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Summary

Individuals tend to interact more strongly with nearby indi-
viduals or within particular social groups. Recent theoretical
advances have demonstrated that these within-population
relationships can have fundamental implications for ecolog-
ical and evolutionary dynamics [1-11]. In particular, contact
networks are crucial to the spread [12-14] and evolution
[8, 9, 11, 15] of disease. However, the theory remains largely
untested experimentally [16]. Here, we manipulate habitat
viscosity and thereby the frequency of local interactions in
an insect-pathogen model system in which the virus had
previously been shown to have little effect on host popula-
tion dynamics [16, 17]. At high viscosity, the pathogen
caused the collapse of dominant and otherwise stable host
generation cycles. Modeling shows that this collapse can
be explained by an increase in the frequency of intracohort
interactions relative to intercohort interactions, leading to
more disease transmission. Our work emphasizes that
spatial structure can subtly mediate intraspecific competi-
tion and the effects of natural enemies. A decrease in
dispersal in a population may actually (sometimes rather
counterintuitively) intensify the effects of parasites. Broadly,
because anthropological and environmental change often
cause changes in population mixing, our work highlights
the potential for dramatic changes in the effects of parasites
on host populations.

Results and Discussion

We investigated how spatial structure impacts on a host-para-
site interaction through the manipulation of host population
viscosity. By using an established laboratory host-parasite
model system [18, 19] consisting of the Indian meal moth Plo-
dia interpunctella and its granulosis virus larval parasite
(PiGV), we varied the degree of local interactions within exper-
imental populations. In microcosms, larvae live and move
within a food medium while adults emerge and fly above the
food; adults mix completely and cannot be infected. Typically
generational host population cycles occur [18, 20] driven by
asymmetric competition including cannibalism among larval
stages [21], although the cycles are less apparent under
poor resource conditions [22]. The virus is transmitted among
larvae through consumption of free-living virus and through
necrophagy of infected individuals. In all previous experiments
(none of which manipulated food viscosity), the virus had only
minor effects on host dynamics [18, 23].
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We manipulated larval population spatial structure both
with and without the virus [16]. Starting from standard
medium used in previous experiments (here called soft
food), we developed two more viscous media (here called
intermediate and hard food: see Experimental Procedures).
The effect of food viscosity on the movement rate of early
instar larvae was measured in experimental lanes. Increased
viscosity significantly reduced larval movement rate (Figure 1),
which would lead to more local interactions within the micro-
cosms. Plodia eggs are laid in batches, so increasingly local-
ized interactions were expected to lead in turn to an increase
in within-cohort interactions relative to between cohort inter-
actions. We found no effect of food viscosity on larval devel-
opment time, pupal weight, or survivorship: our manipulation
altered spatial structure without affecting individual fitness
(Figure 1).

Microcosms of the host were established with one of the
three food viscosities either in the presence (five replicates
for each food medium) or absence (three replicates for each
medium) of PiGV. Dead adult host population sizes were
recorded once a week for 40 weeks. In the absence of virus,
all host populations showed the same pattern of strong gener-
ational cycles (Figures 2 and 3). Cycling in soft-, intermediate-,
and hard-food replicates had similar and not significantly
different mean dominant periods, respectively: 38.02 (SD
1.24), 36.98 (SD 1.40), and 41.82 (SD 2.95) days (ANOVA, p =
0.057; Welch test p = 0.180). Mean adult population sizes
were, respectively, 147.72 (SD 10.62), 126.90 (SD 10.83), and
98.07 (SD 1.91); differences were significant (Welch test, p =
0.011). The soft-food values were similar to previous experi-
ments on soft food carried out over longer time periods [18,
23], demonstrating the robustness of the system. Overall,
manipulation of food viscosity in the absence of PiGV altered
population size and may have slightly altered the dominant
cycle period, but did not qualitatively change dynamics
(Figures 2 and 3).

For microcosms that included the virus, generational cycles
were again dominant in soft- and intermediate-viscosity food
(Figures 2 and 3). In line with previous results [18, 23], there
was no significant change in the dominant period of the
infected populations relative to the disease-free populations
when both fed on soft food (38.02 to 39.31 days; SD 1.24 to
0.90). Considering only soft- and intermediate-food treatments
with and without virus, two-way ANOVA revealed that interac-
tion effects and virus main effects on dominant period were not
significant (p = 0.291, 0.343, respectively): the virus did not
affect cycling for these food types. However, host dynamics
in the presence of virus in hard food were very different:
generational cycles were substantially modified and obscured
in all but one of the replicate populations (Figures 2 and 3).
A two-way ANOVA on the log power of the generational
cycle frequency revealed significant interaction effects (p =
0.013) resulting from the loss of the cycles in the hard-food
treatments with the virus. In addition there is evidence of
longer-period oscillations in all virus-present, hard-food repli-
cates (Figures 2 and 3), not present for other experimental
treatments or in previous experiments. In summary, the
virus had a qualitatively substantial effect on population
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Figure 1. The Effect of the Spatial Manipulation

The effect of food viscosity on mean distance moved (top), mean pupal
weight (bottom left), and mean development time (bottom right). Error
bars are standard errors. Increasing viscosity caused significant
change in larval dispersal distance (ANOVA on log transformed data; F5 g0 =
52.86, p < 0.001). Food viscosity did not affect pupal weight (ANOVA; F5, 151 =
0.22, p = 0.80), survivorship (generalized linear model with binomial errors;

Fo3 = 6.92, p = 0.13), or larval development time (Fyq77 = 0.23,
p =0.79).
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dynamics, but only when host movement rates were suffi-
ciently reduced.

The increased viscosity has therefore caused the parasite to
have a much stronger impact on the host population
dynamics. We know that altering the viscosity of the food
media has not affected the host growth rate of individuals
(Figure 1) and is therefore unlikely to have significantly
affected host demography. The change in dynamics is there-
fore due either to changes in parasite characteristics or to
achange in the spatial interactions between host and parasite.
The virus evolved lower infectivity in the most viscose popula-
tions (35). It would be a counterintuitive explanation, however,
that lower transmission of the parasite leads to a more
dramatic impact of the virus on host dynamics. It is likely
that the change in the mixing of the population has caused
the increased effect of the parasite on host population
dynamics. In particular, increased viscosity of the population
is likely to lead to an increase in interactions between individ-
uals of the same stage/age. Adults lay eggs in batches within
the microcosm, and as a consequence, in the more viscose
food media, individuals will be less able to move away from
individuals of the same cohort. A well developed stage-struc-
tured model [21] explains generational cycles in Plodia inter-
punctella as resulting from asymmetric competition between
young and older larvae (with cannibalism its most extreme
form) and larvae-on-egg cannibalism [21]. We now develop
this modeling approach to test whether an increase in relative
intracohort interactions is enough to explain our results.
Because we do not have good data on the actual spatial rela-
tionships within the microcosms, we do not build an explicitly
spatial model of the delay differential stage-structured
system. Rather, we model the effect of space implicitly by
altering the relative intra- to intercohort interaction rates within
the existing well-defined and parameterized modeling frame-
work.

Figure 2. Population Time Series

Weekly dead adult population counts of Plodia in-
terpunctella in each microcosm under different
food-viscosity and virus treatments. Replicates
are plotted in shades of gray. Generational cycles
dominate dynamics except for hard-food, virus-
present replicates, where generational cycles
are suppressed or intermittent.
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Figure 3. Spectral Analysis of Time Series Data
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Red lines are the power spectra of the experimental time series, and black lines are 50", 75, 95, and 99" percentiles of power spectra for the null hypoth-
esis that data came from white noise with the same stationary distribution as data for each treatment. All replicates showed significant or marginally signif-
icant generation cycles except four hard-food, virus-present replicates. Peaks at frequency 0-0.1 cycles/week in the hard-food, virus-present replicates are
evidence of long-period oscillations (see text), which correspond to apparent long-period modulation of generational cycles, visible especially at around
week 20 in the hard-food, virus-present replicates. Qualitatively similar modulation also occurred in model simulations (Figure 4, text).

Analysis of the single-species Plodia interpunctella model
shows that the possible dynamics are generational cycles,
half generational cycles, or no cycles, with the observed
generational cycles predicted in our soft-food regimen (43).
It is easy to show that increasing the strength of competition
within cohorts relative to between cohorts decreases average
population size. This process may therefore parsimoniously
explain the average population reductions seen in our virus-
free, hard-food microcosms relative to our virus-free soft-
food microcosms (Figures 3 and 4). We next developed a
host-pathogen model of our system (Supplemental Data
available online) by building on the host-only model [21]. It
is well established that early larval instars are more suscep-
tible to infection and produce fewer virus occlusion bodies
than older instars because of their smaller size [24]. We model
transmission within the susceptible larval class, with different
contact rates at the different viscosities. We find that
increasing the overall strength of competition in the host-
parasite model again reduced average population sizes but
did not lead to the collapse of generational cycles, except
at unrealistically high competition levels. This suggests that
competition alone is unlikely to have caused our results and
that the interaction with the parasite has been important.
When we increase the within-stage interactions within our
host-parasite model (Supplemental Data), we find the
collapse of generational cycles (Figure 4). When higher
viscosity leads to more interactions within a stage, which in
turn leads to higher infection rates, the breakdown of the
cohort structure and therefore the loss of the generational
cycles (Figure 4) is seen.

We have shown that a change in mixing in our populations
leads to a dramatic parasite-driven change in population
dynamics. There is considerable interest in how processes
at the individual scale affect population dynamics. Here we
show that variation in spatial structure leads to group level
effects on population-scale processes mediated through
competition, stage structure, and infection. Adults moved
freely in all treatments of this study and therefore we have
demonstrated that spatial structure is important not only in
extreme spatial scenarios; subtle changes can also have
important effects. Anthropomorphic and environmental
change, habitat fragmentation, and increasing global travel
are altering mixing patterns within human and animal popu-
lations. Understanding the impact of changes in mixing on
the transmission of parasites and pathogens is particularly
important given the continued threat of infectious disease.
The world is likely to continue to get “smaller” and more
connected. Our results demonstrate that these changes
can lead to radically different and unexpected population
dynamics through interactions with natural enemies: a para-
site that had no effect on host population dynamics at one
level of mixing altered dynamics entirely at another level of
mixing.

More generally, our results emphasize the importance of
interactions between the environment and disease and the
central importance that spatial structure may play in ecology
and epidemiology. A decrease in dispersal in a population
through, for instance, habitat fragmentation, leading to an
increase in the relative frequency of local interactions may
intensify the effects of parasites. This is surprising because
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Figure 4. The Results from the Model
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(A) Stability diagram as a function of food viscosity, p, and parasite infectivity, Bs. The diagram delineates the separate dynamic regimes (GC, generation
cycles; LV + GC, mixture of Lotka-Volterra and generation cycles), highlights the region of disease persistence (H & P, disease present; H only, disease free),

and shows the amplitude of the generation-cycle component of dynamics.

(B) Example model dynamics exhibiting the transition from pure generation cycles to more complex dynamics with increasing viscosity: top, generation
cycle (GC) dynamics generated by the canonical parameter set (see Supplemental Data); middle, reduced amplitude generation cycle (GC) dynamics;
bottom, mixture of long-period Lotka-Volterra cycles and generation cycles. Densities are total numbers of living adults. A single infected larva was intro-
duced after 75 weeks (vertical dashed line), such that host dynamics in the absence of virus are exhibited in the region left of the vertical dashed lines.
(C) Power spectra of plotted model output in (B) for the adult host dynamics in the absence (left) or presence (right) of the virus. Note the increased power at
low frequencies for the hard-food, virus-present simulation, paralleling a qualitatively similar pattern of increased low-frequency power in Figure 3.

increased disease impact is generally associated with greater
population dispersal. Our work also emphasizes the lack but
importance of manipulative spatial experiments in ecology
and evolution. Broadly, since anthropological and environ-
mental changes often cause changes in population mixing,
our work highlights the potential for dramatic changes in the
effects of parasites on host populations.

Experimental Procedures

Manipulation of Viscosity

Food medium of three viscosities were produced by adding water to the
standard rearing media. The standard larval medium is a 400 g HiPP organic
harvest breakfast cereal, 80 g brewers yeast, 100 ml glycerol, 100 ml organic
clear honey, 0.5 g sorbic acid (an antibacterial agent), and 0.5 g methyl para-
ben (a fungicide). Adding 60 ml of distilled water produced the intermediate-
viscosity medium used in the experiments; adding 140 ml of distilled water
produced the high-viscosity medium. A series of arenas with four lanes were
established, each 18 cm long and 4 cm wide and filled with one of the media
to a depth of 0.5 cm. Movement rates were measured by placing one first-
instar larvae at one end of each lane. Lanes were covered; movement on
top of the food or between lanes was not possible. Each 4-lane box was
placed in an aerated plastic container in an incubator at 27°C + 2°C and
35% = 5% humidity for 12 days. The media in each lane was destructively
sampled 1 cm at a time along its entire 18 cm length and the distance moved
was recorded. In total there were 30 replicate boxes used, and 40 Plodia
larvae were tested at each of the three food viscosities. Individual develop-
ment time and pupal weight on the different media was recorded in incuba-
tors set at 27°C + 2°C and 35% = 5% humidity under abundant food levels
to eliminate competition effects.

Microcosms
Twenty-four populations were then established on 170 g of food in 20 x
20 cm plastic containers, with five virus-infected and three virus-free

replicates. The medium in each replicate was divided into six sections;
one section of food was replaced every week. Replicates were initiated
with 15 fifth-instar males and 15 fifth-instar females. For the virus-infected
treatments, 12 late-instar, virus-infected cadavers were also placed on
the food (two cadavers on each of the six sections). Populations were
placed in incubators at 27°C x 2°C and 35% = 5% humidity for 40 weeks.
Dead adults removed weekly and counted.

Modeling

Our model is based on the well-developed Plodia interpunctella stage-
structured models of Briggs et al. (2000) [21]. The original model, which
explains host dynamics without virus, invoked asymmetric competition
among larval cohorts as the primary mechanism maintaining generation
cycles. Our new model includes additional variables and equations to model
virus transmission within and among larval cohorts. See the Supplemental
Data for a complete description of the model. We assume that only the
smaller larval class can become infected, adding five extra parameters to
the single host model of Briggs et al. (2000) with an additional equation gov-
erning the dynamics of the small-infected larvae class, /s(t):

dls(t)/dt=Rs(t) — Di (t),
where

R (t) = ussBsls (t)Ls(t)
and

Dy (t) = ussls ()Ls () + sls (L () + s (2).

The terms L and L, are the densities of small and large larvae, respec-
tively. Parameters pss and 1, s are the per capita per individual consumption
rate of Is by Ls and L, Bs is a scalar infectivity parameter describing the
linear relationship between the per capita consumption rate and the rate
of disease transmission, and 3 is the virus activity decay rate. One additional
term was also added to account for loss of individuals from the small larvae
class through infection.
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Supplemental Data

Supplemental Data include Supplemental Experimental Procedures, two
figures, and one table and can be found with this article online at http://
www.cell.com/current-biology/supplemental/S0960-9822(09)01587-5.
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Supplemental Experimental Procedures

Model Outline

Our baseline host model is derived from the framework developed by Briggs et al
(2000). This has successfully described the population dynamics of the Plodia
interpunctella system and provides a mechanistic explanation for these patterns. Using a
lumped age-class approach (Nisbet & Gurney, 1983), the host population is structured
into five physiologically distinct life-stages: eggs, ‘small’ larvae, ‘large’ larvae, pupae
and adults. Larval survival and egg predation are assumed to be density dependent.
There are no sources of density-independent mortality in the model as these are thought
to be negligible under laboratory conditions. In our implementation, we remove the egg
predation term from small larvae, since this makes no significant difference to the
dynamics. Briggs et al (2000) demonstrated that asymmetric larval competition and egg
predation by large larvae are necessary and sufficient conditions to produce generation
cycles of the type observed in laboratory populations of Plodia interpunctella, under

realistic assumptions about the vital rates.

In order to model the virus dynamics, we include a single infected compartment for the
small larval stage, as shown in the schematic (see main text). We make this assumption
as the first three Plodia interpunctella larval stages (here lumped into ‘small larvae’) are
much more susceptible to infection than the fourth instar, while the fifth instar is
unlikely to ever become infected (Sait et al. 1994). Although the granulosis virus can
persist in the environment, infection within the population cages is often seen to occur
when healthy individuals consume infected cadavers (Sait et al. 1994). Infected

individuals are effectively packages of virus that are transmitted through necrophagy by



healthy ones. We therefore model the infection process via direct consumption of
infected cadavers. For simplicity we also assume the absence of a latent period
following infection and a linear pathogen transmission function. Briggs and Godfray
(1995) have shown that in general that length of latent periods and strength of density
dependence in transmission terms will influence the population dynamical outcome in
stage-structured host parasite interactions. Increasing the latent period is generally
destabilising, while increasing density dependence in the per-capita pathogen efficiency
is generally stabilising. Since we do not have access to data summarising these two
processes, we adopt the simplest set of assumptions: (1) that the length of the latent
period is negligible and (2) that per capita pathogen transmission is density independent

such that transmission increases linearly with pathogen density.

Model Formulation

The structure of the model is defined by a set of balance equations describing the rate of

change of individuals in the egg stage, E(t), small larval stage, L(t), large larval

stage, L, (t), the adult stage A(t), and infected larval stage:
dE(t)/dt =Re (1)~ Mc ()~ De (1)
dLg(t)/dt=R_(t)-M_(t)-D_ (1)
dL, (t)/dt=R_ (t)-M_ (t)-D (t). Eq S1
dA(t)/dt =R, (t)— M, (t)—D,(t)
diy(1)/dt =R, (t)-D,. (1
The equation for each life stage contains three terms: R, (t), describing the rate of
recruitment of individuals into stage X, M, (t), describing the rate of maturation of
individuals out of stage X, and D, (t) represent the mortality rate in stage X. The

mortality term in this framework also includes the rate of infectious larvae, which may

occur directly through consumption or via loss of virus activity.
The current adult density multiplied by the female per capita fecundity per day, r, gives
the recruitment rate of eggs:

Re (t)=TrA(t). EqS2

The death rate during the egg stage is:



D (t)=cq L (H)E(t) Eq S3
where ¢, is the (linear) per capita rate of egg cannibalism by L, . The maturation rate
out of the egg stage is simply the rate of recruitment into the egg stage 7. days ago,
multiplied by the probability of surviving through the egg stage:

M¢ (t)= R (t— 7 )Sc () Eq S4
where Sg (t) is the probability of surviving density-dependent egg mortality:

S, (t)=exp {j:TE Ce, L, (x)dx } Eq S5

This can be expressed in differential equation form; such that S (t) becomes an

additional state variable that is solved simultaneously with the stage-density variables.

The recruitment rate into the small larval stage is equal to the rate of maturation

out of the egg stage:

R, (t)=Mc(t) Eq S6
and the mortality rate during the small larval stage is:

Dy, =[Cssks +Coq L + sl |Ls Eq S7

where ¢y and ¢, are the per capita effects on Lg resulting from competition by L and
L, , ug isthe per capita per individual consumption rate of I by Ly, and g isa
scalar parameter describing the linear relationship between the per capita consumption
rate and the rate of disease transmission. The maturation rate out of the small larval class
is:

M, (t)=R, (-7 ). (1) Eq S8

where S, (t) is the probability of surviving density-dependent egg mortality:

S. ()= exp{— j (CssLs(X)+ o Ly (X)+ s Bl s (X)L (x)dx} Eq S9

t-7g
An analogous set of equations (without infection terms) describing the recruitment rate,

RLL , mortality rate, DLL , and maturation rate, M L of large larvae can also be derived

in a similar manner; the details of which are omitted here for the sake of brevity.

Since we assume that the adult and pupal mortality rates are negligible, the recruitment
rate into the adult class is simply the maturation rate of individuals out of the large larval

stage 7, days ago:



R.(M)=M_(t-7,) Eq S10
and the mortality rate during the adult stage is:

D,(t)=0. Eq S11
The adult stage has a maximum duration of z, days, after which all adults are assumed
to senesce and die, such that:

M, (t)=R,(t-7,). Eq S12

Infection of small larvae occurs via consumption of small-infected larval units:
Ry, = tesSsls (DLs () Eq S13

This formulation counts infected densities in units of small-infected larvae. Loss of
small-infected larvae occurs as a result of virus activity decay and consumption of
infectious units by small and large larvae:

D, (t)= tgslsLs + 11515k, + g Eq S14

where ¢ is the virus activity decay rate and 5 is the per capita per individual

consumption rate of I by L, .

Derived parameters

We now explain the derivation of several ‘higher-order’ parameters, the purpose of
which is to simplify presentation and analysis of the model. We have assumed the
Lotka-Volterra form of competition, in which the coefficient c; describes the mortality
effect experienced by a stage i individual as a result of each individual in stage j. Each
of the four larval competition coefficients in the original Briggs et al (2000) model
influences the mean host abundance, but the four terms do not have independent effects
on the type of dynamics generated. Briggs et al (2000) demonstrate that for a given set
of life history parameters and rate of egg cannibalism, the dynamics of their single
species Plodia model are uniquely determined by the ratios y =c, /c;s and w=cg/c;,
where y describes the asymmetry in the larval competitive effects and y describes the

asymmetry in the sensitivity to competition.



We follow a similar approach to Briggs et al (2000) and introduce an analogous (but not
identical) pair of parameters y and w, along with a third parameter p. All three
parameters influence the competition coefficients, with the new y and y equal to the
original Briggs et al (2000) definition when p=1. We introduce p to illustrate the
hypothesised effect of altering food viscosity; as p increases (enhanced viscosity), we
wish to trace a path through parameter space in such a way that individuals interact more
with those from their own cohort and less with those of alternative cohorts. With this in
mind we can define the competition coefficients introduced above in terms of the
derived parameters, such that ¢ =c p, Cg. =C x/p, s =¢/(wp), and ¢,  =c z/(v p).
The parameter ¢ determines the overall strength of larval competition. It is clear that in
the absence of infection, the value of this parameter has no effect on the dynamics of the
system, as we can simply rescale the model by a factor c. A similar expression can be
derived for the large larva - egg competition term, such that ¢, =c @/p. Here, the
dimensionless parameter « scales the strength of competition experienced by the egg
stage in terms of overall larval competition. We also introduce one further dimensionless
parameter, &, to establishes the per capita per individual consumption rate of infected
individuals in terms of the competition parameters, such that, u =cge=cC & p and

U =Cqe=cC e y/p. Thus, we can see that increasing p increases the strength of intra-
cohort interactions (cg and c, ), while concomitantly reducing the strength of inter-
cohort interactions (cg , ¢, and c., ). Increasing p simultaneously raises the
consumption rate of infected larvae by small larvae and reduces consumption by the

immune large larvae class, raising the potential for infection.

Finally, we introduce a parameter, A, that expresses the average period larvae remain
infectious in the absence of consumption, in terms of the generation time of Plodia,such
that:

S=A (re+ro T +7p) Eq S15

This is a more convenient scale on which to examine the effects of the infectious period.

Canonical parameters for the model are given in table 1.



Model Dynamics

The dynamics of the model were explored by numerical simulation rather than
traditional stability analysis. This reflects the aims of the study, which is concerned
primarily with factors influencing both the strength and persistence of a robust dynamic
regime (i.e. generation cycles). Each simulation was run for a total of 6500 days. The
population was inoculated with 10 uninfected small larvae at time 0, and then a further
10 infected small larvae we’re introduced on day 500. The first 2500 days were
discarded from subsequent analysis in order to reduce the influence of transients on the
system dynamics. In order to reveal the strength of any extant generation cycles we
estimated the spectral density of simulated host density time series sampled at daily
intervals. For each series, periodograms were calculated using a fast Fourier transform
and these were smoothed using a pair of moving average windows of 3 and 5 days. It is
important to realise that estimates of the generation cycle amplitude can be used to
summarise the extant dynamics at different parameter values when the competition
parameter, C, is constant across different simulations. Therefore, for a given value of
¢, a figure showing the amplitude of the generation cycles as a function of any
parameter of interest provides qualitative information about the dynamics (e.g.
generation cycles vs generation cycles modulated by Lotka-Volterra, see below). Since
the competition parameter does not influence the dynamics per se, only mean
abundance, we fixed it at the value adopted by Briggs et al (2000) in all simulations.
This is a level of competition that leads to population sizes in the models that are similar
to those seen in the experimental microcosms. More importantly, we are not currently
interested in regions of parameter space that promote stable dynamics or half-generation
cycles in the single species case, as these are never observed in the laboratory
microcosm. To this end, we fixed the remaining parameters describing host competition

(7, v and w) at values that place the parasite free dynamics firmly inside the region of

parameter space at which generation cycles occur (Table 1). The results presented here
and in the main text are robust to the exact values chosen for these three competition
parameters, assuming we remain in the region promoting generation cycles in the single
species case. The remaining Plodia specific parameters are identical to those used in the
Briggs et al (2000) models.



We now extend the analysis presented in the main text to explore the sensitivity of the
model predictions to changes in four key parameters: food viscosity, parasite infectivity,
infectious period and the relative consumption rate. We focus on the epidemiological
parameters because we know relatively little about these, compared to host life history.
Results are presented in Figure S1. Each panel summarises the host population dynamics

as a function of parasite infectivity, f, and food viscosity, p; for a given infectious

period, A, and consumption rate scaling factor, ¢. The central panel (labelled e) is
identical to the corresponding figure in the main text. As parasite infectivity and food
viscosity increase, travelling from the lower left to the upper right regions within any
given panel, we may observe one of four distinct dynamic regimes. At the lower left of
each panel there is a light grey region corresponding to disease-free (large amplitude)
generation cycles. Clearly, lower parasite infectivity reduces transmission of the parasite
and may preclude parasite persistence. Low food viscosity has a similar indirect effect,

as this results in low consumption of I by L, thereby reducing parasite transmission.
As we increase S and p, the next region (medium grey) observed corresponds to

reduced amplitude host generation cycles in accompanied by parasite persistence. In this
region we may observe decaying Lotka-Volterra cycles, however, host regulatory
processes come to dominate the interaction, leading eventually to persistent generation
cycles, albeit at reduced-amplitude compared to the disease free case. The third region
present in most panels (dark grey region, all panels except panel g) corresponds to
mixture of Lotka-Volterra and generational cycles. This appears as parasite mediated

regulation of the host starts to become more dominant, as S or p is further increased.

Increasing food viscosity results in greater parasite transmission, while simultaneously

reducing inter-cohort (Lgvs. L, ) and increasing intra-cohort competition (L vs. L,
and Lgvs. Lg). This second effect alone may result in eventual loss of generation cycles

in the parasite free case, but only at much higher viscosity compared to the case where
the parasite is present. Finally, sufficient increase in the strength of the host parasite
interaction can result in complete loss of the generation cycles (black regions; panels a, ¢
& d). The resultant dynamics may be stable equilibria or Lotka-Volterra cycles; the

numerical analysis presented makes no distinction between the two.



The impact of increasing the infectious period, A, or the consumption rate of infected
larvae, ¢, can be seen by moving vertically up or horizontally across panels (left to
right), respectively. In common with previous a study of stage-structured host-parasite
dynamics (Briggs and Godfrey, 1995), we find that increasing the infectious period
reduces the likelihood of generation cycles. Instead, Lotka-Volterra cycles become more
likely over comparable regions of parameter space. Increasing the consumption rate of
infected larvae also increases the likelihood of Lotka-Volterra cycles, with a
concomitant reduction in the likelihood of observing generation cycles in the presence
of the parasite. In either case, the impact of altering the food viscosity is essentially
unaltered; a clear threshold viscosity exists, associated with a sudden reduction in the

amplitude of generation cycles as persistent Lotka-Volterra cycles are initiated.



Table S1. Canonical parameters with their description. Remaining low level parameters

are derived from these.

Parameter | Interpretation and source Value

e Duration of egg stage * 4.3 days

T, Duration of small larval stage * 10 days

7, Duration of large larval stage * 15 days

7 Duration of pupal stage * 7 days

T, Duration of adult stage * 5.5 days

r Daily adult fecundity * 21 days™

c Overall strength of competition ~ 75x10°L*?
X Asymmetry in the larval competitive effects at standard viscosity * 5

74 Asymmetry in the sensitivity to competition at standard viscosity * 5

@ Scaling of egg cannibalism relative to overall larval competition " 40

& Scaling of infected consumption relative to larval competition 1.0

B Infectivity of pathogen 1.65

A Uptake-free average infectious period 2.0 generations
P Relative food media viscosity 1.0

* Life history parameters are identical to the canonical set used by Briggs et al (2000, see table 1), which
in turn are derived from empirical studies of individual larvae.

A Canonical competition parameters were chosen to ensure that they lie in a region of parameter space
characterised by generation cycles in the absence of the parasite. These cycles are robust, in the sense that
small perturbations to the competition parameters cannot destroy generation cycles.
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Figure S1. Schematic diagram of the stage structured host-virus model. The labelled

boxes represent compartments in the model (Plodia life-stages or disease states) with

letters corresponding to the appropriate state variable. Interactions among compartments

are labelled with dotted arrows, where c, represents a competition coefficient, , isa

consumption rate, and r is adult fecundity.
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Figure S2. Stability diagrams under the restricted model allowing only small larval

infection. These are given as a function of food viscosity, p, parasite infectivity in small

larvae, g, the infectious period, A, and the scaling factor for consumption rate, . The

central panel (labelled e) is identical to the corresponding figure in the main text. The
diagram delineates the separate dynamic regimes (GC, generation cycles; LV + GC,
mixture of Lotka-Volterra and generation cycles; SE stable equilibria), highlights the
region of disease persistence (H & P, disease present; H only, disease free), and shows
the amplitude of the generation cycle component of the dynamics. Remaining

parameters are as in Table S1.
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