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Climate change and anthropogenic activity are currently driving large

changes in nutritional availability across ecosystems, with consequences

for infectious disease. An increase in host nutrition could lead to more

resources for hosts to expend on the immune system or for pathogens to

exploit. In this paper, we report a meta-analysis of studies on host–pathogen

systems across the tree of life, to examine the impact of host nutritional qual-

ity and quantity on pathogen virulence. We did not find broad support

across studies for a one-way effect of nutrient availability on pathogen viru-

lence. We thus discuss a hypothesis that there is a balance between the effect

of host nutrition on the immune system and on pathogen resources, with the

pivot point of the balance differing for vertebrate and invertebrate hosts.

Our results suggest that variation in nutrition, caused by natural or anth-

ropogenic factors, can have diverse effects on infectious disease outcomes

across species.
1. Introduction
Dramatic shifts in global and local environmental conditions are currently

being driven by climate change, with major impacts on food security and nutri-

tional availability in ecosystems [1,2]. Additionally, humans have a direct

influence on the nutrition of animal and plant populations through, for

example, supplementary feeding and fertilizer use [3–6]. In the context of infec-

tious disease, nutrition is hypothesized to be an important factor in infection

outcomes by affecting pathogen virulence, which we define broadly here as dis-

ease severity caused by an infecting organism (e.g. [7,8]), as well as in other

aspects of host–pathogen interactions (e.g. host reproduction [9]). The need

to understand the general effects of nutrition on infection outcomes is a press-

ing issue for species conservation [10], as well as for the study of human disease

[11], in a changing world.

Host nutrition can affect infection outcomes by driving separate changes in

the host immune system (e.g. [7,12,13]) and pathogen resource availability (e.g.

[14,15]) (figure 1). From the host’s perspective, it is energetically demanding to

maintain an active immune response [16,17]. A decline in their nutritional

status could leave hosts less able to suppress infection and, all else being

equal, increase the harm caused by the pathogen [7,18]. For example, in

domestic canaries (Serinus canaria) fed diets supplemented with protein and

vitamins, Plasmodium relictum exhibited lower parasitemia and virulence

(i.e. measured as reduced weight and haematocrit loss) relative to

non-supplemented hosts [7]. Alternatively, from the pathogen’s perspective,

changes in host nutritional quantity (food amount) and quality (specific nutri-

ent content) might affect the availability and type of resources available for

pathogen growth during infection [8,19,20]. In this case, the assumption is

that faster-growing pathogens, or a higher pathogen fitness/load, would

necessarily lead to greater virulence. This assumption, however, is not always
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Figure 1. A schematic showing how host nutrition could affect pathogen fitness and disease severity. Nutrition provides energy for the host to use for the immune
response and/or directly provides resources for pathogen growth. (Online version in colour.)
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valid, such as when hosts are tolerant to the infecting

pathogen (e.g. [21] and references therein).

In some systems, there may be other factors which make

the impact of nutrition on infection outcomes more complex.

For immunopathological diseases, a major contributor of

damage to the host is not pathogen load, but the host’s own

immune system [22]. One hypothesis suggests that providing

improved nutrition, and so more energy for the immune

system, is thus likely to worsen, not improve, the outcome of

these diseases [23]. For pathogens that infect cells of the

immune system, such as human immunodeficiency virus

(HIV) and its relative simian immunodeficiency virus (SIV),

a strong immune response (to HIV, SIV or other pathogens)

can result in more targets for infection rather than controlling

the infection [24–26]. Beyond the immune system, variation in

nutrition can also have an impact on host behaviours. An

abundance of food can decrease foraging time, and thus

increase the time available for behavioural defences against

pathogens, such as grooming [4,27]. Grooming is an effective

way of removing ectoparasites [27], such as ticks, which can

act as vectors for pathogens such as Rickettsia sp.

The energetic demands of the host’s immune system

might determine the dominant mechanism underlying the

link between nutrition and virulence. Given that immune

systems are costly to maintain [17,28], reductions in host

nutrition could affect the ability of the host to launch an

immune response. Despite the large number of similarities

between vertebrate and invertebrate immune systems [29],

there are also some major differences, such as a lack of

acquired immunity in invertebrates [30]. The impact of nutri-

tional changes on the immune system might vary between

vertebrates and invertebrates, with the former requiring

more resources for an effective immune response. We thus

predict that host nutrition will drive changes in virulence

via impacts on immune systems in vertebrate host species,

but via resource availability to pathogens in invertebrates.

We conducted a meta-analysis to get an overall picture of

how nutrition might affect pathogen virulence. We separately

considered nutritional quantity (for non-human animals) and

quality (for non-human animals, plants and humans). The

quantity analysis assessed the changes in pathogen virulence

driven by an increase or decrease in host food availability,

whereas the quality analysis considered more specific

changes to diet that are targeted at the particular host or

pathogen, such as variation in vitamins (e.g. [13]) or minerals

(e.g. [14]). To understand the mechanism by which nutrition

affects pathogen virulence, we also tested for differences
between systems with invertebrate or vertebrate hosts. Sub-

sequently, we discuss the studies in more detail to consider

the balance between the effects of host nutrition on the

strength of the immune system and the resources available

to the pathogen. The immune system is highly complex,

but here we simply refer to its ‘strength’ or ability to act to

reduce pathogen fitness, enabling us to address this broad

evolutionary question across host–pathogen relationships.

Overall, the meta-analysis does not reveal a consistent effect

across systems. Bringing these studies together highlights

how natural or anthropogenic changes in nutrient availability

might cause diverse effects on virulence across species.
2. Meta-analyses
(a) Literature search
To gather quantitative evidence of the impact of host nutri-

tion on pathogen virulence, we conducted a literature

search on Web of Science extracting data from papers up to

and including 4 February 2019 (see electronic supplementary

material, figure S1 for PRISMA flow chart [31]). We then per-

formed backwards and forwards citation searches on the

papers of interest. We contacted authors to obtain unpub-

lished data from relevant studies. We used the following

selection criterion for inclusion in the meta-analysis:

(1) The study involved an alteration of host nutrient quality

or quantity.

(2) The study measured pathogen virulence, in terms of host

survival or mortality, at different nutrition levels.

(3) The study was experimental rather than observational.

This restriction allowed us to collate controlled tests of

the effects of nutrition.

In total, we found 35 papers that fulfilled these criteria. These

papers incorporated a variety of hosts: 32 non-human animal

species, two plant species, one unicellular ciliate and three

studies on human patients. This enabled us to obtain 52

effect sizes. Of these effect sizes, 33 (from 23 studies) altered

the quality of the host diet, and 19 (from 12 studies) altered

the quantity of the host diet.
(b) Statistical analysis
We used Hedges’s g [32] as our measure of effect size, as it is

not biased by small sample sizes [33]. We first determined
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Cohen’s d, using the formula below, and later we converted

this into Hedges’s g.

Cohen0s d ¼ M1 �M2

Spooled

where Spooled ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(n1 � 1)s2

1 þ (n2 � 1)s2
2

(n1 � 1)þ (n2 � 1)

s
:

Here, M1 and M2 refer to the mean virulence resulting from

each of the treatment groups, and s1 and s2 refer to the stan-

dard deviations of the mean virulence for the treatment

groups. In all comparisons, M1 refers to the higher nutrition

treatment group, and M2 to the lower nutrition treatment

group. In our analysis, we have three different ‘treatment

types’: high versus control, control versus low and high versus
low. For the treatments of high versus control, M1 refers to

the high treatment group and M2 to the control group; for

control versus low, M1 refers to the control group and M2 to

the low treatment group; and for high versus low (studies

which compared high and low treatments without a control),

M1 refers to the high treatment group and M2 to the low

treatment group.

We converted Cohen’s d into Hedges’s g using the following

formula:

Hedges0s g ¼ J � Cohen0s d,

where

J ¼ 1� 3

4(n1 þ n2 � 2)� 1
:

Next, we calculated the variance of Hedges’s g (Vg) using:

Vg ¼ J2 � Cohen0s d:

Values of Hedge’s g equal to zero represent no difference in

pathogen virulence between treatments. Positive Hedges’s g
values represent cases where the pathogen virulence is greater

in the higher nutrition treatment group than the lower nutri-

tion group. Conversely, negative Hedges’s g values represent

cases where the pathogen virulence is greater in the lower

nutrition treatment group than the higher nutrition group.

We then split the data into studies according to whether

they investigated nutritional quality or quantity. We used R

v. 3.4.3 [34] and RSTUDIO v. 1.0.153 [35] for statistical analyses

of the quality and quantity data. We constructed multi-level

meta-analytic models using the package ‘metafor’ [36]. This

multi-level model was required as there were multiple effects

sizes from some studies [37]. We included two random effects

on the model intercept: (1) a study-level random effect (the

level of the model at which variation between studies is distrib-

uted), and (2) an observation-level random effect (the level of

the model at which variance within studies is distributed)

[37]. We used a restricted maximum-likelihood estimation

method (REML) for estimating parameters. The overall

relationship between host nutrition (quality or quantity) and

pathogen virulence could be affected by a number of other vari-

ables such as: treatment type (High versus Control, Control versus
Low, High versus Low), host type (broad taxonomic groupings

and invertebrate versus vertebrate hosts) and pathogen type

(broad taxonomic groupings). Thus, we performed univariate

moderator analyses to investigate the effects of these additional

variables [37]. To determine the significance of these moderator

variables we carried out analysis of variance (ANOVA). Any
groups with sample sizes lower than three were excluded

from the moderator analyses. To test for publication bias, we

tested for funnel plot asymmetry and then carried out a trim

and fill analysis using the package ‘metafor’ [36]. We also used

the packages ‘ggplot2’ [38] and ‘cowplot’ [39] for producing

figures and ‘dplyr’ [40] for data manipulation.

In our data, we identified four extreme values that

could be considered as outliers, two in the quality data (see

electronic supplementary material, table S1) and two in the

quantity data (see electronic supplementary material, table

S2). To investigate whether or not these outliers were driving

our findings, we re-ran all the analyses (outlined above) with

the outliers removed.

(c) Results of the meta-analyses
Changes to host nutritional quality or quantity did not have a

significant effect on pathogen virulence (figure 2a; quality:

overall effect size ¼ 1.086 (s.e. ¼ 1.349), t32¼ 0.805, p ¼ 0.427,

figure 2b; quantity:¼ 21.353 (s.e.¼ 1.470), t18¼20.929, p ¼
0.370). For the quality moderator analyses, we found no sig-

nificant moderating effects of treatment type (figure 3a; high

versus control/control versus low/high versus low: F2,30¼

0.429, p ¼ 0.616), host type (electronic supplementary material,

figure S2A; figure 4a; broad taxonomic grouping: fish/insect/

mammal/plant: F3,25¼ 0.317, p ¼ 0.813 or invertebrate versus

vertebrate: F2,30¼ 0.044, p ¼ 0.957) or pathogen type (elec-

tronic supplementary material, figure S3A; bacteria/fungi/

nematode/virus: F3,29¼ 0.782, p ¼ 0.514). Similarly, for the

quantity moderator analyses, we found no significant moder-

ating effects of treatment type (figure 3b; high versus

control/control versus low/high versus low: F2,16¼ 0.877,

p ¼ 0.435), host type (electronic supplementary material,

figure S2B; figure 4b; broad taxonomic grouping: insect/

mammal/mollusc: F1,14¼ 2.060, p ¼ 0.164; or invertebrate

versus vertebrate: F2,16¼ 2.646, p¼ 0.102) or pathogen type

(electronic supplementary material, figure S3B; broad taxonomic

grouping: bacteria/fungi/protist/trematode/trypanosome/

virus: F2,11¼ 0.233, p¼ 0.796).

Removing the outliers from our analyses caused changes in

individual effect sizes, but crucially did not affect the findings

of our study. There was still no overall effect of nutrition on

pathogen virulence (see electronic supplementary material,

table S3), and the moderator analyses did not produce a signifi-

cant result (see electronic supplementary material, table S4).

For the quality analysis, there was no evidence for a signifi-

cant publication bias (see electronic supplementary material,

figure S4A; regression test for funnel plot asymmetry:

z¼ 21.4822, p ¼ 0.1383), but bias was found for the quantity

meta-analysis (see electronic supplementary material, figure

S4B; regression test for funnel plot asymmetry: z ¼ 24.8127,

p , 0.0001). However, when we removed the outliers from our

analyses, we found no publication bias for either quality (see

electronic supplementary material, figure S4C; regression test

for funnel plot asymmetry: z¼ 20.2857, p¼ 0.7751) or quantity

(see electronic supplementary material, figure S4D; regression

test for funnel plot asymmetry: z ¼ 0.2275, p¼ 0.8200).
3. Discussion: nutrition and the balance between
host immunity and pathogen resources

We hypothesize that the lack of a significant effect of host

nutrition on pathogen virulence is because of the different,
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and potentially opposing, mechanisms at play. Nutrition can

alter both pathogen resources and/or the strength of the host

immune response, with these acting to increase and decrease

virulence, respectively. We considered the effect of nutrition

on pathogen fitness, measured as either as pathogen

growth rate or load in a given host environment. Better nutri-

tion might boost the immune system and so reduce pathogen

fitness in that environment (e.g. [18]). Conversely, better
nutrition might provide more resources to the pathogen,

and thus directly increase pathogen fitness (e.g. [8]). Specifi-

cally, we hypothesize that the outcome of changes of host

nutrition on pathogen virulence depends on the balance



Table 1. Pathogen fitness considering changes to host immune system.

increase in pathogen fitness decrease in pathogen fitness no change

increase in host

immunity

coxsackie virus in selenium deficient mice (Mus sp.) [13]

avian malaria (Plasmodium relictum) in canaries (Serinus

canari) with supplemented diet [7]

decrease in host

immunity

copper deficiency in mice

(Mus sp.) infected with

coxsackie virus B3 [42]

simian immunodeficiency virus in rhesus macaques

(Macaca mulatta), decline in non-supplemented

hosts [43]

no change Staphylococcus aureus infection in

mice (Mus sp.) with increased

manganese [44]

micronutrient

supplementation on

humans with HIV [45]

Table 2. Pathogen fitness without considering changes to host immune system.

increase in pathogen fitness decrease in pathogen fitness no change

increase in host/

pathogen resources

Metschnikowia bicuspidate growth in

Daphnia dentifera with higher quality

diet [46]

AcMNPV virus production with increased

food availability in the cabbage

looper (Trichoplusia ni) [14]

Daphnia magna infected with Pasteuria

ramosa with high quantities of

food [47]

Clostridium difficile growth in mice

(Mus sp.) with high-protein diet

[48]

Ralstonia solanacearum in tomato

plants (Lycopersicon esculentum)

with higher calcium [49]

HIV patients supplemented with

antioxidant micronutrients [50]

decrease in host/

pathogen resources

starved Bombus impatiens infected with

Crithidia trypanosome parasite [51]

starved Daphnia magna infected with

Glugoides intestinalis [19]

diet quality on bacterial

infection of Drosophila

melanogaster [52]
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between these two effects, with differences in the biology of

the host and pathogen systems determining where the equili-

brium point lies. For example, energetic requirements of the

immune system are likely to be less for invertebrates than

for vertebrates, and consequently, nutrition might have less

of an effect on invertebrate immunity [30,41].

For those studies used in the meta-analysis that measured

immunity and/or pathogen fitness, as well as virulence (rather

than just virulence), we broadly determined whether nutrition

affected the strength of the immune response based on what

was measured. Where possible, we considered the effect of

changing host nutrition on both host immunity and pathogen

fitness (table 1). For studies where changes in host immunity

were not measured, we only considered the effect of nutrition

on pathogen fitness (table 2). We discuss these studies in the

context of vertebrate and invertebrate hosts.

Six of the studies considered the host’s immune system

(table 1), five of which were in mammalian hosts [13,42–45]

and one in birds [7]. In all but one of the studies, a decrease

in pathogen fitness was observed with an increase in the

immune response [7,13], or vice versa [42]. The exception

was a study of rhesus macaques (Macaca mulatta) infected

with SIV [43]. The supplemented macaques experienced
both an increase in the number of immune cells and in

virus pathogenicity [43], probably because the supplements

increased the susceptibility of target (memory CD4þ T) cells

to SIV infection [43]. Thus, in this SIV study, the nutritional

supplements increased resource availability to the virus, out-

weighing any increase in immune response. The outcome

was greater disease severity.

Within these six studies, dietary supplements did not uni-

formly enhance the immune response (table 1). No effect on

immunity was observed when HIV-infected individuals were

given microsupplements [45], or when mice infected with the

bacteria Staphylococcus aureus received manganese supplements

[44]. In this latter case, the bacteria in the supplemented hosts

had a higher fitness than the un-supplemented hosts because

the bacteria was able to use manganese to protect itself against

reactive oxygen species and neutrophil killing [44]. Finally, in

one case, a deficient diet enhanced the immune response:

mice given a selenium deficient diet showed an increase in

host immune markers driving down the fitness of the infecting

coxsackie virus [13].

Nine of the studies considered how changes to host

resources affected pathogen fitness, but did not consider the

host’s immune system. In these studies, we noted opposite
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patterns for vertebrate and invertebrate hosts (table 2). For

invertebrates—Daphnia magna [19,47], Daphnia dentifera [46],

the cabbage looper (Trichoplusia ni) [14] and the bumblebee

(Bombus impatiens) [51]—improved host nutrition was associ-

ated with an increase in pathogen fitness [14,20,47] and

reduced host nutrition was associated with a decrease in

pathogen fitness [19,51]. No effect on virulence was seen in

Drosophila melanogaster when its nutrition was decreased [52].

These studies support the hypothesis that an increase in host

nutrition can increase host resources available for exploitation

by pathogens. By contrast, for mouse [48] and human [50]

hosts, an improvement in host nutrition was associated with

a decrease in pathogen fitness. This relationship might be

indicative of an enhanced host immune response or other

defence mechanisms in vertebrates. Finally, for the only

plant species considered here, the tomato plant [49], improved

host nutrition was associated with decreased pathogen fitness.
.B
286:20191220
4. Conclusion
Our study revealed that host nutrition did not have a signifi-

cant effect on pathogen virulence across systems. We

hypothesize that the lack of a general pattern emerges from

a balance of both host and pathogen responses to host nutri-

tional status, specifically between impacts on the host

immune system (e.g. [7,13]) and resources available to the

pathogen [8,19,20].

We predicted there would be differences in the response

of the immune system to changes in nutrition for vertebrates

compared to invertebrates. Specifically, there may be differ-

ences between animal groups in energy requirements for

the immune system, with the less ‘complex’ immune system

of invertebrates [30,41] requiring fewer resources. In our

meta-analysis, we found no significant difference in the

effect of dietary quantity or quality on pathogen virulence

for vertebrate compared to invertebrate hosts. However,

when we looked at a subset of the studies more closely, we

found different patterns in vertebrate and invertebrate host

organisms (table 1). For the most part, we find that invert-

ebrate hosts display what we would expect under a

pathogen-centric mechanism—a decrease in fitness with

reduced resources for the host, and therefore also the patho-

gen. Conversely, vertebrate hosts in these studies display

what we would expect under a host-centric mechanism—a

decrease in pathogen fitness with increased resources, due

to enhanced host immune responses. Similarly, Cressler

et al. [15] found increased host nutrition was more likely to

lead to an increase in pathogen load for invertebrate, rather

than vertebrate, hosts. Further studies are needed to increase

the number and types of hosts and pathogens for which we

have data, to fully test this hypothesis.

The patterns we discuss here are broad, and on closer

inspection there are exceptions. However, importantly, the

exceptions we observe make sense. For example, in SIV,

where the memory CD4þ T are the targets of infection, we

observed a decrease in pathogen growth with a decrease in

host immunity. Our interpretation of these data may be lim-

ited by the fewer studies measuring immune responses

(rather than, for example, survival or mortality) in invert-

ebrates in the context of host nutrition. This limitation may

highlight a system bias for choosing vertebrate hosts when

considering immune function in the context of infection
and nutrition. More work is required to study the role of

host nutrition on virulence in invertebrate hosts. Moreover,

careful consideration of how host nutrition is altered in

specific systems is needed. For example, very specific changes

to nutritional quality, such as the addition or removal of

certain micronutrients (e.g. selenium [13,53]), can have tar-

geted effects on pathogen virulence, which may also help

to explain the lack of a directional pattern when examining

host nutritional quality and pathogen virulence.

Globally, organisms are facing large changes in nutri-

tional availability [1]. Theoretical work has shown these

changes can have far-reaching ecological [54] and epidemio-

logical [55] consequences. For example, the constant supply

of resources provided by anthropogenic activities can

decrease the propensity of species to migrate and conse-

quently affect infection dynamics within those populations

[54]. In addition, resource subsidies can affect the evolution

of pathogen virulence and transmission [55]. It is important

for us appreciate how widespread the knock-on effects of

nutrition induced changes on host–pathogen dynamics and

evolution are likely to be. Understanding the long-term con-

sequences of host nutrition on infectious disease will require

moving beyond single-generation experiments (as included

in this meta-analysis) towards long-term data collection

from natural populations (e.g. [56]), evolution experiments

(e.g. [57]) or theoretical approaches considering within-host

and between-host evolution (e.g. [55,58]).

Understanding the impact of host nutrition on infection

outcomes is critical as climate change and human activities

are dramatically altering food availability [1–6]. Altering

the host diet has a complex relationship with infection, either

inhibiting or enhancing disease severity and pathogen

proliferation across animal and plant species. We think this

complexity precludes a general one-way pattern from

emerging across all studies to date. Nonetheless, a greater

understanding of the general mechanisms underlying links

between nutrition and virulence are needed, with data on

both host immunity and pathogen fitness merged. We hypoth-

esize a balance of two factors, the strength of the host immune

response and the resources available to the pathogen, shapes

the link, but more studies are needed to pin this down. Such

efforts will allow us to fully grasp the extent to which the

nutritional changes we observe in nature will impact host–

pathogen interactions, now and over time.

Data accessibility. Data available from the Dryad Digital Repository:
https://doi.org/10.5061/dryad.2qt04nm [59]. The code used in
this study is available as part of the electronic supplementary
material.

Authors’ contributions. V.L.P., K.A.L. and K.C.K designed the study.
V.L.P. collected the data and carried out the statistical analysis. All
authors contributed to writing the manuscript.

Competing interests. We have no competing interests.

Funding. V.L.P. was supported by DPhil funding from the Biotechnol-
ogy and Biological Sciences Research Council (BB/M011224/1) and
St John’s College 450th Anniversary Fund. K.A.L. is funded by the
Wellcome Trust and the Royal Society (107652/Z/15/Z) and
K.C.K. is funded by the European Research Council (COEVOPRO
802242).

Acknowledgements. We thank Christopher Woodham and Charlotte
Rafaluk-Mohr for their advice with statistical analysis. We thank
Eric Skaar, Benjamin Sadd, Daisuke Takamatsu, Martı́n Porrini and
Philippe Nicot for providing access to their data. We are also grateful
to Anna-Liisa Laine for her helpful suggestions for the literature
search. We also thank four anonymous reviewers for their useful
comments on the manuscript.

https://doi.org/10.5061/dryad.2qt04nm
https://doi.org/10.5061/dryad.2qt04nm


7
References
royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

286:20191220
1. Cahill AE et al. 2013 How does climate change
cause extinction? Proc. R. Soc. B 280, 20121890.
(doi:10.1098/rspb.2012.1890)

2. Stevenson TJ et al. 2015 Disrupted seasonal biology
impacts health, food security and ecosystems.
Proc. R. Soc. B 282, 20151453. (doi:10.1098/rspb.
2015.1453)

3. Oro D, Genovart M, Tavecchia G, Fowler MS,
Martı́nez-Abraı́n A. 2013 Ecological and evolutionary
implications of food subsidies from humans. Ecol.
Lett. 16, 1501 – 1514. (doi:10.1111/ele.12187)

4. Becker DJ, Streicker DG, Altizer S. 2015 Linking
anthropogenic resources to wildlife – pathogen
dynamics: a review and meta-analysis. Ecol. Lett.
18, 483 – 495. (doi:10.1111/ele.12428)

5. Civitello DJ, Allman BE, Morozumi C, Rohr JR.
2018 Assessing the direct and indirect effects of
food provisioning and nutrient enrichment on
wildlife infectious disease dynamics. Phil.
Trans. R. Soc. B 373, 20170101. (doi:10.1098/rstb.
2017.0101)

6. Altizer S et al. 2018 Food for contagion: synthesis
and future directions for studying host – parasite
responses to resource shifts in anthropogenic
environments. Phil. Trans. R. Soc. B 373, 20170102.
(doi:10.1098/rstb.2017.0102)

7. Cornet S, Bichet C, Larcombe S, Faivre B, Sorci G.
2013 Impact of host nutritional status on infection
dynamics and parasite virulence in a bird – malaria
system. J. Anim. Ecol. 83, 256 – 65. (doi: 10.1111/
1365-2656)

8. Bedhomme S, Agnew P, Sidobre C, Michalakis Y.
2004 Virulence reaction norms across a food
gradient. Proc. R. Soc. B 271, 739 – 744. (doi:10.
1098/rspb.2003.2657)

9. Lazzaro BP, Little TJ. 2009 Immunity in a variable
world. Phil. Trans. R. Soc. B 364, 15 – 26. (doi:10.
1098/rstb.2008.0141)

10. Chapman CA, Gillespie TR, Goldberg TL. 2005
Primates and the ecology of their infectious
diseases: how will anthropogenic change affect
host-parasite interactions? Evol Anthropol. 14,
134 – 144. (doi:10.1002/evan.20068)

11. Smith VH, Jones TP, Smith MS. 2005 Host nutrition
and infectious disease: an ecological view. Front Ecol
Environ. 3, 268 – 274. (doi:10.1890/1540-
9295(2005)003[0268:HNAIDA]2.0.CO;2)

12. Chandra RK. 1996 Nutrition, immunity and
infection: from basic knowledge of dietary
manipulation of immune responses to practical
application of ameliorating suffering and improving
survival. Proc. Natl Acad. Sci. USA 93,
14 304 – 14 307. (doi:10.1073/pnas.93.25.14304)

13. Beck MA, Kolbeck PC, Shi Q, Rohr LH, Morris VC,
Levander OA. 1994 Increased virulence of a human
enterovirus (coxsackievirus b3) in selenium deficient
mice. J. Infect. Dis. 170, 351 – 357. (doi:10.1093/
infdis/170.2.351)

14. Tseng M, Myers JH. 2014 The relationship between
parasite fitness and host condition in an insect – virus
system. PLoS ONE 9, e106401. (doi:10.1371/journal.
pone.0106401)

15. Cressler CE, Nelson WA, Day T, McCauley E. 2014
Disentangling the interaction among host resources,
the immune system and pathogens. Ecol. Lett. 17,
284 – 293. (doi:10.1111/ele.12229)

16. Sheldon BC, Verhulst S. 1996 Ecological
immunology: costly parasite defenses and trade-
offs in evolutionary ecology. Trends Ecol. Evol. 11,
317 – 321. (doi:10.1016/0169-5347(96)10039-2)

17. McKean KA, Yourth CP, Lazzaro BP, Clark AG. 2008
The evolutionary costs of immunological
maintenance and deployment. BMC Evol. Biol. 8,
76. (doi:10.1186/1471-2148-8-76)

18. Wakelin D. 1989 Nature and nurture: overcoming
constraints on immunity. Parasitology 99, S21 – S35.
(doi:10.1017/S0031182000083396)

19. Pulkkinen K, Ebert D. 2004 Host starvation decreases
parasite load and mean host size in experimental
populations. Ecology 85, 823 – 833. (doi:10.1890/
03-0185)

20. Hall SR, Simonis JL, Nisbet RM, Tessier AJ, Cáceres
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