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Abstract

Fundamental ecological processes, such as extrinsic mortality, determine population age structure.
This influences disease spread when individuals of different ages differ in susceptibility or when
maternal age determines offspring susceptibility. We show that Daphnia magna offspring born to
young mothers are more susceptible than those born to older mothers, and consider this alongside
previous observations that susceptibility declines with age in this system. We used a susceptible-
infected compartmental model to investigate how age-specific susceptibility and maternal age
effects on offspring susceptibility interact with demographic factors affecting disease spread. Our
results show a scenario where an increase in extrinsic mortality drives an increase in transmission
potential. Thus, we identify a realistic context in which age effects and maternal effects produce
conditions favouring disease transmission.
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INTRODUCTION

The ecological context of a host species will shape key demo-
graphic features, which in turn affect disease spread. Extrinsic
mortality, for example, will regulate population density, a
well-established demographic feature that modulates disease
spread. However, extrinsic mortality will shape other popula-
tion characteristics such as age structure. The age structure of
a population could affect disease dynamics through a number
of mechanisms, including (1) when individuals of different
ages show different susceptibilities (i.e. age effects) or (2) when
the offspring of mothers of different ages show different sus-
ceptibilities (i.e. maternal age effects).
The age of a host at exposure to a parasite is well estab-

lished to affect the probability and severity of infection, this is
partly due to the ontogeny of the immune system (Lesser
et al. 2006; Nussey et al. 2008; Hasselquist & Nilsson 2009).
In vertebrates, this includes the development of adaptive
immunity followed by immunosenescence, but invertebrates
also appear to show a clear development of the immune sys-
tem or pathogen resistance (Rheins & Karp 1985; Wilson-
Rich et al. 2008; Pi~nera et al. 2013; Garbutt et al. 2014a;
Izhar & Ben-Ami 2015; Izhar et al. 2015). The consideration
of age-related effects on epidemiological processes has con-
tributed greatly to disease prevention strategies (Anderson &
May 1982; Katzmann & Dietz 1984; M€uller 2000).
By contrast, maternal age effects on offspring susceptibility

to pathogens have received little attention. Generally, maternal
effects have been shown to affect population dynamics and
demography through alterations in offspring reproduction,

maturation and growth rate (Gaillard et al. 2003; Benton et al.
2005; Beamonte-Barrientos et al. 2010), and maternal effects
have been shown to alter population robustness in the face of
ecological challenges (R€as€anen & Kruuk 2007; Kuijper & Hoyle
2015). The maternal condition, for example nutrition availabil-
ity or disease status, is increasingly recognised to affect off-
spring susceptibility to infection (Huang & Song 1999; Little
et al. 2003; Rahman et al. 2004; Mitchell & Read 2005;
Gasparini et al. 2007; Lorenz & Koella 2011; Stjernman & Lit-
tle 2011; Tidbury et al. 2011; Boots & Roberts 2012; Garbutt &
Little 2017). This suggests variation in phenotypic traits, as a
response to the maternal environment, can drive population
and epidemiological dynamics (Beckerman et al. 2002; Mitchell
& Read 2005; Garbutt et al. 2014b).
Maternal age has been shown to affect offspring perfor-

mance as offspring of older mothers are often born larger and
mature at a greater size (Priest et al. 2002; Benton et al.
2008). However, although older mothers produce larger off-
spring, they tend to produce fewer of these, suggesting they
are subject to a ‘size vs. number’ trade-off. These effects on
performance measures indicate that maternal age effects may
alter the competitive environment experienced by successive
generations (Beckerman et al. 2006; Kindsvater et al. 2011;
Prior et al. 2011).
To understand how maternal age influences susceptibility,

we studied four clutches of offspring from the parthenogenic
crustacean Daphnia magna when exposed to a bacterial patho-
gen. In addition to pathogen resistance, we collected data on
reproduction and body size. The experiment showed that
older mothers give birth to more resistant offspring. Earlier
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work from our laboratory (Garbutt et al. 2014a) and others
(Izhar & Ben-Ami 2015; Izhar et al. 2015) showed that older
mothers themselves are more resistant to this pathogen. We
used these two observations – that older mothers are both
more resistant and give birth to offspring that are more resis-
tant – to develop a compartmental model describing how pop-
ulation age structure, the effects of age and maternal effects
combine to influence the spread of infection.

STUDY ORGANISMS

Daphnia magna (Crustacea: Cladocera) are filter feeding
planktonic crustaceans found in small freshwater ponds. Pas-
teuria ramosa is a sterilising specialist bacterial pathogen of
D. magna that is transmitted horizontally when spores
released from infected cadavers are ingested by uninfected fil-
ter feeding hosts (Ebert et al. 1996, 2016). In this experiment,
we used a Daphnia clone (Kc49a) from a population in a
pond in Kaimes in the Scottish borders, and a P. ramosa
strain isolated from the same population. This host clone was
part of a study of genetic variation in maternal effects (Stjern-
man & Little 2011) and shows a response that is typical of its
population (see Little & Colegrave 2016 for discussion of the
merits of single vs. multigenotype studies).

METHODS

The basic design of our experiment was to measure the patho-
gen susceptibility of offspring from first, second, third and
fifth clutches. Two newborn Daphnia were isolated from each
clutch. One of these offspring was exposed to P. ramosa. The
second offspring was used for measurement of reproduction.
Each newborn also had their body size measured before being
placed into their treatment groups. This experiment ran from
July 31–September 24 2014.

Acclimation

Twenty-four replicates, each an individual Daphnia in a
60 mL glass jar, were acclimatised for three generations under
standardised conditions. This process is designed to equili-
brate uncontrolled maternal effects and ensure that each repli-
cate is independent. During this time, Daphnia were kept in
artificial pond medium (Kluttgen et al. 1994) in an incubator
with a light:dark cycle of 12 : 12 L:D at 20 °C. They were fed
daily with 7 9 106 cells of green algae, Chlorella spp., and
changed into fresh medium twice a week and when offspring
were present in the jar. Each new generation was initiated
with offspring from the second clutch. After the third
homogenising generation, one individual was taken from each
replicate and placed in fresh jars to be the mothers of the
experimental animals. These individuals were kept in the same
conditions as the homogenising generations.

Experimental generation

Experiment 1
Offspring from clutch 1, 2, 3 and 5 of the maternal generation
were our experimental animals. Two offspring were taken

from each mother and were randomly assigned to either
pathogen exposure or control – used for the measurement of
fecundity in the absence of infection. For pathogen exposure,
20 000 P. ramosa spores were added to each jar and media
was not changed for 5 days. Spore mixes were prepared ear-
lier by crushing infected Daphnia and counting spores with a
haemocytometer. At the end of the 5-day exposure treatment,
Daphnia were changed into clean jars with fresh media. Daph-
nia were maintained for 28 days after the exposure period
under the conditions used for acclimation. During this period,
the date of birth of each clutch and number of individuals
born to each clutch was recorded. At the end of the 28-day
period, infections were diagnosed (infections are easy to dis-
cern with the naked eye as Daphnia have a clear carapace and
reddish-brown bacterial growth is visible in the haemolymph
in addition to the lack of reproduction). The control Daphnia
whose fecundity was measured were handled identically,
except they were not exposed to parasite spores. All newborn
Daphnia were photographed for later measurement of size at
birth.

Independent replication of experiment 1
The design and methodology of this experiment were identi-
cal to that detailed above: we measured the fitness of
offspring from first, second, third and fifth clutches follow-
ing identical protocol for pathogen exposure and control
individuals.

Analysis
Body size at birth and total reproduction were analysed in a
general linear model. Age at first reproduction was studied
with a parametric survival analysis following a Weibull distri-
bution. A generalised linear model (with binomial errors and
logit link function) was used to study probability of becoming
infected. In all cases, the explanatory variable was the clutch
the Daphnia originated from. The different response variables
were analysed with different subsets of the data: size at birth
considered the entire data set, reproduction considered only
Daphnia that were unexposed to P. ramosa, while the proba-
bility of infection included only Daphnia that were exposed to
the pathogen.

EXPERIMENTAL RESULTS

The age of the mother had a significant effect on the prob-
ability of offspring infection (v2 = 24.8, P < 0.0001) where
offspring from young mothers were highly susceptible to
infection, as shown in Fig. 1a. Maternal age (or variable
‘Clutch’ for clutch number) also had a significant effect on
total reproduction (F3,72 = 15.8, P < 0.0001) as seen in
Fig. 1b and size at birth as seen in Fig. 1c (F3,91 = 219,
P < 0.0001). Age at first reproduction was not influenced
by maternal age (v2 = 5.07, P = 0.16). These patterns were
confirmed through the independent replication of the
experiment. Maternal age had a significant effect on
the probability of becoming infected (v2 = 20.6,
P < 0.0001; Fig. 1a), total reproduction (F3,76 = 3.91, P <
0.002; Fig. 1b) and size at birth (F3,105 = 96, P < 0.0001;
Fig. 1c).
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EPIDEMIOLOGICAL MODEL

Our experimental results showed a strong effect of maternal age
on offspring resistance, with older mothers producing more
resistant offspring. Previous research showed that D. magna
show age-specific susceptibility, where older individuals are
more resistant to infection than young individuals (Garbutt
et al. 2014a; Izhar & Ben-Ami 2015; Izhar et al. 2015). Host
population demography and environmental factors, such as
baseline mortality rates, predation and density, have been
shown to influence transmission rates and pathogen virulence
evolution. Pathogen transmission is a function of an infected
individual’s rate of contact with other potential hosts. As
increased host population density should increase contact rates,
it is generally expected that an increase in population density
will result in an increase in transmission potential (Anderson &
May 1979; Ebert & Mangin 1997; Choo et al. 2003). The theo-
retical consideration of age-specific effects on epidemiological
dynamics tends to consider age-specific mortality and age-speci-
fic contact rates rather than the strength or weakness of an age-
associated immune response (Anderson & May 1982; Katz-
mann & Dietz 1984; Castillo-Chavez et al. 1989; M€uller 2000).
In addition to this, the presence of maternal age effects on off-
spring susceptibility has not been considered. We therefore
developed a compartmental model incorporating these age
effects on the expected number of secondary infections resulting
from the introduction of an individual infected with a novel
pathogen into a completely susceptible population (R0). R0

depends on the duration of infection, the probability of infect-
ing a susceptible during one contact and the rate of contact per
unit of time (Dietz 1993). The output value can be used as a
benchmark. If the value of this is > 1, then the disease will
spread (Anderson & May 1979).
We divide the population into four age classes, each of

which could be infected (I) or uninfected (U), giving a total of

eight classes of individuals in the model – UY,Y, UY,O, UO,Y,
UO,O, IY,Y, IY,O, IO,Y, IO,O (Fig. 2). Here, the first subscript
indicates the individual’s age (Y for young, O for old), and
the second subscript indicates the individual’s mother’s age at
that individual’s birth.
The parameters in the model are: b is the baseline transmission

rate between infected and uninfected individuals; d is the baseline
death rate; a is pathogen virulence as measured by disease
induced death; p is the probability that non-pathogen induced
death of an infected individual will also lead to transmission;m is
the rate of maturation (i.e. the rate at which individuals move
from the young age classes to the old); M describes the propor-
tional reduction in an individual’s susceptibility as associated by
having a mother of the age class ‘Old’ applied to the baseline b;A
describes the proportional reduction to an individual’s suscepti-
bility by themselves being of the age class ‘Old’ applied to the
baseline b; r is the maximum per capita growth rate of hosts; K is
the carrying capacity of the host population, controlling density
dependent limitation on reproduction. The transmission terms,
as shown in Fig. 2, contain the rates of death, due to P. ramosa
being transmitted only upon host death. We make the assump-
tions that there is a constant rate of death across age groups that
susceptibility varies between these classes, and that reproduction
is resource limited with a constant maximum reproductive rate
per day for uninfected individuals. We assume that infected indi-
viduals do not reproduce as P. ramosa castrates the host during
infection (Ebert et al. 1996). For full details of the model, see the
appendix.
In the absence of the pathogen, the equilibrium densities of

each age class are

UY;Y ¼ rd2 � d3
� �

K

r dþmð Þ2 ð1aÞ

UY;O ¼ dm r� dð ÞK
r dþmð Þ2 ð1bÞ

UO;Y ¼ dm r� dð ÞK
r dþmð Þ2 ð1cÞ

UO;O ¼ m2 r� dð ÞK
r dþmð Þ2 ð1dÞ

Here, we see that the equilibrium density of UO,O decrease
with increasing mortality d (as r > d is necessary for a positive
equilibrium). The equilibrium density of both UY,O and UO,Y

initially increases with increasing mortality before decreasing
once d[ 2rþm. Similarly, the density of the age class UY,Y

initially increases with increasing mortality before decreasing
once d[

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m 9mþ 8rð Þp � 3m

� �
=2 (Fig. 3). This bias of the

age structure towards more susceptible younger individuals
and individuals from younger mothers occurs as increased
mortality frees up resources for reproduction, resulting in the
production of more young individuals who will themselves
reproduce leading to more individuals from young mothers.
At this equilibrium, the total density of uninfected hosts, NU,
is

NU ¼ K 1� d
r

� �
ð2Þ

meaning that the total density of uninfected individuals mono-
tonically declines with increasing mortality rate (Fig. 3).

Figure 1 Both the original experiment (shown in black) and independent

replication of the experiment (shown in grey) showing (a), proportion of

infections resulting from exposure of the treatments groups from clutches

1, 2, 3 and 5, (b) reproductive output and (c) the effect of clutch number

(maternal age at reproduction) on offspring body size.
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To calculate the R0 of the pathogen, we consider the num-
ber of secondary infections caused by a rare pathogen at the
pathogen-free equilibrium given in eqns 1a–d. This yields a
pathogen R0 of

R0 ¼ b r� dð Þ aþ dpð Þ dþm 1�Mð Þð Þ dþm 1� Að Þð ÞK
r aþ dð Þ dþmð Þ2 ð3Þ

In the appendix, we show that the relationship between
pathogen R0 and the extrinsic death rate, d, must be negative
whenever our age-related and maternal age-related effects on
susceptibility are absent (i.e. A = 0, M = 0). However, this
relationship is humped whenever

m\
ar AþM� 2AMð Þ

1� Að Þ 1�Mð Þ aþ r 1� pð Þð Þ ð4Þ

with this condition satisfied for sufficiently large reductions in
susceptibility with age and maternal age (high A and M). The
relationship is illustrated with and without both the age- and
maternal age-related reductions in susceptibility in Fig. 4.
These qualitative results also hold when an environmental

transmission stage of the pathogen is explicitly included in the
model (see Appendix).
The humped shape can be explained as follows. In the

absence of reductions in susceptibility with age and maternal
age, reductions in host population density with increasing
mortality reduce pathogen R0 owing to reduced transmission.
However, increased mortality also shifts the age structure of
the population towards younger individuals and individuals
from younger mothers, which can increase in density even as
the total population density declines. If these age classes of
individual are sufficiently more susceptible to infection, this
increase in their density can more than compensate for the
total reduction in host population density, leading to an
increase in R0 with increasing non-pathogen induced mortal-
ity. However, at very high mortality rates the total host popu-
lation density is sufficiently reduced that shifts in age
structure no longer compensate, and R0 declines with mortal-
ity, resulting in a humped relationship. Transmission potential
begins to decline at lower mortality rates when, p (the proba-
bility that non-pathogen induced death of an infected

δ δ δ δ

m m

m m

r (UY,Y +UY,O)(1– N)K r (UO,Y +UO,O)(1– N)K

βY,Y (NI) (δp + α)

δ + α δ + α δ + αδ + α

βY,O (NI) (δp + α) βO,Y (NI) (δp + α) βO,O (NI) (δp + α)

Figure 2 The compartmental model with uninfected and infected groups of four age classes. UY;Y – young individuals with a young mother. UY;O –
young individuals with an old mother. UO;Y– old individuals with a young mother. UO;O – old individuals with an old mother. m is the rate at which an

individual goes from being a young individual to an old individual. b is the rate of transmission. d is the baseline death rate, with d +a representing

baseline death rate plus a measure of virulence. Other parameters are r – maximum reproduction; K – carrying capacity; N – total population number; p -
the probability that non-pathogen induced death of an infected individual will lead to transmission. As p. ramosa is only transmitted upon host death,

death rates are included in the transmission terms.
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individual will lead to transmission) is low, as increasing mor-
tality will result in loss of infections with little opportunity for
transmission. Note, however that our qualitative results hold
even in the case of p = 0.

DISCUSSION

Our experiment makes the novel observation that younger
mothers give birth to offspring that are more pathogen sus-
ceptible. This data combined with recent observations that
younger hosts are themselves more susceptible (Garbutt et al.
2014a; Izhar & Ben-Ami 2015; Izhar et al. 2015) formed the
basis of a compartmental model showing that increasing
extrinsic mortality, and thus decreasing total host population
density, can lead to increasing transmission. The relationship
between mortality and transmission that is classically seen,
where higher host densities generate greater transmission, is so
pervasive it has become a central assumption of the epidemio-
logical theory that contributes to our understanding of patho-
gen traits and virulence. (Anderson & May 1979; Read 1994;
Levin 1996; Alizon et al. 2009; Schmid-Hempel 2011). Thus,
we have identified a new, and biologically realistic context in
which age effects and maternal effects combine to alter the
ecological conditions favouring disease transmission.
Our observed effect of maternal age on offspring perfor-

mance is an example of maternal effect-driven, delayed life
history effects (Beckerman et al. 2002) that lead to whole
cohort effects (Ginzburg et al. 1994; Lindstr€om 1999). The
maternal condition has previously been shown to have pro-
longed effects on offspring fecundity, maturation and growth

rate over successive generations, influencing population
dynamics (Gaillard et al. 2003; Benton et al. 2005; Beamonte-
Barrientos et al. 2010). We now add offspring susceptibility to
this list, and can infer from our model that maternal age
effects on susceptibility can then impact successive cohorts, by
altering the condition of each cohort at reproduction. Consid-
ering P. ramosa specifically, the predictions of our model are
biologically feasible. This pathogen sterilises hosts, but often
one clutch is produced before reproduction stops. If no effect
of maturation or maternal effects were present, the transmis-
sion potential would decrease as seen in Fig. 4. In the pres-
ence of these effects, however, those who are young when
infected only reproduce once whilst young and then do not
contribute to the population at a later age. Their offspring are
therefore expected to be the most susceptible. As mortality
increases, the density of young individuals contributing highly
susceptible individuals to the population increases, resulting in
the dynamic we show.
The maternal effect of increased resistance in offspring

born to older mothers could be explained by size at birth.
Older mothers are known to produce larger offspring (Mar-
shall et al. 2010; Kindsvater et al. 2011) and therefore the
size at birth could be responsible to some degree for the
resistance to disease. This correlation of body size to suscep-
tibility has been made before in Daphnia, and it has been
suggested this is due to increased resources availability for
costly immune defences and somatic maintenance (Garbutt
et al. 2014a). In Daphnia spp. and other systems, however,
this correlation between increased size and reduced infection
probability does not always hold true (Hall et al. 2007;
Stjernman & Little 2011). Furthermore, the assumption that
increased body size equates to better fitness and performance
does not explain how smaller offspring of young mothers are
capable of reproducing in higher numbers than their larger
counterparts.
The observed trade-off between offspring size and the

decreasing number of offspring in each successive reproductive
event could be adaptive if clutches of older mothers were to
experience more challenging environments than young moth-
ers. This is plausible given population size could increase,
increasing competition, and potentially pathogen prevalence. It
has been seen previously that Daphnia produce larger and
more resilient offspring in tough conditions (Mitchell &
Read 2005; Garbutt et al. 2014b) and larger individuals are
better competitors for resources in a more dense populations
(Brockelman 1975). In addition, individuals born to older
mothers may need to be larger in order to compete with their
older siblings (Plaistow et al. 2007).
In summary, our experimental results add evidence to a

growing body of work showing maternal age effects on off-
spring performance (Berkeley et al. 2004; Plaistow et al.
2007; Marshall et al. 2010). Furthermore, our model shows
that where age-related and maternal age-related effects
occur they can fundamentally transform the ecological con-
ditions that favour disease transmission. Divergent host sus-
ceptibilities within a population could also have marked
effects on pathogen evolution and virulence, and our model
lends itself to an extension that includes studies of optimal
virulence.
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Figure 3 Showing the changes in total population density with increased

mortality (purple line). This is broken down into the age classes showing

density of young individuals with young mothers (red line), young

individuals with old mothers (yellow line), old individuals with young

mothers (blue line) and old individuals with old mothers (green line). Due

to parameterization of the model, the yellow and blue lines trace one

another. Other parameters are r = 3; K = 1; m = 1/10.
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Figure 4 Modelling outputs of the relationship between mortality and transmission potential (R0Þ with three different parameter values for p (extrinsic

mortality of infected individuals contributing to transmission). p = 1 (yellow line), p = 0.5 (blue line) and p = 0 (red line). (a) No age effects or maternal

age effects present, (b) Maternal age effects, (c) Age specific susceptibility, or (d) – Both maternal and age effects present. In the presence of no effects (a),

the expected negative relationship between mortality and transmission potential is shown at all levels of extrinsic mortality. The presence of maternal age

effects (b), age-specific susceptibility (c) or both effects (d) within a population results in a humped relationship, where an increase in mortality initially

increases transmission, due to the shift in density of susceptible individuals. This positive relationship between mortality and transmission potential is most

pronounced at all levels of extrinsic mortality when both effects are present. Other parameters are: r = 3; K = 1; a = 1/5; m = 1/10; bY;Y = 3.5.
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