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diversity, species must either differ in which environments are most
favorable or differ in their sensitivities to environmental variation
(Yuan & Chesson, 2015). As a result, species with identical resource
requirements may co-occur even if they could not stably coexist in
constant conditions because they differ in when their populations
most strongly impact those resources (e.g., warm vs. cool years;
Tilman et al., 1981).

Models of temporal coexistence usually assume that per capita
demographic rates at one time point are independent of conditions
at a previous point in time (Adler et al., 2006; Levine & Rees, 2004);
however, this assumption is broken for species that exhibit “parental
environmental effects.” Parental environmental effects are present
when an individual's phenotype is determined not only by the envi-
ronment it experiences, but also by the environment experienced
by its parents, most often its mother (henceforth “maternal effects”
for brevity; Moore et al., 2019; Mousseau & Fox, 1998; Roach &
Waulff, 1987). When these phenotypic effects translate into altered
demographic rates, maternal effects introduce lagged responses to
population dynamics. For example, maternal effects can alter pop-
ulation growth rates at low densities (Germain & Gilbert, 2014),
changing the relative performance of competing species through
time, potentially strongly enough to alter the outcome of compe-
tition. Theory integrating maternal effects is central to improving
predictions of coexistence in variable environments, as well as to
clarify the ecological importance of maternal effects more generally.

The long-term ecological consequences of maternal effects
should depend on the structure of temporal environmental variation.
Environments vary in how “autocorrelated” they are in space and
time (Vasseur & Yodzis, 2004), where environments with high tem-
poral autocorrelation have similar conditions over long timescales.

Even in the absence of maternal effects, temporal autocorrelation
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can structure community diversity, for example, if environmental
fluctuations allow recovery and persistence of rare species (Burgess
& Marshall, 2014; Levine & Rees, 2004) or change extinction risks
(Adler & Drake, 2008). Maternal effects are commonly assumed to
confer a fitness advantage to offspring when the offspring envi-
ronment is highly similar to the maternal environment (temporally
autocorrelated) or can be anticipated by mothers (i.e., also referred
to as “anticipatory maternal effects” [Marshall & Uller, 2007]). Yet,
it is not known how maternal effects interact with environmental
autocorrelation (a knowledge gap also highlighted in Burgess &
Marshall, 2014) and whether the impacts of maternal effects on per-
formance are maintained in the presence of competitors.

Not all maternal effects are the same, and different “forms” of
maternal effects might alter the outcome of competition in different
ways. Here, we use reaction norm plots to visualize different forms
of maternal effects, showing how offspring fitness depends jointly
on maternal and offspring environmental conditions (Figure 1;
Monaghan, 2008; Stearns, 1992). For example, two forms of mater-
nal effects that lead to different reaction norms of offspring fitness
across maternal and offspring environmental conditions are “sil-
ver spoon” and “environmental matching” (Figure 1; Grafen, 1988;
Monaghan, 2008). A silver spoon phenotype occurs when mothers
that experienced good conditions produce offspring with higher
relative fitness in any offspring environment (Figure 1b)—this type
of maternal effect is generally underlain by overall increases in off-
spring resource provisioning when the maternal environment is fa-
vorable, as well as by other mechanisms. This life history response
is seen across taxa in plants, invertebrates, birds, and mammals
(Harrison et al., 2011; Rossiter, 1996; Sultan et al., 2009; Van Allen
& Rudolf, 2013; Van de Pol et al., 2006). By contrast, an environ-
mental matching phenotype (a form of anticipatory maternal effects;
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FIGURE 1 Reaction norms depicting a focal species which exhibits (a) no maternal effect (i.e., past environment has no effect), (b) a
silver spoon maternal effect, or (c) environmental matching maternal effect, in two types of offspring environments: bad versus good.

Solid circles and solid lines show individuals whose mothers experienced a good environment, while open circles and dashed lines show
individuals whose mothers experienced a bad environment. M can differ in value depending on conditions in the maternal (m) and offspring
(o) generation: Mm,o' In (b), Mgb and Mgg are 1, whereas Mbg and M., are -1, and in (c), Mgg and M, are 1, whereas Mbg and Mgb are -1. As
such, using Equation (2), (a) 4(t) is 10 or 60 in a bad or good current environment, respectively, when no maternal effects are present. (b)

When a species exhibits a silver spoon phenotype, (t) is 8 in bad current conditions with a bad past, 10.25 in bad current conditions with
a good past, 48 in good current conditions with a bad past, and 75 in good current conditions with a good past. (c) When a species exhibits
an environmental matching phenotype, (t) is 10.25 in bad current conditions with a bad past, 8 in bad current conditions with a good past,
48 in good current conditions with a bad past, and 75 in good current conditions with a good past. Note the y axis is on a log, scale to aid
visualization; see Table S1 for additional details
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Marshall & Uller, 2007) is a life history where offspring perform bet-
ter when their environment matches their mother's environment.
Thus, with an environmental matching phenotype, comparing off-
spring fitness from different good and bad maternal environments
yields a characteristic crossing of reaction norms across offspring
environments (Figure 1c). This pattern is thought to arise due to the
costs of the maternal environment poorly predicting the offspring
environment, for example, if traits adaptive in bad environments
(e.g., conserving resources) are maladaptive in good environments,
and vice versa (Bateson et al., 2004; Burgess & Marshall, 2014;
Galloway & Etterson, 2007; Sultan et al., 2009).

Silver spoon and environmental matching maternal effects are
common and can differ in adaptive value depending on ecological
context (Germain & Gilbert, 2014; Herman & Sultan, 2011; Marshall
et al., 2010; Marshall & Uller, 2007; Mousseau & Fox, 1998; Roach
& Wulff, 1987; Sultan et al., 2009; Van Allen & Rudolf, 2015). For
example, Sultan et al. (2009) found that Polygonum congeners re-
sponded differently to maternal and offspring soil moisture con-
ditions. The more generalist species exhibited an environmental
matching response, which was adaptive in consecutive dry years.
By contrast, the wetland specialist exhibited a silver spoon re-
sponse that would privilege offspring from wet maternal environ-
ments, but in consecutive dry years, this strategy was maladaptive.
The consequences of environmental matching in a variable world
could have great implications for species distributions as climate
change reduces autocorrelation among years, thus reducing fitness
(Jacob et al., 2015; Marshall & Burgess, 2015; Marshall et al., 2010).
However, while studies have found that maternal effects can alter
competitive interactions (Agrawal, 2001; Allen & Marshall, 2010;
Duckworth et al., 2015; Fox etal., 1999; Jacob et al., 2015; Mousseau
& Dingle, 1991; Stratton, 1989; Van Allen & Rudolf, 2016), no study
to date has examined whether the advantage of a given form of
maternal effect holds in the presence of interspecific competitors,
where outcomes depend not on absolute performance of offspring
in different environments, but rather on performance relative to in-
terspecific competitors.

We use a deterministic discrete-time Beverton-Holt model to
explore the influence of maternal effects on competitive interac-
tions and mechanisms of coexistence through time among compet-
ing species. We examine scenarios in which neither, one, or both
competing species exhibit either a silver spoon or environmental
matching life history strategy, modeled as changes to offspring fe-
cundity in response to environmental quality (“good” vs. “bad”). For
illustrative purposes, we frame our simulations in terms of annual
plant communities, although our models are general to organisms
with discrete life cycles and nonoverlapping generations. We use
the model to answer four questions: (1) How do maternal effects
alter population dynamics and species coexistence? (2) How do their
effects vary under different scenarios of temporal autocorrelation?
(3) How do their effects interact with existing competitive differ-
ences among species? (4) How does the presence of unmeasured
maternal effects bias population parameter estimation from time
series data? We predict that different forms of maternal effects are

optimal under different levels of temporal autocorrelation, leading
to scenarios where the addition of maternal effects to ecological dy-
namics could have strong impacts on competitive interactions and
outcomes. Specifically, we predict that species with environmen-
tal matching phenotypes benefit from increased autocorrelation,
whereas species with a silver spoon phenotype benefit as good years
increase in frequency. Our aim is to clarify how variation in temporal
autocorrelation can lead to turnover in competitive hierarchies when

species with different maternal effects phenotypes compete.

2 | MODELING POPULATION
CONSEQUENCES OF MATERNAL EFFECTS

2.1 | Setting up the model

We begin investigating the impact maternal effects have on popula-
tion dynamics by modifying a discrete-time Beverton-Holt annual
plant model (Levine & HilleRisLambers, 2009) that describes the dy-
namics of competing annual plant populations with the influence of
maternal effects:

Ni(t)4i(t)

1+ a;Ni(t) + a,»jNi(t)7

Ni(t+1) = (1)

where N(t) is the population size of species i at time t, thus, the pop-
ulation is increasing in size when N{t + 1) > N{t). The intrinsic rate of
increase for species i is 4(t)—we refer to this term as the “fecundity”
parameter, which we can modify to introduce maternal environmental
effects. Specifically, as we will describe, the value of A(t) can vary at
any given time t depending on current conditions (i.e., the offspring
environment) and conditions at t - 1 (i.e., the maternal environment).
The competitive effect species i has on itself is given by a;, whereas
the interspecific effect of species j on species i is a. The value of o;
is assumed to be 1 for simplicity; thus, the strength of a; can easily be
compared to ;. Because Equation 1 is symmetric, the population dy-
namics of species j are modeled by switching subscripts i and j. We note
that Equation (1) can be modified to accommodate a persistent seed
bank; however for simplicity, we assume no seed bank, and as a result,
Equation 1 tracks the number of germinated plants as population size.

We used Equation (2) to modify 4, at each timepoint t based on
the quality of conditions in the maternal (i.e., time t - 1, denoted
by subscript m) and offspring (i.e., time t, denoted by subscript o)
generation:

ﬂ,(t) = A(,-,O)sm. (2)

Here, term Kio) is the intrinsic rate of increase of speciesiin a given
offspring environment in the absence of maternal environmental ef-
fects, aka prior to any modification. For simplicity, and to follow pre-
vious work on the individual and population-level impacts of maternal
effects, the environment in any given year was modeled in binary

terms (“good,” i.e., abundant food, wet, etc. vs. “bad,” i.e., scarce food,
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dry, etc.; Bateson et al., 2004; Germain & Gilbert, 2014; McGinley
et al.,, 1987; Monaghan, 2008; Smith & Fretwell, 1974; Van Allen &
Rudolf, 2013), with “bad” the environment in which a species has a
lower Xioy We modeled maternal effects that manifest through off-
spring traits (s) based on maternal conditions m (again, good vs. bad).
When s = 1, offspring traits are unaffected by conditions in the mater-
nal generation, meaning that fecundity at any given time step tis purely
determined by whether or not offspring are in a good or bad environ-
ment. When s # 1, offspring traits are affected by conditions in the
maternal generation, agnostic to whether the offspring environment is
good or bad. As we described, each form of maternal effect (i.e., silver
spoon vs. adaptive matching) differ in how phenotypic changes due to
maternal conditions translate into increased or decreased fecundity—
this translation is described by parameter M. Specifically, because s is
raised to the power of M, maternal effects on phenotypic traits do not
modify ;. when M equals O (i.e., 50m =1, thus 4 X 52, = A0)- When
M equals 1, Xio) 18 modified proportionally to s, such that a 20% in-
and the
inverse is true when M equals -1. As we will discuss, parameter M is

crease in a phenotypic trait leads to a 20% increase in Kioy
species-specific and generalizes the model to include different forms
of maternal effects (e.g., environmental matching; Figure 1; Table S1).

For our analyses, we make three simplifying assumptions. First, we
assume that maternal effects are based solely on environmental con-
ditions in the previous year rather than accumulating over time (i.e.,
no grandparental effects, but see Bateson et al., 2004; Beckerman
et al., 2003; Herman et al., 2012). Second, we assume that maternal
effects have a moderate effect on phenotypic traits that, depending on
the value of M, directly translate into a proportional change in fecun-
dity, on the order of a 20% reduction or enhancement compared to off-
spring that do not exhibit maternal effects—in other words, s was set to
either 0.8 or 0.87* depending on maternal conditions. This effect size
is arbitrary but falls within the natural range of effects on fecundity
observed in plants and animals (e.g., Fox et al., 1997; Galloway, 2005;
Moore et al., 2019), and any other magnitude of proportional change
would simply act to magnify or dampen any influences of maternal ef-
fects we observe. By modeling maternal effects through phenotypic
traits which affect fecundity, without focusing on any specific trait
in particular, our approach is general and agnostic to exact biological
mechanisms. In plants, examples of maternal effects that impact fit-
ness include changes to seed size or quality, plant root or shoot growth,
and anti-herbivore defenses (Galloway & Etterson, 2007; Germain
et al, 2013; Herman & Sultan, 2011; Jakobsson & Eriksson, 2000;
Roach & Wulff, 1987; Smith & Fretwell, 1974; Vance, 1973). Third, we
constrain our analyses to the impacts of maternal effects on compet-
itive outcomes and omit the reciprocal impact that competition may
have on the evolution of maternal effects, for example, through seed
provisioning (Geritz, 1995; Rees & Westoby, 1997).

2.2 | Simulating different ecological scenarios

We contrast the consequences of maternal effects on the com-
petitive dynamics of two types of species pairs: species that are
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competitively equivalent and are thus interacting neutrally, and
species that interact non-neutrally, exhibiting a clear competitive
hierarchy with some level of niche partitioning (i.e., “stabilizing”
coexistence of unequal competitors, in which intraspecific compe-
tition > interspecific competition; Chesson, 2000). In both scenar-
ios, species have identical intrinsic rates of increase, which are 6x
greater when offspring conditions are good vs. bad; A 0="good") = 60,
Zio=bagy = 10). As stated above, 4(t) is modified depending on condi-
tions experienced in the past and current environment via Equation
(2), as described in Figure 1 and Table S1. Neutrality is the case
where intraspecific and interspecific competition is equivalent, here
modeled as a; = a; = a;; = a;; = 1.0; stable coexistence is impossi-
ble among neutrally interacting species; thus, our model examines
if and when adding maternal effects alter competitive outcomes.
By contrast, the non-neutral species pair takes on parameter values
a; = 1.25, a; = 1.0, a; = 1.0, and a;= 0.8. These specific parameter
values, when intraspecific competition exceeds interspecific com-
petition, allow each species to increase from low abundance, thus
stabilizing coexistence. However, these values also allow a competi-
tive hierarchy because species j is less sensitive to competition than
species i and is thus a superior competitor. We can explore when
maternal effects reinforce or counteract this existing competitive
hierarchy to decrease or increase the possibility of coexistence via
stabilization. Although we present only two sets of parameters for
simplicity here, we discuss their generality in the Section 4 and in
Figure S1.

Using the population model in Equation (1), we simulated the
population dynamics of competitors under varying scenarios of in-
terannual variation in environmental quality and forms of maternal
effects using parameter sets described above. Each simulation ran
for 100 time steps (i.e., years/generations for annual plants), with
good and bad environments drawn with equal probability. Two in-
dividuals of each species were added at time t = 2, which allowed
a lagged response of environmental conditions at the start of the
model run in t = 1. We explore different scenarios of temporal au-
tocorrelation (k), from O to 1 in 0.1 increments; 0.5 autocorrelation
means that the environment is equally likely to switch or remain
constant among t - 1 and t; O means that the environment always
switches each time step, and 1 means that the environment remains
constant. Even though the probabilities of sampling good versus
bad environments and of switching are user-specified, they are still
probabilities, meaning that random sampling causes observed pro-
portions of good versus bad years and switching versus no switching
to deviate from those expected. As such, we reran each model 500
times to gain a more accurate picture of central tendency and range

of outcomes.
2.3 | Estimating maternal effects from simulated
time series data

To quantify how omitting maternal effects from population growth

models can bias population parameters estimated from time series
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data, we used Equation 1 to simulate the dynamics of an empirically
parameterized pair of species (Vulpia microstachys and V. octoflora;
parameter estimates from (Germain et al., 2016); values shown in
Table 1) under different maternal effects scenarios. We ran the
simulation for 500 years with an intermediate level of temporal au-
tocorrelation (k = 0.5) under three competitive scenarios: (i) neither
species exhibits a maternal effect (to confirm that our model fitting
procedure was successful); (ii) V. octoflora exhibits a silver spoon
phenotype; and (iii) V. octoflora exhibits environmental matching.
Each competitive scenario was replicated 100 times.

For each of the three scenarios above, we used nonlinear least
squares regression (R package “nls”) to fit Equation 1 to the simu-
lated time series data and estimate each parameter in Equation 1 as-
suming no maternal effects (i.e., 4, = ,1;,0). We allowed the model to fit
separate estimates of 1 and « in good or bad offspring environments
by including environmental quality as a dummy variable for each pa-
rameter, as the empirical data were used to generate the time se-
ries data were parameterized in two environments which differed in
quality (i.e., wet vs. dry; Germain et al., 2016). We use these data to
test how closely the fitted parameter estimates resemble the actual
values used to generate the time series data, and how much varia-
tion in population dynamics is unexplained when lagged responses
to maternal environmental conditions are not considered (i.e., by
comparing R?). Although one might intuitively expect the model
omitting maternal effects to fit the simulated data less strongly than

a model that was used to simulate the data in the first place, here we
are most interested in (i) the magnitude of this difference; (ii) how es-
timates of specific demographic parameters are affected and in what
direction; and (iii) which form of maternal effects (i.e., silver spoon

vs. environmental matching) alters the outcome the most.

3 | RESULTS

Our simulations demonstrate that, for any given species, persis-
tence depends on the three-way interaction between (i) their own
maternal effect strategy; (ii) the maternal effect strategy expressed
by their competitor; and (iii) the structure of temporal autocorrela-
tion (Figures 2 and 3). When environmental conditions are almost
always constant from year to year (high autocorrelation), species
possessing an environmental matching phenotype usually perform
best. However, there is one exception: Under constantly good con-
ditions, which probabilistically arise in 50% of replicate simulations
when k = 1, species possessing either an environmental matching or
a silver spoon phenotype perform equivalently (since their fitness in
optimal conditions is set to be equivalent in our model), but for dif-
ferent reasons. Any amount of switching among environments above
k = 0.5, even under high autocorrelation (e.g., k = 0.9 in Figure 3e),
gives the environmental matching species an advantage over the sil-

ver spoon species. When autocorrelation is low, the environmental

TABLE 1 Theinfluence of maternal

Estimated values

effects on population parameter

estimation when maternal effects are not

Both
species  Speciesj  Speciesj explicitly estimated
Actual Silver
Focal species Parameter values None spoon Matching
Species i (Vulpia microstachys) ~ 1,(g) 236 236.0 236.0 236.0
A(b) 153 152.4 152.4 152.4
a,(g) 0.099 0.099 0.099 0.099
a;(b) 0.082 0.082 0.082 0.082
a;(g) 0.083 0.083 0.083 0.083
ay(b) 0.002 0.002 0.002 0.002
Model R? - 1.0 1.0 1.0
Species j (Vulpia octoflora) Aj(g) 924 923.0 787.4 865.0
4(b) 1,127 1,126.9 1,027.1 1947.0
a;(9) 0.456 0.455 0.296 0.296
a;(b) 0.515 0.514 0.345 1.353
;(9) 0.302 0.302 0.270 0.301
a;(b) 0.574 0.575 0.531 0.860
Model R? - 1.0 0.87 0.83

Note: The purpose of the “none” scenario was to confirm that model fitting was successful.

For brevity, we only modeled scenarios in which species j exhibited one of three phenotypes,
competed against species i with no maternal effects. Each parameter was parameterized in a good
(i.e., adequate water) and bad (i.e., restricted water) environmental condition.

Bold text indicates estimates which differ from the actual values.
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matching species is at a severe disadvantage, as frequent switching
among environments means that this species has depressed popu-
lation growth (M of -1) most of the time (Figures 2a and 3c,e). The
transition point at which an environmental matching phenotype per-
forms better or worse than competitors occurs at an autocorrelation
of 0.5 (Figures 2b and 3c,e)—that is, where the probability of the
environment switching is equal to the probability of the environment
remaining constant.

When a species with a silver spoon phenotype competes with
a species with no maternal effect, the probability of either spe-
cies winning varies nonlinearly with temporal autocorrelation
(Figure 3b). In the absence of autocorrelation (k = 0), both species
compete equivalently, because geometric averaging with fluctua-
tions among good and bad years equalizes their long-term popula-
tion growth rates. When environments are perfectly autocorrelated
(k = 1), the silver spoon species dominates in 50% of simulations
(when the environment is constantly good), whereas the species
with no maternal effect dominates in the other 50% of the simula-
tions, when conditions are constantly bad. At low to intermediate
levels of autocorrelation (0.1 > k > 0.6), the species with no maternal
effect dominates in the majority (>50%) of the simulations, whereas
at intermediate to high levels of autocorrelation (0.6 > k > 0.9), the
two types of species trend toward dominating in an equal number of
simulations. As expected, when neutrally interacting species express
identical maternal effects, competitive equivalence is maintained,
and thus, maternal effects do not influence the outcome of compe-
tition (Figure 3a,d,f). These results highlight the complex influence
maternal effects have on competitive outcomes, even in a simple
model with no other form of competitive differentiation.

When we examine the population dynamics among competitors
in our simulations (Figure 2), the influence of temporal environ-
mental structure becomes clear. For example, examining dynamics

ernal effect (gray

an environmental

T
20 40 60 80 100
Year

matching phenotype (green line in Figure 2), we see clear switching
in the identity of the winner as the environment becomes increas-
ingly autocorrelated. What is evident from these simulations is that
both species can transiently persist, and the duration of persistence
depends on the exact sequence of environments that are sampled
through time. We can see in Figure 3 that, across replicated simula-
tions, both species win in equal frequency at k = 0.5. In this particular
replicate, we see the loss of the species that lacks a maternal effect
as the proportion of constant years exceeds the proportion of tran-
sition years for a long enough interval (between years 15 and 30). In
other replicates, transition years are more frequent, instead causing
the loss of the environmental matching species. Although we show
this specific competitive pair as an example here, the dynamics of
the others are summarized in Figure 3 and shown in Figure S2.

Maternal effects influence competitive outcomes even in con-
stant conditions. We specifically examine cases where a species with
no maternal effect (gray lines in Figure 4) competes with a species
with either a silver spoon (green lines in Figure 4alii],blii]) or envi-
ronmental matching phenotype (green lines in Figure 4aliii],b[iii]).
The “none” scenario shows a case where neither competitor exhib-
its a maternal effect and demonstrates how outcomes are identical
regardless of environment type (Figure 4ali],b[i]). By contrast, the
species that outcompetes the other (Figure 4alii],b[ii]) or attains the
greatest population size (Figure 4aliii],b[iii]) with maternal effects
differs from in the “none” scenario. The species with a silver spoon
phenotype competitively excludes the species that lacks a mater-
nal effect in constantly good conditions but is excluded by it in con-
stantly bad conditions—these outcomes are predicted from their
relative differences in fecundity among species in each environment
type (Figure 1b vs. Figure 1c).

By introducing maternal effects to the dynamics of a pair of spe-
cies that exhibit a clear competitive hierarchy but also experience
some level of stabilization, we can isolate the impacts maternal ef-

fects can have on competition (Figure 5). In the absence of maternal
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FIGURE 3 Proportion of simulation outcomes in which only species i (gray line), only species j (dark green line), or both species (bright
green line) are present at the end of the 500-year simulation, depending on the type of maternal effects exhibited by each species (different
combinations shown in each of panels (a-f)) and the level of temporal autocorrelation (k). Autocorrelation of 1.0 corresponds to constant
conditions, 0.5 is a 50% chance of switching conditions among years, and 0.0 is 100% chance of switching (see Figure 2, e.g., of how
changing k affects the temporal sequence of environmental conditions). Because species i and j are competitively equivalent in all ways
except for maternal environmental effects, stable coexistence is impossible; thus, we refer to the long-term maintenance of both species

in these simulations as “neutrality” as any demographic stochasticity could produce random extinctions. The stars in (c) correspond to the

three scenarios shown in Figure 2. Competition coefficients are a; =

effects, species j excludes species i even in the presence of some
stabilizing niche differentiation (Figure S3a). However, the presence
of maternal effects acts to exacerbate or ameliorate competitive
asymmetries among species, with the latter effect permitting coex-

istence, for exam-

atching phenotype

=== 1.0

]

is the inferior competitor and finds itself in constant conditions
(Figure 5blii]) or if the environmental matching species is the supe-
rior competitor and encounters a frequently switching environment
(i.e., a fitness-reducing environment, Figure 5d[ii]). Note that the
influence of maternal effects on competitive dynamics in the non-

neutral simulations is identical to those described for the neutral
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FIGURE 4 The influence of one species exhibiting a maternal environmental effect in (a) constantly good and (b) constantly bad
conditions (i.e., k = 1.0). Species i (gray lines) has no maternal effect, whereas species j (dark green lines) exhibits the type of maternal effect
indicated in the panel headers. Panels (i) represent dynamics in the absence of maternal environmental effects, where both species neutrally
persist in the absence of demographic stochasticity. Panels (ii) represent dynamics when silver spoon maternal effects occur for species j and

panels (iii) represent dynamics when matching maternal effects occur for species j

simulations, except instead of altering which species is excluded by
competition, outcomes can now include switching from exclusion to
stable coexistence. We present outcomes for all other species pairs
in the Supporting Information (Figure S3) but emphasize that the ef-
fects we have described can be generalized to any combination of
maternal effects that modify fitness (fecundity) inequalities among
species under a given level of temporal autocorrelation (Figure S1).
When estimating population parameters from time series data,
maternal effects caused estimates to deviate from their actual val-
ues and introduced unexplained variation in population dynamics.
Specifically, when V. octoflora exhibited a silver spoon or environ-
mental matching phenotype, all population parameter estimates
were affected (bold values in Table 1). The expression of either type
of maternal effect resulted in an underestimation of all population
parameters in good years—for example, the intraspecific competi-
tion coefficient was estimated at 0.296 for both silver spoon and
pared to the actual value of 0.456. In bad
pes differed, with

matching phenotypes com

| parameters, and

matching resulting in an overestimation of all parameters. Not ac-
counting for maternal effects, when present, resulted in a 13%-17%
loss in the amount of variation explained by the model, which is oth-
erwise 100% given that our simulations were entirely deterministic.
Parameter estimates for the species that did not exhibit a mater-
nal effect were unaffected by the maternal effect exhibited by its
competitor.

4 | DISCUSSION

Maternal effects are well understood to occur across diverse
taxa (Bonduriansky & Day, 2009; Chirgwin et al., 2017; Herman &
Sultan, 2011; Monaghan, 2008; Moore et al., 2019; Mousseau &
Fox, 1998) but their effects on species interactions and coexistence
are unresolved. We integrated two common forms of maternal ef-
fects into models of population dynamics and coexistence in annual
plant communities and found that, even at modest effect sizes, ma-

ternal effects altered the strength of, or even reversed, competitive
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FIGURE 5 Maternal effects can alter competitive outcomes in a scenario in which species j (dark green lines) is competitively superior

to species i (dark gray lines), and an environmental matching phenotype is either expressed (a, b) by species i or (c, d) by species j. In the
absence of maternal effects, species j would exclude species i in all simulations. Dynamics shown in panels (b) and (d) correspond to the stars
in panels (a) and (c), respectively, and are meant to show the temporal dynamics in more detail. Only two competitive pairs are shown for
brevity, but all pairwise combinations are in Figure S3. Competition coefficients are a; = 1.25, a;= 1.0, a;= 1.0, and a; = 0.8

hierarchies and could hasten or prolong competitive exclusion.
Maternal effects are often studied in fluctuating environments as
they can provide rapid phenotypic change that enhances perfor-
mance in new conditions (e.g., Badyaev, 2005; Dey et al., 2016;
Hoyle & Ezard, 2012; Moore et al., 2019). However, our model high-
lights that even in stable environments, maternal effects alter the
outcome of competition. Below, we discuss general features of our
findings, implications for maternal effects studies and ecological ex-
periments, and next steps to exploring the ecological consequences
of maternal environmental effects.

We find that maternal effects can influence competitive interac-
tions strongly enough to overturn species' competitive hierarchies.
Specifically, the range of dynamics we observe when all else is equal
(Figure 3) can be summarized by three rules: (i) a silver spoon species
wins against a species with no maternal effect when good years are
more frequent than bad years; (ii) an environmental matching species
wins against a species with no maternal effect when environmental
conditions remain constant more frequently than they switch; and
(iii) silver spoon wins over environmental matching when the pro-
portion of good years exceeds the proportion of constant years.
tive outcomes (co-

maternal effects

influence relative fitness among competitors compared to other
sources of competitive differences. For instance, consider a pair of
species with stabilizing niche differences but also dominance of spe-
cies j over species i (Figure 5), such that in the absence of maternal
effects, species j always excludes species i. If either species in the
pair exhibits an environmental matching phenotype, the outcome
of competition depends on the strength of the maternal effect and
the level of temporal autocorrelation in the environment. Although
this feature might suggest that the influence of maternal effects on
ecological dynamics is contingent on pre-existing competitive dif-
ferences, it could also be framed that the effects of pre-existing
competitive differences are contingent on the form and strength of
maternal effects. The effects we see are general, in that their mag-
nitude or direction of effect on competitive asymmetries did not de-
pend on pre-existing competitive differences among species, even if
outcomes of coexistence or exclusion change (see conceptual figure
in Figure S1).

Empirical research finds that an environmental matching phe-
notype is adaptive in autocorrelated environments with some level
of temporal variability, which our results generally support. For ex-
ample, Campanula americana has limited seed dispersal, so offspring

and maternal plants tend to experience similar environments, and
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germination is highest in home environments (Galloway, 2005). The
same phenomenon has been observed in animal species, such as
Daphnia magna, which produce offspring with antipredatory helmets
in the presence of predators, significantly reducing predation rates
(Agrawal et al., 1999). In the absence of predators, the production of
helmets is energetically costly, and thus, helmeted offspring are at a
fitness disadvantage.

In contrast, silver spoon maternal effects should provide an ad-
vantage to individuals reared in a good environment, regardless of
the quality or autocorrelation of future environmental conditions.
For example, the probability of yellow ground squirrels (Spermophilus
fulvus) surviving to adulthood increases when they are born in more
favorable conditions, such as at low population densities or in more
pristine environments (Vasilieva & Tchabovsky, 2020). Similarly,
early hatching Crested Ibis (Nipponia nippon) enjoy a competitive ad-
vantage over later hatching individuals, and this advantage early in
life translates to increased adult survival and reproduction as well
as the production of larger, healthier offspring (Song et al., 2018).
In many species, it is likely that multiple traits could have different
maternal effects of different strengths. For example, flour beetles
(Tribolium sp.) have a matching maternal effect in lifespan, where
survival is always reduced when switching from the maternal envi-
ronment, but a silver spoon effect on fecundity when coming from
a good environment always increases it (Van Allen & Rudolf, 2015).
For this model, we simplify these dynamics to consider one overall
effect on intrinsic growth, in the form of either matching or silver
spoon effects.

No experiments have investigated how competitors impact the
advantage of environmental matching, where outcomes depend not
on absolute performance of offspring in different environments, but
rather on performance relative to interspecific competitors. Our
simulations suggest that the advantage of environmental matching
should generally be maintained in the face of competition. As tem-
poral autocorrelation increases, competitors with environmental
matching increasingly dominate against other types of competitors
(Figure 3), with one exception. When conditions are constantly good
from both competitors point of view, then environmental matching
and silver spoon phenotypes both benefit and in our model are then
competitively equivalent (Figure 3 at k = 1.0). Experiments involving
competitors with known differences in maternal effects phenotypes
are needed to confirm our theoretical predictions.

Maternal effects are an important component of species' life
histories in response to environmental variation, suggesting that
maternal effects might contribute to species' geographical distribu-
tions (Benard & McCauley, 2008; Duckworth et al., 2015; Marshall
& Burgess, 2015; Marshall et al., 2010). As we demonstrate theoret-
ically, in the community context in which we view maternal effects,
this could be doubly true, as species that fail to respond optimally
to environmental change could be displaced by species that do.
As a consequence, maternal effects are likely shaped by selection
pressures imposed by environmental variation and community
composition (Badyaev, 2005; Mousseau & Fox, 1998; Potticary &
Duckworth, 2020; Rasanen & Kruuk, 2007). In turn, the evolution of
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maternal effects phenotypes determines whether species success-
fully integrate into an assemblage and establish in different environ-
ments (Dey et al., 2016; Duckworth et al., 2015; Dyer et al., 2010;
Fox et al., 1999; Mousseau & Fox, 1998; Sultan et al., 2009), for
example, species with environmental matching phenotypes occur-
ring more frequently in autocorrelated environments (Marshall &
Burgess, 2015). Thus, we hypothesize that the distribution of mater-
nal effects phenotypes in a community matches patterns of variation
in habitat quality in that environment. Indeed, studies on regionally
co-occurring plant congeners and insect congeners both found that
maternal effects enhance species differences in a way that promotes
spatial coexistence, but which tends to reduce local co-occurrence
(Sultan et al., 2009; Van Allen & Rudolf, 2016). In these plant and an-
imal systems, maternal effects are part of what defines each species'
niche. If species' distributions across habitat types are linked with
their maternal effect strategy, this could, for example, act to reduce
invasion by species with the wrong maternal effects phenotype for
a given environment or enhance invasion by species with the right
maternal effect (Dyer et al., 2010).

In an effort to remove or control for the influences of maternal
effects on experimental outcomes, it is common practice to grow all
populations and species in a common environment in the generation
prior to experimentation (Kawecki & Ebert, 2004). Our model results
indicate that even when species are grown under constant conditions
for multiple generations, different population growth rates, carry-
ing capacities, and outcomes of competition emerge in constantly
good versus constantly bad environments depending on the form
of maternal effects competing species express. If maternal effects
truly had been removed, population dynamics would be identical in
all simulations (Figure 4). Although we show this at the species level,
the strength and direction of maternal effects can also vary intra-
specifically across genotypes (Germain et al., 2013; Holeski, 2007,
Stratton, 1989), so the same dynamics would apply. We suggest that
experimental tests more often acknowledge that influences of ma-
ternal effects cannot be removed by any experimental design, but
rather can be standardized, and that different standardized environ-
ments can yield different outcomes; this applies equally to ecologi-
cal and evolutionary studies. Intriguingly, maternal effects may not
only act to obscure or confound signals of adaptation, but actually
alter the topography of fitness landscapes, playing a direct role in
the evolution of populations and species (Badyaev, 2005; Mousseau
& Fox, 1998; Mousseau et al., 2009; Rasdnen & Kruuk, 2007).

Observational time series data of species' population growth
rates provide invaluable insight into mechanisms that underlie long-
term coexistence (Bluthgen et al., 2016), but might also contain
hidden influences of maternal effects. By fitting a standard compe-
tition model to abundance data simulated using empirically param-
eterized population parameters, we found that omitting maternal
effects caused population parameter estimates to differ from their
known values (Table 1). Surprisingly, this included estimates of com-
petition coefficients, which were not modified by maternal effects
in our models. On one hand, our results demonstrate an empirical

challenge—how often are population parameter estimates from time
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series data influenced by maternal effects? On the other hand, this
challenge also presents an opportunity—can existing time series data
be mined to estimate the presence of time lags imposed by maternal
environmental conditions? For example, a recent re-analysis of mul-
tiple published ecological datasets explicitly quantified the strength
of time lags (agnostic to the specific mechanism) and found that
time lags can account for 15%-28% of unexplained variation (Ogle
et al., 2015). Although these time lags were not specific to maternal
effects, a similar approach could be applied to existing observational
data (Benton et al., 2001; Ginzburg & Taneyhill, 1994).

5 | CONCLUSION

Much maternal effects research emphasizes the evolutionary ecol-
ogy of maternal effects—elucidating when they adaptively evolve
and how they might buffer populations from rapid environmen-
tal change (Badyaev, 2008)—but their importance in ecological
communities which include species interactions is less explored
(Bernardo, 1996; Moore et al., 2019; Rossiter, 1996; Van Allen &
Rudolf, 2016). We show that, in an ecological context, maternal ef-
fects can interact with temporal autocorrelation to alter competi-
tive hierarchies and shift coexistence outcomes, even in constant
environments. Moreover, maternal effects can act as a hidden
source of variation in time series data. Given that exploring the con-
sequences of maternal effects for ecological communities is a new
research avenue, we highlight three priority questions to be an-
swered by future studies: (1) What impact do maternal effects have
on offspring fitness when they manifest in response to competi-
tors, predators, or other biotic interactors, in addition to the (more
commonly studied) abiotic environment (Germain et al., 2018;
Larios & Venable, 2015; Tollrian, 1995)? (2) What are the relative
impacts of maternal effects in response to spatial heterogeneity or
temporal fluctuations in different environments? (3) Can maternal
effects be estimated from time series data? If so, how strong are
their influences, and how do they differ among species (Ginzburg &
Taneyhill, 1994)? Maternal effects are an important dimension of a
species’ niche—its ability to persist in its environment, to adapt to it,
and, as we show here, its interactions with and effects on the larger

biological community.
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