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ABSTRACT: Variance among individuals in fitness components
reflects both genuine heterogeneity between individuals and sto-
chasticity in events experienced along the life cycle. Maternal age
represents a form of heterogeneity that affects both the mean and
the variance of lifetime reproductive output (LRO). Here, we quan-
tify the relative contribution of maternal age heterogeneity to the
variance in LRO using individual-level laboratory data on the roti-
fer Brachionus manjavacas to parameterize a multistate age X ma-
ternal age matrix model. In B. manjavacas, advanced maternal age
has large negative effects on offspring survival and fertility. We used
multistate Markov chains with rewards to quantify the contribu-
tions to variance in LRO of heterogeneity and of the stochasticity
inherent in the outcomes of probabilistic transitions and reproduc-
tive events. Under laboratory conditions, maternal age heterogeneity
contributes 26% of the variance in LRO. The contribution changes
when mortality and fertility are reduced to mimic more ecologically
relevant environments. Over the parameter space where populations
are near stationarity, maternal age heterogeneity contributes an aver-
age of 3% of the variance. Thus, the contributions of maternal age
heterogeneity and individual stochasticity can be expected to depend
strongly on environmental conditions; over most of the parameter
space, the variance in LRO is dominated by stochasticity.
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Introduction

Individuals within any population differ in fitness com-
ponents such as longevity and lifetime reproductive out-
put (LRO). Some have long lives; some have short lives.
Some leave many offspring; others leave few offspring or
none at all (Clutton-Brock 1988; Newton 1989).

One source of this variation is individual heteroge-
neity—differences between individuals in the same life
cycle stage that generate differences in vital rates (survival,
fertility, growth, etc.) among them. Heterogeneity can be a
fixed property, such as genotype, early environment con-
ditions, spatial location (for immobile organisms), sex, or
maternal effects. Or it may reflect a dynamic factor, such
as physiological or behavioral condition (e.g., breeding vs.
nonbreeding), health status, location (for mobile organisms),
or environmental state (van Daalen and Caswell 2020). In
any particular situation, heterogeneity may be observed or
may be estimated as an unobserved latent quality, such as
frailty. Individual heterogeneity, however, is not the only
source of variation in fitness components. Indeed, individ-
uals with identical vital rates may experience dramatically
different life history trajectories.

Diverging trajectories can also arise because life history
events are probabilistic. By chance, individuals experienc-
ing the same rates throughout life may differ in the path-
ways they take through the life cycle and in their success
in producing offspring along those pathways. By the end
of their lives, even such identical individuals will differ in
various fitness components because some individuals were
luckier than others. Differences arising from the random
outcome of the same probabilities operating on identical

American Naturalist, volume 199, number 5, May 2022. © 2022 The University of Chicago. This work is licensed under a Creative Commons Attribution-

NonCommercial 4.0 International License (CC BY-NC 4.0), which permits non-commercial reuse of the work with attribution. For commercial use, contact
journalpermissions@press.uchicago.edu. Published by The University of Chicago Press for The American Society of Naturalists. https://doi.org/10.1086/718716


mailto:silkevandaalen@hotmail.com
mailto:journalpermissions@press.uchicago.edu

000 The American Naturalist

individuals are said to be the result of individual stochasticity
(Caswell 2009).!

In laboratory and field studies, ecologists often find
large variance in a given fitness component among individ-
uals (Clutton-Brock 1988). The extent to which this vari-
ance is generated by individual heterogeneity or by indi-
vidual stochasticity is unknown. Here, we describe a new
method for partitioning the variance when the fitness com-
ponent of concern is LRO and the heterogeneity of interest
is maternal age. We then apply our method to a laboratory
population of genetically identical rotifers (an organism
known to exhibit substantial maternal age effects) and find
that the relative contributions of heterogeneity and sto-
chasticity depend on environmental context.

We focus on LRO—the number of offspring produced
over an individual’s life—because it is an important fitness
component and is often used as an individual-level life
history proxy for fitness (Grafen 1988; Stearns 1992; Roff
2008). The net reproductive rate, R, is a measure of the
mean LRO when reproduction is measured as daughters
per female. R, is also the rate of population increase per
generation and is therefore indicative of population growth
(R, > 1) or decline (R, < 1; Lotka 1939; Cushing and Zhou
1994; Heesterbeek 2002). Measures such as the population
growth rate A or r are more accurate measures of fitness
because they take timing of reproduction into account
(Metz et al. 1992; Roff 2008; Barker 2009). However, be-
cause these are population-level measures, they provide
no insight into individual-level variability.

Estimates of variance in LRO provide measures of the
uncertainty and risk in reproduction in conservation, epi-
demiological, or other applied settings. The variance in
LRO is also indicative of inequality among individuals
and, in particular, gives insight into the potential for selec-
tion on fitness-related traits (Crow 1958; Brown et al. 2009).
Much of quantitative genetics is devoted to one particular
partition of variance, between genetic and nongenetic com-
ponents. We are not concerned with that partition here.
Demographic analyses have shown that individual stochas-
ticity creates a substantial amount of variance in LRO in
models without heterogeneity for plants, animals, and hu-
mans (Tuljapurkar et al. 2009; Steiner et al. 2010; Caswell 2011;
Steiner and Tuljapurkar 2012; van Daalen and Caswell
2015, 2017). However, with the exception of examples in
van Daalen and Caswell (2020) and in Snyder and Ellner
(2018), these studies have not attempted to partition the
overall variance into contributions from stochasticity and
heterogeneity.

1. What we call “individual stochasticity” has been referred to as “dynamic
heterogeneity” by Tuljapurkar, Steiner, and collaborators (Tuljapurkar et al.
2009; Steiner et al. 2010; Steiner and Tuljapurkar 2012). More recently,
Snyder and Ellner (2018) have used the term “luck” to describe such stochas-
tic variation in fitness components.

One potential source of heterogeneity is maternal age.
Maternal age effects occur when the age of a mother affects
the phenotype of her offspring, without any change to the
offspring’s genotype (Bernardo 1996; Marshall and Uller
2007). We focus on maternal age as a source of heteroge-
neity in part because maternal age effects are widespread.
They have been found in a variety of species, including
Daphnia (Plaistow et al. 2015), seed beetles (Fox et al.
2003), birds (Bouwhuis et al. 2015), mice (Carnes et al.
2012), elephants (Reichert et al. 2020), humans (Gillespie
et al. 2013), and Drosophila (Hercus and Hoffman 2000;
Kern et al. 2001). In addition, maternal age effects can be
complex. While they are often detrimental, with the sur-
vival and fertility of offspring declining with advanced ma-
ternal age (e.g., Lansing 1947; Hercus and Hoffman 2000;
Kern et al. 2001), they are not necessarily so (e.g., Plaistow
et al. 2007; Green 2008; Kroeger et al. 2020).

The effects of maternal age on the vigor of rotifers has
been an object of study since Lansing (1947) first showed
that rotifers born to older mothers tended to have a shorter
life span and lower reproduction.’ In individual-level ex-
periments with high replication, Bock et al. (2019) found
that increasing maternal age led to decreased offspring life
span and fecundity in the rotifer Brachionus manjavacas.
This rotifer reproduces clonally; there is little genetic var-
iation among individuals, and the laboratory conditions
were kept constant throughout the experiment. Individ-
uals nonetheless differ in their fates along their life cycle
(fig. 1), due to maternal age or individual stochasticity.

Maternal age effects can be short term (e.g., effects on
neonatal survival sensu Moorad and Nussey 2016) or may
persist through the life of the offspring, and they may be ex-
pressed as reductions in survival or fertility (e.g., Barks and
Laird 2020; Herndndez et al. 2020). Whether beneficial or
detrimental, short term or long term, or expressed in terms
of survival or fertility, heterogeneity due to maternal age is
expressed as differences in the age-specific vital rates expe-
rienced by individuals over all or some part of their life.

To explore the effects of maternal age heterogeneity re-
quires the recognition that the population is a mixture of
individuals of different ages and maternal ages and in-
clusion of both age and maternal age in a multistate, or
age x stage, model (Caswell et al. 2018). In previous work,
we developed a population-level model for B. manjavacas
and used it to calculate measures of population perfor-
mance as well as selection gradients on the evolution of
maternal effect senescence (Herndndez et al. 2020). In this
study, to analyze LRO and partition the variance therein,

2. This is an example of maternal effect senescence, a type of maternal age
effect in which offspring quality declines with increasing age of the mother
(Moorad and Nussey 2016).
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Figure 1: A, Event history diagram for 272 individual rotifers. B, Age-specific fertility schedules for each maternal age group according to
the Coale-Trussell model. C, Survivorship curves for each maternal age group according to the Weibull model. Solid circles represent ob-
served data. Colored lines represent model fits to the data, and gray lines represent interpolated model fits. B and C were obtained from

Hernandez et al. (2020).

we modify the population model to obtain an individual-
level multistate Markov chain with rewards.

The relative contributions of maternal age heteroge-
neity and individual stochasticity to variance in LRO—
and how these contributions depend on the environ-
ment—are unknown. The environment can potentially
enhance or obscure the effects of heterogeneity. Studies
of birds (Barbraud and Weimerskirch 2005; Jenouvrier
et al. 2018) and Soay sheep (Tavecchia et al. 2005) have
found that various individual differences are expressed to
a lesser or greater extent depending on the environmental
conditions. The rotifers in our experiment were provided
abundant food, constant temperature, and protection from
predators and pathogens. We use our model to define sce-
narios corresponding to more natural, or at least ecologi-
cally reasonable, environments and to determine the con-
sequences of such environments for LRO and its variance.

The goals of this study are to (1) present a general,
individual-level model for incorporating maternal age ef-
fects; (2) analyze the relative contributions of individual
stochasticity and maternal age heterogeneity to the vari-
ance in LRO; and (3) understand how those contributions
change under different environmental scenarios.

The multistate age x maternal age Markov chain with
rewards is presented, step by step, in the next section. We
show the calculations needed to obtain mean and vari-
ance in LRO and the variance components due to indi-
vidual stochasticity and maternal age heterogeneity. The
following section describes the rotifer life history and ex-
perimental system. We then present the results and con-
clude with a discussion.

Demographic Analysis

Our goal is to determine the contributions of an impor-
tant source of heterogeneity to variance in LRO and to do
so as a function of environments expressed through the
vital rates. Accomplishing this requires a methodical de-
velopment of demographic analyses from the individual,
through the life cycle, to lifetime reproduction, and it
requires a careful consideration of both deterministic and
stochastic processes. In this section, we lay these steps out
carefully, to provide the ground for our analyses and to
provide a path that can be followed by anyone else want-
ing to carry out such an analysis.
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A note on notation. Matrices are denoted by uppercase
boldface letters (e.g., P), and vectors are denoted by lower-
case boldface letters (e.g., x). Vectors are column vectors by
default; x" is the transpose of x. The vector 1, is an n x 1
vector of ones, I, is the identity matrix of order n, and e,
is a unit vector with a 1 in the ith entry and zeros elsewhere.
The diagonal matrix with the vector x on the diagonal and
zeros elsewhere is denoted D(x). The symbol o denotes the
Hadamard, or element-by-element product, and ® denotes
the Kronecker product. In the multistate model, vectors
and matrices have a block structure that reflects the ar-
rangement of age classes and maternal age groups. A tilde
is used to indicate such vectors (e.g., n) and matrices (e.g.,
U). When it seems helpful, we will indicate the dimension
of matrices and vectors when they are referenced.

The variance among individuals in LRO (or in any life-
time fitness component) depends on the life cycle pathways
open to an individual and their probabilities. The pathways
in turn depend on probabilities of survival and stage tran-
sition and on the probability distribution of reproduction
at each stage. Incorporating estimates of those probabilities
into a properly structured demographic model makes it
possible to calculate the variance arising from individual
stochasticity and from heterogeneity. In this section, we
present the model for the study of maternal age effects, in
the form of a multistate Markov chain with rewards.

In an age- or stage-classified model, every individual ex-
periences the same rates at the same (st)age. The variance
among individuals is thus due to individual stochasticity.
In a multistate model combining (st)ages and “groups”
(a second dimension of classification), the rates at any (st)
age depend on group membership but are identical for all
individuals within groups. The variance among individuals
is, in such a model, due to individual stochasticity within
groups and heterogeneity among groups.

Demography with Maternal Age Effects:
A Multistate Matrix Model

Our demographic analysis requires a model in which indi-
viduals are jointly classified by their age and their maternal
age (i.e., the age of their mother at the time of their birth).
Matrix models with multiple dimensions are referred to
as multistate or age x stage models (e.g., Goodman 1969;
Land and Rogers 1982; Caswell 2012; for a recent synthe-
sis, see Caswell et al. 2018). The analytical methods for
matrix population models apply directly to such multi-
state models.

A multistate model for maternal age effects was intro-
duced by Hernandez et al. (2020). A model with similar
structure was independently derived by Barks and Laird
(2020). We give a brief overview of model construction
here; the full details are given in Hernandez et al. (2020).

The model is constructed using the vec-permutation
approach (see Caswell et al. 2018), which is based on sets
of matrices that contain age-specific survival probabili-
ties and fertilities for each maternal age class and specify
the assignment of offspring into maternal age groups. The
result is a block-structured population vector:

=
Il
—
i
S~—

Individuals are classified by age (x = 1,...,w) and ma-
ternal age groups (y = 1,...,g). The matrix A that proj-
ects this population forward in time has a block-Leslie
structure:

F1 FZ o Fw*l Fw
U| 0] 1] 0 0
A=]|0]|U | ] 0] o0 (2)
0 0 Uw*l [Uw]
=U+F. (3)

If the matrix [U,] is included, the final age class includes
individuals of all ages w or older. The matrix A is made
up of a matrix U containing transition probabilities for
extant individuals and a matrix F containing fertilities:
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where p;, is the probability of surviving from age x to age
x + 1 for an individual with maternal age i. For each age
class x, the g x g fertility matrix F, contains fertilities spe-
cific to each age and maternal age combination and places
the new offspring in the appropriate maternal age group.
For example, if ¢ = w = 4, then

1

F, =

OOO.E’\A
CDCDCJV.:NA

0 0
(6)
0 0 0
p_ |0 o o
’ f13 f23 f3,3 fg3 ’
0 0 0
0 0 0 0
0 0 0 0
E=10o o o of

f1,4 f2,4 f3,4 fg,4

where f,, is the fertility of an individual of age x in ma-
ternal age group i.

The matrix A projects the age-stage structure of the
population. The dominant eigenvalue A of A gives the
asymptotic population growth rate, and the derivative
of A to the entries of A is the selection gradient on the cor-
responding life history trait. Hernandez et al. (2020) used
this fact to analyze selection gradients on maternal effect
senescence. They found that selection gradients on sur-
vival and fertility eventually decrease with maternal age,
which shows that maternal effect senescence can evolve
as aresult of antagonistic pleiotropy or mutation accumu-
lation, in much the same way as the familiar age patterns
of senescence (Hamilton 1966).

The Individual Life Cycle with Maternal Age Effects:
A Multistate Markov Chain

Our goal here is to determine not the growth rate of the
population but rather the reproductive output over the
lifetime of an individual. To that end, we use a multistate
absorbing Markov chain to describe the life cycle.

The matrix U in equation (5) is the transient portion
of an absorbing Markov chain. Its entries are the prob-
abilities of transitions and survival of individuals of any
maternal age group moving through their life cycle (e.g.,
Caswell 2001, 2009, 2014; Tuljapurkar and Horvitz 2006;
Horvitz and Tuljapurkar 2008; van Daalen and Caswell

Maternal Age Effects and Variance in LRO 000

2017). Death is an absorbing state. The transition matrix
for this Markov chain can be written

ﬁ:(ﬁ °> (go+ 1) x(gu+1).  (7)
ali

Here, d is a vector of age x stage-specific probabilities of
death.

The fundamental matrix of the chain plays an impor-
tant role in what follows; it is given by

N=(,-0)". (8)

The (i,j) entry of N gives the mean time spent in state i,
prior to absorption, by an individual in state j, where i
and j here range over all of the age-stage combinations in
the state space.

Reproduction over the Individual Life Cycle:
A Markov Chain with Rewards

The Markov chain with transition matrix P generates the
possible pathways that an individual can take, starting at
any age x stage combination (we start at birth) and con-
tinuing until eventual absorbtion (i.e., death; e.g., Caswell
2001, 2009; Tuljapurkar and Horvitz 2006; Horvitz and
Tuljapurkar 2008). However, we are interested not only
in the life trajectories but also in the reproductive output
accumulated by an individual over that trajectory. Analy-
ses of reproductive output are most realistic when indi-
vidual stochasticity is represented in both survival and re-
production, as is the case in Markov chain with rewards
models (Caswell 2011; van Daalen and Caswell 2017).

Individuals produce offspring, at every age and in every
stage, at rates that are specific to that age-stage combina-
tion. This reproduction is treated as a “reward” that is ac-
cumulated by the individual until death. The accumulated
reward is the LRO, and its mean, variance, and other statis-
tical properties are calculated as we describe below (Cas-
well 2011; van Daalen and Caswell 2015, 2017, 2020, forth-
coming). It is important to note that the reproductive
reward at each step of the life cycle is itself a random var-
iable, the expected value of which is given by the entries of
F. The calculation of the statistics of LRO using Markov
chains with rewards is the only approach that accounts
for both of these kinds of variation (Caswell 2011).

Let r; denote the reward associated with the transition
from state j to state i, where i and j range over the entire
age X stage state space. In our case, r; is the reproductive
output associated with the transition from state j to state i.
Because r;is a random variable, we define a set of matrices
that contain the moments of the ;. The kth moments are
the entries of a matrix f{k,
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R, = (E[r]). (9)

The reward matrices inherit the same maternal-age-within-
age structure as the other vectors and matrices. The kth mo-
ment reward matrix then becomes

Ri(1)] ... |Ri(w) ngl

Rk=

Rk.(l) R, (w) ();Xl (gw+1) x (g + 1).

rr(1)] ... [rf(w)| 0

(10)
The zero matrices in the last block column indicate that
dead individuals cannot accumulate any more reproduc-
tion. The age-specific matrices Ri(x) contain the kth mo-
ments of reproductive rewards in each maternal age group
at age x for individuals that remain in the transient (living)
stages. The vectors r} (x) contain the kth moments of the
rewards for individuals that move to the absorbing (dead)
state during a time interval.

In demographic models, fertility typically depends on
the current state of the individual, not on the state to which
it moves. In our case, the rewards are given directly by the
fertility rates. The g x g matrices R;(x) are

fie o fux

R(x) = E x=1.,0 (11)

fie o fur
The 1 x g vectors r{(x) are

ri(x) = E(f}. i) x=1lL.,0.  (12)

The moment matrices R, depend on the moments of
age x stage-specific fertility. These moments can be cal-
culated from published demographic models by assum-
ing a parametric form for the distribution of fertility
(Caswell 2011; van Daalen and Caswell 2017). However,
in our case we are able to calculate the moments directly
from the raw fertility data, thus obtaining an “empirical
distribution” (see “Parameterization”).

The Statistics of LRO

Given the multistate Markov chain P and the reward
matrices Ry, we compute the moments of LRO for indi-
viduals starting in every age-maternal age state. To cal-
culate the mean and variance of LRO, we require its first
two moments, which are given by the vectors

ijl NTZ(poﬁl)Tlguﬂrl gw X 1’ (13)

0> NT[Z(E) ° RZ)Tlngrl + 2((I ° ﬁl)Ti’l] g x1,
(14)

where R, is the reward matrix R, with the absorbing state
cleaved off according to

RI = ZRlzT (15)

and Z = (I,|0,. ). See van Daalen and Caswell (2017,
theorem 1) for the derivation of these formulas and exten-
sion to all moments.

The vector of the variances in LRO is

V(p) = p2 —piopy guw X1 (16)

The vectors p;, p,, and V(p) inherit the block structure of
n in equation (1).

Cohorts, Groups, and the Mixing Distribution

The entries of p, and V(p) contain the means and var-
iances of LRO for individuals starting in every combi-
nation of age and maternal age group. We are interested
in the lifetime reproduction of a set of individuals start-
ing at birth (i.e., the first age class) and distributed among
maternal age groups according to some distribution. Thus,
we extract vectors containing the means and variances of
LRO for each maternal age group,

m=(ef®L)p, gx1, (17)

v=(®LV(E) gxl. (18)

Here, e, is an w x 1 vector with a 1 in the first entry. The
ith entry of m is the mean LRO for an individual in
group i, similarly for v.

The variance in LRO among a set of newborn indi-
viduals is that of a heterogeneous cohort consisting of a
mixture of individuals among maternal age groups. A
probability vector m, of dimension g x 1, gives the frac-
tion of the cohort in each maternal age group. This vec-
tor is called the mixing distribution. As a biologically rea-
sonable mixing distribution, we use the distribution among
groups of newborn individuals in the stable population im-
plied by A.

The stable structure is the normalized right eigenvec-
tor w corresponding to the dominant eigenvalue of A.
The reproductive output of the stable population, normal-
ized to sum to 1, provides a cohort of newborns:

PR i x 1 (19)
T = = w .
1w ©

The vector 7 inherits the block structure of n in equa-
tion (1). The mixing distribution among groups at birth
is then extracted as

T=(e@®L)r gxl. (20)



(Note the lack of tilde on , indicating that it is not block
structured.)’

Variance Partitioning

We are now prepared to calculate and partition the var-
iance in LRO among the set of newborn individuals dis-
tributed among maternal age groups according to the mix-
ing distribution «. The mean LRO for this group is

E(LRO) = E,[E(LRO | maternal age group)]

= 7'm.

(21)

The variance in LRO among the individuals in this set
has two components: the variance within and the variance
between maternal age groups. The within-group compo-
nent of the variance is the mean of the variances within
maternal age groups, weighted by . The between-group
component is the variance of the means of maternal age
groups, again weighted by « (e.g., Rényi 1970, p. 275, the-
orem 1):

V(LRO) = E,[V(LRO)] + V,.[E(LRO)]

=V, +V,. (22)
~— =~
within between

The expressions for the within-group and between-group
variance components are

V, =V, (23)
Vy, = a'(mem) — (x'm)’, (24)

where m and v are given by equations (17) and (18).

The within-group variance V., is the result of the sto-
chastic outcome of survival and reproduction among indi-
viduals experiencing identical rates. The between-group
variance V,, is the result of the differences in the rates ex-
perienced by individuals in different maternal ages.

The fraction of the total variance due to heterogeneity
can be calculated as

Vs

K=—1%_
Vb+Vw

(25)
This fraction is known as the intraclass correlation co-
efficient in quantitative genetics (Falconer 1960). If there
is no contribution to the variance in p from the mater-
nal age groups, L = 0. If there is no stochasticity, and
the variance in LRO is a deterministic function of the ma-
ternal age groups, L = 1, and all variance will be due to
heterogeneity.

3. It is possible to calculate the remaining lifetime reproduction of a set
of individuals starting at any age x; see sec. S2 of the supplemental PDF.
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Maternal Age Heterogeneity in Rotifers
The Rotifer Model System

Rotifers of the genus Brachionus are microscopic, inver-
tebrate animals with a life span of about 2 weeks and sim-
ple laboratory culture. They are cyclical parthenogens,
alternating between asexual and sexual reproduction, de-
pending on environmental conditions. Individuals in age-
synchronized cohorts of B. manjavacas are easy to collect
and monitor. These properties have made B. manjavacas
a valuable model species for the investigation of maternal
effects in laboratory environments (Gribble and Snell 2018).
Asexually reproducing females produce 25-30 offspring
sequentially during their 10-day reproductive period in
the laboratory. Maternal investment is high; egg size is
about one-third the size of the mother. There is no post-
hatching parental care, which rules out parental care as a
potential cause of maternal effects. The laboratory popula-
tion used in this study is fully clonal and hence shows no
genetic variation.

Parameterization

Our analysis is based on data from a laboratory study in
which equal-sized cohorts of newborn rotifers in each
of several maternal age groups (3, 5, 7, and 9 days) were
individually maintained under constant food and tem-
perature conditions (Bock et al. 2019). Figure 1A is an
event history diagram (Carey et al. 1998) showing the sur-
vival and reproduction of each individual. Despite the
uniformity of the laboratory conditions and the genetic
uniformity of the organisms, considerable variation in in-
dividual fates remains. Given the lack of genetic diversity,
the only known sources of this variation are individual
stochasticity and maternal age. By grouping individuals
by their maternal age, Bock et al. (2019) obtained age x
maternal age-specific survival and fertility schedules.

In our previous study, we used these data to fit an
age x maternal age matrix model; for details, see Her-
nandez et al. (2020). We fit a Weibull model for age at
death and the Coale-Trussell model for fertility (Coale
and Trussell 1974) using nonlinear least squares. Both
models were adapted to incorporate a maternal age pa-
rameter, and subsequently a best-fit age x maternal age
fertility and survival schedule was obtained (for details,
see sec. S1 of the supplemental PDF, available online, or
Hernéndez et al. 2020). The Weibull and Coale-Trussell
parameters were interpolated to obtain age-specific fertil-
ity and mortality schedules for all maternal age groups
(fig. 1B, 10).

The reward matrices in equation (11) require the first
and second moments of reproductive output as a func-
tion of age and maternal age. We obtained these by fitting
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a Coale-Trussell model separately to each of the moments
of the raw fertility data.

Environmental Scenarios

Our data were obtained under laboratory conditions of
high resource levels and no predation, resulting in levels
of survival, fertility, and population growth rate that are
not representative of natural ecological conditions. The
laboratory conditions led to a population growth rate of
A =2 per day (Hernandez et al. 2020). To see how un-
realistic this is, simply note that under these conditions a
population of B. manjavacas would increase by a factor of
1 billion in just under 1 month. The results of calculations
under such conditions have limited ecological relevance,
applying at best only on very short, transient timescales.

In a more natural situation, survival would be reduced
by predation, parasitism, and abiotic factors, and fertil-
ity would be reduced by resource limitation; over the long
term, the population growth rate would be close to station-
ary (i.e., A = 1). Rotifers are subject to predation by a vari-
ety of invertebrate (protozoa, cnidaria, copepods, aquatic
insects) and vertebrate (fish larvae) predators (Williamson
1983; Nagata et al. 2005). Predation is common enough that
rotifers have been called an important link in the fresh-
water food web (Williamson and Butler 1986). Food lim-
itation reduces the amount of reproduction but leaves the
shape and location of the distribution of egg production
relatively unchanged (King 1967).

As in our previous analysis (Hernandez et al. 2020), we
modified the demographic parameters to create plausible
and ecologically relevant life history scenarios. A reduction
in fertility that reduces A to 1 is obtained by multiplying
the fertility matrix by 1/R,, leaving survival unchanged.
The reward matrices for this low-fertility scenario were
created by dividing R, by the net reproductive rate R, and
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by dividing R, by R3. We reduced survival by imposing a
fixed additive mortality hazard to all age and maternal age
classes. We found numerically that an additive hazard that
was equivalent to multiplying the U, matrices by a factor
¢ = 0.3833 was sufficient to reduce A to 1. In both of these
cases, we chose to modify the amount of reproduction or
the level of survival, keeping the shape of the fertility or
survival function fixed.

We sampled combinations of 100 values of fertility re-
duction between 1 and 1/R, and 100 values of survival re-
duction between ¢ = 1 and ¢ = 0.3833. For each of the
resulting 10,000 sets of demographic parameters, we cre-
ated U, F, R, and R, and calculated the within-group and
between-group variances in LRO and the fraction C of the
variance in LRO attributable to heterogeneity. All analy-
ses were performed in Matlab R2017B (code is available
via the Dryad Digital Repository; https://doi.org/10.5061
/dryad.vmcvdnctb; van Daalen 2022).

Results: Variance and Variance Partitioning

The mean and variance of LRO for each maternal age
group, under laboratory conditions, are shown in figure 2.
These values are the entries in the vectors m and v in
equations (17) and (18). Between the earliest and the latest
maternal age groups, mean LRO declines threefold, while
the variance in LRO (due to individual stochasticity in
each group) more than doubles. These large changes are
demographic evidence, reinforcing the survival and fertil-
ity differentials in figure 1, of the magnitude of the effects
of maternal age in this species.

The population mean and variance in LRO depends
on the group-specific values in figure 2 and the mixing
distribution. The mixing distribution is the composition
of the newborns produced by a population with the stable
age-by-maternal age structure (as in eq. [20]). In the
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Figure 2: Mean and variance in lifetime reproductive output (LRO) for each maternal age group. The dashed black lines represent the pop-
ulation mean LRO in A and the total variance in LRO in the population in B. About 26% of the total variance in LRO is variance between
groups due to maternal age heterogeneity; the other 74% is variance within groups due to individual stochasticity.
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Figure 3: Mixing distribution 7 estimated under laboratory condi-
tions. This is the maternal age group composition of a cohort of
newborns in a population with the stable age x maternal age struc-
ture implied by the estimated vital rates. Although other choices
for the mixing distribution could be made, it is reasonable to connect
the mixing distribution to the population composition through the
model.

laboratory environment, 75% of newborns were born to
mothers aged 2, 3, or 4 days, with an increasingly smaller
proportion born to older mothers (fig. 3). The mixing dis-
tribution, being a function of the stable stage structure
and the fertility matrix, must be recalculated for each en-
vironmental scenario (see our note in sec. S3 of the sup-
plemental PDF).

Together, the means, the variances, and the mixing dis-
tribution yield the population mean and variance of LRO,
calculated following equations (21) and (22). The results,
under laboratory conditions, are shown by the horizontal
dashed lines in figure 2; under laboratory conditions,
E(LRO) = 26.7 and V(LRO) = 29.3.

When the total variance in LRO is partitioned into the
variance within groups (V,,) and the variance between
groups (V,), as calculated from equations (23) and (24),
we find that under laboratory conditions, K = 0.26. That
is, 26% of the variance in LRO is due to heterogeneity in
maternal age. The remaining 74% is due to individual
stochasticity within maternal age groups.

Variance Components and Contributions
under Ecological Scenarios

As discussed in “Environmental Scenarios,” the laboratory
conditions that produce the results in figure 2 are ecolog-
ically unrealistic. We are interested in results under more
ecologically relevant scenarios. For each of the 10,000 pa-
rameter sets defined by reductions in fertility (as might be
produced by food limitation) and survival (as might be
produced by predation), we computed the group-specific
means and variances, the mixing distribution, and within-
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group and between-group components of the variance
in LRO.

The resulting contributions of maternal age heteroge-
neity and stochasticity are shown in figure 4. Reducing
survival clearly reduces the contribution due to hetero-
geneity regardless of the value of fertility. Only at values
of survival close to that in the benign laboratory envi-
ronment does the contribution of heterogeneity to the var-
iance increase with a decreasing fertility level.

The most ecologically relevant parameters are those
corresponding to reasonable rates of population growth.
The contours in figure 4 show parameters yielding sta-
tionary populations with A = 1 and the region where
0.95 < A £1.05, that is, the region corresponding to a
population growing or shrinking by 5% per day. In this
region of parameter space, the results differ dramatically
from those under laboratory conditions. Over about 70%
of this region, heterogeneity contributes less than 1% of
the variance in LRO; over 85% of this range, it contrib-
utes less than 5%. Along the line representing A = 1,
heterogeneity contributes, on average, 3% of the variance.
The sole exception is the bottom right corner of figure 4,
corresponding to a population with extremely high sur-
vival and severely reduced fertility. There, I reaches val-
ues as high as 0.41 (i.e., 41% of the variance contributed by
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Figure 4: Contribution (%) of maternal age heterogeneity to the
variance in lifetime reproductive output at birth for a range of vir-
tual environments. The axes represent the factors with which the
survival matrix U and the fertility and reward matrices have been
multiplied to reduce population growth, starting at ¢ = 0.3833
and 1/R, = 0.045, respectively. The values on the color bar are
on a log scale, with a minimum of 0.0006% and a maximum of
41.4%. The thick black line represents combinations of reduced sur-
vival and fertility where the population is stationary (i.e, A = 1).
The thin black lines below and above this line represent combina-
tions where A = 0.95and A = 1.05, respectively. The high-growth
scenario is located in the upper right corner at (1,1).
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heterogeneity). At the other extreme, with reduced sur-
vival but high fertility (the upper left corner of the plot),
the contribution of maternal age heterogeneity is effec-
tively zero (K = 6 x 1079).

We conclude that despite the pronounced effects of
maternal age on survival and fertility (fig. 1) and on the
mean and variance of LRO (fig. 2), over much of the eco-
logically reasonable parameter space, heterogeneity in ma-
ternal age contributes less than 5%—and often much less
than 5%—of the variance in LRO. The remainder is due
to individual stochasticity within maternal age groups.

Discussion

LRO is an important component of fitness, and under some
definitions its mean is a measure of per-generation popula-
tion growth (Cushing and Zhou 1994; Heesterbeek 2002;
Caswell 2011). It is an integrative and empirically measur-
able fitness component (Clutton-Brock 1988) and provides
a clear link between individual outcomes and population
metrics. The variance and higher moments of LRO are in-
dicative of inequality and uncertainty among individuals.
Thus, natural selection may operate on variance in LRO.
Not all of the variance in LRO will be heritable, however.
In particular, variance due to individual stochasticity is
not heritable and may mask heritable variation (Steiner
and Tuljapurkar 2012). Disentangling the relative contri-
butions of stochasticity and heterogeneity to interindivid-
ual variability is therefore a question of increasing interest.

Maternal age heterogeneity is expressed in rotifers as
dramatically decreased survival and fertility with increas-
ing age of a mother at the birth of an individual. The inter-
individual differences in vital rates generate a pronounced
decrease in the mean and an increase in the variance of
LRO for individuals of increasing maternal age. In the lab-
oratory environment, this maternal age heterogeneity gen-
erates 26% of the interindividual variance; the other 74%
is due to individual stochasticity.

Such laboratory environments often confront the prob-
lem of unrealistic ecological conditions. By carefully con-
trolling the conditions (i.e., “keeping the rotifers happy”),
the specific effect of a given factor, whether that is food,
temperature, or maternal age, can be quantified. But opti-
mal conditions for the experimental organisms often result
in demographic models with unreasonably high growth
rates, which in turn affect the age and stage structure as well
as other demographic parameters of the population. In nat-
ural systems, predators or diseases will lower the survival
rates of individuals, and density effects or reduced food
availability will reduce fertility rates.

By exploring a range of reductions in vital rates, we
show that the contribution of maternal age heterogeneity
to the variance decreases when survival is lowered regard-

less of the level of fertility. At the same time, lowering fer-
tility can increase the contribution of maternal age, but
only when survival is high. Along the range of parameter
values for which the population growth A = 1, the contri-
bution of heterogeneity tends to be low, with only about
15% of parameter combinations resulting in contributions
of 5% or higher. These results demonstrate that the vari-
ance in LRO and its decomposition into components are
not fixed properties of a species or a type of life cycle
but should be considered as demographic outcomes that
respond to environmental conditions.

The scenarios that reduce survival and/or fertility mimic
the effects of a “poor” environment relative to the high-
growth laboratory environment. From figure 4, it is clear
that poor environments are not all equivalent. Several re-
cent studies have reported an increase in the importance
of heterogeneity when environments become poor, where
poor environments result in a decrease in (some of) the vi-
tal rates (e.g., Tavecchia et al. 2005; Barbraud and Weimer-
skirch 2005; Jenouvrier et al. 2019). This could be due to
the fact that individuals are more likely to allocate re-
sources away from reproduction to maintain their sur-
vival when they encounter very poor environments. Stud-
ies of caloric restriction and life span extension, as well as
studies of dynamic energy budgets, predict such responses
(e.g., Noonburg et al. 1998; Kirkwood and Shanley 2005).
Examples of this have been found in some species of roti-
fers (Gribble et al. 2014; Bock et al. 2019; Kirk 2001), Daph-
nia (Lynch and Ennis 1983), spiders (Austad 1989), Dro-
sophila (Partridge et al. 2005), fish (Comfort 1960), and
rodents (Merry 2005).

Under ecologically reasonable conditions, rotifers are
likely to experience far more extrinsic mortality (given that
everything eats rotifers; Williamson 1983; Nagata et al.
2005). Food limitation has furthermore been shown to
suppress reproduction in rotifers (King 1967). The ephem-
eral nature of rotifer habitats and the fact that Brachionus
manjavacas change their reproductive strategy from asex-
ual to sexual depending on environmental conditions (Gil-
bert 2003, 2017) suggest that the interaction between ro-
tifers and their environments is more complex than we
assume here. Experiments in which food or mortality lev-
els vary for mothers and/or offspring are necessary.

Further experimentation is also required to identify how
the maternal age effect is conferred from mother to off-
spring. In several cases, maternal effects are due to changes
in the ability of older mothers to allocate resources or pro-
vide care to their offspring, which can be beneficial if ei-
ther of those processes require maternal experience (e.g.,
Jones et al. 2005; Robbins et al. 2006; Bogdanova et al.
2007; Plaistow et al. 2007; Green 2008; Kroeger et al.
2020). However, senescence can also reduce the provision-
ing by mothers with increasing age (e.g., Giron and Casas



2003; Beamonte-Barrientos et al. 2010). In B. manjavacas,
maternal care is not observed, and although prenatal ma-
ternal provisioning decreased slightly with age of the
mother, these differences were not sufficient to explain
the maternal effect (Bock et al. 2019). Other potential
mechanisms for the maternal age effect in this rotifer spe-
cies are epigenetic effects (e.g., Markunas et al. 2016;
Moore et al. 2019) and processes such as mutation accu-
mulation and antagonistic pleiotropy. This type of mater-
nal age heterogeneity is therefore unlikely to be heritable,
although more research into the molecular mechanisms
is needed to definitively make such a claim.

Maternal age generates heterogeneity in rotifer vital
rates depending on environmental conditions. We expect
that this conclusion is generally applicable to a species with
an age-classified life history and an age-specific detrimen-
tal maternal effect and whose survival and fertility can be
described by Weibull and Coale-Trussell models. Our re-
sults also reflect environmental conditions beyond those
of the original laboratory experiment. Furthermore, all re-
sults are obtained from analytical formulas, suggesting that
life histories with similar rates will show qualitatively sim-
ilar outcomes.

Incorporating a beneficial maternal age effect rather
than a detrimental one would result in a different pattern
of maternal age heterogeneity. The multistate model frame-
work we employ here, however, is easily adapted to include
alternative maternal effects. It is also flexible in the life his-
tories it can incorporate: rather than by age, one could clas-
sify individuals by size class, breeding status, or develop-
mental stage. Combining the states of the life cycle and
the maternal effect on the vital rates expressed as each of
those states provides a powerful way to investigate the life-
time scope of maternal effect heterogeneity. Although we
have not explored it here because the model is formulated
in matrix terms, it has the potential to include stochastic
environments (e.g., Caswell 2011; van Daalen and Caswell
2020), density dependence, and sensitivity analysis (van
Daalen and Caswell 2017, 2020).

It has become increasingly clear that individual sto-
chasticity nearly always dominates the variance in life
history outcomes (Steiner and Tuljapurkar 2012; Harte-
mink et al. 2017; Snyder and Ellner 2018; Hartemink and
Caswell 2018; Jenouvrier et al. 2018; van Daalen and Caswell
2020). Studies that decompose variance into contributions
by stochasticity and heterogeneity have primarily been per-
formed in the context of longevity. Most of these are at-
tempts to quantify the contribution of latent unobserved
heterogeneity to variance in longevity, for example, in
humans (Caswell 2014; Hartemink et al. 2017) and in
animals (Hartemink and Caswell 2018; Jenouvrier et al.
2018). These have identified contributions by heteroge-
neous frailty in the range of 1%-10% in human popula-
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tions and a median of 35% for several populations of lab-
oratory invertebrates.

In the few studies that partition variance in LRO, contri-
butions have been obtained of about 39% due to heteroge-
neous “quality” in kittiwakes (Snyder and Ellner 2018) and
of 22% from unobserved heterogeneity in the southern
fulmar (Jenouvrier et al. 2018). An example of practically
0% contribution to the variance from environment at
birth was found for a perennial herb in a fire-prone envi-
ronment (van Daalen and Caswell 2020). In a purposely
extreme comparison, treating the life history differences
among 83 populations of animals and 332 populations of
plants as a kind of heterogeneity, interspecies heterogeneity
could account for only 11% and 1% of the variance in LRO
in plants and animals, respectively (van Daalen 2020). This
range of generally low numbers shows that we need to be
careful in what we consider to be a substantial amount of
variance due to heterogeneity; such a thing is best defined
by collecting multiple measures for the same population
under different conditions.

The models used in many of such variance partitioning
studies, whether in longevity or in LRO, were estimated in
the context of searching for latent unobserved hetero-
geneity in an attempt to explain variance among individ-
uals (Cam et al. 2016; Authier et al. 2017; Gimenez et al.
2018; Hamel et al. 2018). These have therefore made certain
assumptions, statistically or otherwise, about how the het-
erogeneity variable fits into the life cycle model. Snyder and
Ellner (2018), for example, incorporate an individual qual-
ity variable x into an integral projection model of breeding
status for kittiwakes and assume that survival and breeding
probability are functions of x so that these probabilities are
perfectly correlated. Maternal age, on the other hand, is a
source of heterogeneity that can be observed, enabling di-
rect variance partitioning rather than inferential analysis.

It is not difficult to find individual differences in physi-
ological, behavioral, and life historical traits. Some of those
traits will have large effects on individual survival, growth,
and reproduction, at some or all life cycle stages. In our case,
the effects of maternal age on the vital rates of Brachionus
offspring are dramatic and long-lasting. Being born in the
laboratory to a young rather than an old mother nearly
triples mean LRO, and a population is a mixture of individ-
uals of different maternal ages. In spite of this, the contribu-
tion of maternal age heterogeneity to the variance in LRO is
highly labile and responds strongly to environmental differ-
ences that affect the demographic rates. In the admittedly
unrealistic laboratory environment, heterogeneity accounts
for 26% of the variance in LRO. In a range of more ecolog-
ically reasonable conditions, about 85% of the parameter
space yields contributions of heterogeneity of less than 5%.

Our results imply that no matter how large the effects
of some trait may be at the individual level, it is not safe
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to assume, on this basis alone, that heterogeneity in this
trait will make a major contribution to variance in LRO.
Stochasticity can never be ignored, and the relative contri-
butions of heterogeneity and stochasticity can be quantified
only after incorporating the heterogeneity in a demographic
model from which stochasticity can be computed.

This does not mean that maternal age effects are unim-
portant. Indeed, it is well documented that maternal age
has important effects on the aging, survival, and reproduc-
tion of rotifers (e.g., Lansing 1947; Gribble et al. 2014; Grib-
ble and Snell 2018; Bock et al. 2019; Herndndez et al. 2020).
It is known that those effects interact with dietary regi-
mens and influence diverse physiological and molecular
processes. Our conclusions are a reminder, if a reminder
were needed, of the value of studies at the individual level
to illuminate the processes by which maternal age has its
effects.

The approach we have applied here to B. manjavacas is
easily extended to heterogeneity in any trait in any age- or
stage-classified life cycle. Accounting for the sources of var-
iance in LRO is an important question, and our results pro-
vide, for the first time, a welcome solution to this problem.
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