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abstract: Natural populations can vary considerably in their geno-
typic and/or phenotypic diversity. Differences in this intraspecific di-
versity can have important consequences for contemporary ecological
dynamics, but the direction and magnitude of these effects appear in-
consistent across studies and systems. Here we proposed and tested
the hypothesis that context-dependent ecological effects of altering phe-
notypic variance are predictable and arise from the relationship be-
tween a population’s mean phenotype and the local environmental op-
timum. By factorially manipulating themean and variance of a key host
trait in environments with and without a lethal parasite, we demon-
strate that increasing phenotypic variance can have beneficial effects
for host populations (e.g., smaller disease epidemics) but only when
the population’s initial phenotype was poorly matched to the local en-
vironment.When phenotypes were initially well suited to environmen-
tal conditions, in contrast, greater phenotypic variance led to larger
disease epidemics. Significant reductions in individual susceptibility
occurred in both contexts over time, but the mechanisms leading to
those reductions differed; strong selection was caused by either a sub-
optimal trait mean and insufficient trait variance or a near-optimal trait
mean and too much trait variance. Increasing intraspecific variation is
clearly not always beneficial for populations, instead producing predict-
able ecological and evolutionary effects that depend on environmental
context and biological interactions.

Keywords: Daphnia,Metschnikowia, disease dynamics, eco-evolutionary
feedbacks, selection, Jensen’s inequality.

Introduction

Natural populations are not homogenous groups of identical
clones. Instead, individuals of a species differ genetically and
phenotypically, and this variation can play an important role
in contemporary ecological dynamics (Whitham et al. 2006;
Hughes et al. 2008; Bailey et al. 2009). For example, increasing
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gene or trait diversity per se can enhance the establishment
success of founder populations (Agashe 2009; Crawford and
Whitney 2010; Forsman 2014; González-Suárez et al. 2015),
increase host resistance to parasites (Altermatt and Ebert
2008; Ganz and Ebert 2010; King and Lively 2012), and alter
both community assembly and ecosystem function (Crut-
singer et al. 2006; Genung et al. 2010; Whitlock 2014). While
these studies emphasize that intraspecific variation can have
important ecological consequences, the effects are inconsis-
tent across, and even within, systems. Several studies hypoth-
esizing positive diversity effects have either failed to find
strong evidence for such or found evidence in only a subset
of treatments (table 1). Identifying themechanisms that drive
variable effects of intraspecific diversity is critical to develop-
ing a more comprehensive framework for understanding and
predicting the ecological effects of intraspecific variation
across systems (Bolnick et al. 2011). Here we suggest that this
variability could be explained by differences in phenotype-
environment matchup. Specifically, we propose and test the
hypothesis that the ecological importance of intraspecific var-
iation per se depends on the relationship between the current
mean phenotype of a population and the optimal phenotype
in their local environment.
Many positive diversity effects occur in situations where

the average phenotype of a population was poorly matched
to the local environment, for example, in terms of coloniza-
tion success or pathogen susceptibility (table 1). While all
populations are suboptimal in the local environment, those
that are farther away from the local optimum should benefit
more from additional phenotypic variance. Additional vari-
ance offers immediate access to peaks of the fitness landscape
(Whitlock 1995). Augmenting phenotypic variance, often
approximated by increasing genotypic richness, can there-
fore increase the probability that at least some high-fitness
individuals are present in the population. If the trait is sus-
ceptibility to a pathogen, for instance, increasing variance
in a highly susceptible host population could introducemore
resistant individuals, which can reduce the size of disease
epidemics (e.g., Dibble and Rudolf 2016).
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When populations have trait means nearer the environ-
mental optimum, in contrast, why would we expect a positive
effect of increasing phenotypic variance? If the additional phe-
notypic variants are not much better than what is already in
the population (e.g., Lenormand 2002; Marshall et al. 2010;
Blanquart et al. 2012), the response to increasing variance—
in terms of some aggregate measure such as population
growth or abundance—may be correspondingly small. Alter-
natively, increasing phenotypic variance in populations well
suited to their local environment could have negative effects.
Negative effects could occur if the lower-fitness individuals,
added via increasing variance around a constant mean, dis-
proportionately influence the response of the population
(Lacey et al. 1983). In models of population growth, for in-
stance, near-optimal trait means can lead to negative popula-
tion growth with high levels of trait variance (Lynch et al.
1991), depending on the environmental context. Using sus-
ceptibility again as an example, increasing the variance around
a highly resistant mean phenotype increases the frequency
of susceptible individuals in the population. If this increase
in the susceptible fraction aids parasite establishment (An-
derson andMay 1979), increasing phenotypic variance could
actually increase the size of disease epidemics.

Both positive and negative effects of increasing phenotypic
variance require (or assume) a nonadditive response to an in-
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crease in phenotypic variance. This is because the null expec-
tation of a symmetric increase in variance around a constant
mean is no net effect, as the positive effects of higher-fitness in-
dividuals are offset by the negative effects of those on the other
end of the trait distribution. Predictions of positive diversity ef-
fects thus rely on, to a degree, high-fitness individuals contrib-
utingmore to the population than low-fitness individuals. Our
hypothesized negative effect of increasing variance relies on
the opposite pattern: individuals on the lower end of the aug-
mented trait distribution influencing the population more.
Jensen’s inequality, driven by nonlinear relationships between
trait value of individuals and an ecological function, is one
mechanism that can produce nonadditive responses to a sym-
metric increase in phenotypic variance (Bolnick et al. 2011).
Similarly, positive or negative feedback loops coupled with
population growth can lead to nonlinear decline or increase
of the frequency of phenotypes at the edge of the phenotypic
distribution over time. For instance, if well-adapted pheno-
types reproduce at twice the rate of all other individuals, their
phenotype could exponentially (i.e., nonlinearly) increase over
time relative to the rest of the population. Importantly, each of
these mechanisms can produce positive or negative effects, de-
pending on the concavity of the relationship between traits and
fitness or on the nature of the predominant selective pressure
in an environment (e.g., with or without parasites).
Table 1: Context-dependent effects of intraspecific diversity
Question

Effect of
diversity
Strength of
selection
Diversity
measure
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Reference
Does predator diet breadth
alter prey communities?
None
 . . .
 Trait
variance
No effects of body size variance
on predator diet breadth,
prey community composition
Ingram et al.
2011
Does intraspecific variation
reduce competitive
interactions?
None
 . . .
 Genotypic
richness
Polycultures showed performance
identical to monocultures
Dimas-Flores
et al. 2012
Positive
 Strong
 Genotypic
richness
Positive effect of genotypic richness
on seagrass shoot density, biomass
Hughes and
Stachowicz
2004
Does genetic diversity improve
response to disturbance?
None
 Weak
 No effects of genotypic richness
Positive
 Strong
 Strain
richness
Strong positive effects of genotypic
richness on founding population
size, stability
Agashe 2009
Does genetic diversity
enhance success of
founding populations?
Weakly
positive
Weak
 Weaker effects of genotypic richness
Positive
 Strong
 Genotypic
richness
Host diversity reduces overall
infection prevalence
Ganz and
Ebert 2010
Do host polycultures
better resist disease?
None
 Weak
 No effect of host diversity
on prevalence
Note: Strong selection was imposed by goose grazing (Hughes and Stachowicz 2004), colonization of a novel environment (Agashe 2009), and high-parasite-
strain diversity (Ganz and Ebert 2010). This table is not a systematic review of all intraspecific-diversity studies.
c).



Consequences of Intraspecific Diversity 000
In this study, we asked whether the ecological conse-
quences of phenotypic variance depend on the relationship
between the trait mean and the local environmental opti-
mum. In a zooplankton host (Daphnia pulex), we factorially
manipulated the mean and variance of a key trait (the in-
trinsic rate of increase, r) in environments with and without
a lethal parasite (Metschnikowia bicuspidata). Consistent
with our predictions, we found that increasing phenotypic
variance had positive ecological effects when populations
expressed suboptimal trait means but negative effects when
populations were already well suited to the local environ-
ment. Additionally, two populations showed significant re-
ductions in individual susceptibility to the parasite, consis-
tent with rapid evolutionary change. Overall, this study
provides a more mechanistic framework for understanding
and predicting the influence of intraspecific variation on
eco-evolutionary dynamics.
Material and Methods

Overview

We first conducted a life table assay to quantify trait values
from a large number of clones of our host species, Daphnia
pulex. Using trait values from this life table (from 59 unique
host clones), we established experimental populations that
differed in both themean and the variance of rwhile keeping
host genotypic richness (i.e., number of genotypes) constant.
By analyzing these host populations in the presence and ab-
sence of parasites, we determined the optimum trait value in
each environment and thus tested whether the effects of in-
creasing phenotypic variation depended on the relationship
between the trait mean and the environmental optimum. Af-
ter the ∼13-week mean/variance experiment, we conducted
an individual infection assay to assess whether parasite expo-
sure significantly altered average susceptibility in each treat-
ment.
Study System

For our experimental study, we utilized a zooplankton-fungus
host-parasite system (host D. pulex, parasite Metschnikowia
bicuspidata), exploiting the cyclically parthenogenic life his-
tory of D. pulex to obtain and maintain unique clones with
natural variation in key life-history traits (see also the appen-
dix, available online). Disease transmission in the Daphnia-
Metschnikowia system is linked with foraging ecology, as
individual Daphnia consume both algal resources and infec-
tious fungal spores via filter feeding. Previouswork has shown
that individuals and genotypes with faster foraging rates (i.e.,
that filter more milliliters of water per unit time) (1) encoun-
ter more fungal spores, (2) produce more spores when in-
fected (because of more resources for parasite growth), and
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(3) show higher fecundity when uninfected (Hall et al. 2010,
studying the closely related Daphnia dentifera). This repre-
sents a trade-off between fecundity and disease risk, as growth
and reproduction are often associated with higher individual
susceptibility (but see Auld et al. 2013).
Life Table Assay

We started the life table assay with 177 individual females,
3 replicate individuals each of 59 clones,with each clone orig-
inally hatched from resting eggs (ephippia) collected from a
natural pond in Huntsville, Texas. Individuals were housed
singly in 50-mL centrifuge tubes and fed laboratory-reared
Scenedesmus obliquus. Each day, we transferred individuals
to new containers with fresh medium and algae and checked
for the presence of offspring. When females reproduced,
we counted their offspring and measured the adult body size
to the nearest 0.01 mm (using a Leica rz95 microscope) be-
fore moving the adults to their new containers and dis-
carding offspring. The life table assay began on February 13,
2013, and was terminated on March 28, 2013, by which point
111 of the 177 individuals had died of natural causes.
The intrinsic growth rate (r) of each clone was estimated

by iteratively solving the characteristic Euler-Lotka equa-
tion:

1 p
X

e2rxlxmx , ð1Þ
where x is age (in days), lx is age-specific survival, and mx is
age-specific reproduction. Summed over the life span of the
population (i.e., N p 3 replicates) of each clone, r repre-
sents the expected rate of population growth of a clone in
a new environment. Additional methodological details for
the life table assay can be found in the appendix.
Factorial Manipulation of Trait Mean and Variance

Wecreated populations that differed in themean and variance
of the intrinsic growth rate, r, which is a common metric of
overall fitness and was hypothesized to play a role in natural
disease epidemics (Dibble et al. 2014; Dibble and Rudolf
2016). Experimental populations each comprised a randomly
selected combination of four clones of the host species D.
pulex.Wefirst arranged the clones in order of increasing r, ob-
tained from the life table assay. We then split the ordered list
of clones in half, artificially creating a pool of clones with low
or high intrinsic growth rates (N p 20 clones for each mean
treatment). Within each of the low- and high-mean subsets,
we used a simple selection scheme to randomly assign clones
to low-,medium-, or high-variance treatments (see the appen-
dix for additional details). Importantly, this design kept the
number of genotypes (genotypic richness) constant across
treatments yet created independent phenotypic mean and
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000 The American Naturalist
variance treatments (fig. 1), using unique combinations of
clones. In this way, we avoided a degree of pseudoreplication,
as 93% of our experimental populations contained unique
four-clone host polycultures.

In general, our treatment combinations were successful in
creating their intended trait values (fig. 1). Our random clone
selection achieved distinct differences inmean trait values be-
tween our high- and low-mean treatments, and phenotypic
variance was highest in the high-trait-variance treatments
and lowest in the low-trait-variance treatments (fig. 1; the co-
efficient of variation shows a qualitatively similar pattern).
Within the low-trait-mean treatments, however, there were
larger differences in mean trait value among the three vari-
ance levels (fig. 1). Thus, we see a significant interaction of
mean treatment#variance treatment in the initial mean trait
values (ANOVA, F2, 114 p 3:72, P p :027), albeit a smaller
effect than the mean treatment itself (table A1; tables A1–
A6 are available online). This largely reflects the natural dis-
tribution of traits among our clones, which was skewed
slightly left (visible in fig. A1; figs. A1–A7 are available on-
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line), as well as the clone selection procedure, which made
sampling of the most extreme low-mean phenotypes less
likely in the low-variance treatment.
The experiment was conducted as a fully factorial, ran-

domized block design, with two levels of trait mean treat-
ment (high traitmean vs. low trait mean), three trait variance
levels (high, medium, and low trait variance), and two para-
site treatments (present/absent; i.e., 2#3#2 factorial design).
As a result of previously documented trade-offs between dis-
ease risk and population growth (Hall et al. 2010, 2012; Dib-
ble and Rudolf 2016), we expected that different trait (r)
means would be favored in environments with versus with-
out parasites; that is, higher trait values would lead to faster
growth without parasites but increase disease risk when par-
asites were present. Each treatment was replicated 10 times,
for 120 total experimental populations. Experimental contain-
ers were plastic tubs filled with800mLofmedium(3-to-1mix-
ture of artificial medium [ADaM; Klüttgen et al. 1994] to
filtered pond water [2-mm pore size]), kept at 207C on a
16L∶8D cycle, and fed laboratory-reared algae daily (1.5#
105 cells/mL S. obliquus). We started populations with eight
adultDaphnia, two each of the four randomly selected clones.
Half of the populations received a dose of parasite spores
(60 spores/mL) 14 days after Daphnia introduction. Be-
cause we did not detect any infected individuals in exposed
populations after 2 weeks, we repeated the exposure.We sam-
pled all tanks weekly by removing 25% of the container vol-
ume and enumerating and recording infection status for all
sampled individuals. Individuals were returned to their ex-
perimental containers alive after sampling tominimize artifi-
cial fluctuations in population size. We maintained and mon-
itored populations for 91 days (∼13 generations), at which time
populations began to decline rapidly (presumably because of
deteriorating conditions in experimental containers). At the
end of the experiment, we conducted an individual infection
assay (see the appendix for details) to determine whether re-
maining individuals varied in their susceptibility to the para-
site.
Statistical Analyses

To understand how our factorial manipulation of trait mean
and variance affected host population dynamics and disease
epidemic severity, we used generalized additive mixed-effect
models (GAMMs). We fitted GAMMs separately to host and
parasite dynamics, testing for significant interactions of mean
treatment, variance treatment, and the presence of parasites
on mean Daphnia density and mean infection prevalence.
GAMMs allow the testing of traditional fixed-effects param-
eters in a nonlinear system by fitting penalized regression
splines to the nonlinear component of, in this case, time series
data. The model coefficients from a fitted GAMM, which we
use to report statistical significance for our host density and
Figure 1: Initial estimates of mean and variance (coefficient of varia-
tion) for factorial manipulation of mean and variance combinations
(mean51 SE). Each experimental population consisted of four clones.
Shades of gray represent levels of initial trait variance (light grayp low
[L]; medium graypmedium [M]; dark grayp high [H]), and symbols
represent mean treatments (squares p low; circles p high).
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Consequences of Intraspecific Diversity 000
infectionprevalencemodels, are highly correlatedwith overall
treatment means (e.g., linear slope between treatment mean
and GAMM coefficient for host densityp 1.1, R2 p 0:93).

For host population density, we created a full model with
fixed effects of mean treatment, variance treatment, parasite
presence/absence, and all possible interactions between the
factors. Because of a significant three-way interaction be-
tween mean, variance, and parasite presence (see “Results”),
we fitted two subsequent GAMMs to treatments with and
without parasites to determine whether the mean#variance
interactions persisted in each. Models for host density used a
negative binomial error distribution and included a smooth-
ing term to account for nonlinear growth over time (Wood
2006) and a random effect of spatial block. The temporal
smoothing termwas allowed to vary by treatment, which im-
proved themodel fit as evidenced by Akaike information cri-
terion (AIC; Burnham and Anderson 2002). Our model for
epidemic severity (quantified by mean infection prevalence)
included the same temporal smoothing trend but was fitted
to data only after day 40 (before this point, there were no in-
fections). The prevalencemodel used a binomial error distri-
bution. Models were created in the R package mgcv (Wood
2006), and statistical significance was assessed by Wald x2

tests.
Evolution of Susceptibility

We hypothesized that exposure to parasites would signifi-
cantly reduce individual susceptibility over time but that this
change would depend on the initial trait mean and variance
of each population and the strength of selection (i.e., size of
disease epidemic). To test this hypothesis, we conducted a
standardized infection assay after the 90-day mean/variance
experiment. From each experimental container, we haphaz-
ardly removed three to five uninfected adult Daphnia (fre-
quently all that were remaining) and allowed them to repro-
duce in a clean beaker. We randomly selected 10 of these
offspring to include in the assay. Offspring were placed in
a clean 50-mL vial and exposed to 250 spores/mL of M.
bicuspidata spores for 2 days. Individuals were then removed
and placed in 250-mL beakers with clean medium, and any
offspring the test animals produced were removed. Infec-
tions were checked after 10 days by checking for the presence
of spores under a microscope.

From this assay, we first used a generalized linearmodel to
test how individual susceptibility differed across treatments,
including spatial block and day of infection as random ef-
fects. Additionally, we calculated the mean reduction in in-
dividual susceptibility after a 90-day exposure to parasites
and its 90% confidence interval. We matched parasite and
parasite-free treatments within each spatial block (e.g., rep-
licate 1: high trait mean, high trait variance, no parasites
vs. high trait mean, high trait variance, with parasites) and
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calculated the difference in individual susceptibility, using
the values for each replicate as unique samples with which
to find the mean and confidence interval of any change. A
significant reduction would indicate that trait change, con-
sistent with an evolutionary response, was rapid enough to
influence the host-parasite dynamics we observed in the
mean/variance experiment. All data for this study are depos-
ited in the Dryad Digital Repository (https://dx.doi.org
/10.5061/dryad.99k4n5s; Dibble and Rudolf 2019).
Results

Life Table Assay

Our 59 unique clones of Daphnia pulex exhibited substantial
variation in key traits, particularly their intrinsic rate of in-
crease (r). Values of r ranged from 0.286 to 0.515 (mean p
0.409), an 80% difference between the slowest- and fastest-
growing clones. The component of phenotypic variation in r
attributable to genotypic differences (i.e., broad-sense herita-
bility) was 0.296.
Factorial Manipulation of Trait Mean and Variance

Host Daphnia density depended on a three-way interaction
between the traitmean treatment, the trait variance treatment,
and the presence or absence of parasites (N p 1,320, x2

2 p
11:22, P p :004; table A2). When we separated treatments
with and without parasites, we found that interactions be-
tween the mean and variance treatments drove Daphnia den-
sity (significant interaction with parasites: N p 660, x2

2 p
13:52, P p :001; marginal interaction without parasites:
Np 660, x2

2 p 5:33,Pp :069; table A3). Consistentwith our
initial hypotheses, however, the effects of the interaction
were different in each environment (fig. 2).
First, we confirmed our expectations that high trait means

are closer to the optimal trait value in environments without
parasites (“near-optimal”) but suboptimal in environments
with parasites (“suboptimal”). With low trait variance, popu-
lations with highmean intrinsic growth rates were 20% larger,
overall, than populations with low trait means (fig. 2), and this
trend was maintained throughout the experiment (fig. A2).
However, (i) populations with high mean r had, on average,
25% lower population density after the start of the epidemic
(after ∼65–70 days; fig. 3); (ii) populations with high mean r
experiencedmuch strongerdecline inpopulationdensity com-
pared to parasite-free treatments (fig. A3); and (iii) popula-
tions that reached a higher maximum density initially also
experienced the most dramatic population collapse once the
epidemic started (figs. A2, A3). Furthermore, when parasites
were present, populations with high trait means suffered twice
the average disease burden (mean infection prevalence) as
those with low trait means (fig. 4, low trait variance). Thus,
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high r values were not beneficial in the presence of parasites,
and we see clear evidence consistent with a trade-off between
fecundity and disease risk at the level of populations (Hall
et al. 2010, 2012; Dibble et al. 2014).

Second, increasing trait variation benefitted populations
with suboptimal trait means but tended to harm populations
with near-optimal trait means. Importantly, the patterns
were consistent in environments with and without parasites,
despite the optimal mean trait value differing in each. With-
out parasites, for instance, increasing phenotypic variance in
suboptimal (i.e., low r) populations increased overall host
density (15.8% and 14.2% increase in abundance from low
variance to medium and high variance, respectively; fig. 2).
In contrast, increasing trait variance tended to reduce abun-
dance in near-optimal, high-mean populations (6.3% and
10.4% mean reductions from low to medium and high vari-
ance, respectively; fig. 2). This pattern caused the significant
three-way interaction between mean treatment, variance
treatment, and parasite presence and the opposing responses
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to the mean#variance interaction in each of the parasite- or
parasite-free submodels.
We saw the same pattern—that increasing phenotypic

variance benefits suboptimal populations but harms near-
optimal populations—in environments with parasites. At
low levels of initial variance, populations with a low trait
mean experienced small disease epidemics (i.e., were near-
optimal), and those with a high trait mean suffered large
disease epidemics (i.e., were suboptimal; fig. 4) and stronger
parasite-mediated population decline (fig. 3). Increasing
variation in the near-optimal population doubled the size of
disease epidemics (fig. 4, low andmedium variance compared
to high) and dramatically reduced population density during
the epidemic toward the end of the experiment (figs. A2, A3).
On the other hand, increasing variation in the suboptimal
population reduced epidemic severity by ∼37% (fig. 4; high
variance compared to medium and low) and slowed the de-
cline in population size relative to disease-free populations
(figs. 3, A3). This reflects a significant interaction between
Figure 2: MeanDaphnia population density51 SE for all treatments in themean/variance experiment. Shades of gray indicate variance treatment
(light grayp low; medium graypmedium; dark grayp high), and shape indicates mean treatment (circlesp low; trianglesp high). Parasite
presence noted by a plus sign and absence by a minus sign.
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Consequences of Intraspecific Diversity 000
mean and variance treatments on infection prevalence (N p
420, x2

2 p 15:81, P ≤ :001; table A4) and provides another
line of evidence indicating that high r values result in lower
fitness in environments with parasites.
Evolution of Resistance

The combined effects of increasing phenotypic variance on
epidemic severity and parasite-mediated mortality influ-
enced population-level change in individual host resistance
to the parasite (fig. A5; table A6). Average susceptibility of
individuals at the end of the mean/variance experiment
ranged from 50% to 83% among treatments. Parasite pres-
ence during the experiment had a significant negative effect
on susceptibility (table A6; fig. A5), indicating that popula-
tions exposed to parasites harbored more resistant individu-
als after parasite epidemics (mean susceptibility5SE, with-
out parasites: 0:7850:04; with parasites: 0:6450:05).
Additionally, our mean and variance treatments interacted
to affect individual disease risk after the experiment (table A6).
This indicates that the effects of altering levels of initial trait
variance on individual susceptibility were different, depend-
ing on the initial trait mean. For example, in exposed pop-
ulations, reduction in susceptibility was strongest in high-
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trait-variance treatments, while the opposite was true in high-
trait-mean treatments (fig. A5). Finally, the two treatments
that experienced the largest epidemics and largest parasite-
mediated reductions in host abundance (figs. 3, 4) also showed
the strongest reduction in individual susceptibility over the
course of the experiment (fig. 5).
Discussion

Intraspecific variation plays amajor role in ecological dynam-
ics (Bolnick et al. 2011), but the effects of increasing genotypic
or phenotypic variation often seem context dependent (ta-
ble 1). Here we show that this context dependency could be
explained by the relationship between a population’s mean
phenotype and the local environmental optimum. Consistent
with our hypothesis, we found positive effects of increasing
the variance of a key trait when populations expressed sub-
optimal trait means but negative effects with near-optimal
means. Importantly, this pattern held across different envi-
ronments (with and without a lethal parasite), despite differ-
ent optimal trait values in each. Our work shows that increas-
ing intraspecific variation does not always have positive
ecological consequences for populations but instead has pre-
Figure 3: Parasite-mediated reduction in host density (mean51 SE) after onset of epidemics (after day 60 to the end of the experiment). Dif-
ferences are calculated as (density without parasites 2 density with parasites)/mean(density with 1 density without) for the same treatment
within a block averaged across time steps (see fig. A3). Dashed horizontal line indicates no difference. Shades of gray indicate variance treat-
ment (light grayp low; medium graypmedium; dark grayp high), and shape indicates mean treatment (circlesp low; trianglesp high).
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dictable ecological and evolutionary effects that depend on
environmental context and biological interactions.
Context Matters

Depending on the initial ecological context, we found that in-
creasing phenotypic variance increased population density by
∼14%, reduced density by ∼10%, reduced disease prevalence
by ∼37%, or increased disease prevalence by 100%. These
context-dependent effects, however, were far from random.
When populations expressed suboptimal trait means, increas-
ing phenotypic variance allowed immediate access to a high-
fitness portion of the phenotype space. This trait sampling
(Bolnick et al. 2011) or sampling effect (Crutsinger et al.
2008; Hughes et al. 2008; Vellend et al. 2009) increased the
frequency of high-fitness individuals, some of which sur-
vived and reproduced well enough to produce positive effects
(on growth and disease prevalence) for the population over-
all. When populations were already near the environmental
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optimum, in contrast, the same variance manipulation re-
sulted in negative effects for those same population responses.
These opposing effects make some intuitive sense. When

populations are struggling, additional high-fitness individu-
als will have a large immediate advantage over what is al-
ready in the population, and selection will tend to increase
that advantage over time. In this way, increasing variance
can lead to adaptive peak shifts much faster than those pro-
duced by mutation and selection alone (Whitlock 1995).
When populations are performing well, though, additional
high-fitness individuals will have a much smaller advantage
over what is already there. This increases the likelihood
that the net result of a symmetric variance manipulation will
be negligible. In our study, though, the result of a variance
manipulation was not simply neutral, as has been seen pre-
viously in other systems failing to find positive diversity ef-
fects (table 1). Our results thus run counter to the common
narrative that diversity is generally beneficial (Hughes et al.
2008; Bolnick et al. 2011; Forsman 2014). Specifically, we
Figure 4: Disease epidemic severity (mean infection prevalence over the last 50 days of the experiment5 1 SE) in the mean/variance ex-
periment. Shades of gray indicate variance treatment (light gray p low; medium gray p medium; dark gray p high), and shape indicates
mean treatment (circles p low mean; triangles p high mean).
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saw negative effects of increasing phenotypic variance on
population density and disease prevalence. Negative effects
on density were likely due to resource competition (e.g., Dib-
ble and Rudolf 2016), and negative effects on disease preva-
lence were likely due to an increase in the fraction of suscep-
tible individuals in the population (Anderson andMay 1979).
Thus, the positive and negative effects of increasing pheno-
typic variance mirror the complex effects of gene flow into
an environment, which can be dramatically positive (e.g., re-
ducing inbreeding depression) or profoundly negative (e.g.,
outbreeding depression), depending on the environmental
and ecological context (Tallmon et al. 2004).
Mechanisms of Nonadditivity

The null expectation of any symmetric increase in phenotypic
variance is no net effect, as any benefit conferred by higher-
fitness individuals is offset by the detrimental effects of
lower-fitness individuals (and vice versa). We observed non-
This content downloaded from 168
All use subject to University of Chicago Press Term
additivity in positive and negative directions and believe
that the same underlying mechanisms contributed to both.
Jensen’s inequality comes about when the mean of a function
evaluated over its range of inputs is different from the value of
the function evaluated at the mean input value (Ruel and
Ayres 1999; Bolnick et al. 2011). In our study, nonlinear rela-
tionships between individual traits (i.e., range of inputs) and
the response of the population (i.e., the function) could gen-
erate Jensen’s inequality. In this way, two populations with
the same trait mean but different levels of trait variance could
show different responses at the population level (Bolnick et al.
2011). Importantly, the shape of the nonlinear response de-
termines whether the response of the population increases
or decreases with increasing. If convex, increasing variance
around a constant mean will increase the average response.
If concave, increasing variance will reduce the response (Lacey
et al. 1983).
Natural selection drives the shape of the relationship be-

tween individual traits and the response of the population.
Figure 5: Reduction in individual susceptibility after experimental exposure to parasites. Negative values indicate that populations with parasites
were less susceptible to parasites after the experiment than those without previous exposure. Error bars indicate a one-tailed test of whether the
difference in susceptibility is significantly less than 0 (i.e., 90% confidence interval [CI] on the reduction in proportion infected).
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This provides the biological underpinning of any nonaddi-
tivity due to Jensen’s inequality. A curve in the trait re-
sponse relationship comes about if the individual fitness
consequences of a one-unit increase or decrease in a trait
value differ (Lacey et al. 1983) and if these individual fitness
values then disproportionately affect the overall response of
the population. Such a curvature seems likely in our exper-
imental suboptimal and near-optimal situations, simply be-
cause the fitness advantage or cost of a trait is unlikely to
increase or decrease forever. Starting from either extreme
(i.e., suboptimal vs. near-optimal trait means) might in-
crease the likelihood of a decelerating relationship between
individual traits and the population itself, creating a nonlin-
earity that can give rise to Jensen’s inequality. Further-
more, selection itself can drive nonlinearities, if small ini-
tial advantages provided by certain phenotypes increase
through time (e.g., exponential population growth and in-
traspecific competition). Given the recent evidence for rapid
evolution affecting ecological dynamics (Schoener 2011;
Pantel et al. 2015), this second effectmay be pronounced, par-
ticularly as increasing phenotypic variance allows for large
jumps in trait space (Whitlock 1995).
Eco-Evolutionary Dynamics and Community Assembly

Context dependence in mechanism matters in both the
short term and the long term.While we observed significant
reductions in mean individual susceptibility after exposure
to a pathogen, the interesting result is not the reductions
themselves but rather the context that led to them. We
saw the largest reductions in susceptibility in populations
suffering from the strongest selection, in terms of both in-
fection prevalence (fig. 3) and reductions in population size
due to disease (figs. 2, 4). This makes sense, given that rapid
evolution of resistance contributes to the termination of
natural disease epidemics in the closely related Daphnia
dentifera (Duffy and Sivars-Becker 2007; Duffy and Hall
2008). In one of our treatments, though, strong selection
was caused by a suboptimal mean phenotype with insuf-
ficient phenotypic variance to escape the negative effects
of parasites. In the other treatment, strong selection was
caused by a near-optimal trait mean but too much variance,
which likely altered the disease invasion threshold (fig. A4).
In other words, increasing phenotypic variance in a resis-
tant host population led to large disease outbreaks, but
these outbreaks resulted in strong selection for increased re-
sistance and led to significant trait change. Genotypic rich-
ness was fixed in all treatments, allowing us to isolate the
effects of phenotypic variance. Our results show that differ-
ent pathways can lead to the same eco-evolutionary dynam-
ics, highlighting the importance of a better mechanistic un-
derstanding of how intraspecific variation contributes to
biological patterns in nature.
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Relevance and Extensions

Our work reflects the relatively stochastic process of patch
colonization in temporary habitats, where populations and
communities are periodically restarted via immigration or
from dormant egg banks. Founder effects during coloniza-
tion can lead to mismatches between phenotypes and local
environmental conditions (e.g., suboptimal trait means),
and our positive effects of phenotypic variance help to ex-
plain why greater intraspecific variation often benefits colo-
nizing populations (Agashe 2009; Forsman 2014). Once
patches are colonized, dispersal can affect local trait distribu-
tions, and while it might not do so in the symmetric fashion
of our experiment, our results provide a useful framework
for predicting the ecological and evolutionary effects of im-
migration into an existing patch. For instance, an influx of
maladapted phenotypes might reduce ecological perfor-
mance in the short term (Urban 2006) but could also act
as the spark that ignites a strong selective pressure and that
results in future evolutionary change (e.g., figs. 2–5). Fur-
thermore, populations with suboptimal trait means in a local
environment and insufficient phenotypic variancemight ben-
efit from immigration of novel phenotypes, provided the ad-
ditional variance is related to local fitness (e.g., a phenotypic
rescue effect).
Interestingly, our results also suggest an important tempo-

ral component to diversity effects. As populations adapt to
local conditions, our results show that the effects of increas-
ing phenotypic variance (e.g., through immigration) should
become increasingly negative. If immigration has more pos-
itive effects early in the process of colonization (when popu-
lations are more likely to exhibit phenotype-environment
mismatches), gene flow should follow a similar pattern.
There is thus potential for interesting temporal dependence
in the interactions between founder effects, local monopoli-
zation (De Meester et al. 2002; Pantel et al. 2015), selection
against migrant individuals (Nosil et al. 2005; Marshall
et al. 2010), and the overall maintenance of gene and trait
heterogeneity in natural environments.
Limitations and Caveats

While our general framework should be applicable to a num-
ber of systems, our results have some caveats. First, our var-
iance manipulation was not perfectly symmetrical. To re-
flect natural variation, we hatched unique Daphnia clones
from resting eggs in dry soil. The trade-off was a constraint
in the amount and distribution of phenotypic variation
(fig. A1), which resulted in imperfect treatment allocations.
Specifically, there were differences in mean intrinsic rate of
increase among the low-mean treatments (fig. 1). If any-
thing, however, these differences should have reduced our
ability to see significant treatment effects by making the low-
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mean, low-variance treatments closer to the high-mean treat-
ments. Instead, we saw that low-mean, low-variance popula-
tions were consistently distinct, suggesting that our clone
allocations created adequate distinctions among experimen-
tal treatments. Similarly, parasite introduction had to be de-
layed to allow populations to grow enough for a successful
epidemic. This means that by the time the epidemics took
off, populationmeans and variances were likely not the same
as at the setup, leading to overall increase in mean r (and
thereby susceptibility) and reduction in variance. This should
have reduced our ability to detect effects of genotypic vari-
ance in parasite treatments. Yet we saw clear variance treat-
ment effects with and without parasites, indicating that our
treatments were still successful and, if anything, underesti-
mate the effect of variance in parasite treatments. A second
limitation of our study was that we did not track the fate of
individual genotypes over time. In this way, we cannot defin-
itively conclude that the significant trait change we docu-
mented was evolution. Phenotypic plasticity is a plausible al-
ternative for this trait change, though we note that there is
strong evidence from prior work in this system for rapid evo-
lution in natural host populations (Duffy and Sivars-Becker
2007; Duffy and Hall 2008). Last, we prevented sexual repro-
duction in our experiment (by removing ephippia from pop-
ulations), which limits the direct applicability to many sys-
tems. Nonetheless, we believe our main results are broadly
applicable.
Conclusions

Here we introduced and tested a conceptual framework to ex-
plain context-dependent effects of increasing intraspecific di-
versity in a population. Importantly, our results emphasize
that there is no a priori reason to expect universally positive
effects of intraspecific variation on an ecological timescale.
Rather, our expectations regarding the result of manipulat-
ing intraspecific variation should be colored by phenotype-
environmentmatching and likely eco-evolutionary responses.
Studies that predict but do not find positive ecological effects
of increasing genotypic or phenotypic variation, then, may
have insufficient variation in important traits, be located in
a flat section of the trait-fitness response curve, or lack the
strong selection pressures necessary to generate Jensen’s in-
equality. Furthermore, we show that increasing phenotypic
variance around a fixed trait mean can alter the strength of lo-
cal selective pressures, which is not commonly considered in
ecological diversity studies (e.g., table 1). Our results also sug-
gest that a negative effect of increasing intraspecific variation
is a valid but undertested hypothesis—and one that might
have more relevance to the natural world, given that immi-
grants are generally less fit than resident individuals in an en-
vironment (Kawecki and Ebert 2004). Intraspecific variation
plays a complex role in ecological dynamics, but some of its
This content downloaded from 168
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context dependency comes from simple, predictable mecha-
nistic processes.
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