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What drives the evolution of parasite life-history traits? Recent studies
suggest that linking within- and between-host processes can provide key
insight into both disease dynamics and parasite evolution. Still, it remains
difficult to understand how to pinpoint the critical factors connecting
these cross-scale feedbacks, particularly under non-equilibrium conditions;
many natural host populations inherently fluctuate and parasites themselves
can strongly alter the stability of host populations. Here, we develop a
general model framework that mechanistically links resources to parasite
evolution across a gradient of stable and unstable conditions. First, we
dynamically link resources and between-host processes (host density, stab-
ility, transmission) to virulence evolution, using a ‘non-nested” model.
Then, we consider a ‘nested” model where population-level processes (trans-
mission and virulence) depend on resource-driven changes to individual-
level (within-host) processes (energetics, immune function, parasite pro-
duction). Contrary to non-nested” model predictions, the ‘nested” model
reveals complex effects of host population dynamics on parasite evolution,
including regions of evolutionary bistability; evolution can push parasites
towards strongly or weakly stabilizing strategies. This bistability results
from dynamic feedbacks between resource-driven changes to host density,
host immune function and parasite production. Together, these results high-
light how cross-scale feedbacks can provide key insights into the structuring
role of parasites and parasite evolution.

This article is part of the theme issue “Anthropogenic resource subsidies
and host—parasite dynamics in wildlife’.

1. Introduction

The evolution of parasite traits presents a unique challenge to both basic and
applied biology [1,2]. On the one hand, traits such as virulence (e.g. parasite-
induced mortality) and transmission drive the invasion, spread and severity
of disease [3]. Virulence evolution, in particular, frequently undermines tar-
geted control strategies (e.g. vaccines, diet) [4—7]. On the other hand, these
same traits govern the structuring role of parasites in natural systems. For
instance, parasite-induced virulence can stabilize host dynamics [8] while viru-
lence that reduces host reproduction has a destabilizing effect [9]. Changes in
the stability of host populations, in turn, govern ecological interactions
(e.g. resource use) in ways that should also influence within-host processes
(e.g. immune function), between-host processes (e.g. density-dependent trans-
mission [10]) and consequentially, parasite evolution. Yet, evolutionary
studies typically assume that parasite and host populations remain constant
and focus on either within- or between-host processes [11]. Few studies,
however, have examined the potential connections between environmental
factors that drive both population stability and cross-scale feedbacks (reviewed
by [12]).

Here, we examine how a key environmental factor, resources, influences
parasite evolution under both stable and unstable conditions. Resources

© 2018 The Author(s) Published by the Royal Society. Al rights reserved.
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Figure 1. Conceptual diagram showing the pathways that link resources to parasite evolution in the ‘non-nested’ model (black arrows) and the ‘nested” model (black
arrows plus the grey arrows). Note, we use this host— parasite —resource system for illustrative purposes; the model is quite general and can be applied to a diversity
of hosts and parasites. Daphnia illustration credit: Julia Ferguson. (Online version in colour.)

could influence parasite evolution through two main
pathways. First, resources can influence processes within
infected hosts that can either promote or inhibit the
production of parasites [13—15]. For instance, resource enrich-
ment can support a more robust, energetically expensive
immune response, helping hosts combat (resist, clear or
control) parasites once infected and thus, reduce parasite fit-
ness and transmission [16-18]. However, because parasites
steal resources from hosts, resource enrichment can also pro-
mote parasite development and replication within hosts,
increasing parasite fitness [13,15,19,20]. Such resource antag-
onism between hosts and parasites makes it challenging
to determine the net effect of resources on the within-host
processes that drive the evolution of virulence [21].
Resource enrichment (e.g. via anthropogenic resource
subsidies) can also influence the density and stability of host
populations in ways that directly influence between-host
transmission (and thus, virulence). For instance, resources
can destabilize the host/consumer-resource system via the
‘paradox of enrichment’ [22,23]. This resource-stability link
arises because hosts with more resources can produce more
(often susceptible) offspring. Higher fecundity then increases
host density (at least until hosts overshoot their resources).
Host density, in turn, strongly governs parasite fitness and
the evolution of key traits such as virulence [24,25]. For
example, classic Ry expressions used to predict both parasite
emergence and evolution often include the density of suscep-
tible hosts [26,27]. However, while dynamic feedbacks
between host density and resources form the cornerstone of
ecological studies, links between resources and host density
are rarely incorporated into evolutionary models, which typi-
cally assume that host density remains at equilibrium [3,28].
Yet, these key connections may provide crucial insight into
parasite evolution and help guide management practices in
natural populations where host populations inherently
fluctuate (e.g.
cycles [29,30]; in part due to parasite-driven changes to

seasonal fluctuations, consumer-resource

stability [8,10,31-34]). Moreover, parasites (or more broadly,
pathogens) are often used to manage pest populations
during extremely unstable outbreaks [35,36]. Hence, account-
ing for host population dynamics could improve our ability to
accurately predict and manage parasite evolution [37].

We combine classic consumer-resource and epidemiologi-
cal theory to model a disease system where changes in
resources alter the stability of the host population [31]. We
use adaptive dynamics to characterize the evolutionarily stable
strategy (ESS) for parasite life history in this classic ‘non-
nested” model (which assumes a trade-off between virulence
and transmission). We also consider a ‘nested” model (sensu
[38]) where the population-level epidemiological parameters
are determined by an explicit model of within-host processes
[11]. This nested model allows us to study how dynamic
feedbacks between individual-scale and population-scale
processes shape the ES life-history strategies of parasites
(figure 1). Our results illustrate that resource-driven changes
in the stability of host population dynamics drive the evol-
ution of parasite virulence and transmission, but only when
accounting for both within- and between-host processes.

In both models, parasite-induced mortality stabilized host
population dynamics (relative to the disease-free conditions),
preventing or reducing the amplitude of population cycles.
However, the nested model revealed complex effects of host
population dynamics on parasite evolution, including regions
of evolutionary bistability. In these regions, evolution could
push parasites towards strategies that strongly stabilize the
host population or less-stabilizing strategies where parasites
‘ride the cycles’ of their hosts. The stabilizing strategy is identi-
cal to the ESS in the non-nested model and prevents host
population cycling by sharply reducing the abundance of sus-
ceptible hosts. The second ‘cycle-riding” strategy, on the other
hand, depends on feedbacks between resource-driven changes
to host density, host immune function and parasite production.

These results illustrate how dynamic feedbacks between
resource-driven changes to individual-level (within-host
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Table 1. List of state variables and parameters in the classic ‘non-nested’ and ‘nested’ models.

parameter/variable description non-nested nested
R density of resource — —

S density of susceptible hosts — —
Q) density of hosts infected with the resident (mutant) parasite — —

E within-host energetics — —

I within-host immune function — —

P within-host parasite burden — —

t time (population-level/between-host) — —

T time (individual-level/within-host) — —

p resource maximum growth rate 1.0 1.0

K resource carrying capacity 0.5-15 0.5-15
f consumer (host) resource ingestion rate 1.0 1.0

h resource ingestion half-saturation constant 1.0 1.0

e consumer (host) conversion efficiency 0.5 0.5

d consumer (host) background mortality rate 0.05-0.3 0.05-0.3
Bo max per-host transmission rate 15 15

B parasite transmission half-saturation constant — 100
(V) virulence rate of resident (mutant) determined —

Vo per-parasite virulence rate — 0.01

r rate of host energy use for non-parasite purposes — 1.0

ag baseline energy allocation rate to immunity — 0.1

a induced energy allocation rate per parasite killed by the immune response — 0.1

fi killing rate, per immune cell — 0.1
fo(fom ) energy exploitation rate, per resident (mutant) parasite — determined
€ cost of producing immune cell — 0.1

€ cost of producing pathogen — 0.1

m immune cell background mortality rate — 0.1

mp parasite background mortality rate — 0.01

parasite burden) and population-level (stability, transmission)
processes can drive the evolution of key parasite traits
(figure 1). More specifically, the nested model reveals strong
cross-scale and bidirectional feedbacks that link resources
and host population dynamics (density and stability) to the
evolution of parasite life-history traits (e.g. virulence). These
results indicate that accounting for feedbacks between
within-host (individual-scale) and among-host (population-
scale) processes may be particularly important during
unstable dynamics. Together, these results provide an impor-
tant guidepost for future studies seeking to use mathematical
theory to predict and manage parasite evolution.

2. Material and methods
(@) The models

We compare non-nested (classical) and nested models across
resource conditions that drive both stable and unstable host
dynamics. Both models begin with the Rosenzweig—MacArthur
model of consumer-resource dynamics [39]. This model provides
a good starting point because varying either the background
mortality rate of the consumer, d, or the carrying capacity of

resources, K, generates equilibrium and non-equilibrium
dynamics. The Rosenzweig—MacArthur model assumes logistic
growth of the resource (R), with type II functional responses
for the consumer. To capture the epidemiological dynamics, we
consider both susceptible (S) and infected (Q) consumers. We
assume that all hosts are born susceptible and that birth and
background mortality rates for both susceptible and infected
hosts are identical. We further assume that there are two strains
of parasites circulating in the population, termed the resident, Q,
and the mutant, Q,,,. These strains differ in virulence (v and vy,
respectively) and per capita transmission rates; for the non-nested
model we assume that per capita transmission rates are functions
of virulence (B(v) and B(vm), respectively). (We present the
nested model below, in §2c.) We explain all model parameters
and their biological inference in table 1.

T = R0 (1) Ry (50 + Q0 + Qni
1)
s CICURURRORLED
— B©)S(HQ(t) — Bvm)S(t)Qm(t), (2.2)
990 _ po)sia() - @ +o)Q) .
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dQm(#)

and T

= B(vm)s(t)Qm(t) - (d + Um)Qm(t)~ (2'4)

(b) Evolution of parasite virulence: non-nested model
We analyse parasite evolution using an adaptive dynamics
approach, which evaluates whether the mutant parasite Q.,, can
increase from rarity—that is, can it invade a system where R, S
and Q are at the mutant-free (Q, =0) dynamical attractor
[12,40]. The mutant can invade if the invasion fitness, r, > 0.
For this system, the mutant-free system approaches either a
stable equilibrium or limit cycle. If the system approaches a
stable equilibrium, r,, is ,B(vm)g — (d + Um), where S is the equi-
librium abundance of susceptible hosts in the mutant-free
system. However, when the system cycles, the invasion fitness,
"m is

T
Fm = %L (B(vm)S(t) — (d + vm))dt = B(vm)S — (d + vm) > 0,
(2.5)

where T is the period of the limit cycle and S =1/T fOT S(t)dt is
the average abundance of susceptible hosts over the cycle.
Thus, ry, is the average per capita growth rate of the mutant para-
site over the cycle [41,42].

Potential ES virulence strategies are given by the roots of the
fitness gradient:

O _ (1" (S0t ) =1 = B(om)S —1=0 26
oo~ (3], pomstnar ) ~1=pems-1-0. s
If the mutant-free system goes to an equilibrium, the singular
strategies are given by the solutions to the equation
B’(vm)é = 1. Whether these roots (termed singular strategies)
are ES (that is, a population using this strategy cannot be
invaded) depends on the sign of the derivative d%ry,/0v2.
Detailed model derivation and analysis can be found in elec-
tronic supplementary material, appendix A. We performed all
analyses using MATHEMATICA 11.1 [43].

(<) The nested model: feedbacks between individual-
and population-level processes drive parasite
evolution

In the nested model approach, within-host (individual-level)
dynamics interact with between-host (population-level)
dynamics to influence the evolution of parasite traits (figure 1).
This method works by connecting transmission rate and viru-
lence to within-host variables, specifically parasite burden,
‘nesting’ the within-host model into the between-host model
[11,38]. That is, we assume that transmission rate, 3, and viru-
lence, v, are both functions of parasite burden, P, and that the
value of P is determined by the outcome of the model of
within-host processes. Our model captures the dependence of
within-host processes on host resources by assuming that the
dynamics of both immunity, I, and parasites, P, depend on
within-host energy, E, and that the dynamics of E depend on
ingestion of host resources from the environment. Thus, the
model becomes (see [21] for a detailed description of the model
derivation and table 1 for an explanation of model parameters):

dE(r) _ fR(H)

— rE(7) —agE(7) —a; AE(7)I(7)P(7)

dr ~ h+R(t)
— foE(7)P(7) (2.7)
dil(:) _ agE(7) +ay ];IIE(T)I(T)P(T) — ml(7) (2.8)
nd dl;(r) _ fPE(?P(T) — RI(7)P(7) — mpP(7) (2.9)
T P

Note that 7 represents the time scale for within-host pro-
cesses, whereas t represents the time scale for between-host
processes. To facilitate analysis, we employ a separation of time
scales argument by assuming that the within-host dynamics
(equations (2.7)-(2.9)) are fast, relative to the between-host
dynamics (7 < ). Hence, the within-host model instantaneously
reaches the equilibrium (E(t), I(t), P(t)). We write this within-
host equilibrium as a function of t because changes in the abun-
dance of host resources (equation (2.1)) will instantaneously
change the within-host parasite burden and thus, transmission
rate and virulence. This standard assumption [11] allows us to
assume homogeneity of the infected class and facilitates theoreti-
cal tractability without the need for more complicated
physiologically structured models.

We assume that the resident and mutant parasite strains
differ in their exploitation rates, fp and fpy. Transmission and
virulence are thus time-varying and resource-dependent func-
tions: B(P(fp,R(t))) and v(P(fp,R(t))) for the resident parasite
strain and B(P(fpm,R(t))) and v(f’(fpm,R(t))) for the mutant.
This resource-dependence of key parasite life-history traits cre-
ates dynamic feedbacks between within-host (individual-scale)
and between-host (population-scale) processes. In other words,
resource dynamics drive individual-level dynamics within
hosts, which drive epidemiological dynamics, which in turn
drive resource dynamics (figure 1).

(d) Evolution of parasite exploitation: nested model
The analysis of the nested model follows the same procedure as
the non-nested model, by investigating when the mutant parasite
strain can invade the (R, S, Q) system at its dynamical attractor
(stable equilibrium or limit cycles). In this model, the parasite’s
virulence and transmission are determined by the dynamics of
parasite burden within hosts (P), which is itself set by the exploi-
tation rate (fp). The mutant invasion fitness is

T
=7 | (B, ROVS) = @+ 0(Plfom, RE)) . (210)

T
Again, the above equation is the average per capita growth rate of
the mutant parasite at the attractor of the resident-only system. If
this system approaches an equilibrium, then the invasion fitness
is tm = B(P(fpm,R))é —(d+ U(P(fpm,R))). The singular strategies
are given by the roots of the fitness gradient,

Orm 1 (T /4B dv) ap
(228 ——= | [=—] dt.
8]Cl"m T JO (dp () dpP ame
Note that this equation cannot be simplified further because the

derivatives of transmission and virulence with respect to P are
time-varying and thus cannot be factored out of the integral.

(2.11)

(e) Defining parasite transmission: non-nested and
nested models

Again, in both models, we looked for singular strategies over
gradients of the resource carrying capacity (K) (and the back-
ground mortality rate (d); see electronic supplementary
material, figures S1 and S2)—parameters known to affect the
stability of the host population dynamics [22]. For the non-
nested model, we found singular strategies of virulence, whereas
for the nested model we found singular strategies of exploitation
rate (which then determined virulence). In order to explicitly find
these singular strategies, we must specify the functional relation-
ships between transmission and virulence (in the non-nested
model) and between parasite burden and transmission and viru-
lence (in the nested model). In the non-nested model, we assume
that transmission is a saturating function of virulence, an
assumption required for the existence of an ES virulence strategy
[12]. Specifically, we assume that B(v) = Byv/(1+v). In the
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Figure 2. Results from the non-nested and nested models reveal key differences between the model predictions across a resource gradient where host populations
transition from stable to unstable dynamics. (a—d) The average evolutionarily stable (ES) transmission rate, 3, and virulence, v, across a gradient in resource
carrying capacity, K. (e—f) The average density of susceptible hosts under different ES strategies. For the nested model, the black line shows these averages
for the ES strategies that strongly stabilize host population dynamics. The grey line shows these averages for the ES strategies that ‘ride the cycles’ of host density.

nested model, to facilitate comparison with the non-nested
model, we assume that virulence is a linear function of
P,v(P) = voP, whereas transmission is a saturating function of

P, B(P) = ByP/(By + D).

3. Results

Before delving into the results, it is worth considering the
effect of parasites on system stability. For the choice of par-
ameters here, the underlying consumer-resource system is
unstable for K > 1.75. Because parasites induce mortality in
their hosts, they act to stabilize the consumer-resource
system [8] and for any given K value, if virulence (in the
non-nested model) or exploitation (in the nested model) is

high enough, the parasite can fully stabilize the system (i.e.
there will be a stable equilibrium). However, such a strategy
may not be ES. As such, in the ensuing discussion of results,
we will refer to equilibrium population ES strategies as those
that fully stabilize the system and cyclic population ES strat-
egies as those that dampen, but do not stabilize, the
underlying consumer-resource cycle.

For both the non-nested and nested models, we find
that the equilibrium population ESS maximizes the lifetime
transmission potential of the parasite (electronic supple-
mentary material, appendix A). For the non-nested model,
lifetime transmission potential is B(v)/(v+d) and for the
nested model, it is B(PGP,R)) /(d+ vop(fp,f?)). For the non-
nested model, we show analytically that the virulence, v,
which maximizes this quantity is v = Vd, and that
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Figure 3. Singular parasite exploitation rate ( f;) strategies across a gradient in
resource carrying capacity, K. The dotted grey line shows the parasite extinction
boundary (for f, below this line, the parasite cannot invade the host-only
system). The dashed black line shows the stability boundary (Hopf bifurcation;
for f, above this line, the equilibrium of the system is stable). The solid black
line shows the equilibrium population ES exploitation rates; the solid grey line
shows the cyclic population ES exploitation rates that ‘ride the cycles’ of host
density; the solid magenta line shows the non-ES singular strategies that are
evolutionary repellors in this system—evolution will push the parasite popu-
lation away from these strategies. The apparent overlap between the stability
boundary and line of evolutionary repellors is coincidental—see electronic
supplementary material, figure B2 for a case where these two lines do not
overlap (here, the non-ES singular f> values are actually slightly smaller
than the boundary f, values). (Online version in colour.)

this virulence is ES. For the nested model, we show analyti-
cally that the ES exploitation rate (fp) is such that the
within-host  equilibrium  parasite  burden satisfies-
P = \/dB, Jvo; that is, virulence is voP = \/voByd. For the
choice of parameters in table 1, v9f, = 1, and the ES viru-
lence is identical in the nested and non-nested models
(figure 2). For both the non-nested and nested model, this
high exploitation strategy leads to a high per capita trans-
mission rate, but a low abundance of susceptible hosts.
These results are consistent with the analytical result that
maximizing lifetime transmission potential is mathematically
equivalent to minimizing the abundance of susceptible hosts
(electronic supplementary material, appendix A). In both
models, the ESS strongly stabilizes the dynamics: in the
absence of parasites, the consumer-resource system is
unstable for K > 1.75, whereas with parasites, the system
remains stable until K = 9.53.

The two models predict disparate outcomes for virulence
and transmission evolution for the cyclic population ES strat-
egies. In the non-nested model, host dynamics do not
influence the ES virulence or transmission (figure 2); that is,
v = /d remains an ESS for K > 9.53. In electronic supplemen-
tary material, appendix A, we show analytically that this
result arises because the average density of susceptible
hosts over the limit cycle is identical to the equilibrium den-
sity of susceptible hosts (i.e. S = S5). Hence, evolution again

maximizes the lifetime transmission potential of the parasite
at v =/d.

In the nested model, feedbacks between individual-level
and population-level processes permit a second ES value
for parasite exploitation (f,,) rate (figure 3). This second strat-
egy does not fully stabilize the dynamics (although the cycles
are of lower amplitude relative to the disease-free case;
figure 4). This ESS exists both within and beyond the par-
ameter ranges over which the stabilizing ESS exists,
implying evolutionary bistability (figure 3). In these regions
of bistability, evolution can shift the parasite towards either:
(i) a high exploitation strategy that strongly stabilizes host
population dynamics by minimizing the number of suscep-
tible hosts or (ii) a low exploitation, less-stabilizing strategy
where parasite burden responds dynamically to the various
feedbacks that drive the cycles of the host. Here, average viru-
lence over the cycle may be lower or higher than observed by
the strongly stabilizing strategy (figure 2b) because the aver-
age per-host transmission rate and average virulence depend
on how parasite burden changes over the cycle.

The existence of the second ESS emerges due to resource-
driven feedbacks between within-host (individual-level) and
between-host (population-level) processes (figure 5; elec-
tronic supplementary material, figure S3). During periods
of high resources, host density increases. Here, hosts also
have plenty of resources, leading to abundant within-host
energy that fuels a strong immune response that suppresses
parasite production, resulting in low within-host parasite
burden and hence, low virulence and low per capita trans-
mission rate. However, because host density is relatively
high, the parasite has access to more hosts leading to a
high total transmission rate (figure 5; electronic supplemen-
tary material, figure S3). This strategy continues until hosts
overshoot their resources and begin declining. As resources
decline, the immune response becomes resource-limited (i.e.
low within-host energetics), resulting in high parasite
burden within hosts and thus high virulence. However,
high parasite burden also leads to a high per capita trans-
mission rate, allowing the parasite to sustain itself when
hosts are rare. The phases of high virulence are relatively
short compared to the high resource phases because this
strategy causes host density to drop quickly, such that the
troughs in resources and host density occur almost simul-
taneously. As resources increase, hosts again begin to
increase and the cycle continues (until the next cycle peak
where hosts again overshoot their resources and become
resource-limited). Together, these results illustrate how
resource-driven feedbacks between with- and among-host
processes allow parasites to ‘ride the cycles’ of their hosts.

4. Discussion

Our results indicate that resource-driven changes in host
population stability carry key consequences for parasite evol-
ution (and vice versa). In the nested model, non-equilibrium
host conditions resulted in a variety of novel and unantici-
pated predictions, including regions of evolutionary
bistability (figure 3). In these regions, evolution could shift
parasites towards high or low exploitation strategies (figures 2
and 3). These strategies, in turn, altered the stability of host
populations; high exploitation strategies were strongly stabi-
lizing while low exploitation strategies allowed parasites to
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Figure 5. The time series of resources, susceptible host density and within-host burden from the nested model illustrates why a strategy emerges that “rides the
cycles’ of host density. Within-host energy and immunity, although not plotted separately, closely mirror resource dynamics. Parasite burden within hosts (red line) is
linearly related to virulence. Shaded regions highlight differences between within- and between-host dynamics under both high and low resource phases of the

cycle. (Online version in colour.)

‘ride’ the cycles of the host (figure 5). However, classical non-
nested models that do not account for feedbacks between
individual- and population-scale processes missed these
important links between host ecology and parasite evolution.
These results also reveal key insight into the structuring role
of parasites and further suggest that the stability of host
populations may carry underappreciated implications for
parasite evolution. Our results also suggest that when
host populations fluctuate, accounting for such cross-scale
feedbacks may prove particularly crucial to accurately pre-
dicting the evolution of parasite traits.

Under fluctuating population dynamics the nested model
revealed regions of evolutionary bistabilty that the non-
nested model did not (figures 2 and 3). These regions arose
due to feedbacks between resource-driven changes in (i) pro-
cesses within individual hosts (energetics, immune function
and parasite production) and (ii) processes among hosts at
the population level (host density, stability, transmission)
that ultimately determined the parasite’s lifetime potential
for transmission (figure 5). As seen in other studies [44,45],
virulence evolution tended to maximize lifetime transmission
potential (electronic supplementary material, appendix A).
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Moreover, this maximum occurred at intermediate levels of
within-host parasite burden (electronic supplementary
material, figure S2). The nested model was necessary to cap-
ture these results because the production of parasites within
individual hosts depended sensitively on host energetics
and immune function, which depended on resource levels.
Resource levels, in turn, depended on the dynamics of the
host population. Together, these results illustrate how host
resources could drive unexpected variation in parasite
evolution.

Studies increasingly highlight that host resources play a
prominent role in host—parasite interactions (e.g. [13,14,20,
46-48]). Indeed, a number of papers in this special issue
have highlighted how increased access to resources impacts
immunity [48,49] and epidemiology [50,51]. However,
studies that consider feedbacks between host ecology and
parasite evolution remain surprisingly rare (but see,
[1,19,44-46]). The framework developed here extends exist-
ing theory by combining three largely separate bodies of
work: consumer-resource theory, classical epidemiological
theory and adaptive dynamics [3,30,40] to explicitly account
for resource antagonism between hosts and parasites
[11,21]. The novelty of this study is its focus on resources as
a mechanism that fully links processes at the within- and
between-host scale, creating ‘essential’ nesting (sensu [11]).
Most other nested models include parasite growth as a mech-
anism linking within- to between-host processes, but there is
no link from between- to within-host. However, these links
could be further strengthened. In the model used here, for
example, to keep population dynamics comparable between
the non-nested and nested models, host reproduction was
decoupled from within-host processes; host reproduction
depended only on resource ingestion.

Modifying the within-host model to couple energetics to
both immune function and demography (e.g. making host
birth rate a function of E rather than R) could yield important
insight into links between host energetics, immune function
and reproduction. Empirical studies that quantify these
relationships remain rare and present a ripe area for future
research. Moreover, the within-host model used here is just
one among many possible models of within-host processes
[21,52,53], chosen to maximize the potential for resource con-
flict between host and parasite. Other models could reveal
alternative dynamical patterns (e.g. the parasite could peak
in abundance when resources are abundant rather than
rare), though we expect that resource-driven dynamical
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when the host population cycles. Slight adjustments to this
existing framework could also examine how resource-
immune links (‘bottom-up’ processes) determine co-infection
dynamics [37,54]. Hence, our general yet mechanistic model
could be applied to a diverse array of host—parasite systems
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mental factors and parasite evolution.

How and why virulence evolves poses a fundamental
challenge to both basic and applied biology [55]. Recent
theory illustrates that accounting for feedbacks between
within-host viral load and between-host transmission can
improve predictions of the evolutionary epidemiology in, for
example, influenza, avian flu and HIV (reviewed in [12]).
Our results extend existing theory by addressing bidirectional
feedbacks between individual- and population-level processes
[56,57]. These results also provide a guidepost for future
studies investigating parasite evolution. First, the more com-
plex nested models may only be necessary when host
populations fluctuate. Second, the general theoretical frame-
work here could be integrated with empirical data. To do so
requires a concerted effort to quantify relationships between
key environmental factors, immune function, parasite burden
within hosts and total transmission potential at the population
level. Such data-theory integration could bolster intervention
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host—parasite ecology and evolution [11,58].

Data accessibility. Electronic supplementary material, appendix A con-
tains the mathematical analysis of the non-nested and nested
model, including derivations of the invasion fitness and analysis of
the singular strategies. It also contains the Mathematica code used
to find singular strategies for the nested model under cycling
conditions. A full, editable Mathematica notebook containing all of
the analysis used to produce the data shown in the main text and
electronic supplementary material, appendix B is available in
the Dryad Digital Repository (https://doi.org/10.5061/dryad.
7d60f) [59].

Authors” contributions. J.L.H. and C.E.C. designed the study and per-
formed the analysis. J.L.H. wrote the initial draft of the manuscript
and both J.L.H. and C.E.C. edited the manuscript.

Competing interests. We have no competing interests.

Funding. This research was supported by funding from the University
of Nebraska-Lincoln.

Acknowledgements. We thank Dan Becker, Richard Hall, Kristian Forbes,
Raina Plowright and Sonia Altizer for inviting us to contribute to this
special issue.

1. Altizer S, Harvell D, Friedle E. 2003 Rapid

evolutionary dynamics and disease threats to
biodiversity. Trends Ecol. Evol. 18, 589—596.
(doi:10.1016/j.tree.2003.08.013)

Rogalski MA, Gowler (D, Shaw (L, Hufbauer RA,
Duffy MA. 2017 Human drivers of ecological and
evolutionary dynamics in emerging and
disappearing infectious disease systems. Phil.
Trans. R. Soc. B 372, 20160043. (doi:10.1098/rsth.
2016.0043)

Anderson RM, May RM. 1986 The invasion,
persistence and spread of infectious diseases within

animal and plant communities. Phil. Trans. R. Soc.
Lond. B 314, 533—570. (d0i:10.1098/rsth.1986.0072)
Gandon S, Hochberg ME, Holt RD, Day T. 2013 What
limits the evolutionary emergence of pathogens?
Phil. Trans. R. Soc. B 368, 20120086. (doi:10.1098/
rsth.2012.0086)

Gandon S, Mackinnon MJ, Nee S, Read AF. 2001
Imperfect vaccines and the evolution of pathogen
virulence. Nature 414, 751-756. (doi:10.1038/
414751a)

Barclay VC, Sim D, Chan BHK, Nell LA, Rabaa MA,
Bell AS, Anders RF, Read AF. 2012 The evolutionary

consequences of blood-stage vaccination on the
rodent malaria Plasmodium chabaudi. PLoS Biol. 10,
€1001368. (doi:10.1371/journal.pbio.1001368)

Read AF, Baigent SJ, Powers C, Kgosana LB, Blackwell
L, Smith LP, Kennedy DA, Walkden-Brown SW,

Nair VK. 2015 Imperfect vaccination can enhance
the transmission of highly virulent pathogens. PLoS
Biol. 13, 1002198. (doi:10.1371/journal.pbio.
1002198)

Anderson RM, May RM. 1978 Regulation and
stability of host-parasite population interaction:

|. regulatory processes. J. Anim. Ecol. 47, 219-247.

£800£10T :€LE g 205 Y "suvi] ‘fiyd  BiobuiysijgndAraposieforgiss


https://doi.org/10.5061/dryad.7d60f
https://doi.org/10.5061/dryad.7d60f
https://doi.org/10.5061/dryad.7d60f
http://dx.doi.org/10.1016/j.tree.2003.08.013
http://dx.doi.org/10.1098/rstb.2016.0043
http://dx.doi.org/10.1098/rstb.2016.0043
http://dx.doi.org/10.1098/rstb.1986.0072
http://dx.doi.org/10.1098/rstb.2012.0086
http://dx.doi.org/10.1098/rstb.2012.0086
http://dx.doi.org/10.1038/414751a
http://dx.doi.org/10.1038/414751a
http://dx.doi.org/10.1371/journal.pbio.1001368
http://dx.doi.org/10.1371/journal.pbio.1002198
http://dx.doi.org/10.1371/journal.pbio.1002198

20.

21.

22.

23.

24,

Anderson RM, May RM. 1978 Regulation and
stability of host-parasite population interactions: II.
destabilizing processes. J. Anim. Ecol. 47, 249-267.
Papkou A, Gokhale CS, Traulsen A, Schulenburg H.
2016 Host-parasite coevolution: why changing
population size matters. Zoology 119, 330-338.
(doi:10.1016/j.2001.2016.02.001)

Mideo N, Alizon S, Day T. 2008 Linking within- and
between-host dynamics in the evolutionary
epidemiology of infectious diseases. Trends Ecol.
Evol. 23, 511—517. (doi:10.1016/j.tree.2008.05.009)
Otto SP, Day T. 2007 A biologist's guide to
mathematical modeling in ecology and evolution.
Princeton, NJ: Princeton University Press.

Hall SR, Sivars-Becker L, Becker C, Duffy MA, Tessier
AJ, Caceres CE. 2007 Eating yourself sick?
Transmission of disease as a function of foraging
ecology. Ecol. Lett. 10, 207—-218. (doi:10.1111/j.
1461-0248.2006.01011.x)

Cressler CE, Nelson WA, Day T, McCauley E. 2014
Starvation reveals the cause of infection-induced
castration and gigantism. Proc. R. Soc. B 281,
20141087. (doi:10.1098/rspb.2014.1087)

De Roode JC, Pedersen AB, Hunter MD, Altizer S.
2008 Host plant species affects virulence in monarch
butterfly parasites. J. Anim. Ecol. 77, 120—126.
(doi:10.1111/}.1365-2656.2007.01305.x)

Tschirren B, Bischoff LL, Saladin V, Richner H. 2007
Host condition and host immunity affect parasite
fitness in a bird —ectoparasite system. Funct. Ecol. 21,
372-378. (doi:10.1111/j.1365-2435.2007.01235.x)
Sheldon BC, Verhulst S. 1996 Ecological
immunology: costly parasite defences and trade-offs
in evolutionary ecology. Trends Ecol. Evol. 11, 317—
321. (doi:10.1016/0169-5347(96)10039-2)
Lochmiller RL, Deerenberg C. 2000 Trade-offs in
evolutionary immunology: just what is the cost of
immunity? Oikos 88, 87—98. (doi:10.1034/j.1600-
0706.2000.880110.x)

Seppdld 0, Liljeroos K, Karvonen A, Jokela J. 2008
Host condition as a constraint for parasite
reproduction. Oikos 117, 749-753. (doi:10.1111/j.
0030-1299.2008.16396.x)

Civitello DJ, Penczykowski RM, Smith AN, Shocket
MS, Duffy MA, Hall SR. 2015 Resources, key traits,
and the size of fungal epidemics in Daphnia
populations. J. Anim. Ecol. 84, 1010—1017. (doi:10.
1111/1365-2656.12363)

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)

Rosenzweig ML. 1971 Paradox of enrichment:
destabilization of exploitation ecosystems in
ecological time. Science 171, 385—387. (doi:10.
1126/science.171.3969.385)

Fussmann GF, Ellner SP, Shertzer KW, Hairston NG.
2000 Crossing the Hopf bifurcation in a live
predator-prey system. Science 290, 1358 1360.
(doi:10.1126/science.290.5495.1358)

Anderson RM, May RM. 1992 Infectious diseases of
humans: dynamics and control. New York, NY: Wiley
Online Library.

25.

26.

2].

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

Bolker BM, Nanda A, Shah D. 2010 Transient
virulence of emerging pathogens. J. R. Soc. Interface
7, 811-822. (doi:10.1098/rsif.2009.0384)

Keeling MJ, Grenfell BT. 1997 Disease extinction and
community size: modeling the persistence of
measles. Science 275, 65—67. (doi:10.1126/science.
275.5296.65)

Lloyd-Smith JO, Cross PC, Briggs CJ, Daugherty M,
Getz WM, Latto J, Sanchez MS, Smith AB, Swei A.
2005 Should we expect population thresholds for
wildlife disease? Trends Ecol. Evol. 20, 511-519.
(doi:10.1016/j.tree.2005.07.004)

Cressler CE, McLeod DV, Rozins C, Van Den Hoogen
J, Day T. 2016 The adaptive evolution of virulence: a
review of theoretical predictions and empirical tests.
Parasitology 143, 915-930. (d0i:10.1017/
$003118201500092X)

Turchin P. 2003 Complex population dynamics: a
theoretical/empirical synthesis. Princeton, NJ:
Princeton University Press.

Murdoch WW, Briggs CJ, Nisbet RM. 2003
Consumer-resource dynamics (MPB-36). Princeton,
NJ, Princeton University Press.

Hilker FM, Schmitz K. 2008 Disease-induced
stabilization of predator-prey oscillations. J. Theor.
Biol. 255, 299-306. (doi:10.1016/.jthi.2008.08.
018)

Hite JL, Penczykowski RM, Shocket MS, Strauss AT,
Orlando PA, Duffy MA, Caceres CE, Hall SR. 2016
Parasites destabilize host populations by shifting
stage-structured interactions. Ecology 97, 439—449.
(doi:10.1890/15-1065.1)

Hudson PJ, Newborn D, Dobson AP. 1992
Regulation and stability of a free-living host-
parasite system—Trichostrongylu tenuis in red
grouse. 1. Monitoring and parasite reduction
experiments. J. Anim. Ecol. 61, 477—-486. (doi:10.
2307/5338)

Pedersen AB, Greives T). 2008 The interaction of
parasites and resources cause crashes in a wild
mouse population. J. Anim. Ecol. 77, 370-377.
(doi:10.1111/j.1365-2656.2007.01321.x)

Fisher T, Bellows T, Gordh C, Dahlsten D, Huffaker C,
Gordh G. 1999 Handbook of biological control.
Cambridge, UK: Academic Press.

Fenner F, Fantini B. 1999 Biological control of
vertebrate pests: the history of myxomatosis—an
experiment in evolution, 1st edn. Wallingford, UK:
Center for Agriculture and Bioscience Internatiosnal
(CABI).

Griffiths EC, Fairlie-Clarke K, Allen JE, Metcalf CJE,
Graham AL. 2015 Bottom-up regulation of malaria
population dynamics in mice co-infected with lung-
migratory nematodes. Ecol. Lett. 18, 1387—-1396.
(doiz10.1111/ele.12534)

Gilchrist MA, Sasaki A. 2002 Modeling host-parasite
coevolution: a nested approach based on
mechanistic models. J. Theor. Biol. 218, 289—308.
(doi:10.1006/yjthi.3076)

Rosenzweig ML, MacArthur RH. 1963 Graphical
representation and stability conditions of predator-
prey interactions. Am. Nat. 97, 209-223. (doi:10.
1086/282272)

40.

41.

42.

43.

4,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Diekmann 0DO. 2004 A beginner's guide to
adaptive dynamics. Math. Model. Popul. Dyn. 63,
47-86.

Armstrong RA, McGehee R. 1980 Competitive
Exclusion. Am. Nat. 115, 151-170. (doi:10.1086/
283553)

Metz JAJ, Nisbet RM, Geritz SAH. 1992 How should
we define ‘fitness’ for general ecological scenarios?
Trends Ecol. Evol. 7, 198-202. (doi:10.1016/0169-
5347(92)90073-K)

Wolfram Research. 2017 Mathematica, Version 11.1.
Champaign, IL: Wolfram.

Galvani AP. 2003 Epidemiology meets evolutionary
ecology. Trends Ecol. Evol. 18, 132—139. (doi:10.
1016/50169-5347(02)00050-2)

Alizon S, Michalakis Y. 2015 Adaptive virulence
evolution: the good old fitness-based approach.
Trends Ecol. Evol. 30, 248—254. (doi:10.1016/].tree.
2015.02.009)

Becker DJ, Hall RJ. 2014 Too much of a good thing?:
resource provisioning alters infectious disease
dynamics in wildlife. Biol. Lett. 10, 20140309.
(doi:10.1098/rsbl.2014.0309)

Becker DJ, Streicker DG, Altizer S. 2015 Linking
anthropogenic resources to wildlife — pathogen
dynamics: a review and meta-analysis. Fcol. Lett.
18, 483—495. (d0i:10.1111/ele.12428)

Strandin T, Babayan SA, Forbes KM. 2018 Reviewing
the effects of food provisioning on wildlife
immunity. Phil. Trans. R. Soc. B 373, 20170088.
(doi:10.1098/rsth.2017.0088)

Becker DJ et al. 2018 Livestock abundance predicts
vampire bat demography, immune profiles and
bacterial infection risk. Phil. Trans. R. Soc. B 373,
20170089. (doi:10.1098/rsth.2017.0089)

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/rsth.2017.0101)
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/rsth.2017.0102)

Pedersen AB, Fenton A. 2007 Emphasizing the
ecology in parasite community ecology. Trends
Ecol. Evol. 22, 133—139. (doi:10.1016/j.tree.2006.
11.005)

Alizon S, van Baalen M. 2008 Acute or chronic?
Within-host models with immune dynamics,
infection outcome, and parasite evolution. Am. Nat.
172, E244—E256. (doi:10.1086/592404)

Graham AL. 2008 Ecological rules governing
helminth — microparasite coinfection. Proc. Natl
Acad. Sci. 105, 566 —570. (doi:10.1073/pnas.
0707221105).

Nielsen MK. 2015 Universal challenges for parasite
control: a perspective from equine parasitology.
Trends Parasitol. 31, 282—284. (doi:10.1016/j.pt.
2015.04.013)

Coombs D, Gilchrist MA, Ball CL. 2007
Evaluating the importance of within- and


http://dx.doi.org/10.1016/j.zool.2016.02.001
http://dx.doi.org/10.1016/j.tree.2008.05.009
http://dx.doi.org/10.1111/j.1461-0248.2006.01011.x
http://dx.doi.org/10.1111/j.1461-0248.2006.01011.x
http://dx.doi.org/10.1098/rspb.2014.1087
http://dx.doi.org/10.1111/j.1365-2656.2007.01305.x
http://dx.doi.org/10.1111/j.1365-2435.2007.01235.x
http://dx.doi.org/10.1016/0169-5347(96)10039-2
http://dx.doi.org/10.1034/j.1600-0706.2000.880110.x
http://dx.doi.org/10.1034/j.1600-0706.2000.880110.x
http://dx.doi.org/10.1111/j.0030-1299.2008.16396.x
http://dx.doi.org/10.1111/j.0030-1299.2008.16396.x
http://dx.doi.org/10.1111/1365-2656.12363
http://dx.doi.org/10.1111/1365-2656.12363
http://dx.doi.org/10.1111/ele.12229
http://dx.doi.org/10.1126/science.171.3969.385
http://dx.doi.org/10.1126/science.171.3969.385
http://dx.doi.org/10.1126/science.290.5495.1358
http://dx.doi.org/10.1098/rsif.2009.0384
http://dx.doi.org/10.1126/science.275.5296.65
http://dx.doi.org/10.1126/science.275.5296.65
http://dx.doi.org/10.1016/j.tree.2005.07.004
http://dx.doi.org/10.1017/S003118201500092X
http://dx.doi.org/10.1017/S003118201500092X
http://dx.doi.org/10.1016/j.jtbi.2008.08.018
http://dx.doi.org/10.1016/j.jtbi.2008.08.018
http://dx.doi.org/10.1890/15-1065.1
http://dx.doi.org/10.2307/5338
http://dx.doi.org/10.2307/5338
http://dx.doi.org/10.1111/j.1365-2656.2007.01321.x
http://dx.doi.org/10.1111/ele.12534
http://dx.doi.org/10.1006/yjtbi.3076
http://dx.doi.org/10.1086/282272
http://dx.doi.org/10.1086/282272
http://dx.doi.org/10.1086/283553
http://dx.doi.org/10.1086/283553
http://dx.doi.org/10.1016/0169-5347(92)90073-K
http://dx.doi.org/10.1016/0169-5347(92)90073-K
http://dx.doi.org/10.1016/S0169-5347(02)00050-2
http://dx.doi.org/10.1016/S0169-5347(02)00050-2
http://dx.doi.org/10.1016/j.tree.2015.02.009
http://dx.doi.org/10.1016/j.tree.2015.02.009
http://dx.doi.org/10.1098/rsbl.2014.0309
http://dx.doi.org/10.1111/ele.12428
http://dx.doi.org/10.1098/rstb.2017.0088
http://dx.doi.org/10.1098/rstb.2017.0089
http://dx.doi.org/10.1098/rstb.2017.0101
http://dx.doi.org/10.1098/rstb.2017.0102
http://dx.doi.org/10.1016/j.tree.2006.11.005
http://dx.doi.org/10.1016/j.tree.2006.11.005
http://dx.doi.org/10.1086/592404
http://dx.doi.org/10.1073/pnas.0707221105
http://dx.doi.org/10.1073/pnas.0707221105
http://dx.doi.org/10.1016/j.pt.2015.04.013
http://dx.doi.org/10.1016/j.pt.2015.04.013

57.

between-host selection pressures on the
evolution of chronic pathogens. Theor. Popul.
Biol. 72, 576—591. (d0i:10.1016/j.tpb.2007.08.
005)

Alizon S, van Baalen M, Jokela AEJ, Geber EMA.
2008 Multiple infections, immune dynamics, and

58.

the evolution of virulence. Am. Nat. 172,
E150—E168. (doi:10.1086/590958)

Handel A, Rohani P. 2015 Crossing the scale
from within-host infection dynamics to
between-host transmission fitness: a discussion of
current assumptions and knowledge. Phil.

59.

Trans. R. Soc. B 370, 20140302. (doi:10.1098/rsth. m
2014.0302)

Hite JL, Cressler CE. 2018 Data from: Resource-driven
changes to host population stability alter the
evolution of virulence and transmission. Dryad
Digital Repository. (doi:10.5061/dryad.7d60f)

£800£L0T “€LE § 205 "y 'suvi] “Jiyd  BiobuysigndAyanosieforgiss


http://dx.doi.org/10.1016/j.tpb.2007.08.005
http://dx.doi.org/10.1016/j.tpb.2007.08.005
http://dx.doi.org/10.1086/590958
http://dx.doi.org/10.1098/rstb.2014.0302
http://dx.doi.org/10.1098/rstb.2014.0302
http://dx.doi.org/10.5061/dryad.7d60f

	Resource-driven changes to host population stability alter the evolution of virulence and transmission
	Introduction
	Material and methods
	The models
	Evolution of parasite virulence: non-nested model
	The nested model: feedbacks between individual- and population-level processes drive parasite evolution
	Evolution of parasite exploitation: nested model
	Defining parasite transmission: non-nested and nested models

	Results
	Discussion
	Data accessibility
	Authors’ contributions
	Competing interests
	Funding
	Acknowledgements
	References


