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emergent pathogens that decreases with time. However, some

studies document a transient increase in virulence for emergent

pathogens (Anderson and May 1982; Read 1994; Bolker et al.

2010), evidence for a decrease in virulence with time is scarce

(but see Knell 2004). Given the general lack of support, the avir-

ulence hypothesis has fallen out of favor.

In contrast, the trade-off hypothesis suggests that recovery (ν)

and transmission (β) rates are not independent, but related through

a trade-off with virulence (α), such that R0 can be redefined as

R0 = β(
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Yet, other empirical studies still find contradicting evidence (see

http://thomsonreuters.com/web-of-knowledge/
http://thomsonreuters.com/web-of-knowledge/
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permanent archives, made available by the corresponding author

or were digitally extracted from the published study using Plot

Digitizer (http://plotdigitizer.sourceforge.net). In an IPD meta-

analysis, raw data from multiple studies are re-analyzed indi-

vidually using the same approach. The effect sizes are extracted

from these models, which reduces among-study heterogeneities

stemming from variability in modeling approaches (Stewart and

Parmar 1993; Berlin et al. 2002; Simmonds et al. 2005). This

was our method of choice because it allowed us to test the fit

of a polynomial model describing the relationship between vari-

ables in each study (e.g., Ben-Ami 2017) and analyze the partial

relationships of the slopes as our effect sizes (e.g., Mackey and

Currie 2001; Dukic et al. 2013). Mittelbach et al. (2001) applied

a similar approach to test multiple functional responses between

species richness and productivity in one of the few examples of

IPD meta–analyses in ecology and evolution.

A quantitative synthesis of the trade-off theory requires that

studies are analyzed in a uniform and systematic way. As a first

step, we scaled and centered the raw data extracted from each

study. The SD used to scale the available data is based on the ex-

perimental design and/or availability of pathogen strains in each

individual study. Thus, the SD of the general population may be

more or less than that measured.We cannot offer a correction with

http://plotdigitizer.sourceforge.net
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virulence decreases with body weight, life-span, or longevity).

Similarly, we calculated percent mortality from studies reporting

percent survival by percent mortality = 100 − percent surviving.

The moderator variable for transmission included four categories:

(1) “transmission rate”, (2) “gametocytemia”, (3) “proportion”,

which included studies that measured transmission as the prob-

ability or proportion of individuals infected, and (4) “MID50”,

which describes a study that quantified transmission as median
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disproportionate effect on b̂1. However, Ben-Ami (2017) had a

significant effect on
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we could have fit a different function to each study (e.g., Bolker

et al. 2010); yet, making quantitative syntheses of these would be

unfeasible. Overall, our approach can be considered conservative

because it requires multiple studies showing a consistent decel-

erating relationship to result in parameter estimates with small

confidence intervals and enough power (replicability). Therefore,

our approach provides a robust and conservative means of test-

ing the generality of the predictions of the virulence trade-off
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The ideal pathway tomove forward with this research agenda

will include stronger interactions between theoreticians and em-

piricists. The historic distance between theoretical and empirical

studies is a major barrier to the advancement of ecology and

evolution (Scheiner 2013). This is particularly true for the consti-

tutive theory of virulence evolution in which the classical models

make many simplifying assumptions that are difficult to meet in

empirical studies. As Alizon et al. (2009) emphasized, the theory

needs to be expanded to account for some of the complexity in-

herent in empirical systems. Ideally, empirical studies would also

be designed around these more realistic theoretical constructs

quantifying variables in units that are consistent with the models.

Therefore, the future of this research agenda rests in our ability

to develop meaningful interdisciplinary collaborations in which

theoreticians contribute to the design of laboratory and field ex-

periments and empiricists contribute to the development of more

realistic theoretical models.

While some have argued that the data associated with the

virulence–transmission hypothesis may be too noisy to serve as

a good framework (Ebert and Bull 2003), others maintain that

the framework is sound and a good start for understanding the

evolution of virulence (Alizon et al. 2009; Leggett et al. 2013).

To our knowledge, we provide the first quantitative synthesis of

the empirical evidence testing four core relationships of the trade-

off hypothesis. Recent qualitative reviews suggest that empirical

evidence supporting the virulence trade-off hypothesis is accu-

mulating and we are close to being able to validate it as a general

https://doi.org/10.5061/dryad.sr182r0


M. A. ACEVEDO ET AL.

Fleming-Davies, A. E., P. D. Williams, A. A. Dhondt, A. P. Dobson, W. M.
Hochachka, A. E. Leon, D. H. Ley, E. E. Osnas, and D. M. Hawley.
2018. Incomplete host immunity favors the evolution of virulence in an
emergent pathogen. Science 359:1030–1033.

Frank, S. A. 1996. Models of parasite virulence. Q. Rev. Biol. 71:37–78.
Fraser, C., T. D. Hollingsworth, R. Chapman, F. de Wolf, and W. P. Hanage.

2007. Variation in HIV-1 set-point viral load: epidemiological analysis
and an evolutionary hypothesis. Proc. Natl. Acad. Sci. USA 104:17441–
17446.

Froissart, R., J. Doumayrou, F. Vuillaume, S. Alizon, and Y.Michalakis. 2010.
The virulence–transmission trade-off in vector-borne plant viruses: A
review of (non-) existing studies. Philos. Trans. R. Soc. Lond. B Biol.
Sci. 365:1907–1918.

Gotelli, N., and A. Ellison. 2004. A primer of ecological statstics. Sinauer
Associates, Sunderland, MA.

Grech,K.,K.Watt, andA.Read. 2006.Host–parasite interactions for virulence
and resistance in a malaria model system. J. Evol. Biol. 19:1620–1630.

Hawley, D. M., E. E. Osnas, A. P. Dobson, W. M. Hochachka, D. H. Ley,
and A. A. Dhondt. 2013. Parallel patterns of increased virulence in a
recently emerged wildlife pathogen. PLoS Biol. 11:e1001570.

Inouye, B. D. 2001. Response surface experimental designs for investigating
interspecific competition. Ecology 82:2696–2706.

Jensen, K. H., T. Little, A. Skorping, and D. Ebert. 2006. Empirical support
for optimal virulence in a castrating parasite. PLoS Biol. 4:e197.

Knell, R. J. 2004. Syphilis in renaissance europe: Rapid evolution of an
introduced sexually transmitted disease? Proc. R. Soc. Lond. Ser. B
Biol. Sci. 271:S174–S176.

Koricheva, J., J. Gurevitch, and K. Mengersen. 2013. Handbook of meta-
analysis in ecology and evolution. Princeton Univ. Press, Princeton, NJ.

Leggett, H. C., A. Buckling, G. H. Long, and M. Boots. 2013. General-
ism and the evolution of parasite virulence. Trends Ecol. Evol. 28:
592–596.

Liebhold, A., and N. Kamata. 2000. Introduction—are population cycles and
spatial synchrony a universal characteristic of forest insect populations?
Popul. Ecol. 42:205–209.

Mackey, R. L., and D. J. Currie. 2001. The diversity-disturbance relationship:
is it generally strong and peaked? Ecology 82:3479–3492.

Mackinnon, M., and A. Read. 2003. The effects of host immunity on
virulence–transmissibility relationships in the rodent malaria parasite
Plasmodium chabaudi. Parasitology 126:103–112.

Mackinnon,M. J., andA. F. Read. 1999. Genetic relationship between parasite
virulence and transmission in the rodent malaria Plasmodium chabaudi.
Evolution 53:689–703.

———. 2004. Virulence in malaria: an evolutionary viewpoint. Philos. Trans.
R. Soc. Lond. B Biol. Sci. 359:965–986.

Magalon, H., T. Nidelet, G. Martin, and O. Kaltz. 2010. Host growth condi-
tions influence experimental evolution of life history and virulence of a
parasite with vertical and horizontal transmission. Evolution 64:2126–
2138.

Mengersen, K., J. Gurevitch, and C. H. Schmid. 2013. Meta-analysis of pri-
mary data. in J. Koricheva, J. Gurevitch, and K. Mengersen, eds. Hand-
book of meta-analysis in ecology and evolution. Princeton Univ. Press,
Princeton, NJ.

http://www.jstatsoft.org/v36/i03/


META-ANALYSIS OF VIRULENCE-DRIVEN TRADE-OFFS

Supporting Information
Additional supporting information may be found online in the Supporting Information section at the end of the article.

Table S1. Studies included in the meta-analysis of replication-virulence prediction of the parasite virulence trade-off hypothesis.
Table S2. Results from the moderator analysis in the replication-virulence (inclusive) relationship.
Table S3. Results from the leave-one-out analysis of the linear parameter (b1) in the replication-virulence relationship using conservative inclusion criteria.
Table S4. Results from the leave-one-out analysis of the polynomial parameter (b2) in the replication-virulence relationship using conservative inclu-
sion criteria.
Table S5. Results from the leave-one-out analysis of the linear parameter (b1) in the replication-virulence relationship following an inclusive inclusion
criteria.
Table S6. Results from the leave-one-out analysis of the polynomial parameter (b2) in the replication-virulence relationship using the inclusive inclu-
sion criteria.
Table S7. Studies included in the meta-analysis of replication-transmission prediction of the parasite virulence trade-off hypothesis.
Table S8. Results from the moderator analysis in the replication-transmission (conservative) relationship.
Table S9. Results from the moderator analysis in the replication-transmission (inclusive) relationship.
Table S10. Results from the leave-one-out analysis of the linear parameter (b1) in the replication-transmission relationship of the studies that met the
conservative inclusion criteria.
Table S11. Results from the leave-one-out analysis of the polynomial parameter (b2) in the replication-transmission relationship of the studies that met
the conservative inclusion criteria.
Table S12. Results from the leave-one-out analysis of the linear parameter (b1) in the replication-transmission relationship of studies that met the inclusive
inclusion criteria.
Table S13. Results from the leave-one-out analysis of the polynomial parameter (b2) in the replication-transmission relationship of studies that met the
inclusive inclusion criteria.
Table S14. Studies included in the meta-analysis of virulence-transmission prediction of the parasite virulence trade-off hypothesis.
Table S15. Results from the moderator analysis in the virulence-transmission relationship.
Table S16. Results from the leave-one-out analysis of the linear parameter (b1) in the virulence-transmission relationship of studies that met our inclusive
inclusion criteria.
Table S17. Results from the leave-one-out analysis of the polynomial parameter (b2) in the virulence-transmission relationship.
Table S18. Studies with potential data for future syntheses on the recovery-virulence relationship. Note that of these only Anderson and May (1982) met
our inclusion criteria; however, we included other studies in this table for future reference.
Figure S1. Figure shows the distribution of studies that did not met the inclusive criteria for the replication–virulence relationship.
Figure S2. Figure shows the distribution of studies that did not met the inclusive criteria for the replication–transmission relationship.
Figure S3. Figure shows the distribution of studies that did not met the inclusive criteria for the virulence–transmission relationship.
Figure S4. Figure shows the distribution of studies that did not met the inclusive criteria for the recovery–virulence relationship.
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