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1 | INTRODUCTION

Climate change challenges the persistence of local populations
(Bellard et al., 2012). Not only do populations have to cope with
changes in temperature, they also face temperature-mediated
changes in their biotic environment (Ficke et al., 2007; Gilman
et al., 2010; Tylianakis et al., 2008; Urban et al., 2016). For instance,
temperature alters host-parasite interactions, both through inter-
active effects of temperature and parasitism on host performance
(Greenspan et al., 2017; Hector et al., 2019; Padfield et al., 2020), as
well as through temperature effects on parasite dynamics themselves
(Cohen et al., 2019; Gehman et al., 2018; Morley & Lewis, 2014).
Depending on how these thermal effects play out in a specific
system, where both hosts and their parasites typically show uni-
modal responses to temperature (Dell et al., 2011; Kirk et al., 2018;
Mordecai et al., 2019; Shocket et al., 2019), infections may become
more prevalent and more severe under climate change in some
systems (Altizer et al., 2013; Hall et al., 2006; Harvell et al., 2002;
Lafferty, 2009; Lafferty & Mordecai, 2016; Mouritsen et al., 2005).
This could threaten the persistence of natural populations even more
than previously believed (Pounds et al., 2006; Harvell et al., 2002;
Labaude et al., 2017; Mokany et al., 2019). In addition, as individuals
migrate to follow shifts in temperature (Hickling et al., 2006; Thomas
& Lennon, 1999), there might be an increasing likelihood that local
populations will interact with conspecific immigrants that are pre-
adapted to warming (Urban et al., 2012). These immigrants could po-
tentially out-compete local populations, although their success will
also depend on the evolutionary potential of the resident population
(Van Doorslaer, Vanoverbeke, et al., 2009) and the degree to which
immigrant genotypes are adapted to local environmental conditions
(De Meester et al., 2018).

Yet, although the importance of biotic interactions for species
performance and distributions is well known (Aradjo & Luoto, 2007
Gilman et al., 2010; Heikkinen et al., 2007), biotic changes are rarely
taken into account when predicting population responses to climate
change, and this might explain the general low accuracy in predict-
ing consequences of climate change (Araudjo & Luoto, 2007; Gilman

et al., 2010). Understanding and predicting how natural populations

dynamics. Both the outcome of the competition treatments and the observed ex-
tinction patterns support our modelling results.

4. Our study highlights that shifts in biotic interactions can be equally or more im-
portant for responses to warming than direct physiological effects of warming,
emphasizing that we need to include such interactions in our studies to predict the

competitive ability of natural populations experiencing global warming.

competition, Daphnia, demographic modelling, global warming, host-parasite dynamics,

will respond to multiple environmental stressors simultaneously is
considered as one of the most pressing challenges in conservation
biology (Schifer & Piggott, 2018).

Meeting this challenge requires an understanding of how in-
dividual vital rates (survival, growth and reproduction) respond to
changes in temperature and associated biotic conditions, and how
these vital rates together determine population fitness. Not all vital
rates have equally large effects on population fitness (Caswell, 1978)
and different fitness components can covary positively or nega-
tively (e.g. through trade-offs, Stearns, 1989). Integral Projection
Models (IPMs) are useful for integrating over multiple vital rates
(Easterling et al., 2000; Ellner et al., 2016; Ellner & Rees, 2006;
Merow et al., 2014), and are typically used to quantify the contri-
bution of various vital rates and eco-evolutionary processes to
population-level dynamics. IPMs have been parameterized for natu-
ral plant (Bruijning et al., 2017; Metcalf et al., 2008; Salguero-Gomez
et al., 2012) and animal (Childs et al., 2016; Coulson et al., 2011;
Ozgul et al., 2010; Traill et al., 2014; Vindenes & Langangen, 2015)
populations, as well as for laboratory systems (Bruijning, ten Berge,
et al., 2018; Ozgul et al., 2012; Smallegange & Ens, 2018). Enabled
by the flexibility of IPMs, recent years have seen an exciting devel-
opment of combining IPMs with existing frameworks such as quan-
titative genetics (Coulson et al., 2017) and dynamic energy budget
theory (Smallegange et al., 2017). In this study, we combine IPMs
with epidemiological models (Metcalf et al., 2016; Wilber et al., 2016)
in order to simultaneously track the dynamics of multiple host geno-
types and their parasite.

The aim of our study is to disentangle how latitude-specific host
performance is affected by changes in temperature directly and by
changes in temperature-mediated parasitism, and to quantify the
underlying vital rates and epidemiological rates through which this
occurs. The water flea Daphnia magna, a small crustacean, is a key-
stone species in freshwater systems and an excellent model species
to study temperature-dependent disease dynamics (Hall et al., 2006;
Kirk et al., 2018, 2020; Shocket et al., 2018). An increasing num-
ber of studies have shown within-population genetic variation in
Daphnia in thermal performance (Bruijning, ten Berge, et al., 2018;

Van Doorslaer, Stoks, et al., 2009) enabling rapid evolutionary
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responses to temperature, as well as among-population genetic vari-
ation and local adaptation to temperature (Brans et al., 2017; Geerts
etal.,, 2015; Yampolsky et al., 2014). In addition, natural zooplankton
populations generally show high parasite infection rates (Chiavelli
et al., 1993; Decaestecker et al., 2004; Stirnadel & Ebert, 1997), and
responses to parasites can differ greatly among genotypes (Carius
et al., 2001). These host-parasite interactions have the potential to
influence the ecological and evolutionary dynamics of host popula-
tions (Decaestecker et al., 2007; Ebert, 2005). Studying how infec-
tion by parasites and temperature interact to determine population
dynamics, via its underlying vital rates, is important, as we hypothe-
size that both stressors strongly differ in how they impact vital rates.
We hypothesize the effects of temperature to be vital rate depen-
dent, with higher temperatures reducing survival, while increasing
development rates. On a population level, we expect these opposite
temperature effects to partly balance out, as long as temperatures
remain below the maximum tolerated temperatures, resulting in rel-
atively weak fitness responses to temperature. On the other hand,
because of its expected consistent negative effects on both host
reproduction (Decaestecker et al., 2005; Ebert, 2005) and survival
(Ebert et al., 2000; Ebert, 2005), we expect parasitism to strongly
reduce population fitness. Here, we expect tolerance to differ
among genotypes (Figure 1; Carius et al., 2001; Ebert, 2005; Little

et al., 2010; Raberg et al., 2007). We expect heat stress to reduce an
individual's ability to cope with infection (Hector et al., 2019), acting
through multiple vital rates. Finally, temperature-mediated changes
in parasite resistance (Figure 1) could even further intensify the se-
verity of infection at higher temperatures, but could also reduce the
impact, if temperature exceeds optimum temperatures of the par-
asite (Gehman et al., 2018; Kirk et al., 2020; Mordecai et al., 2019;
Shocket et al., 2019).

To test these hypotheses, we performed a semi-controlled
common garden laboratory experiment, monitoring the dynam-
ics of Daphnia populations along a temperature gradient. We col-
lected individual life-history data from individuals embedded in
their population, letting the populations develop naturally without
interfering. This enabled the estimation of density dependence in
life-history features (Bruijning, ten Berge, et al., 2018). In addition
to single-clone populations, we followed dynamics when clones
from four ponds, located at two different latitudes, were put to-
gether, reflecting a scenario in which local individuals face immi-
grants. The occurrence of a spontaneous infection with a generalist
ectoparasite Amoebidium parasiticum in all experimental units half-
way through the experiment gave us the opportunity to quantify
clone and temperature-specific tolerance and resistance against

infection. We used the collected data on individuals embedded
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FIGURE 1 Schematic overview illustrating the concept of parasite resistance and parasite tolerance. Different greyscales depict different
host genotypes. Upper row shows variation in parasite resistance, which is defined as the ability of an individual to limit parasite burden
(Raberg et al., 2007). Each genotype experiences the same parasite exposure, but differs in its parasite load. The light grey genotype has the
lowest resistance, on a population level resulting in the highest average parasite loads (and thus lowest fitness), while the dark grey genotype
has the highest resistance. Bottom row shows variation in parasite tolerance, defined as the ability of the host to limit negative effects of
the parasite (Raberg et al., 2007). Note that tolerance can either be measured as a mean, comparing fitness for a given parasite burden (point
tolerance), or as the slope, comparing how strongly fitness declines with increases in parasite burden (range tolerance; Little et al., 2010).

In the example shown here, the two measures agree on the relative tolerance of each genotype, but this is not necessarily the case. The

light grey genotype has the lowest tolerance (therefore here shown to be unable to survive), while the dark grey genotype has the highest
tolerance (here shown to carry eggs and reach a larger body size). Both high resistance and high tolerance can, in isolation or in combination,
help hosts to defend themselves against parasites (Raberg et al., 2007)
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in populations to parameterize a temperature-dependent host-
parasite IPM, capturing temperature-dependent dynamics in both
hosts and their pathogen, as well as interactions between hosts
and parasites. Both our empirical observations and our model-
ling results indicate that temperature-mediated parasitism was
profoundly more important than direct temperature effects in
shaping host fitness. This underscores that, in order to success-
fully predict biological responses to global warming, we need to
include temperature-mediated changes in biotic interactions in

our studies.

2 | MATERIALS AND METHODS

For a more detailed description of the methods, see Appendix S1.
The main aspects of our experiment and analyses are explained

below.

2.1 | Data collection
2.1.1 | Experimental design

We used resting eggs of D. magna originating from four fishless
ponds, two located in Belgium (which we refer to as B1 and B2) and
two located nearby Trondheim, Norway (N1 and N2). These rest-
ing eggs were hatched in the laboratory to establish clonal lineages.
From each pond, we arbitrarily selected three clonal lineages, result-
inginatotal of 12 clones (N1, _,N2,_.,B1,_,B2,_.). The study did
not require fieldwork permission or ethical approval.

Four experimental temperatures were established using
temperature-controlled water baths (+0.5°C): 14, 18, 22 and 26°C.
We followed single clone as well as mixed populations. Every clone
was exposed to each of the four temperatures, resulting in 48
single-clone populations. For the mixed populations, we created
each two-clone combination once, and distributed clones equally
across the three highest temperatures. This resulted in 66 unique
temperature x clonal mixture combinations, in total resulting in 114
populations.

The experiment lasted 81 days (see Appendix S2 for a timeline).
We started each population with 12<24 hr old neonates (from clutch
2-5; either 12 neonates from the same clone, or 6 neonates from
each of the two clones). During the first week, individuals were kept
in 500-ml jars filled with dechlorinated tap water. After that, popula-
tions were transferred to 1.5-L aquaria. In each aquarium, we placed
two transparent tubes (4 cm diameter), containing 12 holes covered
with a 125-um plankton gauze allowing medium (water and food)
to pass, but preventing exchange of Daphnia. These tubes enabled
us to measure the performance of isolated individuals, while they
were still part of the population (see below, and Bruijning, ten Berge,
et al., 2018). Populations were kept in dechlorinated tap water and
fed daily 0.1 ml Shellfish Diet 1800° L™ medium. Food was added

both to the aquaria and to the tubes at equal concentrations. Twice

per week, the medium was partially refreshed, keeping 0.5 L of the
old medium.

2.1.2 | Population and individual measurements

All units were measured twice a week, with 3- or 4-day intervals. For
each unit, we made a short movie of the population (set-up details in
Czypionka et al., 2016), in order to obtain population size estimates,
using the R package Trackpem (Bruijning, Visser, et al., 2018). For each
of the individuals isolated in the tubes, we noted whether the indi-
vidual was alive, its size (carapace length [mm], measured from the
middle of the eye to the base of the tail using a stereomicroscope),
the number of eggs in the brood pouch and the number of produced
neonates. If neonates were produced, we measured the size of one
of the neonates. The individuals and neonates that were in the tube
were either put back in the population or sampled for genetic analy-
sis (see Section 2.1.4). Two new individuals, one juvenile and one
adult, were then arbitrarily picked from the population. We meas-
ured their size, counted the number of eggs in the brood pouch and

placed them in the tubes.

2.1.3 | Parasite load

After an initial increase in population abundance in all aquaria, all
populations strongly declined in size during the second half of the
experiment (Figure 2a). On day 60, we noted that the cultures were
spontaneously infected by the ectoparasite A. parasiticum. Infection
with this laboratory-borne parasite has been observed before, and
typically occurs during the fall. We therefore anticipated that infec-
tion could occur. From day 60 onwards, we scored the parasite load
for each measured individual, on a 0-3 scale (0: no signs of infection;
3: heavily infected). This was done both when first measuring the
individual and when measuring it again after 3 or 4 days. To recon-
struct the dynamics of the infection before day 60, we scored para-
site loads afterwards for a subset of individuals (n = 654) that had
been sampled for genetic analysis and stored in ethanol. In this pro-
cedure, we scored individuals going back from day 60 until day 38.
For those populations in which at least one of the sampled individu-
als was infected at day 38 (which was the case in 10% of the popula-
tions), we continued to score individuals from earlier days, until only
uninfected individuals were observed. The first infected individual
was observed at day 29. We set parasite load for all populations be-

fore day 29 and for all unchecked populations before day 38 at zero.

2.1.4 | Genetic analyses

To identify genotypes in the competition treatments, we sampled in-
dividuals during the experiment for which we obtained demographic
data. This sampling was started at day 17, when the initial cohort

had produced their first clutches across all temperature treatments.
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(a) Population trends (b) Clonal frequencies (c) Parasite load structure
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FIGURE 2 Population-level observations on population numbers (a), genotype frequencies (b) and parasite load structure (c). (a)
Observed population sizes over time per temperature, across all clonal treatments. Dots indicate observed population sizes estimated using
R package TrackpeM (Bruijning, Visser, et al., 2018). Lines indicate projections based on the constructed IPMs, using day-specific observed
population sizes to project 1 day ahead. Here, we averaged projections across the four locations. Insets show the proportion of populations
that went extinct during the experiment: N indicates populations consisting of one or two Norwegian clones, B indicates populations
consisting of one or two Belgian clones and NB indicates populations consisting of one Belgian and one Norwegian clone. Note that at 14°C
there were only single-clone populations. Asterisks at the bottom of each graph indicate extinction occurrences through time. In total, 62%
of the Norwegian, 21% of the Belgian and 14% of the mixes went extinct prior to the end of the experiment. (b) Clonal frequencies for each
pairwise combination, based on all sampled individuals during the experiment. Coloured lines (two hues of pink for the two Norwegian and
two hues of green for the two Belgian clones) indicate the median proportion across all relevant populations. Dots indicate proportions

for each of the populations. Note that we tested three genotypes per location, and each dot shows results for a unique combination of

two genotypes. (c) Observed parasite load structure (left bars) compared to predicted parasite load structure (right bars) at the end of the
experiment (days 80-81). Darker colours indicate higher parasite load classes. To obtain predictions, we used the fitted parasite transition
matrix (see Appendix 51.2) to project how parasite load structure changes through time, keeping total population sizes equal (i.e. ignoring

host demography). Asterisks indicate those cases where the observed proportions did not fall within 95% of simulated values, when
sampling parasite load classes from a multinomial distribution based on the predicted proportions (see Appendix $4.2 for more details)

In total, we sampled 1,676 individuals from those competition
treatments that contained between-population combinations (e.g.
N1A—N2A). We used a total of nine microsatellite markers to iden-
tify genotypes (Orsini et al., 2012). DNA was extracted using the
NucleoSpin® 96 Tissue Core Kit. Results were manually scored using

software GeneMarker®.

2.2 | Modelling framework
2.2.1 | Vital rate fitting

In our dataset, there are 14% missing data for observations on par-
asite score, 16% missing data on genotype and 0.5% missing data
on population density. We imputed these missing observations by
multiple imputation by chained equations, using R package mice (van
Buuren & Groothuis-Oudshoorn, 2011), creating 10 imputed data-
sets. These datasets were subsequently used to fit vital rate models,
defining six vital rates: survival, growth, probability of carrying eggs,
probability of producing offspring (conditional on carrying eggs;
measuring neonate development rate), clutch size and offspring size.

Per vital rate, we fitted GLMs including additive effects of ini-

tial body size (z), squared body size (z%), temperature (T), squared

temperature (T?), population density (N), parasite score (P) and lo-
cation of origin (L). We combined data on single-clone treatments
and competition treatments, as preliminary analyses did not show
strong effects of competition. While we did experiments with three
genotypes per population, we fitted our models using location of
origin (i.e. population) as the lowest level of resolution. In addition,
to test for differential responses across locations, we included two-
way interactions between location L and z, T, N and P. Finally, we
included an interaction between temperature and parasite load. The
most complex model contained 23 parameters. We tested different
models, and continued with the model resulting in the lowest av-
erage AIC across the 10 imputed datasets (results in Appendix S3).
Coefficients and variances were averaged across these 10 models,
taking into account both the between-imputation variance and the

variance associated with each parameter (Yuan, 2000).

2.2.2 | Construction of two-state IPMs

We used IPMs to integrate over the six vital rates. IPMs describe
the dynamics of a population in which individuals are charac-
terized by a continuous state variable (body size z in our case),
in discrete time (Easterling et al., 2000; Ellner et al., 2016; Ellner
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& Rees, 2006; Merow et al., 2014). We use a time step of 1 day,
which is short compared to the life span of individuals. We created
an IPM that was additionally a function of temperature, density,
population origin and parasite load, and discretized this IPM, as is
standard practice (Easterling et al., 2000; Merow et al., 2014), into
a 100 x 100 matrix.

We then combined this IPM with a host-parasite model, in order
to concurrently track dynamics of both body size and parasite load
distributions. We use a discrete-time epidemiological model (e.g.
Bjgrnstad et al., 2002; Oli et al., 2006) that describes how the num-
ber of susceptible and infected hosts in a population change through
time, based on transition probabilities between epidemiological
compartments (i.e. transmission and recovery rates). We defined
three infected states, corresponding to the measured three levels
of parasite load, and estimated transition probabilities between all
four parasite load classes (0: uninfected/susceptible; 1-3: levels of
infection).

Amoebidium parasiticum reproduces by the production of
spores (Kuno, 1973) that can remain viable for a long time
(Decaestecker et al., 2004; Ebert, 1995). As we kept one third of
the old medium when cleaning the aquaria twice a week, there
might have been a build-up of spores in the aquaria through time.
This is supported by the observation that average parasite loads
continued to increase with time irrespective of density declines
(Figure 5), and that only a few populations had substantial levels
of recovery. We therefore decided to model infection probabilities
a as a function of the population-level average parasite load (I3t):
ar=1-exp(- ﬁﬁt). Note that it is thus not a function of tempera-
ture. Transition probabilities y (parasite load increase), o (parasite
load reduction) and p (recovery) were fitted as a function of tem-
perature, as observations show temperature dependence in para-
site dynamics (Figure 5). A logit link function was used to obtain
probabilities. We included two sources of data to estimate these
parameters: (a) Individual observed transitions in parasite load,
and (b) population-averaged parasite loads over time, calculated
per temperature. We optimized the log likelihood comparing pre-
dictions to observations. For this analysis, we made the simplifying
assumption that all aquaria, across all temperatures, were exposed
to the parasite on the same day, based on the observation that
populations started to crash around the same time. We set this day
at day 29, as this is when we observed the first infected individual.
We performed sensitivity analyses to assess the robustness of our
parameters and conclusions against the set start day of infection,
and against temporal variation in onset across temperatures (more
details and results in Appendix S4).

The discretized body size-structured IPM (being a function of
N, P, L and T), and the estimated parasite transition matrix were
combined into a two-state IPM, which described all transitions be-
tween body sizes, as well as all transitions between parasite load
classes. Here we assume that neonates are born uninfected, but
results remain essentially identical when we instead assume that

neonates are born with the same parasite load as their mother

(results not shown). The resulting 400 x 400 matrix was used for
subsequent analysis.

2.2.3 | Temperature-mediated host-
parasite dynamics

We performed three analyses to assess how host-parasite dynamics
were affected by temperature and clonal background. First, the one-
state IPM was used to project asymptotic population growth rates
(4; defined by the largest eigenvalue of the discretized matrix) for
different densities, temperatures, parasite scores and locations. By
assessing at which density, population growth rate equalled 1 (indi-
cating a stable population), we obtained projected equilibrium densi-
ties as a measure for performance. We did this for all combinations
of the four populations of origin, temperatures and parasite score.

Second, we quantified the relative effect of temperature in-
creases, parasitism and their interaction. We calculated proportional
changes in each vital rate when increasing temperature from either
16°C to 21°C or from 21 to 26°C, increasing parasite load from O to 1,
and increasing both temperature and parasitism. We then calculated
how these effects on each of the vital rates affected projected equi-
librium densities, based on the one-state IPM. Effects were averaged
across the four locations.

Third, we used the two-state IPM to quantify how different vital
and epidemiological rates contributed to differences in host-parasite
dynamics at 16°C compared to 21°C, and at 21°C compared to 26°C.
Per location, we first projected the stable parasite load structure and
host equilibrium density at either 16 or 21°C, by projecting dynamics
for 200 time steps. We then replaced different rates by the rates
when temperature was set at either 21 or 26°C, and projected para-
site load structure and equilibrium density again. These rates were
the transition probabilities between parasite classes (p, 7, ®) and the
host's demographic responses to temperature, in interaction with
parasite infection. We here separated the combined effects through
survival and growth, and the combined effects through reproduc-
tion and neonate body size.

3 | RESULTS

3.1 | Observed population trends and genotype
frequencies

After a strong increase in densities in all 114 populations, all popu-
lations showed strong reductions in size during the second half of
the experiment (Figure 2a), at all temperatures. Genetic analyses in-
dicated that in the mixed populations, the Belgian clones (both B1
and B2) out-competed Norwegian clones (both N1 and N2), and that
clones from B2 largely out-competed those of B1 (Figure 2b). This is
in agreement with the extinction patterns: 62% of the Norwegian,
21% of the Belgian and 14% of the Norwegian-Belgian mixed
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populations went extinct (Figure 2a). Nearly all extinctions occurred
after day 40 (Figure 2a), which was after the initial spread of the

parasite.

3.2 | Model validation

We performed four checks to confirm that our parameterized
modelling framework adequately describes observed vital rates,
parasite load structures, population trends, as well as competition
outcomes. First, the vital rate models resulted in unbiased predic-
tions across all parasite loads (Appendix S5.1). Second, temperature-
specific predictions on parasite load distributions at the end of the
experiment captured the observed dynamics fairly well (Figure 2c;
Appendix S5.2). Third, the two-state IPM resulted in reasonable
daily population-level projections (Figure 2a), but slightly overes-
timated population growth. The average difference between daily
predicted and observed changes in population size, averaged across
all treatments, was 9%; we note that our IPM projections did not
include any demographic stochasticity, which would likely lower
projected population growth. Fourth, simulated clonal frequencies,
based on two-state IPM projections in which we let two clones com-
pete, closely resembled observed clonal frequencies for all combina-
tions (Appendix S5.3). Altogether, these analyses gave us confidence
that the parameterized host-parasite IPM adequately describes the
observed dynamics, and that it can thus be used to quantify the pro-

cesses underlying these dynamics.

3.3 | Single vital rates

All estimated coefficients can be found in Appendix Sé6. Body size
had significantly positive effects on the probability of carrying eggs,
the number of eggs produced and the size of the neonates, and neg-
ative effects on somatic growth. Temperature had positive effects
on vital rates associated with reproduction, but negative effects on
survival. We found a negative temperature-squared effect in so-
matic growth and the probability of producing offspring, indicating
a unimodal response. Parasite load had negative effects on all vital
rates, except on the probability of producing offspring conditional
on having eggs. The interaction between parasite load and tem-
perature had a positive effect on the probability of carrying eggs.
Population density negatively affected all vital rates, except survival
(see Appendix S$1.2) and neonate size. All vital rates showed signifi-
cant effects of genotypes. Coefficients comparing the Norwegian
with the Belgian locations showed that Norwegian clones had lower
survival, somatic growth and neonate size, while faster neonate de-
velopment than Belgian clones. Neonate development of the two
Norwegian populations responded stronger to the parasite than
that of the Belgian populations. Finally, we found a strong geno-
type x parasite interaction effect for the two Norwegian clones: in
three out of six vital rates, clones from population N2 responded

stronger to parasite load than N1.

3.4 | Effects of temperature and parasitism

The constructed IPM revealed a strong negative effect of parasite
load on projected equilibrium densities, with tolerance varying
among locations (Figure 3). We found similar patterns when consid-
ering invasion population growth rates (Appendix S7). The effects
of temperature were weak compared to the effects of parasitism.
Belgian populations were projected to achieve higher densities than
Norwegian populations at all temperatures, and across parasite
loads. Clones from location N2 were the least tolerant to increas-
ing parasite loads, while clones from location B2 showed the highest
tolerance.

At both ends of the tested temperature gradient, increas-
ing temperature led to a small proportional reduction in survival
(Figure 4a,c). Although this reduction was small, at the population
level it nearly cancelled out the clear-cut positive effects tempera-
ture had on vital rates related to reproduction (Figure 4b,d). This is
caused by the large sensitivity of equilibrium densities for changes
in survival. In contrast, parasitism had consistent negative effects on
all vital rates (Figure 4a,c) and, mainly through decreases in survival
and somatic growth, strongly reduced projected equilibrium densi-
ties (Figure 4b,d).

3.5 | Host-parasite dynamics at different
temperatures

Estimated daily infection probabilities (i.e. the daily probability of
transitioning from parasite load class O to parasite load class 1,
0 — 1; a) increased with increasing population-level average para-
site load (Figure 5). Recovery (1 — O; p), parasite load reduction
(2 - 1,3 = 2; w) and parasite load increase (1 — 2; 2 — 3; y) prob-
abilities all increased with temperature, with the probability of
reducing parasite load (o) showing the strongest temperature re-
sponse (Figure 5). The estimated proportion of infected individu-
als at day 29, when the first infected individual was observed, was
3.4%. Changing the day at which the infection starts in our model
does not affect any of our epidemiological rates (Appendix 4).
Although we have no indication that the onset of infection var-
ied with temperature, we also performed a robustness check in
which we relaxed our assumption on simultaneous parasite expo-
sure at each temperature, and instead assumed systematic differ-
ences across temperatures. This extreme scenario leads to weaker
thermal responses in terms of estimated recovery and parasite
load growth, while the strong positive effect of temperature on
parasite load reduction remains (Appendix S4). Across all these
analyses, the estimated epidemiological rates result in consistent
lower population-average parasite loads at higher temperatures
(i.e. higher resistance; Figure 5, Appendices S5.2 and S4).

Finally, per location, we assessed which processes related
to tolerance and resistance caused temperature-related differ-
ences in host-parasite dynamics. The two-state IPM predicted

higher equilibrium host densities and generally lower infection
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loads at higher temperatures (Figure 6). This was mostly due to
temperature-related differences in resistance, especially the
positive temperature effects on daily parasite load reduction
and host recovery, which simultaneously decreased parasite
load and increased equilibrium host density (pink and green ar-
rows in Figure 6). Parasite load increase, which showed a posi-
tive temperature effect (Figure 5), had the opposite effect and
reduced equilibrium densities (orange arrows in Figure 6). Finally,
temperature-related host tolerance to infection also contributed
to the higher population performance at higher temperatures. In
particular, hosts from locations N2 and B1 benefited from tem-
perature effects on reproduction and neonate size in terms of
equilibrium density (yellow arrows). Temperature effects on host
tolerance through survival and growth had smaller and more vari-

able effects across locations (grey arrows).

4 | DISCUSSION

Climate change is predicted to have profound and complex ef-
fects on local populations, not only through thermal effects,
but also through altered biotic interactions (Hoffmann & Sgro,
2011; Ockendon et al., 2014; Urban et al., 2016). The results of
this study support this idea, as we found strong genotype- and
temperature-dependent impacts of an ectoparasite on host per-
formance. By parameterizing a temperature-dependent host-
parasite IPM, we gained a more mechanistic understanding in the
combined effects of warming and parasitism on Daphnia hosts
originating from different natural populations. Only by this ap-
proach, integrating over all vital and epidemiological rates, we
could show how the temperature-dependent effects of parasit-

ism on host performance were much stronger than the direct
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FIGURE 4 Relative effects of temperature (green), parasitism (red) and their interaction (grey) on (a, c) each of the vital rates, and on (b,
d) projected equilibrium densities, through effects on each of the vital rates. Temperature effects were calculated by increasing temperature
from 16 to 21°C (a, ¢) and from 21 to 26°C (b, d). We calculated effects of parasitism by increasing parasite load from O (i.e. uninfected) to

1 (lowest infected class). For (b, d), we used the one-state IPM to calculate effects on equilibrium densities when one of the vital rates was
altered by temperature, parasitism or both. These effects combine the effect sizes shown in (a, c), with the sensitivity in equilibrium densities
for changes in that vital rate. Bottom row in (b, d) shows the combined relative effect, that is when all vital rates are altered by temperature,

parasitism or both

effects of temperature. This is not due to an absence of tem-
perature effects on individual vital rates, but because higher
temperatures had opposing effects on different vital rates,
leading to a decrease in survival but an increase in reproduc-
tion. These effects largely cancelled out on a population level.
In contrast, parasitism had consistently negative effects on all
vital rates, strongly reducing population performance (Figures 3
and 4). Furthermore, strong temperature dependence in both
host resistance and tolerance (Figures 5 and 6) resulted in indi-

rect temperature effects to be more important in shaping host

fitness than direct temperature effects. Finally, as hypothesized,
populations differed greatly in their ability to cope with the in-
fection, with the Belgian clones out-competing the Norwegian
clones (Figures 2b and 3). Altogether, our results underscore that
the consequences of climate change will depend not only on the
capability of local populations to respond to changing thermal
conditions, but also largely on their capability to respond to as-
sociated changes in parasite dynamics, and on their capability
to compete with immigrant conspecifics that differ in their re-

sponses to temperature and/or parasites.
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The observed associations between environmental conditions
and single vital rates (see Appendix Sé) are in line with literature data
derived from static life table experiments on Daphnia (Giebelhausen
& Lampert, 2001; Henning-Lucass et al., 2016; MacArthur &
Baillie, 1929; Van Doorslaer, Stoks, et al., 2009): temperature in-

creased vital rates related to development, while it decreased

survival. Higher population densities decreased growth and repro-
duction, but increased neonate size. These are the effects expected
from a decrease in per capita food availability (Lampert, 1978);
reduced food intake has been shown to increase neonate size in
Daphnia, increasing their capacity to deal with starvation (Goser
& Ratte, 1994; Guisande, 1993). The ectoparasite A. parasiticum
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negatively affected five out of six vital rates, which is consistent
with the observation that, although ectoparasites generally have
relatively small effects compared to endoparasites (Decaestecker
et al., 2004; Ebert, 2005), they decrease host performance when
abundant (Brambilla, 1983; Kuno, 1973; Stirnadel & Ebert, 1997).
A resurrection ecology study of Pauwels et al. (2007) suggested a
relation between levels of the stress protein Hsp60 in Daphnia and
changes in A. parasiticum abundance, also indicative of a strong ef-
fect of A. parasiticum on its host.

Our novel, semi-controlled experimental set-up enabled us to
measure temperature and parasite effects on various underlying
rates related to host resistance and tolerance, in a way that indi-
viduals still experienced ambient population densities. This has the
clear advantage that we could simulate natural, density-dependent,
dynamics as much as possible, purposefully letting hosts and para-
sites change dynamically without interfering, while controlling for
environmental conditions such as temperature and food. As we did
not experimentally control factors such as host density and para-
site exposure, inferring precise causal relationships is more difficult
than in standard life table experiments. For instance, the spread of
infection and the reduction in host population sizes co-occurred,
and we therefore do not have data on parasite effects on Daphnia
populations in their exponential growth phase. Moreover, the start
of the infection was uncontrolled, and there could have been some
minor variation in the timing of initial infection across aquaria. This
might have influenced our estimates of interactive effects of densi-
ties, parasite load and temperature that we derived from the data, al-
though we note that (a) our modelling results captured the observed
population dynamics of hosts and parasites well (Figures 2 and 5;
Appendix S5), and (b) our epidemiological parameters and conclu-
sions are robust against some assumptions we made on the onset of
the infection (Appendix S4). Carefully designed future experiments
in which both density and parasite exposure are controlled and in-
dependently manipulated could further help disentangle causal re-
lationships, complementing our focus on dynamic populations (see
Appendix S8 for some other methodological considerations).

Our experimental and modelling approaches, integrating over all
vital and epidemiological rates, provided insights into drivers of di-
rect and indirect temperature-mediated effects that could not have
been derived from standard life table experiments. Whether or not
infections in a specific host system will become more severe under
climate change (Altizer et al., 2013; Harvell et al., 2002; Mouritsen
et al., 2005) will depend on how sensitive different host and parasite
traits are to temperature changes, their respective thermal optima
and how the combination of these effects play out for host and par-
asite fitness in dynamic populations. For instance, Kirk et al. (2020)
show how unimodal temperature responses in several Daphnia and
parasite traits together predict an intermediate temperature where
the spread of infection will be most severe. While, in our study,
we found some evidence for a thermal optimum within the tested
temperature range in two vital rates, on a population-level, there
was only a weak direct temperature effect. Disease dynamics re-

sponded broadly similar to temperature at both ends of the tested

temperature gradient (Figures 4 and 6). In another study, Shocket
et al. (2019) nicely illustrate how temperature increases can have
contrasting effects on various components of parasite transmission,
increasing host-parasite contact while decreasing parasite spore
yield. It is these varying sensitivities and potentially contrasting
effects that emphasize the importance of integrating single com-
ponents, in order to quantify how changes in single components
translate into changes in population fitness, and to get a more mech-
anistic understanding in the processes underlying population-level
responses.

For the host-parasite interaction studied here, increased tem-
peratures reduced the impact of infection on host fitness. This was
mainly due to a temperature dependence in the ability of the host
to reduce parasite burden. As A. parasiticum is an ectoparasite that
attaches to the Daphnia carapace, the reduction in parasite loads
with increasing temperatures might be related to the moulting fre-
quency. The estimated probability of full recovery, however, was
very low, at all temperatures. This is in agreement with the obser-
vation that Daphnia parasites generally result in chronic infections
(Ebert, 2005). To a lesser extent, and contrary to our expectation, we
found that hosts showed increased tolerance at higher temperatures,
mainly due to a demographic benefit in reproduction. Together, the
consistently negative effect of parasitism on all vital rates, with
temperature-dependent parasite dynamics, had stronger effects on
host fitness than the direct effects of temperature itself. The Belgian
clones were able to maintain the highest fitness under parasite ex-
posure (Figures 3 and 6), which is also corroborated by our data on
genotype frequencies in competition trials: in almost all combina-
tions, the Belgian clones dominated (Figure 2b; Appendix 54.3). In a
scenario of northward migration of the studied Belgian Daphnia pop-
ulations, their enhanced ability to cope with A. parasiticum might give
them an advantage over the local populations, although future stud-
ies should confirm the generality of this statement. Nevertheless,
this study clearly shows that accurate predictions of local population
responses require taking into account interactions between parasite
exposure, temperature and host origin.

There is a pressing need to understand how natural populations
will respond to multiple environmental stressors simultaneously
(Schafer & Piggott, 2018; Tekin et al., 2020). We focused on tem-
perature effects on the dynamics of a disease, but a temperature
dependency in other biotic factors, such as resources (Huey &
Kingsolver, 2019) or predators (Hall et al., 2006), will further shape
the fate of natural populations. In the future where the increased
occurrence of diseases is predicted to threaten natural as well as
agricultural systems, we need to deepen our understanding of mech-
anistic factors (Altizer et al., 2013). This will require a combination of
experimental and theoretical approaches. Experimental approaches
as ours have the potential to increase our mechanistic understand-
ing, especially when combined with models that simultaneously
track direct and indirect temperature-dependent dynamics in hosts
and their parasite. We believe that this provides a powerful way to
improve our understanding of how natural populations respond to

global warming and its associated biotic and abiotic consequences.
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