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1  |  INTRODUC TION

Predicting whether species persist or decline under environmen-
tal change requires understanding how various and interacting 
stressors shape the health of both individuals and populations 
(Altizer et  al.,  2013; Heard et  al.,  2013; Kirk et  al.,  2022; Murray 
et  al.,  2010). Infectious disease is a well-appreciated driver of de-
clines at both scales (Burthe et al., 2008; De Castro & Bolker, 2005; 
Erens et al., 2023; Frick et al., 2010; Grimaudo et al., 2024; Heard 
et  al.,  2013; Martin et  al.,  2018; Smith et  al.,  2009; Valenzuela-
Sánchez et  al.,  2021). By imposing physiological costs or causing 

direct damage (i.e. virulence; Poulin & Combes,  1999), pathogens 
commonly reduce host survival, growth, and reproduction. However, 
while the damage infection causes to individuals can be severe, 
this does not necessarily predict the consequences at the level of 
populations (such as reductions in rates of population growth or 
persistence; Dziuba et  al.,  2025; Rózsa & Garay,  2023; Tompkins 
et al., 2011; Wells et al., 2017). Translating the impact of pathogen-
induced damage into indicators of population performance there-
fore presents a scaling challenge: metrics assessing individual-level 
infection costs are not always reliable predictors of outcomes at the 
population level (Rózsa & Garay, 2023).
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Abstract
1.	 The thermal environment can profoundly modify the damage that pathogens 

cause to hosts. Yet while the interacting impacts of infection and temperature 
on individual life-history traits are well documented, how these effects scale to 
demographic consequences across thermal gradients remains poorly understood.

2.	 Using the Daphnia magna–Pasteuria ramosa system across a 10–30°C gradient, we 
tested whether virulence in individual-level life history metrics reliably reflects 
the consequences for predicted population growth rates.

3.	 Our results reveal a stark mismatch between scales: the cost of infection on indi-
vidual life-history traits (fecundity, body size, and lifespan) was maximised at low 
temperatures, whereas the impact on population growth rate was maximised at 
high temperatures and at the thermal optima of healthy hosts.

4.	 These findings demonstrate that standard virulence metrics at the scale of indi-
vidual life-history traits may underestimate demographic risk in warming environ-
ments. To reliably predict population persistence in the face of disease under a 
changing climate, it is important to account for the temperature-dependent scal-
ing of pathogen virulence and host life-history to population growth rates.
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2  |    BUTTERWORTH et al.

This disconnect between the individual and population-level 
consequences of virulence arises because not all life-history traits 
contribute equally to population growth (Birch, 1948; Cole, 1954). 
Virulence is often quantified using cumulative life-history traits like 
total reproductive output or host lifespan (Poulin & Combes, 1999). 
However, population growth rates depend strongly on the timing 
of maturation and early reproduction, owing to the potential for 
early exponential population growth (Birch, 1948; Cole, 1954; Dean 
et al., 2023; Hoogendyk & Estabrook, 1984). Consequently, a patho-
gen whose damage primarily affects survival or fecundity later in 
life may seem highly virulent for an individual but have a reduced 
impact on population growth compared to a pathogen that makes 
seemingly more moderate reductions in early reproduction, survival 
or development (Rózsa & Garay, 2023). A focus on cumulative and 
individual-level metrics of virulence can therefore misrepresent the 
true threat that disease poses to populations, either overstating or 
understating the demographic consequences of infection.

Temperature can further exacerbate this disconnect between 
individual- and population-level metrics of virulence. In ectotherms 
(which represent 99% of all species; Atkinson & Sibly, 1997), warm-
ing (up to an ectotherm's thermal optimum) typically accelerates 
development and advances reproduction, compressing generation 
time and shifting reproductive effort earlier in life (Dell et al., 2011; 
Hector et al., 2021a; Huey Raymond & Berrigan, 2001; Kuparinen 
et  al.,  2011). At the same time, pathogens are thermally sensitive, 
such that the damage they can cause often varies across tem-
peratures (Butterworth et  al.,  2025; Paull et  al.,  2015; Paull & 
Johnson,  2014; Vale et  al.,  2008). These combined effects mean 
that temperature can change not only the magnitude of virulence 
but may also fundamentally alter how virulence translates into pop-
ulation growth. Indeed, work by (Hector et  al.,  2021a) has shown 
how a rise in temperature can favour enhanced population growth at 
the expense of individual life-history traits, while simultaneously re-
ducing the potential for a pathogen to damage the host. Yet despite 
the importance of predicting disease impacts under climate warming 
(Altizer et  al.,  2013; Gehman et  al.,  2018; Hector et  al.,  2021b), a 
formal test of whether individual-level metrics of virulence reliably 
predict population-level outcomes across broad thermal gradients 
remains lacking.

Integrating temperature-dependent effects of infection on mul-
tiple life-history traits with metrics of population growth begins by 
using life tables to derive the intrinsic growth rate of a population, 
denoted as rm, and defined as the per capita potential growth rate 
of a population without density-dependent regulation (Birch, 1948; 
Krebs, 1972). Across a range of ectotherms (Frazier et al., 2006; Huey 
Raymond & Berrigan, 2001), the response of rm across a temperature 
gradient (its thermal performance; Amarasekare & Savage,  2012; 
Huey & Kingsolver,  1989; Knies et  al.,  2009) has been shown to 
be left-skewed with a maximum value occurring at a temperature 
(Topt) closer to the upper thermal limit in contrast to the underly-
ing reproductive rates which are more symmetrical or survivorship 
which decreases with temperature. Comparing these thermal curves 
between healthy and infected hosts provides a useful framework 

for assessing how the effects of infection on individuals scale to 
determine the sensitivity of populations to disturbance and stress 
under warming conditions (as reflected by changes to rm; as per; 
Amarasekare & Coutinho, 2013; Cortés, 2016; Deutsch et al., 2008; 
Pawar et al., 2024).

Here, we address this using the Daphnia magna-Pasteuria ramosa 
host–pathogen system (Ebert,  2008; Ebert et  al.,  2016). Across a 
10–30°C thermal gradient, we quantify temperature-dependent 
effects of infection on lifespan, fecundity and body size, capturing 
multiple dimensions of individual-level virulence. We then integrate 
these traits to estimate intrinsic population growth rate (rm) across 
temperatures. By directly comparing the thermal performance of in-
dividual traits and predicted population growth rates, we assess the 
impact of rising temperatures on multiple components of individual 
performance, contrast that with predicted population growth rates, 
and then ask if temperatures that maximize virulence in these traits 
are the same temperatures that maximize the population-level costs. 
In doing so, we provide empirical insight into how temperature and 
disease interact to reshape life-history trade-offs and population 
resilience.

2  |  METHODS

2.1  |  Study system

Daphnia magna Straus (Cladocera: Anomopoda) is a freshwater crus-
tacean that can reproduce by facultative parthenogenesis. Typically, 
a female reaches maturity at approximately 10 days of age (at 20°C) 
and produces a clutch of 10–30 amictic eggs (diploid eggs that de-
velop into female offspring without fertilization) after every adult 
moult (every 3–4 days at 20°C) until her death. In the laboratory, 
females may live for more than 3 months at 20°C (Ebert, 2005). In 
natural populations, D. magna is infected by a diverse assemblage 
of parasites (Ebert,  2005), including the gram-positive bacterium 
Pasteuria ramosa Metchnikoff (Green, 1974). Following ingestion, P. 
ramosa attaches to the host oesophagus and hindgut before prolifer-
ating within the haemolymph, where it produces transmission spores 
(Ebert et al., 2016). Infection substantially reduces female fecundity 
and lifespan while increasing host body size (Clerc et al., 2015; Hall 
et al., 2019). Transmission is exclusively horizontal and occurs only 
after spores are released from dead hosts (Aulsebrook et al., 2023; 
Hall & Mideo, 2018). Work on this system does not require ethical 
approval.

2.2  |  Experimental design

This experiment used stocks of D. magna of the genotype BE-
OHZ-M10 which was originally hatched from a resting egg (ephip-
pia) collected from Oud Heverlee, Belgium (coordinates: 50°50′14″, 
4°39′48′′). The P. ramosa genotype C1 was used to infect which was 
originally isolated from a single female infected with pond sediment 
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    |  3BUTTERWORTH et al.

from Moscow, Russia (Luijckx et  al.,  2011). Following established 
protocols, adult females were maintained under standard experi-
mental conditions for three generations (Butterworth et al., 2024). 
Experimental offspring were then assigned unique individual identi-
fiers and transferred to their respective temperature treatments at 
1 ± 1 days of age. Individuals were reared across nine constant tem-
perature treatments spanning 10, 12.5, 15, 17.5, 20, 22.5, 25, 27.5, 
and 30°C. Within each temperature treatment, individuals were 
randomly assigned to either an unexposed control treatment (n = 10) 
or a pathogen-exposed treatment (n = 21) for a total of 279 animals. 
After 16 animal losses or experimental errors there were 263 total 
animals assayed across 227 days of experimental observation.

Temperature treatments were maintained in temperature-
controlled incubators, with temperatures monitored continuously 
and held within ±0.5°C of target values. Individuals were housed 
in 70 mL jars, filled with 50 mL of artificial media (ADaM; Ebert 
et al., 1998; Klüttgen et al., 1994). Animals were fed daily through-
out the entire experiment with increasing numbers of algal cells 
(Scenedesmus sp.) – 1 million cells (at 1 day old), 2.5 million cells (at 
2–5 days old), 3 million cells (at days 5–6 days old), and 5 million cells 
(from day 7 onwards). Animals were changed into 50 mL of fresh 
ADaM every 3 days throughout the entire experiment.

2.3  |  Infection treatments

Pathogen exposure occurred when individuals were 4 ± 1 days old. 
All individuals assigned to the pathogen treatment were exposed to 
P. ramosa by administering a standardized dose of 25,000 spores in 
20 μL of ADaM. The spore suspension was delivered directly into 
each individual's jar and were then immediately returned to their 
respective temperature cabinet. After 4 days of exposure to the 
spores, animals were moved to fresh jars filled with 50 mL of ADaM 
and then water was changed as usual after.

Unexposed control individuals received no spores and were oth-
erwise handled identically. Any individuals that were dead or missing 
on the day of pathogen exposure were replaced with age-matched 
individuals drawn from large stock jars maintained at the same tem-
perature. Replacement individuals experienced identical thermal 
conditions prior to exposure and were treated identically thereafter. 
No replacements occurred after pathogen exposure.

2.4  |  Individual- and population-level metrics of 
performance

Individuals were monitored daily throughout their lifespan. Survival 
was recorded until death, and fecundity was assessed by counting 
the number of offspring produced at each clutch for each individual 
experimental animal. Body size was assessed by measuring body 
size at 14 ± 1 days of age. Intrinsic growth rate (rm) was estimated 
for each temperature and exposure treatment by integrating sur-
vival and reproduction across the full life cycle using a standard 

lifetable and then calculated as the solution to the Euler-Lotka equa-
tion (following Aulsebrook et al., 2022; Hector et al., 2021a; Shocket 
et al., 2018). Virulence was calculated for each temperature treat-
ment as the mean difference between uninfected and infected hosts 
for each trait (fecundity, body size, lifespan and rm).

2.5  |  Statistical analyses

All analyses were conducted in R (version 4.5.2; R Development 
Core Team available at www.​r-​proje​ct.​org). We first analysed the in-
teraction between temperature and infection on our measures of in-
dividual and population performance using the mixed-effect model 
package glmmTMB (McGillycuddy et al., 2025). Two complimentary 
approaches were used: one where temperature was modelled as a 
factor and another where temperature was modelled as a second 
order orthogonal polynomial. In both cases, the use of the DHARMa 
package (github.​com/​flori​anhar​tig/​dharma) to evaluate model fit 
identified the need for a heterogenous diagonal residual structure 
with separate variances allowed for uninfected and infected animals. 
We then analysed the change in virulence (the reduction in trait val-
ues due to infection, see above) across temperature using a second 
order orthogonal polynomial.

Finally, having evaluated the potential for differences in the 
performance of uninfected and infected animals at different tem-
peratures, we fit formal thermal performance curves for each trait 
as well as our virulence measures. Using the rTPC package (available 
at github.​com/​padpa​dpadp​ad/​rTPC) we analysed mean trait values 
at each temperature (i.e. n = 8 or 9) using a simplified Brière II model 
(Briere et al., 1999). This model was chosen as it can cover (via the 
scale and shape parameters) a range of thermal performance curves, 
including left and right skewed non-linear curves, as well as approx-
imately linear curves, facilitating the use of a single model across all 
traits. From each curve (see Figure S1 for curve fits), we extracted 
the thermal optimum (Topt, the temperature of peak performance, via 
the get_topt() function) and then used bootstrapping (via case resam-
pling) to generate a mean and 95% confidence interval for each Topt 
estimate. Although this approach ensures consistency across traits, 
it should be noted that a model incorporating an explicit Topt param-
eter would be preferable. However, fitting a single model capable of 
capturing the diverse curve shapes observed in this study was not 
feasible.

3  |  RESULTS

We found significant responses to temperature in all traits, but the 
exact responses depended on the infection status of an individual 
(significant interaction terms in all cases, Table 1). Response shapes 
(Figure 1 and Table 2) ranged from predominately linear across the 
temperature range (in the case of lifespan) to non-linear and satu-
rating (size and intrinsic r), or even non-linear unimodal (fecundity), 
and appeared relatively concordant between control and infected 
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animals. Instead, infection commonly led to a substantial reduction 
in trait values (Figure  1, and all positive virulence values) coupled 
with a reduced sensitivity to temperature as evidenced by generally 
smaller linear and quadratic terms (Table  2). The net result of the 
interaction between temperature and infection was that virulence 
was highly sensitive to temperature. For individual traits, however, 
virulence noticeably dropped as temperatures rose (see Figure 1a–c, 
Table 2), while for our measure of population growth (the intrinsic 
rate of increase), virulence instead increased with higher tempera-
tures (Figure 1d, Table 2).

Exploring these patterns further using a simplified Brière II 
model (see Figure S1) revealed that the thermal optima for the in-
dividual characteristics of uninfected and infected animals did not 
necessarily differ (overlapping 95% CIs) and spanned a wide range 
of temperatures with lifespan maximized at 15°C or lower and body 
size maximized above 22°C (Figure 2). Yet in all cases the expres-
sion of virulence in these individual traits was maximized at lower 
temperatures, particularly for lifespan and fecundity with thermal 
optima of 15°C or lower (Figure 2). In contrast for the intrinsic rate 
of increase, we observed a clear separation in the thermal optima of 
infected and uninfected animals. Infection led to a 5°C drop in the 
thermal optima of the predicted population growth rates (i.e. unin-
fected versus infected Topt), giving rise to virulence and the costs of 
infection in terms of the growth of a population being maximized 
above 25°C (Figure 2).

4  |  DISCUSSION

Predicting the consequences of climate warming and disease for the 
persistence of populations requires understanding how pathogens 
impact both hosts and populations across a wide range of thermal 
conditions (Gehman et al., 2018; Hector et al., 2021b, 2023; Langwig 
et al., 2015; Paull & Johnson, 2014; Smith et al., 2009). Our study 
reveals that while individual virulence—measured as the reduction 

in lifespan, fecundity, and body size—was most pronounced at low 
temperatures, the cost of infection to population growth rate (rm) 
peaked at high temperatures (Figure  1). This mismatch highlights 
that focusing on virulence in cumulative individual life-history traits 
can underestimate the threat pathogens pose to population growth 
rates under warming conditions.

Infection reduced rm across all temperatures, as is expected 
when infection impacts host survival and fecundity—both traits that 
contribute directly to population growth rates (Anderson,  1978; 
Anderson & May, 1978; Hector et al., 2021a; Padfield et al., 2020). 
Beyond this, we show that infection also shifted the thermal opti-
mum of rm to lower temperatures, effectively narrowing the host's 
thermal niche. In other systems infection has also been shown to 
reduce host thermal optima (Gehman et al., 2018), however, this re-
sponse is not universal, with increases in thermal optima reported 
in bacteria-phage systems (Padfield et  al.,  2020). Strikingly, the 
largest reductions in rm occurred at the warmest temperatures and 
the thermal optimum of uninfected populations (Figure 2). Because 
rm can reflect a population's capacity for persistence and recovery 
(Amarasekare & Coutinho, 2013; Cortés, 2016; Deutsch et al., 2008; 
Pawar et  al.,  2024), these results indicate that disease can most 
strongly constrain population growth precisely where performance 
would otherwise be maximized, revealing a masked population-level 
vulnerability to infection at thermal optima.

These findings are relevant to two general ideas in thermal 
ecology—that ‘warmer is better’, whereby species with higher op-
timal temperatures have higher maximal performances (Frazier 
et al., 2006) and that ‘warmer is sicker’ (Hall et al., 2006), whereby 
warming is expected to exacerbate the impacts of disease. Contrary 
to the latter, empirical work across ectotherm host–pathogen sys-
tems shows that warming can reduce disease severity and transmis-
sion (Hall et al., 2006). For example, in Daphnia, higher temperatures 
have been shown to reduce pathogen spore loads and infection suc-
cess (Dziuba et al., 2023; Shocket et al., 2019); in crabs, warming may 
even drive some parasites to extinction (Gehman et al., 2018); and 

TA B L E  1  Linear models for the analysis of trait variation and infection with temperature modelled as either (a) a second order orthogonal 
polynomial or (b) as a factor with eight levels. Models were run using a heterogenous residual structure with separate variances for 
uninfected and infected animals and evaluated as a Type III analysis of covariance (model a) or variance (model b).

Trait

Infection success Temperature Interaction Random effect SD

χ2 DF p χ2 DF p χ2 DF p Uninfected Infected

(a) Temperature as polynomial

Lifespan (days) 138.881 1 <0.001 287.108 2 <0.001 34.890 2 <0.001 30.797 9.954

Fecundity 926.206 1 <0.001 51.085 2 <0.001 17.295 2 <0.001 4.113 1.794

Size (mm) 0.066 1 0.797 170.489 2 <0.001 37.199 2 <0.001 0.311 0.441

Intrinsic r 241.368 1 <0.001 153.988 2 <0.001 36.523 2 <0.001 0.018 0.035

(b) Temperature as factor

Lifespan (days) 107.081 1 <0.001 367.354 7 <0.001 72.126 7 <0.001 24.418 8.665

Fecundity 105.451 1 <0.001 63.379 7 <0.001 22.683 7 0.002 3.759 1.657

Size (mm) 0.768 1 0.381 187.520 7 <0.001 43.161 7 <0.001 0.301 0.414

Intrinsic r 1.123 1 0.289 157.440 7 <0.001 52.596 7 <0.001 0.018 0.034
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    |  5BUTTERWORTH et al.

F I G U R E  1  Trait values of uninfected hosts, infected hosts, and virulence (reduction in trait value for infected hosts relative to uninfected 
hosts) for (a) Lifespan, (b) Lifetime fecundity, (c) Body size at 14 days of age and (d) intrinsic rate of increase as calculated by the solution to 
the Euler-Lotka equation (following Aulsebrook et al., 2022; Hector et al., 2021a; Shocket et al., 2018).
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in mosquitoes, West Nile virus transmission declines at high tem-
peratures (Shocket et  al.,  2020). In the present study, by focusing 
on pathogen-mediated damage to hosts and its consequences for 
population growth, we show that warming can nevertheless amplify 
the impacts of disease. Although infected individuals experienced 
the lowest relative virulence at warmer temperatures, this coincided 
with the largest reductions in intrinsic population growth rate (rm) 
occurring at the thermal optimum of uninfected hosts. This indicates 
that pathogen-mediated risk to population growth can be greatest 
under warm conditions, and specifically near host thermal optima—
reflecting that warmer is both worse and sicker for infected hosts. 
This is particularly interesting to consider in light of the thermal 
mismatch hypothesis (Cohen et al., 2017; Nowakowski et al., 2016) 

which posits that parasite performance in or on a host should be 
maximized away from the host's thermal optima. Our data suggest 
that pathogen induced virulence at the population-level is maximized 
precisely at host thermal optima (though importantly, virulence does 
not necessarily reflect pathogen performance; Acevedo et al., 2019). 
One possible follow up question would be whether population-level 
virulence is often maximized nearest the thermal optima of hosts in 
other genotype combinations or host–pathogen systems.

The observed mismatch in virulence between individual and 
population-level scales likely reflects the disproportionate importance 
of early-life traits to rm. In ectotherms such as Daphnia magna, warm-
ing (up to the hosts thermal optima) typically accelerates development, 
advances the onset of reproduction, and shortens lifespan, collectively 

TA B L E  2  Linear and quadratic effects of temperature on the characteristics of (a) uninfected animals and (b) infected animals, as well as 
(c) the expression of virulence and the difference between uninfected and infected means at each temperature. In all cases, temperature 
was using orthogonal polynomials.

Trait

Overall fit Linear term Quadratic term

χ2 DF p Estimate SE p Estimate SE p

(a) Uninfected characteristics

Lifespan (days) 157.693 2 <0.001 −386.715 30.796 <0.001 −3.400 30.796 0.912

Fecundity 30.650 2 <0.001 −13.753 4.113 <0.001 −18.145 4.113 <0.001

Size (mm) 281.833 2 <0.001 4.436 0.312 <0.001 −2.807 0.313 <0.001

Intrinsic r 971.327 2 <0.001 0.520 0.018 <0.001 −0.199 0.018 <0.001

(b) Infected characteristics

Lifespan (days) 215.352 2 <0.001 −140.877 9.954 <0.001 38.605 9.954 <0.001

Fecundity 36.389 2 <0.001 −10.798 1.794 <0.001 0.717 1.794 0.689

Size (mm) 115.404 2 <0.001 4.735 0.441 <0.001 0.079 0.441 0.858

Intrinsic r 16.969 2 <0.001 0.059 0.038 0.126 −0.136 0.037 <0.001

(c) Virulence characteristics

Lifespan (days) 135.484 2 <0.001 −72.095 6.273 <0.001 11.543 6.273 0.066

Fecundity 99.293 2 <0.001 −232.491 24.663 <0.001 −79.650 24.663 0.001

Size (mm) 43.818 2 <0.001 −0.680 0.127 <0.001 −0.498 0.127 <0.001

Intrinsic r 29.604 2 <0.001 0.077 0.014 <0.001 −0.004 0.014 0.774

F I G U R E  2  Thermal optima as 
calculated at the temperature with 
the highest trait value from the Brière 
II models for fecundity, body size, 
lifespan and intrinsic rate of increase for 
uninfected hosts, infected hosts, and 
virulence (calculated from curves based 
on the difference between trait values 
between uninfected and infected hosts).
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compressing the life cycle and typically inflating rm by reducing gen-
eration time (Dell et al., 2011; Hector et al., 2021a; Huey Raymond & 
Berrigan, 2001; Kuparinen et al., 2011). Therefore, under infection at 
high temperatures, even though the reduction in total fecundity ap-
peared modest relative to other temperatures, it did not accurately 
reflect the outsized consequences for rm. This was likely underpinned 
by a more consequential decline in the average clutch size of infected 
hosts at warmer temperatures (Figure  S2). Because reproduction 
early in life contributes disproportionately to population growth, early 
losses in average fecundity may have driven the strongest reductions 
in population-level growth rates at high temperatures—effects that 
were not captured by cumulative fecundity. This demonstrates that 
the timing of life-history impacts of virulence, as well as its magni-
tude, is critical for understanding population responses across varied 
environments—reinforcing recent calls to more closely integrate host 
life-history in studies of disease impacts across diverse host–pathogen 
systems (Valenzuela-Sánchez et al., 2021).

Importantly, we only focus on a single ectothermic host and patho-
gen genotype under constant temperatures and a pathogen that has 
markedly strong effects on host fecundity (Clerc et  al.,  2015; Hall 
et al., 2019). Nevertheless, substantial reductions in host fecundity are 
a common pattern of host–pathogen interactions (Anderson,  1978; 
Armstrong & Bass,  1989; Futerman et  al.,  2006; Hurd,  2001), and 
thermal sensitivity in the timing of reproduction is ubiquitous among 
ectotherms (Dell et al., 2011; Hector et al., 2021a; Huey Raymond & 
Berrigan, 2001; Kuparinen et al., 2011)—so we may expect a similar 
mismatch between individual- and population-level virulence in many 
other ectothermic species. Furthermore, our predictions of population 
growth rate are based only on individual-level measurements, and we 
did not empirically measure population-scale outcomes. It is very likely 
that density-dependent factors such as crowding or resource limita-
tion could cause realized rates of population growth to differ from 
our predictions. It will thus be important that future work assesses 
population-level outcomes and also extends these questions to more 
diverse host–pathogen systems, fluctuating thermal environments 
(Ferguson & Sinclair, 2019; Krichel et al., 2023), and additional stress-
ors (such as predation; Hall et  al.,  2006); or pollution; (Aulsebrook 
et  al.,  2022; 2023). Such work will be essential for understanding 
the generality of our findings and for predicting the population per-
sistence for the vast majority of species under global change.

In conclusion, our results show that individual life-history traits 
may not always reliably predict risks to population growth rates across 
environmental gradients. As warming reshapes both host life histories 
and host–pathogen interactions, linking pathogen-mediated damage 
into life-history theory and demography is increasingly important 
(Valenzuela-Sánchez et  al.,  2021). Quantifying virulence in terms of 
more sophisticated demographic metrics derived from structured 
population models and models that can equate for density depen-
dence, pathogen transmission, and demographic feedbacks between 
hosts and pathogens (Anderson, 1978; Anderson & May, 1978) will be 
particularly important for predicting how disease impacts scale across 
environments. Such approaches will improve our ability to anticipate 
if, when, and where warming will amplify disease-driven population 

declines, particularly in ectotherm populations that may otherwise ap-
pear well adapted to high temperatures.

AUTHOR CONTRIBUTIONS
Nathan J. Butterworth: Conceptualization (lead), data curation, for-
mal analysis, investigation, methodology, validation, writing—original 
draft preparation, writing—review & editing, project administra-
tion. Kerri J. Moore: Investigation, methodology, writing—review 
& editing. Matthew D. Hall: Conceptualization (supporting), formal 
analysis, validation, visualization, writing—review & editing, funding 
acquisition, resources.

ACKNOWLEDG EMENTS
Open access publishing facilitated by Deakin University, as part 
of the Wiley - Deakin University agreement via the Council of 
Australasian University Librarians.

CONFLIC T OF INTERE S T S TATEMENT
The authors have no conflicts of interest to declare.

DATA AVAIL ABILIT Y S TATEMENT
Data and code are publicly available from the figshare reposi-
tory https://​doi.​org/​10.​6084/​m9.​figsh​are.​32118460 (Butterworth 
et al., 2026).

ORCID
Nathan J. Butterworth   https://orcid.org/0000-0002-5679-2700 
Matthew D. Hall   https://orcid.org/0000-0002-4738-203X 

R E FE R E N C E S
Acevedo, M. A., Dillemuth, F. P., Flick, A. J., Faldyn, M. J., & Elderd, B. 

D. (2019). Virulence-driven trade-offs in disease transmission: A 
meta-analysis. Evolution, 73, 636–647.

Altizer, S., Ostfeld, R. S., Johnson, P. T. J., Kutz, S., & Harvell, C. D. (2013). 
Climate change and infectious diseases: From evidence to a predic-
tive framework. Science, 341, 514–519.

Amarasekare, P., & Coutinho, R. M. (2013). The intrinsic growth rate as a 
predictor of population viability under climate warming. Journal of 
Animal Ecology, 82, 1240–1253.

Amarasekare, P., & Savage, V. (2012). A framework for elucidating the 
temperature dependence of fitness. The American Naturalist, 179, 
178–191.

Anderson, R. M. (1978). The regulation of host population growth by par-
asitic species. Parasitology, 76, 119–157.

Anderson, R. M., & May, R. M. (1978). Regulation and stability of host-parasite 
population interactions. Journal of Animal Ecology, 47, 219–247.

Armstrong, E., & Bass, L. K. (1989). Nosema kingi: Effects on fecun-
dity, fertility, and longevity of drosophila melanogaster. Journal of 
Experimental Zoology, 250, 82–86.

Atkinson, D., & Sibly, R. M. (1997). Why are organisms usually bigger in 
colder environments? Making sense of a life history puzzle. Trends 
in Ecology & Evolution, 12, 235–239.

Aulsebrook, L. C., Wong, B. B. M., & Hall, M. D. (2022). Warmer tempera-
tures limit the effects of antidepressant pollution on life-history 
traits. Proceedings of the Royal Society B: Biological Sciences, 289, 
20212701.

Aulsebrook, L. C., Wong, B. B. M., & Hall, M. D. (2023). Can pharmaceu-
tical pollution alter the spread of infectious disease? A case study 

 13652656, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2656.70294 by N

ational H
ealth A

nd M
edical R

esearch C
ouncil, W

iley O
nline L

ibrary on [03/08/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.6084/m9.figshare.32118460
https://orcid.org/0000-0002-5679-2700
https://orcid.org/0000-0002-5679-2700
https://orcid.org/0000-0002-4738-203X
https://orcid.org/0000-0002-4738-203X


8  |    BUTTERWORTH et al.

using fluoxetine. Philosophical Transactions of the Royal Society, B: 
Biological Sciences, 378, 20220010.

Birch, L. C. (1948). The intrinsic rate of natural increase of an insect pop-
ulation. Journal of Animal Ecology, 17, 15–26.

Briere, J.-F., Pracros, P., Le Roux, A.-Y., & Pierre, J.-S. (1999). A novel rate 
model of temperature-dependent development for arthropods. 
Environmental Entomology, 28, 22–29.

Burthe, S., Telfer, S., Begon, M., Bennett, M., Smith, A., & Lambin, X. 
(2008). Cowpox virus infection in natural field vole microtus agres-
tis populations: Significant negative impacts on survival. Journal of 
Animal Ecology, 77, 110–119.

Butterworth, N. J., Heffernan, L., & Hall, M. D. (2024). Is there a sicker 
sex? Dose relationships modify male–female differences in in-
fection prevalence. Proceedings of the Royal Society B: Biological 
Sciences, 291, 20232575.

Butterworth, N. J., Lush, J., Moore, K. J., & Hall, M. D. (2025). The sicker 
sex is plastic: Thermal plasticity determines sex biases in pathogen 
transmission. Ecology, 106, e70259.

Butterworth, N. J., Moore, K. J., & Hall, M. D. (2026). Data from: Hotter, 
faster, sicker? Warming shifts the cost of infection from individuals 
to populations. Figshare repository https://​doi.​org/​10.​6084/​m9.​
figsh​are.​32118460

Clerc, M., Ebert, D., & Hall, M. D. (2015). Expression of parasite genetic 
variation changes over the course of infection: Implications of 
within-host dynamics for the evolution of virulence. Proceedings of 
the Biological Sciences, 282, 20142820.

Cohen, J. M., Venesky, M. D., Sauer, E. L., Civitello, D. J., McMahon, T. A., 
Roznik, E. A., & Rohr, J. R. (2017). The thermal mismatch hypothe-
sis explains host susceptibility to an emerging infectious disease. 
Ecology Letters, 20, 184–193.

Cole, L. C. (1954). The population consequences of life history phenom-
ena. The Quarterly Review of Biology, 29, 103–137.

Cortés, E. (2016). Perspectives on the intrinsic rate of population growth. 
Methods in Ecology and Evolution, 7, 1136–1145.

De Castro, F., & Bolker, B. (2005). Mechanisms of disease-induced ex-
tinction. Ecology Letters, 8, 117–126.

Dean, E. K., Drake, D. A. R., & Mandrak, N. E. (2023). Non-linear effects 
on the population performance of bighead carp under different 
maturation schedules. Biological Invasions, 25, 3567–3581.

Dell, A. I., Pawar, S., & Savage, V. M. (2011). Systematic variation in the 
temperature dependence of physiological and ecological traits. 
National Academy of Sciences of the United States of America, 108, 
10591–10596.

Deutsch, C. A., Tewksbury, J. J., Huey, R. B., Sheldon, K. S., 
Ghalambor, C. K., Haak, D. C., & Martin, P. R. (2008). Impacts 
of climate warming on terrestrial ectotherms across latitude. 
National Academy of Sciences of the United States of America, 105, 
6668–6672.

Dziuba, M. K., Manzi, F., Cerbin, S., & Wolinska, J. (2023). Can climate 
warming save daphnia from parasites? Reduced parasite prevalence 
in daphnia populations from artificially heated lakes. Limnology and 
0Oceanography, 68, 181–191.

Dziuba, M. K., McIntire, K. M., Davenport, E. S., Corcoran, F. E., Nelson, 
T., McCreadie, P., Manuel, R. T., Baird, E., Ferreira dos Santos, N., 
Robbins, M., Dismondy, E., Monell, K. J., Huerta, C., Selter, L. C., 
Deckelbaum, K., Cortez, M. H., & Duffy, M. A. (2025). Symbiont vir-
ulence is a poor predictor of impacts on host population dynamics. 
BioRxiv. https://​doi.​org/​10.​1101/​2025.​04.​10.​648206

Ebert, D. (2005). Ecology, epidemiology, and evolution of parasitism in 
Daphnia.

Ebert, D. (2008). Host–parasite coevolution: Insights from the Daphnia–
parasite model system. Current Opinion in Microbiology, 11, 
290–301.

Ebert, D., Duneau, D., Hall, M. D., Luijckx, P., Andras, J. P., Du Pasquier, L., 
& Ben-Ami, F. (2016). Chapter five—A population biology perspec-
tive on the stepwise infection process of the bacterial pathogen 

pasteuria ramosa in Daphnia. In D. Rollinson & J. R. Stothard (Eds.), 
Advances in parasitology (Vol. 91, pp. 265–310). Academic Press.

Ebert, D., Zschokke-Rohringer, C. D., & Carius, H. J. (1998). Within–and 
between–population variation for resistance of daphnia magna 
to the bacterial endoparasite pasteuria ramosa. Proceedings of the 
Royal Society B: Biological Sciences, 265, 2127–2134.

Erens, J., Preissler, K., Speybroeck, J., Beukema, W., Spitzen-van der 
Sluijs, A., Stark, T., Laudelout, A., Kinet, T., Schmidt, B. R., Martel, A., 
Steinfartz, S., & Pasmans, F. (2023). Divergent population responses 
following salamander mass mortalities and declines driven by the 
emerging pathogen batrachochytrium salamandrivorans. Proceedings 
of the Royal Society B: Biological Sciences, 290, 20230510.

Ferguson, L. V., & Sinclair, B. J. (2019). Thermal variability and plasticity 
drive the outcome of a host-pathogen interaction. The American 
Naturalist, 195, 603–615.

Frazier, M. R., Huey Raymond, B., & Berrigan, D. (2006). Thermodynamics 
constrains the evolution of insect population growth rates: 
“Warmer is better”. The American Naturalist, 168, 512–520.

Frick, W. F., Pollock, J. F., Hicks, A. C., Langwig, K. E., Reynolds, D. S., 
Turner, G. G., Butchkoski, C. M., & Kunz, T. H. (2010). An emerg-
ing disease causes regional population collapse of a common north 
american bat species. Science, 329, 679–682.

Futerman, P. H., Layen, S. J., Kotzen, M. L., Franzen, C., Kraaijeveld, A. R., 
& Godfray, H. C. J. (2006). Fitness effects and transmission routes 
of a microsporidian parasite infecting drosophila and its parasitoids. 
Parasitology, 132, 479–492.

Gehman, A.-L. M., Hall, R. J., & Byers, J. E. (2018). Host and parasite ther-
mal ecology jointly determine the effect of climate warming on ep-
idemic dynamics. National Academy of Sciences of the United States 
of America, 115, 744–749.

Green, J. (1974). Parasites and epibionts of cladocera. The Transactions of 
the Zoological Society of London, 32, 417–515.

Grimaudo, A. T., Hoyt, J. R., King, R. A., Toomey, R. S., Simpson, C., 
Holliday, C., Silvis, A., Doyle, R. T., Kath, J. A., Armstrong, M. P., 
Brack, V., Reynolds, R. J., Williamson, R. H., Turner, G. G., Kuczynska, 
V., Meyer, J. J., Jansky, K., Herzog, C. J., Hopkins, S. R., & Langwig, 
K. E. (2024). Drivers of population dynamics of at-risk populations 
change with pathogen arrival. Biological Conservation, 296, 110693.

Hall, M. D., & Mideo, N. (2018). Linking sex differences to the evolution 
of infectious disease life-histories. Philosophical Transactions of the 
Royal Society, B: Biological Sciences, 373, 20170431.

Hall, M. D., Routtu, J., & Ebert, D. (2019). Dissecting the genetic ar-
chitecture of a stepwise infection process. Molecular Ecology, 28, 
3942–3957.

Hall, S. R., Tessier, A. J., Duffy, M. A., Huebner, M., & Cáceres, C. E. (2006). 
Warmer does not have to mean sicker: Temperature and predators 
can jointly drive timing of epidemics. Ecology, 87, 1684–1695.

Heard, M. J., Smith, K. F., Ripp, K. J., Berger, M., Chen, J., Dittmeier, J., 
Goter, M., McGarvey, S. T., & Ryan, E. (2013). The threat of disease 
increases as species move toward extinction. Conservation Biology, 
27, 1378–1388.

Hector, T. E., Gehman, A. L. M., & King, K. C. (2023). Infection bur-
dens and virulence under heat stress: Ecological and evolutionary 
considerations. Philosophical Transactions of the Royal Society, B: 
Biological Sciences, 378, 20220018.

Hector, T. E., Sgrò, C. M., & Hall, M. D. (2021a). Temperature and patho-
gen exposure act independently to drive host phenotypic trajecto-
ries. Biology Letters, 17, 20210072.

Hector, T. E., Sgrò, C. M., & Hall, M. D. (2021b). Thermal limits in the face 
of infectious disease: How important are pathogens? Global Change 
Biology, 27, 4469–4480.

Hoogendyk, C. G., & Estabrook, G. F. (1984). The consequences of earlier 
reproduction in declining populations. Mathematical Biosciences, 
71, 217–235.

Huey, R. B., & Kingsolver, J. G. (1989). Evolution of thermal sensitivity of 
ectotherm performance. Trends in Ecology & Evolution, 4, 131–135.

 13652656, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2656.70294 by N

ational H
ealth A

nd M
edical R

esearch C
ouncil, W

iley O
nline L

ibrary on [03/08/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.6084/m9.figshare.32118460
https://doi.org/10.6084/m9.figshare.32118460
https://doi.org/10.1101/2025.04.10.648206


    |  9BUTTERWORTH et al.

Huey Raymond, B., & Berrigan, D. (2001). Temperature, demography, 
and ectotherm fitness. The American Naturalist, 158, 204–210.

Hurd, H. (2001). Host fecundity reduction: A strategy for damage limita-
tion? Trends in Parasitology, 17, 363–368.

Kirk, D., O'Connor, M. I., & Mordecai, E. A. (2022). Scaling effects of tem-
perature on parasitism from individuals to populations. Journal of 
Animal Ecology, 91, 2087–2102.

Klüttgen, B., Dülmer, U., Engels, M., & Ratte, H. (1994). Adam, an artifi-
cial freshwater for the culture of zooplankton. Water Research, 28, 
743–746.

Knies, J. L., Kingsolver, J. G., & Burch, C. L. (2009). Hotter is better and 
broader: Thermal sensitivity of fitness in a population of bacterio-
phages. The American Naturalist, 173, 419–430.

Krebs, C. J. (1972). Ecology: The experimental analysis of distribution and 
abundance.

Krichel, L., Kirk, D., Pencer, C., Hönig, M., Wadhawan, K., & Krkošek, 
M. (2023). Short-term temperature fluctuations increase disease 
in a daphnia-parasite infectious disease system. PLoS Biology, 21, 
e3002260.

Kuparinen, A., Cano, J. M., Loehr, J., Herczeg, G., Gonda, A., & Merilä, J. 
(2011). Fish age at maturation is influenced by temperature inde-
pendently of growth. Oecologia, 167, 435–443.

Langwig, K. E., Frick, W. F., Reynolds, R., Parise, K. L., Drees, K. P., Hoyt, 
J. R., Cheng, T. L., Kunz, T. H., Foster, J. T., & Kilpatrick, A. M. (2015). 
Host and pathogen ecology drive the seasonal dynamics of a fungal 
disease, white-nose syndrome. Proceedings of the Royal Society B: 
Biological Sciences, 282, 20142335.

Luijckx, P., Ben-Ami, F., Mouton, L., Du Pasquier, L., & Ebert, D. (2011). 
Cloning of the unculturable parasite pasteuria ramosa and its daph-
nia host reveals extreme genotype–genotype interactions. Ecology 
Letters, 14, 125–131.

Martin, A. M., Burridge, C. P., Ingram, J., Fraser, T. A., & Carver, S. (2018). 
Invasive pathogen drives host population collapse: Effects of a 
travelling wave of sarcoptic mange on bare-nosed wombats. Journal 
of Applied Ecology, 55, 331–341.

McGillycuddy, M., Popovic, G., Bolker, B. M., & Warton, D. I. (2025). 
Parsimoniously fitting large multivariate random effects in glm-
mtmb. Journal of Statistical Software, 112, 1–19.

Murray, K. A., Rosauer, D., McCallum, H., & Skerratt, L. F. (2010). 
Integrating species traits with extrinsic threats: Closing the gap be-
tween predicting and preventing species declines. Proceedings of 
the Royal Society B: Biological Sciences, 278, 1515–1523.

Nowakowski, A. J., Whitfield, S. M., Eskew, E. A., Thompson, M. E., Rose, J. 
P., Caraballo, B. L., Kerby, J. L., Donnelly, M. A., & Todd, B. D. (2016). 
Infection risk decreases with increasing mismatch in host and patho-
gen environmental tolerances. Ecology Letters, 19, 1051–1061.

Padfield, D., Castledine, M., & Buckling, A. (2020). Temperature-
dependent changes to host–parasite interactions alter the thermal 
performance of a bacterial host. The ISME Journal, 14, 389–398.

Paull, S. H., & Johnson, P. T. J. (2014). Experimental warming drives a 
seasonal shift in the timing of host-parasite dynamics with conse-
quences for disease risk. Ecology Letters, 17, 445–453.

Paull, S. H., Raffel, T. R., LaFonte, B. E., & Johnson, P. T. J. (2015). How 
temperature shifts affect parasite production: Testing the roles of 
thermal stress and acclimation. Functional Ecology, 29, 941–950.

Pawar, S., Huxley, P. J., Smallwood, T. R. C., Nesbit, M. L., Chan, A. H. 
H., Shocket, M. S., Johnson, L. R., Kontopoulos, D. G., & Cator, L. 
J. (2024). Variation in temperature of peak trait performance con-
strains adaptation of arthropod populations to climatic warming. 
Nature Ecology & Evolution, 8, 500–510.

Poulin, R., & Combes, C. (1999). The concept of virulence: Interpretations 
and implications. Parasitology Today, 15, 474–475.

Rózsa, L., & Garay, J. (2023). Definitions of parasitism, considering its 
potentially opposing effects at different levels of hierarchical orga-
nization. Parasitology, 150, 761–768.

Shocket, M. S., Magnante, A., Duffy, M. A., Cáceres, C. E., & Hall, S. R. 
(2019). Can hot temperatures limit disease transmission? A test of 
mechanisms in a zooplankton–fungus system. Functional Ecology, 
33, 2017–2029.

Shocket, M. S., Strauss, A. T., Hite, J. L., Šljivar, M., Civitello, D. J., Duffy, 
M. A., Cáceres, C. E., & Hall, S. R. (2018). Temperature drives ep-
idemics in a zooplankton-fungus disease system: A trait-driven 
approach points to transmission via host foraging. The American 
Naturalist, 191, 435–451.

Shocket, M. S., Verwillow, A. B., Numazu, M. G., Slamani, H., Cohen, J. 
M., El Moustaid, F., Rohr, J., Johnson, L. R., & Mordecai, E. A. (2020). 
Transmission of west nile and five other temperate mosquito-borne vi-
ruses peaks at temperatures between 23°C and 26°C. eLife, 9, e58511.

Smith, K. F., Acevedo-Whitehouse, K., & Pedersen, A. B. (2009). The 
role of infectious diseases in biological conservation. Animal 
Conservation, 12, 1–12.

Tompkins, D. M., Dunn, A. M., Smith, M. J., & Telfer, S. (2011). Wildlife 
diseases: From individuals to ecosystems. Journal of Animal Ecology, 
80, 19–38.

Vale, P. F., Stjernman, M., & Little, T. J. (2008). Temperature-dependent 
costs of parasitism and maintenance of polymorphism under 
genotype-by-environment interactions. Journal of Evolutionary 
Biology, 21, 1418–1427.

Valenzuela-Sánchez, A., Wilber, M. Q., Canessa, S., Bacigalupe, L. D., 
Muths, E., Schmidt, B. R., Cunningham, A. A., Ozgul, A., Johnson, P. 
T. J., & Cayuela, H. (2021). Why disease ecology needs life-history 
theory: A host perspective. Ecology Letters, 24, 876–890.

Wells, K., Hamede, R. K., Kerlin, D. H., Storfer, A., Hohenlohe, P. A., 
Jones, M. E., & McCallum, H. I. (2017). Infection of the fittest: Devil 
facial tumour disease has greatest effect on individuals with high-
est reproductive output. Ecology Letters, 20, 770–778.

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Figure S1. Briere type II curves of all traits (fecundity, body size at 
14 days of age, lifespan and intrinsic population growth rates rm) for 
uninfected and infected hosts. Virulence curves are calculated from 
the difference between trait values of uninfected and infected hosts.
Figure S2. Thermal response of average offspring number per 
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per individual) for infected and uninfected hosts. Virulence was 
calculated as the difference in trait values between uninfected and 
infected hosts.
Figure S3. Intrinsic rate of increase (r) of unexposed and pathogen-
exposed Daphnia magnia across a thermal gradient. Each panel shows 
r values (points) calculated for individual hosts and their distribution 
(boxes). r was calculated for each individual female using the Euler-
Lotka equation, incorporating individual reproductive schedules and 
survival. Colours represent temperature treatments (°C).
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