrated such as 

physiological parameters (e.g. haematocrit, oxygen consumption, Bruneaux et al., 2017; cortisol, Sadoul 

& Geffroy, 2019), telomere length informing on the exposure to environmental stressors (e.g. in Dupoué 

et al., 2017), or demographic parameters (e.g. population age structure, Hixon et al., 2014; sex ratio, Le 

Galliard et al., 2005). Furthermore, our PI focused on the most threatening pathogen for our populations, 

but it could be accommodated to other pathogens and even to a wider community of pathogens so as to 

more realistically reveal the stresses imposed by pathogens. For instance, high sequencing throughput 

methods can be developed to screen the entire community of parasites infecting individuals, as it has 

been done for Chinook salmon (Oncorynchus tshawytscha) (Bass et al., 2017). The PI could be applied 

to mammal or avian species, based on fecal pathogen eggs counts (Kumar et al., 2019) or pathogen 

identification in the blood (Anjos et al., 2021). The MFI tested in our study could thus be applied to a 

wide range of species and ecosystems, and therefore help wildlife managers in prioritizing conservation 

measures into a wide variety of ecological contexts. 

The implications of this new index are multiple. First, to understand how this MFI could guide 

species and habitat conservation actions, a parallel can be drawn with the community indicators of river 

quality (López-López & Sedeño-Díaz, 2015). For instance, the Fish Index, developed at the European 

scale, uses information from fish assemblages to assess the water quality of rivers (Pont et al., 2007). 

These indicators are very useful to assess the environmental quality of rivers at large spatial scales, but 

may be too coarse to compare sites with similar species composition. For instance, brown trout is the 

main species contributing to fish biomass in many mountainous areas in Europe, so that a community 

indicator based on fish assemblage does not allow the assessment of habitat quality. In these cases, 

gaining information at the intraspecific level is more appropriate to estimate the variation in habitat 

quality and identify potential key environmental stressors. Our indicator is therefore extremely valuable 

for indicating population and habitat qualities of ecosystems with dominant species, which is actually 

the norm rather than an exception in many areas in the World (Avolio et al., 2019). Focusing on the 

dominant species conservation may therefore benefit the whole ecosystem through conservation 

measures enhancing the habitat quality, corresponding to the concept of umbrella species (Roberge & 

Angelstam, 2004). Second, since it is based on the assessment of a single species, our indicator is also 
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extremely useful for managers focusing on emblematic (or economically important) species for which 

specific actions are often needed. 

Conclusions 

The development of multifaceted health indexes brings more integrative insights on wildlife population 

health and potential risk of decline in changing environments. The development of such indexes is timely 

as cutting-edge field and molecular technologies enable digging into complex processes at the 

intraspecific level along fine gradients of anthropogenic perturbations. Moreover, non-invasive methods 

now enable to sample at wider geographic scales and a high number of populations, while minimizing 

the time spent on the field and the impact on the sampled populations. The framework used in this study 

could thus be transferred to a wide range of species and different component indicators, as a tool to 

anticipate wildlife populations’ declines and to guide future management decisions. An important 

perspective would be to normalize this index according to reference populations (as in Pont et al., 2007), 

which would undoubtedly ease its interpretation and implementation. We hope that our work will 

motivate researchers to improve this tool and make it operational for managers and stakeholders. 
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Table A2. List of the 175 SNPs genotyped in the study. 
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Table A3. Details of path analyses regressions and covariances. 
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(b) 

Figure A1. Maps representing the 46 sampled sites and their (a) ecological 
score, (b) genetic score and (c) pathological score that were averaged to 
compute the multifaceted health index (Figure 2). Values range between 
0 (bad index, dark red) to 1 (good index, dark green). 
 

(c) 

(a) 
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Figure A2. Pairwise Spearman correlation coefficients between the component indicators and the 
multifaceted health index. The dashed line indicates an absence of correlation (r = 0). The black bars 
represent the 95% CI of the correlation coefficients. The significance of the correlation coefficients is 
indicated by **: P=0.001, ***: P<0.001.  
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Figure A3. Linear regressions between the indicators and their most impacting environmental factors. 
Pathological indicator’s score according to the NNO2-NNO3 concentration in the water (a) and the mean 
summer water temperature (b). Genetic indicator’s score according to the percentage of agricultural land 
(c) and the distance from the source (d). Ecological indicator’s score according to the percentage of 
agricultural land (e). 
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Figure A4: Biplots of the relation between the multifaceted health index and the most impacting 
environmental factors. (a) Multifaceted health index score according to the percentage of agricultural 
land in the surroundings. (b) Multifaceted health index score according to the water concentration in 
oxygen. Adjusted R² for the linear regressions and their p-values are indicated. 
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General discussion  

Synthesis of the main results 

Understanding the emergence and spread of parasites and their associated diseases, together with their 

outcomes in host populations requires a thorough study of the host-parasite-environment interactions at 

multiple levels, both at the spatial and temporal scales (Penczykowski et al., 2016). An integrative study 

framework is therefore needed to accurately grasp the mechanisms involved in the disease triangle 

(comprising the interactions between host, parasite and the environment). This thesis aimed at using 

such a framework to investigate the ecological and evolutionary outcomes of a host-parasite system in 

the wild. Across the different chapters, I developed and implemented new non-lethal biomonitoring 

techniques to detect the parasite and infected hosts at a large spatial scale from individuals to groups of 

populations across river networks. This has provided a unique opportunity to assess how host-parasite 

interactions vary across gradients of environmental conditions and to identify risk-prone populations to 

be prioritised for conservation. The conjoint study of all stages of the parasite life cycle also provided a 

better understanding of the factors favouring its development within and outside its hosts. 

 Chapter 1 introduced a new non-lethal molecular method for endoparasite detection (uDNA for 

urine DNA), relying on parasite excretion by the infected hosts. I demonstrated its ability to accurately 

assess individual infection status and population infection prevalence. This methodological development 

is at the core of this thesis as I further used uDNA in all the subsequent chapters (Fig. 11). It is also a 

very promising diagnostic tool for epidemiology as it could be applied to a wide range of parasites and 

hosts species to infer infection parameters of wildlife populations at large spatial scales.  

 In Chapter 2, the detection of the parasite and its hosts from water environmental DNA (eDNA) 

combined with sensor data, available databases related to the river network and land use from remote 

sensing for measuring a wide range of environmental parameters at a large geographical scale (83 sites 

spread over 6000km² and 54 different streams, including 46 sampled brown trout populations) allowed 

to identify the most important biotic and abiotic variables for parasite establishment and disease 

emergence in trout populations. I highlighted the importance of hosts’ abundance for parasite 

distribution and showed that abiotic environmental factors acting directly on the host physiology were 

more important than the abundance of parasite propagules in the environment for determining the 

infection prevalence, hence illustrating the context-dependence of this host-parasite interaction 

outcomes. I investigated two different levels of the parasite life cycle, i.e., the parasite into its vertebrate 

host that was of interest for conservation purposes, and the parasite into its transmission stages. Studying 

a maximum of a parasite component populations allows for a finer understanding of the mechanisms 

shaping host-parasite interaction outcomes. 
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 In Chapter 3, I worked at the intra-population level to investigate the responses of brown trout 

to environmental stressors involved into disease development (infection prevalence and water 

temperature) at the demographic, genetic and phenotypic levels with a before/after outbreak study 

design. I found that the infection prevalence in fish was linked to a decline in host populations density, 

but only in populations showing low to medium infection prevalence the year before, suggesting that 

initial great declines due to PKD might be followed by rapid population adaptation. The infection 

prevalence had no impact on the neutral genetic diversity but was linked to a loss of diversity at an 

immune gene, suggesting that directional selection might operate at this adaptive locus. At the 

phenotypic level, I found a negative effect of the infection prevalence and the water temperature on host 

body condition and colouration, suggesting that these stressors could have an impact on the future fitness 

of surviving individuals. 

  Finally, in Chapter 4, I worked at the inter-population level to identify populations that were 

the most at risk of decline, not only because of the parasitic context, but also in relation to other 

parameters related to population global health status. I therefore associated the pathological status of 

wild host populations to other relevant indicators for population conservation, informing on their genetic 

and ecological status, both important for their adaptive potential in a context of environmental change, 

to develop an integrative multifaceted index informing on wild populations global health. This 

multifaceted index properly represented its component indicators (pathological, genetic and ecological) 

and highlighted the most relevant abiotic drivers of the studied wild populations’ health. The 

construction of this multifaceted index is highly flexible and should be transposable to a wide range of 

ecosystems and species. 

In the following part, I discuss the methods and findings of this thesis, including for the host-

parasite system studied, together with the adding of some extra-analyses not shown within the chapters. 

Altogether, this work provides a new methodological framework for studying the eco-evolutionary 

dynamics of host-parasite systems that further improves the understandings of the complex association 

between environmental factors and parasite infections in wild populations confronted with changing 

environments. More specifically, it identified some clues for the surveillance and management of 

wildlife infectious diseases and stressed the main environmental drivers to the studied case of T. 

bryosalmonae and wild brown trout populations. 
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Figure 11. Schematic representation of the different facets of the epidemiological triangle (host in blue, parasite in orange and environment in green) that 
were investigated throughout the thesis. D in the center describes the potential disease outcome. Only the environmental factors identified as the most 
relevant are shown. The methods used are indicated in italic. uDNA was developed in Chapter 1 to infer fish infection status, a before/after study design was 
used in Chapter 3, and a multifaceted health index of wild populations was developed in Chapter 4. Arrows width on the parasite part indicate the relative 
importance of the abiotic and biotic (hosts abundance and parasite abundance, estimated through eDNA) for parasite abundance and fish infection, as 
identified in Chapter 2. 
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The use of non-lethal methods for wildlife disease surveillance 

Monitoring population infection status 

The complexity and ubiquity of parasite-host-environment interactions stresses the need for considering 

parasitism when evaluating multiple stressors acting on wildlife, especially in the context of 

environmental change (Lafferty & Kuris, 1999). Parasite distribution and prevalence are most probably 

larger than disease distribution and prevalence (mostly reported by the detection of noticeable diseased 

individuals via passive surveillance), because of asymptomatic parasite carriers. Therefore, an active 

and efficient monitoring of wildlife population infection status is required to provide early warnings and 

forecast future disease outbreaks (Ryser-Degiorgis, 2013). Alternative methods for detecting individual 

and population infection status are needed to get a large-scale overview of the populations that are the 

most at risk of developing infectious disease. Wildlife population screening for endoparasite infections 

usually relies on lethal sampling and the examination of the affected organs (e.g. in McAllister et al., 

2016). Yet, except for the parasites that are trophically transmitted (Kuris, 2003), most parasites have to 

be excreted from an infected host to find their way to their next host. In the present work, I showed how 

a non-lethal method taking advantage of the release of parasite spores and DNA along with host fluid 

excretion could inform the individual infection status and population infection prevalence (Chapter 1). 

I therefore expect that such non-lethal methods could be implemented in the study of most host-parasite 

interactions.   

Moreover, infection diagnoses based on host excretion inform on the amount of infective spores 

released towards the other susceptible hosts, so that the comparison of DNA quantity excreted at 

different sites could inform on the ability of a parasite to complete its life cycle into different 

environmental conditions. Furthermore, it may help to identify diseases’ super-spreaders. In wildlife 

infectious diseases, 20% of the individuals (super-spreaders) are considered responsible for 80% of the 

infection transmissions (White et al., 2017). The identification of super-spreader individuals or hotspots 

for parasite transmission (when heterogeneity in transmission occurs in space) may allow for better 

targeted control measures (Paull et al., 2012). This might also be beneficial for instance within farming 

structures, especially for parasites horizontally transmitted (i.e., with direct transmission to hosts of the 

same species), to isolate the individuals contributing the most to the parasite transmission and avoid too 

much spreading of the associated disease. For parasites with a complex life cycle such as T. 

bryosalmonae, it also informs on the dynamics of parasite release by the different hosts, contrary to 

traditional eDNA sampling in the river water, as eDNA cannot distinguish between spores infective to 

one host species or to the other (e.g., between spores released by bryozoans infective to the fish and 

spores released by fish infective to bryozoans; Fontes et al., 2017). 
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The use of non-lethal infection diagnoses may therefore be useful to the study of a lot of issues 

linked to wildlife infectious diseases. For instance, in this thesis, I applied the uDNA method to assess 

populations’ infection prevalence at a large geographical scale, to decipher its environmental drivers, to 

identify hosts populations that were the most at risk of developing the disease and/or of declining in the 

context of environmental change (Chapters 2 and 4), and to study the combined impact of the infection 

and thermal stressor on host populations (Chapter 3). Overall, this represents a total of 1300 fish tested 

for parasite infection with uDNA, that would have otherwise been sacrificed for the infection 

assessment. This is substantial because it avoided the impoverishment of already declining wild 

populations.  

Non-lethal sampling is therefore relevant for conservation purposes, but may also be used to 

avoid losses due to sampling in farming. For instance, da Cunha et al. (2020) developed a method based 

on blood sampling and qPCR to detect an intestinal endoparasite of Colossoma macropomum in farmed 

fish to avoid the economic loss due to lethal sampling. Likewise, Riepe et al. (2021) used mucus 

swabbing to detect kidney bacterial infection of the brook trout (Salvelinus fontinalis). However, fish 

infected in the kidney yielded less than 60% positive mucus swabbing, compared to the 87% found 

during the development of the uDNA method (Chapter 1). Moreover, 11 out of the 72 sampled fish (i.e., 

15%) were found positive via mucus swabbing but not in the kidney. These false positives may illustrate 

the modulation of the compatibility filter through host resistance: the parasite went through the 

encounter filter to find its host but did not manage to enter its body and cause infecton (see Fig. 2 for an 

illustration of the encounter and compatibility filters). Detection methods based on hosts excretion might 

therefore be more accurate because they indicate parasite’s ability to enter the host, translating effective 

infection.  

After comparison to the traditional lethal method used for T. bryosalmonae detection in the fish 

host (e.g. in Bruneaux et al., 2017), uDNA revealed appropriate for inferring host infection status 

(qualitative information), but imperfect for parasite load quantification, probably due to the impaired 

excretion of severely diseased individuals (Chapter 1). Nonetheless, I found a better relationship 

between the parasite load measured in the kidney and the uDNA quantity of fish from a population 

showing no symptom of the disease. This suggests that uDNA used on older fish -that may be infected 

without developing the disease upon reinfection- could give a better estimation of the parasite load, as 

non-diseased and recovered fish still excrete parasite spores (Soliman et al., 2018).   

The main drawback of the uDNA method compared to traditional lethal sampling and 

examination of the affected tissues is that it does not inform on the outcomes of the infection on the 

individual health. A perspective would be to further make use of the host excretions to monitor 

physiological parameters related to host health status. For instance, the detection of cortisol, a stress 

hormone, within fish excretion, is increasingly used to assess fish stress. Cortisol detection is therefore 
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useful to assess fish welfare in fish farms, or the adaptive capacities of fish in response to environmental 

change (Sadoul & Geffroy, 2019). Even though there remain some technical issues regarding the 

immediate impact of fish handling on the quantity of excreted cortisol, this method seems promising to 

get further information on chronic stress resulting from parasite infection, that we could not detect in 

this thesis with the single use of uDNA. In the case of the proliferative kidney disease caused by T. 

bryosalmonae, physiological measures such as haematocrit (% of blood cells in the blood), oxygen 

consumption or kidney hyperplasia are used to quantify the pathological effect of the infection (e.g. in 

Bruneaux et al., 2017). In severely diseased fish, external symptoms such as exophthalmia or swollen 

anterior body manifest and may inform, at least qualitatively, on PKD development. Accordingly, a 

quick supplementary investigation (based on only a few samples) showed that there might be a positive 

relationship between the measured kidney swollenness and the height of the fish body (Appendix 1). 

Even though a swollen anterior body can be the symptom of a wide range of fish diseases, the combined 

use of uDNA, cortisol measurement, haematocrit (with blood sampling done precautiously, Lawrence 

et al., 2020) and body height might represent a reasonable alternative to fish lethal sampling for assessing 

PKD development.    

eDNA as a tool for studying the dynamics of host-parasite interactions 

Environmental DNA is being increasingly used in parasitology to detect and quantify otherwise invisible 

microscopic parasite species that are highly diluted in the open environment (Huver et al., 2015; Bass 

et al., 2015). This is substantial to get an overview of parasite distribution, but eDNA has until now 

rarely been used to infer host-parasite interactions. The development of highly sensitive detection 

methods such as the droplet digital PCR, which can now target several species DNA in multiplex, 

represents a precious tool for wildlife monitoring. The conjoint detection of the different compartments 

of a parasite life cycle (hosts and parasite within and outside its hosts) is essential for identifying 

potential transmission sites to provide early warnings, evaluate the risks for disease outbreaks and 

understand the environmental conditions favouring the infection (Amarasiri et al., 2021). Such 

methodological framework allows to dig into finer details of host-parasite interactions, in terms of 

spatial distribution but also of timing, especially when vectors or reservoir hosts are involved. Here, 

“reservoir hosts” describes all the other potential host species in which a parasite can be permanently 

maintained and from which infection is transmitted to the defined target host (Haydon et al., 2002; e.g., 

in my study case, brown trout is the target host, and bryozoan represents the reservoir host). 

Following the work from Carraro et al. (2017; 2018), I used eDNA to conjointly detect and 

quantify the parasite and its bryozoan host, adding the quantification of brown trout abundance and 

expending it to a large geographical scale (Chapter 2). I investigated the main environmental drivers of 

the parasite distribution within the open environment (eDNA) and within the fish host (infection 

prevalence) through uDNA, therefore adding another compartment of the parasite life cycle, to 



-General discussion- 

159 
 

disentangle the relative importance of abiotic and biotic factors in shaping the parasite distribution and 

disease risk. While the occurrence and abundance of the free-living parasite propagules (infectious either 

to the fish or the bryozoan host) were mainly driven by the abundance of the two hosts (biotic factor); 

the infection within fish was driven by the abiotic environmental conditions experienced by the fish 

hosts, and only poorly linked to the propagule abundance in the water (biotic factor, see Fig. 11 for a 

visual representation). This suggests that the abiotic environment modulates host susceptibility to 

infection, probably through a negative effect of water temperature on this poikilotherm immune response 

(overexpression leading to immunopathology; Råberg et al., 1998; Bowden, 2008), and/or through the 

increase of the parasite proliferation within the host due directly to warmer temperature and/or through 

a decreased control of its development by the host (Macnab & Barber, 2012; Lauringson et al., 2021).  

These results suggest that even though a parasite is present, it is most likely the direct impact of 

the environment on host physiology that will determine the infection prevalence and disease risk, 

probably through a decreased host tolerance under altered environmental conditions. Therefore, a 

change in environmental conditions may have a stronger direct impact on the host than indirect impact 

via the effect on the parasite transmission from reservoir hosts (illustrated by the arrow’s width on Fig. 

11), so that management actions might better focus on the abiotic environmental conditions than on the 

control of the parasite and its potential reservoir hosts’ propagation (see below).  

Because of the importance of the hosts abundance in shaping the parasite distribution, I 

additionally applied the analyses of Chapter 2 (i.e., model selection) to identify the abiotic 

environmental factors that were the most important for the brown trout and the bryozoan distributions. 

Bryozoan distribution is patchy (Okamura & Wood, 2002) and previously unknown in our study area, 

so that the study of its environmental drivers could have further revealed the indirect importance of 

abiotic factors for T. bryosalmonae’s distribution (Appendix 2). These analyses revealed that it is 

difficult to predict bryozoan distribution, as the model containing all the relevant abiotic variables 

(confirmed by model selection) had a low R² (0.14). However, it seems that the finer the sediments, the 

higher the chances are of finding F. sultana’s DNA in the environment (Appendix 2b). Brown trout 

eDNA was relatively more abundant in cooler water, and on sites with mild slope and mild urbanisation 

(R² = 0.33 for the model containing these variables and their quadratic terms, Appendices 2c-g). These 

results are coherent with what is known of brown trout ecology, especially for the water temperature 

(Elliott & Elliott, 2010), thus comforting on the accuracy of the eDNA quantifications.  

The screening of the studied area through eDNA revealed the presence of the parasite and/or its 

bryozoan host at sites where infection of the fish host had not been detected yet, raising the alarm for 

potential future infection and/or disease development depending on the environmental abiotic 

conditions. This illustrates how eDNA may be used as an early warning signal of a biotic threat towards 

wildlife or farmed populations. For instance, eDNA detection of the protozoan parasite Chilodonella 
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hexasticha was positively correlated to mortality events of barramundi Lates calcarifer within a fish 

farm (Bastos Gomes et al., 2017). In this latter study, they also showed that abiotic factors such as water 

temperature and rainfall were important drivers of fish mortality, also illustrating the importance of 

environmental conditions in driving the outcomes of a parasite infection.  

The temporal dynamics of a parasite life cycle may also be substantial to the infection outcomes. 

During my thesis, I also carried out a temporal eDNA sampling, surveying the concentrations of T. 

bryosalmonae, F. sultana and S. trutta DNA approximately every two months during a whole year, from 

June 2019 to June 2020. The aim was to investigate the temporal patterns of the parasite life cycle and 

to identify a potential synchronism between the activity of the parasite and that of its hosts. In the end, 

I did not have time to process the data during my thesis, but I had the opportunity to do preliminary 

analyses with Chiara Mercier, a MSc student that I co-supervised (see Appendix 3 for her report). The 

sampling consisted in stream water collection in sterile bags and vacuum filtration back in the laboratory 

(see Appendix 4 for an illustration of the different filtration methods used for eDNA and uDNA 

collection throughout the thesis). I sampled 11 sites known to house infected fish populations for 7 

sampling sessions, collecting each time 6L of water per site. Chiara showed coordinated peaks of 

abundance for parasite and bryozoan in the early August and early September sessions (Fig. 2 of 

Appendix 3). We expected such peaks to occur in spring, when the conditions become favourable for 

bryozoan growth with an increase in temperature and food availability, coinciding with bryozoan overt 

infection and the onset of parasite spore release (see Fig. 8 and the general introduction). In that sense, 

there was a small increase in parasite DNA concentration in May, even though not significant (Fig. 2 of 

Appendix 3). The unexpected summer peak in parasite abundance could reflect brown trout spore 

excretion, but its synchronisation with the bryozoan peak suggests that the detected parasite DNA may 

mostly come from bryozoans, either through spore release, or perhaps from an early release of infected 

bryozoan statoblasts (see Fig. 8 for an illustration of bryozoan life cycle). These dormant stages are 

usually massively produced by bryozoan colonies prior to senescence when environmental conditions 

become unfavourable (usually in autumn), and bryozoan colonies spend the winter in these reduced 

forms (Hartikainen et al., 2009, 2013; Hartikainen & Okamura, 2015). Alternatively, bryozoans have 

also been reported to release infective parasite spores in autumn, witnessing a resurgence of overt 

infections, probably as a terminal effort of the parasite to escape future bryozoan senescence (Tops et 

al., 2009; Hartikainen & Okamura, 2015). Additionally, an extra-analysis on the onset of parasite release 

by infected fish also revealed that a stricter study of temperature regimes beginning in the winter might 

be important to understand the timing of T. bryosalmonae’s life cycle and the onset of spore release in 

the wild, both by its bryozoan and by its fish hosts (Appendix 5, Rubin et al. 2022). To better understand 

these results, it would be beneficial to increase the eDNA sampling frequency during spring, autumn, 

but also in winter, coupled with fine temperature recording to get a finer overview of the temporal 

patterns at these critical periods for the continuity of the parasite life cycle.  
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A future perspective for the study of T. bryosalmonae’s life cycle with eDNA tools would be to 

identify the whole potential host community present in the rivers, including all salmonid and bryozoan 

species known to be hosting the parasite. Our fish sampling showed that brown trout broadly dominated 

fish community, with only two sites housing another salmonid, the Atlantic salmon Salmo salar, that 

was identified through photograph inspection of morphological traits differentiating S. salar and S. 

trutta, and/or confirmed by a bad SNP genotyping (one site of the Garonne and one site of the Neste). 

However, it would be interesting to try to detect T. bryosalmonae DNA from the other most common 

sympatric fish species in the Pyrenees streams such as the stone loach (Barbatula barbatula), the 

European bullhead (Cottus gobio), the gudgeon (Gobio gobio) or the common minnow (Phonixus 

phonixus). Indeed, even though these species would most probably represent dead-end hosts for the 

parasite as only two species within the salmonids have been identified as permissive hosts releasing 

infective parasite spores towards bryozoans (Grabner & El-Matbouli, 2008), they could play a role of 

parasite population sink by decreasing the parasite pressure for brown trout and for the bryozoans 

(Doherty & Poulin, 2022). Moreover, the screening of other bryozoan species known to host T. 

bryosalmonae such as Plumatella rugosa, Cristatella mucedo or Pectinatella magnifica could be further 

interesting as the accurate distribution of these species is unknown in the Pyrenees, and they might 

rapidly colonise new environments, therefore increasing the presence of T. bryosalmonae’s reservoir 

hosts (Vuorio et al., 2018).  

Environmental DNA detection is until now especially used in the aquatic environment, but 

recent uses of the air eDNA (Clare et al., 2021; Lynggaard et al., 2022) or plant eDNA (Lyman et al., 

2022) suggest that its use could be extrapolated to almost all the species and types of environment, to 

infer a wide range of species interactions (e.g., plant-animal interactions; Banerjee et al., 2022), therefore 

opening new avenues for wildlife species (communities) monitoring.  

Reliability of eDNA quantification 

Previous eDNA studies have shown that it is often more efficient to increase the number of field 

replicates than the volume filtered per sample to get accurate detection and quantification of the targeted 

species (e.g. in Capo et al., 2020). For eDNA detection in Chapter 2, we thus decided to filter up to 1.5L 

per filter, to use 8 filter per site (representing a maximum total volume of 12L) that we grouped by 2 

into the same sample, to avoid too many extractions, leading to 4 field replicates per site. I found 

variation in eDNA concentration between the field replicates for the three targeted species, highlighting 

the importance of multiplying the field replicates to ensure an optimal detection of rare or patchy-

distributed species such as T. bryosalmonae, but also to compute a more accurate mean concentration 

in the case of positive detection (Appendix 6). For T. bryosalmonae, each field sample was run twice 

with ddPCR, and the visual exploration of the results showed that the two PCRs yielded very similar T. 

bryosalmonae DNA concentrations, therefore confirming that field replication seems more important 
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than PCR replication (Appendix 6a). This repeatability found between PCR replicates further confirms 

the great precision of ddPCR quantification (Doi, Uchii, et al., 2015; Doi, Takahara, et al., 2015).  

 We found parasite DNA in the water for 21 of the 27 sites where we detected infection within 

fish (Chapter 2). Another study on the same parasite previously found parasite eDNA with qPCR at only 

half of the sites with infected fish (Sieber et al., in prep). The better performance of our sampling might 

be due to the higher sensitivity of ddPCR (Doi, Uchii, et al., 2015; Doi, Takahara, et al., 2015). However, 

the lack of detection of parasite DNA in the water was especially surprising for two sites (GRAMon and 

BOUSer) where we found a very high infection prevalence within fish (respectively 80 and 100%). This 

points at the limits of eDNA and some difficulties that still have to be overcome. This could reveal a 

timing mismatch between the sampling and the period of parasite release, but this is not supported by 

the temporal study that identified a peak of parasite detection in August (Appendix 3), i.e., at the very 

same period of the eDNA sampling of Chapter 2. Moreover, the fish infection prevalence at these sites 

was also measured in August via uDNA, thus confirming that parasite DNA is released in the milieu by 

infected fish. Alternatively, high water temperatures during the sampling could have precipitated DNA 

degradation (Strickler et al., 2015), but the detection of brown trout DNA at all sites seems to exclude 

this hypothesis. The explanation may come from the main difficulty encountered during the eDNA 

sampling, that is the difference in turbidity across the 54 sampled streams. For this eDNA sampling, we 

decided to constrain the number of filters used per site (8, that we grouped per 2 for the extraction), so 

that at the clearest sites we were able to filter 12L (we had set up a limit of 1.5L per filter), but at turbid 

sites, the amount of filtered water could be way less (for instance 2.4L for BOUSer, the most turbid site, 

and 4.9L for GRAMon, see Appendix 7 for a distribution). Although we were able to detect parasite 

DNA at some sites with only 5L filtered, this might represent the biggest limit of our sampling. For 

further sampling, I would therefore suggest increasing the number of filters used (thus increasing the 

number of extraction and field replicates) at the turbid sites to ensure the filtration of at least 7-8L per 

site. Alternatively, I would test the use of filtering cartridges allowing higher filtration volumes (Miya 

et al., 2016) with a pre-calibration at the most turbid sites to homogenise the maximum volume to be 

filtered per site, using at least 2 cartridges per site to have field replicates. The choice between these two 

sampling alternatives would be a trade-off between time, number of replicates, homogenisation between 

the sampled sites and budget (as with all the sampling methods), because increasing the number of filters 

at turbid sites takes time on the field and in the lab, while filtration cartridges are more expensive and 

restrict the number of field replicates. Additionally, I would try to identify different microhabitats 

apparently favourable to the parasite transmission (such as tree roots, sediment areas, rock shelters…, 

see below) and locate the sampling downstream of these habitats to diversify the field replicates and 

thus maximise the chances of finding the highly diluted parasite eDNA (found in low quantities at 

positive sites). However, this sampling design is easier to perform on small wadable streams than on 

large rivers such as the Ariège or the Garonne.  
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Additionally, I also tested the reliability of eDNA for estimating brown trout abundance by 

analysing the relationship between the quantity of brown trout eDNA detected in Chapter 2 and the 

brown trout biomass (including all-age trout) found at 26 sites that were common to another project led 

by the team. Even though both samplings (eDNA and biomass) were not performed at the very same 

time, I found a positive and significant relationship between the two measures (R²adj = 0.28, P = 0.003, 

Appendix 8). This positive relationship highlights the ability of eDNA to inform on brown trout 

abundance, in agreement with most studies investigating the correlation between fish biomass and 

eDNA concentration in freshwater (Rourke et al., 2021), even though the relation was weaker than that 

found in experimental studies (e.g. for pike, Esox lucius, R2 = 0.74-0.87 in Karlsson et al., 2022) due to 

the hazards encountered on the field that are avoided in controlled experiments. 

 

In conclusion, non-lethal methods such as uDNA and eDNA should be increasingly used to 

study wildlife populations while avoiding the harm to the sampled organisms as much as possible, for 

ethics and conservation purposes (Parris et al., 2010; Waugh & Monamy, 2016). Although host sampling 

may not be 100% risk-free to the hosts, as the capture and handling generate stress, and eDNA for 

parasite detection in the open water may still require sampling refinements, the combination of uDNA 

and water eDNA methods in this thesis allowed to track population infection prevalence and to further 

understand the dynamics of an endoparasite life cycle without killing the hosts, while studying several 

parasite component populations (within the host and as transmission stages), therefore opening new 

perspectives for future studies of endoparasites. The development of such methods, together with the 

monitoring of environmental factors, allows wildlife studies to encompass large geographical scale, 

required for an efficient targeting of threatened populations into management plans (for instance, 83 

sites were sampled for eDNA within two weeks by two persons on over 6000km² for Chapter 2). The 

French SAGIR network involves professional and citizen science for the recording of mortality or 

morbidity events affecting wild populations of birds and mammals through passive surveillance. This 

network, encompassing the whole country, reveals efficient in detecting early signal of wildlife disease 

outbreaks. When disease cases and/or suspicious death are reported, investigations are led to determine 

the causes (infectious agents, but also pollution; see Millot et al., 2017). Such a national network could 

be initiated within streams to routinely detect the presence of wildlife parasites via eDNA in the water 

and provide insights on infectious disease risks.   
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The impacts of multiple stressors on host populations 

The second part of this thesis focused on the ecological and evolutionary impacts of multiple stressors, 

including parasite infection, on the host populations and their global health. Two studies were led at two 

different levels: at the intra-population level in Chapter 3, investigating the impact of multiple stressors 

before and after the favourable period for disease outbreak, and at the inter-population level in Chapter 

4, by developing a multifaceted index of population health, compared between populations while 

investigating the driving environmental factors, therefore allowing to identify risk-prone populations. 

Monitoring wildlife populations intraspecific variation in time 

In Chapter 3, I took a first step towards the understanding of a parasite impact on its host species 

recruitment (i.e., the number of juveniles that incorporate into the population as a result of the annual 

spawning), that is substantial for the population size and sustainability (Lobón-Cerviá, 2005). Most 

studies about host-parasite interactions in the wild are led after the detection of a disease outbreak, or 

during a specific period that is favourable to the detection of infected individuals. However, such 

sampling might miss the less tolerant/resistant individuals that succumbed to the infection prior to the 

sampling, so that the parasite effect on its host populations might be underestimated (Rubin et al., 2022). 

Here, this before/after study investigated the combined impacts of multiple stressors, represented by 

parasite infection and water temperature, on host survival and intraspecific variation during the critical 

period for disease development (i.e., the summer). T. bryosalmonae was identified as the main threat to 

its host survival in the study area, causing a temperature-dependent disease, so that water temperature 

might act at two different levels: directly on the host physiology (brown trout, the studied host, is a 

poikilotherm and cool-water fish), and indirectly by triggering the disease development (either by an 

increased development of the parasite, an increased propagule pressure in the environment -but see 

Chapter 2-, or an impaired host immune response).  

The results showed that the abundance of brown trout decreased further during the summer at 

highly infected sites, except at the sites that were already highly infected the year before. This is a very 

interesting result, suggesting that naive populations show a higher risk of decline, whereas the juvenile 

density of populations with an infection history and a high percentage of infected individuals during 

previous years could be maintained. This could illustrate transient dynamics where the initially high 

mortality caused by a pathogen could rapidly fade due to micro-evolutionary response of the host 

population (Hastings, 2004; Voyles et al., 2018). A recent experimental study also suggested that sudden 

environmental changes (such as a disease outbreak) may favour a more rapid adaptation of populations 

compared with slower environmental changes (Guzella et al., 2018). Accordingly, I found that high 

infection prevalence was linked to a decline in diversity at an immune gene, whereas no such decline 

was detected at the neutral loci. This decrease in immune-gene variation could result from the directional 
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selection of advantageous alleles and highlights the importance of standing genetic variation for a rapid 

adaptation (Eizaguirre et al., 2012; Phillips et al., 2018). This supposed ongoing adaptation to T. 

bryosalmonae infection could rapidly erase the initial disease-related declines, but the resulting decrease 

in standing genetic variation at the immune genes could also favour co-infection by other parasites, even 

though the impact of reduced MHC diversity in the wild remains unclear (Radwan et al., 2010; Pauls et 

al., 2013). At the phenotypic level, I found that water temperature and infection prevalence were 

negatively linked to body condition and had an interactive effect on carotenoid-based colouration, 

suggesting phenotypic plasticity and a reallocation of resources under the adverse environmental 

conditions experienced during the summer. These reallocations due to a poor early-life environment 

may have further effects on individual lifetime fitness including future reproduction and survival to other 

potential stressors (Lindström, 1999; Pigeon & Pelletier, 2018). Overall, these results suggest that brown 

trout populations of the studied area may show the adaptive potential (i.e., the ability to respond to a 

selection pressure by means of phenotypic and/or genetic changes; Eizaguirre & Baltazar-Soares, 2014) 

to counter an initial loss of density due PKD emergence, even though the negative impact of infection 

and water temperature on phenotypic traits related to fitness could have long-lasting negative effects on 

surviving individuals. Furthermore, the apparent tolerance linked to phenotypic plasticity could be 

efficient on the short-term, but may show some limits on the long-term, especially if the environmental 

conditions continue to alter (Nussey et al., 2007; Hansen et al., 2012). 

Wildlife population monitoring before and after a critical period for the action of environmental 

stressors on several consecutive years may help to confirm possible transient dynamics, and evolution 

in genetic and phenotypic variation (Royle et al., 2018; Vredenburg et al., 2019). Moreover, as wildlife 

populations are not closed to dispersion (immigration and emigration of individuals), a study at a finer 

scale, allowing to quantify dispersion between sampled sites, could reveal important dynamics relative 

to a metapopulation system (Jiao et al., 2020). Indeed, it is possible that the initial mortality at a site 

could be buffered by the arrival of new individuals. This immigration could either provide genetic rescue 

to a host population lacking standing genetic diversity, or on the contrary weaken the effect of directional 

selection that might be required for rapid adaptation (Tallmon et al., 2004). A long-term individual-

based study, involving the tagging of surviving individuals and the following of their subsequent 

reproduction could inform on the long-lasting effects of the early-life environment (Clutton-Brock & 

Sheldon, 2010). Such a study would require several years of sampling for the construction of an accurate 

pedigree and thus intensive sampling of whole populations at a few sites. Although very costly in 

sampling effort, it could give precious information on the potential evolution in resistance and tolerance 

in a host population after a disease emergence.  

Alternatively, a common garden experiment in rivers categorised by different temperatures, 

infection prevalence at the year n-1 and infection histories (ideally more than one year ahead), with 
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caging of individuals originating from these different rivers would help to further understand the impacts 

of these two stressors on brown trout juveniles and the mechanisms involved (adaptation through 

directional selection or phenotypic plasticity; Jensen et al., 2008; Blanquart et al., 2013; Grimaudo et 

al., 2022). Such in situ experiment could be coupled to the test of different treatments within the same 

river, testing for instance the effect of different microhabitats (e.g., river substrate, as Chapter 2 suggests 

an effect of sediment size on both the infection prevalence and parasite distribution). The test of different 

microhabitats (related to river substrate but also close to tree roots, dead wood, shelters near large rocks, 

i.e., favourable habitats to bryozoan colonies establishment) seems substantial as a previous caging 

experiment in rivers where T. bryosalmonae eDNA was detected in the water failed to induce infection 

in the caged fish, also suggesting that microhabitat preferentially chosen by free ranging fish represents 

infection hotspots (Hutchins et al., 2021). Overall, such an experiment would enable a comparison of 

individual survival according to the infection and genetic background of their source population, to get 

further insights on the potential higher survival of the offspring of infected breeders, and on potential 

hotspots of infection (Mathieu‐Bégné et al., 2021). Moreover, the infection could be surveyed through 

time with the uDNA method, the only mean for temporal individual infection survey (because non-

lethal, Chapter 1), together with the evolution of phenotypic traits to investigate the trade-off hypothesis 

between immune, growth and reproduction functions. eDNA sampling upstream of the cages targeting 

T. bryosalmonae and F. sultana as in Chapter 2, combined with a fine recording of water temperature, 

would further inform on the timing of infection and the exposure to parasite propagules. This experiment 

would thus provide a great quantity of information on the parasite life cycle and the impact of the 

infection on brown trout hosts. However, it would require a lot of individuals to ensure enough statistical 

power, and it may raise some issues to introduce exogenous individuals into a river, together with their 

parasite cohorts (potentially T. bryosalmonae and others) that could cause sanitary issues in their 

translocation area.  

Monitoring wildlife populations health in space 

If parasite infection may threaten wildlife populations, it is not the only parameter that may inform on a 

population risk of decline. In Chapter 4, I developed an integrative multifaceted index informing on 

wildlife population health, by combining information on the pathological, the ecological and the genetic 

status of populations (component indicators). Here, the term health goes beyond a disease-centric 

approach, and rather describes the propensity of a population to respond to environmental changes 

(Stephen, 2014; Wittrock et al., 2019). The results revealed that the component indicators were not 

correlated and therefore carried complementary information, and that the multifaceted index properly 

represented its component indicators. The multifaceted index identified the populations that were the 

most risk-prone, together with the most important environmental factors among a wide range in shaping 

populations’ health, a substantial information for the elaboration of management plans.  
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Moreover, the use of a multifaceted index buffers the imperfection and incompleteness of the 

single component indicators. For instance, although in our case study T. bryosalmonae likely represented 

the main pathological threat in the sampled area, the pathological indicator could have been 

complemented by information about the whole community of pathogens likely to affect the host of 

interest. For instance, a high-throughput qPCR assay has been developed by Bass et al. (2017) to detect 

a wide array of microparasites (45 different taxa including viruses) in the Chinook salmon 

(Oncorhynchus tshawytscha) by amplifying RNA. The combination of non-lethal methods for parasite 

detection such as uDNA and/or biopsy with molecular screening would represent a great opportunity to 

further improve the significance of the multifaceted index. Additionally, the genetic indicator informing 

on population genetic diversity could be positively biased by the introgression from stocked individuals. 

The study area has a history of stocking wild salmonid populations with hatchery-reared fish, even 

though this is especially true for elevated altitudes, and stocking has been reduced in the last decades 

(Chat et al., 2015; Galop, 2020). I run some additional analyses to potentially identify individuals that 

would come either directly from hatcheries, or that would be partly introgressed with these hatcheries’ 

strains (Sanz et al., 2009). Population admixture analyses run with STRUCTURE (Pritchard et al., 2000) 

together with 125 SNPs data and 30 individuals from the two main hatcheries used for stocking in the 

region revealed that the sampled sites were only weakly concerned with introgression from farmed fish, 

as we found a mean introgression of 0.08 (with 0: wild cluster and 1: hatchery cluster), with a maximum 

of 0.47 for TOUFre which showed a weird introgression pattern (Appendix 9). If what we detect in this 

population is truly introgression, it means that almost all the individuals are the offspring of an 

interbreeding between purely “wild” and purely “farmed” fish, which seems very unlikely and may 

illustrate some limitation in the introgression quantification (that could be overcome with an analysis 

population per population, such as in Appendix S3 from Chapter 3). I could have added the introgression 

measure within the genetic indicator to balance a potential “positively biased” genetic diversity, but it 

is not straightforward whether the introgression should have a positive of negative effect on the 

population genetic health score. Indeed, if the resulting increase in standing genetic variation might be 

beneficial, the introgression could also lead to outbreeding hindering local adaptations. For instance, 

Currens et al. (1997) found that the introgression with hatchery rainbow trout reduced the ability of wild 

rainbow trout to survive the infection by the myxozoan Ceratomyxa shasta. I also run similar analyses 

to detect stocked fish with the individuals genotyped in the before/after study (Chapter 3), where I chose 

to remove the individuals identified as stocked (with introgression > 0.75, arbitrary threshold) to ensure 

that the before and after densities would not be influenced by these “external” fish that might respond 

differently to the environmental stressors, or that might have been stocked between the two sampling 

sessions. Interestingly, we found firm evidence of stocking at a site before the summer, but not after, 

suggesting that the stocked fish may not have survived the summer, or that they dispersed further 

downstream. 
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Another perspective to this work would be to investigate whether the parasite shows different 

strains over the study area, which could represent another level of variation in virulence and disease 

severity that I did not explore. A recent study used eDNA to identify the strains of a Ranavirus and 

found that the eDNA strains differed from that found within earlier infected amphibian hosts (Kaganer 

et al., 2021). These results therefore suggest that eDNA and/or uDNA methods could be used for parasite 

strains identification across a spatial range, but also to follow parasite evolution across time. The 

sequencing of T. bryosalmonae’s DNA could therefore add some more insights to the eco-evolutionary 

pathways of this host-parasite system. 

Moreover, I focused on only one parasite species, because T. bryosalmonae has been identified 

as the main pathogen threat in the area, but co-infection with other parasites, that is the rule rather than 

the exception in natural systems, may add to the multiple stressors (as part of the biotic environment) 

shaping the host-parasite-environment interaction outcomes (Lively et al., 2014). The study of multi-

parasite infections is developing through high-throughput sequencing methods (Titcomb et al., 2019), 

and has already been used in chinook salmon (Bass et al., 2017). Such methods for detecting a whole 

host parasite community could be derived from parasite DNA detection in host excretion (uDNA 

method).   

Relevance of this work for brown trout management in the Pyrenees 

This thesis shed light on a parasite distribution in a previously unsampled area. With the use of uDNA 

and eDNA, I identified infected brown trout populations and areas where they could become infected or 

diseased in the near future. Moreover, I identified the most risk-prone populations in the area including 

other information than their sole infection status, which may have a different effect on populations with 

high densities, high genetic diversity and favourable phenotypic traits than in a small, inbred population 

with already weakened individuals.  

 Accordingly, I found in Chapter 3 that high infection prevalence in naive populations had a great 

impact on their post-summer density. This means that populations showing already low juvenile 

densities before the summer might risk a null-recruitment year. However, the surviving individuals, that 

are most likely protected from disease development upon reinfection (Feist & Longshaw, 2006), may 

have been selected for their favourable genetic background (as suggested by the reduced diversity at the 

MHC locus after the summer at infected sites), that they could pass on to the next generation (genetic 

heritability), even though this would require a strong selection. Moreover, the populations highly 

infected the year before the sampling showed a weak decline in density, that was comparable to non-

infected populations. This may either illustrate a strong directional selection that already operated on 

the breeders, or a potential transfer of the immunity by infected mothers to their eggs that would facilitate 

the development of juveniles’ immune response (maternal heritability, e.g. in Gasparini et al., 2002). 
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Overall, this means that after an initial decline in population recruitment, the surviving individuals may 

participate to a transient dynamic illustrating rapid micro-evolution (Ashley et al., 2003; Voyles et al., 

2018). At the phenotypic level, I found that the surviving individuals had an altered body condition at 

the warmer and infected sites, and that their carotenoid ornamentation, which highly increased during 

the summer at cold non-infected sites, barely increased at warm sites and infected cold sites. The 

combined impact of the infection and the water temperature thus altered these fitness-related traits, 

probably because of a trade-off with immune functions (Rauw, 2012). The negative effects of high 

infection and/or high water temperature on growth during the first summer may also have long-term 

effect on brown trout over-winter survival, size at all age and future reproduction (Biro et al., 2004; 

Parra et al., 2009; Ros et al., 2022).  

 However, this before/after study focused on a single generation, and further investigation of 

these populations’ reproduction and of the genetic background of the next generations would provide 

more accurate insights of the mechanisms involved. Moreover, a history of the population’s dynamics, 

including the different age-cohorts, could help to identify major declines within juveniles’ cohorts or 

potentially in older fish if the parasite recently emerged, and how it echoes on the populations’ 

demographic structure. 

 The populations sampled both in 2019 and 2020 revealed that on the 6 populations that were 

uninfected in 2019, only one remained at a zero prevalence in 2020. In all the other populations, the 

infection prevalence increased, except for two populations in which it slightly decreased (see Fig. S1a 

from Chapter 3). These observations are going in the direction of the novel pathogen hypothesis 

(Rachowicz et al., 2005), in which the parasite infection represents a threat to the host population 

because it is newly arrived in the environment. However, the infection prevalence may also have been 

previously null because of the environmental conditions modulating the compatibility filter (Fig. 2), 

most probably through higher host resistance as I showed that it is the direct impact of the abiotic 

environment on brown trout that modulates the infection, therefore preventing the parasite from 

establishing into its brown trout host, so that the endemic pathogen hypothesis cannot be excluded.  

 The parasite distribution was mainly driven by the abundance of its two hosts. On the other 

hand, the infection prevalence within brown trout populations was mainly impacted by the abiotic 

factors, with the water temperature, the percentage of agriculture and the sediment size identified as the 

most important among the factors tested. Finer sediment size could better retain parasites’ free-living 

spores and favour their contact with juvenile fish that on the other hand preferably use coarser substrate 

when available (Heggenes et al., 1999; Droppo et al., 2006). Greater fine-sediment patches on the 

riverbed may thus represent hotspots of infection, therefore associated to higher infection prevalence in 

fish (e.g. in Mathieu‐Bégné et al., 2021). Additionally, I found that the bryozoan distribution, as inferred 

by eDNA quantification, was also driven by the sediment size, i.e., the finer the sediments, the more 
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bryozoan DNA detected (Appendix 2b). This is rather surprising and to take cautiously as bryozoan 

colonies are known to grow in sheltered locations protected from sedimentation, and our distribution 

model globally poorly explained the bryozoan distribution (Hartikainen & Okamura, 2015). In Chapter 

4, the pathological status of brown trout populations was also negatively affected by both the water 

temperature and the concentration in nutrients in the water. Warmer and more eutrophicated sites 

corresponded to those showing the highest percentage of agricultural land in their surroundings, and the 

agriculture also had a negative impact on the ecological and the genetic status of populations and was 

also accordingly identified the main driver of the multifaceted health index. Since high concentration in 

nutrients, high temperature and low oxygen concentration are unfavourable conditions for brown trout 

survival and reproduction (Burkhardt-Holm & Scheurer, 2007; Elliott & Elliott, 2010), large agricultural 

surroundings may thus be associated with a rapid decline in the population demographic performance, 

ultimately decreasing its genetic diversity, as observed in other aquatic species (Blum et al., 2012; Nicol 

et al., 2017). Consistently, the populations identified as the most likely to decline with the multifaceted 

health index had the highest percentages of agricultural land in their surroundings. This corroborates the 

negative impact of agricultural land on the density and production found in other wild salmonid 

populations (Vondracek et al., 2005; Jonsson et al., 2011). However, the main drawback of studies in 

the wild is that most of the environmental variables are not independent and may also reflect the impact 

of other unmeasured variables. As mentioned above, the percentage of agricultural land is tightly linked 

to other environmental variables so that its effect might represent a combination of the water 

temperature, the concentration in nutrients and the distance from the source (agricultural lands are 

located further downstream in our study system), but also of decreased vegetation cover above the 

stream or water derivation for irrigation (Champagne et al., 2022). Nonetheless, I used statistical 

methods such as path analysis but also hierarchical partitioning (see Appendix 10) to take into account 

the interdependence of the environmental variables, and the agricultural land always appeared as a main 

driver. A laboratory experiment testing the combined effects of water temperature, sedimentation and 

nutrients for instance may help to disentangle between these related variables (e.g. in Piggott et al., 

2012), but it would be difficult to include all the potential variables hidden under the agricultural land 

variable. Moreover, other studies on freshwater fish and amphibian species identified the agricultural 

landscape as a main threat to populations’ health and adaptive potential (Vondracek et al., 2005; Jonsson 

et al., 2011; Blum et al., 2012; Nicol et al., 2017; Harfoot et al., 2021), therefore comforting our results 

and the most likely high importance of agriculture on the brown trout health in the Pyrenees. 

The mapping of the parasite distribution drawn from eDNA detection in Chapter 2 shows a 

patchy distribution, with the upstream detection of the parasite not always linked to its presence at 

downstream sites, contrary to the hypothesis of a downstream accumulation of parasite spores due to 

the river flow (Carraro, Mari, et al., 2018). Accordingly, in 2019, JOBEnc was highly infected, but the 

downstream population of GERPoi had no infected individuals (Chapter 4, Fig. A1c). A stricter 
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environmental characterisation inventorying for instance the percentage of different river substrates at 

a site, the composition of the riverside vegetation (indicating the type of root system available for the 

bryozoan establishment), together with the percentage of vegetation cover above the streams could give 

precious information on the local scale and the finer mechanisms involved in the parasite infection.  

Overall, my results identified the abiotic environment as the most important driver of brown 

trout infection and disease risk. Among the tested environmental factors, the agriculture, water 

temperature, nutrient and oxygen concentration were identified as the most important drivers of brown 

trout infection and global health, whereas the intensity of parasite exposure had only a weak impact on 

brown trout infection. Consequently, mitigation measures acting broadly on brown trout habitat 

restoration would appear more efficient for disease control than measures that would seek for parasite 

or bryozoan control. This is a substantial result, not to mention that the restoration of a suitable habitat 

should be easier to achieve than the control of parasite and bryozoan spread, especially when considering 

the unlimited reservoir offered by bryozoan clonal reproduction (Abd-Elfattah et al., 2013). These 

mitigation measures may include a greater connectivity within the dendritic system, that could enhance 

brown trout movement towards cooler areas and favour infection (or at least disease) avoidance, but also 

demographic and genetic rescue (Bellard & Hugueny, 2020), while avoiding the warming effect caused 

by dams (even small ones; Zaidel et al., 2021). Furthermore, anthropogenic stream modification most 

of the time simplifies the hydro-geomorphology, decreases the availability of cooler thermal refuges, 

while the management of bankside vegetation often leads to the loss of riparian shade, also contributing 

to a decreased thermal buffering (O’Briain et al., 2019). Riparian vegetation represents a shield against 

nutrient runoff from agriculture, and it has been suggested that it could avoid ecological degradation due 

to erosion, sedimentation, decreased water quality and that it could maintain aquatic ecosystem functions 

even in a context of high whole-watershed agricultural intensity (Broadmeadow & Nisbet, 2004; 

Turunen et al., 2021; Champagne et al., 2022). Accordingly, Ros et al. (2022) suggested that restoration 

of the riverine system and riparian vegetation for keeping cool water temperature (also associated with 

higher oxygen concentrations) would be the most efficient management measures to avoid the negative 

effects of T. bryosalmonae infections. 

In light of the present work, it seems substantial to use an integrative framework for the study 

of the host-parasite-environment interactions in wildlife and for the settlement of adequate management 

measures. Opportunities in bridging the gap between conservation biology and the accelerating 

environmental changes are growing with the emergence of novel management tools (Reid et al., 2019). 

A better understanding of the context-dependent diseases that may represent a threat to biodiversity and 

related ecosystem services appears substantial to try to mitigate their outcomes as holistic, One Health-

like approaches to the management and mitigation of the risks of emerging infectious diseases have been 

suggested to show the greatest chances of success (Cunningham et al., 2017).  
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Appendices 

 

Appendix 1. 

 

 

A1. (a) Positive relationship between kidney swollenness (measured as the K/B ratio between kidney 
height (K) and body heigh (B), as shown on (b)) and standardised fish body height (body height 
measured as shown on (c) divided by fish fork length). This relationship was found among 23 individuals 
sampled in 2018 from 2 different sites with infection prevalence of 100% (ARIPam and ARIVar).  
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Appendix 2. 

 

A2. Results of model selection for Fredericella sultana ((a), (b), photo credit Michiel van der Waaij) 
and Salmo trutta ((c), (d), photo credit Patrick Clayton). For F. sultana, hurdle models with negative 
binomial distribution were used just as for T. bryosalmonae in Chapter 2. As brown trout was not 
concerned by the excess of zeros of T. bryosalmonae and F. sultana, I used negative binomial models. 
The polynomial relationships predicted between brown trout eDNA concentration and the water 
temperature, the slope and the urbanisation are represented in figures (e), (f) and (g), respectively. The 
models retaining all the relevant variables for explaining F. sultana and S. trutta distribution (in black 
in (a) and (c), respectively) had a R² = (cor(obs, fitted))² of 0.14 and 0.33, respectively. 
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AVANT-PROPOS 

 
Les données utilisées pour ce stage étaient en partie préalablement disponibles. En effet, 

l’échantillonnage de terrain a eu lieu avant la période de stage et les données concernant la 

caractérisation de l’environnement étaient déjà disponibles. Concernant les méthodes 

moléculaires, la filtration et l’extraction ADN ont aussi été réalisées avant la période de stage 

par Eloïse Duval (doctorante) et Charlotte Veyssière (IE, CDD). Au début de mon stage, les 

échantillons ADN de chaque site étaient donc près à amplifier. En revanche, j’ai pu réaliser 

l’amplification de l’ADN par ddPCR et son interprétation informatique. Grâce à ces 

amplifications j’ai pu créer un jeu de données complet rassemblant les concentrations en ADN 

que nous avions trouvées et les données environnementales.  

 Le tableau formé était constitué de données se référant à l’échantillonnage d’une 

trentaine de sites situés dans les Pyrénées. Néanmoins, certains sites n’ayant pas été 

échantillonnés au même rythme que les autres et ne présentant pas une série temporelle 

complète, nous avons décidé de les enlever de l’analyse afin d’avoir des résultats plus cohérents 

et homogènes. Une partie du stage a donc été dédiée au nettoyage des données et à la formation 

de tableaux structurés.  

 Le script utilisé afin de répondre aux différentes questions a été créé directement 

pendant le stage. Le script que j’ai créé a permis la modification des données, la création de 

nouveaux tableaux mais aussi le traitement statistique. Concernant le raisonnement statistique, 

de nombreuses analyses et hypothèses ont été testées mais ne se sont pas montrées cohérentes 

avec les hypothèses de départ. Un tri a donc été fait afin de cibler seulement les hypothèses et 

les modèles qui nous intéressaient. Pour avoir les meilleures analyses possibles, j’ai eu recours 

à de l’aide extérieure et notamment de forums de discussions qui mettent en relation les 

utilisateurs de Rstudio.  
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Synchronisme temporel entre un parasite et ses deux hôtes: une approche basée sur 
l’ADN environnemental   
 

 
 
 
RÉSUMÉ 
  
Le succès des cycles parasitaires dépend de nombreux facteurs dont le synchronisme temporel qui 
peut exister entre le parasite et ses hôtes. Néanmoins l’étude de ce synchronisme en milieu naturel 
s’avère complexe à mesurer en raison de limites méthodologiques. La présente étude a pour objectif 
de tester la dynamique temporelle de l’interaction entre le parasite Tetracapsuloides bryosalmonae et 
ses hôtes, un bryozoaire et un salmonidé, en utilisant une approche par ADN environnemental. Cette 
méthode et l’utilisation de la ddPCR ont permis une quantification absolue de chaque espèce à 
différents moments de l’année. Grâce à ces mesures, nous avons testé s’il existait un synchronisme 
dans les variations de concentration en ADN d’abord entre sites pour chaque espèce, puis entre le 
parasite et ses hôtes. Nos résultats ont montré qu’il existait des variations de concentration en ADN 
au cours du temps (pics d’abondance en été) et que ces variations étaient synchronisées entre le 
parasite et ses hôtes. Néanmoins, l’intensité du synchronisme était variable entre les différents sites 
échantillonnés, ce qui s’explique en partie par leur éloignement géographique. Ces résultats offrent 
de nouvelles perspectives sur l’étude du synchronisme temporel entre parasites et hôtes et suggèrent 
que l’étude approfondie de ces mécanismes serait nécessaire.  
 
Mots-clés : Tetracapsuloides bryosalmonae, Salmo trutta, bryozoaire, milieu naturel, synchronie 
 
 
 
ABSTRACT 
 
The success of parasite cycles depends on many factors, including the temporal synchrony that may 
exist between the parasite and its hosts. However, the study of this synchronism is complex to measure 
in the natural environment because of methodological limitations. The present study aims to test the 
temporal dynamics of the interaction between the parasite Tetracapsuloides bryosalmonae and its 
hosts, a bryozoan and a salmonid, using an environmental DNA approach. This method and the use 
of ddPCR allowed an absolute quantification of each species at different times of the year. Using 
these measurements, we tested whether there was synchronism in the variations in DNA concentration 
first between sites for each species and then between the parasite and its hosts. Our results showed 
that there were variations in DNA concentration over time (peaks in abundance in summer) and that 
these variations were synchronised between the parasite and its hosts. Nevertheless, the intensity of 
synchronism was variable between the different sites sampled, which is partly explained by their 
geographical distance. These results offer new perspectives on the study of temporal synchrony 
between parasites and hosts and suggest that further study of these mechanisms is needed.  
 
Keywords : Tetracapsuloides bryosalmonae, Salmo trutta, bryozoan, wildlife, synchronisation 
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I.       INTRODUCTION 

  

Le parasitisme peut se définir comme étant une interaction biotique entre un organisme parasite 

(protozoaire, virus, bactéries, métazoaire…) et un organisme hôte. Le parasite est dépendant de son 

hôte pour accomplir son cycle de vie, en effet, ce dernier représente à la fois une source de nourriture, 

un habitat et un outil de dissémination pour le parasite (Combes, 2001). Certains cycles parasitaires 

sont complexes car ils font intervenir plusieurs hôtes, jusqu’à 4 pour Halipegus occidatus (Krull, 

1935), c’est ce qu’on appelle les cycles hétéroxènes. Le fait d’avoir un cycle de vie complexe 

composé de plusieurs hôtes en succession complique considérablement les chances de rencontre entre 

l’hôte et le parasite et donc le succès de reproduction du parasite. En effet, l’hôte et le parasite doivent 

être présents dans le même habitat au même moment pour que le cycle puisse s’accomplir, autrement 

dit il doit y avoir une synchronisation temporelle de leurs cycles biologiques. Cette synchronisation 

temporelle constitue la composante essentielle du filtre de rencontre, tel que décrit par Combes 

(2001). Ce filtre se répétant à chaque passage d’un hôte à l’autre, l’accomplissement du cycle 

parasitaire en devient très complexe.  

 Afin d’augmenter la probabilité de rencontre avec les hôtes, les parasites peuvent mettre en 

place toutes sortes de stratégies. Par exemple, de nombreuses études ont mis en évidence l’usage de 

la modification comportementale de l’hôte par le parasite (Hughes et al., 2012). C’est notamment le 

cas du parasite Toxoplasma gondii responsable de la toxoplasmose, qui infecte le chat et la souris. Ce 

parasite modifie l’aversion du rongeur pour les odeurs de chats et donc augmente la probabilité de 

rencontre entre la souris et le chat, autrement dit “la souris n’a plus peur du chat” (da Silva & Langoni, 

2009). Il existe également des stratégies basées sur le synchronisme entre hôte et parasite. En effet, il 

est cohérent de penser que la disponibilité en hôtes dans l’environnement va conditionner la 

présence/abondance des parasites. D’un point de vue évolutif, un parasite a tout intérêt à ajuster sa 

dynamique temporelle à celles de ses hôtes. Cette adaptation lui permettra d’accomplir son cycle plus 

facilement en maximisant ses chances de rencontre dans l’environnement (Mathieu Bégné et al., 

2022). Par exemple, il y a quelques années, il a été montré que l’abondance et la dynamique 

temporelle des espèces hôtes poissons et copépodes pouvaient influencer la rencontre avec le cestode 

parasite Ligula intestinalis (Loot et al., 2006). Néanmoins, l’étude de la dynamique temporelle des 

interactions hôte-parasite ne s’est que très peu développée, bien qu’une chronobiologie de la rencontre 

entre les émissions de métacercaires de Schistosoma et la présence de ses hôtes dans le milieu aie 

déjà été mise en avant par Combes et Théron il y a plus de 40 ans (Combes & Théron, 1977; Théron 

& Combes, 1988). C’est probablement en raison de la difficulté de détection des parasites dans leur 

environnement que ces mécanismes ne sont que très peu étudiés en milieu naturel.  
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La détection des parasites et de l’interaction en elle-même dans le milieu naturel se fait 

souvent à travers l'usage de méthodes invasives pour les animaux. Ce phénomène est largement 

amplifié lorsque les études concernent la détection d’endoparasites vivant à l’intérieur de leur hôte 

(Yusni et al., 2022; Xiao et al., 2004). En effet, les méthodes de détection pour ces organismes 

impliquent souvent la dissection et donc la mort des individus hôtes (McAllister et al., 2016; Salman 

et al., 2018). Ces pratiques soulèvent donc des questions éthiques en plus d’être peu adaptées aux 

situations dans lesquelles les populations hôtes sont déjà en péril. Afin de remédier à ce problème, de 

nouvelles méthodes non létales voient le jour depuis plusieurs années (Beja‐Pereira et al., 2009). C'est 

en ce sens que récemment, de nouvelles méthodes non létales de détection de l'infection par des 

endoparasites ont été développées en utilisant la détection d'ADN environnemental (ADNe) à partir 

des excrétions de l'hôte chez l'anguille (Jousseaume et al., 2021) et chez la truite (Duval et al., 2021).  

L’ADNe peut se définir comme étant de l’ADN libre rejeté par les organismes dans le milieu (Taberlet 

et al., 2012). Ainsi, la collecte d’un échantillon de sol ou d’eau permet la détection et/ou la 

quantification d’une espèce cible dans son milieu grâce à l’amplification de son ADN (Rees et al., 

2014). Grâce à cette méthode, il est alors possible de repérer la présence des espèces hôtes impliquées 

dans le cycle parasitaire mais aussi la présence du parasite. L’usage de l’ADNe semble donc 

particulièrement adapté pour répondre aux questions de synchronisme entre parasites et hôtes en 

milieu naturel (Hundermark, 2019).   

Dans notre étude, nous avons utilisé cette approche par ADN environnemental afin d’étudier 

le synchronisme entre un parasite à cycle complexe et ses hôtes. Nous avons porté notre intérêt sur 

Tetracapsuloides bryosalmonae, un endoparasite myxozoaire responsable de la maladie rénale 

proliférative (PKD), une maladie émergente qui touche les populations de salmonidés sauvages et 

d’élevages (Okamura et al., 2011). Initialement décrite en Allemagne en 1924 (Plehn, 1924), cette 

parasitose participe au déclin actuel des salmonidés en Europe et en Amérique du Nord (Sudhagar et 

al., 2019). Au cours de son cycle, T. bryosalmonae alterne entre un hôte intermédiaire, un salmonidé, 

et un hôte définitif, un bryozoaire (Sudhagar et al., 2019; Hartikainen & Okamura, 2015). Il a été 

démontré à plusieurs reprises que les différentes étapes de ce cycle sont sous le contrôle de la 

température (Gay et al., 2001; Ros et al., 2022; Tops et al., 2006), notamment l'excrétion des spores 

par les bryozoaires et l’infection des poissons. L’activité même des bryozoaires, comme Fredericella 

sultana, pourrait être saisonnière et associée à la température (Raddum & Johnsen, 1983; Tops et al., 

2009).  

 La présente étude cherche à caractériser la dynamique temporelle de ce parasite et de ses hôtes 

dans plusieurs rivières pyrénéennes. L’objectif est de décrire les patrons temporels d’abondance des 

3 espèces qui constituent l’interaction, à savoir : le parasite Tetracapsuloides bryosalmonae, le 

bryozoaire F. sultana et la truite commune Salmo trutta fario. L’étude a été menée sur une dizaine de 
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sites présentant un gradient de prévalence d’infection (Duval et al., soumis). Ainsi, la première partie 

de ce projet s’intéresse à l’évolution de la concentration en ADN de chacune des espèces au cours du 

temps afin de déterminer s’il existe une variation saisonnière. Étant donné que les bryozoaires entrent 

en dormance durant l’hiver et que la prolifération de T. bryosalmonae dépend de leur activité (Tops 

et al., 2009), nous nous attendons à ce que la concentration en ADN de bryozoaire et de parasite soit 

faible aux sessions d’hiver et plus forte au printemps et en été lorsque les températures remontent. À 

l’inverse, nous nous attendons à ce que la concentration en ADN de truite soit plus constante au cours 

du temps. Ensuite, nous avons testé l’existence d’une synchronie pour chaque espèce entre les 

différents sites d’échantillonnages. Nous avons également tenté d’identifier les facteurs 

environnementaux qui pouvaient influencer cette synchronie entre sites. Finalement, nous nous 

sommes intéressés à la présence de synchronie inter-spécifique temporelle entre les hôtes et le 

parasite. Ainsi nous supposions que les concentrations du parasite et ses hôtes seraient corrélées, ce 

qui pourrait augmenter la probabilité de rencontre entre le parasite et ses hôtes et donc favoriser le 

cycle parasitaire. 

 

 

II.     MATÉRIEL ET MÉTHODES 

 A.     Modèles d’études  

Afin de réaliser cette étude nous nous sommes concentrés sur l’interaction hôte-parasite impliquant 

le parasite agent de la PKD. Cette maladie est induite par le myxozoaire endoparasite 

Tetracapsuloides bryosalmonae phylogénétiquement décrit comme appartenant à la classe des 

Malacosporea (Canning et al., 1999; Canning et al., 2000). En Europe, Fredericella sultana et 

Plumatella emarginata sont les principaux bryozoaires pouvant devenir des hôtes pour le parasite 

(Okamura & Wood, 2002). F. sultana étant la plus répandue, l’étude que nous avons menée s’est 

focalisée seulement sur cette espèce de bryozoaire. Ces organismes se développent dans les cours 

d’eau en colonies de zooïdes ancrées dans le sol ou sur certains débris submergés. Si les conditions 

environnementales le permettent, les parasites présents dans les cellules des bryozoaires vont pouvoir 

se développer et former des sacs contenant jusqu’à 4000 spores (Okamura et al., 2011). Lorsque la 

température de l’eau atteint les 9°C, les spores sont excrétées par le bryozoaire et disséminées dans 

le milieu (Gay et al., 2001). Certains salmonidés, parmi lesquels la truite fario (Salmo trutta fario), 

dont il sera question dans cette étude, peuvent à leur tour être infectés. Cette infection se fait de 

manière aléatoire par insertion des spores libres dans les branchies ou le tégument du poisson. Ces 

spores rejoignent ensuite le système vasculaire puis le rein de l’animal (Feist et al., 2001). C’est 

généralement lorsque les températures environnantes dépassent les 15°C que la PKD se développe et 



-Appendices- 

5 

entraîne l’apparition de nombreux symptômes, parmi lesquels une hyperplasie rénale responsable 

d’une anémie chez les poissons les plus touchés (Ferguson & Ball, 1979; Bailey et al., 2017; Bettge 

et al., 2009; Okamura et al., 2011). C’est à travers ces aggravations que la survie des poissons est 

mise en jeu : la maladie peut en effet entraîner jusqu’à 95% de mortalité dans les populations de 

truites d’élevage (Hedrick et al., 1993). Certaines études localisées ont notamment montré que cette 

maladie était en partie responsable du déclin des populations sauvages aussi bien en Suisse qu’en 

Norvège (Burkhardt-Holm & Scheurer, 2007; Mo & Jørgensen, 2017). Pour finir, les spores de 

parasites sont excrétées par l’urine des poissons infectés. Cette excrétion de parasites peut persister 5 

ans après l’infection (Soliman et al., 2018). Elle va permettre aux parasites d’infecter de nouveau des 

bryozoaires.  

 

 B.      Échantillonnage 

La zone d’étude est située dans le piémont Pyrénéen dans les départements français d’Ariège, de 

Haute-Garonne et de Hautes-Pyrénées (Fig. 1). La présence de la maladie dans cette zone a été 

confirmée en 2016 par l’observation d’un fort taux de mortalité des juvéniles de truites par la 

Fédération Départementale de Pêche de l’Ariège (Lautraite, 2017). 

Fig. 1. Carte de la zone étudiée faisant figurer les sites d’échantillonnages 
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Des prélèvements d’eau ont été réalisés sur un total de 11 sites (Table 1) et sur une période 

totale de 1 an allant de juin 2019 à juin 2020. Afin de tester l’existence d’une évolution des 

concentrations d’ADN des trois espèces (parasite, truite et bryozoaire) dans le temps, des 

prélèvements ont été effectués tous les 2 mois environ, chacun correspondant respectivement à une 

session : juin 2019, août 2019, septembre 2019, novembre 2019, février 2020, mai 2020, juin 2020. 

Pour chaque site et à chaque session, 6 prélèvements d’eau de 1L ont été réalisés à l’aide de sachets 

stériles Whirl-pak®. Une sonde multiparamètres In-Situ® mesurant les paramètres physico-

chimiques de l’eau a également été utilisée lors de chaque échantillonnage afin de mesurer le pH, la 

conductivité, la concentration en oxygène dissous (RDO), la turbidité ainsi que la température de 

l’eau.   

 

 
Table 1. Tableau récapitulatif de la position géographique des sites d’échantillonnages (degrés 
décimaux), de leur prévalence (% de truites parasitées) ainsi que de leur température moyenne sur la 
période d’étude.  
 

Site  Rivière Commune  Position 
latitudinale  

(°) 

Position 
longitudinale 

(°) 

Taux de 
prévalence 
parasitaire 

(%) 

Température 
moyenne  

(°C) 

ARBMan L’Arbas Mane 43.0725 0.9506 5 13.60 

ARGFoi L’Arget Foix 42.9654 1.6030 0 11.21 

ARIVar L’Ariège Varilhes 43.1064 1.2061 75 11.66 

ARRMou L’Arros Moulédous 43.2299 0.2317 91 12.99 

ARZDur L’Arize Durban-sur- 
Arize 

43.0210 1.3461 60 12.43 

GARVil La Garonne Villeneuve-de- 
Rivière 

43.1057  0.6431 25 13.13 

GERPoi Le Ger Pointis-Inard 43.0845 0.8138 0 13.93 

HERCam L’Hers Camon 43.0086 1.9667 80 12.73 

NESAne La Neste Anères 43.0664 0.4643 30 10.68 

NESSar La Neste Sarrancolin 42.9635 0.3809 5 9.80 

SALTau Le Salat Taurignan 43.0276 1.1124 25 10.80 
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C.      Mesures de concentration ADN au sein des échantillons 

1.      Filtration et extraction ADN 

La filtration de l’eau a été effectuée en laboratoire à l’aide d’un système de filtration Nalgène®. 

Chaque échantillon d’eau a été filtré à l’aide de filtres Sartorius® en nitrocellulose de diamètre 47 

mm et d’une taille de pores de 0,45µm ou 0,8µm selon la turbidité de l’eau. Les 6 filtres (1 filtre par 

prélèvement de 1L) ont ensuite été regroupés par 2 pour constituer trois réplicats par session et par 

site. L’extraction d’ADN à partir des filtres a ensuite été réalisée à l’aide du kit DNeasy Power Soil 

Pro (Qiagen®) en suivant le protocole du fournisseur. Ces étapes ont été pratiquées par Éloïse Duval 

(Doctorante) et Charlotte Veyssière (IE, CDD) avant la période de stage.  

 

2.      Amplification et quantification ADN 

L’ADN de chaque espèce (parasite, bryozoaire et truite fario) a ensuite été quantifié par ddPCR, soit 

digital droplet Polymerase Chain Reaction en anglais. La ddPCR est une méthode d’amplification 

récente et très précise (Baker, 2012; Quan et al., 2018). Son utilisation sur des échantillons d’ADNe 

aquatiques a notamment montré une meilleure détection et quantification en ADN cible par rapport à 

la qPCR (Brys et al., 2021, Mauvisseau et al., 2019, Wood et al., 2019).  

Afin d’amplifier l’ADN de nos 3 espèces dans les échantillons d’eau nous avons utilisé des 

régions d’ADN propres à chaque espèce. Les régions cibles choisies pour le parasite et le bryozoaire 

sont celles développées par Carraro et al (2018) : respectivement l’ARN 16S mitochondrial et le gène 

COI mitochondrial. Concernant la truite fario, la zone amplifiée correspond à celle du cytochrome B 

mitochondrial (Carim et al., 2016). Le mélange de réactifs pour la PCR a été effectué dans un volume 

total de 22μL composé de 2.2μL d’ADN extrait, 1.9μL d’amorce par espèce, 0.5μL de la sonde et 

11μL de digital PCR Supermix (BioRad®). Cette préparation PCR est ensuite mélangée à une huile, 

puis une mise en émulsion permet de diviser la préparation en environ 20 000 gouttes à l’aide du 

QX200 Droplet Generator (BioRad®). Au sein de chacune de ces gouttes, une PCR a lieu de façon 

indépendante. 

L’étape de dénaturation initiale de l’ADN s’est faite en chauffant les mélanges de réactifs à 

95°C pendant 10 minutes. Ensuite, 40 cycles composés de 30s à 94°C et 1 minute à 60°C ont permis 

la dénaturation, l’hybridation des amorces puis l’élongation. Pour finir l’amplification, les mélanges 

ont été placés à 98°C pendant 10 minutes puis 30 minutes à 4°C. Ensuite, le QX200 Droplet Reader 

(BioRad®) a permis d’estimer la concentration absolue de chacun de nos échantillons. 

Chaque plaque de 96 puits incluait 3 témoins négatifs ainsi qu’un témoin positif. La lecture 

des résultats de l’amplification s’est faite grâce au logiciel Quanta soft (Quanta Soft Software 1.7, 
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Regulatory Edition, BioRad®). Si de l’ADN cible est présent dans la goutte, l’amplification a lieu et 

la sonde permet la fluorescence. Le seuil de séparation des gouttes négatives et positives a été admis 

de façon arbitraire pour chaque plaque de 96 puits selon la distribution des gouttes des contrôles 

positifs et négatifs. Enfin, le ratio des gouttes positives sur le nombre total de gouttes formées a permis 

de quantifier la concentration d’ADN dans chaque échantillon en nombre de copies/μl. 

 

D.     Analyses statistiques 

Toutes les analyses statistiques ont été réalisées avec R (R Core Team, RStudio 2021).   

Tout d’abord, nous voulions tester l’existence d’une variation saisonnière (différence entre les 

sessions) pour chacune des trois espèces. Les données correspondant aux concentrations en ADN 

étant dépendantes dans le temps et dans l’espace, un modèle linéaire généralisé mixte (GLMM) a été 

réalisé pour chaque espèce grâce au package glmmTMB (Magnusson et al., 2017; Bolker, 2016). 

Chaque modèle a été construit en considérant la session d’échantillonnage comme effet fixe et le site 

de prélèvement comme effet aléatoire selon le modèle suivant : concentration espèce cible ~ session 

+ (1 | site). Le parasite et son hôte bryozoaire étant répartis de façon sporadique dans les rivières, la 

distribution de leurs concentrations est caractérisée par un excès de zéros. Ainsi, nos modèles ont été 

construits selon une distribution Binomiale négative de type I qui est adaptée aux données 

surdispersées. Une analyse de variance (ANOVA) de type II a été réalisée sur chacun d’eux.  

Le second objectif était d’étudier s’il existait de la synchronie temporelle entre les différents 

sites pour chacune des trois espèces. Nous avons donc voulu tester si les concentrations en ADN de 

chaque espèce étaient corrélées entre les différents sites par des tests de corrélations de Spearman. 

Ces tests ont été réalisés par paires de sites permettant ainsi d’obtenir une matrice de coefficients de 

corrélation pour chaque espèce (le parasite, le bryozoaire et la truite). Les coefficients de corrélation 

obtenus ont été interprétés comme une mesure de synchronie entre sites. Ensuite, afin de mettre en 

évidence les facteurs qui pouvaient influencer la force de cette synchronie entre sites, nous avons 

construit des modèles de Régression Multiple sur des Matrices de distance (MRM) pour chaque 

espèce. La fonction MRM est disponible au sein du package ecodist (Goslee et al., 2020) et permet 

d’implanter des matrices de distances entre paires de sites comme variables explicatives dans un 

modèle de régression. Dans notre cas, nous avons choisi de prendre comme variables explicatives : 

une matrice des différences de températures moyennes sur l’année, une matrice des différences 

environnementales moyennes (pH, conductivité, turbidité, concentration en oxygène dissous) et une 

matrice des distances entre coordonnées géographiques (Latitude et Longitude) qui permettent une 

mesure de similitude de climat. Nous avons préféré séparer la température des données 
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environnementales car nous nous attendions à ce que ce paramètre ait une influence importante dans 

la distribution de nos espèces.  Ces MRM ont été réalisés sur la base de 1000 permutations.  

Enfin, nous avons testé la synchronie temporelle entre espèces. Au sein de chaque site, des 

tests de corrélations de Pearson ont donc été réalisés. Encore une fois, les coefficients de corrélation 

ont été interprétés comme des mesures de synchronie entre chaque espèce. Seulement les 

combinaisons impliquant le parasite et les hôtes ont été testées, c'est-à-dire : parasite/bryozoaire, 

parasite/truite. Le calcul de l’intervalle de confiance autour de la valeur moyenne a permis de conclure 

sur la significativité de cette synchronie.  

 

 

III.   RÉSULTATS 

A.      Variation saisonnière de la concentration   

Les modèles ont montré que quelle que soit l’espèce, c'est-à-dire T. bryosalmonae, F. sultana et S. 

trutta, la concentration en ADN variait significativement entre les sessions (respectivement χ² = 

17.076, df = 6, P < 0.01 ; χ² = 13.274, df = 6, P < 0.05 ; χ² = 23.241, df = 6, P < 0.001). Cependant, 

les valeurs prédites par les modèles ne semblent pas présenter les mêmes variations pour toutes les 

espèces (Fig. 2). Concernant les concentrations en ADN de parasite, on observe un pic au mois d'août 

2019 (Fig. 2a). Les variations saisonnières de bryozoaires semblent avoir la même allure que celles 

du parasite avec des pics de concentration au mois d'août et septembre 2019 (Fig. 2b). En ce qui 

concerne la truite, un pic de concentration apparaît aux mois de septembre et novembre (Fig. 2c).  
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Fig. 2. Graphique représentant la prédiction du modèle pour la concentration en ADN (en nombre de copies/L) 
de (a) Tetracapsuloides bryosalmonae, (b) Fredericella sultana et (c) de Salmo trutta aux différentes dates de 
sessions d’échantillonnage. Le point représente la valeur moyenne et les barres d’erreurs correspondent à 
l’erreur standard (intervalle de confiance à 70%).  
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B.      Synchronisme entre sites pour chaque espèce 

La concentration moyenne en ADN des 3 espèces étudiées est corrélée positivement entre les sites 

(Fig. 3). Le bryozoaire et le parasite présentent une synchronie entre sites significative mais très faible 

(respectivement moyenne ± IC95%; 0.24 ± 0.10; 0.20 ± 0.10). Néanmoins, la distribution des 

corrélations pour le parasite illustre à la fois une synchronie et asynchronie forte selon les sites 

comparés (Fig. 3a). L'étendue des mesures de synchronisme montre une variance forte entre les 

différents sites. Concernant la truite, les valeurs de corrélations entre sites sont significativement 

élevées (moyenne ± IC95%, 0.43 ± 0.08). Les abondances de truites des différents sites sont donc 

significativement synchronisées entre elles.  

 
Fig. 3. Courbes de distribution des mesures de synchronie entre paire de sites pour (a) le parasite, (b) le 
bryozoaire et (c) la truite. La valeur de corrélation moyenne figure en ligne pleine et l’intervalle de confiance 
à 95% en pointillé. 
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Lors de l’identification des facteurs qui pouvaient influencer la variance de synchronisme 

entre site par MRM, seule la synchronie parasitaire a montré une réponse dépendante des facteurs 

étudiés. La distance géographique entre sites influence significativement le synchronisme entre les 

sites pour le parasite (R² = -1.24, P < 0.01). En effet, on observe que plus les sites d’échantillonnages 

sont proches géographiquement, plus l’évolution des concentrations en ADN de  parasite ont tendance 

à être synchrones dans le temps (Fig. 4). En revanche, aucun des facteurs étudiés (température, 

variations environnementales, distance géographique) n’a montré une influence significative sur la 

synchronie des truites ou des bryozoaires.  

Fig. 4. Mesure de la synchronie entre les sites (représentée par la corrélation entre les concentrations trouvées 
pour les différentes sessions d'échantillonnage) en fonction de leur distance géographique. La droite de 
régression figure en rouge (y = 0.41-0.49x) 
 

 

C.      Synchronisme entre les hôtes et le parasite 

Les tests de corrélation ont montré l’existence d’un synchronisme significatif entre espèces au sein 

des sites. La mesure de synchronie moyenne entre la concentration en ADN de parasite et de 

bryozoaire est modérée et très variable selon les sites étudiés (moyenne ± IC95%, 0.31 ± 0.265). 

Comme précédemment, certains sites sont très synchrones et d’autres non, s’illustrant par deux pics, 

l’un supérieur à 0, l’autre inférieur (Fig. 5a). La synchronie entre le parasite et la truite est aussi 

modérée (moyenne ± IC95%, 0.37 ± 0.235) mais moins variable (Fig. 5b).  
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Fig. 5. Courbes de distribution des mesures de synchronie indépendamment au sein des sites entre (a) le 
parasite et le bryozoaire, (b) le parasite et la truite. La valeur de corrélation moyenne figure en ligne pleine et 
l’intervalle de confiance à 95% en pointillé. 
 

 

 

IV.   DISCUSSION 

 

L’étude que nous avons menée avait d’abord pour objectif de décrire les patrons de variations 

temporelles de la concentration en ADN de T. bryosalmonae et de ses hôtes en milieu naturel. Les 

méthodes utilisées, notamment le couplage ADNe et ddPCR, se sont auparavant révélées être des 

bons estimateurs de l’abondance (Doi et al., 2015; Carraro et al., 2018). Nos résultats suggèrent qu’il 

existe des variations saisonnières dans l’abondance de chaque espèce et qu'elles peuvent différer en 

fonction de l’espèce étudiée. Comme nous l’attendions, nous avons mis en évidence un pic 

d’abondance de parasite et de bryozoaire en été. Cette forte concentration en ADN de bryozoaire dans 

l’eau en été est en accord avec de précédentes études (Tops et al., 2009). En effet, ces organismes se 

multiplient de manière importante lorsque les températures de l’eau augmentent, c’est-à-dire plutôt 

en été ou au printemps. Le pic d’abondance parasitaire à la session du mois d'août pourrait 

correspondre à la période de libération des spores parasitaires par les bryozoaires et les truites infectés 

(Tops et al., 2006). L’évolution des concentrations en ADN de bryozoaire et de parasite au cours de 

l’année semblait très similaire, nous permettant d’avoir un premier aperçu du possible synchronisme 

entre ces espèces (Fig. 2). Cependant, ces espèces étant très petites et se dispersant facilement dans 
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l'eau, il semble qu'en dehors des périodes de multiplication, elles ne laissent que très peu de traces 

ADN dans le milieu. Les concentrations aux sessions qui n'arborent pas de pic sont donc presque 

nulles voire égales à 0. Nos résultats montrent par ailleurs l’existence de pics de concentration aux 

sessions de septembre et novembre pour la truite fario (Fig. 2c) et semblent cohérent avec les études 

s'intéressant à son cycle biologique et notamment à la période de fraie (Baglinière et al., 1979; 

Kocabas & Aksu, 2011). En effet, la reproduction des truites a lieu en hiver et commence 

habituellement au mois de novembre. L’excrétion massive de gamètes dans le milieu à cette période 

permet donc la présence de beaucoup de matériel génétique et favorise leur détection par ADN 

environnemental. L’étude de l’évolution des concentrations en ADN dans le temps a donc montré 

l’existence de patrons temporels similaires entre le parasite et le bryozoaire puis une variation de celle 

de la truite en accord avec la littérature.  

Ensuite, les analyses visant à déceler le synchronisme entre les sites se sont avérées être 

significatives pour toutes les espèces étudiées. En ce qui concerne la truite fario, le synchronisme 

entre sites était fort et moins variable que chez les autres espèces (Fig. 3c). En comparaison, 

l’évolution des abondances de bryozoaire était assez faiblement synchrone entre sites (Fig. 3b). Pour 

la truite et le bryozoaire, nos résultats n’ont pas mis en évidence de paramètres expliquant le 

synchronisme entre sites. En effet, que ce soit la température, la distance géographique ou les 

paramètres environnementaux, aucun n’a eu d’effet sur la force du synchronisme spatial entre sites. 

Cependant, d’après les études au sujet du cycle de vie du bryozoaire, nous nous attendions à trouver 

un effet significatif de la température sur son abondance (Tops et al., 2006). Étant donnés ces 

attendus, il est possible qu’une mesure ponctuelle de température tous les 2 mois n’ait pas été 

suffisante pour mettre en évidence un effet significatif. La mesure des températures de l’eau de façon 

continue aurait pu s’avérer plus précise dans cette analyse. Ensuite, il semblerait que le synchronisme 

entre truites des différents sites ne soit pas non plus influencé par les paramètres étudiés. En accord 

avec nos résultats, plusieurs études s'intéressant à la dynamique des truites fario et à leur synchronie 

spatiale n’ont pas montré d’effet de l’environnement ni de la température au stade de vie adulte (Bret 

et al., 2016; Cattanéo et al., 2003). Selon ces recherches, seul le degré de synchronisation des truites 

juvéniles était influencé soit par la synchronie environnementale, soit par la synchronie hydrologique, 

en d’autres termes le débit, entre sites. Il est donc possible de supposer que la dynamique de cette 

espèce est régie par des phénomènes internes propres à son cycle de vie particulier.  

 Concernant le synchronisme du parasite entre sites, il était modéré et variait fortement selon 

les paires de sites considérées. En effet, certains sites étaient très synchrones et d’autres étaient au 

contraire complètement asynchrones. Cette forte hétérogénéité entre les différents sites échantillonnés 

s’expliquait par leur distance géographique. Nous avons ainsi montré que plus les sites 

d’échantillonnage étaient proches géographiquement, plus l’évolution de l’abondance du parasite 
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était synchrone. Ce synchronisme observé entre les sites proches géographiquement pourrait être dû 

à de la dispersion (Ranta et al., 1998; Cattadori et al., 2000). Les truites juvéniles présentent des 

capacités de dispersion (Solomon et al., 1976) qui pourrait mener à la dispersion des spores de T. 

bryosalmonae entre des sites proches lorsqu’ils sont excrétés dans l’environnement. De plus, des 

études antérieures qui cherchaient à tester les effets du climat sur les populations animales ont montré 

que la position géographique pouvait être un bon proxy du climat (Rieman et al., 2007). Des sites 

plus proches géographiquement ont tendance à avoir des climats plus similaires que des sites très 

éloignés. Notre mesure de distance géographique pourrait donc s’apparenter à une mesure de 

différence climatique. Ainsi, la synchronie entre sites pourrait également être régie par d’autres 

facteurs climatiques que ceux étudiés ici. La mesure de ces paramètres pourrait conduire à la détection 

d’un effet Moran. Moran a en effet démontré que le synchronisme temporel de 2 populations de lynx 

était égal à la corrélation calculée entre les facteurs climatiques des 2 habitats (Moran, 1953). En 

accord avec cette hypothèse, une étude plus récente a montré l’existence de l’effet Moran entre 4 

populations de poissons dans l’Ouest de l’Afrique (Tedesco et al., 2004). Il est donc possible, qu’une 

caractérisation plus précise du climat prenant par exemple en compte la pluviométrie, le pourcentage 

d’ensoleillement ou la température extérieure puisse mettre en évidence un effet significatif du climat 

sur cette synchronie parasitaire entre les sites.  

Finalement, nous voulions tester le synchronisme temporel du parasite et de ses hôtes. Comme 

nous l’attendions, nos résultats ont montré que l’évolution de l’abondance de T. bryosalmonae était 

synchronisée avec celle de ses 2 hôtes. Ce synchronisme pourrait faciliter la rencontre du parasite et 

de ses hôtes et ainsi maximiser le succès du cycle parasitaire. Il existerait donc une stratégie parasitaire 

afin de favoriser la rencontre et assurer la transmission et la dispersion de ce parasite. Cependant nous 

avons observé une forte variabilité entre les sites étudiés (Fig. 5), ce qui mériterait d’être plus 

précisément étudié. Le changement climatique en cours pourrait avoir un effet important sur la 

dynamique des interactions biotiques, en particulier les interactions hôtes-pathogènes, présentes dans 

les milieux aquatiques (Marcogliese, 2008). Par exemple, il a été démontré que la synchronie 

phénologique, c’est-à-dire du développement saisonnier des organismes, entre les Amphibiens et le 

trématode parasite Ribeiroia ondatrae était induite en partie par les changements climatiques à 

l’Ouest des États-Unis (McDevitt-Galles et al., 2020). Ces derniers ont montré que la prévalence 

parasitaire ainsi que les symptômes de la parasitose augmentaient de manière accrue avec la 

synchronie. En considérant le fait que Tetracapsuloides bryosalmonae est dépendant de la 

température pour accomplir son cycle (Tops et al., 2006), il serait possible que le changement 

climatique ait un impact d’autant plus fort sur les populations de truites sauvages et d’élevages. Cette 

hypothèse se révèle être cohérente avec la littérature. Certains articles ont notamment montré que 

l’augmentation des températures avait un effet direct sur les truites fario et leur tolérance thermique 
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et que la PKD s’avère être un coût supplémentaire pour ces populations déjà menacées (Bruneaux et 

al., 2017).  

 Globalement, la synchronie que nous avons observée entre les espèces du système T. 

bryosalmonae/bryozoaire/truite fario reste faible, mais les patrons d’évolution de l’abondance 

semblent en tous points très similaires entre le bryozoaire et le parasite. L’approche par ADN 

environnemental s’est avérée être une approche pratique et efficace même si la complexité de 

détection du parasite subsiste. En effet l’ADN étant très dilué dans le milieu, la quantification précise 

de l’espèce quand elle est présente en très faible quantité n’est pas certaine. Malgré l’efficacité qu’a 

montré cette méthode à plusieurs reprises avec les parasites aquatiques (Sieber et al., 2020; Sengupta 

et al., 2019), il semble que certaines espèces, notamment les invertébrés, aient plus de mal à être 

détectées (Roussel et al., 2015). D’après cette analyse et celle de Troth et al (2021), ces effets sont 

accentués dans les études menées sur les cours d'eau, le transport et la forte dilution des échantillons 

étant responsable d’une plus forte hétérogénéité des résultats. En accord avec ces travaux, nos 

résultats montrent que quand le parasite et le bryozoaire ne sont pas dans leur période de 

développement respective, c'est-à-dire les sessions de novembre et février, il est très difficile de les 

détecter (Fig. 2). Afin de maximiser les chances de détection de T. bryosalmonae, il faudrait tester 

plusieurs protocoles d’échantillonnages et d’extraction ADN avant de débuter l’étude. En effet, il 

n’existe pas de méthode universelle utilisant l'ADNe. Outre la méthode d’amplification utilisée, le 

volume à prélever et la méthode de filtration font partie des paramètres pouvant influencer la précision 

de détection. Bien qu’une étude menée sur les salmonidés ait recommandé les mêmes conditions et 

méthodes que nous avons utilisés, à savoir des prélèvements de 1L et une filtration de 0.45µm (Capo 

et al. 2019), il se pourrait que le temps entre notre échantillonnage et l’extraction ADN ait suffi à la 

dégradation d’une partie de l’ADN.  

 En conclusion, cette étude révèle de nouvelles connaissances quant à l’étude de la dynamique 

du parasite émergent Tetracapsuloides bryosalmonae. Nous avons pu mettre en avant des périodes 

propices au développement de la PKD qui sont, d’après nos résultats, les mois d’août et septembre, 

ainsi qu’un synchronisme entre sites et entre espèces. Cependant, des prélèvements plus fréquents 

autour de ces pics de concentrations permettraient d’affiner les résultats et de définir avec précision 

quand ont lieu ces pics d’abondance. Il serait très intéressant de réaliser des mesures hebdomadaires 

pour avoir une idée plus juste du synchronisme entre espèces et en apprendre davantage sur le 

fonctionnement de cette interaction. Par ailleurs, cette étude offre de nouvelles perspectives d’études 

concernant le synchronisme dans les interactions hôtes parasites, à travers l’utilisation de méthodes 

précises et non invasives.  
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Appendix 4. 

 

A4. The evolution of the filtration devices used to sample eDNA and uDNA during the PhD project. (a) 

Peristaltic pump used for uDNA in Chapter 1. (b) Vacuum filtration used for the eDNA temporal 

sampling in Appendix 3. (c) Vampire sampler used for uDNA in Chapters 3 and 4, and for eDNA 

detection in the river in Chapter 2.  
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Appendix 5. 

Extra analysis on the onset of Tetracapsuloides bryosalmonae spore shedding by wild 

brown trout 

The onset of parasite spore release by fish hosts may inform on the timing of the host-parasite-

environment interaction. Strepparava et al. (2018, 2020) found experimentally that the onset of spore 

release occurred at 45 days post exposure to infective spores (dpe) for brown trout held at 15°C, while 

at 80dpe for brown trout held at 12°C. In the wild, parasite exposure starts when bryozoans release 

infective spores, i.e. when water temperature reaches 9°C (Gay et al., 2001). According to the water 

temperature records, all the sites sampled in the before/after study (Chapter 3) had a daily average 

temperature exceeding 9°C in April, so that parasite exposure may have started at the latest in April, or 

earlier in March at the warmest sites. The temperature of 12°C was reached in a stable way (with the 

daily average temperature > 12°C for most days) in May at all sites (i.e., at about 60 days before the first 

sampling). Therefore, at the first sampling of the before/after study, in late June (potentially more than 

80 dpe), I would have expected to detect DNA in fish excretion at least at the moderately-highly infected 

sites (i.e. sites with infection prevalence > 50%). During this sampling, 10 fish individuals were tested 

for T. bryosalmonae’s infection at most sites. This revealed that some individuals were indeed already 

shedding parasite spores (or at least DNA) in 6 out of 8 infected sites, with 10 to 80% of the individuals 

shedding. A brand-new study on wild brown trout populations estimated more precisely that parasite 

detection through histological examination of the kidney could occur after 1500 degree-days from the 

1st of March (approximate date of brown trout hatching in Switzerland), or after cumulating 30 days 

with a mean temperature > 15°C (Rubin et al., 2022). Analysing my temperature records, I found that I 

could detect fish infection after 1413-1619 degree-days from the 1st of March (mean 1550), and with 

between 12-33 days (mean 19) with a mean temperature > 15°C (A5a). This suggests that the detection 

of T. bryosalmonae infection in brown trout may occur earlier than after 30 days > 15°C, especially 

when using histological detection, which logically occurs before the onset of spore release by infected 

fish. This could be due to an earlier hatching and milder winter temperatures in the French rivers. As 

stressed by Rubin et al. (2022), there might be important between years variation in thermal regime, and 

extreme events such as the very early June canicule experienced in France in 2022 may disturb the host-

parasite interactions and impact the timing and severity of fish infections (see Román-Palacios & Wiens, 

2020). A stricter analysis of temperature regimes beginning in the winter might therefore be important 

to understand the timing of T. bryosalmonae’s life cycle and the onset of spore release in the wild, both 

by bryozoan and by fish. Additionally, the mean summer temperature used in Chapter 3, the 

corresponding degree-days, and number of days > 15°C were highly correlated, suggesting that the mean 

water temperature properly represented the temperature regime relative to the measurements used in this 

recent study (A5b). 
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A5. (a) Infection prevalence (%) at the first sampling session and the degree days and number of days 

with water temperature > 15°C since the 1st of March, for a comparison with Rubin et al. 2022. The sites 

are ranked by their mean summer temperature, and we can see that this ranking does not correspond to 

that of the number of days > 15°C, nor of that of the degree days. At TORTuz, the infection prevalence 

was already high at the first sampling session. This site is rather warm (mean summer temperature of 

17.4°C), and already 33 days were registered with a mean temperature of > 15°C at the sampling date. 

Contrastingly, at ARZDur, a site with the same mean summer temperature, we detected no infection at 

the first sampling, most probably because only 8 days > 15°C were registered at that time.  

 

However, a short verification indicated that the mean summer temperature and the degree days and 

number of days >15°C were strongly and positively linked during the study period (3rd July – 14th 

September, see the relationships in A5b). 

 

 

A5. (b) Mean summer temperature according to the summer degree days and to the number of days with 

a temperature exceeding 15°C. 
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A6. (a) eDNA concentration found for T. bryosalmonae at the positive sites (4 field replicates) for two PCR runs (laboratory replicates). Field replicates 

(i.e., each box) show variance in the estimated concentration for a site. However, consistency between the PCR replicates for a site are illustrated by the 

overall overlapping between the red and blue boxes for almost all the sampled sites. 
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A6. (b) eDNA concentration found with 4 field replicates for Fredericella sultana at the positive sites. Field replicates (i.e., each box) show variance in the 

estimated concentration for a site. Two sites with very high concentration (ADOAur and TORTuz) were removed from the representation for visual purposes. 
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A6. (c) eDNA concentration found for brown trout at the different sites with 4 field replicates. Field replicates (i.e., each box) show variance in the estimated 

concentration for a site. 
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Appendix 7.  

 

A7. Total volume of water filtered for the eDNA sampling of Chapter 2. This histogram illustrates the 

great variance existing in the sampled sites turbidity. 
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Appendix 8. 

 

A8. Relationship between brown trout eDNA concentration and brown trout biomass found at 26 sites 

sampled by our team by electrofishing for the iBEF project. The fish sampling occurred between July 

and August 2020, not at the exact same time than the eDNA sampling (early August).
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A9. (a) Results of the analyses run in STRUCTURE for quantifying the introgression into the sampled populations of Chapter 3. Each bar represents one 

individual, and each color one genetic cluster. The analyses were run for the Hautes-Pyrénées on one side, and for Haute-Garonne and Ariège on the other 

side, because the populations of these two geographical regions are stocked with different hatcheries. STRUCTURE was run 3 times with a burn-in period 

of 5000 replications and a run length of 50000 Markov Chain Monte Carlo iterations, for K=1 to K=5 clusters. I represented K=5 for both analyses because 

this number of clusters discriminated the most both hatcheries. For the Hautes-Pyrénées we can see that a few individuals of the Neste (in NESArr and 

NESSar) are identified as stocked, but that otherwise the hatchery cluster (light yellow) is only patchily represented. In the Haute-Garonne (left part of the 

second analysis), more individuals are concerned with introgression (dark grey cluster), and a few individuals might be directly coming from a hatchery 

(e.g., in SAVVil, PIQCil and ARBMan). BOUSer was removed from the analyses because this population showed a strange pattern, resembling to that of 

TOUFre with all the individuals being identified as half wild, half introgressed. This population is located on the Adour catchment but with a canal connecting 

it to the Neste and thus the Garonne catchment (see A9b). We thought that this population represented an admixture between two river basins and that it 

might disturb STRUCTURE analyses. This pattern observed for TOUFre could not be explained with the available elements 
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A9. (b) Map summarising the results of the STRUCTURE analysis in A8. (a). The mean introgression was computed by averaging the proportion of the 

hatchery cluster of all the individuals in a population. Most of the populations are barely concerned with introgression from stocked fish, especially in Ariège 

except for one population, TOUFre, for which the analysis found almost half hatchery’s genes. Populations in Haute-Garonne show a moderate level of 

introgression, and it is less for those in Hautes-Pyrénées. The two catchment areas are represented, and populations from Hautes-Pyrénées are located on 

either side. The canal linking the two catchment areas is indicated in red. BOUSer had a particular profile, probably due to its location in between two 

separated geographical areas, so that this population was not included in the introgression analysis. 
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Appendix 10. 

 

A10. Independent effects of the environmental factors on the different indicators’ scores, according to 

a hierarchical partition run with the hier.part 1.0-6 package (Mac Nally & Walsh, 2004). 
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Long-term monitoring of a brown trout 
(Salmo trutta) population reveals kin-associated 
migration patterns and contributions 
by resident trout to the anadromous run
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Abstract

Background: In species showing partial migration, as is the case for many salmonid f shes, it is important to assess 
how anthropogenic pressure experienced by migrating individuals af ects the total population. We focused on brown 
trout (Salmo trutta) from the Guddal River in the Norwegian Hardanger Fjord system, which encompasses both resi-
dent and anadromous individuals. Aquaculture has led to increased anthropogenic pressure on brown trout during 
the marine phase in this region. Fish traps in the Guddal River allow for sampling all ascending anadromous spawners 
and descending smolts. We analyzed microsatellite DNA markers from all individuals ascending in 2006–2016, along 
with all emigrating smolts in 2017. We investigated (1 ) if there was evidence for declines in census numbers and ef ec-
tive population size during that period, (2) if there was association between kinship and migration timing in smolts 
and anadromous adults, and (3) to what extent resident trout were parents of outmigrating smolts.

Results: Census counts of anadromous spawners showed no evidence for a decline from 2006 to 2016, but were 
lower than in 2000–2005. Estimates of ef ective population size also showed no trends of declines during the study 
period. Sibship reconstruction of the 2017 smolt run showed signif cant association between kinship and migration 
timing, and a similar association was indicated in anadromous spawners. Parentage assignment of 2017 smolts with 
ascending anadromous trout as candidate parents, and assuming that unknown parents represented resident trout, 
showed that 70% of smolts had at least one resident parent and 24% had two resident parents.

Conclusions: The results bear evidence of a population that after an initial decline has stabilized at a lower number 
of anadromous spawners. The signif cant association between kinship and migration timing in smolts suggests that 
specif c episodes of elevated mortality in the sea could disproportionally af ect some families and reduce overall 
ef ective population size. Finally, the results based on parentage assignment demonstrate a strong buf ering ef ect 
of resident trout in case of elevated marine mortality af ecting anadromous trout, but also highlight that increased 
mortality of anadromous trout, most of which are females, may lower overall production in the system.
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Introduction
Individuals within species can exhibit different life his-

tory strategies which are often associated with impor-

tant phenotypic variation, can differ between sexes and 

overall have pervasive ecological implications [1]. Hence, 

individuals representing different life history types may 

differentially allocate their amount of available energy 

between maintenance and reproduction functions to 

maximise their fitness. "is polymorphism in life his-

tory strategies is maintained within species because their 

costs and benefits vary according to the environmental 

contexts [1]. As an example, within many species known 

to undertake migrations, some individuals migrate while 

others from the same population remain on the same site 

across their lifespan, referred to as partial or facultative 

migration [2, 3].

Among fishes, many salmonid species show anadro-

mous life history forms, which means that juveniles 

hatch in freshwater and undertake feeding migrations 

at sea before returning to freshwater for spawning [4]. 

"eir populations often include both sea-migratory and 

resident individuals that remain in freshwater, therefore 

showing facultative anadromy [5]. Coexistence between 

resident and migratory life-history strategies involves a 

fine balance between their respective costs and benefits 

[6]. Increased food availability in marine environments 

may lead to better growth and higher fecundity of ana-

dromous individuals [7, 8]. On the other hand, residency 

can be advantageous when costs of migration become 

higher than benefits, due to factors such as predation 

risk, additional exposure to pathogens and parasites, or 

energetic costs for the migration process itself [6, 9].

Facultative anadromy is usually considered a quantita-

tive trait, controlled by the action of multiple genes and 

their interaction with environmental factors [10, 11]. 

However, recent studies have shown that traits related to 

migration and life history in some salmonid species can 

be under control of single genes [12–14], whereas other 

studies point towards important elements of epigenetic 

regulation [15]. It is furthermore noteworthy that pro-

portions of migrants and residents within a population 

may vary across years according to environmental factors 

or anthropogenically induced disturbances [16–18].

Migratory species, and not least salmonids, may be par-

ticularly susceptible to anthropogenic impact due to their 

dependence on several different habitats and connectiv-

ity between them [19]. For instance, fishing pressure in 

the sea and decreased access to marine environments 

due to dams represent important issues [20, 21]. More-

over, emerging threats related to climate change alter-

ing marine temperature regimes and adverse effects of 

marine aquaculture, such as accummulation of parasites 

that subsequently infect wild populations have become 

increasingly important [22–25]. In addition to general 

population declines, increased mortality at sea could also 

disproportionally affect the resident or migratory com-

ponents of populations showing facultative anadromy. 

Also, in the case of sex-ratio differences between life-

history types [26], increased mortality of one sex could 

reduce the total effective population size, resulting in a 

lower ratio between effective and census population size 

and leading to increased inbreeding and loss of genetic 

variation [27]. Finally, some studies have suggested that 

related fish tend to group together during migration 

[28, 29]. In addition to active association of kin [29], this 

could also reflect the mere fact that closely related indi-

viduals, especially smolts, may be “physiologically timed” 

to migrate at the same time [30]. If related individuals 

migrate together and are subjected to specific incidences 

of e.g., exposure to parasites, this could lead to high vari-

ance of survival among families and ultimately increase 

the variance of their reproductive success, a factor also 

leading to decreased effective population size [27].

"e brown trout (Salmo trutta) is a species often 

showing facultative anadromy within populations [26, 

31]. Recent studies have shown that environmental fac-

tors such as water temperature and food availability for 

brown trout juveniles can have contrasting effects on 

their migration tendency, with food limitation generally 

favoring anadromy and increasing temperature favoring 

residency [32–34]. "ese environmental factors interact 

with inherited genetic factors to shape life history strate-

gies [33, 35, 36]. Brown trout shows a sex ratio typically 

skewed towards females among anadromous individu-

als and towards males among resident individuals, the 

latter including precocious mature male parr that can 

successfully fertilize eggs by adopting a sneaking behav-

iour [5, 26, 37–39]. Fjords in Norway have experienced 

an increased establishment of Atlantic salmon (Salmo 

salar) farms since the 1990s [40]. "e aquaculture indus-

try poses major problems for wild salmon and brown 

trout during marine migration [41]. Hence, the high 

concentration of farmed fish attracts and accummulates 

parasites such as sea lice Lepeophtheirus salmonis that 

subsequently infect wild salmon and trout passing by, 

often in lethal doses [23, 42–46]. Anadromous brown 

Keywords: Partial migration, Salmo trutta, Life-history types, Parentage assignment, Sibship reconstruction, Migration 
timing, Effective population size
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trout in Norway typically do not migrate beyond a ca. 

80  km range from their native river before returning to 

spawn [47]. Compared to Atlantic salmon, their home 

range is therefore more restricted to the $ords, where 

sea lice are concentrated. In some regions, low marine 

survival of brown trout has indeed been recorded dur-

ing the last decades and ascribed to increasing exposure 

to salmon lice [43]. "ere is also evidence for genetic 

variation in susceptibility of brown trout populations to 

salmon lice infestation, further underpinning salmon lice 

as an important factor in marine mortality [48].

"e present study focuses on the brown trout popu-

lation of the River Guddal, located in the central region 

of the Norwegian Hardanger Fjord (Fig. 1). A trap facil-

ity encompassing two types of traps was installed in the 

early 2000’s after a reported decrease in the number of 

sea trout in the $ord [49]. It allows for a full monitoring 

of ascending adults and descending smolts, from which 

phenotypic and genetic data have been secured annually. 

In turn, this provides a unique long-term data set on the 

down- and up-stream migratory patterns of brown trout 

in this river, located in a major farming region where 

marine survival is known to be low [49].

We analyzed microsatellite DNA variation in all ana-

dromous trout ascending the river from 2006 to 2016 

and in all smolts emigrating from the river in 2017. We 

assessed temporal trends in the number of ascending 

spawners across years and used genetic data to estimate 

effective population sizes. We tested the hypothesis that 

census and effective population sizes had declined over 

the time span studied. Second, as migratory behaviour 

in general may involve genetic components [33, 35, 36] 
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Fig. 1 The trap facility is located in the river Guddal, in the central part of the Hardanger Fjord. The black dot indicates the location of the Guddal 
river mouth. Inset map shows location of the study site in Norway
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and specifically as some heritability has been shown in 

the timing of migration in other salmonid species [28, 

50], we used genetically based parentage assignment and 

sibship reconstruction to test whether related individu-

als are more likely to migrate together than non-related 

individuals. "ird, using parentage assignment of smolts 

from 2017 we assessed the degree to which anadromous 

and resident trout contributed to the smolt run, thus pro-

viding information on the possibility that resident trout 

can compensate for increased mortality in the marine 

environment.

Material and methods
Study site

"e river Guddal (59°  58′  N, 6°  00′  E) is 13.5  km long 

and located in the central region of the Hardanger Fjord 

(Fig.  1), the second longest $ord in Norway and show-

ing the highest concentration of Atlantic salmon farms 

[51]. Survival of wild anadromous trout in the system has 

been found to be low [43], presumably as a consequence 

of exposure to sea lice derived from salmon farms, as has 

recently been determined with genetic studies on lice 

[46, 52]. "e river Guddal is partly fed by melting water 

running from the Folgefonna glacier, with relatively cold 

mean summer temperatures ranging from 8.5 to 11.9 °C 

between 2007 and 2016.

Sampling

Each year, all smolts descending the river for their first 

seaward migration are caught in a Wolf trap [53] that 

covers the whole river transect, located at about 100 m 

from the tidal zone. "e trap is operated annually from 

March or early April, depending on the water discharge, 

until the end of the smolt run. In principle, the trap 

should sample all downstream migrating smolts, but 

in some years there are shorter periods ranging from 

a few hours to a couple of days, where water discharge 

prevents full sampling, so that the trap is estimated to 

catch 90% of the migrating smolts. Smolts caught in 

the trap are anaesthetised with benzocaine, measured, 

weighed, adipose fin-clipped, and tagged with a pas-

sive integrated transponder (PIT tags 12 × 2 mm) since 

2007 [49, 54] before being released downstream. A spe-

cific test showed that among 600 smolts retained in a 

prolonged recovery, only 4 individuals (0.7%) died (Ø. 

Skaala, unpublished results). Hence, we do not expect 

that handling has severely affected the smolts, and any 

effects should be randomly distributed among indi-

viduals and families. In addition, an upstream trap is 

operated each year during the upstream migration to 

capture all anadromous trout ascending the river. Each 

fish is anaesthetised, fin-clipped, checked for PIT tag, 

measured and weighed before being released upstream 

to continue its migration. Tissue samples for both 

smolts and ascending fish were stored in 95% ethanol. 

For this study, we used data on 711 ascending fish col-

lected between 2006 and 2016 (Table  1), representing 

all the adults entering the system in this period. Cen-

sus numbers (but not genetic data) of ascending spawn-

ers between 2000 and 2005 were also available [43]. 

Table 1 Summary of brown trout trap sampling and genotyping, both for sea trout ascending the Guddal River in 2006–2016 and for 
the smolts emigrating to sea in 2017

Catches in the trap: total number of ascending fish caught in the trap. * including individuals with too many loci missing after genotyping. Trout individuals 

genotyped: total number of individuals minus fish with no samples, fish identified as Atlantic salmon and sea trout individuals caught several times within the same 

year in the ascending trap for adults. Two individuals were caught twice in 2008, two twice in 2011, one individual three times in 2012, one twice in 2014, one twice in 

2015 and one twice in 2016

Sample Catches in the trap Fish with no tissue 
sample*

Fish identified as 
salmon

Trout 
individuals 
genotyped

Ascending trout 2006 86 0 1 85

2007 37 3 0 34

2008 89 7 1 79

2009 82 1 0 81

2010 28 1 2 25

2011 73 3 4 63

2012 56 0 1 53

2013 41 2 0 39

2014 60 1 0 58

2015 99 0 2 96

2016 89 2 0 87

Smolt 2017 965 20 94 851
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Furthermore, we analysed the entire smolt run of 2017, 

representing 965 fish (Table 1).

Genotyping

DNA was isolated and extracted using Qiagen’s 

 DNeasy® Blood & Tissue kit (Qiagen Inc.), following the 

manufacturer’s recommendations.  DNA concentration 

was measured with a NanoDrop 1000 Spectrophotom-

eter ("ermo Fisher Scientific Inc.). Dilutions were sub-

sequently conducted using a Freedom  EVOware® robot 

(Tecan Inc.), yielding ca. 16.6 ng/µL of DNA per sample.

All samples were genotyped at 21 microsatellite loci 

(Additional file  1: Appendix  1), divided into three mul-

tiplexes for the Polymerase Chain Reaction (PCR). "e 

third multiplex included the sex-specific markers, Exon 2 

and Exon 4 [55] from the sdY sequence, a male-specific-

Y-chromosome gene that is highly conserved in salmo-

nids [56]. Although not always 100% accurate, due to the 

occasional occurrence of autosomal pseudocopies of sdY, 

at least in brown trout´s closest relative, Atlantic salmon 

[57], this provides more accurate sexing than pheno-

typic sex as morphological dimorphism can be difficult 

to ascertain in the field [58]. PCR was conducted using a 

Verity 96 well thermal cycler and GeneAmp PCR system 

9700 (Applied Biosystems). Conditions for the cycling 

reactions and primer mixes used for the 3 multiplexes 

are detailed in Additional file 1: Appendix 2. PCR prod-

ucts were then diluted at 1:15 and separated by capillary 

electrophoresis using a 3730 DNA Analyzer (Applied 

Biosystems). Alleles were scored using GeneMapper 5 

with GeneScan 500 LIZ size standards (Applied Biosys-

tems). A total of 30 adults and 94 smolts were identified 

as Atlantic salmon as they showed several allele sizes 

that do not correspond to alleles known from brown 

trout, which left a total of 1560 trout sampled (711 adult 

ascenders and 851 smolt, see Table 1).

Two microsatellite loci (Ssa85 and Ssa197) were repre-

sented twice in separate multiplexes in order to provide 

a control of the allele scoring (Additional file 1: Appen-

dix 1). PCR was repeated for each sample until data were 

obtained for most loci. In the whole dataset, 3 individuals 

had missing data at 3 loci, 4 at 2 loci and 56 at 1 locus, out 

of the 21 loci genotyped. When several PCRs had been 

conducted for the same individuals, they were compared 

and the one with the most clear-cut signal was consid-

ered right in case of conflict. "e locus BG935488 was 

excluded from the dataset due to difficulties with reliable 

scoring of alleles. As loci MHC-I and Sasa-TAP2A are 

closely linked to loci associated with immune responses 

and have previously been suggested to be under diversi-

fying selection among trout populations from the Har-

danger Fjord [59]; they were omitted from analyses of 

effective population size but were used for sibship recon-

struction (see below).

Tissue samples were accidentally missing for 20 of the 

ascending trout (Table 1). However, the PIT tag number 

from a missing fish of 2016 had a match with one cap-

tured in 2015, allowing to find its genotype based on the 

previous sampling.

Individual identification

"e “matches” algorithm implemented in GenAlEx 6.5 

[60] was used to identify identical genotypes (allowing 

for one mismatching locus), corresponding to individuals 

that had ascended the river Guddal several times among 

or within years. "is procedure was implemented as PIT 

tags can be lost between captures [54], particularly in 

females during spawning, thus compromising individual 

identification.

Genetic diversity and effective population size

Total number of alleles and allelic richness  (Ar) per locus 

were computed with the R package diveRsity [61], using 

R 3.6.1 [62]. Observed  (HO) and unbiased expected het-

erozygosity  (HE), as well as inbreeding coefficient  (FIS) 

were computed with GenAlEx 6.5. Tests for Hardy–

Weinberg equilibrium were performed with Genepop 

4.7 [63] using the following Markov chain parameters: 

10,000 dememorisation steps, 1000 batches and 10,000 

iterations per batch. False discovery rate (FDR) correc-

tion was applied to account for multiple testing [64], 

using the method by Y Benjamini and Y Hochberg [65] 

implemented in Myriads 1.1 [66].

Effective population sizes  (Ne) for the ascending sea 

trout and the smolts were estimated with the linkage 

disequilibrium method implemented in NeEstimator 2.1 

[67], using allele frequencies higher than 0.05. As several 

cohorts are represented among spawning individuals, we 

assume that the estimates measure  Ne rather than  Nb (the 

effective number of breeders in a single breeding event 

[68–70]). A smaller number of cohorts were expected to 

be represented in the sample of smolts and hence esti-

mates could be shifted more towards estimating  Nb.

Sibship and parentage assignment

COLONY 2.0.5.1 [71] was used to infer full and half sib-

ships both in the 2006–2016 ascending trout and the 

smolt 2017 datasets. "is software  infers all possible 

relationships (siblings and parentage) of all individuals 

(all offspring and all candidate parents) simultaneously 

in a full likelihood framework. Analyses of the ascend-

ing trout dataset were conducted with no information 

on parental genotypes, assuming both male and female 

polygamy as well as possible inbreeding. "e full-like-

lihood method was used at very high precision for 
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the full likelihood calculation and medium run length 

together with the options sibship scaling, no updated 

allele frequencies and no sibship priors. In the analysis 

of the smolt dataset, the trout ascending in or after 2010 

were used as candidate parents. We assumed that when 

fish were last caught before 2010, they were unlikely to 

be candidate parents, as smolts at these latitudes leave 

the river between age 2 and 7  years [72]. Similarly, it is 

unlikely that reproduction in 2016 would result in smolts 

sampled in 2017, but several trout ascending in 2016 had 

also ascended in previous years (see Additional file  1: 

Appendix 2) and could consequently be parents of smolts 

as a result of previous spawning events. We made use of 

this information for providing an empirical assessment of 

the quality of parentage assignment. We thus predicted 

that anadromous individuals that had ascended the river 

in 2016 and were identified as parents of smolts from 

2017 should also have ascended the river in previous 

years.

"ree COLONY runs with different random number 

seeds were used to check the reliability of the results. 

Only the relationships found in the 3 runs were kept in 

the inferred pedigree. Allelic dropout rate in the input file 

was estimated with the PopGenReport R package [73]. 

Genotyping error rate was set to 0.01 for all loci. Each 

time, full and half-sibships were inferred from the “best 

configuration” COLONY output files, which is more 

accurate than the results found by the pairwise analysis in 

the files full and halfsib dyads [74].

More than 50% of male parr in a population can be pre-

cocious [75–77]. As it would be infeasible to sample all 

resident trout and not least precocious male parr from 

the system, we inferred the parentage of resident trout 

indirectly. Hence, when none or only one of the two par-

ents of a smolt was identified among the anadromous 

candidate parents, it was assumed that missing parents 

were part of the resident proportion of the population. 

"is was a realistic assumption as all ascending anadro-

mous spawners are assumed to have been caught in the 

trap and genotyped (only 8 adults caught in the trap were 

accidentally not sampled for genotyping between 2010 

and 2016, Table 1). Moreover, given sex ratio differences 

between anadromous and resident trout, we further cor-

roborated this assumption by expecting a higher number 

of supposedly resident males than resident females.

Sibship and timing of migration events

To test whether related individuals tend to migrate at 

the same time (both for ascending adults and descend-

ing smolts), Mantel tests were conducted between a dis-

tance matrix comprising the sibship previously found 

between pairs of individuals, coded as 1 for unrelated, 

0.75 for halfsibs and 0.5 for fullsibs, and a matrix with 

the distance in days between their date of capture in 

the traps. "e R package ecodist [78] was used for these 

analyses, and significance was assessed using 10,000 

permutations together with 1000 bootstraps. "e test 

was conducted separately for each year in the ascending 

spawners. Fish that did not have any siblings within the 

samples of the year or in the smolt sample were removed 

from the analyses, in order not to bias the results.

Results
Numbers of ascending anadromous spawners

"e number of anadromous trout ascending the river 

Guddal showed pronounced variation among years 

between 2006 and 2016, with a mean of 64.9 ± 22.9 indi-

viduals (± SD), ranging from 25 in 2010 to 96 in 2015, 

but with no general tendency for a decline over this 

time period (linear regression:  F(1,9) = 0.29,  R2adj = -0.07, 

P = 0.61; see also Table  1). However, compared to the 

mean number of anadromous trout recorded in the trap 

in in 2000–2005 in the same river (100 ± 43 (mean ± SD), 

[43]) there were indications of a decline over a longer 

time span, although for the entire period of 2000–2016 

the result remained non-significant (linear regression: 

 F(1,15)=2.90,  R2adj = 0.11, P = 0.11).

After genotyping, we identified 591 individuals among 

the 711 tissue samples from returning adult sea trout col-

lected between 2006 and 2016. "e matching genotypes 

showed that 82 individuals ascended the river more than 

once in the study period. Eight individuals were found 

returning to the river twice within the same year, and one 

returned three times in the same year (Table 1). Assign-

ment tests using the simulation option in GeneClass2 

[79] provided no evidence that the latter individuals were 

strayers from different populations, except for a single 

individual whose multilocus genotype was unlikely to 

occur based on the allele frequencies observed in the 

Guddal population (data not shown).

Individuals returned to the river on average 1.19 times, 

ranging from 1 to 6 times (recaptures are illustrated 

in Additional file  1: Appendix  3). Individuals ascend-

ing multiple times returned within a period of 2.7 ± 1.0 

(± SD) years on average (Additional file 1: Appendix 3). 

During the study period, most of the sea trout ascended 

the river between mid-July and early September, but the 

spawning run had its earliest start in 2016 on the 14th of 

May and the latest end in 2010 on the 25th of November 

(Additional file 1: Appendix 4). "e spawning run could 

be roughly divided into two peaks of migration for most 

of the years, one in summer and one in early autumn, 

but the pattern was not clear-cut (Additional file  1: 

Appendix 4).

A χ2 goodness of fit test revealed that the number of 

females exceeded number of males among anadromous 
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trout across all years, with sex ratios (females:males) 

ranging from 1.04 in 2013 to 2.13 in 2009 (Table  2, 

χ2 = 28.2, df = 10, P = 0.002).

Genetic variation and effective population size estimated 

from ascending spawners

A total of three deviations from Hardy–Weinberg 

equilibrium were found in the microsatellite DNA 

dataset for annually ascending trout after Benjamini 

and Hochberg [80] False Discovery Rate correction 

(Table  2). As they concerned three different loci that 

were not deviating in other annual samples, they were 

all retained in the analyses. Mean unbiased expected 

heterozygosity  (HE) was high and stable across years, 

ranging from 0.74 to 0.76, and  FIS was not significantly 

different from 0, except in 2012 and 2013 where it nev-

ertheless remained low (Table 2).

Estimates of mean effective population size  (Ne) 

showed considerable variation, ranging between 83 in 

2014 and 3646 in 2010 (Table 2). The highest  Ne esti-

mate coincided with the lowest sample size (N = 25) 

and showed a very wide 95% confidence interval (94–

∞), indicating that the point estimate is not informa-

tive. Considering only the years with sample sizes > 50 

(a total of 8 years), the  Ne point estimates ranged from 

83 to 548, with a mean of 223.1. Similar to the number 

of spawners per year, there was no evidence for a tem-

poral decline of  Ne.

Genetic variation and effective population size estimated 

from 2017 smolts

Mean unbiased expected heterozygosity  (HE) was simi-

lar to that observed in anadromous spawners (Table  2). 

In contrast, however, 17 deviations from Hardy–Wein-

berg equilibrium were found among the 18 loci analysed 

(Table  2), likely reflecting the large number of full- and 

half-sibs (see below) and essentially violating the crite-

rion for Hardy–Weinberg equilibrium of infinite popu-

lation size, combined with very high statistical power 

due to the sample size of N = 851. Sex-ratio in the total 

sample of downstream migrating smolts was more biased 

towards females than for the anadromous spawners (2.15 

against a mean of 1.48 in the spawners, Table  2). "e 

point estimate of effective population size  (Ne) was 51, 

much lower than estimates based on anadromous spawn-

ers (Table 2).

Relatedness and timing of migration events

Among the 851 smolts migrating to the sea in 2017, the 

consensus pedigree achieved after three different COL-

ONY runs identified 3198 full and 11,065 halfsib dyads. 

"is represents 317 different fullsib families, with a mean 

of 2.7 offspring per family (ranging between 1 and 42). 

"e Mantel test between distance matrices composed of 

distance in Julian date of seaward migration and distance 

in inferred sibship relation yielded a significant positive 

correlation for the 815 smolts which had siblings in the 

run (r = 0.027, P = 0.0002, Table 3).

For the samples of anadromous spawners, the num-

bers of individuals with half- or full-sibs in the spawning 

Table 2 Summary of the population genetic statistics, both for anadromous trout ascending the river Guddal in 2006–2016 and for 
smolts sampled in 2017

N: number of individuals sampled, Nf:Nm: number of females divided by number of males, Ar: allelic richness,  HO: mean observed heterozygosity,  HE: mean unbiased 

expected heterozygosity,  FIS: mean individual inbreeding coefficient.  HO,  HE and  FIS are followed by their 95% confidence interval. HWE deviations: number of 

deviations from Hardy–Weinberg equilibrium out of the 18 loci tested, after false discovery rate correction.  Ne: effective population size estimated by the linkage 

disequilibrium method, lowest frequency used 0.05, CI95%: Jack knife confidence interval, ∞: infinite value

Sample Sample size Sex-ratio 
(Nf:Nm)

Number 
of alleles

Ar HO HE HWE 
deviations

FIS Ne  (CI95%)

Ascending trout 2006 85 1.43 193 8.14 0.75 ± 0.07 0.75 ± 0.07 1 − 0.012 ± 0.024 99 (60–207)

2007 34 1.83 169 7.98 0.76 ± 0.08 0.76 ± 0.07 0 0.000 ± 0.040 121 (51–∞)

2008 79 1.55 196 8.15 0.72 ± 0.07 0.74 ± 0.07 0 0.019 ± 0.040 568 (202–∞)

2009 81 2.12 209 8.28 0.73 ± 0.07 0.74 ± 0.07 0 0.005 ± 0.027 280 (137–2854)

2010 25 1.78 159 7.64 0.75 ± 0.09 0.76 ± 0.08 0 − 0.007 ± 0.044 3646 (94–∞)

2011 63 1.25 187 8.16 0.74 ± 0.07 0.75 ± 0.07 0 0.002 ± 0.030 196 (110–639)

2012 53 1.21 199 8.46 0.71 ± 0.08 0.76 ± 0.08 2 0.049 ± 0.039 275 (96–∞)

2013 39 1.05 169 7.84 0.72 ± 0.08 0.76 ± 0.07 0 0.032 ± 0.039 108 (55–598)

2014 58 1.42 191 8.17 0.73 ± 0.08 0.74 ± 0.08 0 − 0.005 ± 0.040 83 (45–252)

2015 96 1.18 192 8.02 0.74 ± 0.07 0.74 ± 0.07 0 − 0.010 ± 0.025 135 (78–332)

2016 87 1.42 203 8.23 0.73 ± 0.07 0.75 ± 0.07 0 0.010 ± 0.024 149 (93–313)

Smolt 2017 851 2.15 287 7.32 0.74 ± 0.04 0.75 ± 0.04 17 0.020 ± 0.006 51 (46–56)
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run of the same year ranged from 0 in 2010 to 56 in 2015 

(Table  3). Mantel tests for association of sibship and 

migration timing conducted for ascending anadromous 

trout year by year used the week of ascendance in the 

matrix, as the time window for the ascending migration 

is larger than for descending migration of smolts. "e 

results were significant for the adults ascending in 4 years 

(2006: r = 0.112, P = 0.0040; 2007: r = 0.225, P = 0.0425; 

2008: r = 0.092, P = 0.0400, and 2015: r = 0.055, 

P = 0.0405; Table 3), but not for individuals ascending in 

the other years.

Resident trout contribution to anadromous trout run

Parents of the 2017 smolt run were found among the ana-

dromous trout ascending the river Guddal between 2011 

and 2016. Among 140 candidate anadromous fathers and 

175 candidate anadromous mothers, 33 males and 52 

females contributed to the total smolt sample. Among 

these individuals, four males and 12 females ascended the 

river in 2016, but as stated previously, the 2017 smolt run 

would be unlikely to include offspring from the previous 

year. In accordance with this, all but one of these indi-

viduals had in fact been recorded as ascending the river 

and presumably spawning in previous years, thus lend-

ing indirect empirical support to the robustness of par-

entage assignment. "e putative parent recorded in 2016 

but not found to ascend the river in previous years was 

a male. In addition to the possibility of incorrect parent-

age assignment, it is possible that the male reproduced 

as mature male parr and smolted and undertook migra-

tion to the sea afterwards. It is also possible that this male 

represents some of the individuals that were accidentally 

not genotyped (see Table 1).

Based on the assumption that a parent not represented 

by anadromous spawners caught in the trap must have 

been a resident individual, the freshwater resident part of 

the population was inferred to contribute to 70% of the 

2017 smolt run (Fig. 2A). Identified anadromous females 

contributed to 72% of the smolt sample. "e opposite 

pattern was observed for males, with putatively resi-

dent males (including precocious male parr) contribut-

ing to 66% of the smolt sample, which was significantly 

more than anadromous males (binomial tests, N = 851, 

P < 0.001, Fig.  2B). "ese patterns are in accordance 

with the skewed sex ratio observed among anadromous 

spawners (Table 2). A total of 46% of the smolts had one 

putatively resident parent while the other was a migrant, 

24% had two resident parents and 30% had two anadro-

mous parents (Fig. 2A). Among these matings involving 

two different life history strategy types, 91% took place 

between a migrant female and a putatively resident male 

(Fig. 2A).

Discussion
Our study represents a unique long term monitoring 

effort of a salmonid population in an environment expe-

riencing significant anthropogenic pressure. In addition 

to providing insights into demographic trends, the results 

raised the interesting possibility of concordance between 

migration timing and kinship in smolts and adult spawn-

ers. Finally, and most importantly, parentage assignment 

of an entire cohort of migrating smolts showed that resi-

dent parents contribute substantially to the anadromous 

Table 3 Mantel test results between sibship and distance in week of ascendance for ascending trouts between 2006–2016 and 
between Julian date of seaward migration for 2017 smolt run

Only individuals that were found to have kin within the samples were kept

N: number of individuals that had kins within the sample, %…: percentage of the total matrix that were full, halfsib or non related pair of individuals, Mantel’s r: 

Pearson correlation between the two matrices, P: p-value for the test. In 2010, no ascenders were found to be related so the Mantel test could not be conducted

Sample N % Fullsib % Halfsib % Nonrelated Mantel’s r P

2006 47 0.65 5.92 93.43 0.112 0.0040

2007 12 1.52 10.61 87.88 0.225 0.0425

2008 27 0.28 4.84 94.87 0.092 0.0400

2009 43 0.00 3.32 96.68 0.023 0.2229

2010 – – – – – –

2011 19 0.58 5.85 93.57 -0.007 0.5484

2012 7 4.76 19.05 76.19 0.182 0.1864

2013 17 1.47 5.88 92.65 -0.004 0.4909

2014 27 2.85 4.56 92.59 -0.025 0.6676

2015 56 1.36 4.29 94.35 0.055 0.0405

2016 44 1.90 3.07 95.03 -0.010 0.5978

smolt 2017 815 0.96 3.33 95.7 0.027 0.0002
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run. We discuss these findings and their conservation 

implications in more detail below.

Temporal trends of census and effective population size

"e number of anadromous trout ascending the Guddal 

River varied considerably among years, but did not show 

a general tendency for decline over the study period, 

although numbers of spawners were lower in 2006–2016 

than in 2000–2006. Salmon farming in the Hardangerf-

jord accellerated during the 1990s, so it is expected that 

the most severe population declines occurred during that 

period and have subsequently stabilized, as indicated by 

our results.

Similar to census sizes of anadromous spawning run, 

effective population size estimates also showed no gen-

eral trends towards declines during the study period. 

"is comes with the caveat that estimates of  Ne based on 

linkage disequilibrium are sensitive to low sample sizes 

[81], which for some years/samples resulted in low preci-

sion of estimates. It may seem surprising that the  Ne esti-

mate based on smolts (51) was much lower than any of 

the estimates based on anadromous spawners. However, 

as noted previously this estimate is not completely com-

parable to estimates from adult anadromous spawners 

that represent different numbers of sea-winters before 

they return to the river; the smolt run in a given year is 

expected to represent fewer cohorts compared to adult 

spawners and would therefore represent something in 

between  Ne and  Nb (the effective number of breeders in a 

single breeding event [68, 69]).

"e  Ne estimates of a few hundreds are comparable to 

most other estimates found in anadromous brown trout 

populations using temporal or LD-based methods [59, 

82–84], but higher than most estimates from strictly 

resident populations [85–88]. Whereas  Ne in the Guddal 

population is lower than the 500 or even 1000 assumed to 

be required for maintaining evolutionary potential [89–

92], it should be noted that it is part of a larger system in 

the Hardanger Fjord where gene flow occurs among pop-

ulations [59]. In general, anadromous brown trout popu-

lations have been found to exhibit a hierarchical genetic 

structure shaped by both geographical distance between 

populations and environmental parameters, with low 

genetic differentiation among local populations resulting 

from gene flow [93]. Evolutionary potential should thus 

be considered across several neighbouring populations, 

where total  Ne is expected to be higher [94].

Concordance of migration timing of related individuals

Association of kin along with the possibility of kin 

selection has been studied intensively in salmonids 

[29, 95–99]. As sibs during the earliest life stages are 

situated in the same spawning redds, spatial associa-

tion of kin would be expected to occur immediately 

after hatching, whereas subsequent drift and disper-

sal would lead to decreased kin association over time, 

unless active kin recognition and association takes 

place [99]. "e significant association betwen migra-

tion timing and relatedness as observed in smolts in 

the present study can hardly be ascribed to reminiscent 

patterns of association of kin several years back in time 

in their spawning redds, but could reflect: (1) active 

aggregation of kin, (2) genetic components in the tim-

ing of smolt migration, and/or (3) similarity in size of 

sibs and thereby propensity for migrating at the same 

time, simply because sibs hatched and emerged from 

the same redds at the same time. Whereas the study 

does not allow for distinguishing between these pos-

sibilities, we note that (2) and (3) are the most parsi-

monious explanations and also indirectly supported 

P
e
rc

e
n
ta

g
e
 o

f 
sa

m
p
le

s

0

20

40

60

80

100

♂ anadromous ♀ resident

♀ anadromous ♂ resident

Both resident

Both anadromous

30

24

42

4

*** *** *** *** *** *** *** ***

0

20

40

60

80

female male
Parent

P
e
rc

e
n
ta

g
e
 o

f 
2
0
1
7
 s

m
o
lt 

ru
n

Type

resident

anadromous

A

B

Fig. 2 The parental origin of smolts in the 2017 run based on 
parentage assignment using COLONY 2.0.5.1 [71]. A Percentage of 
smolts according to their parental origin. B Contribution of sexes of 
anadromous and resident trout to the smolt run. Error bars represent 
the 95% confidence interval of the percentage. Significance of the 
binomial tests to compare contribution of anadromous and resident 
individuals of the same sex, ***: P < 0.001



Page 10 of 14Duval et al. BMC Ecol Evo          (2021) 21:143 

by empirical results [47, 100, 101], including data from 

Atlantic salmon demonstrating clear genetic compo-

nents in migration timing [96, 102].

Interestingly, our results are at odds with those from 

a different study on migration timing and kinship in 

Atlantic salmon, which found no significant association 

between kinship and schooling and migration timing in 

smolts [103]. Part of the reason for the discrepancy of 

results could lie in different experimental set-ups. "e 

study by Fernandes et al. [103] was based on experimen-

tal full-sib families stocked into a natural environment 

at the same point in time, whereas our study encom-

passed the total smolt run composed of families naturally 

spawned and hatched over an extended period of time. 

"is would leave more statistical power in our study for 

detecting association between kinship and migration 

timing resulting from similar hatching time and size of 

sibs, without necessarily involving active kin aggregation 

or genetic components in migration timing.

We also found some support for association between 

kin and timing of upstream migration among ana-

dromous trout, although significant associations were 

observed in only 4 out of 11 years. Few studies of possible 

kin-biased aggregation of adult salmonid fishes have been 

conducted, undoubtedly due to challenges with sampling. 

However, one study found kin associations to occur at 

the adult stage outside the spawning period in brook 

char (Salvelinus fontinalis) inhabiting a large freshwater 

lake [29]. Nevertheless, kinship analysis of spawners in a 

tributary to the same lake provided no evidence for asso-

ciation of kin [104]. As noted by the authors, this could 

be an effect of accummulated mortality over time, leaving 

few surviving related individuals at the time of spawning. 

"is could also be the case in our present study, where 

numbers of anadromous spawners per year were overall 

low.

In total, there was evidence for association between 

kinship and migration time in smolts, and also evidence, 

albeit less consistent, for such an association in spawn-

ers returning to the river. "e association found in smolts 

raises the possibility that episodes of increased marine 

mortality, e.g., due to salmon lice exposure or fluctuating 

aggregations of predators, could potentially increase vari-

ance in mortality among families, which could again lead 

to higher variance in reproductive success among fami-

lies and lower effective population size. Sibs were found 

among anadromous spawners in all years except for 2010 

(with only 25 ascending anadromous spawners), but 

whether this reflects a disproportionally high variance in 

mortality among families compared to undisturbed con-

ditions cannot be assessed. "is would require compa-

rable data from the system before major environmental 

disturbance of the Hardanger$ord system took place.

To what extent does the resident stock of Guddal brown 

trout population contribute to the sea run?

In systems like the Hardanger Fjord with increased 

marine mortality [43–45, 49], it is important to assess 

to which extent the resident part of the population can 

compensate for recruitment in the case of a reduced 

number of anadromous spawners. Moreover, it is impor-

tant to consider to what extent this will drive changes in 

anadromy.

We did not genotype candidate parents among the resi-

dent trout and made the assumption that non-genotyped 

parents corresponded to resident individuals. "is is an 

important limitation of the study and for instance pre-

cludes distinguishing between parents that are mature 

male parr and adult resident trout. However, the trap in 

which ascending spawners were sampled is of a construc-

tion that makes it unlikely that individuals can escape 

further upstream without being registered. In very few 

instances tissue samples were by mistake not taken, 

but this is unlikely to account for all the parental geno-

types not represented among the ascending anadromous 

spawners. Moreover, our findings of parentage are in 

accordance with expectations given the skewed sex-ratio 

observed among anadromous and resident spawners [5, 

26, 37, 39], providing further confidence in our results. 

Hence, only 4% of all smolts in 2017 had an anadromous 

father and putatively resident mother, whereas 42% had 

a putatively resident father and anadromous mother. In 

total, 70% of the smolts had either one or two inferred 

resident parents, with the latter category accounting for 

24% of all smolts.

In the case of resident males, it is likely that many of 

them are in fact precocious male parr, as studies of both 

brown trout and other salmonids have shown that they 

can be both numerous and have significant reproductive 

success [6, 38, 39, 105]. On the other hand, the contribu-

tion to the 2017 smolt run was higher for anadromous 

than putatively resident females (72% versus 28%), which 

could reflect a higher number of anadromous relative to 

resident females and/or the fact that it is more advanta-

geous as a female to migrate to sea in order to maximize 

body weight and egg production and thereby reproduc-

tive success [31, 106]. In the context of elevated mortality 

rates at sea, these results demonstrate that resident trout 

may indeed have some buffering effects towards a decline 

of anadromous spawners and that a sizeable proportion 

of smolts in fact have two resident parents. Given the 

high contribution of anadromous females to the smolt 

run it is nevertheless also evident that strong declines of 

the anadromous portion of the population would likely 

have significant negative demographic consequences for 

the total population. It should also be stressed that high 

marine mortality would lead to reduced gene flow among 
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populations, hence reducing overall effective metapopu-

lation size (as in for instance the entire Hardanger Fjord 

system) and potentially leading to inbreeding and loss of 

variation in individual populations [94].

Could long-term elevated marine mortality select 

against anadromy and ultimately remove it from the 

population? If we assume that anadromy is a quantitative 

trait with an environmentally-cued threshold [10], then 

in this case high levels of genetic variation could be pre-

served even under directional selection acting against it 

[107]. "is way, even if migration costs are increasing, the 

propensity to migrate within a population may persist. 

"is finds empirical support in studies of brown trout 

[84] and other salmonid species that have been land-

locked for centuries (e.g., by dams) such as brook charr 

[108], rainbow trout Oncorhynchus mykiss [109] and bull 

trout Salvelinus confluentus [110], but where migratory 

behaviour is retained. Nevertheless, recent studies have 

demonstrated major quantitative trait loci for important 

life history and migratory traits in e.g., Chinook Onco-

rhynchus tshawytscha [12] and Atlantic salmon [13]. 

If such genetically based variation also exists in brown 

trout, then increased marine mortality could exert strong 

selection and lead to genetic and phenotypic changes in 

populations, even if anadromy per se is retained.

Conclusions
"e unique long-term monitoring of ascending ana-

dromous spawners in the Guddal River allowed us to 

track both census and effective population size over an 

extended time period coinciding with adverse anthro-

pogenic conditions in the sea. We did not observe gen-

eral trends of declines during this period, suggesting 

that the population had stabilized after initial declines 

prior to the study. We found a significant association 

between kinship of smolts and their timing of emigra-

tion from the river, which raises the possibility that 

periodically adverse conditions in the sea could dis-

proportionally affect some families and potentially lead 

to decreased effective population size. A similar asso-

ciation between kinship and migration timing was also 

indicated in ascending anadromous spawners but was 

not consistent across years. It is possible that accum-

mulated mortality until this life stage would decrease 

the number of surviving sibs and thereby weaken sig-

nals of an otherwise genuine association. Finally, using 

parentage assignment of the total smolt run within a 

year, we estimated that 70% of smolts had at least one 

resident parent, and in 24% of cases both parents were 

inferred to be resident. Hence, the resident propor-

tion of the population played a major role in recruit-

ment of anadromous trout and would be expected to 

provide some buffer against elevated marine mortality. 

Nevertheless, as the majority of smolts had an anadro-

mous mother, it  is also envisaged that elevated marine 

mortality would have important negative consequences 

for production of the population as a whole and could 

also lead to altered selection pressure for important life 

history traits. In total, the study thus provides impor-

tant new information about recruitment and dynam-

ics of populations showing partial migration, and how 

this may interact with anthropogenic environmental 

disturbance.
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