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ABSTRACT: Reproduction, mortality, and immune function often
change with age but do not invariably deteriorate. Across the tree of
life, there is extensive variation in age-specific performance and
changes to key life-history traits. These changes occur on a spec-
trum from classic senescence, where performance declines with
age, to juvenescence, where performance improves with age. Repro-
duction, mortality, and immune function are also important factors
influencing the spread of infectious disease, yet there exists no com-
prehensive investigation into how the aging spectrum of these traits
impacts epidemics. We used a model laboratory infection system to
compile an aging profile of a single organism, including traits di-
rectly linked to pathogen susceptibility and those that should indi-
rectly alter pathogen transmission by influencing demography. We
then developed generalizable epidemiological models demonstrat-
ing that different patterns of aging produce dramatically different
transmission landscapes: in many cases, aging can reduce the proba-
bility of epidemics, but it can also promote severity. This work
provides context and tools for use across taxa by empiricists, demog-
raphers, and epidemiologists, advancing our ability to accurately pre-
dict factors contributing to epidemics or the potential repercussions
of senescence manipulation.

Keywords: aging populations, transgenerational effects, host hetero-
geneity, age structure, infectious disease transmission, indirect effects.

Introduction

Population age structure is a dynamic, ubiquitous feature
of populations. Within these age-structured populations,
individual performance across traits almost invariably
changes over the course of an organism’s life span. This
change can occur on a spectrum, from juvenescence, where
performance can improve with age, to senescence, where
performance can decline with age (Jones et al. 2014; Hay-
ward et al. 2015), with individual life-history traits often
aging asynchronously, such that one trait might decline,
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while another can remain functional or even improve (Le-
comte et al. 2010; Jones et al. 2014; Hayward et al. 2015).
This individual-level variation in aging could contribute
to population-level dynamics such as pathogen transmis-
sion, as aging often impacts key epidemiological parame-
ters including rates of reproduction and mortality as well
as susceptibility to infection. However, though age-specific
performance in susceptibility is often considered in epide-
miology, how age-specific performance in reproduction
and mortality can drive pathogen dynamics has received
less attention. Additionally, as hosts age, how interactions
between these traits can drive pathogen dynamics at the
population level has not been explored.

The force of mortality experienced by an infected indi-
vidual is a determining factor in the life span of infection
and the amount of time during which a host can transmit.
Additionally, as a rate that shapes population age struc-
ture (Goldstein 2009), it will also contribute to shaping
the susceptibility profile of a population. This is also the
case for reproduction, such that changing rates of repro-
duction could indirectly influence pathogen transmission
through shifts in the supply of susceptible hosts (Clark
et al. 2017) and the shaping of a population’s susceptibil-
ity profile. This is particularly likely in cases where infec-
tion is heavily age dependent (e.g., COVID-19, measles,
and helminth infections; Anderson and May 1982b; Chan
et al. 1994; Metcalf et al. 2011; Prada et al. 2018; Davies
et al. 2020). Reproduction can have a direct effect on
transmission when maternal age has an influence on off-
spring quality, that is, susceptibility to infectious diseases
(Clark et al. 2017).

Indeed, there is considerable evidence that maternal ef-
fects, the nongenetic reflection of the maternal environ-
ment in the offspring phenotype, can determine offspring
susceptibility to infection. For example, mothers experi-
encing poor environments such as increased temperatures
(Garbutt et al. 2014b) or poor nutrition availability (Mitch-
ell and Read 2005; Boots and Roberts 2012) can produce
more resistant offspring. Similarly, older mothers have
been shown to produce more resistant offspring in both
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vertebrate and invertebrate systems (Hansen et al. 2014;
Clark et al. 2017). Phenotypic plasticity in response to
the maternal environment, including maternal age, has
been shown across taxa (Marshall et al. 2010; Clark et al.
2017; Garbutt and Little 2017), suggesting that maternal
age effects on offspring susceptibility can drive population
and thus—we hypothesize—epidemiological dynamics
(Beckerman et al. 2002; Gaillard et al. 2003; Benton et al.
2008).

Age effects on pathogen dynamics may also occur di-
rectly from age-specific changes in pathogen defense sys-
tems. For example, vertebrates develop an acquired immune
system that commonly wains in later life, while many inver-
tebrates become more resistant to infection with an increase
in age (Rheins and Karp 1985; Little et al. 2005; Lesser et al.
2006; Wilson-Rich et al. 2008; Pifiera et al. 2013; Garbutt
et al. 20144; Rimer et al. 2014; Simon et al. 2015). Epide-
miological modeling that considers this individual het-
erogeneity in pathogen susceptibility as a function of host
age has provided great insight into pathogen transmis-
sion dynamics (Woolhouse 1991; Wallinga et al. 2006), op-
timal treatment routines (Truscott et al. 2014, 2016), and
vaccination strategies (Anderson and May 1982a; Metcalf
etal. 2011; Worby et al. 2015; Prada et al. 2017). However,
how age-specific pathogen defense interacts with other age-
specific performance measures to shape pathogen dynam-
ics at the population level has yet to be considered.

To determine the influence of individual aging on
pathogen dynamics, we first conducted two experiments,
the observations from which then aided the development
of a generalizable epidemiological model. Through our
experiments, we aimed to characterize within-host aging
specifically in individual traits that we hypothesize could
have epidemiological consequences. We collected data
across two generations using the model laboratory infec-
tion system Daphnia magna and its bacterial pathogen
Pasteuria ramosa. We investigated age-specific perfor-
mance changes in three traits—the force of mortality, fe-
cundity, and offspring quality—and draw from previous
observations that D. magna become less susceptible to in-
fection with an increase in age (Garbutt et al. 2014a; Izhar
and Ben-Ami 2015). We then used an epidemiological
model to ask, first, how individual aging in these four traits
impact pathogen transmission and, second, how aging in
these traits interact to shape pathogen dynamics. We also
use this model framework to ask how pathogen transmis-
sion could be affected by the amelioration of senescence.

Experimental Methods

A single clone of Daphnia magna sourced from Kaimes
Pond in the south of Scotland (Stjernman and Little
2011) was used. From acclimated females (see the sup-

plemental PDF, available online), two experiments were
set up (fig. 1). The aim of these experiments was to iden-
tify and characterize in a single organism common life-
history traits that change with age and that could alter
pathogen dynamics. The first experiment considered age-
specific changes in fecundity and offspring quality. The
second experiment quantified the force of mortality—a
classic metric of senescence—in infected and uninfected
hosts. Both experiments utilized dietary restriction (DR)
to manipulate the rate of aging.

DR is a nonpharmacological aging intervention that can
delay the onset and reduce the rate of individual senescence
in exchange for a reduction in reproductive output in a va-
riety of organisms (McCay et al. 1935; Austad 1989; Good
and Tatar 2001; Mair et al. 2004, 2005; Colman et al. 2009;
Adler and Bonduriansky 2014). Owing to the long history
of use and extensive body of work supporting the effects of
DR on rates of senescence, it was used in this study to ma-
nipulate the rate at which experimental Daphnia senesced.
In experiment 1, we aimed to delineate the effects of mater-
nal age from maternal senescence on offspring perfor-
mance by slowing senescence. In experiment 2, we aimed
to lower the force of mortality though the use of DR as
an example of different environments that produce differ-
ent forces of mortality.

Experiment 1

Females of the maternal generation were fed daily 8.75 x
10° chlorella cells for normal food intake or 2.2 x 10° chlo-
rella cells for dietary restriction (Stjernman and Little
2011; fig. 1A). Subsets of the maternal generation on each
diet treatment provided offspring at three time points
(fig. 1A)—from the first clutch, the second clutch, or
the first clutch after 60 days of age—resulting in offspring
from primiparous, young or old mothers.

Life-history data were collected from both the maternal
(F,) and offspring (F,) generations (fig. 1B). Fecundity
was measured in F, and F, generations. Offspring longev-
ity was measured only in unexposed offspring and infec-
tion status in exposed offspring. Exposed offspring were
given 250,000 Pasteuria ramosa spores on the day they
were born. Body size was measured in all offspring. See
the supplemental PDF for further details.

Experiment 2

This was a fully cross-factored experiment where females
were allocated to infection or uninfected treatment groups
and, within these, to dietary restriction or normal food
intake levels (total N = 97; fig. 1C). They were treated with
P. ramosa spores, per the above protocol.
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A Experiment 1

B The data collected from both generations
of D. magna in experiment 1.
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Figure 1: Schematic illustrating the experimental design of experiments 1 and 2. E = exposed; U = unexposed; DR = dietary restriction.

Analysis Methods

All analyses were carried out using R 3.4.3.

Experiment 1

Fecundity. The change in reproductive output with age
(reproductive senescence) in the maternal generation
(fig. 1, F, generation) was analyzed using a polynomial
mixed effect model with a normal distribution (R package
Ime4; Bates et al. 2014). The number of offspring pro-
duced at each reproductive event was the response vari-
able with diet (normal: N = 72; low: N = 71) as an ex-
planatory factor and clutch (reproductive events 1-14)
as a continuous variable. Clutch was squared to make
the polynomial variable, with clutch and clutch® both cen-
ter scaled using the scale function in R. A unique ID was
assigned to each individual for the random effect to ac-
count for multiple measures of the same individual (i.e.,
the number of offspring a female produced at each succes-
sive reproductive event).

Mortality. The force of mortality in the offspring genera-
tion was analyzed using an accelerated failure time (AFT)
model. This parametric analysis specifically allows analy-
sis of factors that increase or decrease life span, that is, the

force of mortality. The result of this type of analysis is a
percentage increase or decrease in life span as a result of
the independent variables. Offspring longevity was ana-
lyzed with an AFT model with a Gompertz hazard distri-
bution determined by Akaike information criterion (AIC)
comparison. For further details on interpretation, see the
supplemental PDF. Maternal age and diet were included
as explanatory factors.

Offspring Performance. A generalized linear model with
binomial error distribution and a logit link function was
used to analyze offspring susceptibility to infection. Anal-
ysis of offspring (fig. 1, F, generation) fecundity was much
like the maternal generation with the number of offspring
as the response variable, maternal diet (normal or dietary
restriction) and maternal age (primiparous, young or old)
as factors, and clutch (1-20) as a continuous scaled vari-
able. Body size at birth was analyzed with an ANOVA with
maternal age and diet as explanatory factors.

Experiment 2

Analysis of the force of mortality in infected and unin-
fected Daphnia magna was also conducted with an AFT
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model, though with a Weibull hazard distribution, as cho-
sen based on AIC comparison. The response variable was
days alive, with diet and infection status as explanatory
variables. Further details on interpretation of the Weibull
parameters can be found in the supplemental PDF.

Model Methods

Our experimental results show that in Daphnia magna, ag-
ing differentially impacts life-history traits that could im-
pact pathogen dynamics. Considering these results, while
appreciating the vast diversity in aging across taxa, we de-
veloped an age-structured epidemiological model (Clark
et al. 2017) that is generalizable beyond our experimental
model system. We do not include features specifically of
the Daphnia/Pasteuria ramosa system (e.g., host castra-
tion, typical of P. ramosa). We instead consider the effect
of the pathogen as increased mortality when infected. This
is in keeping with our results but is also a typical character-
istic of many infectious diseases. We also include the full
range of aging in the four life-history traits, thereby encom-
passing the aging profile seen in our results but also al-
lowing for aging profiles seen across taxa, thus resulting
in a model framework applicable across host/pathogen
systems. We use this model framework to test two hypoth-
eses: (1) Host aging in our four traits can impact pathogen
transmission both directly and indirectly. Age-specific path-
ogen defense systems and transgenerational effects on
pathogen defense systems should directly impact infection
dynamics through alterations to the occurrence of trans-
mission events. Conversely, changes in rates of mortality
or reproduction as a result of age structure will indirectly
alter infectious disease burden by altering the density of sus-
ceptible hosts and the overall level of susceptibility in the
population. (2) The effects of aging in each trait will inter-
act to produce complex patterns of pathogen transmis-
sion. This could occur because of dependencies between
the traits; for example, the effect of age-specific pathogen
defense on transmission depends on population age struc-
ture, which is a function of the force of mortality. In addi-
tion to testing these hypotheses, we also use the model
framework to ask how ameliorating senescence in each
trait could impact pathogen transmission.

Aging traits were modeled in line with a pleiotropy
model of aging (Williams 1957; Garbutt et al. 2014a), where
increased performance in a trait at one age results in de-
creased performance for that same trait in the opposing
age class. We investigated the effect of age-specific per-
formance on R,, a benchmark value that determines epi-
demic potential within a given population. If a pathogen’s
R, is >1, then its introduction to a given naive population
will result in a sustained outbreak (Dietz 1993).

We derived R, using the next-generation matrix method.
This method allows for a finite number of discrete popu-
lation categories—in this instance, defined by age and ma-
ternal age. A brief overview of the methodology for the
derivation of R, will be provided here for clarity, and all
scripts are publicly available; however, for a detailed pro-
tocol, the reader is encouraged to refer to Diekmann and
colleagues (2010), Blackwood and Childs (2018), and
Bjornstad (2019). We derive R, by splitting equations
(1e)-(1h) into two matrices: F, which contains all terms
for all completely new infections, and V, which contains
all gains, losses, and transfers between the classes. From
these, two Jacobian matrices fand v are developed as the
partial derivatives of F and V with respect to the infectious
state variables (in this case, the four infected age classes).
These are evaluated at the disease-free equilibrium (dfe;
suppl. eqq. [3a]-[3d]; suppl. eqq. [1]-[12] are available
online)). Then R, is given by the dominant eigenvalue of
f v |dfe-

Parameter and state variable descriptions are provided
in table 1. Each class is denoted by three characters: in-
fection status (I = inflected; U = uninfected), host age
(first subscript; Y = young; O = old), and maternal age
(second subscript, Y or O). For example, an uninfected
young host from an old mother is denoted Uy.

The equations describing the dynamics and densities
of the susceptible and infected hosts of all age classes
are given by

Table 1: Definitions of state variables and model parameters

Variable/
parameter Definition
N Total population size
U Uninfected
I Infected
Y Young
(@) Old
6 Rate of extrinsic mortality
m Rate of maturation
k Carrying capacity
r Rate of reproduction (fecundity)
v Pathogen induced mortality
X Proportional chance in fecundity with age
Proportional change in force of mortality
y with age
Proportional change in age-specific pathogen
A defense with age
Proportional change in transgenerational
M effects on pathogen defense with age
I6] Transmission coefficient




dli:,y - ((r(l + x)Uyy + r(1 + x)Uyp) (1 — %))
~BuyUyyN; = Ugy(m + v+ 8(1 — y)),  (la)
dUyo

a ((r(l — x)Upy + (1 — x)Upp) <1 - %))
—ByoUyoN; — Uyo(m + v + 6(1 — y)), (lb)

dU,
df’y = mUyy — BO,YUO,YNI - UO,Y(V +6(1 + }’)),
(L)
dU
% = mUyo — BO,OUO,ONI - UO,O(V +6(1 + }’)),
(1d)
dlyy
T = BY,YUY,YNI - IY,Y(m +r+c+4(1 _)’)): (16)
dly,
dt = ByoUyoN; — IY,O(m +v+c+6(1 _)’))> (1f)
dIO,Y
i = BoyUoyN; + mlyy — Ioy(r + ¢ + 6(1 + y)),
(1g)
dIO’O
dt = BooUooN; + mlyo — Ioo(r + ¢+ 6(1 + ¥))s
(1h)
N; = IY,Y + Iy,o + Io,Y + Io,o: (li)
Ny = Uyy + Uyo + Upy + Ugo, (1,')
N = N, + Ny. (11()

Equations (la)-(1d) describe the uninfected population,
(le)-(1h) describe the infected population, and (1i)-(1k)
describe the total densities of each and their total. Here,
x€[—1,1] and y € [— 1,1] are age-specific changes
in fecundity and mortality, respectively, where approach-
ing —1 accounts for juvenescence, and 1 is the extent of
senescence.

Assuming that the effects of age and maternal age in-
teract multiplicatively per an earlier model (Clark et al.
2017), the transmission to each host age class is then given
by

Byy = B — A1 — M), (2a)
Bro = (1 —A)1A + M), (2b)
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ﬁo,Y = 6(1 + A)(l - M)) (ZC)
60,0 = 6(1 +A)(1+ M)’ (Zd)

where the proportional effect of age on pathogen suscep-
tibility A € [— 1,1] and the effect of maternal age on
pathogen susceptibility M € [— 1,1]. The resulting R,
term is given in supplemental equation (8).

All data, scripts, and notebooks have been deposited
in the Dryad Digital Repository (https://doi.org/10.5061
/dryad.8cz8w9gnh; Clark et al. 2020).

Experimental Results
Experiment 1

Adult female Daphnia on dietary restriction produced
fewer offspring in each clutch but did not show fecundity
senescence, unlike females on a regular diet, who showed
clear signs of fecundity senescence (fig. 24; linear inter-
action: f,33;, = 70.73, P £.0001; quadratic interaction:
fri9s7 = 10.07, P = .0015). Offspring from old moth-
ers were more resistant to infection regardless of maternal
food levels (fig. 2B; maternal age: x5 = 31.05, P <.0001;
maternal food: x3 = 0.159, P = .7). Older mothers had
larger offspring, with dietary restriction affecting only
the size of offspring from primiparous mothers (interac-
tion: f,s5; = 38.369, P <.0001; fig. S2; figs. S1-S3 are
available online). However, maternal age had no effect on
offspring fecundity senescence (fig. S1), but fecundity se-
nescence in offspring of normally fed mothers occurred
marginally faster than in offspring of DR mothers (fig. S1).
Maternal treatments had no effect on the rate of offspring
mortality or longevity (fig. S2).

Experiment 2

The probability of mortality increased with age in Daphnia
magna (fig. 2C; shape (o) = 5.03, lower 95% confidence
interval (CI) = 4.52, upper CI = 5.60; scale (u) = 79.55,
lower CI = 79.10, upper CI = 83.16). Dietary restric-
tion in uninfected females increased D. magna longevity
by 10% (fig. 24; est. = 1.098, lower CI = 1.0404, upper
CI = 1.1607). Infected individuals had a 35% reduction
in survival (fig. 24; est. = 0.648; lower CI =0.61, upper
CI = 0.69).

Modeling Results

We modeled how age-specific changes in fecundity, mor-
tality, susceptibility, and transgenerational effects on path-
ogen susceptibility may affect R,. Our analytical results (for
specific model details, see the supplemental PDF) show that
the effects of aging on pathogen dynamics are largely driven
by the relationship between rates of extrinsic mortality (an
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Figure 2: Performance measures across two generations. In all
figures, pink represents dietary restriction (DR) and red a normal

environmental property) and the rate of maturation (a
characteristic of the host). We therefore investigated the
effect of aging on pathogen transmission using three levels
of extrinsic mortality: low (where the extrinsic mortality
rate is less than the maturation rate), medium (where ex-
trinsic mortality rate and maturation rate are equal), and
high (where the extrinsic mortality rate exceeds the matu-
ration rate). These can be thought of as simulating mild,
moderate, or harsh ecological conditions, respectively.

Aging Has Direct and Indirect Effects on
Pathogen Transmission

We first modeled the effect of each aging trait on R, in the
absence of the other traits. Increasing levels of fecundity
and mortality senescence indirectly increase pathogen R,
under high extrinsic mortality (fig. 3A, 3B; suppl. eqq. [9],
[10]) through their effects on population density and age
structure (fig. 3E-3J; suppl. eqq. [5], [6]). Again, under high
extrinsic mortality, old individuals are in lower density, while
there are many young hosts. Per the pleiotropic framework
of the model, under increasing levels of fecundity senescence,
young hosts are producing offspring at an early age. Those
young offspring then also reproduce very young and so on,
producing a strong supply of hosts. In the case of mortality
senescence, the increased intrinsic rate of mortality reduces
the number of old hosts further, relieving the carrying capac-
ity pressure. In both cases, this results in an increase in overall
population density (fig. 21, 2]) and thus an increase in trans-
mission. Conversely, under low extrinsic mortality (mild ecol-
ogical conditions), increasing levels of senescence in age-
specific and transgenerational pathogen defense drove an
increase in R, (fig. 3C, 3D; suppl. eqq. [11], [12]). In this
low extrinsic mortality scenario, populations consist of many
old susceptible hosts, resulting in an increase in transmis-
sion. At high extrinsic death rates (harsh ecological condi-
tions), R, is decreasing as old, susceptible individuals are
more likely to have died, leaving a high density of young re-
sistant hosts.

Interacting Traits Result in Complex Impacts
of Aging on Epidemics

The effect of the interactions between aging traits on path-
ogen R, varies greatly under different levels of extrinsic

diet. A, Number of offspring produced in clutches 1-13 in the ma-
ternal generation from normal diet females and DR females. Data
(circle) and model predictions (triangle) are both shown with
standard errors. B, Proportion of infected offspring from each ma-
ternal treatment group with Wilson score binomial confidence
intervals. C, Force of mortality for four treatments. Solid lines rep-
resent uninfected females, and dotted lines show infected females.
The inset shows the survival curve of the experimental females.
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mortality, as exemplified in figure 4. We first use the inter-
action between the two forms of pathogen susceptibility as
an example (fig. 44-4C). Under low extrinsic mortality
(fig. 4A), the interaction between pathogen defense and
transgenerational pathogen defense has little impact on
R, when both traits are juvenescent (a plausible biological
pattern that we have observed in Daphnia; fig. 2; Garbutt
et al. 2014a). Alternatively, there is a dramatic rise in R,
when both traits are senescent. In a high-mortality en-
vironment, however, the resulting transmission dynamics
of this interaction are reversed (fig. 3C). As another ex-
ample, we consider the interaction between reproduction
and mortality (fig. 3D-3F). Under low extrinsic mortality,
the pattern of aging that results in the least transmission in
this environment is senescence in both traits. This is a typ-
ical aging pattern of many mammals, as illustrated by the
Soay sheep (Hayward et al. 2015). If we consider this inter-
action in a high-mortality setting, these interacting traits
influence demography sufficiently to produce an environ-
ment with higher pathogen transmission than if a different
pattern of senescence was observed within the same
environment.

Senescence Interventions Can Increase or Mediate
Pathogen Transmission

We next considered how senescence interventions that
increase the duration of optimal performance could im-
pact pathogen transmission. Such interventions could in-
clude nonpharmacological interventions such as dietary
restriction and could be applicable to any organism where
aging is characterized by a decline in performance in the
four modeled traits. However, wild populations are likely
to experience higher extrinsic mortality rates, curtailing
any benefit to the extension of performance or life span.
Alternatively, there is evidence to suggest that actuarial
rates of senescence in humans is slowing, driven in part
by reductions in extrinsic mortality (Gurven and Fenelon
2009). Furthermore, there is evidence of DR extending
human life span, and the use of clinical interventions
in humans is gaining momentum (Kennedy and Penny-
packer 2015; Most et al. 2017). We therefore model the
impact of a senescence intervention in a human popula-
tion experiencing low extrinsic mortality. This is also more
likely to describe a population that would have access to
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such interventions. We consider the effect of the interven-
tion on one trait at a time while modeling the others at a
mild level of senescence (fig. 5).

An intervention that reduces the force of mortality, thus
extending life span, can result in an increase in transmis-
sion. The more efficacious the intervention, the starker
the increase in transmission (fig. 5). This result is intuitive
because a reduction in the force of mortality with an in-
crease in age means more individuals in the population
reach old age. In the absence of any improvement to path-
ogen defense with age, old individuals are less resistant to
infection, so transmission increases. In contrast, interven-
tions that maintain pathogen defense capability could re-
duce R, by decreasing transmission events (fig. 5). How-
ever, aging traits do not occur in isolation, and so the
dramatic increase in R, as a result of decreased mortality
senescence may be tempered by a reduction in immuno-
senescence (fig. 4]).

Discussion

Our experimental and modeling results show that individ-
ual aging can drive pathogen dynamics at the population
level. In our experiments, we showed that changes in age-
specific performance do occur in traits we later link to path-
ogen transmission but not in a uniform direction. While
fecundity and survival declined with age, the transgener-
ational impact of increased maternal age saw either no
effect or improvements in offspring performance. Our
modeling results show that when considered independently,
each measure of aging can modify pathogen R,. Our analyt-
ical results also provided insight into the environmental
conditions (extrinsic mortality pressure) that benefit path-
ogen transmission in the presence of aging. However, our
model results also indicate that considering the effects of
aging in single traits is insufficient to understand the re-
lationship between aging and pathogen transmission.
Specifically, the three-way interaction (fig. 4) between ag-
ing traits and extrinsic mortality clearly show that aging
can have complex effects on pathogen dynamics. The pre-
dictions we might derive from them are of particular in-
terest for populations subject to rapid ecological change
or harvesting, as they may indicate which groups of or-
ganisms are at risk of epidemic outbreak within specific
ecological conditions.

Figure 4: Landscape of R, as a result of interactions between pairs of aging traits under three levels of extrinsic mortality, indicative of three
different environmental conditions. Color intensity presents R, from darkest red at the highest R, to white with the lowest R,. Numerical R,
values of each scenario are as shown. Each axis is labeled with the interacting trait, with the spectrum of aging from juvenescence (—1) to
senescence (1) representing proportional change in each performance measure with age. Left column, low extrinsic mortality (6 < m;
6 = 0.1); center, medium extrinsic mortality (6 = m; 6 = 0.5); right, high extrinsic mortality (6 > m; 6 = 1). In each plot, the two measures
of senescence not considered are set to zero. The Soay sheep in figures D and F highlight a specific aging example given in the text. Other
parameters are as follows: r = k = 5, ¢ = 0.1; m = 0.5, « = 0.9; 8 = 0.9.
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trait is held constant at 0.5.

We also show that the extension of life span in the ab-
sence of improved immune function could lead to an in-
crease in pathogen transmission (fig. 5). These results are
applicable to any organism that shows senescence, but they
are of pressing concern when considering the gathering in-
terest in the development of life-extending treatment for
humans (Kennedy and Pennypacker 2015). While global
life expectancy increased from 2000 to 2015, it was not
matched with an extension in health span, such that indi-
viduals now spend, on average, 16%-20% of their lives suf-
fering from morbidity (Jagger et al. 2008; Partridge et al.
2018; but see the WHO Global Health Observatory data re-
pository). It is therefore clear that the extension of health
span should take priority over an extension of life span in
aging intervention research.

In light of rapid changes to population age structure
seen globally, another question is how this will affect the
evolution of pathogen virulence. This is relevant to many
age-structured host-pathogen systems, not just human in-
fections, for instance, nonhuman animal populations that
undergo harvesting or are experiencing rapidly changing
mortality pressures. Our experimental results show that
individuals of different ages experience the force of mor-

tality differentially. Intrinsic and extrinsic mortality have
both been shown independently to be strong selective
factors in determining optimal virulence within a popula-
tion (Ebert and Mangin 1997; Mackinnon and Read 2002;
Choo et al. 2003; Yates et al. 2006; Gandon et al. 2007;
Alizon 2008; Cousineau and Alizon 2014). Furthermore,
heterogeneities in host susceptibility or tolerance to infec-
tion can exacerbate the effects of co-occurring population
structure on virulence evolution (Cousineau and Alizon
2014). Based on our results that age-specific traits interact
to impact pathogen transmission, it is clear that consider-
ing the effect of each of our studied traits in tandem could
provide insight into the evolution of virulence.

In keeping with numerous studies, dietary restriction
reduced the force of mortality in Daphnia magna. An in-
teresting result is that this was even the case for infected
individuals. This could suggest that DR is in some way en-
couraging recovery. However, as Pasteuria ramosa is a
castrating parasite whose virulence can thus be measured
as a function of its ability to castrate, we suspect one
would see a recovery of reproductive capability if a gen-
eral recovery were occurring. Alternatively, the reduction
in the force of mortality in infected hosts could be because



the parasite is also resource limited. Dietary restriction
reduces reproductive output, suggesting that fewer re-
sources are allocated to reproduction and that fewer re-
sources are thus available for exploitation by the parasite.
This hypothesis is supported by Vale and colleagues
(2013), who showed that the number of spores produced
by infected D. magna was lower and randomly distributed
across hosts when hosts were DR treated.

Increased maternal age did not impact the force of mor-
tality in offspring. In conjunction with the juvenescence
of offspring performance, there was no evidence of the
Lansing effect, which proposes that old mothers transmit
a senesced state to their offspring (Lansing 1947; Comfort
1953; Van Den Heuvel et al. 2016). These results contrast
with observations from humans, where congenital disor-
ders are seen more commonly in offspring of older moth-
ers (Kenny et al. 2013), or with other taxa, where negative
impacts of advancing parental age on offspring life history
have been recorded (Lansing 1947; Comfort 1953; Benton
et al. 2005; Hjelmborg et al. 2015; Plaistow et al. 2015). In-
deed, the reduction in Daphnia susceptibility to infection
with age has interesting implications for pathogen trans-
mission. This is highlighted by Ashby and Bruns (2018),
who show that juvenile susceptibility to pathogenic infec-
tion could evolve from trade-offs between juvenile suscep-
tibility and reproduction later in life and between suscep-
tibility and the probability of maturation under a variety
of conditions. Our experimental results and their model
results are in agreement when considering their prediction
that organisms with short life spans and low probability
of maturation are likely to evolve juvenile susceptibility.
Our modeling results are also in keeping with Ashby and
Bruns’s results, as our modeling results highlight the im-
portance of the relationship between host reproduction
and maturation in pathogen dynamics.

Despite previous evidence that maternal DR increases
offspring body size (Garbutt and Little 2017), DR had no
additional effect on offspring body size, after accounting
for the effects of maternal age. The superior size and per-
formance of the offspring of older mothers was evident
regardless of how much food mothers received (fig. S2).
Thus, DR did not impact the changes in offspring quality
that accompany the effects of maternal age. Maternal age
has previously been shown to impact offspring body size
(Priest et al. 2002; Benton et al. 2008); however, where this
is the case, mothers often produce fewer offspring, sug-
gesting a size versus number trade-off that we did not ex-
plore in these experiments. Furthermore, we were unable
to delineate the effects of maternal body size and age on
offspring performance, as D. magna continuously grow
throughout their lifetime. To understand the mechanisms
driving transgenerational effects in D. magna it would be
helpful to know more about changes in egg composition
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and energy allocation (as in Drosophila in O’Brien et al.
2008) or the epigenetic responses resulting from age or
food. This could help delineate the effects of size and age.
Previous studies show that D. magna microRNAs respond
to nutritional stress and aging, but these responses are
not transgenerational (Hearn et al. 2018). It is of note, how-
ever, that our experiments were not designed to probe the
mechanisms of DR but instead were used to manipulate
aging to inform a mathematical model that we used to ex-
plore the epidemiological consequences of individual var-
iation in aging.

In summary, through the use of experiments and math-
ematical models, we show that aging is indeed a multifac-
eted architect of pathogen dynamics, requiring far greater
consideration in epidemiological studies. By striving to ac-
commodate complex patterns of aging into epidemiologi-
cal studies, we can move beyond immune systems or con-
tact rates to consider the effects of all aspects of individual
aging on infectious disease dynamics.
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