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Understanding the evolutionary responses of organisms to thermal regimes
is of prime importance to better predict their ability to cope with ongoing
climate change. Although this question has attracted interest in free-living
organisms, whether or not infectious diseases have evolved heterogeneous
responses to climate is still an open question. Here, we ran a common
garden experiment using the fish ectoparasite Tracheliastes polycolpus, (i) to
test whether parasites living in thermally heterogeneous rivers respond dif-
ferently to an experimental thermal gradient and (ii) to determine the
evolutionary processes (natural selection or genetic drift) underlying these
responses. We demonstrated that the reaction norms involving the survival
rate of the parasite larvae (i.e. the infective stage) across a temperature gra-
dient significantly varied among six parasite populations. Using a Qg /Fg
approach and phenotype—environment associations, we further showed
that the evolution of survival rate partly depended upon temperature
regimes experienced in situ, and was mostly underlined by diversifying
selection, but also—to some extent—by stabilizing selection and genetic
drift. This evolutionary response led to population divergences in thermal
tolerance across the landscape, which has implications for predicting the
effects of future climate change.

1. Introduction

Species are facing the new challenge of intense and rapid climate change [1,2].
They can respond to these changes by shifting their geographical distribution to
track their favourable habitats [2—7]. They can also cope with climate change by
adapting in situ to ongoing changes, either through phenotypic plasticity or
microevolution [1-3]. Alternatively, some populations may have been selected
for higher thermal tolerance, which would provide them—in a context of cli-
mate change—with an advantage over those with more narrow tolerance
ranges. These populations should better survive future climatic change, and
could also expand their ranges by replacing local populations with narrow
thermal tolerance [4-6].

This hypothesis implicitly suggests that populations respond differently to
current climatic conditions, so that this variation in responses can then be
advantageous to face future climate change [7,8]. Local adaptation, genetic
drift and founder effects are processes that can all generate population variation
(both on mean values and reaction norms) in important traits such as thermal
tolerance [8]. For instance, populations currently living in environments
with high temperature fluctuations may evolve thermal generalism, whereas
populations living in stable environments should evolve thermal specialization
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towards the local optima [9]. We can expect generalist popu-
lations to better cope with future climate change [9]. Thus,
rather than considering a species as a uniform entity, this
hypothesis considers a species as a heterogeneous entity
that may include population subsets that would better fit
future climate change [7].

Infectious diseases are particularly sensitive to climate
change [10]. Warming temperatures are expected to affect
virulence [11] and dynamics of transmission [12,13], as well
as physiological development and survival rate of pathogens.
At the same time, hosts may undergo an increased suscepti-
bility to infection due to thermal stresses [10,14]. Because
both host and pathogen traits can be affected by temperature,
predicting the outcome of future climate change on the
spatial distribution of infectious diseases is still a great chal-
lenge [10,15]. The evolutionary potential of pathogens is
predicted to be high, and actually higher than that of hosts
[16]. As such, many studies have highlighted the adaptation
of pathogen genotypes to their local host genotypes (para-
site-genotype x host-genotype interactions), demonstrating a
strong heterogeneity within pathogen meta-populations in
virulence-related traits [17,18]. Surprisingly, the possibility
for parasite-genotype x environment interactions has attracted
less attention (but see [9,10,19—-22]), which can however poten-
tially lead to heterogeneous responses of parasite populations
to climatic variation [23].

The main goal of this study was to test experimentally
whether or not parasite populations living in thermally hetero-
geneous landscapes respond differently to an experimental
thermal gradient. To test this, we used the fish ectoparasite
Tracheliastes polycolpus as a model. Tracheliastes polycolpus is a
species of copepod whose females infect many freshwater
fish [24] and partially or completely destroy fins [25], which
leads to reduced fitness in hosts [26]. We conducted a
common garden experiment to test the null hypothesis that
larvae (i.e. the infective stage of the parasite) collected from
adult parasites originating from rivers with different thermal
regimes share similar reaction norms (in term of survival
time) across an experimental gradient of water temperature
ranging from 16°C to 22°C. This parasite lives in highly hetero-
geneous climatic environments [27] and effective population
sizes are relatively small [28], suggesting that both local adap-
tation and genetic drift may generate population divergence
for traits related to thermal tolerance. For these reasons, we
expect to reject the null hypothesis that larvae from different
rivers will respond homogeneously to a thermal gradient.
We then used a Qy/Fs approach [29,30], combined with an
approach linking thermal reaction norms observed in the
experiment to thermal variation measured in the field to
gain further insights into the evolutionary mechanisms (gen-
etic drift or natural selection) that may generate contrasted
responses to thermal regimes in wild populations.

2. Material and methods
(a) Biological model

Tracheliastes polycolpus is a parasitic copepod infecting several
freshwater fish species of the Cyprinid family, the rostrum
dace Leuciscus burdigalensis being the main host [24]. Only
adult females are parasitic: they feed on the epithelial cells and
mucus of fins, leading to decreased host fitness [26]. Each
female is fecundated by a single dwarf male (i.e. gonochoric

and monogamous species; O.R., S.B. & G.L. 2013, unpublished n

data) and produces two egg sacs each containing up to
165 eggs [29]. Female parasites lay free copepodid larvae in the
water column. This larval stage is the infective stage of the
parasite, during which it actively infects (within 3-5 days)
other host individuals.

(b) Sampling sites

Six rivers were selected in the Garonne River Basin in southern
France (Arize, Cél¢, Dadou, Salat, Viaur and Volp rivers;
figure 1b). Rivers were selected based on their thermal regimes
and on the level of genetic differentiation of their parasite popu-
lations. Specifically, using neutral genetic markers, we previously
demonstrated that two genetic clusters of T. polycolpus coexist in
this river basin [28] (see also the electronic supplementary material,
appendix S1), and we selected three rivers within each genetic clus-
ter that varied in their thermal regime (figure 1a). A first genetic
cluster (northern cluster) grouped the Célé, Viaur and Dadou
rivers, whereas the second cluster (southern cluster) grouped the
Arize, Volp and Salat rivers (figure 1b).

The water temperature (to the nearest 0.1°C) of each river was
recorded every 30 min from April 2014 to October 2014, which
represents the active period of parasite. To do so, we deployed
two automatic data recorders (Hobo) along a 200 m stretch of
each river, along which parasites were sampled (see figure 1b
for the site locations). The thermal regime of each river was
characterized from these raw data by calculating the mean
monthly water temperature (°C), the mean annual water temp-
erature (°C) and the annual coefficient of variation (CV). The
thermal regime recorded for the six rivers strongly varied, with
the Salat reaching a maximum mean monthly temperature of
approximately 14.5°C in contrast to the approximately 20.5°C
measured for the warmest river (Viaur; table 1 and figure 1a).
Rivers also strongly differed in their CV, with the largest CV
observed for the Volp (7.39°C) and the lowest in the Salat river
(3.27°C; table 1).

(c) Parasite sampling

Parasites were collected from daces during summer 2014. Daces
were sampled by electric-fishing at a single site in each river
(figure 1) along an approximate 200 m river stretch. We sampled
as many daces as possible so as to ensure the sampling of several
parasites with mature egg clutches per site, and to avoid that all
parasites came from a single dace (table 1). All adult parasites car-
rying mature eggs (i.e. eggs with four visible black dots [31]) were
gently removed from their hosts, dropped into a 50 ml vial filled
with river water and brought alive to the laboratory.

At the laboratory, we separated the two egg sacs from each
female parasite using a sterile scalpel, and we placed each pair
of egg sacs in a single well from a 24-well plate. Wells were
filled with 2 ml of aerated and de-chlorinated tap water main-
tained at a temperature close to the one measured in natura
during sampling (4+1°C). Water in the wells was changed
every day until hatching.

(d) Experimental design

We recorded the hatching of the eggs five times a day every 4 h
(from 07.00 to 23.00). Once hatched, each larva was individually
placed in a 24-well plate cell and plates were distributed in one of
three thermal treatments: 16°C, 19°C or 22°C. We ensured that at
least three larvae from each adult parasite were available for each
of the three thermal treatments. This ensured that the progeny
from each clutch (i.e. from a female fecundated by a single
male) was split into all treatments, and that the interaction
parasite x genotype per thermal treatment was replicated at
least three times.
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Figure 1. Populations of the parasite Tracheliastes polycolpus sampled in southwestern France. (a) Representation of mean monthly water temperature ( +s.d.) for
each river sampled, from April 2014 to October 2014. (b) Map of the six sampled rivers and their affiliation to the two genetic clusters (northern and southern
clusters). Black circles indicate the sampling sites of T. polycolpus from the northern cluster; grey circles indicate the sampling sites of the southern dluster.

Table 1. Description of the environmental variables characterizing the six sampled sites (distance from the source and mean temperature from April to
September + coefficient of variation). The number of hosts (Leuciscus burdigalensis) infected with adults females carrying mature eggs and collected at each
sampling site, the total number of parasites (Tracheliastes polycolpus) brought to the laboratory and total number of hatched larvae used in the experiment are

also mentioned.

distance from the mean temperature number
source (km) + v of hosts
Célé 35 1527 + 7.72 5
e e 507 .i. e .
Dadou 70 17.04 £+ 6.01 3
e w0 47 iS7 .............. .
Volp 31 16.60 + 7.39 6
e o 1327 ............ 0

Thermal treatments were chosen as follows: the intermediate
thermal treatment (19°C) was based on a preliminary analysis (in
French rivers) indicating that prevalence in wild populations was
maximal at a temperature around 19°C [32]; the two additional
treatments (16°C and 22°C) were included to mimic a large ther-
mal gradient and to cover the range of temperatures observed at
our sampling sites (see the electronic supplementary material,
table S1). To maintain a constant temperature and prevent exter-
nal contaminations, the 24-well plates containing the parasite
larvae were placed in water baths, differing in water tempera-
tures, in a climatic chamber. Water baths were set to 16°C
(£0.1°C), 19°C (£0.2°C) and 22°C (£0.3°C) using waterproof
heating systems (Tetra). Water temperature was monitored

number of parasites number
with successful hatching of larvae
5 56
................. o
4 80
........ e
10 100
s a

throughout using automatic data recorders (Hobo) placed in
each water bath.

(e) Experimental survey

A total of 603 larvae hatched from 54 parasites from 41 hosts
were tested in the common garden experiment (electronic sup-
plementary material, table S2). Larvae were individually
monitored five times a day at 4h intervals (from 07.00 to
23.00) under a binocular microscope, to assess whether they
were alive or dead (a larva was considered dead when it was
observed to be totally immobile for 1 min). To limit observation
biases, the observer was different at each successive observation
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and larvae were removed from the plate only after three consecu-
tive recordings as dead. We changed 1 ml of water in each well
every day of the experiment. We quantified the survival time
for each larva as the time (in minutes) from hatching to the
first of the three observations for which it was observed as dead.

(f) Molecular analysis

To quantify neutral genetic differentiation (Fy) between parasite
populations, we genotyped a total of 187 individuals from the
six sampling sites (approx. 30 individuals per site; see the elec-
tronic supplementary material, table S3). Sixteen microsatellite
loci specifically designed for T. polycolpus were amplified and
genotyped [24,28].

(g) Statistical analysis

(i) Comparisons of survival time and reaction norms

We first tested for significant differences in survival time (among
populations and climatic treatments) and in reaction norms
(i.e. response to the thermal gradient) among populations
using linear mixed-effects models (LMMs) with the survival
time (scaled to the mean) as the dependent variable, thermal
treatments and the river identity as fixed categorical factors, as
well as the two-term interaction resulting from these two factors.
Thermal treatment was treated as a categorical (rather than con-
tinuous) variable to more efficiently account for potential
nonlinear response curves and to facilitate the interpretation of
two-way interactions. Adult parasite identity was nested
within host identity as random terms. A significant interaction
term indicates different reactions norms among populations.
A Gaussian error-term distribution was assumed, as there was
no strong sign of non-normality of the data. This model was
run for all six rivers combined, and for rivers from each of the
two genetic clusters separately.

To assess the effect of the genetic background of parasites in
shaping reaction norms, we ran an LMM with a similar structure,
except that river identity was replaced by the identity of their
genetic cluster (northern or southern clusters).

In a series of two models, we then directly tested whether or
not the thermal regimes of the rivers significantly affected reac-
tion norms. Thermal regimes of the rivers were characterized
by their mean annual water temperatures and their annual CV.
We set two LMMs in which one of these two latter characteristics
was a fixed continuous factor, and in which thermal treatments
(categorical) and the resulting two-term interaction were
included (the dependent variable and the random structure
were as above). In this type of model, a significant interaction
would indicate that reaction norms vary according to in situ ther-
mal conditions (for instance, the slope in survival between 16°C
and 19°C varies according to in situ thermal characteristics).

(h) Quantitative trait analyses

To investigate whether differences in survival time and reaction
norms between populations was driven by natural selection or
genetic drift, we used a classical Qy/Fs comparison [30]. Global
Fy was estimated for each locus independently. Global Qg was
estimated as 0%y /(0% + 20%y), With o2y and 0%, representing
the between- and within-population components of the additive
variance (V) for each trait, respectively [29]. These components
were extracted from random-linear models for six quantitative
traits: the survival time measured for each temperature treatment
(three quantitative traits; Qi6, Q19 and Q) and the reaction
norms (i.e. slope values) between survival measured for each
thermal treatment (three quantitative traits; Qs16-19), Qs(19-22)
and Q16-22))- For Qi6, Q19 and Qy,, variance components were
extracted from a random-intercepts linear model (with Gaussian
error-term distribution) with the survival time (scaled to the

mean) as the dependent variable, adult parasite identity
(i.e. assuming that each female mated with a single male,
hence leading to a full-sib design), host identity (to account for
variance in survival that was due to the condition of the host,
[31]) and population identity as random terms. From this
model, 0% was estimated as the variance related to the popu-
lation identity term, whereas o3 was twice the variance
associated with the adult parasite identity term [29,33]. For
Qsi6-19y Qs(19-22) and Qgue-22), Vvariance components were
extracted from a random slopes and intercepts linear model
(with Gaussian error-term distribution) with the survival time
(scaled to the mean) as the dependent variable, and in which the
slopes between treatments were allowed to vary among adult
parasites (to estimate 0% related to slopes) and populations (to
estimate o2, related to slopes). We also included the host identity
as an intercept-only random term. Global Fy; and Qg were esti-
mated for all rivers combined, all rivers from the northern cluster
only, and all rivers from the southern cluster only.

Qs and Fy values were compared statistically by estimating
the overlap between their respective 95% Cls (assuming that over-
lapping 95% Cls indicate non-significant differences between Qg
and Fg, [34]). The 95% Cls were obtained using a resampling
procedure for global Qg [35] and were estimated from the
distribution of F values measured for each loci for global Fy [33].

All statistical analyses were performed using R language
and the following packages: ‘admbglmm” [36], ‘lme4” [37] and
‘hierfstat’ [38].

3. Results

(a) Comparisons of survival time and reaction norms
Larvae survival time significantly differed among tempera-
ture treatments, but not among rivers (table 2a). There was
no significant interaction between treatments and rivers, indi-
cating that reaction norms were statistically similar among
rivers (table 2a and figure 2a). Overall, mean survival time
was the highest at 16°C (mean = 5275.45 + 2069.40 min),
and decreased at 19°C and 22°C (4495.65 4 1694.08 min and
3600.07 + 1421.67 min, respectively; figure 24). On the con-
trary, the model including the genetic cluster affiliation of
each river revealed a significant interaction term between
the cluster identity and temperature treatments (table 2b),
indicating that the thermal reaction norms significantly dif-
fered between the two genetic clusters. Specifically, in the
southern genetic cluster the survival time at 16°C was signifi-
cantly higher than at 19°C (Tukey post-hoc test, p < 0.01),
whereas in the northern genetic cluster the survival time
was similar between these two temperature treatments
(Tukey post-hoc test, p=0.833; electronic supplementary
material, table S4; figure 2b). The slope between these two
temperature treatments was therefore slower in the northern
than in the southern genetic cluster. There were no significant
interactions between treatments and rivers when each cluster
was considered separately (table 2c,d).

Finally, we found that the specific thermal regime—and
more specifically the mean annual water temperature—of
each river significantly affected the reaction norms. Indeed,
we found a significant interaction between temperature treat-
ments and the mean annual water temperature of each river
(table 2¢), whereas there was no significant interaction
between the CV measured for each river and the temperature
treatment (table 2f). This indicated that the slope of reaction
norms between each pair of experimental treatments (i.e. the
difference in mean survival time between each pair of
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Table 2. Results of linear mixed models used to determine the effects of experimental treatment on larval survival of the parasite Tracheliastes polycolpus. Bold “
p-values indicate significant at significance level of 0.05.

5
degree of freedom f-value p-value \g
(a) the effect of river identity (all populations combined) g
temperature treatments S 250 a8 <0001 S
eridenty s se o o
treatments X rivers 10, 560 1.261 0.249 2
(b) the effect of genetic cluster 3
temperature treatments 2, 572 64.816 <0.001 ‘So
genetic clusters 1, 572 0.076 0.783 ;
treatments x clusters | | 25 s | 0031 §~
() the effect of river identity (populations form the southern cluster) S5
‘ tbempebrat‘urebtreatr»nénbtsb B >2,> 319 - B 25.351 <0.00>1> » §
river identity 2,319 1733 0.178 S
treatments x rivers - S » ‘4, 319 » - » 039 » o 10858 §
(d) the effect of river identity (populations from the northern cluster) S
‘ terﬁpefathre tfeatménfs - 2238 ‘ o » ‘ 6;642 “““ ‘ 0.002 »
river identity 2, 238 0.539 0.583
treatments X rivers ‘ ‘ - 4, 238 ‘ ‘ >0,958 ‘ 0.431
(e) the effect of mean annual water temperature
temperature treatments 2, 572 85.539 <0.001
mean annual water temperature 1, 572 1.797 0.441
freaﬁhéhts X m‘ean‘ annual watef temperature o 2 572 ‘ o R 3.96‘7‘ o ‘ 0.019 »
(f) the effect of coefficient of variation
‘ tbempebrat‘urebtreatr»nénbtsb B >2,> 572 - B 85.677 <0.00>1> »
coefficient of variation 1, 572 2324 0.128
treatrhehts X coefﬁciént of ‘variétion ‘ R » ‘2, 572 » o » ‘ >1.1‘35> » o >0.1322

treatments) significantly varies according to the mean annual
water temperature of each river. Most specifically, we found
that the difference in survival time between the 16°C and
19°C treatments was highly correlated to the mean annual
water temperature (r* = 0.75); difference in survival time
between these two treatments was higher in rivers with a
low mean annual water temperature, whereas difference in
survival time was close to zero for the river with the highest
water temperature (figure 3). Relationships were weakest
(and had different slopes) for other reaction norms between
treatment pairs (figure 3).

(b) Quantitative trait analyses

Global F, was 0.145 (40.065) when all rivers were con-
sidered, 0.153 (+0.078) for rivers of the northern cluster
and as low as 0.032 (40.028) for rivers from the southern
cluster (figure 4a,b). Pairwise Fy among the six rivers ranged
from 0.02 (Arize versus Salat rivers) to 0.18 (Viaur versus
Volp rivers) with an average of 0.11 (electronic supplementary
material, table S5).

Regarding Qy/Fs comparisons, differentiations at quantitat-
ive traits were overall larger for traits involving slopes than for
traits synthetizing mean survival (see the y-axes on figure 4a
versus 4b), irrespectively of the comparison involved (all
rivers combined or rivers from the respective genetic clusters).
Moreover, we found significant signals of diversifying natural

selection (Qg > Fg, with non-overlapping 95% CI) for several
traits (and for all comparisons) including the survival
time measured at 19°C (Qo; figure 4a) and all slope values
(Qsa6-19) Qs(19-22) and Qsa6-22); figure 4b). Interestingly, we
found a clear pattern of stabilizing selection (Qy < Fy, with
non-overlapping 95% CI) for the survival time measured at
16°C (Qs6), although this conclusion holds true only when the
comparisons involved all rivers. In other cases, differentiation
at Q6 was still low, but similar to neutral differentiation (Qg ~
Fg, with overlapping 95% CI; figure 4a). For Q,,, we found pat-
terns of diversifying selection among rivers from the southern
cluster, but not for other comparisons for which Qg did not
vary from the neutral expectation (figure 4a,b).

4. Discussion

Most previous studies on host—parasite interactions focused
on coevolution between each protagonist, providing evidence
for the adaptation of parasites to their local host genotypes
[17,18]. However, less attention was paid to the possibility
for adaptation of parasites to local abiotic factors, although
it has been shown that important traits can be constrained
by the environment [39-41]. Herein, we provide experimen-
tal evidence that local adaptation to in situ climatic conditions
can led to the evolution of a major fitness trait in the ecto-
parasite Tracheliastes polycolpus (i.e. the survival rate of the
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Figure 2. Survival reaction norms of Tracheliastes polycolpus larvae exposed
to three different experimental temperatures (16°C, 19°C, 22°C). (a) Rep-
resentation of the mean survival time (4 s.e.) of individuals from the six
rivers sampled. (b) Representation of the survival reaction norms of individ-
uals from the two genetic clusters: northern cluster (Célé, Viaur, Dadou) and
southern cluster (Arize, Volp, Salat).

free-living infective stage in the surrounding environment).
Survival rate is a critical trait as it determines the transmission
propensity of the parasite [42]. Interestingly, we showed that
local adaptation led to the occurrence of diverging responses
of survival rate to current climatic conditions in wild popu-
lations, but also that stabilizing selection and/or genetic drift
played a role in some situations. This important finding
raises the possibility that some populations will be better
suited to cope with ongoing climatic changes [8,43].

We found that raising water temperature significantly
reduced larvae survival in all parasite populations investi-
gated, with the highest survival rate observed at 16°C.
Although we failed to detect significant differences in reaction
norms among rivers when considering only their identity, a
series of additional tests demonstrated that parasites were
locally adapted to in situ climatic conditions. For instance, reac-
tion norms significantly varied between the two main genetic
clusters to which parasite populations belong. Populations
from the southern genetic cluster tended to experience an
increase in mortality with raising temperatures, whereas for
populations from the northern genetic cluster, the difference
in survival between the cold (16°C) and intermediate (19°C)
treatments was less striking. These differences in survival
time may appear subtle at first glance, but nonetheless corre-
spond to an approximate 75% divergence between the two
clusters regarding the difference in survival rate between
16°C and 19°C (i.e. the absolute difference in survival time
between 16°C and 19°C was 1050 min for the southern cluster
and only 382 min for the northern cluster; figure 2b). The time
of exposure of infective stages is an extremely important
parameter for predicting infection rate in many parasites
[44-46]. However, to what extent these differences are biologi-
cally relevant in T. polycolpus remains an unexplored question.

2000 4
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i § 1200 - ° °
% = 1000
Q
§ g 800 1 survival difference
£ 6007g 16 19°C
S ‘2‘88: 19-22°C
0 16-22°C L]
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mean annual temperature (°C)

Figure 3. Representation of difference in survival time of Tracheliastes
polycolpus between pairs of experimental treatments for each river according
to the mean annual temperature in each river sampled. Black circles represent
the differences between 19°C and 16°C treatments for each river, the back-
ground grey diamonds represent the differences between 22°C and 19°C
treatments, and grey squares the differences between 22°C and 16°C treat-
ments. Solid black lines indicate the regression slope for 19°C and 16°C
differences, and dashed grey lines indicate the regression slope for 22°C
and 19°C differences, and 22°C and 16°C treatments.

We can expect them to be of major importance as the environ-
ment in which infective stages of T. polycolpus are living are
extremely vast compared with their body size and the abun-
dance of the main host; all strategies helping at finding this
needle (the host) in this haystack (the environment) should
be highly selected for. These differences in thermal tolerance
between the two clusters may be due to genetic drift (as
clusters were identified according to neutral markers [28]) or
adaptation to local climatic conditions (e.g. the mean annual
temperature was 14.8 + 1.9°C and 16.8 + 2.7°C for the southern
and northern clusters, respectively). Based on this analysis, the
two processes cannot be ruled out given that genetic and
environmental dissimilarities are strongly confounded. How-
ever, we further identified strong ‘phenotype—environment
associations’ as differences in thermal regimes between rivers
(i.e. mean annual water temperature) significantly explained
differences in thermal tolerance between populations. There
was notably a strong relationship between thermal regimes
measured in the field and differences in survival rate measured
experimentally between the 16°C and 19°C treatments; popu-
lations living in colder waters evolved restricted thermal
tolerance (thermal specialization towards an optimum, as sur-
vival rate was much higher at 16°C), whereas populations
living in hotter waters (and also experiencing larger annual
temperature range; figure 1a) evolved a wider range of thermal
tolerance (thermal generalization, as survival rates were similar
at both 16°C and 19°C). If a slight increase in temperature
(16-19°C) is detrimental, extreme variation (16—22°C) dramati-
cally decreased T. polycolpus larvae survival. This result
supports the idea that, although high temperatures should
increase growth rate (e.g. [14]), a trade-off with survival rate
might limit these benefits [47]. Interestingly, we failed to find
differences between populations when considering the upper
experimental temperature (approx. 22°C) in comparisons.
This result corroborates recent findings demonstrating that vari-
ation in thermal environments impacts plasticity in lower
thermal limits but not in upper critical thermal limits, which
may ultimately bind acclimation to warming climate [48].
These strongly
suggest gene X environment interactions, and hence local

‘phenotype—environment associations’

adaptation of parasite populations to thermal regimes. This
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Figure 4. Comparison of quantitative (Qy, dots) and neutral (F, horizontal dashed lines) genetic differentiations among 7. polycolpus populations. (a) Comparisons for
quantitative traits (survival time) measured at each experimental temperature (survival times at 16°C, white dots; survival times at 19°C, grey dots; survival times at
22°C, black dots), and (b) comparisons for quantitative traits (differences in survival time) measured between each experimental temperature (difference in survival times
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conclusion was reinforced by strong signals of divergent selec-
tion in the Qy/Fy comparison for several of the traits we
investigated. Indeed, genetic differentiation measured at several
quantitative traits related to survival rates and reaction norms
was significantly higher than expected under the neutral expec-
tation of an effect of genetic drift. This is to our knowledge one of
the few studies using a Q/ F« approach to identify the footprint
of natural selection due to non-biotic factors in parasites. These
phenotypic divergences probably reflect variation in the strength
and direction of selective pressures among rivers [49]; popu-
lations evolved different adaptive responses leading to local
adaptation of thermal tolerance [50]. Most particularly, natural
selection participated to the divergence of populations for the
survival measured at 19°C, which may indicate a particular
adaptation to rivers with relatively high water temperature
regimes. Interestingly, we found that—in contrast—survival
rate measured at 16°C was more likely to be under stabilizing
selection for T. polycolpus. This is actually not surprising, as
we have demonstrated that survival rate was higher at this
temperature for most populations, which means that this temp-
erature probably constitutes an optimum. It is hence likely that

selection makes populations converge towards this optimum.
By contrast, some populations (i.e. those living in relatively hot
waters) may have diverged towards a second optimum close
to 19°C. This could explain why we found that the reaction
norm between survival at 16°C and 19°C was strongly related
to the local thermal regime of rivers.

Although these adaptive responses probably arise through
selection on additive genetic variance, our experimental design
does not permit us to rule out the possible influence of non-
additive genetic effects and/or non-genetic (yet transmitted)
effects [51]. Most notably, environmental effects experienced
early during egg development and/or maternal effects
during the ontogeny can determine the future thermal per-
formance of larvae [52,53]. Trans-generational plasticity and
maternal effects have been observed across a wide range of
organisms, and we can suspect that they may be of great
importance for parasite larvae as they ensure transmission
rate among hosts. However, studies on trans-generational plas-
ticity and maternal effects on parasites remain scarce (but see
[54]), whereas parasite-induced maternal (and paternal) effects
in hosts have been largely demonstrated [55,56]. Disentangling
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(additive) genetic versus non-genetic effects using specific
experimental designs with multiple generations will be an
important next step to better predict the responses of parasites
to changes in thermal conditions.

We observed that the identity of the host on which
parasites were sampled determined (in some cases) a non-
negligible part of the variance observed in parasite survival
time (i.e. up to 25%, not shown). We already demonstrated
that fitness traits (e.g. egg number, parasite body size) in
T. polycolpus were partly determined by the host identity and
body condition [31], which calls for further integrative studies
considering all environmental components into the evolution
of life-history traits in parasites. Moreover, the effects of
thermal change on parasites are concomitant with parallel
effects on their hosts, which can change coevolutionary
dynamics. For example, hosts can experience enhanced resist-
ance (e.g. [16]), can change their avoidance behaviour
(e.g. [14]) or can acclimate faster than parasites [45]. Thus,
different components of the host—parasite interaction (e.g. trans-
mission, virulence, resistance and tolerance) can differentially
be altered by the abiotic environment [57], which supports
the view that abiotic factors can modulate the trajectories of
host—parasite coevolution, resulting in complex three-way
‘genotype-by-genotype-by-environment” interactions [19,57,58].

To conclude, our findings demonstrate that parasite species
can be composed of sub-populations differing in their tolerance
to thermal regimes, which suggests that the ghost of evolution
past can generate populations with different susceptibility to
future climate change [59]. For instance, given the global temp-
erature rising in rivers, and the increasing and instability of
climate regimes in rivers these environments [60], we can
expect that T. polycolpus populations with higher thermal
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