May 19, 2026

To Whom It May Concern,

It is my great pleasure to write this letter in support of Luyang (Avril) Wang’s nomination for the Canadian
Council of University Biology Chairs Undergraduate Paper Award. Without exaggeration, Avril was the
most talented and driven undergraduate student I have worked with. (Probably she’s among the top two
best students I’ve worked with full stop — undergraduate or graduate.) As an undergraduate, Avril had
already amassed an impressive suite of research experiences, and she paired this an incredibly broad and
deep skillset and unmatched initiative. There is no doubt Avril has a successful research career ahead of her
and her achievements are deserving of recognition.

I'met Avril in 2021 when she contacted me about pursuing a third-year undergraduate research course. At
the University of Toronto, we have research-based course at all levels, but I had only ever supervised
fourth-year students. Historically, I have found that taking on biology undergraduates to do mathematical or
computational projects is essentially an act of altruism on my part: those projects approximately never
make it to publication because the timeframe is too short (<8 months) to really develop the necessary skills
to get deep enough into the science. I will return to this idea when I explain how Avril completely broke the
mold and blew way past my expectations, but for now, suffice to say I was reluctant to take on a third-year
student. What convinced me was two things. First, Avril already had a bunch of research experience under
her belt, including with another professor in my department whose research spans theory and empirical
work (Peter Molnar). Although Avril had worked on the empirical side of Molnar’s group, he offered the
highest praise when I asked him about her. His positivity convinced me to at least have a chat with Avril
about the possibility of a research project. Second, when I told her that I didn’t have a bank of ideas to hand
to undergrads as projects, Avril explained how she had read a bunch of my papers and come up with her
own research question. I can’t overstate how surprising this was to me. In my experience, undergrads may
have a rough idea of the general research area they’d like to work in, but Avril had narrowed down a
specific, entirely feasible, and scientifically important project.

Much of the work in my group focuses on malaria parasites, which cause disease largely by invading and
destroying host red blood cells (RBCs), but require production of specialized parasite forms for onward
transmission. A given infected RBC can produce either a transmission stage or several host-damaging
parasite forms. My previous theoretical work shows that malaria parasites can, to some extent, mitigate the
effects of anti-malarial drugs by altering their investment in those transmission stages. But this work
focuses on a particular assumption about the mode of action of drugs and since there are multiple anti-
malarials in use with different modes of action, I get asked about the extent to which the benefits of altered
investment by parasites depend on different assumptions about drugs. This is the project that Avril initially
proposed to me — one I wanted to know the answer to but had never managed to wrangle.

In the end, Avril worked on a much harder, but related project. To answer questions like the one above, we
develop mathematical models of within-host malaria infection dynamics and use numerical approaches to
determine the “optimal” pattern of investment in transmission (i.e., what pattern of investment is predicted
to give rise to the greatest number of new infections, or highest parasite fitness, under different
conditions?). Empirically we know that these patterns vary over the course of a given infection, so we have
previously modeled these “strategies” as being functions of time. We’ve done this for mathematical and

FACULTY OF ARTS & SCIENCE
Earth Sciences Centre, 25 Willcocks. St, Toronto, Canada
www.eeb.utoronto.ca



computational convenience, but we have no reason to believe that malaria parasites are keeping track of
time. Avril saw another opportunity to add more biological realism to this work and started thinking about
how to model transmission investment as a function of different environmental variables within an
infection (e.g., number of infected or uninfected RBCs). A former postdoc in my group (now an Assistant
Professor at Cornell) and I never managed to do this because we thought the modeling was too
complicated. Yet Avril, as a third-year undergraduate student, figured it out. Her works asks the questions,
(1) given a particular within-host cue, what is the best pattern of investment in transmission? (2) what is the
best cue for parasites to use (i.e., which is most informative and provides the greatest fitness returns)?, and
(3) do the best cues differ when parasites are alone in an infection versus when they are coinfecting with
another parasite genotype (which is a common occurrence where malaria is endemic)? Avril further
extended this work to consider two environmental cues: looking at just the density of infected cells, for
example, can’t differentiate between an early, growing phase of an infection and a later, declining phase of
infection, but additional cues could provide some discriminating power. Doing this required developing a
technical approach that no one in my group had ever done: instead of investment strategies being defined
by splines (i.e., functions of a single variable), they now had to be defined by spline surfaces (i.e., functions
of multiple variables).

As an undergraduate student, Avril chose to work on conceptually difficult and (in my opinion) extremely
interesting biological questions. This project was intellectually far above what any of the other ~15
undergraduates I’ve worked with have done and, to be frank, Avril accomplished more in 8 months than
some of my PhD students have achieved in double the time. Avril also needed very little technical
assistance. Through reading previous papers, she refined existing models and developed her own code from
scratch. From what I can remember, this was her first foray into a fully mathematical/ computational
project. Avril won a competitive research award to continue working on this project in the summer of 2022
and won a travel award that allowed her to present the research at the joint Ecological Society of America /
Canadian Society for Ecology and Evolution conference in August 2022. I honestly think this project is one
of the most interesting pieces of work that will have come out of my group. The paper, led by Avril, has
now been published in PLoS Biology, with one reviewer commenting that “this is a tour de force of a
paper, original in concept and extremely rigorously carried out”.

I hope you agree that Avril’s undergraduate paper is innovative and interesting, published in a top tier
journal in the life sciences, and deserving of recognition through the CCUBC Award.

Sincerely,

\

S

Nicole Mideo

Professor and Associate Chair Undergraduate

nicole.mideo@utoronto.ca
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To Whom It May Concern,

The Department of Ecology & Evolutionary Biology at the University of Toronto is nominating
Avril Wang for the CCUBC Undergraduate Paper Award.

Timing of reproductive investment is a key determinant of fitness, and many organisms adjust this
investment plastically in response to environmental cues. For malaria parasites, investment in
transmission stages (versus stages that replicate asexually within the host) is synonymous with
reproductive investment and is plastic. Previous theory identified optimal investment strategies as
a function of time since infection, implicitly assuming parasites have perfect information about the
within-host environment.

In the paper, “Malaria parasites can optimize transmission investment by sensing two within-host
cues”, published in PLoS Biology, Wang and colleagues move beyond this simplifying assumption
to ask which cue(s) should parasites use (i.e., which cues maximize parasite fitness)? They find
that no single cue can recreate the best time-varying strategy or allow parasites to terminally invest
as an infection ends, a classic expectation for reproductive investment. Sensing two cues enables
parasites to track the infection’s progression, permits terminal investment, and recovers the fitness
of the optimal time-varying strategy. Parasites that sense two cues more efficiently exploit hosts,
resulting in higher virulence, but also experience larger fitness declines in the face of
environmental noise, suggesting a trade-off between accuracy and robustness. Interestingly, the
cue combinations found to be most informative for parasite life history decisions were previously
identified as most informative for predicting clinical outcomes in human malaria infections.

This project began during a third-year research course (EEB397Y 1: Research Project in Ecology
and Evolutionary Biology) at the University of Toronto. It is uncommon for third year research
projects to result in publications, let alone ones in PLoS Biology, a top-tier open-access biology
journal that emphasizes broad significance, conceptual advance, and scientific rigour. This
remarkable achievement clearly demonstrates Avril’s innovative work and research ability.

Yours sincerely,

Jet Ca

Joel Levine, PhD

Professor and Chair

Department of Ecology & Evolutionary Biology
University of Toronto
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Abstract

The timing of investment into reproduction is a key determinant of lifetime reproduc-

tive success (fitness). Many organisms exhibit plastic, i.e., environmentally-responsive,
investment strategies, raising the questions of what environmental cues trigger
responses and why organisms have evolved to respond to those particular cues. For
malaria parasites (Plasmodium spp.), investment into the production of specialized trans-
mission stages (versus stages that replicate asexually within the host) is synonymous
with reproductive investment and also plastic, responding to host- and parasite-derived
factors. Previous theory has identified optimal plastic transmission investment strategies
for the rodent malaria parasite, Plasmodium chabaudi, as a function of the time since
infection, implicitly assuming that parasites have perfect information about the within-host
environment and how it is changing. We extend that theory to ask which cue(s) should
parasites use? Put another way, which cue(s) maximize parasite fitness, quantified as
host infectiousness during acute infection? Our results show that sensing a parasite-
associated cue, e.g., the abundance of infected red blood cells or transmission stages,
allows parasites to achieve fitness approaching that of the optimal time-varying strat-
egy, but only when parasites perceive the cue non-linearly, responding more sensitively
to changes at low densities. However, no single cue can recreate the best time-varying
strategy or allow parasites to adopt terminal investment as the infection ends, a classic
expectation for reproductive investment. Sensing two cues—log-transformed infected
and uninfected red blood cell abundance —enables parasites to accurately track the pro-
gression of the infection, permits terminal investment, and recovers the fithess of the opti-
mal time-varying investment strategy. Importantly, parasites that detect two cues more
efficiently exploit hosts, resulting in higher virulence compared with those sensing only
one cue. However, parasites sensing two cues also experience larger fithess declines in
the face of environmental and developmental fluctuations. Collectively, our results sug-
gest that sensing non-redundant cues enables more optimal transmission investment but
trades off against robustness in the face of environmental and developmental noise.
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Introduction

A key goal of life history theory is to understand how organisms should invest in reproduc-
tion over the course of their lives and explaining the substantial variation in patterns observed
(e.g., [1]). Reproductive investment entails a resource allocation tradeoff: resources allocated
to growth cannot, generally, also be allocated to reproduction. Classic work predicts that
reproductive investment will increase with age [2,3]. Additionally, reproductive investment
is expected to depend on the state of an organism, a product of intrinsic, physiological factors
and external, environmental ones [4]. Experimental data have shown that investment can be
plastic, with age and state both shaping an organism’s reproductive efforts to maximize life-
time fitness (e.g., [5,6]). How organisms estimate the time remaining for reproduction—that
is, what cues they utilize from their own physiology and the environment—remains an open
question for many systems.

For sexually-reproducing parasites, patterns of reproductive investment can have clini-
cal and epidemiological consequences. Protozoan parasites of Plasmodium spp. —the etio-
logical agents of malaria —infect red blood cells of their host, and a given infected cell will
either produce more asexual, cell-infecting stages (“growth” of an infection) or produce a sin-
gle gametocyte, a sexually-differentiated stage that can be transmitted to mosquito vectors
(potentially “reproducing” an infection). The proportion of infected cells that produce trans-
missible gametocytes, known in the malaria literature as the “conversion rate,” is a measure
of investment in reproduction/transmission [7]. This trait has a direct link to infectiousness,
since more gametocytes mean greater chance of onward transmission to a biting mosquito
[8-10] and can influence the virulence or severity of infection, since all else equal, lower
transmission investment means more host-damaging asexual parasites are produced [7].

Importantly, transmission investment in Plasmodium spp. is plastic, changing in response
to conspecific density [11,12], replication rate [13], parasite-conditioned media [14,15]
(which could contain infected red blood cell (iRBC)-derived vesicles [16]), RBC age struc-
ture/availability [13,17-19], and antimalarial exposure (e.g., [13,20]). Understanding why
transmission investment is plastic and what the optimal plastic strategy is has been the sub-
ject of several prior studies [7,13,21-24]. The rodent malaria parasite Plasmodium chabaudi
has been widely used as a model system to study plasticity in transmission investment due
to its experimental tractability and similarity to human malaria parasites [25]. In one exam-
ple, Schneider et al. [13] used different dosages of antimalarial drugs to show that interme-
diate reductions in parasite density led to reduced investment in transmission while strong
reductions had the opposite effect. These results are in line with standard predictions from
life history theory for malaria parasites, where mild stressors should promote reproductive
restraint and strong stressors that signal imminent clearance of an infection should lead to
complete investment in transmission [7], i.e., terminal investment [26]. But “stress” will vary
over the course of infection—even in the absence of drug treatment— as parasites deplete
host resources and hosts respond via immunity. These dynamics are thought to explain why
transmission investment in malaria parasites is variable over the lifespan of infections (i.e.,

Mathematical modelling provides another route to understanding and predicting adap-
tive plasticity in parasite traits. Models assessing the fitness consequences of different patterns
of transmission investment demonstrate that the best strategy involves initial reproductive
restraint that facilitates within-host parasite population growth (rather than early investment
in gametocytes that would have very low likelihood of onward transmission due to low den-
sities), followed by an increase in investment once parasite densities have risen, culminat-
ing in terminal investment as the infection is ending [21,23]. This work derived the optimal
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transmission investment strategy by assuming that investment is a function of infection age,
about which parasites have perfect knowledge. In addition to assuming that parasites can, in
effect, “tell time,” this work also assumes all infections proceed identically, a limitation com-
mon to models of age-specific reproductive investment [29]. In reality, time would be a poor
proxy for environmental conditions since the pace of infection changes with parasite dose
[30,31], host immunity [31,32], and myriad other factors. Therefore, understanding the links
between transmission investment and within-host environmental cues will result in more
biologically relevant models that can inform empirical observation of Plasmodium spp. trans-
mission investment. Currently, it is unclear whether observed deviations from the theoretical
optimal strategy are due to faulty theories or limitations in the cues that parasites perceive.
Understanding the fitness consequences of sensing different cues can delineate those possi-
bilities. Additionally, understanding what cues parasites should sense will enable better pre-
dictions on the influence of novel perturbations, like vaccination, on infection dynamics and
outcomes.

In this study, we extend a previously-published model of within-host rodent malaria infec-
tion dynamics [23] to include transmission investment as a function of environmental cues,
i.e., components of state. In our model, different cues may give rise to different early pat-
terns of transmission investment, which will alter the trajectory of infections and feedback
to influence the subsequent expression of the trait. We use numerical optimization to investi-
gate which within-host environmental cue or cues malaria parasites “should” sense for deter-
mining transmission investment (i.e., which cues give rise to the highest parasite fitness) and
the optimal shape of the relationship between each cue and transmission investment (i.e., the
optimal reaction norms). We assess the consequences of perceiving different cues on infection
dynamics and disease severity and quantify the robustness of different transmission invest-
ment strategies in the face of environmental and developmental stochasticity. Collectively, our
study further characterizes plasticity in P. chabaudi life history, identifies the cues we expect
parasites to be using, and introduces a mathematical framework that explicitly incorporates
cue perception that could be used to generate testable hypotheses and broadly applied to other
organisms.

Results

Our mathematical model tracks within-host dynamics of infection with the rodent malaria
parasite P. chabaudi (Fig 1A). Asexual parasites, called merozoites (M), invade uninfected
red blood cells (RBCs; R). The resulting infected RBC (iRBC; I) can go on to produce more
merozoites that are either asexually-committed (M; producing more merozoites if they
infect an RBC) or sexually-committed (Mg; producing a single gametocyte, G, if they infect
an RBC). RBC:s infected with these different types of merozoites are denoted as I and I,
respectively. Importantly, the proportion of iRBCs that follow these different developmen-
tal routes (i.e., producing M,) defines transmission investment. While previous approaches
have treated transmission investment as either fixed or time-dependent (e.g., [21,23,33-37]),
here we explicitly model it as a function of within-host environmental cues (see Materials and
Methods). We select as plausible cues various measures of the density of parasites and host
resources for which there is some experimental evidence to impact transmission investment
in Plasmodium spp. (Table 1). We quantify the fitness of parasites sensing various cues using
the cumulative transmission potential, which measures the summed probability of infect-
ing mosquito vectors across a 20-day infection period, assuming a constant biting rate and
mosquito abundance [23].
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Fig 1. Schematic of P. chabaudi within-host infection dynamics and fitness optimization. (A) Flow diagram of model tracking the dynamics of red blood cells

(R; RBCs), RBCs infected with asexual parasites (I), RBCs infected with sexual—but not yet mature —parasites (Ig), asexually-committed merozoites (M), sexually-
committed merozoites (M), and gametocytes (G). (B) Temporal dynamics of cue perception. Cue perception occurs one day before the production of asexual/sexual
merozoites, thereby introducing a delay between cue perception and the consequences of cue perception (i.e., production of more asexual infected RBCs or gameto-
cytes). A further delay occurs in the sexual cycle since gametocytes of P. chabaudi take two days to mature [38]. Dashed circles indicate the bursting/maturation of a
particular cohort of iRBCs. (C) Modeling reaction norm evolution. We model the relationship between the perceived cue and transmission investment (i.e., the reaction
norm) as a flexible spline (black lines). Specifically, a cubic spline can specify any third order polynomial at a given x value as a linear combination of the columns in its
basis matrix [39] (exemplified by the red, green, and blue dashed lines; combined they produce the solid, black line). For local optimization, an arbitrary starting spline
is picked (left panel) and an optimization algorithm is used to adjust the relative weights of the basis functions until a fitness maximum is achieved (going from left to
right). The small coloured arrows depict how the weight of a given basis function has changed from the previous panel.

https://doi.org/10.1371/journal.pbio.3003081.9001

In our model, cue perception occurs at the beginning of asexual iRBC development
(Fig 1B), determining the proportion of asexual iRBCs that produces sexually-committed
merozoites. Note that this modeling choice introduces a time lag between sexual commitment
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Table 1. Putative within-host environmental cues.

Cue Abbreviation Experimental Evidence
Infected RBC (iRBC) density [12,13,16,24]
Asexually-committed I
Asexually-committed, logio Ilog
Sexually-committed Ig
Sexually-committed, logio Iglog
Total (I+1g) Total I
Total (I+Ig) , logio Total I log
Gametocyte density [12,16,24]
Gametocytes G
Gametocytes, logio Glog
Resource density [12,13,24]
Uninfected RBC R
Uninfected RBC, logio Rlog

https://doi.org/10.1371/journal.phio.3003081.t001

(as a result of cue perception) and gametocyte production, which is a departure from previous
modeling work [23], but reflects empirical data on the canonical timeline of sexual commit-
ment from the best studied system (Plasmodium falciparum [40]). For each putative cue, we
define its associated reaction norm using flexible splines (Fig 1C). Specifically, the shape of
the reaction norm is determined by a linear combination of three basis functions comprising
a cubic spline. Adjusting the spline coeflicients (i.e., the weights associated with each column
of the spline basis matrix) changes the shape of the reaction norm. We used a combination of
local and global numerical optimization algorithms (see Materials and Methods) to adjust the
spline coeflicients and find the reaction norm that maximizes parasite fitness over a 20-day
infection, as in previous work [23,41] (Fig 1C). We test both raw densities and logged den-
sities as cues to expand the range of reaction norm shapes explored and because changes in
infection dynamics are observed in this system when doses change by orders of magnitude
[30]. For parasites sensing time, we used the same optimization process, except setting the
cue range to time since infection (day 0 to 20). Finally, following [42], our within-host model
includes two forms of immunity, one targeting specifically infected cells (I and I,) and one
targeting all red blood cells (I, I, and R). Thus, while resource limitation plays some role in
driving infection dynamics in this model, immunity allows for the clearance of the infection.

Cue perception mediates parasite life history and fitness

Based on previous work modeling P. chabaudi transmission investment as a function of time
[23], we expect the following as the best strategy over a 20-day infection: parasites should
delay investment early on, display a rapid increase in investment when sufficient gameto-
cytes can be produced to ensure transmission, subtly reduce investment in the face of declin-
ing resources, and ultimately rise to the highest levels of investment shortly before the end of
infection (roughly, “terminal investment” [7,23]). Although the model we employ here has

a few key differences from that work (see Materials and Methods), we find a similar optimal
transmission investment pattern as in [23] when we assume that investment is a function of
time (Fig 2A). When parasites instead respond to their environment and are constrained to
perceive a single within-host cue, these same patterns of transmission investment cannot be
fully recapitulated. Consequently, parasite fitness is lower in every case than when the cue is
time (Fig 2A, left panel).
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Fig 2. Cue perception mediates parasite fitness and dynamics of transmission investment. (A) On the left, fitness values achieved by parasites adopting the optimal
transmission investment strategy for each cue, normalized with respect to the time-varying strategy, are displayed in descending order. On the right, the dynamics of
transmission investment, given the optimal reaction norms, are plotted. Investment varies from dark blue (low values) to yellow (high values). The first four cues after
time, which include measures of parasite density on a logio scale, enable parasites to obtain the highest fitness and delay in transmission investment. (B) Optimal reac-
tion norms for different cues. Each facet displays the reaction norms for raw (black, dotted lines) or log-transformed (red, solid lines) cues. The ranges of cue values
“experienced” by a parasite adopting the optimal reaction norm are displayed above (raw) or below (log-transformed) the reaction norms as rug plots (horizontal bars).
Based on the shape of the reaction norms, we conclude that sensing log-transformed parasite-centric cues enables more sensitive detection of (and responses to) the ini-
tial rise in parasite abundance. The data and code needed to reproduce Fig 2 can be found in DOI: 10.5281/zenodo.17114049, plos-bio_R-notebook.Rmd file (1109-257)
and S1 Data.

https://doi.org/10.1371/journal.phio.3003081.9002

The environmental cues that result in the highest parasite fitness include logged parasite-
centric cues (e.g., logj densities of sexually-committed iRBCs). Perceiving these cues is suf-
ficient to produce the initial delay in transmission investment, but the delay is longer than
parasites sensing time as the cue, and there is no increase in investment near the end of infec-
tion (Fig 2A, right panel). Given that parasite densities rise non-linearly at the start of infec-
tions (both simulated and real [11,43-46]), sensing logged rather than raw densities results in
reaction norms that are more sensitive to those early changes (Fig 2B), enabling parasites to
increase transmission investment after the densities have reached a rough threshold. In con-
trast, sensing raw parasite densities results in reaction norms that essentially ignore changes at
the low parasite densities characteristic of early infections (Fig 2B). In principle, raw and log-
transformed densities encode the same information, so parasites sensing either cue should
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have the same optimized fitness. In practice, the log transformation amplifies the influence
of low-density changes, allowing smooth spline curves to model threshold-like behaviour
on a raw scale. One could also capture abrupt changes at a specific threshold by the inclu-
sion of knots. However, optimizing the number and placement of knots is computationally
challenging.

The density of host resources (RBCs; raw or logged) is also a poor cue for initial stages of
infection, since they change very little early on and, therefore, do not allow parasites to engage
in delayed transmission investment (Fig 2A). Overall, our results broadly suggest that early
transmission delay necessitates sensitivity to changes at low parasite density.

Dual cue perception is necessary for terminal investment

We found that parasites sensing a single cue cannot reproduce the expected optimal transmis-
sion investment strategy, particularly the rapid increase in transmission investment during
late infection (i.e., terminal investment). Achieving terminal investment presumably requires
sensing a cue that provides a unique signal at the later stages of infection. Inspecting infec-
tion dynamics produced by parasites that sense time revealed that only RBC density pro-
vides such a distinctive late-stage signal (Fig 3A). Given the poor performance of this cue

in early stages of infection, these results suggest that simultaneous perception of RBC and

a parasite-centric cue could provide infection stage-specific information that enables both
early reproductive restraint and terminal investment. Consistent with this expectation, in a
rodent malaria experiment, including variables that reflect parasite density and host resources
(specifically, replication rate and changes in RBC density) in statistical models explained sub-
stantially more variation in transmission investment than the parasite-centric variable alone
[13].

To investigate the fitness consequences of sensing two cues, we optimized the transmission
investment strategy of parasites sensing all pairwise combinations of log-transformed cues,
using two-dimensional spline surfaces and focusing on combinations of log-transformed cues
given their higher performance in the single cue optimizations. Our results suggest that sens-
ing dual cue combinations improves parasite fitness relative to sensing a single cue (Fig 3B),
with parasites sensing logged RBC and logged iRBC (asexual or total) exhibiting notably
higher fitness (Fig 3B). This higher fitness is conferred by transmission investment patterns
that are close to the time-varying ideal, with an initial delay in transmission investment and
a late infection (nearly) terminal investment before returning to a low transmission invest-
ment (Figs 3C and S2). Increasing the spline flexibility of the single cue models (to match the
degrees of freedom in dual cue models) could not reproduce this same pattern (Fig 3C), con-
firming that dual cue perception specifically enables terminal investment and its associated
fitness benefits (S3 Fig).

To better understand the optimal patterns of transmission investment, we next analyzed
the reaction norm of the dual cue combination that conferred the highest fitness: logged asex-
ual iRBC and logged RBC. The pattern of transmission investment is defined by a looping
journey through the reaction norm surface (Fig 3D), confirming that the cue combination
traces a unique path over the course of an infection. We categorized the reaction norm into
four distinct sections/stages (Fig 3D). Stage I corresponds to the initial phase of infection,
characterized by low transmission investment, low parasite density, and high RBC density
(Fig 3C and 3D). As the infection progresses, the reaction norm enters stage II, characterized
by asexual iRBC production and RBC decline. During this stage, the optimal transmission
investment increases considerably, followed by subtle declines as the iRBC population con-
tinues to increase (Fig 3C and 3D). The transition from a low to high transmission investment
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Fig 3. Dual cue perception increases parasite fitness and enables terminal investment. (A) RBC density uniquely marks the onset of terminal investment. In the left
panel, we plot transmission investment of parasites sensing time (i.e., the ideal dynamics) and mark its key features: transmission delay (purple) and terminal investment
(red). We then plot the dynamics of single cues on the right and mark the range of cue values reached during terminal investment with two red, dashed lines. The overlap
of the red dashed lines with earlier cue values indicates that parasites may not be able to uniquely recognize the end of the infection. (B) The fitness of parasites (normal-
ized with respect to the time-varying strategy) adopting the optimal strategy for each dual cue combination is indicated with a blue triangle, while the fitness obtained
when perceiving the best performing single cue (of the combination) is represented with an orange circle. To obtain the fitness of a fair comparator time-varying strategy,
we optimized transmission investment as a function of time using a spline with nine degrees of freedom (the same degrees of freedom used in the dual cue model), rather
than the three degrees of freedom used above and previously [23]. (Note that the marginal fitness gains of using more flexible splines are small [23], but tracking two
environmental cues necessitates more degrees of freedom.) (C) The pattern of transmission investment over time for parasites sensing the best dual cue combination (R
log & I'log, blue square) along with individual components of the cue (Ilog, orange circle; R log, yellow triangle; each optimized with nine degrees of freedom) and the
ideal dynamic (Time, black cross) are plotted together. Parasites sensing the combination of logged asexual iRBC and logged RBC best approximate the time-varying
strategy. (D) Transmission investment (colour of heatmap) is plotted as a two-dimensional reaction norm, with logged RBC and logged asexual iRBC as cues. The white
line indicates the trajectory of infection, starting at the top left, for parasites adopting this optimal reaction norm, with each point representing a single day. The arrow

on the white line indicates the passage of time. For (C-D), the four stages outlined in the results section are annotated with I, II, III, and IV. The data and code needed to
reproduce Fig 3 can be found in DOI: 10.5281/zenodo.17114049, plos-bio_R-notebook.Rmd file (1324-421) and S2 Data.

https://doi.org/10.1371/journal.pbio.3003081.9003
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observed as stage I transitions into stage II constitutes delayed transmission investment. Fol-
lowing peak parasite density, the reaction norm enters stage III, which is marked by decreas-
ing iRBC population and gradual replenishment of RBCs, signaling imminent infection clear-
ance. At this stage, transmission investment increases to peak levels (i.e., terminal invest-
ment). Finally, as the infection nears clearance and the reaction norm enters stage IV, trans-
mission investment sharply drops as the host heads towards recovery (Fig 3C and 3D). We
note that this drop in predicted transmission investment is likely a consequence of the con-
straints of the spline surface, and different strategies during this stage would have negligible
impact on fitness [23]. Overall, our results suggest that each cue in this combination plays a
crucial role in defining progression through infection stages I to III, with asexual iRBC den-
sity exhibiting the largest variation in early and late infection (stages I and III), and logged
RBC density exhibiting the largest variation during mid-infection (Stage II; Fig 3D). This
temporal staggering of iRBC and RBC dynamics (i.e., their hysteretic relationship) ensures
that these infection stages can be tracked. As a result, dual cue perception provides parasites
with the ability to “state differentiate,” to accurately monitor the progress of the infection and
adjust transmission investment accordingly.

Intriguingly, the dual cue combinations that are most informative for parasites making
life history decisions (top two in Fig 3B) are also the most informative for predicting patient
outcomes in clinical malaria infections [47]. In both cases, two slightly out-of-phase within-
host measures can uniquely define a patient’s (or simulated host’s) position on the path from
health through sickness to recovery. Plotting this trajectory through disease maps (i.e., the
two measures plotted against each other, as in Fig 3D) produces a looping, or hysteretic, pat-
tern, with each infection stage occupying a unique coordinate in this two-dimensional space
[47]. To further validate that forming the characteristic looping pattern is a unique feature of
our identified best cue combinations, we constructed disease maps using experimental data
from laboratory mice infected by a single strain of P. chabaudi [11,43-46,48] and simulated
data from our models where parasite senses time. Both experimental and simulated data indi-
cate that raw or logged RBC with logged iRBC (asexual or total in the model; only total is
available in the experimental data) are the only cue combinations that generate fully separated
loops (e.g., Fig 4A), while other cue combinations do not (e.g., Fig 4B and4C; full data shown
in Figs S4 and S5). When early and late infection stages are “condensed” in space, simulated
parasites fail to state differentiate and do not delay transmission investment or terminally
invest (S2 Fig). In summary, our results demonstrate that optimal transmission investment
requires parasites to unambiguously state differentiate, track infection stages, and dynamically
adjust investment in response to changing conditions. Our data suggest that perceiving hys-
teretic cues—of which a combination of RBC and logged iRBC provides a clean delineation of
different infection stages—is a viable method of attaining state differentiation.

Dual cue perception exacerbates the fitness loss incurred by environmental
and developmental stochasticity

The benefits of plasticity depend on the quality of information organisms obtain from
environmental cues. Adaptive phenotypic plasticity is contingent on proper phenotype-
environment matching, where the perceived cue is a reliable predictor of the optimal phe-
notype [49-53]. Theory suggests that a weak correlation between cue(s) and the optimal
phenotype (i.e., low cue reliability) could disfavour plasticity relative to other strategies
(i.e., local adaptation [50,51,54], canalization [53], bet-hedging [54]). For malaria parasites,
there may be unpredictable variation in the environment (e.g., RBC availability [42,55,56],
immunity [42,57-59]) or in traits governing parasite development within the host [42].
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Fig 4. Trajectories of log-transformed RBC and iRBC densities form a looping pattern in silico and in vivo. Simulated
(left) and experimental (right) trajectories of cues that (A) enable transmission delay and terminal investment or (B-C)
fail to achieve these patterns. For each panel, the left graph displays the results from our simulations where parasite senses
time with nine degrees of freedom, with the distance between each circle representing a single day and the colour of the
line representing the observed transmission investment. The right graph displays the infection trajectory of laboratory

P. chabaudi infections in mice, with the colour of the lines indicating the day post-infection. Note that asexually- and
sexually-committed iRBCs were not distinguished in the experimental data. For the simulated trajectories, the first 3 days
correspond to the period of delayed transmission investment and the last 5 days correspond to when terminal investment
is expected. In (B), early changes in asexual iRBC density cannot be clearly separated (see the red, dotted box), therefore
preventing a delayed transmission investment strategy. Similarly, in (C), late state infection stages cannot be separated from
earlier time points, preventing parasites from terminally investing. The data and code needed to reproduce Fig 4 can be
found in DOI: 10.5281/zenodo.17114049, plos-bio_figure-creation.Rmd (1692-1077) and S3 Data.

https://doi.org/10.1371/journal.phio.3003081.9004

Such environmental and developmental stochasticity could preclude evolution towards the
strategies we predict above. Although our model allows parasites to sense components of their
state, and their resulting level of transmission investment will feedback to influence that state,
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the results above assume that all else is equal between hosts. Specifically, the optimal reaction
norms identified above are associated with a particular set of model parameters (the median
estimates from posterior distributions in [42]; we refer to this as the deterministic model).
This implicitly assumes that hosts are all the same or that parasites are moving between hosts
sufficiently quickly that they adapt to an “average” environment.

To investigate how biologically relevant variation affects cue performance, we built a semi-
stochastic model based on the work of Kamiya et al. [42], which employed a hierarchical
Bayesian method to quantify inter-host variation in parasite burst size, erythropoiesis (RBC
replenishment), and immune strengths. For all log-transformed single cues and dual cues,
we performed 1000 20-day simulations, holding the reaction norm at the optimum from the
relevant deterministic simulation, and simultaneously varying the RBC replenishment rate
(), parasite burst size (), immune activation strengths (3, and ,,) and immunity half-lives
(¢, and ¢,,), sampling parameter values from the reported posterior distributions [42] (S6
Fig). Each choice of parameter set will influence the within-host infection dynamics, poten-
tially altering the trajectory of the perceived cue(s), resulting in different, expressed patterns
of transmission investment and, thus, fitness. Here we are asking, if parasites are “optimized”
to the average host, does environmental and developmental variation change inferences about
which cues are best? We quantified the effect of variation on cue performance using the geo-
metric mean fitness, commonly used to assess fitness in fluctuating environments [60,61].

We find that the geometric mean fitness of parasites responding to a given cue, in the face
of this variation, is largely uncoupled from fitness in the deterministic model (i.e., the envi-
ronment in which the strategy was optimized; Fig 5A), emphasizing that the “best” reaction
norm for a certain environment does not always confer the best phenotype in another. Inter-
estingly, all dual cues have a lower geometric mean fitness than the best-performing single
cue (Ilog, Fig 5A). Furthermore, this result emphasizes the challenge of using time as an envi-
ronmental proxy, since its geometric mean fitness in the semi-stochastic model is among the
bottom half of cues. Allowing only one parameter to vary similarly tends to reduce the fit-
ness of the best dual cue strategies disproportionately (57 Fig). These results indicate a poten-
tial tradeoff between fine-tuning fitness in a given environment and susceptibility towards
environmental and developmental stochasticity.

While sensing two cues provides more information about “where” an infection is, it could
also increase the amount of perceived noise and exacerbate the negative effects of environ-
mental/developmental stochasticity. To test whether increased noise perception reduces the
fitness of dual cue-sensing parasites, we compared the trajectories of the most “robust” sin-
gle cue (I'log; Fig 5B left panel) and the dual cue combination with the highest deterministic
model fitness (R log & I log; Fig 5B right panel). As expected, the variation in asexual iRBC
density across our simulations is much lower than that of both asexual iRBC and RBC (Fig 5B
top panels). While parasites sensing both types of cues delay transmission, those sensing
logged RBC and iRBC display highly variable transmission investment dynamics (Fig 5B bot-
tom right). In contrast, the transmission investment pattern of parasites sensing only logged
asexual iRBC resembles that of the deterministic model (Fig 5B bottom left). These results
suggest that sensing certain dual cue combinations can reduce parasite fitness by increasing
noise perception that induces suboptimal transmission investment.

Dual cue perception leads to higher virulence

Given that cue perception mediates infection dynamics, it could also influence the severity of
infections, or virulence. We estimated virulence using the methods described in Torres et al.
[47], where infection dynamics are mapped in disease space, with the y-axis quantifying host
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Fig 5. Optimal transmission investment strategies do not always translate effectively across different environmental and developmental conditions. (A) Fitness
of parasite strategies in the deterministic model is largely uncoupled from the geometric fitness of those same strategies in the semi-stochastic model. Plotted on the y
axis is the geometric mean fitness of 1000 simulations of parasites adopting the optimal transmission investment strategy (sensing time from the deterministic model)
using a semi-stochastic model where six parameters are randomly drawn from posterior distributions derived by Kamiya et al. [42]. The fitness from the deterministic
model is plotted on the x-axis and all values are normalized with respect to the time-varying strategy with nine degrees of freedom (i.e., the dual cue comparator shown
in Fig 3C). Note we also plot the fitness of the time-varying strategy with three degrees of freedom. Overall, dual cue-sensing parasites tend to perform worse than single
cue-sensing parasites in the face of variation. The cue with the highest geometric fitness (I log) is indicated by a dotted orange box, while the cue combination with the
highest deterministic model fitness (R log & I log) is bound by a blue dotted box. (B) Sensing dual cues can increase noise perception and lead to highly variable trans-
mission investment dynamics. The top two graphs display the cue trajectories for parasites sensing the best performing cue in the semi-stochastic simulations (logged
asexual iRBC density, plotted against time; left) or dual cues (logged asexual iRBC and logged RBC density, plotted against each other; right). The red lines represent
individual semi-stochastic simulation results, while the thicker white line represents the dynamics from the deterministic model. The background colour indicates the
optimal reaction norm: on the right, this is the same as what is plotted in Fig 3D. The bottom two graphs display the transmission investment dynamics of the same
parasites. The thicker orange/blue line represents the transmission investment trajectory from the deterministic model, while the thinner grey lines represent individ-
ual semi-stochastic simulation results. The data and code needed to reproduce Fig 5 can be found in DOI: 10.5281/zenodo.17114049, plos-bio_R-notebook.Rmd file
(1576-868) and S4 Data.

https://doi.org/10.1371/journal.phio.3003081.9005

health (RBC density) and the x-axis quantifying parasite load (total iRBC density). A more
virulent infection is expected to produce a higher parasite load while consuming more host
resources, tracing a larger loop through disease space. To evaluate the effects of cue percep-
tion on virulence, we generated 30-day disease maps of infections, allowing sufficient time for
the infection to fully resolve in our model. We use the area enclosed by each disease map as a
proxy for virulence, with larger areas indicating higher virulence. We note that we are using
“virulence” as synonymous with infection severity and not host mortality, thus we assume no
link between virulence and the duration of infection. Recent modeling suggests that resource
limitation imposes a more important constraint on the evolution of transmission investment
in P. chabaudi than does host mortality due to infection [62].
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Parasites perceiving only a single cue trace smaller disease maps than parasites that adopt
the ideal pattern of transmission investment (by sensing time; Fig 6A). Additionally, the area
of the disease map is negatively correlated with parasite fitness across all single cues (Fig 6B),
suggesting that if parasites are constrained to perceive a single within-host cue, strategies that
result in lower virulence would be favoured. Parasites sensing the top two dual cue combina-
tions produce disease maps that are similar to the map traced by parasites adopting the time-
varying strategy (Fig 6C) and result in higher virulence relative to parasites sensing a single
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Fig 6. Cue perception mediates infection severity (virulence). (A, C) display the 30-day disease maps of infections where parasites adopt the top two optimal transmis-
sion investment strategies when sensing (A) a single cue or (C) dual cues. We use the area of the map traced as a proxy for virulence [47]. The trajectory of parasites that
adopt the ideal transmission investment strategy (sensing time) is shown in black. (B, D) Relationship between disease map area and fitness (normalized with respect

to the time-varying strategy) for parasites that sense (B) only one cue or (D) dual cues. The top two cues for single and dual cue perceiving parasites are coloured, while
the grey points represent the other (B) single or (D) dual cues. Overall, these results suggest that perceiving only a single cue generates selection for strategies that lead
to lower virulence while perceiving two cues generates selection for strategies that lead to higher virulence.The data and code needed to reproduce Fig 6 can be found in
DOI: 10.5281/zenodo.17114049, plos-bio_figure-creation.Rmd (11833-2146) and S5 Data.

https://doi.org/10.1371/journal.pbio.3003081.9006

PLOS Biology | https://doi.org/10.1371/journal.pbio.3003081 October 9, 2025 13/ 32



https://doi.org/10.1371/journal.pbio.3003081.g006
https://doi.org/10.1371/journal.pbio.3003081

PLOS BIOLOGY

Optimal cues for transmission investment in malaria parasites

cue (Fig 6D; compare x-axis values of points in B and D). Overall, these findings suggest that
if parasites have limited information or have evolved to respond to only one cue (e.g., because
of physiological constraints or high environmental/developmental variation), virulence will
be lower, while if parasites are favoured to more finely track infection stages through dual

cue perception, they will exploit host resources to a greater extent and infections will be more
virulent.

Discussion

Just as with any sexually-reproducing species, investing in reproduction by producing game-
tocytes is critical for the fitness of Plasmodium spp., as this is the only parasite stage capa-

ble of being transmitted to mosquito vectors. As for other species, this investment comes
with tradeoffs for malaria parasites: a given infected host cell can either produce multiple
asexual progeny that can infect new host cells and have the potential to grow or maintain a
given infection, or a single, sexually-differentiated gametocyte with the potential to “repro-
duce” an infection [63]. Thus, maximizing parasite fitness requires balancing these competing
demands, the relative importance of which is likely to shift over the course of infection, as the
within-host environment changes in response to parasites exploiting the host. Indeed, data
show that transmission investment varies throughout infections [11,12,27] and appears to
change in response to drug treatment in ways predicted to be beneficial for parasites (e.g., [13,
41]). While adaptive plasticity is a well-known solution to the challenge of living in a chang-
ing environment (e.g., [64]), there has been skepticism about the fitness benefits of observed
parasite plasticity [65], in part because knowledge of parasite environmental sensing mecha-
nisms remains limited. Previous mathematical modeling has treated parasites as either insen-
perfectly informed (time-varying investment [21,23,24]). We instead asked what environmen-
tal cues malaria parasites should use to set transmission investment, demonstrating that no
single cue allows parasites to achieve the best time-varying strategy [23]. Parasites must sense
two cues to recapitulate the optimal strategy but that strategy enhances the risk of parasites
being “tricked” by environmental and developmental stochasticity into expressing suboptimal
phenotypes. We further show that if parasites have the capacity to sense more aspects of their
within-host environment, then this has negative consequences for host health.

Previous theoretical work identifies two key features of optimal transmission investment
strategies for P. chabaudi [23]. First, there should be no investment at the start of infections,
when densities are too low to permit successful infection of vectors (i.e., transmission invest-
ment delay). Second, parasites should invest all resources into transmission just before an
infection ends, a “terminal investment” strategy from life history theory [7]. Our results delin-
eate the environmental cues that can recapitulate these features. Transmission delay requires
a sharp, threshold-dependent transition from no investment to an intermediate investment
level as the parasite population grows. Making clear-cut decisions in response to continuous
cues is common in biological systems (e.g., cell cycle commitment [68] and developmental
patterning [69]) and often relies on ultrasensitivity, characterized by a steep response curve.
Our results demonstrate that an ultrasensitive reaction norm where transmission invest-
ment rises sharply after a certain population size threshold— a pattern enabled by sensing
parasite-centric cues on a logarithmic scale—is sufficient for transmission delay. Prior empiri-
cal studies have found that Plasmodium transmission investment varies in response to conspe-
cific density [11,12], parasite-conditioned media [14,15], and infected red blood cell (iRBC)-
derived vesicles [16], suggesting that parasites possess the ability to sense iRBC density. Our
results support these responses being part of an adaptive strategy.
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In addition to parasite density, P. chabaudi has been shown to modulate its transmission
investment based on RBC availability and age structure [13,17-19,24]. Our results suggest
that this is also part of an adaptive strategy, with the combination of iRBC and RBC cues
allowing parasites to distinguish between early and late infection. Since most within-host vari-
ables go up and down, or vice versa, over time (e.g., iRBC densities rise and then fall due to
resource limitation or immunity), one cue cannot provide enough detail to unambiguously
establish “where” a parasite is in the course of infection. Combining cues solves this prob-
lem. In line with this logic, researchers seeking to define a host’s trajectory over time from
health through sickness and on to recovery [70] found a combination of two within-host mea-
sures (e.g., parasite density and resource abundance) that are slightly out of phase with each
other can uniquely determine a patient’s position on their path for malaria infection [47].
Remarkably, though perhaps predictably, we found that the information desired by medical
professionals seeking to predict patient outcomes is also the most informative for parasite life
history decisions.

There is a growing appreciation that, across diverse organisms, plasticity is often expressed
in response to multiple cues that allow for more finely-tuned strategies [71-73]. Our work
adds support to theories suggesting that the adaptive benefits of phenotypic plasticity are
enhanced when cues provide non-redundant information [74] and enable organisms to sense
distinct states that correspond to specific optimal phenotypes [75]. Yet it is also widely appre-
ciated that integrating multiple cues presents challenges, including the additional metabolic
burden of sensing another cue [76] and the multiplicative effect of noise when cues are non-
additive [73]. Our complex (decidedly non-additive) dual cue reaction norms present a trade-
off: they allow parasites to more accurately recreate optimal strategies in a given environ-
ment while rendering them more susceptible to stochastic environmental and developmen-
tal change, i.e., host-to-host variability. Such tradeofts may represent important constraints
on the evolution of plastic reproductive investment strategies, perhaps explaining why P
chabaudi rarely exhibits true terminal investment in vivo (displaying only modest increases
in transmission investment near infection resolution; [13,20]), and on the evolution of cue
perception more broadly.

The tradeoff hypothesis for virulence evolution stipulates that pathogen transmission
inevitably harms the host [77]. While the generality of this framework has been contested (see
[78] and references within), empirical data from Plasmodium spp. have generally supported
a positive relationship between virulence and transmissibility [79-82]. Here, we demonstrate
that if parasites are limited to sensing a single cue for setting transmission investment, then
the strategies that result in the most onward transmission actually result in less host exploita-
tion. Allowing parasites to sense two cues reverses this relationship and produces the expected
pattern of the most onward transmission being achieved by the strategies that also produce
the most virulent infections. Importantly, previous work has shown that host heterogeneity
can constrain parasite virulence evolution [83-85] and our results suggest another mecha-
nism by which this may be true: responding to two cues—while allowing for state differenti-
ation in one host environment—can dramatically reduce fitness in the face of heterogeneity,
potentially favouring single cue (hence, lower virulence) strategies.

Mathematical modeling has enabled us to explore the fitness consequences of cue percep-
tion in P. chabaudi, and our results suggest where greater model complexity would be most or
least informative. For example, incorporating variation in gametocyte circulation time [27]
would undercut the reliability of gametocytes as a cue, further supporting our results that
it is unlikely to represent the optimal cue. The human malaria parasite P. falciparum has a
longer sexual development period of 9-12 days [86] and this longer lag between cue percep-
tion and phenotype expression will reduce cue reliability [87]. Thus, we anticipate the value
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of sensing gametocytes to decrease even further in this species. While we have ignored par-
asite developmental processes that occur in the vector, recent theory suggests they have lit-
tle qualitative impact on optimal transmission investment strategies [88]. In contrast, the
impact of previous exposure on host immunity represents one area where more complex-

ity could qualitatively alter predictions. Our models depict immunologically naive hosts, but
where malaria is endemic, parasites will often find themselves in a host with a prior history
of infection. Understanding how immune memory influences the quality and reliability of
potential within-host cues represents an important area for future research. Our selection

of cues assumes that parasites sense only the magnitude of a cue, without detecting tempo-
ral changes in that magnitude. Schneider et al. [13], in their empirical demonstration of P
chabaudi adaptively altering transmission investment, found that replication rate, i.e., the
proportional change in parasite densities, had better explanatory power than absolute densi-
ties. Broadly speaking, they found transmission investment increased with replication rate, a
pattern that is not found with our model since replication rate is highest at the start of infec-
tions, before resource or immune limitation kicks in, and not investing in transmission at this
point is best. We note that a direct comparison of results is tricky since estimates of trans-
mission investment underlying their observed pattern come from day nine of infections or
later. Nonetheless, we identified sensitivity to changes at low population density as a key fea-
ture of a “useful” cue and the proportional changes captured by replication rate will simi-
larly share this feature. Future modelling work that explicitly treats rates as cues could clarify
how perceiving magnitude- versus rate-based cues affects fitness. Another important model
assumption is that all parasites perceive the same cue at the same strength, but cues may not
be spatially uniform. Variation in signal strength and imperfect cue sensing could lead to het-
erogeneity in transmission investment in a genotypically uniform parasite population, sim-
ilar to the dynamics observed in bacterial biofilms [89]. Extrapolating from our results, we
hypothesize that if the variation in signal strength is large enough, selection may favour sin-
gle cue sensing due to the relative robustness to stochastic variation. We note that the vari-
ation we incorporated in our semi-stochastic simulations likely underestimates that which
would be observed in natural infections, since the dataset fitted by Kamiya et al. [42] includes
only a single mouse host genetic background studied in a highly controlled experimental sys-
tem [30]. Thus, environment-phenotype mismatching could be an even larger problem in
nature than we have estimated. Additionally, given the variation in burst size and develop-
mental timing across Plasmodium spp., there is a great need to quantify the extent of variation
across infection parameters to better understand the role of environmental/developmental
heterogeneity on parasite evolution.

Beyond malaria, our work presents a generalizable computational approach to study phe-
notypic plasticity. By defining plastic traits as an optimizable reaction norm, it is possible to
explore the fitness consequences of sensing different cues and generate hypotheses regarding
why organisms respond to certain cues and not others. Mechanistic models of plasticity that
capture feedbacks between traits and the environments that shape them will allow for predict-
ing the consequences of perturbations, which is relevant for understanding not only disease
dynamics in the face of control measures, but also the fate of organisms whose environment is
rapidly altered by climate change.

Materials and methods
Within-host model of P. chabaudi infection dynamics

We modified and extended a previously published mathematical model describing the within-
host infection dynamics of the rodent malaria parasite, P. chabaudi [23] (Fig 1). The original
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model consists of ordinary and delay differential equations representing the interactions
between the parasite, host red blood cells (RBCs), and host immunity over a 20-day infec-
tion. There are three key differences in our model from that previous work. First, we include
the activity of two forms of immunity to better capture host defense mechanisms: a targeted
immune response that only kills infected RBCs (iRBCs) and an indiscriminate response that
kills any RBC, as in [42]. Second, we revised the model to account for the observation that
sexually-committed parasites do not engage in gametocytogenesis until the next infection
cycle (Next Cycle Conversion; [40]). This necessitated separately tracking the production of
sexual merozoites (M) and asexual merozoites (M) from infected cells and consequently
introduced a delay between sexual commitment and the outcome of sexual commitment (i.e.,
production of an iRBC that will produce a gametocyte, I;). Third, we modeled transmission
investment as a function of one or two within-host cues, instead of time as in [23], to better
capture the mechanism of phenotypic plasticity, since there is no evidence malaria parasites
track time across multiple generations. We further describe the implications of these changes
on the model below.

We depict an immunologically naive host given the availability of experimentally derived
parameters. Throughout an infection, we assume indiscriminate immunity eliminates all
RBCs (R, I, I,) whereas targeted immunity eliminates only iRBC (I, I,). As in [42], we define
N and W as the proportion of cells cleared per day by indiscriminate and targeted responses,
respectively. The magnitude of this activity is dependent on the total abundance of iRBC
(I+1y):

ay 10 +1(0) N(Y)
T L (1-N(1))- bn W
—
Immune activation Immune decay
dw I(t) + L(1) Ww(t)
R T ¥

Immune activation Immune decay
where 9, and ¢,, denote the immune activation strengths, ¢, and ¢,, represent the immune
activity half-lives, and ¢ represents the theoretical maximum total iRBC density, which deter-
mines the threshold at which immunity saturates. Experimental data from mouse infections
indicate that indiscriminate immunity is quickly activated but short-lived, whereas targeted
immunity has a longer activation period but a longer half-life [42]. Because N and W have
been defined as proportions of cells cleared, they can be rewritten to reflect daily rates of
clearance. For example, N = 1 - e™*¥, where xy is equal to the rate of clearance on a given day,
and is defined as -In (1 - N), with some rearranging of terms. A similar expression provides
the daily clearance rate for targeted killing, -In (1 - W).

Mimicking an experimental P. chabaudi infection, the host receives an initial dose of
asexually-committed iRBC (Ip) to start the infection. We assume no parasites in this initial
dose commit to gametocytogenesis and all produce asexual merozoites (M). Therefore, before
the end of the first asexual development period (¢ < &, where « is the development period of
one day for this species), the dynamics of asexual iRBC (I) in the host are determined solely
by the invasion of RBC by asexual merozoites, natural RBC death, maturation of the initial
cohort of infected cells, and immune-mediated killing such that
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dl

L _eROM() - uI(t) - IoBeta(sp,sp)S—[-In(1- N(t)) - In(1 - W) I(H).  (3)

dt ———— —
RBCinvasion  Natural death iRBC maturation Indiscriminate and targeted immunity

The first term, eR(#)M(t), represents the production of iRBC through asexual merozoite
invasion of RBCs, which occurs at a rate of € per day, given contact. Infected RBCs die at a
background rate of y, while -In(1-N(t)) and —-In(1-W(t)) describe their rate of death due to
indiscriminate and targeted immunity, respectively. The infection-age structure of the ini-
tial cohort of asexual iRBCs, denoted as Beta(sp,sp), is modeled using a Beta distribution
with a shape parameter sp = 1, allowing iRBC maturation to occur with a uniform probability
throughout the development period [90]. The uniform probability of maturation for the initial
cohort is computationally efficient and provided extremely similar results to more narrow age
distributions in a previous modeling study [23]. The rate of asexual iRBC maturation depends
on an exponential survival function S, which describes the proportion of iRBC that survives
until maturation. S is defined by a cumulative hazard function that is calculated by integrating
the total rate of death across the development period:

S:exp[—f_t f o —In(1-N(@)) - In(1 - W()) da]. (4)

t-a —

Natural death  Indiscriminate and targeted immunity

During the period f < «, asexual merozoite production is described by

dM
— = BlyBeta(sp,sp)S— wmM(t) —eR(t)M(¢), (5)
a -

iRBC maturation Natural death  RBC invasion

where the first term represents the production of asexually-committed merozoites by asex-
ual iRBC that have survived the duration of the developmental cycle and burst to produce 3
merozoites each. Asexual merozoites are lost by natural death at a rate of u,, and are removed
by their invasion of susceptible RBC.

After all the initially injected iRBC have matured or died (t > ), the next cohort of asexual
iRBC starts to reach maturity. Transmission investment is defined as the proportion, ¢, of this
new generation that commits to gametocytogenesis, resulting in the production of 3 sexually-
committed merozoites (M,) per cell. These sexual merozoites invade susceptible RBCs to pro-
duce sexual iRBCs (I,). We assume that sexually-committed merozoites have the same death
rate (1,,) and rate of RBC invasion (¢) as asexual merozoites. The remaining proportion (1-c)
of iRBC produces asexual merozoites and continues the asexual replication cycle. Altogether,
when ¢ > a, the dynamics of iRBC and merozoites are as follows:

dl
L _eROM) - pI(t) - [-In(1-N() - In(1- W(E)]I(E)
dt ——— ——
RBC invasion ~ Natural death Indiscriminate and targeted immunity (6)

-eR(t-a)M(t-a)S

iRBC maturation

dM
— =B(1-c)eR(t-a)M(t-a)S- u,M(t) —eR(t)M(t) (7)
dt —_—
iRBC maturation (asexual) Natural death ~ RBC invasion
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% = BeeR(t - a)M(t - a)S— pmMq(t) —eR(t)Mg(t). 8)

iRBC maturation (sexual) Natural death RBC invasion

The parameter governing transmission investment (c) represents the proportion of iRBCs
that produce sexually-committed merozoites and is further defined in the next section.

Before the first cohort of sexual iRBC matures (a < t < a+a,), the dynamics of sexual iRBC
is governed solely by the rate of RBC invasion by sexually-committed merozoites, natural
RBC death, and immunity:

dl,
d—g =€R(t)M,(t) - ulg(t) -[-In(1-N(t))-In(1-W(t))]L(t). 9)
t —_——— ——
RBCinvasion  Natural death Indiscriminate and targeted immunity

When the first cohort of sexual iRBC matures (¢ > a + ), each sexual iRBC produces a sin-
gle gametocyte, G, such that

dl
S eR(OM(6)~ #ly(t) - [n(1-N(H) - In(1 - W(0) i1
—_——— ——
RBC invasion  Natural death Indiscriminate and targeted immunity ( 10)

- €R(t - ag)My(t - ay)S,

iRBC maturation (sexual)

dG
E:ER(t—ag)Mg(t—ocg)Sg— UeG(1) (11)

iRBC maturation (sexual) Natural death

where 4, is the background death rate of gametocytes. The survival probability of sexual
iRBCs during their development cycle is defined by the exponential survival function Sg,
which is similar to that of asexual iRBC (S), except the cumulative hazard function is inte-
grated over the length of sexual iRBC development, a:

t
Sg:exp[—f K =In(1-N(w)) - In(1 - W(w)) dw]. (12)
T

Natural death  Indiscriminate and targeted immunity

Throughout the infection, the density of uninfected RBCs, R, is affected by erythropoiesis,
natural death, indiscriminate immunity, and merozoite invasion, such that:

dR

—-= MRy + p(Ro-R(1)) - uR(t)

dt —— N —_——
Erythropoiesis  Erythropoiesis upregulation ~ Natural death

= [-In(1- N())R(£)] - eR(6) [M(2) + Mg(1)].

(13)

Indiscriminate immunity Merozoite invasion

In the absence of parasites, RBCs are replenished at a baseline rate, y, that maintains a
homeostatic equilibrium RBC concentration (Ry). During infection, the rate of erythropoiesis
increases, and the extent of this upregulation is proportional to the deviation of RBC con-
centration from equilibrium [91], where p represents the maximum proportion of the RBC
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deficit recovered per day. RBCs are eliminated at a natural death rate of u (which balances
new production in the absence of infection), removed through indiscriminate immunity
(=In(1-N(t))), or converted to iRBC via invasion by merozoites.

We parameterized our model based on prior work on malaria intrahost dynamics [23,42]
(Table 2). Because parameter values in Kamiya et al. [42] depend on initial dosage (Iy), we
estimated our starting dose using the same method, which corresponds to approximately
10%-10° iRBCs. Preliminary investigations indicate that varying the initial iRBC dose did
not lead to quantitative differences in parasite relative fitness. Consequently, we parameter-
ized Yy, Py, Pu> P and p using the median posterior estimates from [42] assuming an initial
dosage of 10* iRBCs.

Modeling transmission investment

In our model, transmission investment (c) is determined by a transformed cue variable, f;,
perceived a days ago by a parasite infecting a cell, to account for NCC (f;,(t - «a)). Following
the approach taken by Greischar et al. [23], we modeled the transmission investment reaction
norm as the complementary log-log basis-spline with three degrees of freedom (Bs). Briefly,
this method models the reaction norm as a linear combination of basis functions, generating a
continuous, smooth cubic curve. The relative contribution of each basis function (also known
as the model coeflicient) defines the overall shape of the reaction norm (see Fig 1C). We fur-
ther modify the basis-spline by applying a complementary log-log transformation to constrain

the transmission investment value to be between zero and one. This method allows us to use
numerical optimization to search for the set of model parameters (i.e., reaction norm shape)
that maximizes parasite fitness. The shape of the reaction norm is constrained by several fac-
tors, including the inherent smoothness of cubic splines and the degrees of freedom. Cubic

splines were previously shown to be sufficient to model optimal transmission strategies with

respect to time, and further spline complexities led to negligible improvements in fitness [23].
For our models, increasing the flexibility of cubic splines also did not alter the shape of the
optimal reaction norm for both log-transformed parasite and RBC density (Fig 3B). Because

Table 2. Parameter values used in the intrahost P. chabaudi model.

Parameter Definition Value Unit Source
Ro Equilibrium RBC concentration 8.89 x 10° RBC/uL [30]
M Background RBC production and RBC/iRBC 0.025 day™! [58]
mortality rate
p Infection probability of RBC by merozoite invasion |8 X 107 day™ [92]
o Asexual iRBC development period 1 day [93]
[ Sexual iRBC development period 2 day [94]
B Burst size; number of merozoites produced per iRBC|5.721 merozoites [95]
Mim Background merozoite mortality rate 48 day! [92]
Mg Background gametocyte mortality rate 4 day™! [94]
Iy Initial iRBC inoculum size 43.860 iRBC/uL [23]
sp Shape parameter dictating iRBC synchrony 1 NA [90]
Py Activation strength for indiscriminate immunity 16.692 NA [42]
Puw Activation strength for targeted immunity 0.843 NA [42]
oM Half-life of indiscriminate immunity 0.035 day [42]
bw Half-life of targeted immunity 550.842 day [42]
1 Minimum iRBC concentration to induce maximum [2.18 x 10° RBC/uL [30]
immunity
I} Maximum proportion of RBC recovered per day 0.263 NA [42]
https:/doi.org/10.1371/journal.pbio.3003081.t002
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cubic splines are fundamentally smooth, the resultant reaction norms may have difficulty rep-
resenting sharp transitions. For that reason, we used untransformed and log-transformed

cue values to build our models and capture greater variation in putative reaction norms. Log
transformation is used in lieu of other operations because it magnifies small changes when
parasite density is low, and because parasites in vivo exhibit near-exponential growth in the
initial phase of infection [10,96,97].

For numerical optimization, the perceived cue must be within the bounds of the reaction
norm. To achieve this, the perceived cue variable f(t - ) governing transmission investment
is transformed via a linear combination of Heaviside step functions (H) from the R package
CRONE [98] that constrains the cue value to be between zero and the maximum value (max)
defined in Table 3. In summary, the transmission investment function is defined as

c[fi(t-a)] = exp(-exp(Bs[fi(t - @)])), (14)

where the Heaviside-transformed environmental cue f;(t - ) is given by

fi(t-a)=H[f(t-a)]f(t - a) + H[f(t - a) - max][max - f(t - a)]. (15)

For the best time-varying reaction norm, we defined the perceived cue as the time since
infection, which has a range of 0-20 days and a step size of 0.001 (same as the simulation time
step). In this case,

o(t) = exp(-exp(Bs(t)))- (16)

To incorporate dual cue perception, we used the mgcv package [99] to model transmis-
sion investment as the response variable of a generalized additive model. This model incorpo-
rates a full tensor product smooth of two environmental cues with nine degrees of freedom,
represented as follows:

c[fua(t-a). fo(t-a)] = exp(-exp(Y] D $iBaalfu (- ) [Bsalfa (1 - )])), (17)

i=1 j=1

where transmission investment is governed by two Heaviside-transformed cues, f;; and fp,,
perceived o days ago. The transmission investment surface (i.e., 2-dimensional reaction
norm) is generated by taking the tensor product of the basis-splines of two cues (Bs; and
Bs ;). The shape of this spline surface is defined by the model coefficients ¢j;.

Quantifying parasite fitness

To quantify parasite fitness, we calculated the cumulative transmission potential of differ-
ent transmission investment strategies, following the method described by Greischar et al.
[23]. For a given time step, transmission potential, 7(¢), is defined as the probability that a
mosquito vector becomes infected after biting an infected host and has been shown empiri-
cally to be a sigmoid function of gametocyte density in this parasite species [10],

3.08 X 107°G(¢)1°¢
(t) = (1)

= . 18
1+3.08 X 10-°G(¢t)'>¢ (18)

The cumulative transmission potential, or overall fitness of the parasite, is calculated by
integrating transmission potential over the entire infection duration of § days:
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s
ﬁtness:f 7(w)dw. (19)
0

This fitness metric assumes that the mosquito population is at a constant abundance and
continuously biting, for the duration of the infection. Although this is a simplification of the
evolutionary pressures faced by malaria parasites [36], it enables us to focus our investigation
at the within-host level, where transmission investment “decisions” are being made and envi-
ronmental cues are being perceived by parasites. In our numerical simulations, we estimated
fitness with a step size of 0.001 days unless stated otherwise.

Cue choice and perception

Transmission investment has been shown to vary in response to within-host competition
[11,12] and RBC age structure and availability [13,17-19,24], lysophosphatidylcholine level
(a key component of the RBC plasma membrane) and exosome-like particles [100,101].
Whether parasites are responding to these cues directly, or if they are instead a proxy for
changes in some other within-host environmental factor is unclear. To capture some of the
diversity of putative cues, we defined transmission investment as a function of one of ten
different host and parasite-centric measures (Table 3). Additionally, we implemented dual
cue models, allowing parasites to simultaneously perceive two different cues. As transmis-
sion investment in P, falciparum varies non-linearly with cue strength (e.g., P. falciparum

in response to lysophosphatidylcholine concentration [100]), and within-host dynamics are
known to vary only when infectious dose changes by orders of magnitude [30], we intro-
duced non-linear cue perception, enabling parasites to perceive cues either unaltered or
log;o-transformed. We excluded merozoite density as a cue due to its short half-life and

the rapid pace of RBC invasion [102]. We also did not include measurements of immunity
as cues, given that our model does not track individual components of immunity (rather,

it tracks immune killing, phenomenologically), nor do we have sufficient empirical evi-
dence detailing the relationship between different immunity components and transmission
investment.

For all cues, we adopt a standardized range that spans the values typically observed
when infecting immunologically naive mice with P. chabaudi [11], given by the minimum
and maximum values in Table 3. All values that exceed the maximum bounds are “per-
ceived” by the parasite as the maximum bound via the modified Heaviside transformation
function.

Table 3. Within-host environmental cues tested and their range.

Cue (density per uL) Abbreviation Min. value Max. value
Asexual iRBC I 0 6% 10°
Asexual iRBC logjo I'log 0 6.78
Sexual iRBC Ig 0 6% 10°
Sexual iRBC logo Iglog 0 6.78
Asexual iRBC + sexual iRBC Total I 0 6% 10°
Asexual iRBC logi + sexual iRBC logio Total I log 0 6.78
Gametocyte G 0 6 x 10*
Gametocyte logio Glog 0 4.78
RBC R 10° 107
RBC logio Rlog 6 7

https://doi.org/10.1371/journal.pbio.3003081.t003
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Fitness optimization

Acute P. chabaudi infection tends to resolve within 20 days [25]. For all models, we therefore
confined our simulations and optimizations to a 20-day infection period using the parame-
ters detailed in Table 2 and using the deSolve package in R [103]. To ensure the convergence
and continuity of output dynamics, we simulated the models with a small time step size of
0.001 days using the vode solver [104]. For the dual cue model, we used a larger time step of
0.01 days (which does not greatly alter parasite dynamics but improves computational speed
immensely).

To investigate how transmission investment strategies affect parasite fitness, we performed
numerical optimization of the basis-spline (single cue) or generalized additive model coefhi-
cients (dual cue) to maximize the cumulative transmission potential. We optimized the mod-
els using two methods to increase the chances of obtaining the global fitness optima. First,
we performed local optimization following the methodology outlined by Greischar et al.

[23] with the same arbitrary initial values of 0.5 for all spline coefficients, but using the more
efficient parallelized L-BFGS-B algorithm (Limited-Memory Broyden-Fletcher-Goldfarb-
Shanno algorithm-B) implemented in the OptimParallel package [105]. Second, we optimized
each model using a hybrid approach to avoid convergence to a local fitness maximum. This
technique involved initial global optimization using the Differential Evolution (DE) algorithm
from the DEoptim package [106] (maximum iterations = 500, step tolerance = 50, differential
weighting factor = 0.8, cross-over constant = 0.5 (single cue) or 0.9 (dual cue), population size
= 40 (single cue) or 90 (dual cue), time step = 0.01 (single cue) or 0.05 (dual cue)). DE is an
efficient and robust algorithm with comparable/better performance relative to other stochas-
tic optimization algorithms [107]. Following optimization by the Differential Evolution algo-
rithm, we further optimized the objective function using the L-BFGS-B algorithm to pinpoint
a probable fitness maximum. For the differential Evolution algorithm, we used a parameter
bound of (-5,-500,-500,-500) and (5,500,5000,500) for the single cue model and (-10,-500,-
1000,-1000,-250,-500,-1000,-500,-250) and (10,500,1000,1000,250,500,1000,500,250) for
the dual cue model. These bounds effectively encompass the majority of basis-spline flexi-
bility. From the two optimization results, we selected the parameter sets that resulted in the
highest fitness.

For dual cue models, we implemented an additional optimization method that relies on
the single cue models to inform the initial starting point. For dual cue models, we reasoned
that the best single cue strategy out of the two provides a theoretical baseline fitness. In other
words, the worst a dual-cue strategy should do is as good as the best single cue (out of the
two cues), while being unresponsive to the second cue. As such, we applied the L-BFGS-B
algorithm to derive a dual cue strategy that “resembles” the best single cue strategy, specifi-
cally by minimizing an objective function with two terms: (i) the summed absolute difference
between the dual and single cue reaction norms, and (ii) the total standard deviation in trans-
mission investment across the worse cue. Inclusion of the second term ensures that transmis-
sion investment is not affected by variations in the worse cue. Together, the objective function
is represented by:

500 500 500

Z |C7 dual ~ Ci sing1e| + Z Z T¢ijquar- 20)
i=1

i=1 j=1

We first discretized the cue ranges into 500 evenly spaced values (i = 1...500, better per-
forming cue; j = 1...500, worse performing cue). For each cue value with the index i, we cal-
culate the deviation of the dual cue model using the absolute difference between ¢; 4., the
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dual cue transmission investment averaged over the worse cue, and ¢; g1, the corresponding
transmission investment in the single cue model. The objective function also quantified the
extent to which the worse cue affects transmission investment, specifically by summing the
standard deviation across the worse cue value Ejsf? O, 4 fOT €ach cue value indexed i.
Following this initial optimization, the resultant parameter is set as the starting point for
an additional round of local optimization using the L-BFGS-B algorithm to maximize parasite
fitness (same parameters as mentioned above).
As a further validation step, we compared the fitness of each putative single cue opti-
mal strategy to the fitness obtained by 1000 randomly generated strategies. These ran-
dom strategies were generated within the predefined bounds of (-5,-500,-500,-500) and
(5,500,5000,500), established previously to encompass much of the spline space. In no case
was the putative best strategy outperformed by a random one (S1 Fig).

Semi-stochastic infection model

In order to explore the impact of individual infection-level variation on putative optimal
transmission investment strategies, we incorporated the following random variables in the
within-host model: maximum proportion of RBC deficit recovered per day (o), parasite burst
size (), immunity activation strengths (3, and ¥,,), and immunity half-lives (¢, and ¢,,).
For each iteration, random variables were drawn from 167 Markov chains (selected at regu-
lar intervals from a pool of 16,000 chains) used to estimate the posterior distribution in [42].
For the maximum proportion of RBC recovered per day and parasite burst size, the posterior
distributions (originally centered at zero) are re-centered at the deterministic model values of
0.263 and 5.721, respectively. Since the paper from which we draw parameters explored the
impact of dose [42], we only considered estimates pertaining to hosts infected with an initial
dose of 10* parasites (constituting around 1000 parameter values), which corresponds to our
choice for this model parameter (Table 2).

For each optimal transmission investment strategy (i.e., the best strategy for each cue or
dual cue combination), we performed 20-day simulations with (i) all parameters allowed to
vary from their deterministic default and (ii) only a single parameter varying. Here, we used a
time step of 0.01 days, which does not change fitness substantially relative to performing the
simulation with a time step of 0.001 days.

Disease mapping of laboratory mice infections

To explore the dynamics of host and parasite-centric cues in an in vivo setting, we curated
data from publicly available sources of P. chabaudi infection dynamics in mice [11,43-46,48].
The curated dataset includes experiments that met the following criteria: a) single parasite
strain infection, b) no administration of anti-malarial drugs, and c) availability of data on
iRBC, RBC, and gametocyte densities. We then visualized two-dimensional disease maps
(e.g., iRBC vs. RBC path plots) using the R package ggplot2 [108].

Quantifying parasite virulence

We used the area encompassed within a disease map (where the x-axis displays total iRBC
density and the y-axis displays uninfected RBC density, as in [47]) as a proxy for parasite
virulence. To calculate this area, we first used the chull function [109] to define the convex
hull, the smallest set of coordinates that encloses the points within the infection trajectory.
We then used the areapl function from the splancs package [110] to quantify the area of the
convex hull.
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Supporting information

S1 Fig. Validation of transmission investment optimization. We conducted 1000 infec-
tion simulations for parasites sensing different cues, with each simulation using randomly
generated transmission investment strategies. The fitness values of these simulations were
compared to the fitness of parasites adopting the optimal transmission investment strat-

egy. Each histogram represents the difference between the optimized fitness and the fitness
obtained from the randomly generated strategy. The fitness of the random strategies is always
lower.The data and code needed to reproduce S1 Fig can be found in DOI: 10.5281/zen-
0do0.17114049, plos-bio_R-notebook.Rmd file (1296-318) and S6 Data.

(TIFF)

S2 Fig. Transmission investment dynamics produced by parasites sensing different dual
cue combinations. Transmission investment is plotted for all possible dual cue combinations,
with heatmaps ranked in descending order (from top to bottom) based on their associated
cumulative transmission potential. The data needed to reproduce S2 Fig can be found in S7
Data.

(TIFF)

S3 Fig. Terminal investment increases the fitness of dual cue-perceiving parasites. The
cumulative transmission potential of parasites sensing time, the best performing dual cue
combination (R log & I log), or the individual single cues (I log, R log) are indicated with a
black cross, blue square, orange circle, and yellow triangle, respectively. The cumulative trans-
mission potential is normalized with respect to the fitness of the best time-varying strategy.
Note that time, the dual cue combination, and I log all permit an initial delay in transmission
investment, while R log does not; the fitness advantage of this delayed strategy can be clearly
viewed on these plots as fitness accrues faster. Only time and the dual cue combination lead to
terminal investment, leading to additional fitness gains from day 18 onward. The data needed
to reproduce S3 Fig can be found in S8 Data.

(TIFF)

S4 Fig. Logged RBC and logged iRBC form a looping trajectory in silico. Graphs display
the two-dimensional reaction norm and infection trajectories for parasite sensing time with
nine degrees of freedom. The trajectories depict the dynamics of the cues (indicated on the

x- and y-axes) along with the corresponding transmission investment (represented by the
colour of the line). Note that the dynamics of gametocytes and sexual iRBC are hard to display
completely given that these densities start off at zero. The distance between each hollow circle
represents one day. The data needed to reproduce S4 Fig can be found in S3 Data.

(TIFF)

S5 Fig. RBC/logged RBC and logged iRBC form a looping trajectory in vivo. To identify
combinations of within-host variables that exhibit a looping relationship, we plotted all pos-
sible permutations of experimentally derived P. chabaudi variables. Each line represents the
dynamics of a single strain of infecting parasite. The line colour indicates the progression of
time. The data needed to reproduce S4 Fig can be found in S3 Data.

(TIFF)

S6 Fig. Posterior distribution of parameter values used for the semi-stochastic model.

The histograms display the distribution of 1000 parameter values drawn from 167 Markov
chains derived by Kamiya et al. [42]. The parameter values used in the deterministic model
are indicated by the dotted line. The data needed to reproduce S6 Fig can be found in S9 Data.
(TIFF)
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S7 Fig. Perceiving the optimal dual cue combinations increases parasite susceptibility to
environmental and developmental stochasticity. We conducted 1000 simulations, each last-
ing 20 days, in which parasites adopted the optimal transmission investment strategy (from
the deterministic model) using a semi-stochastic model where only one parameter was ran-
domly drawn from the posterior distributions (see S6 Fig). For each parameter that is var-
ied (indicated in the facet panels), we plot the geometric mean of the fitness on the y-axis
and the fitness from the deterministic model on the x-axis. All fitness values are normal-
ized with respect to the best time-varying strategy. The dashed line represents a 1:1 relation-
ship between the x-axis and the y-axis; the line is not visible on the plot for burst size, since
variation in this parameter has the greatest negative influence on fitness. The data needed to
reproduce S7 Fig can be found in S10 Data.

(TIFF)

S1 Data. Numerical data related to Fig 2.
(XLSX)

$2 Data. Numerical data related to Fig 3.
(XLSX)

$3 Data. Numerical data related to Fig 4.
(XLSX)

S$4 Data. Numerical data related to Fig 5.
(XLSX)

S5 Data. Numerical data related to Fig 6.
(XLSX)

S6 Data. Numerical data related to S1 Fig.
(CSV)

S$7 Data. Numerical data related to S2 Fig.
(CSV)

S8 Data. Numerical data related to S3 Fig.
(CSV)

S9 Data. Numerical data related to S6 Fig.
(CSV)

$10 Data. Numerical data related to S7 Fig.
(CSV)
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