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Abstract 15 

Virulence, defined as the harm an infection causes to its host, is central to evolutionary ecology, 16 

yet it remains difficult to quantify because infection impact is multidimensional, dynamic, and 17 

context-dependent. Composite measures have therefore emerged to summarise multiple traits 18 

into a single estimate of infection-induced harm. However, every composite embeds biological 19 

assumptions about which traits represent virulence, how they relate to one another, and which 20 

components of harm are prioritised. When these assumptions remain implicit, composites can 21 

obscure causal mechanisms and compromise interpretation. We argue that composite virulence 22 

should be treated as a biologically-grounded measurement strategy rather than a definition of 23 

virulence. Used transparently, composite approaches can strengthen evolutionary inference; 24 

used carelessly, they risk concealing rather than clarifying infection biology. 25 
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1. The composite virulence dilemma 29 

1.1. Why virulence resists simple measurements 30 

Virulence, defined here as the harm inflicted by infection on the host [1–3] (Box 1), is central 31 

to evolutionary ecology, public health, and livestock management [4–7]. Together with 32 

transmission [8,9], it is used to characterize host-parasite interactions [10–14], track 33 

evolutionary change [15–18], assess risks from circulating and emerging infections [19–22], 34 

guide preparedness and response strategies for future disease outbreaks [23,24], and evaluate 35 

interventions designed to mitigate disease severity and spread [25–29]. 36 

However, despite its importance, virulence remains difficult to quantify because it is neither a 37 

single trait nor a fixed property of a parasite [2,11]. Rather, it emerges from interactions among 38 

host genotype, parasite genotype, and environment [2,30]. Infection can reduce host fitness 39 

through multiple routes, including delayed development, increased mortality and reduced 40 

fecundity (or even sterility) [1]. These fitness consequences are often mediated by 41 

physiological or behavioural changes, can emerge at different stages of infection, and 42 

frequently depend on ecological context, such that the same parasite can impose very different 43 

fitness costs across environments or host populations [2,30]. Consequently, no single measure 44 

can capture all biologically relevant components of infection-induced harm. The most 45 

informative virulence metric therefore depends on the biological question being asked, the 46 

fitness components of interest (e.g., survival, reproduction, or development), and the ecological 47 

context in which infection occurs. 48 

This multidimensionality creates a measurement problem. Single proxies are attractive because 49 

they seem straightforward, comparable, and often experimentally tractable, yet each capture 50 

only one dimension of infection-induced harm. Mortality, for example, directly captures 51 

survival [31–33], but it can be insensitive to substantial sublethal costs such as sterilization, 52 



delayed or impaired reproduction [16,34–36]. Likewise, physiological markers such as 53 

oxidative stress or inflammation can change markedly during infection without detectable 54 

consequences for survival or reproduction, meaning that they do not necessarily reflect host 55 

harm unless their fitness consequences are demonstrated [37]. More fundamentally, infection-56 

associated measurements do not all describe the same biological phenomenon. Some quantify 57 

drivers of harm (e.g., parasite growth and damage mechanisms), others quantify host-state 58 

mediators (e.g., pathology, inflammation, dysbiosis or sickness behaviours), whereas others 59 

quantify fitness outcomes (e.g., survival and reproduction). Although, these layers often covary, 60 

they do not always do so and should not be treated as interchangeable measures of virulence 61 

because each captures a different stage of the infection process. 62 

Virulence is a conceptual construct that must be inferred from measurable traits rather than 63 

observed directly [2]. Different measures therefore capture different biological facets of 64 

infection and are appropriate for different biological questions. Intrinsic [13,29,38], realized 65 

[39,40], and proximate virulence [41,42] emphasize different aspects of infection (Box 1), but 66 

each is usually represented by a single proxy and therefore captures only part of infection-67 

induced harm. This raises a central measurement challenge: how should multidimensional 68 

harm be represented in a way that remains biologically interpretable for the question at hand? 69 

1.2. Distinct routes to infection-induced harm.  70 

Similar reductions in host survival or reproduction can arise through fundamentally different 71 

biological processes. Virulence may increase through greater parasite growth and host resource 72 

exploitation, or through differences in per-parasite pathogenicity (PPP), whereby parasites 73 

generate more damage at a given parasite burden through cell and tissue injury, inflammatory 74 

collateral damage, and toxin- and effector-mediated dysfunction [11,43–46]. More broadly, 75 

infection can affect hosts through at least three partially separable processes: (i) host 76 



exploitation, whereby parasites divert resources and damage tissues through replication and 77 

nutrient sequestration [11,43,47]; (ii) direct injury, in which invasion and growth cause cell 78 

lysis, barrier disruption, vascular obstruction, or organ dysfunction even at similar parasite 79 

loads [45,46,48–50]; and (iii) host-mediated damage, whereby immune activation generates 80 

immunopathology such as oxidative stress or cytokine-driven tissue damage [51,52]. These 81 

processes can covary, but they do not always, and they often differ in timing and relative 82 

contribution to disease. Consequently, similar measures of virulence may conceal 83 

fundamentally different routes to infection-induced harm.  84 

Malaria provides a clear example of why these distinctions matter. Plasmodium spp. increase 85 

harm not only through parasite replication but also through erythrocyte destruction, 86 

cytoadherence-mediated microvascular obstruction, and heme-driven oxidative damage, which 87 

amplifies inflammation and tissue dysfunction [53,54]. Consequently, two infections can show 88 

similar parasite densities yet differ markedly in anaemia, inflammatory pathology, and risk of 89 

severe disease because harm reflects different combinations of exploitation, direct injury, and 90 

host-mediated damage. Mortality alone collapses these processes into a single endpoint, 91 

obscuring both the mechanisms through which parasites inflict harm and the biological 92 

processes on which selection ultimately acts [16,55].  93 

1.3. Why composites emerged 94 

The multidimensional nature of infection is not unique to virulence research. Several adjacent 95 

disciplines already approach infection effects as interconnected suites of traits rather than 96 

isolated endpoints. Chemical ecology, plant defense ecology, and eco-immunology commonly 97 

analyse defence chemistry, host condition, pathology, reproduction, and parasite performance 98 

using multivariate or pathway-oriented methods instead of reducing them to a single index [56–99 

58]. These fields recognize that different traits describe different components of host-parasite 100 



interactions and therefore provide complementary rather than interchangeable information. 101 

Their experience offers a useful precedent for virulence research, where infection-induced 102 

harm likewise emerges from multiple interconnected biological processes.  103 

As infection measurements became increasingly multidimensional, several disciplines 104 

developed summary metrics to represent disease in a tractable way. In clinical and veterinary 105 

medicine, disease severity scores have long combined multiple signs and symptoms into 106 

standardized summaries, reflecting the practical reality that disease burden is expressed across 107 

several dimensions [16,17,47,59–61]. Plant pathology offers particularly influential precedents 108 

because it formalized multidimensional disease impact into quantitative metrics [62–64]. 109 

Disease incidence (how many hosts or tissues are infected) and disease severity (how much 110 

damage occurs per infected unit) are routinely analysed together because they capture distinct 111 

dimensions of disease [63,65]. Likewise, the area under the disease progress curve 112 

(AUDPC/AUC) integrates repeated measurements of disease severity over time into a single 113 

estimate of cumulative burden [65–67]. Collectively, these approaches illustrate two general 114 

principles: infection impact is inherently multidimensional and reducing it to a single summary 115 

measure inevitably involves a trade-off between simplicity and biological information. 116 

Evolutionary ecology reached similar conclusions, but from a different perspective. Rather 117 

than summarizing disease severity alone, multivariate approaches were adopted to understand 118 

how parasite traits translate into fitness costs and evolutionary change. In plant–virus systems, 119 

for instance, tolerance is quantified by tracking infection-induced changes across multiple life-120 

history traits, revealing that genotypes can differ in how infection costs are distributed across 121 

growth and reproduction rather than in total damage alone [68,69]. Similar logic motivates the 122 

routine use of trait panels in animal and microbial systems, where infection effects on survival 123 

and reproduction are analyzed alongside host-state mediators (e.g., pathology, oxidative stress, 124 

behaviour) and parasite traits (e.g., burden, growth, persistence) [16,43,55,70,71]. The 125 



rationale is straightforward: mortality is a downstream outcome of infection, whereas selection 126 

acts on parasite traits through their effects on host survival, reproduction, and transmission 127 

opportunity. Multivariate measurement therefore follows directly from the biology, providing 128 

a natural way to capture infection trajectories, trade-offs, and context-dependence. 129 

As multivariate trait panels became increasingly common, researchers naturally sought ways 130 

to summarize this complexity into a single measure. Composite indices offered an attractive 131 

compromise by providing concise, comparable representations of infection while retaining 132 

information from multiple traits. However, this simplification is never biologically neutral. 133 

Every composite requires decisions about which dimensions of harm to include, how they 134 

should be combined, and what the resulting measure is intended to represent. These decisions 135 

are often appropriate and unavoidable, but they also shape the biological meaning of the 136 

composite itself (Fig. 1). 137 

Every composite requires decisions about trait selection, weighting, independence, and 138 

biological target. Once compressed into a single value, these choices become largely invisible, 139 

yet they determine how virulence is interpreted. Consequently, two studies analyzing the same 140 

infection system could reach different conclusions simply because they constructed different 141 

composites.  142 

1.4. Composites clarify, but can also conceal 143 

Crucially, these assumptions extend to time. The biological consequences of the same trait can 144 

differ markedly depending on when it is expressed or measured during infection, from 145 

negligible effects to substantial fitness cost, because virulence and transmission emerge from 146 

dynamic infection trajectories rather than static measurements [72,73]. Early physiological or 147 

behavioural changes may be compensated or reversed, but they can also trigger cascading 148 

effects that shape later survival, reproduction, or transmission. Conversely, similar changes 149 



expressed later in infection may have major immediate consequences or relatively little impact 150 

if key fitness outcomes have already been determined, such that parasite density measured at 151 

different stages of infection can carry very different evolutionary significance [74]. 152 

Consequently, the biological significance of a trait cannot be separated from its timing. 153 

Composite measures should therefore either integrate information across infection or explicitly 154 

define the phase they represent. Similar temporal dependencies have been documented across 155 

diverse host–parasite systems, including Ophryocystis elektroscirrha infections of monarch 156 

butterflies, where the timing of parasite development strongly influences both host fitness and 157 

transmission potential [55,75]. 158 

Composite measures nevertheless offer clear practical advantages by summarizing 159 

multidimensional infection outcomes and facilitating comparisons among parasite genotypes, 160 

host genotypes, treatments, or environments [76,77]. However, every composite also embeds 161 

biological decisions about which traits define infection-induced harm, how they are combined, 162 

and which dimensions of infection are emphasized or ignored [78,79]. The framework below 163 

is intended to make those biological decisions explicit and therefore open to evaluation and 164 

refinement (Box 2; Fig. 2). Although presented primarily as a prospective workflow for 165 

experimental design (Fig. 2a), the same principles can also be applied retrospectively to 166 

existing multidimensional datasets (Fig. 2b). 167 

2. A framework for biologically-grounded composite virulence 168 

Composite metrics are motivated by a biological reality: infection affects multiple traits in a 169 

dynamic, context-dependent manner. Rather than combining whatever traits happen to be 170 

available, composites should be constructed top-down by first defining the biological target 171 

and then selecting non-redundant traits that directly represent it. Accordingly, we treat 172 

composite virulence as a measurement strategy: a pre-specified multidimensional and defined 173 



facet of infection-induced harm built to answer a specific biological question. The framework 174 

below is intended to make those biological decisions explicit and therefore open to evaluation 175 

and refinement (Box 2, Fig. 2). 176 

2.1. Define the biological target 177 

The first step in constructing an interpretable composite is to define its biological target (Fig. 178 

2). Different biological questions require different measures of infection impact, and no single 179 

composite can represent all facets of virulence simultaneously. In evolutionary ecology, the 180 

biological target is often host fitness because selection acts through survival and reproduction 181 

[80]. In other contexts, the target may instead be disease burden, mechanistic severity, or 182 

population-level impact. The intended biological target therefore determines which traits 183 

belong within the composite and which should instead be analysed separately to explain 184 

variation in the composite [81]. 185 

Once the biological target has been defined, candidate traits should be organized according to 186 

their role in the infection process (Fig. 1a; Fig. 2). Parasite burden, replication rate, or 187 

environmental persistence typically function as drivers of harm. Pathology, immune activation, 188 

physiological disruption, and dysbiosis often act as host-state mediators that transmit or modify 189 

damage [82]. Survival, reproduction, and related life-history traits represent downstream 190 

fitness outcomes through which infection costs ultimately manifest [80]. Although all these 191 

traits are biologically informative, they occupy different positions within the causal pathway 192 

and therefore answer different biological questions. 193 

Combining traits across these causal layers can obscure biological interpretation because 194 

mechanistic traits become embedded within the outcomes they are intended to explain. A 195 

practical solution is therefore to construct each composite around a single biological target and 196 

to include only traits that directly represent that target while analysing traits from other causal 197 



levels as explanatory variables rather than components of the composite. 198 

2.2. Minimize redundancy 199 

Once traits have been selected from the appropriate causal level, the next consideration is 200 

whether each contributes unique biological information (Fig. 2). Composite measures become 201 

biased when multiple traits quantify the same underlying process, effectively increasing its 202 

influence without biological justification [78]. For example, parasite burden measured using 203 

quantitative PCR, microscopy, and colony counts (CFUs) may represent different assays but 204 

often capture the same biological phenomenon. Likewise, several inflammatory markers may 205 

reflect a common immune response rather than independent dimensions of infection. Such 206 

redundancy can unintentionally weight one component of infection more heavily than others, 207 

altering the biological interpretation of the composite [83]. 208 

Even when the biological target is well-defined, composites can exaggerate differences by 209 

treating correlated measures as independent evidence of harm. Multiple symptoms and 210 

physiological readouts often reflect shared sickness processes, whereas life-history traits may 211 

covary through common physiological or ecological constraints. Additive indices built from 212 

overlapping readouts can therefore overemphasize particular dimensions of infection impact 213 

by effectively counting the same biological process multiple times [83] (Fig. 1b). Data-driven 214 

reductions can also mislead when the dominant axis reflects whichever trait varies most, rather 215 

than whichever trait best represents the chosen biological target [79]. 216 

Group related measurements into biologically meaningful categories before constructing the 217 

composite. Each category should summarize overlapping traits, after which categories can be 218 

evaluated for unique contributions to the biological target [78,79].  219 

The consequences of redundancy become apparent whenever different dimensions of infection 220 

contribute unequally to the biological target. In parasites that castrate their hosts, for example, 221 



profound reproductive costs can occur with little effect on survival [34,35]. Likewise, in a 222 

natural mosquito–microsporidian system, parasites selected for late transmission produced 223 

different virulence rankings depending on whether virulence was inferred from mortality or 224 

fecundity [16]. These examples illustrate a general principle: composite measures that 225 

disproportionately represent one route to infection-induced harm can underestimate others that 226 

are biologically more relevant. Composite indices should therefore be accompanied by 227 

robustness analyses demonstrating that conclusions are not artefacts of trait selection, scaling, 228 

or weighting, particularly when component traits are correlated [61]. 229 

2.3. Preserve infection dynamics 230 

Infection is a dynamic process rather than a static event (Fig. 1c). Accordingly, infection 231 

dynamics should be explicitly incorporated into composite construction (Fig. 2). However, 232 

composite measures are often derived from single time points or endpoints, implicitly assuming 233 

that infection-induced harm is constant through time. In reality, parasite growth, host responses, 234 

and damage profiles shift throughout infection, often nonlinearly [43,84]. Hosts and parasites 235 

can therefore differ not only in the magnitude of infection but also in the timing and sequence 236 

of infection-related effects [85,86]. Consequently, two infections may produce similar endpoint 237 

pathology or mortality however differ substantially in both host and parasite fitness because 238 

costs and transmission opportunities are distributed differently through time or because hosts 239 

partially recover [70]. 240 

Dynamics also shape the mechanistic interpretation. The same host-state mediator may be 241 

protective early in infection yet damaging later, and traits that appear minor at one time point 242 

can become decisive when evaluated over the life-history window that matters most. 243 

Conversely, severe end-stage pathology may have limited evolutionary consequences if it 244 

occurs after most reproduction or parasite transmission has already taken place [72,74]. 245 



Collapsing time can therefore erase precisely the variation that distinguishes parasite strategies, 246 

and the selective pressures acting on both. 247 

Time should be treated as part of the phenotype rather than a nuisance. Whenever possible, 248 

longitudinal measurements should be retained because they preserve information about the 249 

order, duration, and timing of infection effects. When some degree of summarisation is 250 

necessary, the chosen metric should match the biological question being addressed. Survival 251 

curves, age-specific fecundity schedules, or repeated performance measures can sometimes be 252 

reduced to cumulative reproduction, hazards within a defined biologically relevant window, or 253 

AUC-style measures, but only when these summaries preserve the aspect of infection dynamics 254 

relevant to the hypothesis under study. When full longitudinal tracking is infeasible, a window-255 

based approach often captures much of the relevant information: define biologically justified 256 

phases of infection (e.g., establishment, peak, late-stage, recovery) provide a useful 257 

compromise. Reporting timing features such as onset, peak, recovery, or time-to-threshold 258 

alongside magnitude often captures biologically important differences that would otherwise be 259 

lost.  260 

The guiding principle is alignment. The time window used to construct a composite should 261 

correspond to the period that matters for the host life-history and the parasite transmission. 262 

Without this alignment, “overall virulence” becomes partly a property of the sampling design 263 

rather than of the infection process itself. 264 

2.4. Account for ecological context 265 

Composite virulence measures are frequently estimated under a single set of laboratory 266 

conditions and then treated as properties of a particular host–parasite interaction (Fig. 2). 267 

However, virulence is inherently context-dependent because infection-induced harm emerges 268 

from interactions among host and parasite genotypes, and their shared environment (i.e., 269 



genotype x genotype x environment) (Fig. 1d) [2,87–89]. Host genotype, age, nutrition, 270 

temperature, microbiome composition, density, co-infection, and exposure route can each alter 271 

not only the magnitude of infection-induced harm, but also which route to harm dominates, or 272 

even whether a given trait has detectable fitness consequences. Consequently, a composite 273 

constructed under one ecological context may not accurately represent infection impact under 274 

another. 275 

Ecological context often acts on specific stages of the infection process rather than on virulence 276 

as a whole. Temperature may amplify parasite replication (drivers of harm), nutrition may alter 277 

tolerance and repair capacity (host-state mediators), microbiome composition may modify 278 

immune activation and dysbiosis (host-state mediators), and exposure route may change which 279 

host behaviours determine transmission opportunity (life-history outcomes relevant to 280 

epidemiological impact) [30,88,90]. Analytical approaches that explicitly represent these 281 

causal pathways, such as path analysis or structured equation modelling [91–93], can 282 

distinguish where ecological context acts within the infection process rather than simply 283 

whether it changes the final composite. Under this view, context-dependence is not random 284 

variation around a single virulence value, but structured variation in how infection translates 285 

into fitness costs across ecological conditions. 286 

Where feasible, the most informative representation of virulence is a reaction norm rather than 287 

a single number because it makes context-dependence explicit [94]. Rather than relying on a 288 

single composite value, composites (or their component categories) can be evaluated across 289 

ecologically meaningful contexts, allowing comparisons of both average infection impact and 290 

its sensitivity to environmental change. Even modest factorial designs can reveal whether 291 

differences are robust (parallel reaction norms) or context-dependent (crossing reaction 292 

norms), and whether variation arises primarily from host, parasite, or environmental effects, or 293 

from their interactions. When fully factorial experiments are impractical, measuring key 294 



contextual variables and incorporating them explicitly into statistical models is often preferable 295 

to averaging across them, which risks obscuring biologically meaningful variation. 296 

The guiding principle is context-dependence. Composite virulence should be interpreted as a 297 

property of a host-parasite interaction under defined ecological conditions rather than as an 298 

intrinsic property of either partner. Measuring composites across relevant environmental 299 

gradients helps distinguish robust patterns from context-specific responses and makes explicit 300 

the ecological domain over which biological inference is valid. 301 

3. Concluding Remarks 302 

Virulence research is entering an era in which multidimensional phenotyping is becoming 303 

routine. Advances in automated imaging, behavioural tracking, omics technologies, and 304 

longitudinal monitoring increasingly allow infection to be quantified across multiple biological 305 

scales simultaneously. As these datasets grow in complexity, the challenge is no longer whether 306 

infection-induced harm should be represented by one trait or many, but how these 307 

measurements can be translated into biologically meaningful estimates of virulence. Composite 308 

approaches are likely to become increasingly valuable, provided their construction follows 309 

biological rather than analytical logic. Defining the biological target, minimizing redundancy, 310 

preserving infection dynamics, and accounting for ecological context offer a practical 311 

framework for making the assumptions underlying composite virulence explicit, interpretable, 312 

and testable. 313 

Many important challenges nevertheless remain (see Outstanding Questions). Can different 314 

dimensions of infection-induced harm be integrated without obscuring causal mechanisms? 315 

Which aspects of virulence are under direct selection, and which simply reflect correlated 316 

consequences of infection? Under what ecological conditions do parasite strategies remain 317 

robust, and when do they fundamentally change? Addressing these questions will require closer 318 



integration between evolutionary ecology, epidemiology, physiology, quantitative biology, and 319 

increasingly, data science. Ultimately, the value of any composite measure will never lie in the 320 

number of traits it combines, but in how transparently those traits capture the biology of 321 

infection-induced harm. 322 

Acknowledgments 323 

We thank Marine Mamin and Tommy J. Travers-Cook for feedback on earlier drafts of the 324 

manuscript. 325 

Funding  326 

LMS and TGZ were supported by the SNSF grant 310030_192786. Additionally, LMS was 327 

supported by an NSERC Canada Excellence Research Chair grant awarded to Kayla C. King. 328 

The funders had no role in study design, data collection and analysis, decision to publish, or 329 

preparation of the manuscript. 330 

Author contributions 331 

LMS and TGZ conceptualized, formalized, wrote and reviewed the manuscript. 332 

Data availability 333 

No data was produced for this manuscript. 334 

Competing interests 335 

The authors have declared that no competing interests exist. 336 

References 337 

1. Schmid-Hempel, P. (2021) Evolutionary parasitology: the integrated study of 338 

infections, immunology, ecology, and genetics, Oxford University Press 339 

2. Silva, L.M. and King, K.C. (2025) Ecology and evolution of virulence. Curr. Biol. 340 



DOI: http://doi.org/10.1016/j.cub.2025.08.029 341 

3. Read, A.F. (1994) The evolution of virulence. Trends Microbiol. 2, 73–76 342 

4. Thomas, S.R. and Elkinton, J.S. (2004) Pathogenicity and virulence. J. Invertebr. 343 

Pathol. 85, 146–151 344 

5. Day, T. (2002) On the evolution of virulence and the relationship between various 345 

measures of mortality. Proc. R. Soc. London. Ser. B Biol. Sci. 269, 1317–1323 346 

6. Bull, J.J. and Lauring, A.S. (2014) Theory and empiricism in virulence evolution. 347 

PLoS Pathog. 10, e1004387 348 

7. Casadevall, A. and Pirofski, L. (2001) Host‐pathogen interactions: the attributes of 349 

virulence. J. Infect. Dis. 184, 337–344 350 

8. Silva, L.M. et al. (2025) Dissecting transmission to understand parasite evolution. 351 

PLoS Pathog. 21, e1012964 352 

9. Osnas, E.E. and Dobson, A.P. (2010) Evolution of virulence when transmission occurs 353 

before disease. Biol. Lett. 6, 505–508 354 

10. Read, A.F. and Schrag, S.J. (1991) The evolution of virulence: experimental evidence. 355 

11. Råberg, L. and Stjernman, M. (2012) The evolutionary ecology of infectious disease 356 

virulence. Ecoimmunology 548, 78 357 

12. Smith, C.A. and Ashby, B. (2023) Tolerance-conferring defensive symbionts and the 358 

evolution of parasite virulence. Evol. Lett. 7, 262–272 359 

13. Wood, J. and Ashby, B. (2023) Hyperparasitism and the evolution of parasite 360 

virulence. Evolution (N. Y). 77, 2631–2641 361 

14. Casadevall, A. and Pirofski, L. (2007) Accidental virulence, cryptic pathogenesis, 362 



martians, lost hosts, and the pathogenicity of environmental microbes. Eukaryot. Cell 363 

6, 2169–2174 364 

15. Day, T. (2001) Parasite transmission modes and the evolution of virulence. Evolution 365 

(N. Y). 55, 2389–2400 366 

16. Silva, L.M. and Koella, J.C. (2025) Complex interactions in the life cycle of a simple 367 

parasite shape the evolution of virulence. PLoS Pathog. DOI: 368 

https://doi.org/10.1371/journal.ppat.1013294 369 

17. Silva, L.M. and Koella, J.C. (2025) Virulence evolution: thinking outside of the host. 370 

Evol. Appl. 18, e70136 371 

18. Walther, B.A. and Ewald, P.W. (2004) Pathogen survival in the external environment 372 

and the evolution of virulence. Biol. Rev. 79, 849–869 373 

19. Sorci, G. and Faivre, B. (2022) Age-dependent virulence of human pathogens. PLoS 374 

Pathog. 18, e1010866 375 

20. Liang, Y. (2023) Pathogenicity and virulence of influenza. Virulence 14, 2223057 376 

21. Alizon, S. and Sofonea, M.T. (2021) SARS‐CoV‐2 virulence evolution: avirulence 377 

theory, immunity and trade‐offs. J. Evol. Biol. 34, 1867–1877 378 

22. Hawley, D.M. et al. (2013) Parallel patterns of increased virulence in a recently 379 

emerged wildlife pathogen. PLoS Biol. 11, e1001570 380 

23. Possas, C. et al. (2025) Highly pathogenic avian influenza: pandemic preparedness for 381 

a scenario of high lethality with no vaccines. Front. Public Heal. 13, 1613869 382 

24. Chen, Y. et al. (2025) Pathogen virulence genes: Advances, challenges and future 383 

directions in infectious disease research. Int. J. Mol. Med. 56, 173 384 



25. Hoang, K.L. et al. (2024) Incomplete immunity in a natural animal-microbiota 385 

interaction selects for higher pathogen virulence. Curr. Biol. 386 

26. Read, A.F. et al. (2015) Imperfect vaccination can enhance the transmission of highly 387 

virulent pathogens. PLoS Biol. 13, e1002198 388 

27. Read, A.F. et al. (2004) The evolution of pathogen virulence in response to animal and 389 

public health interventions. Infect. Dis. host–pathogen Evol. 390 

28. O’Neill, X. et al. (2025) Superspreading and the evolution of virulence. PLOS 391 

Comput. Biol. 21, e1013517 392 

29. Gupta, S. (2024) Darwin review: the evolution of virulence in human pathogens. Proc. 393 

R. Soc. B 291, 20232043 394 

30. Wolinska, J. and King, K.C. (2009) Environment can alter selection in host–parasite 395 

interactions. Trends Parasitol. 25, 236–244 396 

31. Duneau, D. et al. (2017) Stochastic variation in the initial phase of bacterial infection 397 

predicts the probability of survival in D. melanogaster. Elife 6 398 

32. Longdon, B. et al. (2015) The causes and consequences of changes in virulence 399 

following pathogen host shifts. PLoS Pathog. 11, e1004728 400 

33. Iqbal, Z. et al. (2016) Comparative virulence studies and transcriptome analysis of 401 

Staphylococcus aureus strains isolated from animals. Sci. Rep. 6, 35442 402 

34. Jensen, K.H. et al. (2006) Empirical support for optimal virulence in a castrating 403 

parasite. PLoS Biol. 4, e197 404 

35. Lafferty, K.D. and Kuris, A.M. (2009) Parasitic castration: the evolution and ecology 405 

of body snatchers. Trends Parasitol. 25, 564–572 406 



36. Silva, L.M. et al. Testing the redox theory of aging under parasitism 407 

37. Zeferino, T.G. et al. (2025) Dietary shifts in infected mosquitoes suggest a form of 408 

self-medication despite benefits in uninfected individuals. Proc. B 292, 20251659 409 

38. Casadevall, A. et al. (2011) Microbial virulence as an emergent property: 410 

consequences and opportunities. PLoS Pathog. 7, e1002136 411 

39. Anderson, R.M. and May, R.M. (1982) Coevolution of hosts and parasites. 412 

Parasitology 85, 411–426 413 

40. Cressler, C.E. et al. (2016) The adaptive evolution of virulence: a review of theoretical 414 

predictions and empirical tests. Parasitology 143, 915–930 415 

41. Casadevall, A. and Pirofski, L. (2009) Virulence factors and their mechanisms of 416 

action: the view from a damage–response framework. J. Water Health 7, S2–S18 417 

42. Choisy, M. and de Roode, J.C. (2010) Mixed infections and the evolution of virulence: 418 

effects of resource competition, parasite plasticity, and impaired host immunity. Am. 419 

Nat. 175, E105–E118 420 

43. Acuña-Hidalgo, B. et al. (2022) Decomposing virulence to understand bacterial 421 

clearance in persistent infections. Nat. Commun. 13, 1–14 422 

44. Wollein Waldetoft, K. et al. (2020) Proliferation and benevolence—A framework for 423 

dissecting the mechanisms of microbial virulence and health promotion. Evol. Appl. 424 

13, 879–888 425 

45. Opota, O. et al. (2011) Monalysin, a novel ß-pore-forming toxin from the Drosophila 426 

pathogen Pseudomonas entomophila, contributes to host intestinal damage and 427 

lethality. PLoS Pathog 7, e1002259 428 



46. Rubinić, M. et al. (2025) A Pore-Forming Toxin Monalysin Contributes to Infection-429 

Induced Suppression of Defecation in Female Drosophila. bioRxiv 430 

47. Silva, L.M. et al. (2025) Mechanisms of host exploitation by a microsporidian parasite. 431 

Proc. R. Soc. B DOI: https://doi.org/10.1098/rspb.2025.1123 432 

48. Lovegrove, F.E. et al. (2008) Parasite burden and CD36-mediated sequestration are 433 

determinants of acute lung injury in an experimental malaria model. PLoS Pathog. 4, 434 

e1000068 435 

49. Vazquez, B.P. et al. (2015) Inflammatory responses and intestinal injury development 436 

during acute Trypanosoma cruzi infection are associated with the parasite load. 437 

Parasit. Vectors 8, 206 438 

50. Silva, L.M. (2024) The transcriptome of the mosquito host Anopheles gambiae upon 439 

infection by different selected lines of the microsporidian parasite Vavraia culicis. 440 

bioRxiv DOI: https://doi.org/10.1101/2024.09.22.613703 441 

51. Graham, A.L. et al. (2005) Evolutionary causes and consequences of 442 

immunopathology. Annu. Rev. Ecol. Evol. Syst. 36, 373–397 443 

52. Lazzaro, B.P. and Tate, A.T. (2022) Balancing sensitivity, risk, and immunopathology 444 

in immune regulation. Curr. Opin. Insect Sci. 445 

53. de Villiers, K.A. and Egan, T.J. (2021) Heme detoxification in the malaria parasite: A 446 

target for antimalarial drug development. Acc. Chem. Res. 54, 2649–2659 447 

54. Seixas, E. et al. (2009) Heme oxygenase-1 affords protection against noncerebral 448 

forms of severe malaria. Proc. Natl. Acad. Sci. 106, 15837–15842 449 

55. De Roode, J.C. et al. (2008) Virulence-transmission trade-offs and population 450 

divergence in virulence in a naturally occurring butterfly parasite. Proc. Natl. Acad. 451 



Sci. 105, 7489–7494 452 

56. Agrawal, A.A. (2007) Macroevolution of plant defense strategies. Trends Ecol. Evol. 453 

22, 103–109 454 

57. Schoenle, L.A. et al. (2018) An introduction to ecoimmunology. In Advances in 455 

comparative immunology, pp. 901–932, Springer 456 

58. Gilbert, G.S. and Parker, I.M. (2016) The evolutionary ecology of plant disease: a 457 

phylogenetic perspective. Annu. Rev. Phytopathol. 54, 549–578 458 

59. Buczinski, S. et al. (2021) Clinical scores in veterinary medicine: what are the pitfalls 459 

of score construction, reliability, and validation? A general methodological approach 460 

applied in cattle. Animals 11, 3244 461 

60. Hayes, G. et al. (2010) Illness severity scores in veterinary medicine: what can we 462 

learn? J. Vet. Intern. Med. 24, 457–466 463 

61. Talbot, S.R. et al. (2023) Robustness of a multivariate composite score when 464 

evaluating distress of animal models for gastrointestinal diseases. Sci. Rep. 13, 2605 465 

62. Montes, N. et al. (2021) Host population structure for tolerance determines the 466 

evolution of plant‐virus interactions. New Phytol. 467 

63. Baucom, R.S. and de Roode, J.C. (2011) Ecological immunology and tolerance in 468 

plants and animals. Funct. Ecol. 25, 18–28 469 

64. Strauss, S.Y. and Agrawal, A.A. (1999) The ecology and evolution of plant tolerance 470 

to herbivory. Trends Ecol. Evol. 14, 179–185 471 

65. Madden, L. V et al. (2007) The study of plant disease epidemics. 472 

66. Shaner, G. and Finney, R.E. (1977) The effect of nitrogen fertilization on the 473 



expression of slow-mildewing resistance in Knox wheat. Phytopathology 67, 1051–474 

1056 475 

67. Campbell, C.L. and Madden, L. V (1990) Introduction to plant disease epidemiology. 476 

68. Pagán, I. and García-Arenal, F. (2018) Tolerance to Plant Pathogens: Theory and 477 

Experimental Evidence. Int. J. Mol. Sci. 19, 810 478 

69. Jeger, M.J. (2023) Tolerance of plant virus disease: Its genetic, physiological, and 479 

epidemiological significance. Food Energy Secur. 12, e440 480 

70. Day, T. and Burns, J.G. (2003) A consideration of patterns of virulence arising from 481 

host‐parasite coevolution. Evolution (N. Y). 57, 671–676 482 

71. Bonsall, M.B. (2010) Parasite replication and the evolutionary epidemiology of 483 

parasite virulence. PLoS One 5, e12440 484 

72. Stearns, S.C. and Koella, J.C. (2008) Evolution in health and disease, Oxford 485 

University Press 486 

73. Ewald, P.W. (1994) Evolution of infectious disease, Oxford University Press 487 

74. Read, A.F. and Mackinnon, M.J. (2008) Pathogen evolution in a vaccinated world. 488 

Evol. Heal. Dis. 2, 139–152 489 

75. De Roode, J.C. et al. (2006) Virulence determinants in a natural butterfly-parasite 490 

system. Parasitology 134, 657–668 491 

76. Hacker, J. and Kaper, J.B. (2000) Pathogenicity islands and the evolution of microbes. 492 

Annu. Rev. Microbiol. 54, 641–679 493 

77. SCHWASINGER‐SCHMIDT, T.E. et al. (2012) Evolution of starvation resistance in 494 

Drosophila melanogaster: measurement of direct and correlated responses to artificial 495 



selection. 25, 378–387 496 

78. Grace, J.B. and Bollen, K.A. (2008) Representing general theoretical concepts in 497 

structural equation models: the role of composite variables. Environ. Ecol. Stat. 15, 498 

191–213 499 

79. Shipley, B. (2016) Cause and correlation in biology: A user’s guide to path analysis, 500 

structural equations and causal inference with R, Cambridge university press 501 

80. Zera, A.J. and Harshman, L.G. (2001) The physiology of life history trade-offs in 502 

animals. Annu. Rev. Ecol. Syst. 32, 95–126 503 

81. Roff, D.A. (2007) Contributions of genomics to life-history theory. Nat. Rev. Genet. 8, 504 

116–125 505 

82. Best, A. et al. (2012) The implications of immunopathology for parasite evolution. 506 

Proc. R. Soc. B Biol. Sci. 279, 3234 507 

83. Dormann, C.F. et al. (2013) Collinearity: a review of methods to deal with it and a 508 

simulation study evaluating their performance. Ecography (Cop.). 36, 27–46 509 

84. Franz, M. et al. (2023) Virulence decomposition for bifurcating infections. Proc. R. 510 

Soc. B 290, 20230396 511 

85. Simms, E.L. and Triplett, J. (1994) Costs and benefits of plant responses to disease: 512 

resistance and tolerance. Evolution (N. Y). 48, 1973–1985 513 

86. Macedo da Silva, L.M. (2021) Pathogen infection dynamics and the evolution of host 514 

resistance and tolerance 515 

87. Li, J. et al. (2024) Excess mortality of infected ectotherms induced by warming 516 

depends on pathogen kingdom and evolutionary history. PLoS Biol. 22, e3002900 517 



88. Vale, P.F. et al. (2011) Epidemiological, evolutionary, and coevolutionary 518 

implications of context-dependent parasitism. Am. Nat. 177, 510–521 519 

89. Howick, V.M. and Lazzaro, B.P. (2014) Genotype and diet shape resistance and 520 

tolerance across distinct phases of bacterial infection. BMC Evol. Biol. 14, 56 521 

90. King, K.C. et al. (2023) Infectious disease ecology and evolution in a changing 522 

worldPhilosophical Transactions of the Royal Society B, 378The Royal Society, 523 

20220002 524 

91. Stage, F.K. et al. (2004) Path analysis: An introduction and analysis of a decade of 525 

research. J. Educ. Res. 98, 5–13 526 

92. Streiner, D.L. (2005) Finding our way: an introduction to path analysis. Can. J. 527 

Psychiatry 50, 115–122 528 

93. Cohen, C. et al. (2015) Path analyses of cross-sectional and longitudinal data suggest 529 

that variability in natural communities of blood-associated parasites is derived from 530 

host characteristics and not interspecific interactions. Parasit. Vectors 8, 429 531 

94. Bedhomme, S. et al. (2004) Virulence reaction norms across a food gradient. Proc. R. 532 

Soc. London. Ser. B Biol. Sci. 271, 739–744 533 

 534 



Display items 535 

 536 

Figure 1. Common pitfalls of composite virulence metrics. (a) Trait selection and hierarchy. 537 

Composites often combine variables that operate at different biological levels: drivers (e.g., 538 

replication rate, tissue invasion, resource extraction), mediators (e.g., inflammatory status, 539 

hormonal shifts, body size), and outcomes (e.g., mortality, fecundity, infection duration). 540 

Mixing these levels obscures causal structure and conflates mechanisms with their downstream 541 

consequences. (b) Composite construction shapes inference. The same set of underlying traits 542 

can generate contrasting conclusions depending on how they are combined. In this hypothetical 543 

example, treatments differ across survival, reproduction, and physiological stress, but 544 

alternative composites constructed from different combinations of these traits produce different 545 



rankings of virulence. Because composites implicitly determine which traits are emphasized, 546 

reduced, or balanced against one another, inference can depend as much on composite 547 

construction as on the underlying data. (c) Static snapshots of dynamic infections. Virulence 548 

unfolds over time, yet composite measures often rely on endpoint values. Distinct infection 549 

trajectories can yield similar final values while differing in timing, peak severity, or recovery 550 

dynamics, obscuring biologically relevant variation. (d) Context treated as noise. 551 

Environmental conditions reshape trait expression and treatment rankings. When ecological 552 

context is ignored or averaged across, biologically meaningful genotype × genotype × 553 

environment interactions are interpreted as residual variation rather than determinants of 554 

virulence expression. Together, these pitfalls illustrate how composite virulence indices can 555 

generate simple numerical summaries while concealing causal structure, temporal dynamics, 556 

ecological contingency, and the biological assumptions embedded in composite construction. 557 

Created in BioRender. lab, K. (2026) https://BioRender.com/u8u0z52. 558 

 559 

560 

Figure 2. Constructing biologically-grounded composite virulence. (a) In prospective 561 

studies, composite virulence should be considered during experimental design. A biological 562 

question defines a single biological target, which determines trait selection before data 563 



collection. The resulting measurements are then evaluated for redundancy, infection dynamics, 564 

and ecological context before being integrated into a transparent composite. (b) Existing 565 

multidimensional datasets can be analysed using the same framework by defining the 566 

biological target first, organizing traits according to their causal role, and then evaluating 567 

redundancy, temporal dynamics, and ecological context. In both cases, composite virulence is 568 

treated as a biologically grounded measurement strategy whose interpretation depends on 569 

explicit biological assumptions rather than statistical summarization alone. Created in 570 

BioRender. lab, K. (2026) https://BioRender.com/d9g28zw. 571 
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Box 1. Glossary 

Virulence: Infection-induced harm to the host. In evolutionary contexts, virulence is often inferred 
from effects on host fitness-related traits such as survival, reproduction and development. 

Intrinsic virulence: Harm caused by a parasite genotype when measured under standardized host 
and environment conditions, typically for comparative purposes. 

Realized virulence: The total impact of infection expressed in a particular ecological and 
evolutionary context, incorporating variation among hosts, parasites and environments. 

Proximate virulence: Mechanistic processes and host-state changes associated with infection 
(e.g., pathology, inflammation, tissue damage, dysbiosis) that contribute to harm but are not 
equivalent to fitness consequences unless their effects on survival, reproduction or development 
are demonstrated. 

Composite virulence: A measurement strategy that integrates multiple traits into a single 
representation of infection impact for a specified biological target or question.  

Biological target: The specific facet of infection impact that a measurement is intended to 
represent (e.g., life-history costs, disease burden, mechanistic severity, or epidemiological impact). 

Multivariate measurement: The simultaneous assessment of multiple traits to characterize 
different dimensions of infection impact without necessarily reducing them to a single summary 
value.  

Drivers of harm: Parasite traits or processes that generate physiological stress or damage such as 
replication rate, parasite burden, persistence, or resource exploitation. 

Host-state mediators: Host responses or conditions that transmit, amplify or mitigate infection-
induced damage, including immune activation, pathology, physiological disruption, oxidative 
stress and dysbiosis. 

Life-history outcomes: Effects of infection on host survival, reproduction, development or other 
fitness-related traits that determine evolutionary consequences.  

Trait hierarchy: The organization of infection-related traits according to their causal role in the 
infection process, distinguishing drivers, host-state mediators, and life-history outcomes. 

Host exploitation: The component of infection-induced harm resulting in parasite growth-and 
resource use, often reflected in the diversion of host resources, energetic costs, or tissue damage 
associated with replication. 

Per-parasite pathogenicity (PPP): Harm caused per unit of parasite burden, reflecting 
mechanisms independent of parasite density, such as toxin production, inflammation, immune-
mediated pathology, or tissue-specific damage.  

Reaction norm: The pattern of phenotypic expression of a trait across environmental conditions. 
In the context of virulence, reaction norms describe how infection impact changes across 
ecological contexts. 

Context-dependence: Variation in infection impact arising from host genotype, parasite genotype, 
environmental conditions, or their interactions, such that the magnitude or dominant route to harm 
changes across contexts. 
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Box 2. A practical framework for constructing biologically-grounded composite virulence 

Composite virulence is best treated as a measurement strategy rather than a definition. Its 
interpretability depends on making a small set of biological decisions explicit. 

0) Decide whether a composite is necessary: Not all multidimensional datasets require a single 
summary metric. When relationships among traits, causal pathways, timing, or context-dependence 
are central to the question, a multivariate representation may be more informative than a composite. 

1) Define the biological question: State which facet of infection impact the composite is intended 
to represent (e.g., life-history costs, disease burden, mechanistic severity, or epidemiological 
impact) and which biological question it is designed to answer. Build each composite around a 
single biological target and select only traits that directly represent that target. Organize candidate 
traits according to their causal role (drivers of harm, host-state mediators, or life-history outcomes) 
and analyse traits from other causal levels separately as explanatory variables rather than 
incorporating them into the composite. 

2) Minimize redundancy: Avoid including multiple measurements that capture the same 
biological process. Group correlated traits into biologically meaningful categories before 
constructing the composite, and evaluate whether each category contributes unique information to 
the biological target. Report robustness analyses showing that conclusions are not driven by 
weighting, scaling, or correlated measurements. 

3) Preserve infection dynamics: Treat time as part of the phenotype. Whenever possible, retain 
longitudinal measurements or summarize infection using biologically justified windows or timing 
metrics (e.g., onset, peak, recovery). The temporal scale of the composite should match the 
biological process under investigation. 

4) Account for ecological context: Interpret composite virulence relative to the ecological 
conditions under which it was measured. Whenever feasible, evaluate composites across 
biologically relevant environmental gradients, compare reaction norms rather than single-condition 
rankings, and incorporate contextual variables explicitly into statistical models rather than 
averaging across them. 

5) Retain transparency: Report component traits or category-level summaries alongside any 
single-number index whenever possible. Clearly describe trait selection, scaling, weighting, and 
any dimensionality reduction so that the biological assumptions underlying the composite remain 
explicit and reproducible.  

 


