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The evolution of maternal effects on offspring phenotype should depend on the extent of parent-offspring conflict and costs and

constraints associated with maternal and offspring strategies. Here, we develop a model of maternal effects on offspring dispersal

phenotype under parent-offspring conflict to evaluate such dependence. In the absence of evolutionary constraints and costs,

offspring evolve dispersal rates from different patch types that reflect their own, rather than the maternal, optima. This result also

holds true when offspring are unable to assess their own environment because the maternal phenotype provides an additional

source of information. Consequently, maternal effects on offspring diapause, dispersal, and other traits that do not necessarily

represent costly resource investment are more likely to maximize offspring than maternal fitness. However, when trait expression

was costly, the evolutionarily stable dispersal rates tended to deviate from those under both maternal and offspring control. We

use our results to (re)interpret some recent work on maternal effects and their adaptive value and provide suggestions for future

work.
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There has been a steady increase in the interest in ecology and
evolution of parental effects, that is, a causal effect of the parental
phenotype or parental environment on offspring development
(Mousseau and Fox 1998; Uller et al. 2009). From being mainly a
concern of quantitative genetics to account for their effect on the
response to selection (Dickerson 1947; Willham 1972; Cheverud
1984; Riska et al. 1985; Kirkpatrick and Lande 1989; Cheverud
and Moore 1994) parental effects are now a major focus for behav-
ioral and evolutionary ecologists (e.g., Mousseau and Fox 1998;
Groothuis et al. 2005; Boulinier and Staszewski 2008; Crean and
Marshall 2009; Donohue 2009; Duckworth 2009; Russell and
Lummaa 2009). The latter commonly interpret parental effects as
adaptive outcomes of strategies that enable short-term adjustment
of offspring phenotype to match selection in a fluctuating envi-

ronment (e.g., Fox and Mousseau 1998; Galloway and Etterson
2007; Crean and Marshall 2009) or as byproducts of constraints
imposed on parents or offspring (e.g., Cohen 1979; Heath and
Blouw 1998; Uller et al. 2004; Brown and Shine 2009). Although
both position have their merits, they do not capture the dynamic
evolution of parental effects (Badyaev and Uller 2009). For exam-
ple, divergent selection across generations, constraints on infor-
mation acquisition or processing, and energetic costs may modify
interactions between parents and offspring, but their importance
in determining the phenotypic outcomes that comprise parental
effects remain poorly understood.

Three components of the evolution of parental (from now
on maternal) effects by natural selection are particularly con-
tentious: antagonistic selection on parents and offspring, costs to
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parents and offspring, and constraints on information acquisition
or the evolution of counter responses to strategies of the other
party (reviewed in Uller 2008). First, life-history theory suggests
that parent—offspring conflict should be common as a result of
a discrepancy between fitness-maximizing strategies for parents
versus offspring (Trivers 1974; Godfray 1995; Mock and Parker
1997). Although mothers may be able to impose their own optima
on the offspring when the scope for offspring counter responses
is limited (Marshall and Uller 2007), the evolutionary outcome
when both maternal and offspring strategies are allowed to vary
is more difficult to predict. The majority of work to date has fo-
cused on the outcome of static conflicts, that is, conflicts that are
constant across time and space (reviewed in Clutton-Brock 1991;
Mock and Parker 1997; Smiseth et al. 2008). However, parental
effects emphasize the environmental contingency of such conflicts
(Badyaev and Uller 2009). Second, most theoretical studies have
considered costly parental effects, such as resource provisioning
to offspring (reviewed in Mock and Parker 1997; Mousseau and
Fox 1998). However, maternal effects may also involve offspring
responses to variation in parental phenotypes that do not incur
costs to the parents or vice versa (e.g., Mousseau and Dingle
1991; Muller et al. 2007; Uller 2008). Finally, there is a general
assertion that constraints on detection or responses to maternal or
offspring strategies should be important for the evolution of ma-
ternal effects (e.g., Groothuis et al. 2005; Groothuis and Schwabl
2008; Uller 2008), but there has been limited development of a
formal theory.

Our goal in this article is to contribute some insights regard-
ing the importance of conflicts, costs, and constraints for adaptive
evolution of maternal effects in a heterogeneous environment.
We therefore aimed for a model that fulfills the following crite-
ria: (1) The optimal offspring phenotype must differ for mothers
and offspring, (2) environments must vary in time and/or space,
(3) environmental conditions across generations should be pre-
dictable, but the predictability of the environment for mothers and
offspring can vary, (4) the mechanisms of maternal effects can in-
volve costs in terms of reduced survival or reproductive output
for mothers and offspring, (5) offspring can be constrained to be
unable to “ignore” maternal transmission of developmental fac-
tors. Given the complexity of incorporating all these aspects into
a single model, we opted for a well-established system of parent—
offspring conflict over dispersal resulting from competition be-
tween related offspring (Frank 1986; Motro 1983; Taylor 1988).
This allowed us to partly derive the basic results analytically and
expand the analyses using individual-based simulation models.
We emphasize that our goal is to clarify the most fundamental
questions regarding how maternal effects evolve in response to
selection on parental and offspring strategies by using a general
model with dispersal as the offspring trait, not to specifically ad-
dress dispersal evolution per se. We use our results to evaluate
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adaptive scenarios of maternal effects previously proposed in the
literature.

The Model

The model consists of a meta-population with M patch types with
type i occurring at frequency p;. Each patch can only hold a small
number (N) of individuals that therefore compete for limited re-
sources (i.e., space). Dispersal from one patch to another is asso-
ciated with a mortality cost incurred by the offspring (0 <¢; < 1;
assigned to the patch from which dispersal occurs) that can differ
for the patch types. Biologically, site-specific dispersal costs may
result from differences in the risk of mortality due to, for exam-
ple, predation risk associated with movement through different
habitats, site-specific benefits of parental care or costs associated
with abandoning the social group, or environmental and mater-
nal factors that influence the cost of allocation of resources to
dispersal versus other life-history traits (see Clobert et al. 2001,
2004; Ronce 2007 for reviews). It is a well-established result
that costs of dispersal under conditions where related individuals
compete for limited resources (in this case space within a patch)
generate parent—offspring conflict over the optimal dispersal rate
(Motro 1983; Frank 1986; Taylor 1988). Patch-specific dispersal
costs therefore select for different optimal dispersal rates from
each patch type under parental versus offspring control (parental
control results in higher dispersal rates; e.g., Motro 1983; Frank
1986; Taylor 1988; Ronce et al. 1998; Starrfeldt and Kokko 2010;
see below for the analytical version of the present model).

ANALYTICAL MODEL

Here, we first describe details of the analytical model that we used
to calculate optimal offspring dispersal rates under offspring or
maternal control. Unlike in most of the simulations (see below),
we assume that individuals can perfectly assess environmental
quality.

Individuals are diploid simultaneous hermaphrodites and
generations are nonoverlapping. Offspring disperse if a certain
amount of “dispersal substance” x in the offspring’s body exceeds
a fixed threshold value 74. The amount of substance is under ma-
ternal or offspring control, up to some Gaussian noise € with mean
zero and standard deviation o,. The probability of dispersal as a
function of the amount of dispersal substance is then given by

1 1 X —14
y(x) = 3 + Eerf ( o, ) . D

Here erf(z) = (2//T0) [; exp(—1x?/0?)dx is the well-
known error function. The resulting function y(x) has an S-shaped
or “logistic” form that approaches a step function or switch as o
approaches zero.

We assume that dispersal may be adjusted to patch type
i, so we write x; and y; = y(x;) for patch type-specific values of
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x and y. Production of dispersal substance may be costly: maternal
clutch size and/or offspring survival before reproduction declines
exponentially with the amount of dispersal substance produced
according to exp(-ax).

There are M patch types with type j occurring at frequency p;
(M =2 in the simulations; see below). We use bars above symbols
to indicate mean values in a focal patch and hats () to indicate
population-wide mean values. The direct fitness of an offspring
with amount of dispersal substance x; in a focal patch of type i is
then given by

Wi(xi, yi, §i) =
M

1 —y Pj }
———t+tyll—q — |
1—9% +2 il );l—yj‘FZ @

exp(—ax; )[

Here z = Z,’CVI: L PkIr(1 — ¢;) is the mean number of immi-
grants per patch.

Using the direct fitness approach (Taylor and Frank 1996),
selection gradients for the x; can be calculated as

dw; IW; aW; dy; aW; dy;
=7r + R — .
dx; 0x; dy; dx; ay; dx;

3

If the within-patch variation in x; is small, we can approxi-
mate y;by y(%;)and the derivatives of y are given by Gaussian func-
tions: dy/d§ = exp(—%(% - td)z/og)(2n0§)’l/2,where g is either
X; Or X;.

The coefficients r and R in equation (3) are coefficients of
relatedness, the values of which depend on whose genes we give
control over the amount of dispersal substance. Following the
method of Taylor (1988), they can be expressed in terms of the
coefficient of consanguinity g between (singly mated) offspring
born in the same patch, and all other model parameters. Specif-
ically, under offspring control of dispersal, r refers to the off-
spring’s relatedness to itself and R its relatedness to a random
offspring from the same patch

4
R= %
1+ 3g

“

r=1,

R is the ratio of consanguinity of alleles drawn from two ran-
dom offspring born on the same patch (equal to g by definition),
and the consanguinity of alleles drawn from the same individual,
where one allele is drawn from the individual’s two alleles at
its own gene locus (assumed to be in control of dispersal), and
the other from the four alleles at the individual’s own locus plus at
the same locus from the sperm the individual is carrying. There-
fore, with probability % an allele is drawn from the individual’s
own genome twice, in which case the alleles are identical by de-
scent (IBD) with probability % + % f, where f is the inbreeding
coefficient. But in equilibrium under random mating f must equal
g, hence we can replace f with g. With complementary proba-
bility %an allele from the individual’s sperm storage (its random

mate) is drawn, which is IBD to the individual’s own allele with
probability g. Hence R is given by g/(3(3 + 1¢) + 1¢) which is
the same as in (4).

Under maternal control r is her own offspring’s relatedness
to her, taking into account that her offspring carry sperm from
random mates, and R that of random patch-offspring to her. These

work out to be given by
1+7g T n—102+42h)g

"T Y6 T an a 1+3g

(&)

Here n is the number of mothers per patch and 4 is the
probability that two random mothers living in the same patch are
both native to the patch, which can be approximated by

oy [l—y] ©
_izlpl 1_511—'_2 .

Finally, we can set up a recursion for g, which in equilibrium
gives the following equation for g:

_1 1+3 +n—1h 7
gt+1—n 2 48 " 8-

This equation can be solved for g, assuming that g reaches
equilibrium. Because patch types and patch compositions fluctu-
ate, this is an approximation at best, but the individual-based sim-
ulations described below indicate that it approximates the mean
value of g quite well.

“Optimal” dispersal rates are then calculated by plugging
the equilibrium values of g into (4) or (5), depending who is in
control, and then solving for the roots X = (%1, £;)of equation (3).
Usually multiple roots were found, but in all cases only a single
one was convergence stable in the sense that the matrix

9 dw, 3 dw,

0% vy [y 0% diy |y

5 AW, 9 AW, ®)
0% dxy | 0% dxy |

was negative definite (all eigenvalues having negative real
part).The solutions were used to derive the expected optimal dis-
persal rates under maternal versus offspring control, which were
subsequently compared to the outcomes of the simulation models
(see below).

SIMULATION MODEL

The life history of our simulation model follows a simple struc-
ture (Fig. 1). Individuals are diploid simultaneous hermaphrodites
and generations are nonoverlapping. The mother first assesses the
patch type she is in with more or less accuracy (0 < ey, <0.5) and
transfers an amount m; of a dispersal-inducing substance to all her
offspring according to patch type immediately before oviposition.
This transfer is either cost-free or it reduces the mother’s expected
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Figure 1. The life history of the simulation model. There are two
types of patches and patch type is randomized each round before
maternal assessment. See text for details.

clutch size according to exp(—am;), which represents the maternal
cost involved with maternal “programming” of offspring pheno-
type (note that this cost is not the same as the cost of dispersal
that generate parent—offspring conflict). Offspring can “ignore”
their mother’s input because they have genes (the by, locus) that
can neutralize the maternal input to some extent. Offspring hatch,
assess the patch type with some degree of error (0 < e, < 0.5)

Table 1. Variables and parameters of the model.

and produce a level o; of the same dispersal-inducing substance.
Either the substance is cost-free or it reduces offspring survival
according to exp(—ao;), which represents the cost of develop-
ment of the dispersal strategy to offspring (as with the maternal
cost of production of the dispersal substance, this cost is distinct
from the cost of dispersal that generates parent—offspring con-
flict in the first place). Mating occurs at random within patches
without reciprocal sperm transfer. If the value of the combina-
tion of maternal and offspring production of the substance (i.e.,
x; = 0; + bpym;+¢; where € is an error term) exceeds a certain
threshold, #4, offspring will disperse, else they will stay in the
same patch. Individuals that disperse are randomly assigned to a
different patch and each patch is subsequently filled up to carry-
ing capacity using the combined pool of dispersing and sedentary
offspring. Finally, the patch type is randomized to become type j
with probability p; = 1/M, where M is the number of patch types
(M = 2 in the simulations), before the cycle starts anew with
maternal assessment of patch type.

The basic model includes five diploid loci (Table 1): two
maternal loci, one each for maternal production of the dispersal-
inducing substance for the two different patch types (m; and m,),
and three offspring loci, one each for offspring production of the
dispersal-inducing substance for each patch type (0; and 0;), and
one that weighs the maternal input (b,). Because maternal ma-
nipulation of offspring phenotype may involve transmission of
dishonest signals we also ran simulations in which we allowed
the accuracy by which mothers assess their own patch (i.e., ey, ) to
evolve (see Results). We kept the errors symmetrical, that is, in-
dependent of patch type. We also ran some simulations where
only mothers on bad patches (i.e., with high dispersal costs)
made mistakes, but this did not affect the outcome (results not
shown). Separate and unlinked loci for each of the patches mean
that the dispersal rates are allowed to evolve to their optimal

Variable/parameter Meaning Simulation value(s)
np Number of patches 2500

Ny Number of adults per patch 4

k Clutch size 10

m; Maternal input in patch type i evolvable (>0)
0; Offspring input in patch type i evolvable (>0)
bm Offspring weighing of maternal input evolvable (>0)
g Gaussian noise added to input N(0, o¢)

O¢ Standard deviation noise 0.1

em Maternal accuracy of patch assessment 0<en<0.5

€ Offspring accuracy of patch assessment 0<e, <05

c Cost of dispersal from patch type i c1=0;¢,=04
a; Scales cost of input (exp(—a x input)) 0-0.5

V8 Mutation rate/allele/generation 0.001

oy SD Gaussian mutation step size 0.01
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values and not be constrained by, for example, genetic
correlations that could otherwise bias or constrain the evolution of
phenotypic plasticity (Pigliucci 2001). This is important because
we are concerned with how maternal effects evolve under parent—
offspring conflict when both mothers and offspring can achieve
their optimal environment-specific strategies in the absence of
counter-strategies by the other party. We did not allow by, to be
patch-specific. In biological terms this means that “neutraliza-
tion” of maternal input is a decision that occurs before offspring
are able to assess their own environment.

In summary, this model therefore involves parent—offspring
conflict over offspring phenotype [condition (1)], a variable en-
vironment [condition (2)], predictability of environmental con-
ditions across generations, which itself can be varied [condition
(3)], a potential cost of maternal manipulation of offspring phe-
notype and a potential cost of offspring development of the same
phenotype [condition (4)], and a means by which offspring can
be constrained to respond to maternal allocation [condition (5)].
Thus, this model allows us to assess whether costs or constraints
involved in maternal and offspring strategies modify the evolution
of maternal effects and to what extent the outcome reflects the
optimal dispersal rate that evolves in the absence of the evolu-
tion of counter-strategies by the other party, which were verified
analytically (see above).

SIMULATION SETTINGS

All simulations in the present article are based on a model with
two patch types. We fixed the threshold at 1, without loss of
generality; dispersal rates therefore evolve through the production
of dispersal factor and offspring weighing of the maternal input.
Offspring disperse from patch type i if

0i +bpm; +e>1 9

and remain in their natal patch otherwise, where ¢ is a Gaussian
error term with mean zero and standard deviation o, = 0.1.

We initially ran simulations in which the costs of dispersal
was set to ¢; = 0 and ¢; = 0.4 for patch type one and two, re-
spectively, as this generated relatively large differences in optimal
dispersal under parental versus offspring control, which enabled
high resolution for assessing whether changes in the model af-
fected the dispersal rates toward maternal or offspring optima. In
addition, the model outcome is somewhat sensitive to the number
of individuals per patch relative to clutch size as this will affect
the strength of kin competition and hence the extent to which op-
timal dispersal rates differs for mothers and offspring (e.g., Frank
1986). However, those aspects all refer to the strength of conflict
that, although interesting, is something that represents a basic fea-
ture of our model rather than a target for theoretical analysis (see
Motro 1983, Frank 1986; Taylor 1988 for details). Throughout

all simulations, we fixed the carrying capacity of each patch to 4
and clutch size to 10. Mutation rates for all loci were set to L =
0.001 per allele per generation and mutational step sizes were
drawn from a normal distribution with mean zero and standard
deviation o, = 0.01. A summary of the parameter settings can
be found in Table 1. We verified the generality of our results by
varying the cost of dispersal (and therefore optimal dispersal rates
for mothers and offspring) but here report only results from our
original settings.

Simulation Results
BASIC MODEL
When mothers were in full control of dispersal (m-alleles were
allowed to mutate but evolution of o-alleles and b,,-alleles was
“switched off”), the dispersal rates of our simulations coincided
with analytical results (see above) for the maternal dispersal op-
tima (Fig. 2). These results also showed stabilizing selection on m1;
and m;, that is, they were consistent with the analytical results of
a single optimal dispersal rate from each patch type. Conversely,
with fixed maternal production of the dispersal factor and evolv-
able offspring production of dispersal factor, the dispersal rates
rapidly converged on the analytically predicted offspring optima.
More interestingly, allowing both maternal and offspring al-
leles to evolve always resulted in dispersal rates close to the off-
spring, not the maternal, optima for both patch types (Fig. 2). As
evident from the example in Figure 2B, this result arises through a
combination of a devaluation of the maternal factor via evolution
of by, and evolution of 0; and 0,. The maternal production of
dispersal factor goes up over time, but is countered by offspring
devaluation (by,) and fine-tuning by offspring production of dis-
persal factor (0; and o;; Fig. 2). The distributions of the alleles
for each locus showed that all loci were subject to both directional
and stabilizing selection as a result of coevolution of maternal and
offspring strategies.

CONSTRAINTS

Two types of “constraints” can be included in the model: offspring
inability to ignore maternal transfer of the dispersal factor or in-
sufficient information to assess patch type for mothers, offspring,
or both. We first constrained offspring to respond to maternal
strategies (i.e., fixing by, at some level between 0 and 1). This
resulted in dispersal rates at the maternal optima for both patches.
The reason that it does not lead to a continuous arms race between
maternal and offspring alleles (as occurs when offspring are un-
constrained; see above) is that the maternal optimal dispersal rates
from both patch types always are higher than for the offspring.
Selection therefore favors zero production of dispersal factors by
the offspring, because any additional factor would lead to a dis-
persal rate that would be even larger than the maternal optima.
Thus, as long as maternal production does not impose a cost on
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Figure 2. A representative example of evolution of patch-specific dispersal in the absence of costs and constraints. (A) Dispersal rates
from the two different patch types. For the first 20,000 generations only evolution of maternal loci (m4, my) is allowed. Evolution of
offspring loci (bm, 01, 0) is enabled at generation 20,000, whereafter dispersal rates rapidly converge on the offspring optima. Solid lines
indicate the optimal maternal dispersal rates for the two patch types and dashed lines indicate the optimal dispersal rates for offspring
(from analytical solution). (B) Evolution of the five loci in the simulation generating the dispersal rates in (A).

mothers (see below), fixing by, at different levels does not affect
the outcome.

We subsequently addressed to what extent the accuracy by
which offspring and mothers can assess their environment affect
the observed outcome. Not surprisingly did impaired accuracy
in the assessment of patch type reduce the difference in optimal
dispersal rates between the patch types (Fig. 3). However, the level
of maternal transfer of the dispersal factor provides an alternative
source of information about patch type. Offspring dispersal rates
therefore closely tracked their theoretical optima even if offspring
were themselves completely ignorant of their own environment
(Fig. 3). Thus, maternal control of offspring phenotype in this
model is not a stable outcome under conflicting selection even
when offspring have limited or no ability to assess their own
environment directly.

Introducing maternal error into the model affects the disper-
sal rates from both patches (Fig. 3). However, when allowed to
evolve, maternal error rapidly evolved toward zero regardless of
the initial model settings (Fig. S1).

COSTS

The previous models all assume that production and transfer of
the dispersal factor comes without a cost to mothers or offspring.
However, the evolutionary dynamics for maternal effects that in-
volve costs associated with maternal transmission or offspring de-
velopment may be different (Uller 2008). We therefore expanded
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our original model to include a cost, so that offspring survival or
maternal clutch size declined exponentially with the amount of
dispersal substance produced.

Costs associated with maternal transmission and offspring
production of dispersal factor modifies the dispersal rates from
both patches (Figs. 4 and S2). For “bad” patches with high disper-
sal mortality, the dispersal rate always evolves to zero except when
costs are very small. When the cost to offspring is small relative
to the cost to mothers, both m; and m, go toward zero, whereas
01 and 0, remain positive. The dispersal rates in the simulation
are therefore close to the offspring optima derived analytically
(Fig. 4). As the cost to offspring increases, o; and o, decline,
whereas m; and by, are subject to stabilizing selection at nonzero
values (Fig. S2). The resulting dispersal rates are typically lower
than both maternal and offspring optima (Fig.4). Consequently,
the maternal effects on dispersal, and to what extent they corre-
spond to maternal and offspring optima in the absence of evolution
of counter-strategies by the other party, will depend on the magni-
tude of costs involved with maternal allocation and development
of offspring phenotype.

Discussion

We have analyzed a model of the evolution of maternal effects on
offspring dispersal in a heterogeneous environment with patches
of low carrying capacity, where the cost of dispersal to the
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Figure 3. Equilibrium dispersal rates from the two different patch
types (black and red lines) for different information constraints.
Solid gray lines indicate the optimal maternal dispersal rates for
the two patch types and dashed gray lines indicate the optimal
dispersal rates for offspring under complete information (from
analytical model). An error of zero means that mothers or offspring
always assess the patch type accurately. An error of 0.5 represents
a complete lack of direct information about patch type. Note that
if both mother and offspring have no information about patch
type, then equilibrium dispersal rates from both patch types are
identical. Simulations were highly consistent in their outcome and
confidence intervals therefore too small to be included.

offspring could be patch specific. A low carrying capacity of
each patch results in competition between kin, which results in
higher optimal rates of offspring dispersal from the maternal per-
spective than from the offspring perspective (e.g., Motro 1983;
Frank 1986; Taylor 1988). Thus, this basic model framework al-
lowed us to address how a focal trait in offspring (i.e., dispersal),
which potentially could be subject to maternal effects, evolves un-
der maternal-offspring conflict. Furthermore, we could assess to
what extent the evolution of dispersal rates were affected by con-
straints on evolutionary counter-responses and costs associated
with maternal manipulation and offspring counter-responses.
Our simulation and analytical models provided four prin-
cipal results for the evolution of maternal effects under mother—
offspring conflict. First, if offspring can freely respond to maternal
strategies, the maternal effect (i.e., the effect that the maternal en-
vironment has on offspring phenotype) will reflect the offspring
optimum. Second, this applies even when offspring are unable
to assess their own environment. This, perhaps counter-intuitive,
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Figure 4. Equilibrium dispersal rates form the two different patch
types (black and red lines) for different levels of cost of maternal
or offspring production of dispersal substance. Solid gray lines
indicate the optimal maternal dispersal rates for the two patch
types for three cost levels (from top to bottom an, = 0.01, 0.25,
0.5) and dashed gray lines indicate the optimal dispersal rates for
offspring (from analytical model). Costs modify the optimal disper-
sal of both mothers and offspring. Whether the evolved outcome
is closer to cost-specific dispersal rates for mothers or offspring
depend on the magnitude of both maternal and offspring costs
(see text for details).

result occurs because the maternal allocation strategy naturally
correlates with the environment and thus provides an alterna-
tive source of information for offspring. Third, if offspring are
constrained to respond to maternal strategies, the maternal effect
evolves to reflect the maternal optimum. Fourth, costs associ-
ated with maternal and offspring strategies generally results in
maternal effects that do not correspond to the theoretical opti-
mal maternal effect for either mothers or offspring. Furthermore,
the deviation from maternal and offspring optima depends on the
absolute and relative magnitude of the costs.

Despite the simplicity of our model framework, the results
clarify several contentious issues in maternal effects research.
For example, it is often asserted that conflicting selection on
mothers and offspring can lead to maternal effects that reflect
the mother’s optimal strategy, the offspring’s optimal strategy, or
neither optimum (e.g., Schwabl et al. 1997; Marshall and Uller
2007; Groothuis et al. 2005; Russell and Lummaa 2009). Yet,
the conditions that promote one or the other outcomes are poorly

EVOLUTION JULY 2011 2081



T. ULLER AND I. PEN

understood (Muller et al. 2007; Uller 2008; Hinde et al. 2010), de-
spite that this is fundamental to interpretation of maternal effects
in, for example, behavioral ecology. Our model of the evolution
of maternal effects on dispersal under parent—offspring conflict
in a heterogeneous, yet predictable, environment unambiguously
shows that (given the assumptions of our model) maternal effects
will reflect the offspring’s optima in the absence of costs and con-
straints on offspring strategies (see also Motro 1983; Frank 1986;
Ronce et al. 1998). Importantly, the dispersal rates reflected the
offspring optima in our model even when offspring were unable to
assess their own environment. This is because maternal allocation
of dispersal factor to offspring provides an alternative source of
information regarding the environment that enables coevolution
of maternal and offspring phenotypes. Consequently, offspring
inability to assess their environment or to distinguish between
maternal allocation and their production of the same substance
(e.g., ahormone) may be unlikely to allow maternal manipulation
of offspring phenotype using cost-free signals (see also Haig 1996
for a model where hormone signaling is costly).

These results have consequences for the interpretation of
maternal effects involving cost-free signals. For example, con-
trary to what is frequently assumed or concluded (e.g., Schwabl
1993; Schwabl et al. 1997; Love and Williams 2008; Russell and
Lummaa 2009),
(Mousseau and Dingle 1991; Simpson and Miller 2007), diapause
(Danks 1987; Huestis and Marshall 2006), and other behaviors
(Groothuis et al. 2005) that involve signals that incur a minor cost

maternal effects on offspring dispersal

on the mother (e.g., hormones or other factors that may mod-
ify DNA expression via epigenetic mechanisms) are unlikely to
reflect the maternal optima (unless, of course, there is no parent—
offspring conflict; see also Muller et al. 2007). Nevertheless, it is
possible that more complex scenarios that relax our assumptions
may generate alternative results. For example, in many birds with
hatching asynchrony, maternal yolk hormone levels differ both
between eggs within broods and among broods and this has sig-
nificant effects on offspring development, growth, and begging
behavior (reviewed in Groothuis et al. 2005; Carere and Balthaz-
art 2007). It has been suggested that the within-brood variation of
yolk hormones reflects the maternal optima and allows mothers
to ‘handicap’ the last-hatching chick, thereby facilitating brood
reduction (e.g., Schwabl et al. 1997; Love and Williams 2008).
Although our results suggest this is unlikely to be evolutionarily
stable, the added level of complexity that may arise from varia-
tion in hormone levels among broods could potentially prevent
offspring from evolving efficient counter-responses to maternal
manipulation. More likely, however, is that offspring under most
conditions will evolve to adjust their phenotype according to their
own optima or simply become insensitive to variation in mater-
nal phenotype. Although this can lead to loss of environment-
specific maternal strategies, this need not be the case. In fact,
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there is an infinite number of strategy sets (combination of allele
values) resulting in the same dispersal rates in our model. Conse-
quently, patterns of, for example, maternal allocation of hormones
and other substances to eggs or offspring across populations or
species (e.g., Gil et al. 2007; Martin and Schwabl 2008) are not
necessarily informative with respect to the evolution of maternal
effects when maternal and offspring optima differ. Experimental
methods that target both maternal and offspring responses will
often be necessary to address whether a particular maternal effect
represent adaptive modification of offspring phenotype and, more
generally, to dissect the evolutionary and ecological implications
of maternal effects.

Although the dispersal rates from both patch types evolved
to the offspring’s optima even when offspring were unable to
assess the patch type themselves, it evolved to the maternal op-
tima when offspring were constrained to respond to the mater-
nal strategy. This supports that developmental and physiological
constraints on counter responses are important for understand-
ing the evolution of maternal effects (e.g., Haig 1996; Groothuis
et al. 2005; Uller 2008; Hinde et al. 2010). However, it is im-
portant to emphasize that this outcome depends on the specifics
of our model; no offspring counter-strategies that would increase
offspring fitness given the maternal optima were possible via
evolution of allelic values. In other scenarios, a constraint on off-
spring to respond to developmental factors allocated by mothers
may lead to alternative counter-strategies and therefore ultimately
environment-specific phenotypes at the offspring optima. The un-
derlying mechanisms are therefore crucial determinants of the
outcome of the joint evolution of maternal and offspring strate-
gies that comprise maternal effects by dictating the opportunity
for counter responses to maternal or offspring strategies.

Several authors have suggested that the extent to which ma-
ternal effects incur costs may affect their evolutionary dynamics
(reviewed in Miiller et al. 2007; Uller 2008). The majority of the
literature on parent—offspring conflict deals with parental invest-
ment in terms of food provisioning in a single environment (e.g.,
Godfray 1995; Haig 1996; Mock and Parker 1997; Kilner and
Hinde 2008). Our model does not directly address this scenario,
because parental transfer of resources is not necessary for off-
spring development (i.e., contrary to food provisioning, offspring
can develop a fully functional phenotype even in the absence of
maternal transmission of the dispersal substance). However, we
included costs of maternal effects in terms of fecundity (for moth-
ers) or survival (for offspring) and, thus, directly addressed the
importance of costs for the evolving patterns of maternal effects
across environments. The results showed that whereas disper-
sal rates always evolved to the offspring optima when maternal
and offspring production of dispersal substance were cost free,
they deviated more or less from both maternal and offspring op-
tima when they were costly. Furthermore, the magnitude and
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direction of the deviation depended on the magnitude of the cost
and whether it was incurred by mothers, offspring, or both. As ex-
pected, relatively high maternal costs resulted in reduced maternal
transmission of dispersal factor and, accordingly, dispersal rates
close to the offspring optima. However, when both maternal and
offspring costs are incurred, phenotypes can deviate substantially
from both the maternal and offspring optima (i.e., the dispersal
rate when the other party is unable to evolve counter-strategies).
These results indicate that costs associated with maternal and
offspring strategies will be very important for the evolution of
maternal effects. We therefore suggest that variation in patterns
of maternal effects among populations may often be a result of
variation in the costs involved. Consequently, documenting costs
(and benefits) of maternal and offspring strategies are important to
interpret the adaptive significance of maternal effects (Groothuis
et al. 2005; Groothuis and Schwabl 2008).

In summary, our model of the evolution of maternal effects
in a heterogeneous environment under parent—offspring conflict
shows that costs and constraints on counter-strategies or infor-
mation processing can have important effects on the observed
outcome. Maternal manipulation of offspring phenotype was not
evolutionarily stable, suggesting that maternal effects on disper-
sal, diapause and other similar phenotypes generally should reflect
the offspring optima if there is parent—offspring conflict. Costs in-
volved with maternal or offspring strategies frequently resulted
in dispersal rates that did not correspond to either optima (i.e.,
the phenotype evolving in the absence of counter-strategies), sug-
gesting that interpretation of whether maternal effects maximize
the fitness of offspring, parents, or neither will depend on whether
they also are costly.
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