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ABSTRACT: Individual differences in genetics, age, or environment
can cause tremendous differences in individual life-history traits.
This individual heterogeneity generates demographic heterogeneity
at the population level, which is predicted to have a strong impact
on both ecological and evolutionary dynamics. However, we know
surprisingly little about the sources of individual heterogeneity for
particular taxa or how different sources scale up to impact ecological
and evolutionary dynamics. Here we experimentally study the indi-
vidual heterogeneity that emerges from both genetic and nongenetic
sources in a species of freshwater zooplankton across a large gradient
of food quality. Despite the tight control of environment, we still
find that the variation from nongenetic sources is greater than that
from genetic sources over a wide range of food quality and that this
variation has strong positive covariance between growth and repro-
duction. We evaluate the general consequences of genetic and non-
genetic covariance for ecological and evolutionary dynamics theoret-
ically and find that increasing nongenetic variation slows evolution
independent of the correlation in heritable life-history traits but that
the impact on ecological dynamics depends on both nongenetic and
genetic covariance. Our results demonstrate that variation in the rel-
ative magnitude of nongenetic versus genetic sources of variation
impacts the predicted ecological and evolutionary dynamics.

Keywords: demographic heterogeneity, individual stochasticity, life-
history covariation, individual-based model, stoichiometric food qual-
ity, Daphnia pulicaria.

Introduction

Rarely do all individuals in a population have the same life
history. At any snapshot in time, individuals can have dif-
ferent genetics, be exposed to different resources and envi-
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ronments, be at different ontogenetic stages, or have differ-
ent maternal histories. These processes generate variation
in vital rates among individuals that is collectively referred
to as individual heterogeneity (Conner and White 1999).
When individual heterogeneity in vital rates occurs in a
population, it generates structure within a population that
is referred to as demographic heterogeneity (Kendall and
Fox 2002; Benton et al. 2006; Melbourne and Hastings
2008). A well-studied example of demographic heteroge-
neity is ontogenetic stage structure, which emerges from
the individual heterogeneity caused by differences in vital
rates between juvenile and adult individuals (de Roos and
Persson 2013). For individual heterogeneity to give rise
to demographic heterogeneity, the vital rate differences
among individuals must persist for some period of time
(Kendall and Fox 2003; Bolnick et al. 2011; Stover et al.
2012). The specific structure of demographic heterogene-
ity in a population depends on how the underlying vital
rate variation was created. Some sources of demographic
heterogeneity create temporary groups with similar vital
rates, such as individuals with the same maternal history
(e.g., Beckerman et al. 2002) or cohorts of individuals born
on the same day (Fox et al. 2006). Other sources create
groups that persist indefinitely, such as those created by
genetic differences (Kendall et al. 2011) or ontogenetic
stage structure (de Roos and Persson 2013).

Observations of the life-history traits of individuals can
be used to characterize individual heterogeneity in a pop-
ulation (e.g., Cam et al. 2002), but a more challenging ques-
tion is whether this individual heterogeneity impacts eco-
logical or evolutionary dynamics (Vindenes et al. 2008;
Vindenes and Langangen 2015). One approach has been
to correlate individual life-history traits with population
dynamics in systems where both longitudinal and popula-
tion data are available. For example, the repeated crashes
in Soay sheep densities are explained by the interaction of

This content downloaded from 129.093.169.156 on June 20, 2020 10:31:28 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).



El4 The American Naturalist

weather with the demographic age and sex structure of
the population (Coulson et al. 2001; Pelletier et al. 2007),
and the alternating cycles of dwarfism and gigantism in
Eurasian perch emerge from the interaction between size-
dependent cannibalism and the size structure of the popu-
lation (Persson et al. 2000). Another approach is to com-
bine population models based on life-history traits with
population-scale experiments. Most of this work has been
done in taxa where the vital rates are strongly stage struc-
tured (e.g., juvenile vs. adult) and has revealed that this in-
dividual heterogeneity can have a significant impact on dy-
namics, such as generating large-amplitude cycles (Briggs
et al. 2000; Persson et al. 2007; Nelson et al. 2013) and cre-
ating alternative states in a system (Claessen et al. 2000;
McCauley et al. 2008).

These case studies demonstrate the ecological impor-
tance of vital rate heterogeneity that generates age or stage
structure. However, individuals often have lifetime differ-
ences in vital rates that are unrelated to age or stage. Re-
cent theory suggests that such lifetime differences in vital
rates can also have a strong impact on biological dynam-
ics. For example, vital rate heterogeneity among individu-
als can increase population growth rates and equilibrium
densities (Kendall et al. 2011; Stover et al. 2012) and re-
duce extinction risk in stochastic models (Conner and
White 1999; Kendall et al. 2002; Singh et al. 2004; Mel-
bourne and Hastings 2008; Acker et al. 2014).

An important distinction is whether individual variation
in vital rates is due to genetic differences among individuals
or whether the source of heterogeneity is nongenetic. This
distinction is, of course, important for evolutionary dy-
namics, but it is also important for ecological dynamics
(Vindenes and Langangen 2015). Consider a nongenetic
example where the source of variation is caused by differ-
ences among cohorts. If a cohort of individuals has a larger
body size on average than the previous cohort, perhaps
owing to a better environment for their mothers, these in-
dividuals can have higher survivorship, growth, and re-
production over their entire lives if their body size enables
them to gain access to more resources (van Noordwijk and
de Jong 1986). This cohort then becomes a group in the
population with different vital rates than other groups,
but the group only lasts as long as the cohort is alive. In con-
trast, if genetic variation is responsible for demographic
heterogeneity, then the population can be structured into
genotypes (e.g., homozygotes and heterozygotes), with off-
spring having a probability of being added to one group
versus others based on heredity (e.g., Kendall et al. 2011).
Since individuals are being continuously added to a geno-
type group, the group will likely last longer than groups
based on differences among cohorts. Thus, whether indi-
vidual heterogeneity has a genetic basis is likely to have dif-
ferent impacts on ecological and evolutionary dynamics.

Here we use life-history experiments to study the indi-
vidual heterogeneity from both genetic and nongenetic
sources in a species of freshwater zooplankton (order Cla-
docera). Even under constant environmental conditions,
cladocerans have a tremendous amount of vital rate vari-
ation (Lynch 1988; Tessier and Consolatti 1989) generated
from two sources: developmental noise (Yampolsky and
Scheiner 1994; Olijnyk and Nelson 2013) and genotypic
variation (Baird et al. 1990; Epp 1996; Latta et al. 2015).
Owing to the asexual life cycle of species in this order, this
system provides a rare opportunity to characterize the var-
iation from genetic versus nongenetic sources of demo-
graphic heterogeneity. Theory suggests that the ecological
or evolutionary response depends on the covariance struc-
ture among traits (Lindstrom and Kokko 2002; Benton
et al. 2006; Kendall et al. 2011). Our experiments allow
us not only to characterize the variance in life-history
traits but also to characterize the covariance among traits
from both nongenetic and genetic sources of individual
heterogeneity. As previous work has shown that trait co-
variance can change across environments (Sgro and Hoff-
mann 2004), we experimentally created a gradient of food
quality and observed the response of individual heteroge-
neity in life-history traits due to both genetic and nonge-
netic sources. We choose stoichiometric food quality (mea-
sured as the ratio of carbon to phosphorus) because it has a
strong impact on zooplankton life history (Sterner and
Hessen 1994) and is a relevant environmental gradient in
natural systems (Elser et al. 2009).

The experiments reveal a surprising amount of nonge-
netic variation among life-history traits that is unexpect-
edly different in both magnitude and covariance structure
from genetic variation. Using the experimental results as
a basis, we develop a general mathematical model to eval-
uate the consequences of individual heterogeneity from
genetic versus nongenetic sources for ecological and evo-
lutionary dynamics across a wide range of covariance struc-
tures. We find that nongenetic individual heterogeneity
can increase population growth rates while simultaneously
reducing the rate of adaptive evolution. This combination
of experimental and theoretical results thus provides di-
rect empirical evidence for differences in genetic and
nongenetic sources of individual heterogeneity in a well-
studied model organism and the potential consequences
of that heterogeneity for ecological and evolutionary dy-
namics.

Methods
Source Animals

We used the freshwater zooplankton Daphnia pulicaria
because it has a cyclic parthenogenetic life cycle that
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allows for the experimental separation of genetic and non-
genetic effects and because it displays an abundance of non-
genetic life-history variation (Olijnyk and Nelson 2013).
Our source population is from Round Lake, Ontario, Can-
ada (15 ha; 44°32'N, 76°24'W), where we collected samples
of live zooplankton on May 5, 2011. Isofemale lines were
reared in the laboratory using COMBO medium (Kilham
et al. 1998) at 20°C and fed the green alga Scenedesmus
acutus. Of the original 80 isofemale lines isolated from
the lake, 55 were cultivable in the laboratory. Genotypes
were identified using cellulose acetate electrophoresis (He-
bert and Beaton 1993), which revealed nine multilocus
genotypes using the phosphoglucose isomerase, phospho-
glucomutase, lactate dehydrogenase, and malate dehydro-
genase loci. A single isofemale line was selected from each
of the nine multilocus genotypes to use in the experiments.

Experiments

We performed a series of individual-scale life-history ex-
periments across a wide range of food quality. The exper-
iments used a fully crossed design with nine genotypes in
each of five food-quality environments with a minimum of 30
replicate individuals in each treatment (table A1; tables A1-
A4, C1, C2 are available online). All individuals were fed
the green alga S. acutus. Individual Daphnia were kept in
the darkin 35-mL vials with 20 mL of algal food and COMBO
medium and provided a food ration of 0.05 mg of carbon
every 2 days. This method was developed to control indi-
vidual resource ingestion, which allows us to study trait
variation without the confounding effect of differential re-
source ingestion (Olijnyk and Nelson 2013). The food ra-
tion was created by diluting stock algae with nitrogen- and
phosphorus-free COMBO medium. Every second day, indi-
viduals were measured for length and reproductive output
and transferred to a clean vial with a new food ration. Mea-
surements continued for the full life span of each individual.
Length measurements were obtained using a dissecting mi-
croscope (Leica MZ6) under 32x magnification, calibrated
each measurement day with a stage micrometer. Individu-
als were measured from the base of the tail spine to the top
of the head. The number of eggs and/or neonates observed
released into the water at each transfer were recorded as the
measure of reproductive output.

To evaluate how variation and covariation among life-
history traits changed with environmental stress, we con-
ducted the experiments across a range of stoichiometric
food-quality levels. The food-quality gradient was created
by manipulating the carbon-to-phosphorus (C:P) ratio of
the algae. We first cultured S. acutus under conditions that
resulted in very poor quality and then supplemented the
algae with different amounts of monobasic potassium
phosphate (K,HPO,; Plath and Boersma 2001). Phospho-
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rus addition was done 90 min prior to feeding, which takes
advantage of the ability for P-limited S. acutus to take up
most of the dissolved P in under 30 min (Lehman and
Sandgren 1982; Plath and Boersma 2001). Stock cultures
of S. acutus were raised in batch culture using autoclaved
(121°C, 30 min) COMBO medium at 23°C with ~500 umoL
of photons m ™ s™' and a daily light regime of 18L:6D. The
COMBO medium was as given in Kilham et al. (1998) but
with 0.75 uM K,HPO, and 75 uM NaNOs. Cultures were
harvested 10 days after inoculation and were found to have
an average C:P of 1,133:1 (+4 SE). Each batch was in-
oculated with a volume of the previous culture calculated
to provide a constant inoculation density of cells, which
helped maintain consistency in algal population growth.
Cell density in the cultures was estimated by counting a
1:10-diluted Lugol’s solution-stained algal culture sample
ina I-mL Sedgwick-Rafter counting chamber. Algal cells in
18 haphazardly chosen squares of the slide were counted
using a compound microscope (Olympus CX21) at 100x
magnification. Densities from a minimum of two inde-
pendently diluted counts were used to estimate cell den-
sity in the culture flasks. To convert to carbon, we used a
value of 30.82 pg of C per cell based on CHN combustion
analysis.

We conducted the experiments at five food-quality lev-
els: C:P 0f 200:1, 400:1, 600: 1, 800: 1, and 1,000: 1. This
range spans much of the natural variation of particulate
C:P found in small lakes (Guildford and Hecky 2000)
and provides environments that are both above and below
the threshold phosphorus ratio for Daphnia at the food
concentration provided (Urabe and Watanabe 1992). To
check that life-history responses were due to changes in
food quality rather than digestibility caused by morpho-
logical changes in algal cells (e.g., van Donk et al. 1997),
we fed the poorest-quality algae to a set of trial individuals
and examined their lower gut contents. We found no un-
digested cells, indicating that indigestibility was not a fac-
tor at the food-quality levels used in our experiment. To
check the amount of food ration consumed after 2 days,
we preserved the vial contents from 92 individuals across
all food-quality levels and counted the density of algae
cells remaining. Average consumption was 95%, with most
(91% of the individuals) consuming >90% of the available
food algae.

Analysis of Life-History Traits

We used three scalar measures to capture the life-history
patterns of growth, reproduction, and longevity. For indi-
vidual growth, we first converted the every-other-day
measurements of length (L) in millimeters to length-based
carbon weight (w) in micrograms using the relationship
w = £L7, where £ = 2.63 and q = 2.4 (Paloheimo et al.

This content downloaded from 129.093.169.156 on June 20, 2020 10:31:28 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).



E16 The American Naturalist

1982). The conversion to length-based weight allows ease
of comparison between growth and reproduction but has
no impact on the statistical results (app. A; apps. A-F
are available online). For individuals surviving longer than
9 days, individual weight trajectories were fit with a gener-
alized additive model (GAM) with a monotonic increasing
constraint (Pya and Wood 2015). This approach allows for
the statistical characterization of growth performance with-
out imposing a predescribed shape to the growth pattern.
We used the mean mass gain between age 0 and 10 days
from the fit GAM as the scalar measure for growth (k).
Early-life growth performance was a good predictor of life-
time growth performance (fig. Al; figs. A1-A4, B1, C1, C2,
D1-D5, El, F1 are available online), and this approach
avoids any potential spurious correlation with age of death.
A similar approach (fitting a GAM to cumulative reproduc-
tion) was used to calculate the individual reproductive rate
during the first 10 days (w) after reaching size at maturity
(Ebert 1994). Longevity was measured as the age of death
(6). Fits were done using the scam package (Pya and Wood
2015) in the R software environment (R Core Team 2014;
app. A).

Owing to the asexual nature of D. pulicaria, the above-
described scalar measures of growth, reproduction, and
longevity can be used to distinguish the amount of individ-
ual heterogeneity from genetic sources versus nongenetic
sources. For growth and reproduction, we can also estimate
the amount of individual stochasticity. The method for
parsing the observed life history into different sources of
variation follows from the definition of each. Individual
heterogeneity is the variation in vital rates among individ-
uals that persist throughout an individual’s lifetime (Ken-
dall and Fox 2002). Individual stochasticity, in contrast, is
the day-to-day variation in realized life-history values of
an individual caused by chance events for a given set of
lifetime vital rates (Caswell 2009). By fitting the GAM de-
scribed above to data on age-specific size (or cumulative
reproduction) of each individual, we characterize the ex-
pected growth (or reproduction) trajectory resulting from
a fixed set of expected life-history traits for an individual.
Since the deterministic part of the model averages over
the day-to-day variation in realized life history caused by
individual stochasticity, it allows us to statistically sepa-
rate individual heterogeneity from individual stochasticity.
Variation in the deterministic growth (or reproduction)
among individuals within a genotype provides an estimate
of nongenetic sources of individual heterogeneity, and the
variation among genotypes provides an estimate of genetic
sources of individual heterogeneity. The variation is then
calculated for each source using the scalar measures of
growth, reproduction, and longevity as described above.

The strength of individual stochasticity can be estimated
for growth and reproduction using the residual variation

around the fit deterministic model of each individual. The
stochastic model is

Y=Y, +g +s,

where Y, is the predicted individual size (or cumulative re-
production) at age t, g; is the amount of deterministic growth
(or reproduction) over the age interval, and s, is individual
stochasticity.

The age interval is set at 2 days to match the data. De-
terministic growth (or reproduction) g, is calculated from
the deterministic GAM (y,) fit to age-specific weight (or
cumulative reproduction) as

& =Y = YVi-1-

Stochastic growth s, is represented by an autoregressive in-
tegrated moving average (ARIMA) model fit to the residual
variation around the growth (or reproduction) trajectory of
each individual. ARIMA models are time-series models
that are ideal for growth (or reproduction) trajectories be-
cause they allow estimation and simulation of the serial de-
pendence in the residuals. The stochastic growth (or repro-
duction) model is given as

s, = ARIMA(p, d, q),

where p is the number of autoregressive terms, d is the or-
der of differencing, and ¢ is the number of moving average
terms. Since growth (or reproduction) trajectories differ
among individuals, the most appropriate ARIMA model
in terms of p, d, and g will also differ (details in app. B).
Individual stochasticity was estimated for each individual
from 500 parametric bootstrap simulations of the stochas-
tic growth model (fig. B1). We assume that all residual var-
iation is the result of individual stochasticity rather than
observation error, which means that our estimate of indi-
vidual stochasticity is an upper estimate. Using an overes-
timate of individual stochasticity means that the conclu-
sions we draw about the comparatively small magnitude
of individual stochasticity are conservative. All analyses
were done in the R software environment (R Core Team
2014) using the arima() and arima.sim() functions.

To study the covariance among life-history traits emerg-
ing from genetic versus nongenetic sources of individual
heterogeneity, we estimate the genetic and nongenetic co-
variance using a multivariate generalized linear mixed
model with genotype as a random effect (Hadfield 2010).
Each food level was analyzed separately to estimate how
these matrices change across the environmental gradient.
The replicate individuals within each genotype allow us
to isolate the nongenetic covariance from the genetic co-
variance. A positive genetic covariance—for example, be-
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tween growth and reproduction—suggests that genotypes
with consistently faster growth rates also have consistently
higher reproductive rates. A positive nongenetic covariance,
on the other hand, suggests that individuals with fast growth
rates also have high reproductive rates independent of geno-
type. Fits were done using the MCMCglmm package (Had-
field 2010) in the R environment (R Core Team 2014), which
uses Markov chain Monte Carlo (MCMC) methods to fit
multivariate generalized linear mixed models. Code speci-
tying the MCMC run details and the prior specification
can be found in appendix C.' We verified that our choice
of prior had no effect on the statistical conclusions.

Ecological and Evolutionary Consequences
of Individual Heterogeneity

We used an individual-based model to study the conse-
quences of genetic and nongenetic covariance on ecological
and evolutionary dynamics (app. D). An individual-based
model is advantageous because it allows us to simulta-
neously account for both sources of trait variation among
individuals: individual heterogeneity from genetic variation
and individual heterogeneity from nongenetic variation.
We characterize each individual (i) by its genotype, current
stage (juvenile or adult), and expected daily rates of birth
(8:), mortality (,), and maturation (u,). The parameters
representing the expected rates of birth, mortality, and
maturation are fixed for an individual when they are born,
which means that variation among individuals in their ex-
pected rates is the source of demographic heterogeneity in
the model. To study the ecological consequences of individ-
ual heterogeneity, we simply track the population dynamics
of the system. To study the evolutionary consequences, we
quantify the fitness variance among the genotypes in the
population. The fitness of each genotype is its population
growth rate (R, = N,,.,/N,,), where N;, is the number of
individuals of genotype i at time f. The fitness variance
determines the magnitude of evolutionary change due to
natural selection in classic population genetic theory (Fisher
1930), so we can use the relative magnitude of fitness vari-
ance to predict how genetic and nongenetic heterogeneity
impact the magnitude or rate of evolutionary change due
to natural selection.

For both genetic and nongenetic forms of individual het-
erogeneity, we consider all possible combinations of nega-
tive (G,), uncorrelated (G,), and positive (G;) matrices that
describe the covariance among the life-history traits of
birth, longevity, and maturation:

1. Code that appears in The American Naturalist is provided as a conve-
nience to the readers. It has not necessarily been tested as part of the peer re-
view.
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Each simulation was initialized with 100 genotypes drawn
from a trivariate normal distribution of life-history traits
with mean zero and covariance given by one of the matri-
ces described above. We converted these standardized trait
values to a biologically relevant scale using the trait means
and standard deviations observed at the highest food level
(fig. 2). This allows us to use the standard multivariate nor-
mal distribution to specify covariances instead of needing
to account for differences in trait means and variances.
While each run of the simulation generates a new set of
random genotypes, the genotypes are fixed for the duration
of a simulation. Once the genotypes are created, the next
step is to create the individuals. Individuals within each ge-
notype are created by sampling a multivariate normal dis-
tribution with mean equal to the genotype’s life-history
traits and covariance given by one of the matrices de-
scribed above, multiplied by a scalar that allows us to con-
trol the amount of nongenetic variation. This allowed us to
investigate how increasing the amount of nongenetic vari-
ation affects ecological and evolutionary dynamics. Simula-
tions were started with 20 adults of each genotype and the
dynamics updated daily as follows for 100 days, which rep-
resents roughly 14 generations (based on the average mat-
uration time of 7.1 days). At every daily time step, each in-
dividual in the population could die, survive as a juvenile,
survive and transition from juvenile to adult, or survive as
an adult and reproduce. Survival was decided first on the
basis of the outcome of a Bernoulli trial, with probability
based on the individual-specific daily mortality rate as
1/8;. If the individual survived and was a juvenile, it could
mature to the adult stage based again on the outcome of a
Bernoulli trial, with probability based on the individual-
specific development rate as p,. If the individual survived
and was an adult, it could reproduce based on a random
draw from a Poisson distribution, with expectation given
by the reproduction parameter F. The reproduction pa-
rameter includes the daily birth rate that characterizes
the individual () that is then adjusted for density depen-
dence as

F; = Biexp(—aN)
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(e.g., Neubert and Caswell 2000), where N is the total pop-
ulation size summed across all genotypes and « controls
the strength of density dependence. Since our primary in-
terest is in studying the role played by nongenetic versus ge-
netic individual heterogeneity, the model does not include
individual stochasticity. We set the strength of density de-
pendence (o =1 x 107*) to give equilibrium densities
that were sufficiently large to ensure that demographic
stochasticity was negligible. Results are shown as the aver-
age of 50 simulations for all combinations of genetic and
nongenetic covariance matrices and for six levels of nonge-
netic trait variance.

Results

We found genotypic variation in all life-history traits
across all food treatments (fig. 1). While the genotypes
studied in our experiments were only a subset of those
found in our source lake, the genetic variation that we ob-
served is comparable to the genetic variation observed
among genotypes hatched from resting eggs, which repre-
sents the potential genetic variation in a lake (table A3;

Length (mm)

Cumulative eggs

Ebert 1991). Surprisingly, we found considerable variation
in growth and reproduction among individuals within a
genotype (fig. 1). In fact, the variance among individuals
within a single genotype is substantially larger than the
variance among the genotypes studied (fig. 2). Even as
the food environment degrades to a point where reproduc-
tion has almost shut off, the within-genotype variance is
greater for all traits (fig. C1). Since individuals are clonal,
these results reveal that the magnitude of individual het-
erogeneity attributable to nongenetic sources is much
greater than genetic sources in this species. The estimated
strength of individual stochasticity is comparable to ob-
served genetic variation, which is much smaller than the
variation from individual heterogeneity (fig. 2).

Without distinguishing the source of the variation, sim-
ple correlations among life-history traits suggest a positive
correlation between growth and reproduction (fig. A3). By
distinguishing genetic from nongenetic sources of individ-
ual heterogeneity, we find that none of the genetic trait
correlations are significantly different from zero (fig. 3),
which means that genotypes that invest a lot in any partic-
ular life-history trait do not invest less (or more) in other

Figure 1: Observed growth (A) and reproduction (C) trajectories by age for each individual (gray lines) at the highest food-quality level. The
end of the line indicates the age of death. Mean trajectories for each genotype (colored lines) are shown as the fit of a generalized additive
model to all individuals of the genotype. To illustrate the typical variation among individuals within a genotype, B and D show individual
trajectories for one of the genotypes from A and C (purple lines), respectively.
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Figure 2: Mean trait values for each genotype across a gradient in food quality (left column). The lines in each panel denote a different
genotype. The right-hand panels show direct estimates of the trait variance among individuals within each genotype (red lines) and trait
variation among genotypes (black lines), which reveals that the variation within a genotype is greater than the variation among genotypes
for all traits and food levels. The estimated magnitude of individual stochasticity (blue lines) is similar to the trait variance among genotypes
and is much less than the trait variation among individuals within a genotype.

traits (i.e., there is no evidence of trade-offs). In contrast,
there is strong evidence for positive correlations among
life-history traits for individuals within each genotype
(fig. 3). This is especially true for the correlation between
growth and reproduction, which is statistically positive
for all but the lowest food quality. This indicates that when
individuals have high growth rates, they also have high re-
production even though they are genetically identical and
raised under carefully controlled food environments. To
evaluate whether these results were sensitive to having
higher levels of replication within a genotype than among
genotypes, we conducted two evaluations of the method
(app. F). In the first, we simulated data assuming only ge-
netic covariance among the traits and estimated the false-
positive rate for detecting nongenetic covariance. In the

second, we repeated the analysis with balanced replication
by using subsets of the within-genotype data. The evalua-
tion revealed a false-positive rate of 5%, which is the same
as the type I error rate used in the analysis, and that using
subsets of the data with balanced replication resulted in
the same conclusions as those shown in figure 3. Taken to-
gether, the evaluation indicates that the statistical method
has a high probability of distinguishing the covariance
structure from genetic versus nongenetic sources of indi-
vidual heterogeneity and showed that the method is not
sensitive to having unbalanced replication. None of the
nongenetic correlations were negative, indicating an ab-
sence of trade-offs among the traits.

To investigate the potential ecological and evolutionary
implications of trait variation from the different sources,
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decreasing food quality. Each vertical panel shows a different trait pair, and the error bars represent 95% confidence intervals.

we developed a population model that incorporates both
genetic and nongenetic sources of individual heterogene-
ity. The direction of the ecological response to increasing
nongenetic variation depended on the nongenetic covari-
ance matrix but not on the genetic covariance matrix
(fig. 4). If nongenetic covariation is negative, increasing
nongenetic trait variation decreases population growth
and the final density. If nongenetic covariation is zero or
positive, increasing nongenetic trait variation increases
population growth and the final density.

Nongenetic sources of variation also had a strong im-
pact on fitness differences among genotypes. Increased
levels of nongenetic variation—regardless of the covaria-
tion structure—always resulted in reduced fitness variance
among the genotypes and thus a slower rate of evolution
from natural selection (fig. 5). This is illustrated nicely
by comparing the fitness for a set of genotypes in the ab-
sence versus presence of nongenetic variation (fig. D1).
Genotypes with low fitness in the absence of nongenetic
variation perform comparatively better when nongenetic
variation is added than do genotypes with high fitness; this
causes a reduction in the overall fitness variance among

genotypes and correspondingly results in slower rates of
evolution. The effect is amplified when the nongenetic co-
variance structure is negative because genotypes with high
fitness in the absence of nongenetic variation have reduced
fitness when nongenetic variation is added. The degree to
which fitness variance is reduced by nongenetic variation
depends on the combination of covariance structures: with
positive genetic covariance, the greatest reduction in the
fitness variation among genotypes occurs with positive
nongenetic covariance; with negative genetic covariation,
the greatest reduction in the fitness variation among geno-
types occurs with negative nongenetic covariance (fig. 5).

Reducing food quality had large negative effects on all
traits (fig. 2; table A2), with all genotypes showing a signif-
icant decline in at least two traits with decreasing food
quality (table A4), and generally led to a loss of the positive
covariance structure (fig. 3). To investigate the contribu-
tion of each source of individual heterogeneity for the
predicted ecological and evolutionary dynamics in our ex-
periments, we conducted a sensitivity analysis of the model
using our empirically estimated genetic and nongenetic co-
variance matrices across the range of food quality. For the
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sensitivity analysis, we increased either genetic or nonge-
netic variation by 10% (i.e., we multiplied every term of
the covariance matrix by 1.1) and calculated the percent
change in population growth rate or fitness variance due
to this increase. Predicted population growth rates de-
creased with decreasing food quality as expected, and in-
creasing variation for both sources tended to increase the
population growth rate (fig. 6A, 6B). Increasing nongenetic
variation had a larger effect on population growth than did
increasing genetic variation. Fitness variance increased as
food quality declined, suggesting that selection was stron-
ger in poorer environments (fig. 6C). Increasing trait vari-
ation had opposing effects on selection depending on the
source of the variation. Increasing genetic variation al-
ways increased fitness variance, as expected, whereas in-
creasing nongenetic variation always reduced fitness vari-
ance (fig. 6D). Genetic variation is predicted to have a
larger relative impact on selection than nongenetic varia-
tion among the genotypes in our study. However, on aver-
age the nongenetic variation still contributed around half

the relative impact on selection than genetic variation,
meaning that both sources are predicted to play an impor-
tant role in determining selection.

Discussion

Vital rate variation in populations is well documented
(Bolnick et al. 2011), and theoretical work has shown that
this variation can scale up to impact ecological (Grimm
and Uchmanski 2002; Gonzalez-Suérez et al. 2011) and
evolutionary (Metcalf and Pavard 2007; Vindenes and
Langangen 2015) dynamics, even when that variation does
not have any clear structure, such as that caused by ontog-
eny, gender, or size (Kendall et al. 2011; Stover et al. 2012).
For example, individual heterogeneity in the flour beetle
model system generates variation in demography that is
detectable in time-series data (Melbourne and Hastings
2008), and individual heterogeneity in red deer explains
a substantial amount of the observed population dynam-
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Figure 5: Predicted evolutionary impact of nongenetic variance. Increasing the amount of nongenetic trait variation always reduces the var-
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covariance structure.

ics (Pelletier et al. 2012). As a literary term, individual het-
erogeneity is useful because it distinguishes persistent vital
rate differences among individuals from those differences
due, for example, to demographic stochasticity. However,
since different sources of individual heterogeneity generate
different patterns of demographic structure in a population,
there is need to identify and characterize vital rate variation
from different sources and to predict how each scales up
to impact ecological and evolutionary dynamics (Benton
et al. 2006). In this study, we use a parthenogenetic organ-
ism to study the individual heterogeneity emerging from
genetic versus nongenetic sources and use an individual-
based model to predict the effect of each on ecological
and evolutionary dynamics.

While previous work in Daphnia has found variation in
life-history traits among individuals within a genotype
(Lynch 1988; Olijnyk and Nelson 2013), our study is the
first with sufficient replication to enable the estimation
of the covariance among vital rates at both the within-
genotype and the among-genotype level. We found sub-
stantial within-genotype variation in life-history traits
across all food treatments. More interesting, however, is

that this nongenetic variation is substantially larger than
the trait variation among genotypes isolated from the
same lake (fig. 2), indicating that nongenetic sources of
individual heterogeneity contribute more variation than
genetic sources. At first blush, that result might not seem
surprising because there is an expectation that the herita-
bility of life-history traits should be low (e.g., Price and
Schluter 1991). This has been attributed to low additive
genetic variation for life-history traits because of their
close connection to fitness (Mousseau and Roff 1987) or
to high levels of environmental variation that impact life-
history traits, causing an elevation of nongenetic variation
(Price and Schluter 1991). However, the magnitude of ge-
netic variation observed in our experiments (table A3) is
similar to median levels of genetic variation for traits that
are not directly related to life history (Hansen et al. 2011).
Moreover, since our experiments were conducted under
tightly controlled environmental conditions, the amount
of trait variation that can be attributed to the environment
is greatly reduced relative to natural systems. Despite typi-
cal levels of genetic variation and tight environmental con-
trol, we find that nongenetic sources of variation, such as
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Figure 6: Predicted contribution from nongenetic and genetic heterogeneity in Daphnia based on empirically estimated trait means and
covariance. A, Predicted population growth rate across food quality (high quality is 200 C:P, low quality is 1,000 C:P). B, Relative change
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analysis. C, Predicted fitness variance across food quality. D, Relative change (percent) in fitness variance when nongenetic (red) versus ge-
netic (black) variation is increased in each food environment, based on a sensitivity analysis.

developmental noise, are a more significant source of life-
history variation than genetic sources.

The genotypes used in our experiments were isolated
from a single location on a single day. While this is the rel-
evant context for considering the impact of demographic
heterogeneity on population dynamics, we need to consider
whether these results are restricted to our population. For-
tunately, there is a long history of research looking at the
life-history differences among genotypes in Daphnia. We
found six studies where data could be extracted for both
the within-genotype and the among-genotype variance in
life-history traits for a range of Daphnia species (Vanni
1987; Lynch 1988; De Meester 1995; Epp 1996; Barata and
Baird 1998; Pietrzak 2011). While these studies cannot be
used to analyze the covariance structure among life-history
traits, as we have done here, they can be used to compare
the variation from genetic versus nongenetic sources. These
studies reveal that nongenetic variation was larger than ge-
netic variation in 75% of the traits studied. Combined with

the results of our experiments, there is strong evidence that
the variation from nongenetic sources of individual hetero-
geneity is typically larger than intraspecific genetic varia-
tion in Daphnia.

While relatively rare, a handful of laboratory studies in
other animal systems also provide data to evaluate the rel-
ative magnitude of genetic versus nongenetic sources of
individual heterogeneity. In gastropods, nongenetic varia-
tion accounted for more of the variation in body growth
than did genetic variation (Forbes et al. 1995). In Artemia,
among-individual variation was found to be larger than
among-genotype variation for traits related to reproduc-
tion and life span (Browne et al. 2002). In rotifers, some
species have within-genotype variation in proportion of
mixis offspring that is similar in magnitude to the varia-
tion among genotypes (Gilbert and Schroder 2007). These
studies are not a comprehensive evaluation, but they dem-
onstrate that nongenetic variation can be a strong and un-
derappreciated source of individual heterogeneity.
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By carefully following the growth and reproduction tra-
jectories of individual animals, our study is able to com-
pare the strength of individual heterogeneity with the
strength of individual stochasticity. Individual stochastic-
ity is the random variation in vital rates among individ-
uals and is distinct from the persistent differences that
come from individual heterogeneity (Caswell 2009). In
our experiments, the variation from individual stochastic-
ity was much smaller than the variation from individual
heterogeneity (fig. 2). This is perhaps not surprising for
individuals raised in a carefully controlled laboratory envi-
ronment; however, it suggests that individual heterogene-
ity can be as strong—and potentially stronger—than indi-
vidual stochasticity. The relative strength of the different
sources of variation has direct implications for the devel-
opment of population models because each source is in-
corporated differently. Trait variation from individual
stochasticity does not create any additional heterogeneity
structure in a population. As such, it can be incorporated
into population models using stochastic models that have
the same trait structure as a model without any variation
(e.g., Caswell 2009). In contrast, the variation from indi-
vidual heterogeneity creates additional structure in the
population because trait differences persist for a period of
time. Incorporating demographic heterogeneity requires
an explicit representation of the trait heterogeneity (Vin-
denes et al. 2008; Kendall et al. 2011; van Daalen and
Caswell 2015). Pragmatically, it is easier to incorporate
the variation from individual stochasticity because the
only additional information required is the trait distribu-
tion, whereas incorporating individual heterogeneity re-
quires knowledge of not only the trait distribution but also
where the trait differences originate (e.g., reproduction vs.
growth) and how long these differences persist. Despite
this challenge, our results suggest that individual heteroge-
neity may be a more relevant source of variation for organ-
isms than individual stochasticity and should receive more
attention in the development of population models than it
currently does.

An unexpected result from our experiments is that the
relationships among traits are highly constrained for non-
genetic trait variation (fig. 3). Specifically, we find strong
evidence of positive life-history correlations among the
traits describing reproduction, growth, and survivorship
in an experimentally controlled environment that prevents
differential ingestion of resources. The implication is that
some individuals within a genotype have better perfor-
mance than others across all life-history traits. The posi-
tive trait covariance found here is similar to previous work
in this species (for discussion of mechanisms, see Olijnyk
and Nelson 2013). The lack of life-history constraints
among genotypes goes against the conclusions of previous
work in a closely related species (Spitze et al. 1991; dis-

cussed in Reznick et al. 2000), which is likely due to differ-
ences between our study designs. Spitze et al. (1991) used
only a few individuals per genotype to characterize genetic
variation. We show in appendix E that with only a few in-
dividuals per genotype, positive nongenetic trait correla-
tions can be mistakenly attributed to genetic sources. On
the other hand, with the number of genotypes and indi-
viduals per genotype that we had in our experiment, it is
very unlikely to mistakenly attribute positive trait corre-
lations that are caused by genetics to nongenetic sources
(app. F). As a result, we can conclude that the positive ge-
netic correlations observed by Spitze et al. (1991) are plausi-
bly the misidentification of positive nongenetic correlations.

The evolutionary response to increased nongenetic var-
iation in our model always resulted in reduced fitness dif-
ferences among genotypes and, hence, a reduced rate of
evolution (fig. 5). The reduction comes from two mecha-
nisms. The first is a form of the frailty effect (e.g., Kendall
et al. 2011). Within any population, there will be individ-
uals that are born particularly frail, with life-history traits
that greatly reduce their development, reproduction, or
survivorship. Since these individuals do not survive long,
the distributions of the viable individuals will have a
higher expected value than the distribution at birth. This
effect increases the mean fitness of individuals in the pres-
ence of trait variation compared with the absence of trait
variation. Fitness variation is reduced among a set of ge-
notypes because the effect is greatest for genotypes that—
on average—have low performance (figs. D1, D2). The
second mechanism is from the nonlinear dependence of
fitness on life-history traits. While increasing any single
life-history trait will increase fitness, it always does so with
diminishing returns (Boyce 1977), which means that fitness
is guaranteed to be a concave function of life-history traits.
As a result, mean fitness among individuals in the pres-
ence of variation is always lower than that in the absence
of variation owing to the mathematical effect of Jensen’s
inequality. In particular, fitness differences among a set
of genotypes will be reduced when the fitness of high-
performing genotypes decreases more than it does for
low-performing genotypes (figs. D1, D3). These two mech-
anisms combine to slow the rate of evolution by reducing
the fitness of high-performing genotypes and increasing
the fitness of low-performing genotypes in the presence
of nongenetic trait variation (fig. D1).

Note that these mechanisms are quite different from
how genetic drift would affect the rate of evolutionary
change. Genetic drift reduces the rate of evolutionary
change but does so by reducing additive genetic variance,
thereby making selection less efficient. For example, in the
breeders equation R = h’S, where R is the change in a
quantitative trait, 4> is heritability, and S is the selection
differential, genetic drift will reduce R by reducing herita-
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bility. Our results reveal that adding nongenetic variation
in the form of individual heterogeneity decreases both her-
itability and the selection differential, resulting in slower-
than-expected phenotypic change compared with what
would be observed if the impact occurred through heritabil-
ity only, as it would be for genetic drift. More generally, by
explicitly accounting for individual heterogeneity in popu-
lation models, it is straightforward to mechanistically link
heritability and selection in models of phenotypic change.

The ecological response to nongenetic variation in our
model depended a great deal on the covariance structure
of the traits when they were generated from nongenetic
sources of variation. Negative correlations among the traits
caused a decrease in population growth, whereas uncorre-
lated or positive covariance caused an increase in popu-
lation growth. The ecological dynamics responded differ-
ently than evolutionary dynamics to nongenetic variation
because the processes that reduce relative fitness among
genotypes have different impacts on the average fitness of
a group of genotypes. The effect of having a concave fitness
function reduces the average fitness, resulting in slower
population growth and lower density. In contrast, the frailty
effect increases the average fitness, resulting in faster popu-
lation growth and higher density. The net effect found in
our simulations (fig. 5) emerges from the fact that the dif-
ferent covariance structures impact the relative strength
of these two processes. For example, if there is positive ge-
netic trait covariance, there is a reasonable chance that a ge-
notype will have low reproduction, development, and survi-
vorship—all of which lead to strong frailty effects. If there is
negative genetic covariance, then the frailty effect is weaker
because it is unlikely that all traits will be simultaneously
low.

An advantage of using a model to scale from vital rates
to population dynamics is that it allows us to evaluate the
predicted biological significance of observed life-history
traits. For example, manipulating food quality in our ex-
periments had a substantial impact on the variance from
both nongenetic and genetic sources (fig. 2) and on the co-
variance structure from nongenetic sources (fig. 3). We can
use these data to evaluate the potential impact of food-
quality changes on biological dynamics by studying how
genetic versus nongenetic sources of individual heteroge-
neity scale up to cause change at the population level. We
found that despite large changes in life-history trait co-
variance across the gradient of food quality, the predicted
relative importance of the different sources of individual
heterogeneity to biological dynamics changed much less
(fig. 6). Nongenetic trait variation is predicted to have a
positive impact on ecological dynamics that becomes more
important as food quality decreases. Increasing genetic trait
variation is also predicted to increase population growth,
but to a lesser degree than nongenetic variation (fig. 6B).

Individual Heterogeneity in Zooplankton E25

Increasing genetic variation increases the rate of evolution
(by increasing fitness variance) across all quality levels,
whereas increasing nongenetic variation slows the rate of
evolution (fig. 6D). While the particular quantitative con-
clusions of this analysis are dependent on the model being
a good description of the biology of Daphnia, the overall
message of figures 5 and 6 is that increasing the amount
of nongenetic variation in Daphnia is predicted to result
in faster population growth while simultaneously reducing
the rate of evolution across the full range of food quality.
Parthenogenetic and clonal organisms provide a rare
opportunity to evaluate the relative importance of genetic
versus nongenetic sources of variation in life-history traits.
Our experiments found that there was substantial varia-
tion in Daphnia life-history traits, even under carefully
controlled food environments, and unexpectedly found
that most of this variation is due to nongenetic sources
rather than genetic sources or individual stochasticity. Nat-
urally, these results will help guide the development of
mathematical models that incorporate demographic het-
erogeneity in Daphnia, which is a classic model organism
for studying the scaling of life-history traits to biological
dynamics (e.g., Nelson et al. 2007; McCauley et al. 2008;
Ananthasubramaniam et al. 2011). More generally, how-
ever, the importance of identifying the sources of trait var-
iation centers around the distinct impact that each has on
ecological and evolutionary dynamics—increasing genetic
variation causes evolution to speed up, whereas increasing
nongenetic variation causes evolution to slow down. Since
the life-history traits and covariance structures investi-
gated in our model are common to many taxa, these re-
sults are likely relevant for a wide range of organisms.
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