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Abstract

Among-individual variation in vital rates, such as mortality and birth rates, exists
in nearly all populations. Recent studies suggest that this individual heterogeneity
produces substantial life-history and fitness differences among individuals, which
in turn scale up to influence population dynamics. However, our ability to under-
stand the consequences of individual heterogeneity is limited by inconsistencies
across conceptual frameworks in the field. Studies of individual heterogeneity re-
main filled with contradicting and ambiguous terminology that introduces risks
of misunderstandings, conflicting models and unreliable conclusions. Here, we
synthesise the existing literature into a single and comparatively straightforward
framework with explicit terminology and definitions. This work introduces a dis-
tinction between potential vital rates and realised vital rates to develop a coherent
framework that maps directly onto mathematical models of individual heterogene-
ity. We suggest the terms “fixed condition” and “dynamic condition” be used to
distinguish potential vital rates that are permanent from those that can change
throughout an individual's life. To illustrate, we connect the framework to quan-
titative genetics models and to common classes of statistical models used to infer
individual heterogeneity. We also develop a population projection matrix model
that provides an example of how our definitions are translated into precise quan-
titative terms.

KEYWORDS
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individuals within a given age or stage class are identical.
In practice, these models generate theoretical predic-

Individual vital rates, such as mortality rates and birth
rates, determine how individuals survive, develop and
reproduce throughout their life. Historically, population
models built around life tables assumed that all individ-
uals within a given age or stage class have equal vital
rates (e.g. Lefkovitch, 1965; Leslie, 1945; Lewis, 1942).
For example, Leslie and Lefkovitch matrix models are
designed to characterise the rich details of age- or stage-
specific changes in life history, but they assume that all

tions in which all individuals have equal expected fitness
because they follow the same life-history schedule. While
the assumption of identical vital rates greatly simplifies
the construction of population models and analyses of
population dynamics (Barfield et al., 2011; Barks &
Laird, 2020; Gomes, 2019; Vindenes et al., 2012), accu-
mulating empirical evidence reveals that among-
individual variation in vital rates exists in nearly all
populations, even when the individual members are
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genetically identical (Cressler et al., 2017; Jouvet et al.,
2018). This individual heterogeneity' in vital rates can be
measured directly (e.g. Cressler et al., 2017; Dahlgren
et al., 2016; Jouvet et al., 2018); however, it is typically
characterised by measuring individual heterogeneity in
other phenotypic traits that are thought to be important
causal drivers of differences in vital rates (Coulson et al.,
2006a; Ellner et al., 2011; Lande, 1982). Individual het-
erogeneity can result in major variation among individ-
ual life histories that scales up to have substantial
ecological and evolutionary consequences for popula-
tions, including impacts on population growth rates
(Cressler et al., 2017; Doak et al., 2005; Guillemain et al.,
2014; Kendall et al., 2011; Plard et al., 2016; Russell et al.,
2011; Stover et al., 2012; Zuidema et al., 2009), rates of
evolution by natural selection (Barks & Laird, 2020;
Bolnick et al., 2011; Cressler et al., 2017; Gillespie et al.,
2013; McGuigan & Blows, 2009; Saito et al., 2013) and
population persistence (Acker et al., 2014; Coulson et al.,
2005; Demetrius et al., 2004; Krieger et al., 2020; Singh
etal., 2004; Vindenes & Langangen, 2015; Vindenes et al.,
2012).

Despite the extensive list of studies that repeatedly
find individual heterogeneity across a wide variety of
species and environments (see Table SI in Supporting
Information for a review), researchers have yet to agree
upon a unified framework for the field. Studies of het-
erogeneity in populations, therefore, remain filled with
contradicting and ambiguous terminology that often
leaves their contributions inaccessible to researchers out-
side the field. As a result, multiple terms have been used
in the literature to refer to equivalent concepts, leading
to a web of terminology including “fixed heterogeneity”
(Chambert et al., 2013; Jouvet et al., 2018; Tuljapurkar
et al., 2009), “permanent heterogeneity” (Cam et al.,
2016; Vindenes et al., 2012), “persistent heterogeneity”
(Brooks et al., 2017; Kendall et al., 2011), “constant het-
erogeneity” (Brooks et al., 2017) and “consistent hetero-
geneity” (Fay et al., 2018; Vindenes et al., 2008), just to
name a few. Moreover, many studies of individual het-
erogeneity do not define relevant terms transparently,
and some studies do not define them at all. The emerging
problem, therefore, is that the consequences of individ-
ual heterogeneity cannot be fully understood when some
researchers are studying the same biological phenomena
using different terminology, while others are studying
different biological phenomena using the same terminol-
ogy. These fundamental differences between definitions
introduce the risk of misunderstandings, inconsistent

"Throughout this paper, the term “individual heterogeneity” will refer to
individual heterogeneity in vital rates. This approach follows previous
definitions in the field (e.g. Vindenes et al., 2008; Bonnet & Postma 2016;
Cressler et al., 2017; Jenouvrier et al., 2019), but contrasts with broader
definitions that allow individual heterogeneity to refer to any among-
individual variation (e.g. Hamel et al., 2018; Jolles et al., 2020). We use a
narrower definition of individual heterogeneity to help eliminate any
ambiguities from the framework presented here.

modelling and unreliable conclusions that will persist
until a universal framework of heterogeneity is accepted.

Previous reviews have recognised and tried to clar-
ify the ambiguities that surround defining heterogene-
ity in populations (Authier et al., 2017; Bergeron et al.,
2011; Cam et al., 2016; Gimenez et al., 2018; Kendall &
Fox, 2003; Wilson & Nussey, 2010), yet the list of new
terminology and interpretations continues to grow. A
recent example of a study that attempts to resolve these
ambiguities is from van Daalen and Caswell (2020), who
argue that individual heterogeneity can be defined using
differences in demographic rates, and that this is distinct
from the chance events that result in individual stochas-
ticity. In this study, we build on their work and the work
of others to examine existing definitions, observations
and theoretical advances in the literature on individual
heterogeneity. We establish a distinction between poten-
tial and realised vital rates that allows us to synthesise
previous works into a single, and comparatively straight-
forward framework with explicit terminology and defi-
nitions. This integrative framework is meant to reduce
the confusion attached to current terminology and to
clearly delineate a distinction between individual het-
erogeneity and individual stochasticity. In addition to
clarifying the range of possible influences of heteroge-
neity at the individual and population levels, this syn-
thesis aims to improve consistency between theoretical
models (e.g. Boyce, 1977; Deere et al., 2017; Noonburg
et al., 2015; Plard et al., 2016; Vindenes et al., 2008) and
empirical studies (e.g., Dierickx et al., 2019; Ducros et al.,
2020; Letcher et al., 2011; McLean et al., 2019; Vedder &
Bouwhuis, 2018). To reduce ambiguity further, we also
introduce a simple population projection matrix model
that illustrates the definitions of heterogeneity in pre-
cise quantitative terms. This example helps to connect
the framework to quantitative genetics models and to the
major classes of statistical models used to infer individ-
ual heterogeneity from data.

DEFINING HETEROGENEITY
Individual vital rates

The framework (Box 1; Figure 1) begins at the level of
individual vital rates (e.g. mortality, birth and develop-
ment rates). First, suppose that an individual's lifetime
can be broken into n time steps. We consider an indi-
vidual's vital rate to be drawn from a distribution at each
time step, such that a sequence of n draws represents the
realisation of one potential lifetime for that individual.
At each time step, an individual's potential vital rate is de-
fined by a distribution of possible values of the vital rate,
and this might be influenced by extrinsic and intrinsic
factors such as the individual's habitat, its genotype or
its age. An individual's realised vital rate is defined as the
vital rate that it actually experiences over a given time



FORSYTHE ET AL.

Potential

vital rate
—Realized vital

rate

Identical
ey 4 A | indviduals

-10%

Environmental heterogeneity
Maternal effects
Genetics

Individual J@;}
heterogeneity | 4 4

-10%

4, I

Environmental stochasticity

| #4

44

44

b+

Individual stochasticity

| e

FIGURE 1

A conceptual framework for individual heterogeneity, shown for a single snapshot in time. Individuals are characterised by

both a potential vital rate and a realised vital rate. At each time step, an individual's potential vital rate is described by a distribution of possible
values. An individual's realised vital rate is the vital rate that it actually experiences over a given time step, which can be viewed as a particular
draw from its potential vital rate distribution. Individuals with identical potential vital rates (identical individuals) are distinguished from
individuals that differ in their potential vital rates (individual heterogeneity). Individual heterogeneity may arise from any process that causes
potential vital rates to differ among individuals, such as environmental heterogeneity or maternal effects. Groups of identical individuals and
groups with individual heterogeneity are both subject to environmental stochasticity and individual stochasticity. Environmental stochasticity
refers to random variation in environmental conditions that similarly affects the potential vital rates of all individuals in a given condition.
Individual stochasticity refers to the random chance events (e.g. living or dying, breeding or failing to breed, recruiting or failing to recruit) that

change an individual's realised vital rates

step, which can be viewed as a particular draw from its
potential vital rate distribution. Thus, two individuals
with identical potential vital rates will typically have dif-
ferent realised vital rates simply due to chance events. If
an individual were able to relive its life, its sequence of
potential vital rates would be the same each time, while
its sequence of realised vital rates might differ.

Individual heterogeneity

In the simplest case, we say that a population consists
of identical individuals if all individuals have the same
potential vital rates (Box 1; Figure 1, left side). However,
the assumption of identical individuals is unrealistic as
real organisms differ (often substantially) in their po-
tential vital rates. Individual heterogeneity is defined
as among-individual variation in potential vital rates
(Box 1; Figure 1, right side). Thus, individual hetero-
geneity occurs when the distribution of possible vital
rates at a given time differs between individuals within
a population. One way to think about this is to suppose
that individuals differ in some underlying quality that
we refer to as condition. The term “condition” is deeply
entrenched in the evolutionary ecology literature (Hill,
2011; McNamara & Houston, 1996; Rowe & Houle, 1996;
Wilson & Nussey, 2010), and here we use this term (sensu
Ronget et al., 2017) to represent a measure of overall
individual quality. High condition individuals are ex-
pected to perform better than low condition individuals
because their higher quality means that they will have
a higher value of at least one potential vital rate. For
example, an individual with high condition might have

a high birth rate and be expected to produce more off-
spring than an individual with low condition. If present,
trade-offs between potential vital rates are expected
to reduce among-individual differences in condition
(Bruijning et al., 2019; Dahlgren et al., 2016; Gould et al.,
2018; Lemaitre et al., 2015), as the benefits that individu-
als gain from a high value of one vital rate will be coun-
teracted by a low value of another vital rate. Trade-offs
are not ubiquitous; however, many studies find a positive
correlation between vital rates that structures the popu-
lation into groups of high- and low-quality individuals
(e.g. Fay et al., 2018; Moyes et al., 2011; Olijnyk & Nelson,
2013; Vedder & Bouwhuis, 2018).

Among-individual differences in potential vital rates
generate a hierarchy in which individuals can be ranked
by their condition (Badger et al., 2020; Cam et al., 2016;
Cam et al., 2013; Chambert et al., 2013). An individual's
position in this hierarchy provides information on its
own relative fitness, and on how it may influence popu-
lation dynamics. Individuals with higher vital rates may
experience fewer trade-offs (Hamel et al., 2009a; Moyes
et al., 2011; Oosthuizen et al., 2019), enjoy superior social
ranks and competitive success (Hamel et al., 2009b; Hart
et al., 2016; Lemaitre et al., 2018; Lloyd et al., 2020) and
contribute more to population growth than lower condi-
tion individuals (Coulson et al., 2006b; van de Pol et al.,
2006; Zuidema et al., 2009; Jansen et al., 2012). However,
these benefits only last as long as an individual's position
in the condition hierarchy is maintained.

When individual heterogeneity exists in a population,
the persistence of individual condition (and thus the dis-
tribution of potential vital rates) throughout an individ-
ual's lifetime can have a large influence on the ecological
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Box 1 A framework for individual heterogeneity

Potential vital rate

The distribution that defines the set of possible vital rates for an individual at a given time. These vital rates are
typically expressed as the probability of experiencing an event per unit time (Kohyama et al., 2018). Examples
include potential mortality rates, birth rates and development rates.

Realised vital rate

The vital rate that is actually expressed by an individual. An individual's realised vital rate is determined as a
draw from its potential vital rate distribution. In the absence of individual stochasticity, an individual's real-
ised vital rate is equal to its expected potential vital rate.

Identical individuals

Individuals with equal potential vital rates. Individual heterogeneity will never be present among identical
individuals; however, individual stochasticity will be present if the individuals vary in their realised vital rates
(Authier et al., 2017; van Daalen & Caswell, 2020).

Individual heterogeneity

Among-individual variation in potential vital rates. This individual heterogeneity occurs when the distribu-
tion of possible vital rates at a given time differs between individuals. Processes that generate individual het-
erogeneity could include environmental heterogeneity (Ducros et al., 2020; Fay et al., 2018), maternal effects
(McLean et al., 2019; Ofstad et al., 2020) or genetics (Jouvet et al., 2018; Nepoux et al., 2015), although this list
is not exhaustive. The resulting individual heterogeneity forms a hierarchy in which individuals can be ranked
by their condition (Chambert et al., 2013).

Individual heterogeneity can produce differences in the expected fitness of individuals within a population

because individual vital rates directly impact individual fitness. The amount of variation among individual
fitness values that is produced will depend on (i) the strength of individual heterogeneity and (ii) correlations
among vital rates. While positive associations between vital rates are expected to enhance fitness differences,
negative associations may equalise fitness among individuals.

Environmental heterogeneity

Environmental differences (biotic and abiotic, temporal and spatial) between two or more locations (Heino et
al., 2015; Stein et al., 2014). Environmental heterogeneity may act as a source of individual heterogeneity be-
cause it contributes to determining individual ranks in the condition hierarchy. For example, if an individual
develops to an adult in a location with plentiful resources, it may enjoy higher potential vital rates as an adult
than a similar individual that develops in a location with fewer resources.

Fixed condition

Individual heterogeneity in which potential vital rates are fixed throughout an individual's life. An individual's
relative rank in the condition hierarchy may only change as new individuals are recruited into the population
through births or immigration, or as current individuals leave the population through deaths or emigration.

Dynamic condition
Individual heterogeneity in which potential vital rates, and therefore individual ranks in the condition hierar-
chy, may change at any time throughout an individual's life.

Environmental stochasticity

Random variation in the environment that similarly affects the potential vital rates of all individuals in a
given condition (Acker et al., 2014; Engen et al., 2007; Sether & Engen, 2015). Unlike environmental hetero-
geneity, environmental stochasticity cannot act as a source of individual heterogeneity because it modifies
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the potential vital rates of all individuals in the same way, such that it does not impact the condition hierar-
chy. Environmental stochasticity contrasts with individual stochasticity because it influences large populations
equally as strongly as small populations (Melbourne & Hastings, 2008), and because it changes potential vital
rates while individual stochasticity results from variation in realised vital rates.

Individual stochasticity

Random variation in the realised vital rates of individuals (Caswell, 2009). Even in populations where all indi-
viduals experience the exact same values of potential vital rates, there will be random variation in the events
realised by each individual. The effects of individual stochasticity are stronger in smaller populations than in
larger populations where many of the random differences in realised vital rates cancel each other out (Vindenes
et al., 2012). Individual ranks in the condition hierarchy are not impacted by individual stochasticity, since in-
dividual stochasticity arises from variation in realised vital rates.

and evolutionary dynamics of the population (Coste &
Pavard, 2020; Jenouvrier et al., 2018; Plard et al., 2012;
Snyder & Ellner, 2018; Steiner & Tuljapurkar, 2012;
Vindenes & Langangen, 2015). The degree of persistence
of these vital rates is typically classified as fixed or dy-
namic. Fixed and dynamic condition lie at opposite ends
of a continuous spectrum, and real organisms generally
fall somewhere between these two extremes (Coulson
et al., 2006b; Orzack et al., 2011; Plard et al., 2012; Plard
et al., 2018). This classification scheme separates types of
individual heterogeneity according to the pattern of po-
tential vital rates throughout the lifetime of individuals,
without the need to directly account for the biological
mechanisms that generate or maintain individual het-
erogeneity in populations (Figure 2). Empirical research
shows that there are countless processes underlying both
fixed and dynamic condition (e.g. Bishop et al., 2019;
Bowen et al., 2015; Gould et al., 2018; Paoli et al., 2020),
although some of these processes contribute more often
to one type of individual heterogeity than the other. For

condition

G x E interactions

Epigenetic effects

Environmental heterogeneity

Developmental stage

Additive genetic inheritance
Social status/rank
Competition outcomes
Allocation of parental care
Density dependence
Birth order effects
Cohort effects

example, among-individual variation in genotypes will
generally produce fixed condition in vital rates; however,
mutations in the genome may lead to dynamic condition.
Despite the fact that some processes tend to align more
with fixed versus dynamic condition, there is no clear
one-to-one mapping between biological processes and
the type of condition or the population-level outcome.
Accordingly, we believe it is better to form a concep-
tual understanding of individual heterogeneity and its
structure in populations using the theoretical extremes
of fixed and dynamic condition, rather than using the
underlying biological mechansims.

Fixed condition refers to individual heterogeneity in
which potential vital rates are set at birth and persist
throughout life (Box 1). Thus, fixed condition describes
individual life histories where the distribution of possible
vital rates is permanent over an individual's lifetime. An
individual's relative rank in the condition hierarchy may
only change as new individuals are recruited into the
population through births or immigration, or as current

Dynamic
condition

FIGURE 2 Many biological mechanisms generate and maintain both fixed (grey) and dynamic (blue) condition. These processes often
contribute more to one type of individual heterogeneity (thick lines) than the other (thin lines). Taking a theoretical perspective allows
individual heterogeneity to be separated into just two types, whereas classifying based on the biological mechanisms would require an

inordinate number of heterogeneity categories
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individuals leave the population through deaths or em-
igration. Fixed condition has been found across a wide
range of taxa, including insects, birds and fish (Table
S1). It is expected to be especially common in plants and
other sessile organisms, where spatial environmental
heterogeneity drives differences among individual vital
rates (Dahlgren et al., 2016; Hesse et al., 2008; Kendall
etal., 2011). These potential vital rates may be observable
or unobservable, and the framework that we present here
makes no assumptions regarding the heritability of vital
rates (Figure 3a, b).

At the other extreme, dynamic condition refers to
individual heterogeneity in which potential vital rates
may change at any point throughout an individual's life
(Box 1). Dynamic condition, therefore, describes indi-
vidual life histories where the distribution of possible
vital rates can shift over an individual's lifetime. This
type of individual heterogeneity has been detected in
taxa ranging from seabirds to ungulates, and bacteria
(Table S1). For example, capture—mark-recapture stud-
ies show that many bird species switch between high,

Fixed Condition

(@)

medium and low reproductive stages throughout their
life (Jenouvrier et al., 2018; Orzack et al., 2011; Steiner
et al., 2010). As with fixed condition, the potential vital
rates generated by dynamic condition may be observable
or unobservable, and there are no assumptions regarding
their heritability. Moreover, dynamic condition includes
situations where an individual's potential vital rates de-
pend on its previous vital rates (Figure 3c) and situations
where potential vital rates at one time are independent
of any previous values (Figure 3d). The former case ac-
counts for state dependence; if an individual's current
vital rate depends on its past vital rate(s), then that vital
rate is deemed state dependent (Authier et al., 2017; Cam
et al., 2016). State dependence in potential vital rates
may be selected for when, for example, the environment
that an individual experiences at one time provides cues
about future environmental conditions (Descamps et al.,
2008; Douhard et al., 2013; Fay et al., 2018; Hamel et al.,
2009b).

Previous works generally refer to fixed condition
as “fixed heterogeneity” and dynamic condition as

Dynamic Condition
(c)
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FIGURE 3 Condition hierarchies generated by individual heterogeneity. Each blue dot represents an individual at a particular time
(x-axis). Individual vital rate ranks (y-axis) depend on time, and on the type of individual heterogeneity: fixed condition in (a) and (b), or
dynamic condition in (c) and (d). As time progresses, individuals can survive (black arrows) and/or give birth to new individuals (pink arrows).
(a) A population with fixed condition and heritable vital rates. (b) A population with fixed condition and no heritability in vital rates. (¢c) A
population with dynamic condition and state dependence limiting the possible vital rate transitions between time steps. (d) A population with
dynamic condition and no state dependence, leaving individuals free to transition to any potential vital rate phenotype at any time. Potential

vital rates can also be heritable or non-heritable under dynamic condition
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“dynamic heterogeneity” (e.g. van Daalen & Caswell,
2020; Plard et al., 2018; Tuljapurkar et al., 2009). The
challenge with existing terminology, however, is that
it can be interpreted in at least two ways: (1) fixed and
dynamic heterogeneity are sometimes used in reference
to phenotypes that are permanent or changing over the
lifetime of individuals (e.g. van Daalen & Caswell, 2020;
Tuljapurkar & Steiner, 2010; Vindenes et al., 2012) and
(2) fixed and dynamic heterogeneity are sometimes used
in reference to among-individual differences in pheno-
types that are permanent or changing over the lifetime
of individuals (e.g. Badger et al., 2020; Cam et al., 2013;
Chambert et al., 2013). These different definitions for
existing terminology create ambiguity and can cause
misidentification. For example, consider a population
where the survival probability of individuals changes
over time, but the differences among individuals in
their survival do not change. One interpretation using
existing terminology would label this example as dy-
namic heterogeneity because individual phenotypes
are changing over time, whereas the other interpre-
tation would label this as fixed heterogeneity because
among-individual differences do not change over time.
The framework that we present here would classify this
example as dynamic condition because potential vital
rates can change over time.

The lack of consensus among definitions has resulted
in an explosion of confusing terminology. For example,
fixed heterogeneity has also been referred to as perma-
nent heterogeneity (Cametal., 2016; Vindenes et al., 2012),
persistent heterogeneity (Brooks et al., 2017, Kendall
et al., 2011), consistent heterogeneity (Fay et al., 2018;
Vindenes et al., 2008), constant heterogeneity (Brooks
et al., 2017), unobserved heterogeneity (Cam et al., 2016;
Caswell & Vindenes, 2018; Jenouvrier et al., 2018), HPDH
(hidden persistent/permanent demographic heteroge-
neity) (Authier et al., 2017; Cam et al., 2016; Oosthuizen
et al., 2019), latent heterogeneity (Bonnet & Postma,
2016; Caswell & Vindenes, 2018; Chambert et al., 2013;
Fay et al., 2018), latent traits (Bergeron et al., 2011,
Bonnet & Postma, 2016; Cam et al., 2016; Paterson et al.,
2018; Snyder & Ellner, 2018; Steiner et al., 2010) and static
traits (Bergeron et al., 2011; Fay et al., 2018; Hamel et al.,
2018; Orzack et al., 2011; Vindenes & Langangen, 2015).
Likewise, dynamic heterogeneity has been referred to as
transient heterogeneity (Brooks et al., 2017), state depen-
dence (Authier et al., 2017, Cam et al., 2016; Snyder &
Ellner, 2018), variable heterogeneity (Badger et al., 2020;
Chambert et al., 2013), correlated variable heterogene-
ity (Badger et al., 2020), latent traits (Cam et al., 2016;
Gimenez et al., 2018), labile traits (Brooks et al., 2017;
Childs et al., 2016), dynamic frailty (Cam et al., 2016;
Gimenez et al., 2018), dynamic traits (Bergeron et al.,
2011; Vindenes & Langangen, 2015) and luck (Snyder
& Ellner, 2018; Tuljapurkar et al., 2020). This dizzying
array of existing terminology reduces clarity in the liter-
ature and ultimately impedes progress in the field.

Environmental heterogeneity and stochasticity

One of the most common mechanisms generating in-
dividual heterogeneity is environmental heterogeneity
(Figure 1), which is defined as environmental differences
between two or more locations (Box 1). Individuals may
attain higher or lower potential vital rates depending on
their environment, and so environmental heterogeneity
contributes to determining individual ranks in the con-
dition hierarchy. Environmental heterogeneity may gen-
erate fixed condition if, for example, one environment
consistently provides more nutrients than another, or it
could generate dynamic condition if the environment
that provides more nutrients changes over time or if indi-
viduals can move between locations.

Unlike environmental heterogeneity, environmental
stochasticity does not act as a source of individual het-
erogeneity because it is assumed to modify the potential
vital rates of all individuals in the same way, such that
it does not impact the condition hierarchy (Figure 1).
Taking an approach similar to the existing literature
(Acker et al., 2014; Engen et al., 2007; Sether & Engen,
2015), the framework that we present here defines envi-
ronmental stochasticity as random variation in the envi-
ronment that similarly affects the potential vital rates of
all individuals in a given condition (Box 1). This defini-
tion recognises that random environmental events (e.g.
droughts, floods, rain storms) can sometimes influence
individuals of low condition more strongly than individ-
uals of high condition, or vice versa. However, the rank
of potential vital rates (i.e. which individuals are high
and low condition) will not change, and so environmen-
tal stochasticity cannot generate individual heterogene-
ity on its own.

Heterogeneity versus stochasticity: a
lingering debate

Individual heterogeneity refers to variation among indi-
viduals in their potential vital rates, and it is important
to distinguish this variation from individual stochas-
ticity. Individual stochasticity refers to the differences
among individual realisations of the same underlying,
potential, vital rate (Box 1; Figure 1; see also Caswell,
2009; Hartemink & Caswell, 2018; Jenouvrier et al.,
2019). The resulting variation may resemble that which is
produced by dynamic condition because both processes
allow individual vital rates to take on new values at any
time. Indeed, dynamic condition at its most extreme
allows potential vital rates to change randomly at any
time. As such, we expect that dynamic condition may
often be empirically indistinguishable from the random
changes in realised vital rates occurring due to individ-
ual stochasticity. These similarities prompted previous
studies to use the term “dynamic heterogeneity” (dy-
namic condition in this framework) synonymously
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with “individual stochasticity” (e.g. Authier et al., 2017,
Badger et al., 2020; Caswell & Vindenes, 2018; Gimenez
etal., 2018; Snyder & Ellner, 2018; Tuljapurkar et al., 2020;
Vindenes et al., 2012). However, the two processes differ
in the underlying cause of among-individual variation in
vital rates: individual stochasticity arises from random
changes in realised vital rates, whereas dynamic condi-
tion requires systematic changes in potential vital rates.
Individual stochasticity could be modelled in a popula-
tion of identical individuals, while models of dynamic
condition must incorporate among-individual variation
in potential vital rates. Recent works have made a simi-
lar distinction by treating individual stochasticity and
“dynamic heterogeneity” as separate processes (Coste &
Pavard, 2020; van Daalen & Caswell, 2020; Hartemink &
Caswell, 2018; Jenouvrier et al., 2019).

Studies that assume equivalence between dynamic
heterogeneity and individual stochasticity typically view
dynamic heterogeneity as an evolutionarily neutral pro-
cess (Authier et al., 2017; Steiner & Tuljapurkar, 2012).
These studies assume that random differences through-
out an individual's life that do not change its potential
vital rates are non-heritable (Bonnet & Postma, 2016;
Giaimo et al., 2018). Hence, the variation that is gener-
ated cannot be passed on to the next generation and it
is neutral with respect to evolution. On the other hand,
the framework presented here (Figure 1) emphasises
that dynamic condition requires genuine differences in
potential vital rates, and these potential vital rates may
be transmitted from parents to offspring (Figure 3c, d).
Moreover, potential vital rates that improve individual
fitness may be favoured by selection. Dynamic condition
can, therefore, play a role in evolution by natural selec-
tion, unlike individual stochasticity.

A THEORETICAL APPROACH TO
INDIVIDUAL HETEROGENEITY

To demonstrate an application of the framework, we de-
velop an explicit example of how individual heterogeneity

NG

4
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in survivorship and birth rate fits into a simple age-
structured population projection matrix. This example
closely follows previous work from Plard et al., (2018),
who used an integral projection model to estimate the
age- and sex-dependent influences of fixed heterogeneity
(morphology) and dynamic heterogeneity (body condi-
tion) on individual fitness and population growth rates.
Here, we take a simpler approach that considers a single
sex with discrete traits to illustrate how fixed and dy-
namic condition can generate structural differences in a
population model.

The goal of this mathematical model is to clarify
the framework and definitions that we present here.
Accordingly, the model uses a minimal number of age
classes and potential vital rates for the purposes of illus-
tration. While it does not incorporate the full breadth
of biological complexity that occurs in real populations,
this example provides a basis from which additional
complexity can be incorporated. It assumes that the val-
ues and degree of persistence of potential vital rates in
a population are known, such that they can be used to
predict ecological and evolutionary outcomes (i.e. for-
ward modelling approach). We will expand this model
to accommodate more advanced population structures
in future works.

Consider an age-structured population with no
density dependence and two ages: juvenile (age 1) and
adult (age 2). Juveniles survive and develop to adults
with probability s and adults give birth to B offspring
on average (Figure 4a). Here, we adopt a pre-breeding
census representation, and so B also accounts for the
survival of newborns to age 1 (e.g. Kendall et al., 2019;
Okuyama, 2019). There is no reproduction from ju-
veniles, and no survival of adults after reproduction.
The number of individuals in each age class at time ¢
is given by

4 ~
OO

FIGURE 4 Flow diagrams for a two-age population. Solid lines represent survival of juveniles, and dashed lines represent births of

offspring for (a) a population of identical individuals, (b) a population with fixed condition and (c) a population with dynamic condition. In

(a), individuals are represented by an average survival probability and birth rate that applies to the entire population. In (b), there are two beak
sizes that determine an individual's potential vital rates: long and short. In (c), there are two body fat phenotypes that determine an individual's
potential vital rates: high fat and low fat. An individual's potential survival probability and birth rate are permanent throughout life with fixed
condition as in (b), whereas these potential vital rates can change throughout life with dynamic condition as in (c). Individual stochasticity
influences realised vital rates in all three populations, while individual heterogeneity is only present in populations (b) and (c)
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where J, is the number of juveniles and 4, is the number
of adults. The expected number of juveniles and adults
at time 7+/ is given by

Ny = Ln,

where L is the Leslie (age-structured) matrix
0p
L=

This matrix assumes that all individuals share the
same potential vital rates, s and B, and so individuals can
only differ due to individual stochasticity.

To incorporate individual heterogeneity in this
two-age model, suppose that individuals vary in some
trait that directly influences their potential vital rates.
Although these vital rates can sometimes be directly esti-
mated (e.g. Tuljarpurkar et al. 2009; Gimenez et al., 2012;
Olijnyk & Nelson, 2013), previous frameworks often
take a similar approach that maps among-individual
variation in vital rates to differences in phenotype (e.g.
Coulson et al., 2010; Hairston et al., 2005; Knight et al.,
2008; Vindenes & Langangen, 2015). For example, a bird's
beak size might determine how much food it can acquire,
and so birds with an optimal beak size would have more
energy to allocate to increasing survival and/or repro-
ductive success compared to birds with other beak sizes.
Here, we assume that an individual's beak size category
is permanent throughout life and determines its poten-
tial vital rates. Accordingly, beak size acts as a source of
fixed condition in individual life histories. Plard et al.,
(2018) classify this example as a measure of “fixed het-
erogeneity” or “individual quality.”

At the opposite extreme, dynamic condition allows
individuals to transition between potential vital rates at
any time. Here, we will take body fat as an example of
a trait generating dynamic condition among individual
life histories. An individual's body fatness may depend
on several factors that change over its lifetime, such as
nutrient availability in the environment, competitive
abilities and/or social status. Viewed in this way, Plard
et al., (2018) consider body fat a measure of “dynamic
heterogeneity” or “condition.”

As a simple illustration, assume that individuals can
be categorised into one of two types of beak sizes, long
(B) and short (b), and one of two body fat levels, high fat
(F) and low fat (f). Birds with long beaks are assumed to
have higher fitness, thus the potential vital rates of long-
beaked individuals are greater than the potential vital
rates of short-beaked individuals. Another way to con-
ceptualise this difference in condition is to imagine the
hierarchy, where long-beaked individuals rank higher in
terms of their overall condition than short-beaked indi-
viduals. Likewise, individuals with high body fat have

higher potential vital rates, and thus a higher condition,
than individuals with low body fat.

Assuming that any beak size (B or b) can be found
with any body fatness (F or f), there are four possible phe-
notypes in the population: individuals can have a long
beak and a high body fat (potential vital rates s,, and
Bp), along beak and a low body fat (potential vital rates
Sy and BBf), a short beak and a high body fat (potential
vital rates s, ,and B, ) or a short beak and a low body fat
(potential vital rates s, ,and B, ). Individuals with a long
beak and high body fat will have the highest condition in
the population because they have the highest potential
vital rates. Similarly, individuals with a short beak and
low body fat will have the lowest condition in the popu-
lation because they have the lowest potential vital rates.
The other two phenotypes will rank somewhere in the
middle because they have one high valued and one low
valued trait influencing their potential vital rates.

Considering these four types of individuals gives the
population vector

where J; and A4, are the number of juveniles and adults
with beak size i and body fatness j.

In this model, adults can give birth to offspring with
either beak size or body fat level. The probability that
an adult gives birth to long-beaked offspring is 6, and
the probability that an adult gives birth to short-beaked
offspring is ,. Further assume that 6, + 6, = 1, so that
all offspring must be born into one of the two beak size
phenotypes and there is no death of newborns. These
transition probabilities are independent of the parental
phenotype (e.g. Figure 3b); however, they could be ex-
tended to depend on the phenotype of both offspring
and adults to provide a model with inheritance (e.g.
Figure 3a).

To allow for movement among body fat phenotypes
within a generation, we apply a second set of transition
probabilities not only to newborn offspring, but also to
surviving juveniles. Hence, it is the transition probabilities
that are used to distinguish fixed and dynamic condition.
Here, o, is the probability that any individual, newborn
or surviving juvenile, transitions to a high body fat by the
next time step and o, is the probability that an individual
transitions to a low body fat by the next time step. This as-
sumption may be relaxed in future models to allow differ-
ent transition probabilities for offspring and survivors (e.g.
Figure 3c). Assume further that o, + o, = 1, so that there
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is no death of newborns or surviving individuals from the
transition process.

In this example where beak size is permanent
throughout life (i.e. fixed condition) but body fat levels
can change (i.e. dynamic condition), the Leslie matrix is

0 0 0 0 opapfpr UB“fﬂBf o gapPr ‘73‘15.317/'
0 0 0 0 opasBpr ogasBp o5 By 0By
0 0 0 0 opapBproyapPpoyarByr opapByy
Lip= 0 0 0 0 oparBpr oparBp 640 Bpr 04 By
apsprapsg 0 0 0 0 0 0
ayspp oapsge 0 0 0 0 0 0
0 0 apsppaps,y 0 0 0 0
| O 0 arsprapsy, 0 0 0 0 |

Notice that while the transition probabilities for off-
spring depend on both beak size and body fat, the tran-
sition probabilities for surviving juveniles depend only
on body fat because beak size does not change with age.
This degree of consistency in phenotype means that the
individual heterogeneity is structured between fixed and
dynamic condition, in the sense that surviving individ-
uals can transition into certain phenotypes (non-zero
entries in the lower left quarter), but not others (zero en-
tries in the lower left quarter). The phenotypes that are
available to an individual depend on the phenotype that
it was born into.

To emphasise the structural differences between fixed
and dynamic condition, now suppose that all individ-
uals have high body fat levels, such that differences in
beak size are the only source of variation among poten-
tial vital rates (Figure 4b). In this model, individuals can
belong to one of two phenotypes: long-beaked (poten-
tial vital rates s, and B ) or short-beaked (potential vital
rates s, and B,). An individual's beak size is still assumed
to be permanent throughout life, and so the Leslie ma-
trix including only fixed condition is

[00006,8,00,8,0]
0000 0 0 0 0
00000,8500,8,0

;. _|0000 000 0
715,000 0 0 0 0
0000 0 0 0 0
00s,0 0 0 0 0
0000 0 0 0 0

This model of fixed condition is similar to a classic
quantitative genetics model of beak sizes. In both ap-
proaches, there can be a degree of inheritance in beak
size, but once an individual's beak size is set at birth, it
is assumed to be permanent throughout life. Both mod-
els also recognise that even if individuals are genetically
identical, their beak sizes may still vary due to non-
genetic sources of individual heterogeneity. However, the

way that this non-genetic variation is incorporated con-
trasts between the models and this distinction can result
in cases where predictions of ecological and evolutionary
dynamics are different when using quantitative genetics
models versus models of fixed condition (see Appendix
S1).

As a contrast for this example, suppose that all indi-
viduals have long beak sizes but vary in their body fat
levels. This situation generates a model of dynamic con-
dition because body fat levels can change over time, and
so surviving individuals can transition between poten-
tial vital rates throughout their life. Assume that high
fat juveniles survive with probability s, and high fat
adults have birth rate p,, while low fat juveniles survive
with probability s, and low fat adults have birth rate Bf
The Leslie matrix incorporating dynamic condition is
therefore

[ 0 0 00ayppapp00]
0 0 00afyasf, 00
0 000 0 0 00
0 000 0 0 00
L=
apsp aps; 00 0 0 00
0 000 0 0 00
| 0 000 0 0 00]

This matrix is similar to the matrix with fixed condi-
tion; however, dynamic condition allows surviving juve-
niles to develop to adults of either phenotype (Figure 4c).
This additional movement among phenotypes impacts
population dynamics because fitness depends on indi-
vidual survival and reproduction. While an individual's
expected fitness may increase or decrease from one time
to the next under dynamic condition, that same indi-
vidual's expected fitness would be constant under fixed
condition.

The above-fixed and dynamic condition matrices can
be reduced to smaller matrices where individuals are
classified only by their age (juvenile or adult) and by the
trait producing individual heterogeneity (beak size or
body fat). The population vectors are

for fixed condition, and
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Box 2 Applying fixed and dynamic condition to simplify previous models and terminology

To illustrate the contributions of the framework that we have developed, we show how it can be applied to
consolidate four previous studies of individual heterogeneity. The first is from Vindenes et al., (2012), who
construct a population projection matrix model that includes individual heterogeneity in both survival and
fecundity. The term “permanent heterogeneity” is used to describe the situation where individual survival and
fecundity persists for life. This matrix model uses the same structure as Vindenes et al., (2008); however, the
term “consistent heterogeneity” is adopted in the latter study to refer to individuals that differ in their vital
rates and keep these vital rates throughout their life. The framework presented here would label both examples
as “fixed condition.”

More recently, Badger et al., (2020) used a generalised linear mixed model (GLMM) to test for various types of
individual heterogeneity in reproductive rates of female grey seals (Halichoerus grypus). “Fixed heterogeneity”
was defined as the situation where “individuals vary in a consistent manner across all conditions” (Badger et
al., 2020) and it was modelled using a random intercept that shifts the reproductive rate of each individual.
Other terms in the model of “fixed heterogeneity” included fixed effects of population density, age, breeding
experience in the previous year and a random effect of year. Accordingly, individual vital rates can still change
(with age, population density, breeding experience and year) throughout life under the “fixed heterogene-
ity” hypothesis of Badger et al., (2020), which contrasts with the idea that individual vital rates are constant
throughout life in the “consistent” and “permanent” heterogeneity matrix models of Vindenes et al., (2008,
2012). The framework that we introduce classifies the GLMM from Badger et al., (2020) as dynamic condition,
since an individual's reproductive rates could change at any time throughout life.

The framework of individual heterogeneity that we present establishes a set of terminology that matches dis-
tinctions used in mathematical models. In their review of condition dependence, Ronget et al., (2017) define
condition as “a generic term to rank individuals within a given population along a continuum, from frail
individuals at one end to robust individuals at the other end.” This concept exactly matches the approach
that we take in the synthesised framework, where condition directly maps onto potential vital rates. The idea
of a “continuum” of individual quality corresponds to the hierarchy that we use to rank individuals from
low to high condition. High condition individuals will have higher values of at least one potential vital rate.
From there, Ronget et al., (2017) focus specifically on condition-dependent mortality, defined as the amount
of heterogeneity in mortality risk across individuals. This heterogeneity is also referred to as “frailty,” where
each individual is assigned a frailty value at birth that persists for life. The framework that we present here
recognises that “frailty” is simply a form of fixed condition in mortality rates.

for dynamic condition. The simplified fixed and dynamic
condition matrices are given by

previous works into straightforward terminology with
explicit translations to mathematical models. This frame-
work is built on an approach that envisions individual

0 0opBpopby 0 0 apfrapp, vital rates as a probability distribution and separates

1. =|000bpoyf, _| O 0 afpalfy potential vital rates from realised vital rates. An indi-
£ sg0 0 0 P7a rSpapsy 0 0 vidual's potential vital rates are defined by a probability
0s, 0 0 apsp aps; 00 distribution of possible values, whereas its realised vital

rates are particular draws from this distribution. We use
this approach to condense the plethora of existing termi-

where L .is the Leslie matrix for fixed condition and L, is
the Leslie matrix for dynamic condition. Although it is be-
yond the scope of this study, future versions of our model
could also account for individual heterogeneity due to age
structure by increasing the number of age classes and en-
suring that an individual's potential vital rates at least par-
tially depend on its age.

DISCUSSION

Here we have presented a coherent framework for con-
ceptualising individual heterogeneity, which subsumes

nology into just two types of individual heterogeneity:
fixed condition and dynamic condition (e.g. see Box 2;
Table S1). In this discussion, we now draw connections
between this framework and the current literature on in-
dividual heterogeneity.

One of the more common terms found throughout
the literature that we have not yet discussed is “demo-
graphic heterogeneity.” This term is used to describe the
emergent population-level expression of individual het-
erogeneity (Cressler et al., 2017; Plard et al., 2019) that
contributes to ecological and evolutionary outcomes.
Individual heterogeneity considers among-individual
variation in vital rates, while demographic heterogeneity
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focuses on the cohorts of strong and weak individuals
that result from individual heterogeneity. Hence, indi-
vidual heterogeneity necessarily generates demographic
heterogeneity in a population, such that one cannot exist
without the other. It, therefore, seems redundant to use
both terms given that populations with individual het-
erogeneity will always have demographic heterogeneity.
We favour the term individual heterogeneity because it
clarifies that the differences are ultimately a result of
among-individual variation in vital rates.

Historically, empirical studies have used the term “in-
dividual heterogeneity” to refer to among-individual dif-
ferences in condition that could not be explained using
measured variables. Hence, among-individual variation
in potential vital rates that is produced by conspicuous
large-scale physiological differences, such as age, devel-
opmental stage, size or sex, has not traditionally been
considered as individual heterogeneity (Brooks et al.,
2017; Cam et al., 2016; Stover et al., 2012). The reality,
however, is that whether among-individual differences
in potential vital rates arise from differences among
conspicuous physiological classes, or from less obvious
sources, is arbitrary as it pertains to the final structure
of individual heterogeneity. The result is individuals
that differ in their expected vital rates, regardless of
the source or how we choose to categorise individuals.
Nonetheless, the historical classification is useful for
studies that seek to understand the different biologi-
cal mechanisms generating and maintaining individual
heterogeneity in populations. It also separates simple
models that incorporate individual differences among
distinct physiological classes (e.g. Leslie and Lefkovitch
matrices) from more complex models that incorporate
individual differences among and within these classes.
Although large-scale physiological classes are typically
the most obvious way to categorise individuals, the
among-individual differences within these categories are
often equally, if not more, important in determining in-
dividual fitness and population dynamics (Badger et al.,
2020; Fay et al., 2018).

Individual heterogeneity was first studied as fixed
condition to account for persistent among-individual
variation in vital rates that arises from unmeasured
variables. For example, statistical models often use ran-
dom effects to assign each individual a unique value of
latent “quality” that is fixed throughout the individu-
al's life and independent of any measured variables (see
Appendix S2; Cam et al., 2013; Chambert et al., 2013;
Fox et al., 2006; Gimenez et al., 2018). This traditional
approach has prompted some studies to conclude that
fixed condition must be unobserved (e.g. Authier et al.,
2017; Bonnet & Postma, 2016; Tuljapurkar et al., 2009;
Vindenes & Langangen, 2015). However, fixed condi-
tion also occurs when observed potential vital rates
are constant over an individual's lifetime (van Daalen
& Caswell, 2020; Dahlgren et al., 2016; Tompkins &
Anderson, 2019). In fact, there would be no unobserved

individual heterogeneity if researchers were able to mea-
sure all of the variables that impact condition and thus
the vital rates of interest. As such, the framework pro-
posed here defines fixed and dynamic condition by the
degree of persistence in individual vital rates, and not by
our ability to observe them.

A number of statistical approaches have been devel-
oped to estimate fixed and dynamic condition in real
populations (for a review, see Appendix S2; Table S2).
Some approaches involve statistical models designed to
capture patterns in the data (e.g. van Hamel et al., 2017;
de Pol & Verhulst, 2006) and others estimate biological
parameters using process-based models (e.g. Tuljapurkar
et al., 2009). When choosing which approach to use, it is
important to consider the constraints that each model
imposes on individual movements among vital rate
classes because these movements ultimately determine
the type of individual heterogeneity that can be detected
(Appendix S2). For example, generalised linear mixed
models and capture—mark-recapture analyses typically
impose restrictions on the sequences of vital rates that
individuals can take throughout their life (e.g. Badger
et al., 2020; Brusa et al., 2020; Moyes et al., 2011). Even
under dynamic condition, individuals are constrained in
their future vital rate paths because the heterogeneity is
incorporated using covariates that depend on the indi-
vidual's vital rate history. Process-based models, on the
other hand, are more flexible because an individual's his-
tory does not necessarily determine the vital rates that it
can attain in the future. For example, the transition ma-
trix approach allows individuals with the same vital rate
at one time to follow completely different trajectories of
vital rates in the future (e.g. Plard et al., 2012; Steiner
et al., 2010; Tuljapurkar & Steiner, 2010).

In practice, direct measurement of individual vital
rates can be difficult, if not impossible, to achieve in nat-
ural populations. Generally, empirical studies will only
be able to observe realised vital rates because these are
the rates that are actually experienced by individuals.
This constraint will sometimes lead to an overestimation
of the among-individual variation in vital rates that can
be attributed to individual stochasticity, because what
is measured as individual stochasticity is actually indi-
vidual stochasticity plus any individual heterogeneity
that is not specifically accounted for (Cam et al., 2016;
Gimenez et al., 2018; Plard et al., 2012). Individual het-
erogeneity can still be estimated, however, by averaging
over many individuals to minimise the effects of individ-
ual stochasticity. This approach is well established in the
evolutionary literature, where individual genotypes (a
common mechanism for fixed condition) are estimated
using an average genetic value for the population plus an
individual deviation, while controlling for other sources
of heterogeneity (e.g. animal models, Kruuk, 2004;
Wilson et al., 2010). We emphasise that although it is
often challenging, it is critical to empirically distinguish
this potential vital rate from the individual's realised
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vital rate because the two represent different biological
processes. Individuals that vary in their potential vital
rates have a genuine difference in their underlying condi-
tion. However, individuals that vary in their realised vital
rates may do so because of these differences in potential
vital rates and because of random events experienced
over their life. Accordingly, individuals can have equal
potential vital rates and still differ in their realised vital
rates (Caswell, 2009; Jenouvrier et al., 2018).

Individual heterogeneity was traditionally thought of
in a separate paradigm from quantitative genetics. More
recently, a handful of studies have recognised quantita-
tive traits as a mechanism generating individual hetero-
geneity and contributing to evolutionary change in vital
rates (Barfield et al., 2011; Childs et al., 2016; Coulson
et al., 2017; Janeiro et al., 2017; Rees & Ellner, 2016, 2019).
However, yet to be studied (to our knowledge) is the idea
that fixed condition and quantitative genetics models
are, in some situations, two sides of the same coin. For
example, fixed condition is commonly incorporated in
quantitative genetics frameworks, which also assume
that an individual's phenotype is constant throughout its
life (Kruuk, 2004; Lande, 1982). Indeed, models of fixed
condition (Appendix S1) and quantitative genetics mod-
els can both take an individual's potential vital rates to be
determined by an underlying genetic value plus some en-
vironmental “noise.” This similarity results in situations
where models of fixed condition and quantitative genet-
ics are equivalent to one another, yet there are also situ-
ations where the two perspectives differ (Appendix S1).
Merging individual heterogeneity and quantitative genet-
ics frameworks could provide novel insights to evolution-
ary consequences of fixed condition in populations.

CONCLUDING REMARKS

Accounting for individual heterogeneity in empirical and
theoretical work is crucial for understanding and predict-
ing population dynamics (Kendall et al., 2011; Noonburg
et al., 2015; Schindler et al., 2010; Waddle et al., 2019).
Yet, existing studies of heterogeneity are often incompat-
ible because of inconsistencies and ambiguities in their
terminology and definitions. More than just shortcom-
ings in terminology, these issues highlight the need for
a common framework of individual heterogeneity that
bridges empirical and theoretical studies.

Our study attempts to fill this gap by synthesising pre-
vious approaches into a comprehensive framework of in-
dividual heterogeneity (Box 1; Figure 1). The framework
provides a set of explicit terminology and definitions
that we hope will help to clarify the meaning of individ-
ual heterogeneity and individual stochasticity in popula-
tions. We also connect the framework to common classes
of statistical models that are used to infer individual het-
erogeneity from data, and we use specific examples to
show how this simplified framework can be translated

into mathematical models. This translation serves as a
direct link between empirical and theoretical studies of
individual heterogeneity. Most importantly, the frame-
work presented here allows the focus to shift away from
semantics, and towards the substantial impacts of indi-
vidual heterogeneity on individuals and populations.
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