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Abstract. Conditions during a parent’s lifetime can induce phenotypic changes in off-
spring, providing a potentially important source of variation in natural populations. Yet, to
date, biotic factors have seldom been tested as sources of transgenerational effects in plants. In
a greenhouse experiment with the generalist annual Polygonum persicaria, we tested for effects
of parental competition on offspring by growing isogenic parent plants either individually or in
competitive arrays and comparing their seedling progeny in contrasting growth environments.
Offspring of competing vs. non-competing parents showed significantly altered development,
resulting in greater biomass and total leaf area, but only when growing in neighbor or simu-
lated canopy shade, rather than sunny dry conditions. A follow-up experiment in which parent
plants instead competed in dry soil found that offspring in dry soil had slightly reduced
growth, both with and without competitors. In neither experiment were effects of parental
competition explained by changes in seed provisioning, suggesting a more complex mode of
regulatory inheritance. We hypothesize that parental competition in moist soil (i.e., primarily
for light) confers specific developmental effects that are beneficial for light-limited offspring,
while parental competition in dry soil (i.e., primarily for belowground resources) produces oft-
spring of slightly lower overall quality. Together, these results indicate that competitive condi-
tions during the parental generation can contribute significantly to offspring variation, but
these transgenerational effects will depend on the abiotic resources available to both parents

and progeny.
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INTRODUCTION

In recent years, there has been increasing interest in
whether parental environments can contribute impor-
tantly to phenotypic variation in offspring (Mousseau
et al. 2009, Sultan 2015, Bonduriansky and Day 2018,
Uller 2019). Inherited environmental effects (often ter-
med “transgenerational plasticity,” “parental/maternal
effects,” or “non-genetic inheritance”) have been docu-
mented in organisms across all kingdoms of life, induced
by a variety of abiotic and biotic environmental cues (re-
viewed by Jablonka and Raz 2009, Salinas et al. 2013).
Such transgenerational effects may passively reflect
maternal nutritional status if limited resource provision-
ing to seeds or eggs constrains offspring growth or if
greater offspring provisioning results in overall growth
increases (Roach and Wulff 1987, Grafen 1988, Fenner
and Thompson 2005a). In other cases, transgenerational
plasticity may be adaptive or “anticipatory” (Marshall
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and Uller 2007); in such cases, parental exposure to an
environmental cue induces specific changes to offspring
trait expression that increase fitness in environments
associated with that cue (reviewed by Auge et al. 2017,
Bonduriansky and Day 2018, Donelson et al. 2018).
Like other aspects of phenotypic plasticity, transgen-
erational effects have been intensively studied in plants
(reviewed by Herman and Sultan 2011), reflecting the
relative feasibility of creating genetically uniform (iso-
genic) replicate parent plants to precisely assess the
developmental impact of alternative environments.
Although natural habitats comprise complex combina-
tions of biotic and abiotic factors (Bazzaz 1996, Suzuki
et al. 2014), most prior plant studies have tested the
effects on offspring of contrasting levels of a single, usu-
ally abiotic aspect of the parental environment such as
temperature, light, or moisture (e.g., 22 of the 26 plant
studies cited by Salinas et al. 2013). Less information is
known about the potential inherited effects of biotic fac-
tors that characterize plant habitats (Puy et al. 2021),
apart from herbivory (reviewed by Holeski et al. 2012),
or about how these effects may be influenced by co-
occurring abiotic conditions such as soil resource levels.
In particular, intraspecific competition is a key biotic
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stress in natural populations (Tilman and May 1988,
Adler et al. 2018).

At high densities, plants compete aboveground for
light and belowground for water and nutrients (Gold-
berg 1990, Bazzaz 1996, Craine and Dybzinski 2013).
The relative severity of aboveground and belowground
competitive stresses also depends on soil conditions
(Cahill 2002, Foxx and Fort 2019). While plants with
ample soil resources often produce large shoot systems
and compete primarily for light, dry soil limits access to
both water and nutrients, which generally causes greater
investment in root systems and more intense below-
ground competition (Fitter and Hay 1987). In addition
to influencing individual seedling establishment and sur-
vival (Fenner and Thompson 20055, Fayolle et al. 2009),
these competition-based resource stresses shift and inter-
act in complex ways across the lifecycle according to
dynamic growth responses of competing neighbors
(Coelho et al. 2000, Schmitt et al. 2003, Burns and
Strauss 2012).

The well established literature on within-generation
growth effects of competition includes several studies
showing that an individual’s competitive performance
can be reduced if its parents faced drought, nutrient
stress, or herbivory (Stratton 1989, Van Dam and Bald-
win 2001, Metz et al. 2015). Yet, to date, few studies in
natural systems have tested the potential transgenera-
tional effects of competitive intensity during the parent
generation on offspring, and all but one of the existing
studies are limited to effects on seed traits rather than
offspring phenotypes. The results of the seed studies are
quite variable depending on the particular type of com-
petitive stress and the study species, finding for example
both negative and positive effects of parental competi-
tion on seed mass (Mazer and Wolfe 1992, Platenkamp
and Shaw 1993, Germain et al. 2019) and germination
(Violle et al. 2009, Leverett et al. 2018). Although the
results of these seed studies are not consistent, they indi-
cate a potential transgenerational impact of parental
competition on ecologically important offspring traits.
The one prior study that investigated parental competi-
tive effects beyond the earliest life stage found that off-
spring phenotypes were indeed altered when parents had
faced more intense competition, expressing growth traits
such as accelerated development that were inferred to
promote their competitive ability (Puy et al. 2021). How-
ever, because these findings were based on a single geno-
type of an apomictic perennial, it remains unclear
whether they apply more broadly, in particular to sexu-
ally reproducing taxa in which transgenerational signals
must persist through meiosis (note that only an esti-
mated 1% of angiosperms are substantially apomictic;
Whitton et al. 2008). Moreover, because competition
imposes stresses differently in dry vs. moist soil, any
developmental effects of parental competition on pro-
geny may be influenced by parental soil conditions. Indi-
rect support for this idea is provided by experiments
finding that neighbor identity effects on seeds differ by
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parental nitrogen treatment (Violle et al. 2009) and soil
moisture treatment (Germain et al. 2019). These results
provide some support for the possibility that parental
competition effects on progeny are influenced by concur-
rent abiotic stresses experienced by parent plants.

Depending on how they are mediated, transgenera-
tional developmental effects could be expressed in sev-
eral ways. Parental resource stress due to competition
could result in decreased quantity of offspring provision-
ing (as suggested by cases where parental competition
reduces seed mass; Mazer and Wolfe 1992, Platenkamp
and Shaw 1993, Dechaine et al. 2015); increased provi-
sioning is also a possible response to certain parental
stresses in some systems (Schmitt et al. 1992, Schmid
and Dolt 1994, Sultan 1996, 2001, Germain et al. 2013).
Parental stresses may also alter seed quality (Wulff
1995). Such positive or negative provisioning changes
are expected to, respectively, increase or decrease overall
growth of offspring, including initial growth rates
(Roach and Wulff 1987, Haig and Westoby 1988, Leish-
man et al. 2000).

Alternatively, the transgenerational effects of parental
competition might be mediated by induced, heritable
changes to epigenetic regulatory factors, such as DNA
methylation or small non-coding RNAs (reviewed by
Hauser et al. 2011, Blake and Watson 2016). Unlike pro-
visioning changes, heritable epigenetic factors induced by
the parental environment can cause more targeted
changes to specific regulatory pathways, and therefore
they may only impact certain traits (Badyaev and Uller
2009, Johannes et al. 2009). Furthermore, because those
pathways are also influenced by the developing individ-
ual’s current environment, this makes possible the
developmental integration of parental and progeny envi-
ronmental effects (“context-dependent effects” sensu
Baker et al. 2018; see also Verhoeven and van Gurp 2012,
McNamara et al. 2016). Such integrated responses may
include functionally adaptive, context-specific trait
expression when offspring environments match those
experienced by parent individuals (Marshall and Uller
2007, Galloway and Etterson 2009, Herman et al. 2014).
For example, in one study the progeny of shade-stressed
parents produced greater leaf area than those of isogenic
full-sun parents, but this developmental change was far
more pronounced when the progeny were themselves
grown in shade (Baker et al. 2018). Similarly, an epige-
netic change induced by parental competition that causes
greater offspring stem elongation (therefore avoiding
neighbor shading) might only be expressed when off-
spring are also grown with competitors. In addition to
testing offspring in matching conditions, testing offspring
in more exaggerated versions of the parental stress can
provide further insight into the nature of these effects. For
example, Baker et al. (2019) found that the positive effect
of parental shade on progeny biomass was greater for
progeny growing in more severe shade than parents had
experienced than it was for progeny in a competitive treat-
ment that imposed only moderate shade.
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To gain insight into possible transgenerational effects
of competition, we conducted a two-part study in a nat-
urally evolved system by using a sample of genotypes of
the widespread annual Polygonum persicaria collected
from local populations. This species occurs across broad
ranges of both competitive density and soil moisture
within and across populations (from 1 individual/m? to
900/m? and microsite volumetric water content 7—68%,
R. Waterman, unpublished data; Appendix S1: Figs. S1,
S2). First, to test whether parental competition-induced
transgenerational effects on progeny phenotypes, we
raised isogenic replicate P. persicaria parents either indi-
vidually or with competitors (in moist soil) and studied
the development of their offspring from germination
through early adulthood. Holding genotype constant
allowed us to directly test for effects of parental environ-
ment rather than genetic effects on progeny develop-
ment. Instead of a simple factorial, we tested for
parental effects in offspring environments that isolated
and enhanced two stresses encountered by competing
parents, reduced soil moisture and limited light (for a
similar design see Baker et al. 2019). This design allowed
us to ask three questions: (1) Does parental competition
alter offspring development?, (2) If so, do the effects
vary depending on offspring conditions?, and (3) Do
any observed context-specific expression of transgenera-
tional effects represent functionally adaptive responses
to specific stresses? Because this experiment showed little
effect of parental competition on offspring growing in
dry soil, we conducted a smaller, follow-up factorial
experiment to focus on drought stress as an aspect of the
parental environment that can be exacerbated by compe-
tition. In this second experiment, competing and non-
competing parents were given limited water and progeny
were tested in the same two treatments to address the
question: will parental competition for limited water
lead to specific, functionally adaptive growth effects on
offspring that experience drought stress, and if so, will
these effects be greater when that stress is intensified
because offspring are competing?

METHODS

Study system

Polygonum persicaria (= Persicaria maculosa, Kim
et al. 2008) is a predominantly selfing colonizing annual
native to Eurasia and naturalized throughout North
America (Mitchell and Dean 1978, USDA). Achenes
(1-seeded fruits) were collected from four field plants
>1 m apart in each of five ecologically distinct Mas-
sachusetts populations to sample broadly from the spe-
cies (DFF, M, MHF, NAT, and TP; site descriptions in
Sultan et al. 1998); however, trait variation is not struc-
tured by population in this system (Appendix S1: Fig.
S3). Achenes were inbred in uniform greenhouse condi-
tions for five generations to produce isogenic lines (from
this point forwards “genotypes”).
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Experiment 1: Effects of parental competition in moist
soil

Parental generation.— Achenes from each of six geno-
types (2 DFF, 2 M, and 2 TP) were stratified for 6 weeks
in distilled water at 4°C to fulfill germination require-
ments and sown into flats of moist vermiculite (13 May
2017). At the first true leaf stage seedlings were trans-
planted into 1-L clay pots filled with a 1:1:1 mix of steril-
ized topsoil: coarse sand (Quikrete®, Atlanta, Georgia,
USA): fritted clay (Turface™, Buffalo Grove, Illinois,
USA) plus 2.5 g/pot of 15-8-12 NPK granular fertilizer
(Mountain Green Fertilizer, Niverville, New York,
USA). Replicate plants were assigned randomly to one
of two parental greenhouse treatments (Ott and Long-
necker 2015): Parent Solo—one plant/pot, and Parent
Comp—one central “target” plant surrounded by six
“background” competitors of the same genotype/pot
(Fig. 1a). Pots were maintained at field capacity mois-
ture in full sun for c¢. 9 weeks. Self-fertilized achenes
from each of the 12 parents were collected, air-dried,
and stored at 4°C. As a phytometric indicator of treat-
ment intensity, Parent Comp reduced plant reproductive
output by 81-89% (depending on genotype) compared
with Parent Solo.

Offspring generation.— Achenes from parent plants rep-
resenting 12 experimental units (6 genotypes X 2 paren-
tal treatments) and five other Parent Solo genotypes
(2 NAT and 3 MHF; for use as competitive background
plants) were stratified for 5 weeks in distilled water at
4°C (8 May 2018). Five to 10 replicate offspring from
each experimental parent were grown in a randomized
block split-plot design (Ott and Longnecker 2015). Oft-
spring Treatment (main plot factor) consisted of two
Offspring Solo treatments: Drought (full sun/dry soil)
and Sev Shade (severe shade/moist soil), and a Competi-
tion (Comp) treatment (full sun/moist soil). Parental
competition treatment and genotype (subplot factors)
were completely randomized within each of 10 replicate
blocks, arrayed perpendicular to the major linear gradi-
ent of spatial variation in the greenhouse: incident light
(see Casler 2020 on blocking principles). We determined
the spatial distribution of incident light on which this
blocking design was based by taking 18 transects cover-
ing the entire growth area in the greenhouse compart-
ment, with eight sensor readings per transect, every day
at midday for 7 d (R. Waterman, unpublished data). Oft-
spring treatment was imposed in a regular pattern from
left to right (rather than randomized along this axis
across greenhouse benches) to prevent the heterogeneous
edge effects that would result from irregularly inter-
spersed shade tents. Such interspersion would compro-
mise the environmental integrity of the Offspring
Competition and Drought treatments, violating the pri-
mary criterion for proper blocking by creating severe
heterogeneity within blocks. We note that this design
leaves open the possibility that offspring treatment was
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Experiment 2:
Parental Competition in Dry Soil
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Fic. 1. Experimental design overview. (a) Experiment 1: Effects of Parental Competition vs. Parental Solo for parent plants
grown in moist soil on offspring development in three contrasting treatments (Drought—full sun/dry soil; Severe Shade—low PAR
and R : FR/moist soil; Competition—full sun/moist soil). Both generations were grown in a greenhouse. (b) Experiment 2: Effects
of Parental Competition vs. Parental Solo for parent plants grown in dry soil on offspring development in dry soil/full light with
and without competition (Developmental Traits); and on seed mass, offspring germination behavior, and initial germinant mass in
Full Light vs. Shade (Seed Traits). The parental generation was grown in a greenhouse and the offspring generation was grown in a

growth chamber.

confounded with some unknown variable associated
with left vs. right side of the greenhouse compartment.
However, measurements of temperature, humidity, air-
flow, and soil moisture confirm the absence of any spa-
tial gradient from left to right for these environmental
parameters (enabled by corner-mounted continuous cir-
culation fans, manual watering of individual pots, and
mesh compactor benches forming a contiguous bench
area >22 h/d).

1. Solo treatments.— Achenes from each experimental
parent were sown into vermiculite flats and transplanted
as in Parental generation, but into 450-mL clay pots
(2 July 2018; genotype M6 was dropped from these treat-
ments due to low germination). Drought plants were
placed on an open greenhouse bench (mean midday
PAR + SE = 1,455 + 122 pmol-s™'m™) and given
equal weather-adjusted daily volumes of water
(mean + SE = 27.5 + 8.7 mL) such that plants wilted
for 1-3 h at midday. Sev Shade plants were placed
on a shaded greenhouse bench (mean midday

PAR + SE =52 + 6 ymol-s™"-m™2) and maintained at
field capacity moisture. Simulated shade was provided
by 80% neutral-density shade cloth (PAK Unlimited,
Cornelia, Georgia, USA) perforated with 3.5-cm-
diameter sunfleck holes (Matesanz et al. 2014) overlaid
with strips of green plastic filter (no. 138; Lee Filters,
Burbank, California, USA) plus an additional layer of
30% neutral-density shade cloth.

2. Competition treatment.— Achenes from each experi-
mental parent were sown into 15-cm Petri dishes lined
with moistened filter paper (17 June 2018) and individu-
ally transplanted on their day of germination into 450-
mL clay pots filled as above. Each central target plant
was surrounded by one plant from each of the five back-
ground genotypes. Pots were placed on an open green-
house bench (mean midday PAR + SE = 1,195 +
83 pmol-s~'-m™?) and maintained at field capacity mois-
ture. Due to delayed germination in certain genotypes,
blocks 1-4 and blocks 5-7 were set up as two temporal
blocks.
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Data collection.—1. Propagulelseed traits.— A subsam-
ple of 40 achenes per experimental unit was collectively
weighed to estimate mean individual achene mass of
achenes produced by the experimental parents. Emer-
gence percentage was quantified 10 d after sowing as
cumulative number of emerged seedlings out of 35 ach-
enes sown into flats.

2. Offspring  developmental  traits.—For  Offspring
Comp, traits were measured only on target plants. Seed-
ling height (soil level to apex) was measured every 5 d,
3-6 times depending on treatment (see Waterman 2019
for details). Canopy area was estimated from digitized
overhead photographs (Nikon D50 DSLR; Easy Leaf
Area V2 software, Easlon and Bloom 2014) taken every
5 d starting 8 d after transplant (not measured in Oft-
spring Comp due to overlapping target and background
leaves). After 33 d in treatment, plants were harvested
by severing the root-shoot junction. The 2-3 most recent
fully expanded leaves were photographed or scanned
(LI-3100 Area Meter, LICOR Inc., Lincoln, Nebraska,
USA) and weighed to estimate specific leaf area (SLA;
leaf area/leaf mass); leaves and stems were separately
weighed; and total leaf area was estimated as total leaf
mass X SLA. Root systems were hand-washed, air-dried
(>24 h), oven dried (65°C for >24 h), and weighed (not
measured in Offspring Comp due to entangled target
and background plant roots). For each Offspring Comp
pot, background plant shoots were collectively weighed
to calculate the ratio of target plant shoot mass/total pot
shoot mass. The final offspring sample was N = 259
(2 parental treatments X 3 offspring treatments X 5-6
genotypes X 5-10 replicate individuals—1 outlier
>1.5 x IQR and two seedling deaths).

Experiment 2: Effects of parental competition in dry soil

Parental generation.— Achenes from the six genotypes in
Expt. 1 (except with genotype M9 replacing the poorly-
germinating M6) were stratified in distilled water at 4°C
for 6 weeks, sown into 15-cm Petri dishes lined with
moist filter paper (24 June 2019), and transferred to ver-
miculite flats on their day of germination. Seedlings that
had germinated on the same day were transplanted at
the first true leaf stage into 1-L clay pots filled with 1:1:1
soil mix (see Expt. 1) in one of two randomly assigned
parental greenhouse treatments (Fig. 1b). In Parent
Solo, each of three replicate plants per genotype was
grown without neighbors. In Parent Comp, each of five
replicate target plants per genotype was surrounded by
one background plant from each of the five other experi-
mental genotypes. The same daily volume of water was
given to all pots, such that most Parent Comp plants
wilted at midday. After c¢. 8 weeks in treatment, self-
fertilized achenes were collected, air-dried, and stored at
4°C. Shoot mass was oven dried (100°C for >1 h then
65°C for >24 h) and weighed. As a phytometric indica-
tor of treatment intensity, Parent Comp reduced shoot
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mass by 68-84% and reproductive output by 53-87%
(depending on genotype) compared with Parent Solo.

Offspring generation.—I1. Treatments: Propagulelseed
traits.—Mean individual mass of achenes produced by
parents was estimated as in Expt. 1 (N = 100/parent).
Based on initial results from Experiment 1 suggesting
possible parental effects on achene mass and germina-
tion timing, we examined seed traits in detail on a sub-
sample of 20 achenes from each experimental unit
(6 genotypes X 2 parental treatments X 20; N = 240).
Air-dried achenes were individually weighed, stratified
in distilled water at 4°C for 7 weeks, sown into 24-well
microplates lined with moist filter paper (18 March
2020), and randomly assigned to one of two growth
chamber germination treatments (E-7 dual Conviron
customized for enhanced light intensity, Controlled
Environments Ltd., Winnipeg, Manitoba, Canada with
23°C:18°C, 14:10 h day : night cycle). In the Full Light
treatment achenes received ¢. 500 pmol-s~!-m~2 daytime
PAR (SQ-420; Apogee Instruments, Logan, Utah, USA)
with red : far-red ratio (R : FR) of 1.9 (SKR 110; Skye
Instruments, Llandrindod Wells, UK). In the Shade
treatment (c. 224 pmol-s™'-\m~2 at R : FR of 1.4), trays
were placed under a 30% neutral-density shade cloth
lined with green plastic filter with 1-cm sunfleck holes.

2. Treatments: Offspring developmental traits.—Due to
logistical constraints including seasonal timing of this
follow-up experiment, offspring were grown in a growth
chamber, necessitating smaller pots and a slightly shorter
measurement period than in Expt. 1. Previous studies in
this system and growth chamber confirm that develop-
mental responses to both drought stress and shade are
consistent with those in the greenhouse (Sultan et al.
2009, Herman et al. 2012, Baker et al. 2018). Achenes
from each experimental unit were stratified, sown (7
November 2019), and transplanted as in Expt. 1: Off-
spring Comp, but into 200-mL pots. Ten replicate achenes
were randomly assigned to each of two offspring treat-
ments: Solo—1 plant per pot, and Comp—1 central target
plant surrounded by four background competitors
(2 mol/L and 2 TP Parent Solo offspring). Pots were spa-
tially interspersed in 10 blocks across two growth cham-
ber compartments in full light (see Propagule/Seed Traits)
and received equal daily volumes of water (mean c.
25 mL) such that Comp pots were water stressed (c. 53%
field capacity moisture, R. Waterman, unpublished data).

Data collection.—1. Propagulelseed traits.— Cumulative
germination percentage (based on all achenes sown,
N = 5,080) was recorded 9 d after sowing. For the ach-
ene subsample (N = 240), germination was recorded
every 2 h during each 14-h daylight period until no new
germination occurred for 1 d, and seed provisioning was
calculated as achene mass—pericarp mass (collected
after germination). To show the combined growth
impact of germination timing and initial growth rate,
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individual germinants were harvested 7 d after sowing,
oven dried (at 65°C for >24 h), and weighed. Final sam-
ples were N = 170 (germination) and N = 167 (provi-
sioning and seedling mass, due to two outliers
>1.5 x IQR and one lost pericarp).

2. Developmental traits.—For Offspring Comp, traits
were measured only on target plants. On days 7, 14, and
21 after transplant, seedling height was measured and
canopy area estimated from digitized overhead pho-
tographs (D3100 DSLR, Nikon Instruments, Melville,
New York, USA; Image]® software). Seedlings were har-
vested 21 d after transplant (2 December-7 December
2019). For each seedling, the two most recent fully
expanded leaves were used to estimate SLA (see Expt. 1),
and the oven-dried target and background shoot and root
systems were weighed. All traits were measured as in
Expt. 1, except roots were scanned prior to drying (Epson
Perfection V800 at 1200 DPI). Total root length was esti-
mated using RootGraph software (Cai et al. 2015). Speci-
fic root length was estimated as total root length/root
mass. Final samples were N = 235 (228 for root-based
traits; 2 parental treatments X 2 offspring treatments X 6
genotypes X 9-10  replicate  individuals—8  outliers
>1.5 x IQR, two deaths, and seven root losses).

Data analysis (both experiments)

Analyses were performed using JMP® Pro 14 (SAS
Institute, Cary, North Carolina, USA) and plots created
in Rv.3.6.3 (R Core Development Team 2020) except for
survival analyses, which were performed and plotted
using the PHREG and ICLIFETEST procedures in
SAS® 9.4 (SAS Institute). For post-hoc tests, possible
Type I error due to multiple comparisons was controlled
using the Benjamini-Hochberg method with a 5% false
discovery rate (Benjamini and Hochberg 1995). All
effects were treated as fixed since genotypes were not
sampled randomly but drawn from specific, previously
studied populations (see Sultan et al. 2009).

Seed provisioning and germination.—The effect of paren-
tal treatment (Par Treat) on mean single achene mass
was analyzed using a paired ¢ test by genotype (Gen).
The effects of Gen, Par Treat, and their interaction on
(binomially distributed) percentages of emergence (Expt.
1) and germination (Expt. 2) were analyzed using binary
logistic regression with likelihood ratio tests.

For Expt. 2, the effects on seed provisioning of Gen,
Treat, and their interaction were analyzed using Type III
analysis of variance (ANOVA). The significant Gen X
Treat effect was followed by simple effects tests of Treat
within each Gen. Survival analysis was used to analyze
germination timing because it can account for interval-
censoring, right-censoring (some achenes did not germi-
nate by the study’s end), and a right-skewed distribution
(McNair et al. 2012). A non-parametric hazard model
was built using the expectation-maximization iterative
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convex minorant (EMICM) algorithm (Wellner and
Zhan 1997) and significance of Par Treat in each germi-
nation treatment (Germ Treat) was assessed with log-
rank tests (Fay 1999). Semiparametric proportional
hazard regression models with midpoint imputation of
intervals were also used to allow for continuous covari-
ates (Cox 1972). The effects of Gen, Par Treat, Germ
Treat, and their two- and three-way interactions, both
with and without seed provisioning as a covariate, were
analyzed and significance assessed with Wald tests. Ach-
ene mass was used to estimate seed provisioning for
ungerminated (right-censored) achenes (Pearson’s
r = 0.94). The effects on initial germinant mass of Gen,
Par Treat, Offspring Treatment (Off Treat), their 2-way
and 3-way interactions were analyzed with Type III
ANOVA. Analysis of covariance (ANCOVA) was used
to test the effect of seed provisioning as a covariate.

Offspring developmental traits.—Par Treat, Off Treat,
and Gen main and interaction effects on canopy area,
plant height, and leaf number over time were analyzed
using repeated-measures multivariate ANOVA (MAN-
OVA) with the Wilks’ lambda test statistic following a
significant Mauchly’s sphericity %> test (Scheiner and
Gurevitch 2001). This method uses listwise deletion, so
Expt. 1 Offspring Comp was analyzed separately from
Offspring Solo and included only two or three time
points for leaf number and height, respectively. Percent
biomass allocation to root, stem, and leaf tissues in
Expt. 1 and to root and shoot tissues in Expt. 2 was ana-
lyzed using Wilks’ lambda MANOVAs in each Off
Treat. Following a significant effect of Par Treat in the
multivariate test, univariate tests were conducted to
identify tissue-specific effects.

For offspring traits measured at harvest, the effects of
Gen, Par Treat, Off Treat, their two-way and three-way
interactions, Block (nested within Off Treat in Expt. 1),
and Day of Transplant (in Expt. 2) were analyzed using
Type III ANOVA. All traits except SLA were Box-Cox
transformed to meet ANOVA assumptions. Effect sizes
were calculated as partial eta-squared (n%; Lakens 2013).
To resolve any context-dependent effects of Par Treat
and Gen, similar analyses were conducted within each
Off Treat and the mean percent change due to parental
competition was calculated for each trait.

RESuULTS

Experiment 1: Transgenerational effects of parental
competition in moist soil on offspring development

Parental competition significantly altered multiple off-
spring traits measured during development (Fig. 2;
Appendix S1: Table S1) and at harvest (Fig. 3, Table 1),
but this parental effect differed in magnitude depending
on the offspring treatment. When growing in Competi-
tion, progeny of parental competition plants produced
greater shoot mass (+34%; Fig. 3a) and allocated more
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Fic. 2. Effects of parental competition in moist soil on offspring trait expression over time in three contrasting treatments
(Experiment 1). Means + SE (pooled among six genotypes) are shown. Y-axes are scaled to the middle 80% of data for each trait
(note distinct scales for Offspring Competition treatment). Asterisks indicate significance of parental treatment on offspring in each
treatment (n.s. P > 0.10; ¥ P < 0.10; * P < 0.05, ** P < 0.01; *** P < 0.001). Open symbols are used for time points that include
only one of two temporal Offspring Competition blocks (details in Methods).

of their biomass to stem (+6%) and less to leaf tissues
(—5%; Fig. 3b) than progeny of isogenic replicate par-
ents grown without competition. Compared with Parent
Solo progeny, Parent Comp progeny also grew taller
(+14%) and produced more shoot mass relative to their
within-pot (Parent Solo) competitors (+47%). In severe
shade, progeny of Parent Comp grew taller (+17%), pro-
duced greater total biomass (+23%), allocated more of
their biomass to stem (+7%) but less to root tissue
(—18%,; Fig. 3b), and produced greater total leaf area
(+22%) and canopy area (+31%; Fig. 3a) than offspring
of Parent Solo plants. The significant Par Treat effects
on canopy area, plant height, and leaf number were gen-
erally consistent over developmental time (n.s. Par
Treat X Time interaction terms, Appendix S1: Table
S1). However, for offspring in severe shade, the effect of

Par Treat on canopy area became greater in magnitude
and more significant over time (P = 0.003; +21% at first
time point to +31% at last time point; Fig. 2). In con-
trast, parental treatment had no significant effect on
developmental traits (0.223 < P < 0.848) or percent bio-
mass allocation (P = 0.572) for offspring grown in
drought (Fig. 3).

The very large effects of Offspring Treatment across
traits (Figs. 2, 3, Table 1) reflect within-generation plas-
ticity in response to the dramatically different offspring
conditions chosen to test for context-specific expression.
In most traits, the effects of both parent and offspring
treatments differed among genotypes (sig. Par Treat X
Gen and Off Treat x Gen terms, Table 1). For some
traits, expression of genotype-specific parental environ-
ment effects varied depending on the immediate
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treatment is shown.

environmental context (sig. three-way Gen X Par
Treat x Off Treat interactions, Table 1).

Experiment 2. Transgenerational effects of parental
competition in dry soil on offspring development

Parental competition in dry soil resulted in small, mar-
ginally significant negative effects on offspring traits
(0.025 < P < 0.040), reducing total biomass, mean single
leaf area, total root length, and final canopy area (Fig. 4;
Appendix S1: Table S3) by 11-14% for offspring growing
in both competitive and non-competitive dry-soil

conditions. The effects of parental competition in dry soil
on canopy area and plant height over time were similarly
small but were marginally non-significant (—14%,
P =0.07 and -5%, P =0.08; Appendix S1: Table S4).
The inherited effects of Parent Comp in dry soil were not
significantly differently expressed in the two offspring
treatments (n.s. Par Treat x Off Treat interaction term,
P > 0.10, Appendix S1: Table S3; confirmed by explora-
tory two-way ANOVAs in each offspring treatment).
However, offspring showed significant within-generation
plasticity to competition across traits (Off Treat effect:
P < 0.001, Fig. 4; Appendix S1: Table S3).
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TaBLE 1.  Effects of parental competition in moist soil (Experiment 1).

Shoot biomass Specif. leaf area Total leaf area Final height Final leaf no.
R* = 0.94 R*=0.98 R*=091 R*=0.93 R*=0.90
Source of variation DF P n; P P n; P n; P n,
Parent treatment 1 0.001**  0.055  0.369 0.004  0.001**  0.053 <0.001*** 0.098  0.001**  0.056
(Par Treat)
Offspring treatment 2 <0.001*** 0.949 <0.001*** 0.981 <0.001*** 0.927 <0.001*** 0.941 <0.001*** 0.919
(Off Treat)
Genotype (Gen) 4 <0.001*** 0.112 <0.001*** 0.112 <0.001*** 0.135 <0.001*** 0.238  0.005**  0.075
Par Treat x Off 2 0.191 0.017  0.228 0.015  0.236 0.015  0.030* 0.036  0.411 0.009
Treat
Gen X Par Treat 4 0.030%* 0.054  0.456 0.019  0.083+ 0.042  0.007**  0.071 0.320 0.024
Gen x Off Treat 8 0.016* 0.092  <0.001*** 0.170  0.187 0.057 <0.001*** 0.146  0.008**  0.102
Gen X Par 8 0.040* 0.080  0.001** 0.127  0.130 0.063  0.004** 0.110  0.149 0.060

Treat x Off Treat

Block [Off Treat] 24 0.001**  0.222 <0.001*** (.448 0.057% 0.163  <0.001*** 0.337  0.199 0.136

Notes: Effects of Parental Treatment (Competition vs. Solo), Offspring Treatment (Severe Shade vs. Drought vs. Competition),
Genotype, and all two- and three-way interactions on offspring traits at harvest (day 31), based on ANOVA (details in Methods).
Error DF were 190 or 191, depending on the trait. Adjusted R* are shown. nﬁ, partial eta-squared.

Significant P-values are in bold (1 P < 0.10; * P < 0.05; ** P < 0.01; *** P < 0.001).

Both experiments: Transgenerational effects of parental
competition on seed traits

When parent plants competed in moist soil (Expt. 1),
on average, their achenes were 8% smaller by mass
(P = 0.024), but 20% more likely to emerge as seedlings
(P = 0.034, Appendix S1: Table S2) than achenes pro-
duced by Solo-grown parents.

In contrast, parental competition in dry soil (Expt. 2)
did not significantly affect mean individual achene mass
(P = 0.61) or seed provisioning (P = 0.763) compared
with achenes produced by Solo parents, although geno-
types differed in their seed provisioning response
(P = 0.008). One genotype (DFF7) produced fewer ach-
enes of larger mass in the Parental Solo treatment, but
more achenes of smaller mass in the parental competi-
tive treatment. On average, Parent Comp achenes had a
slightly smaller chance of germinating (—3.5%,
P < 0.001; Appendix S1: Table S2), but note that the
large sample size (N = 5,080) means that even small
effects can be significant.

When measured 7 d after sowing (26-128 h after ger-
mination), germinant progeny of parents competing in
dry soil were 28% smaller when grown in the Shade
treatment than those of Solo parents (P < 0.001; Appen-
dix S1: Table S5; Fig. 5). Although seed provisioning
was significantly positively associated with initial germi-
nant mass (P < 0.001), accounting for seed provisioning
by including it as a covariate increased the effect size
and significance of the parental treatment on initial
germinant mass (Par Treat effect without covariate:
P =0.010, nf) = 0.071; with covariate: P < 0.001,
'112) = 0.136), indicating that parental competition has an
effect on initial germinant mass apart from provisioning.

Based on a subsample of 240 individually tracked ach-
enes there was a marginally non-significant trend for

Parent Comp achenes to germinate earlier in both Full
Light and Shade treatments (Par Treat effect on germi-
nation rate: P = 0.063); after accounting for seed provi-
sioning as a covariate in the model, the effect of Par
Treat on germination rate was significant (P = 0.021;
Appendix S1: Table S5). Although the Par Treat x Off
Treat interaction term was not significant (P = 0.317;
Appendix S1: Table S5), analyses within each germina-
tion treatment revealed that although the trend was con-
sistent in both germination treatments, Parent Comp
achenes germinated significantly faster than Parent Solo
achenes only in Full Light conditions (median = —20 h,
P = 0.013; Appendix S1: Fig. S4).

Discussion

Parental competition can induce significant
transgenerational effects on offspring phenotypes that
persist to early adulthood

While transgenerational effects of herbivory have been
well documented (reviewed by Holeski et al. 2012), little
information is known about inherited developmental
effects of other biotic factors. In two experiments with
different soil moisture levels, we used naturally evolved
lines of the well studied plant P. persicaria to compare
isogenic offspring that differed only in the competitive
density of their parents. Overall we found that, as with
abiotic plant stresses in various taxa such as shade,
drought, and temperature (Galloway and Etterson 2009,
Sultan et al. 2009, Whittle et al. 2009), parental
intraspecific competition-induced significant effects on
offspring growth, morphology, and life-history. More-
over, the biotic stress of competition imposed transgen-
erational effects on P. persicaria offspring phenotypes
that were distinct from the known inherited effects of its
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component abiotic stresses: drought, shade, and nutrient
deprivation (Sultan 1996, Herman et al. 2012, Baker et
al. 2018, 2019). Although studies of other taxa are
needed to determine their prevalence, such effects may
be particularly important in herbaceous plant communi-
ties, which are frequently characterized by intense com-
petition (Turnbull et al. 2004, Bonser and Ladd 2011).
By demonstrating substantial, specific developmental
effects of parental competition, our results provide new
insight into transgenerational sources of variation in
plant populations. As discussed below, these effects

varied depending on the particular parental and off-
spring growth environments. Existing studies testing par-
ental effects of competition have primarily focused on
seed traits: parent plants grown in competitive vs. non-
competitive environments produced seeds with smaller
mass in Raphanus sativus, Nemophila menziesii, and
Brassica rapa (Mazer and Wolfe 1992, Platenkamp and
Shaw 1993, Dechaine et al. 2015) and increased percent
germination in Arabidopsis thaliana (Leverett et al.
2018), while at constant competitive density the fre-
quency or identity of conspecifics has also been shown
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to influence these seed traits (Bhaskar and Vyas 1988,
Violle et al. 2009, Walter et al. 2016, Germain et al.
2019). Dechaine et al. (2015) tested for parent-
competition effects beyond the seed stage using recombi-
nant inbred lines of B. rapa derived by crossing two
artificially selected (rapid-cycling and seed oil) geno-
types. They found a genetically variable effect of mater-
nal competitive environment on offspring phenotypes
but no main effect; however, this result may not be appli-
cable to systems that evolved under natural selection.
Indeed, the one prior study testing for transgenerational
effects of parental competition on offspring phenotypes
in a naturally evolved system, the apomict Taraxacum
brevicorniculatum, found a significant main effect of the
parental competitive environment on offspring growth
rate, SLA, root mass, root carbohydrate storage, and
plant height (Puy et al. 2021). The authors propose that
such effects comprise a resource-conservative strategy
that is putatively adaptive for perennial plants facing
intense competition. Because P. persicaria is an annual
plant, the expected adaptive response would instead be
to maximize rather than conserve resources in the face
of competition. Although the specific developmental
effects of parental competition in the two studies dif-
fered, yet both studies provide support for adaptive
transgenerational effects of plant-plant competition (see
“Transgenerational effects on offspring development
varied depending on parental and offspring growth envi-
ronments”).

Interestingly, offspring developmental trajectories for
height, leaf number, and canopy area showed that
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transgenerational effects of parental competition either
persisted or increased as plants grew. Based on theory,
parental effects are often predicted to be greater early in
development, before offspring can accurately sense and
respond to their own environment, and then to diminish
(Uller 2008, Auge et al. 2017); this prediction is empiri-
cally supported by a number of studies in both plants
(Roach and Wulff 1987, Weiner et al. 1997, Wadgymar
et al. 2018) and animals (Rotem et al. 2003, Shama et al.
2014). However, because an initial growth difference
may be amplified over the life cycle (Stanton 1984, Metz
et al. 2010), other studies confirm our finding that trans-
generational effects may have a consistent or increasing
impact as progeny develop (in plants: Case et al. 1996,
Sultan et al. 2009, Baker et al. 2019; in animals: Cham-
pagne and Meaney 2006, Onyango et al. 2008).

Our data also provide evidence for genotype-specific
responses to parental competition. In some cases,
Polygonum genotypes differed in their responses to a
particular combination of parental and immediate envi-
ronments. Such genotype-by-parental environment and
genotype-by-parental environment-by-offspring environ-
ment interactions have been found in numerous plant
and animal studies (reviewed by Marais et al. 2013,
Plaistow et al. 2015, Vu et al. 2015, Herman and Sultan
2016), and may be a general feature of transgenerational
environmental effects. Importantly, this kind of genetic
variation provides the potential for populations to
evolve altered patterns of transgenerational plasticity
(Day and Bonduriansky 2011, Uller 2012, Herman et al.
2014, Sultan 2017, Alvarez et al. 2020). We note that our
proof-of-concept study included a limited sample of
genotypes; future experiments using broader sampling
would be needed to robustly characterize these effects at
the population or species level.

Transgenerational effects of parental competition were not
explained by seed provisioning

If the transgenerational effects of parental competi-
tion reflected simple increases or decreases in the
amount of resources provisioned to seeds, we would
expect to find correlated overall effects on offspring
growth that were consistently positive or negative,
respectively, across the different offspring treatments.
While parental competition in moist soil resulted in
smaller (lower mass) achenes, many of the subsequent
seedling developmental effects were significantly posi-
tive, refuting the expectation that positive transgenera-
tional effects will be mediated through increased
offspring provisioning (i.e., “silver-spoon effect” Grafen
1988). Effects on provisioning and on offspring growth
were also decoupled for parental competition in dry soil
which, perhaps surprisingly, caused no reduction in
either achene or seed mass. Yet despite their equivalent
seed mass, these offspring did show overall negative
growth effects compared with progeny of parents grown
singly in dry soil, starting with significantly lower mass
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as initial germinants. This negative effect remained even
after accounting for seed provisioning as a covariate.

Results of both parental competition experiments sug-
gest that the effects of parental environment on seed
mass may be a limited indicator to researchers of subse-
quent developmental impacts. This decoupling in part
reflects the fact that seed mass does not capture
environmentally-sensitive qualitative aspects of offspring
provisioning such as macronutrient concentration
(Roach and Wulff 1987, Herman and Sultan 2011).
Despite holding constant the total quantity of seed pro-
visions, Polygonum plants competing in dry soil may
have decreased specific aspects of seed nutrient content
as a result of their own nutrient stress (see Parrish and
Bazzaz 1985, Hara and Toriyama 1998, Tungate et al.
2002), causing reduced progeny growth. Consistent with
this hypothesis, these parental competition achenes were
slightly less likely to germinate than achenes of singly
grown parents; testing the proportion of ungerminated
seeds that were nonviable vs. dormant would be neces-
sary to confirm that lower germination propensity
reflected lower quality (Violle et al. 2009, Baskin and
Baskin 2014). In this experiment, we measured both ger-
mination timing and the initial mass of germinants
(7 days after sowing), an indicator of the joint conse-
quences of seed quality and germination timing (after
accounting for seed mass as a covariate). Parental com-
petition in dry soil resulted in significantly lower germi-
nant mass, but only for offspring germinating in shade.
This result is consistent with the view that this parental
treatment led to offspring of lower quality: since off-
spring of drought-stressed competing and non-
competing parents germinated at the same time in shade,
any differences in seed quality could have led to a greater
growth differential as of the early germinant timepoint.
In contrast, when the two sets of progeny were germi-
nated in full sun, the offspring of dry soil, solo-grown
parents germinated 29% later (based on medians), so
their germinant mass as of day 7 was not significantly
greater.

Parental conditions may also influence offspring
development through changes to seed-borne signaling
factors such as hormones, non-coding RNAs, and epige-
netic marks, none of which are reflected in the mass of
seed reserves. As these inherited, environmentally
induced factors can result in context- and trait-specific
effects on phenotypic expression (reviewed by Hauser et
al. 2011, Blake and Watson 2016), it seems plausible that
they may have contributed to the developmental effects
of parental competition in moist soil (next section). In
particular, DNA methylation is a well known mediator
of inherited environmental effects in plant systems (Ver-
hoeven et al. 2010, Dowen et al. 2012, Zheng et al.
2013) that has previously been found to play a role in
mediating the specific, functionally adaptive transgener-
ational effects of both parental drought and shade on
offspring development in P. persicaria (Herman and Sul-
tan 2016, Baker et al. 2018). Conversely, the overall
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slightly negative effects of Parental Competition vs. Par-
ental Solo in dry soil seem unlikely to result from a par-
ticular, competition-induced epigenetic modification.
Although environmentally induced epigenetic changes
of consistently negative effect appear to mediate several
mammalian diseases (Skinner et al. 2010, Cavalli and
Heard 2019), they appear to be rare in plants (i.e., they
have been implicated only in responses to parental radia-
tion [Boratynski et al. 2016] and herbicides [Baucom
et al. 2008]). Future studies testing inherited effects of
parental competition on epigenomic variation in Poly-
gonum would provide further insight into the precise
transgenerational mechanisms driving the phenotypic
changes found in this study.

Transgenerational effects on offspring development varied
depending on parental and offspring growth environments

The developmental effects of parental competition in
moist soil on P. persicaria offspring were magnified (and
only significant) when offspring were growing in simi-
larly moist and light-limited conditions (i.e., either
aboveground competition or severe shade simulating a
dense canopy, rather than sunny and dry). Compared
with offspring of isogenic parent plants that were grown
singly, the offspring of competing parents in these light-
limited treatments allocated more tissue to shoots, grew
taller, and produced more leaves per unit time, resulting
in greater total leaf area and biomass at harvest. These
phenotypes are associated with increased competitive
success and lifetime fitness in light-limited environments
(Galloway and Etterson 2009, Baker et al. 2019). This
suggests that neighbor shading cues detected by compet-
ing parents led to ‘anticipatory’ effects in that they
enhanced the adaptive developmental response of off-
spring encountering light limits, whether from neighbors
or a dense canopy.

Interestingly, comparing these results with a prior
study in P persicaria suggests the possibility of even
more precise transgenerational effects. In that study
(Baker et al. 2019), simulated parental canopy shade
conferred a greater growth advantage on offspring
grown in simulated severe canopy shade than on those
grown with neighbor competition; yet in the present
case, parental competition effects were greater for off-
spring in competition than those in severe shade. Such
precise parental signaling is plausible: although both
experimental neighbor and canopy shade reduce photo-
synthetically active radiation (PAR) and R:FR spectral
ratio (Methods; see Roig-Villanova and Martinez-Garcia
2016), plants in competition may more specifically detect
neighbors via root exudates, localized nutrient depletion
zones, volatile organic compounds, and physical contact
(Gruntman and Novoplansky 2004, Pierik et al. 2013).

The evolution in this system of adaptive transgenera-
tional effects of moist-soil parental competition is
consistent with theoretical expectations. Adaptive trans-
generational plasticity is favored in environments that

SUS017 SUOWILLIOD BA11E81D) 3ceal|dde ay) Aq pausenoh 8. Sajo1ie YO ‘8sn JO Sa|ni 104 AfeiqiT autuo A3|IAA UO (SUOIPUOD-pUR-SWLBIALI0D" AB | 1M Afelq 1 jBUUO//SANY) SUORIPUOD pue SWB | 8U1 89S *[5202/80/2T] U0 Arigiauluo /B(Im ‘AiseAlun oIS LeBiydt A Aq TESE A99/200T OT/I0p/W0d A3 | 1M Aeiq iUl |Uo'S leuIno fesa//:sdny Wwoly papeo|umod ‘2T ‘TZ0Z ‘0. T66E6T



December 2021

are both variable and at least moderately correlated
across generations (Kuijper et al. 2014, Uller et al. 2015,
Colicchio and Herman 2020). Aboveground competitive
conditions in P. persicaria populations meet these expec-
tations: although neighbor density varies within sites
and across seasons, there is a broad correspondence in
the proportion of light intercepted by neighbors from
year to year at the scale of individual microsites (Pearson
correlation = 0.57, based on 21 multipoint microsite
averages taken across the growth season at each of four
field populations in 2019 and again in 2020, R. Water-
man and C. Babbin, unpublished data). As the species is
also gravity dispersed, with 95% of achenes falling
within 1 m? of the parental plant axis (R. Waterman, un-
published data), offspring are likely to encounter micro-
sites resembling those of their parents. In such
conditions, anticipatory transgenerational effects can
increase offspring fitness by eliminating the time lag
between perceiving and responding to immediate envi-
ronmental cues (Uller 2008, Bonduriansky and Day
2009). Furthermore, when environments predictably
change across the growth season, the environment expe-
rienced by the parent at reproductive maturity may be a
more accurate predictor of the progeny’s future selective
environment than the progeny’s own early developmen-
tal conditions (Crone 1997, Auge et al. 2017). Accord-
ingly, the evolution of adaptive transgenerational effects
may be favored in annual plant communities where
intense neighbor competition during seed production is
a good indicator that offspring will face a similarly com-
petitive environment, even though seeds often germinate
when surrounding vegetation is sparse (Leverett et al.
2016). Consistent with this point, the intensity of above-
ground competition (% light intercepted by neighboring
vegetation) in field populations of P. persicaria dramati-
cally increases from early to late growing season (R.
Waterman, unpublished data).

In contrast with the variable, putatively adaptive
transgenerational effects of competition found in the
first experiment, the developmental impact of parental
competition in the follow-up experiment was not consis-
tent with an adaptive match. When parents competed
for limited water, their offspring showed slightly reduced
overall growth in similarly dry conditions, whether
grown alone or with competitors (marginally significant
decreases in total root length, total canopy and mean
single leaf area, canopy area, and total biomass; non-
significant decrease in height). Surprisingly, these small,
consistently negative effects were not associated with a
lower quantity of seed provisioning, but rather appear to
have been mediated by changes in provision quality (see
previous section).

Although comparing the results of the two experi-
ments points to intriguing hypotheses, this comparison
must be made with caution. In addition to the change
from moist to dry parental soil, the experiments were
carried out at different times and in different offspring
conditions (including pot size, measurement period, and
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light intensity in the growth chamber vs. the greenhouse;
see Methods). We note however that in previous studies,
parental drought (Sultan et al. 2009, Herman et al.
2012, Herman and Sultan 2016) and shade (Baker et al.
2018) resulted in similar adaptive developmental effects
on offspring when grown in the greenhouse in summer
or in the growth chamber in winter (in smaller pots).
Specifically, because the above-cited papers confirmed
growth advantages including greater root length in
chamber-grown offspring of drought-stressed parents,
the absence of such effects for offspring of parents under
exacerbated drought stress due to competition seem
unlikely to be explained by this experimental venue.

Rather, it is also possible that the distinct effects of
parental competition in the two experiments may reflect
how soil conditions shape competitive stress and there-
fore its transgenerational impact. Densely spaced parent
plants in moist, nutrient-rich soil compete primarily for
light, but when soil is kept dry, parents compete for
moisture and nutrients as well, since dry soil limits nutri-
ent availability and uptake (Fitter and Hay 1987, He and
Dijkstra 2014, Bista et al. 2018). In the present study,
the dry vs. moist soil environment of competing parents
may have caused these very different effects on progeny
development in two (non-mutually exclusive) ways.
First, the more broadly resource-limited parental plants
competing in dry soil may have reduced the quality of
provisioning to their offspring, leading to the observed
reductions in overall progeny growth. Parental resource
limits are a well known cause of reduced provisioning
quantity and/or quality and subsequent seedling growth
in numerous plant taxa (reviewed by Roach and Wulff
1987, Fenner and Thompson 2005a).

Second, the different, concurrent resource stresses
imposed by competition in dry soil may have led to
opposing transgenerational influences. In this species,
individual abiotic stresses in the parental generation
cause specific, contrasting effects on offspring. Parental
drought leads to greater seed mass, root allocation, and
root extension rate in offspring, resulting in higher sur-
vivorship in dry soil than progeny of moist-grown par-
ents, while parental shade results in unchanged or
slightly lower seed mass but increased offspring shoot
biomass allocation, specific and total leaf area, and com-
petitive performance in shade (Sultan 1996, 2001, Her-
man et al. 2012). These adaptive transgenerational
effects of both drought and shade for offspring in similar
conditions are accompanied (and potentially mediated)
by DNA methylation (Herman et al. 2012, Baker et al.
2018). The specific effects of parental nutrient limitation
include reduced seed mass and overall seedling growth
despite increased root allocation (Sultan 1996, 2001);
their transmission mode has not been studied. In the
present study, intense aboveground competition in moist
soil may have allowed for the transmission of a domi-
nant neighbor-shade signal from parents to offspring.
However, the simultaneous light, water, and nutrient
stresses faced by plants competing in dry soil may have
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induced opposing signals with respect to provisioning
and development, resulting in little net effect beyond a
slightly negative overall effect on offspring growth traits,
likely due to the negative impact of parental nutrient
limitation. Further studies in Polygonum that test for
possible transmission mechanisms may resolve whether
this slightly negative impact reflects distinct epigenetic
signals, an overall change in seed composition, or a com-
bination of the two transmission modes (Adrian-
Kalchhauser et al. 2020). Studies in other systems
indirectly support the hypothesis that multiple stresses
may induce opposing progeny responses by showing
either contrasting effects of different parental stresses on
progeny phenotypes (Verhoeven and van Gurp 2012,
Suter and Widmer 2013, Sandner et al. 2018), or a neu-
tral or negative main effect of a complex field-induced
parental stress (Schmitt et al. 1992, Hereford and Mori-
uchi 2005, Pias et al. 2010). Indeed, the possibility of
complex, opposing developmental signals may help
explain why experimentally induced transgenerational
effects often appear to be unexpectedly subtle or absent
(Uller et al. 2013). To clarify the precise transgenera-
tional effects of aboveground and belowground competi-
tion, future experiments might employ physical
apparatuses to directly manipulate root and shoot com-
petition (reviewed by Kiar et al. 2013) or factorially vary
individual resource levels in the parental generation.

CONCLUSIONS

This study shows for the first time that intraspecific
competition can induce transgenerational effects on off-
spring phenotypes. It does so in ways that depend on
growth conditions in both parent and offspring genera-
tions. Parental competition under ample soil resource
conditions conferred a growth advantage that was most
pronounced on offspring in similarly light-limited envi-
ronments (i.e., either neighbor or simulated canopy
shade). In a follow-up experiment, parental competition
under limited soil resources led to slight but consistently
negative offspring growth effects. Importantly for experi-
mental design, these complex transgenerational effects
on offspring development are not predicted by individ-
ual seed mass, but may instead be mediated by changes
to seed nutrients and molecular signaling factors. Fur-
ther research including field studies will illuminate the
potential role of transgenerational effects of competition
in natural populations, where a multitude of covarying
abiotic factors and ecological interactions are at play.

ACKNOWLEDGMENTS

The authors thank Amy Schaap, Ellen Woods, Dick Yee
(Andy) Tan, Yu Kai Tan, Leah Murphey, Charlotte Babbin,
Jolie Villegas, Annie Thompson, and Rowan Beaudoin-Friede
for assistance with experimental setup and data collection; Drs.
Frederick Cohan, Michael Singer, Randall Mitchell, and four
anonymous reviewers for valuable comments; and Drs. Robert
Kabacoff and Valerie Nazzaro of the Wesleyan University

ROBIN WATERMAN AND SONIA E. SULTAN

Ecology, Vol. 102, No. 12

Quantitative Analysis Center for statistical consultation. Fund-
ing for this project was provided by fellowships to R.W. from
Wesleyan’s College of the Environment and Biology Depart-
ment and by grant 61369 from the John Templeton Foundation.
The opinions, interpretations, conclusions, and recommenda-
tions are those of the authors and are not necessarily endorsed
by the John Templeton Foundation. The authors declare no
conflict of interest. R.W. and S.E.S designed the experiments.
R.W. conducted the experiments and carried out the statistical
analyses. R.W and S.E.S interpreted the results and co-wrote
the manuscript.

LITERATURE CITED

Adler, P. B., D. Smull, K. H. Beard, R. T. Choi, T. Furniss, A.
Kulmatiski, J. M. Meiners, A. T. Tredennick, and K. E.
Veblen. 2018. Competition and coexistence in plant commu-
nities: intraspecific competition is stronger than interspecific
competition. Ecology Letters 21:1319-1329.

Adrian-Kalchhauser, 1., S. E. Sultan, L. N. S. Shama, H.
Spence-Jones, S. Tiso, C. I. Keller Valsecchi, and F. J. Weiss-
ing. 2020. Understanding ‘non-genetic’ inheritance: insights
from molecular-evolutionary crosstalk. Trends in Ecology &
Evolution 35:1078-1089.

Alvarez, M., A. Bleich, and K. Donohue. 2020. Genotypic vari-
ation in the persistence of transgenerational responses to sea-
sonal cues. Evolution 74:2265-2280.

Auge, G. A., L. D. Leverett, B. R. Edwards, and K. Donohue.
2017. Adjusting phenotypes via within- and across-
generational plasticity. New Phytologist 216:343-349.

Badyaev, A. V., and T. Uller. 2009. Parental effects in ecology
and evolution: mechanisms, processes and implications.
Philosophical Transactions of the Royal Society B 364:1169—
1177.

Baker, B. H., L. J. Berg, and S. E. Sultan. 2018. Context-
dependent developmental effects of parental shade versus sun
are mediated by DNA methylation. Frontiers in Plant Science
9:1251.

Baker, B. H., S. E. Sultan, M. Lopez-Ichikawa, and R. Water-
man. 2019. Transgenerational effects of parental light envi-
ronment on progeny competitive performance and lifetime
fitness. Philosophical Transactions of the Royal Society B
374:20180182.

Baskin, C. C., and J. M. Baskin. 2014. Seeds: Ecology, biogeog-
raphy, and evolution of dormancy and germination. Elsevier
Science, Amsterdam, Netherlands.

Baucom, R. S., R. Mauricio, and S.-M. Chang. 2008. Glypho-
sate induces transient male sterility in Ipomoea purpurea.
Botany-Botanique 86:587-594.

Bazzaz, F. A. 1996. Pages 128-146 in Plants in changing envi-
ronments: linking physiological, population, and community
ecology. Cambridge University Press, Cambridge, UK.

Benjamini, Y., and Y. Hochberg. 1995. Controlling the false dis-
covery rate: a practical and powerful approach to multiple
testing. Journal of the Royal Statistical Society: Series B
(Methodological) 57:289-300.

Bhaskar, A., and K. G. Vyas. 1988. Studies on competition
between wheat and Chenopodium album L. Weed Research
28:53-58.

Bista, D. R., S. A. Heckathorn, D. M. Jayawardena, S. Mishra,
and J. K. Boldt. 2018. Effects of drought on nutrient uptake
and the levels of nutrient-uptake proteins in roots of drought-
sensitive and -tolerant grasses. Plants (Basel) 7:28.

Blake, G. E. T., and E. D. Watson. 2016. Unravelling the com-
plex mechanisms of transgenerational epigenetic inheritance.
Current Opinion in Chemical Biology 33:101-107.

SUS017 SUOWILLIOD BA11E81D) 3ceal|dde ay) Aq pausenoh 8. Sajo1ie YO ‘8sn JO Sa|ni 104 AfeiqiT autuo A3|IAA UO (SUOIPUOD-pUR-SWLBIALI0D" AB | 1M Afelq 1 jBUUO//SANY) SUORIPUOD pue SWB | 8U1 89S *[5202/80/2T] U0 Arigiauluo /B(Im ‘AiseAlun oIS LeBiydt A Aq TESE A99/200T OT/I0p/W0d A3 | 1M Aeiq iUl |Uo'S leuIno fesa//:sdny Wwoly papeo|umod ‘2T ‘TZ0Z ‘0. T66E6T



December 2021

Bonduriansky, R., and T. Day. 2009. Nongenetic inheritance
and its evolutionary implications. Annual Review of Ecology,
Evolution, and Systematics 40:103-125.

Bonduriansky, R., and T. Day. 2018. Extended heredity: A new
understanding of inheritance and evolution. Princeton
University Press, Princeton, New Jersey, USA.

Bonser, S. P, and B. Ladd. 2011. The evolution of competitive
strategies in annual plants. Plant Ecology 212:1441.

Boratynski, Z., J. M. Arias, C. Garcia, T. Mappes, T. A. Mous-
seau, A. P. Moller, A. J. M. Pajares, M. Piwczynski, and E.
Tukalenko. 2016. Ionizing radiation from chernobyl affects
development of wild carrot plants. Scientific Reports 6:39282.

Burns, J. H., and S. Y. Strauss. 2012. Effects of competition on
phylogenetic signal and phenotypic plasticity in plant func-
tional traits. Ecology 93:5S126-S137.

Cahill, J., and F. James. 2002. Interactions between root and
shoot competition vary among species. Oikos 99:101-112.

Cai, J., Z. Zeng, J. N. Connor, C. Y. Huang, V. Melino, P.
Kumar, and S. J. Miklavcic. 2015. Rootgraph: a graphic opti-
mization tool for automated image analysis of plant roots.
Journal of Experimental Botany 66:6551-6562.

Case, A. L., E. P. Lacey, and R. G. Hopkins. 1996. Parental
effects in Plantago lanceolata L. Manipulation of grand-
parental temperature and parental flowering time. Heredity
76:287-295.

Casler, M. D. 2020. Blocking principles for biological
experiments. Pages 53-72 in B. Glaz and K. M. Yeater, edi-
tors. Applied statistics in agricultural, biological, and envi-
ronmental sciences. John Wiley & Sons, Hoboken, New
Jersey, USA.

Cavalli, G., and E. Heard. 2019. Advances in epigenetics link
genetics to the environment and disease. Nature 571:489-499.

Champagne, F. A., and M. J. Meaney. 2006. Stress during gesta-
tion alters postpartum maternal care and the development of
the offspring in a rodent model. Biological Psychiatry
59:1227-1235.

Coelho, F. F, F. S. Lopes, and C. F. Sperber. 2000. Density-
dependent morphological plasticity in Salvinia auriculata
aublet. Aquatic Botany 66:273-280.

Colicchio, J. M., and J. Herman. 2020. Empirical patterns of
environmental variation favor adaptive transgenerational
plasticity. Ecology and Evolution 10:1648-1665.

Cox, D. R. 1972. Regression models and life-tables. Journal of
the Royal Statistical Society: Series B (Methodological)
34:187-220.

Craine, J. M., and R. Dybzinski. 2013. Mechanisms of plant
competition for nutrients, water and light. Functional Ecol-
ogy 27:833-840.

Crone, E. E. 1997. Parental environmental effects and cyclical
dynamics in plant populations. American Naturalist 150:708—
729.

Day, T., and R. Bonduriansky. 2011. A unified approach to the
evolutionary consequences of genetic and nongenetic inheri-
tance. American Naturalist 178:E18-E36.

Dechaine, J. M., M. T. Brock, and C. Weinig. 2015. Maternal
environmental effects of competition influence evolutionary
potential in rapeseed (Brassica rapa). Evolutionary Ecology
29:77-91.

Donelson, J. M., S. Salinas, P. L. Munday, and L. N. S. Shama.
2018. Transgenerational plasticity and climate change experi-
ments: Where do we go from here? Global Change Biology
24:13-34.

Dowen, R. H., M. Pelizzola, R. J. Schmitz, R. Lister, J. M.
Dowen, J. R. Nery, J. E. Dixon, and J. R. Ecker. 2012. Wide-
spread dynamic DNA methylation in response to biotic stress.
Proceedings of the National Academy of Sciences of the Uni-
ted States of America 109:E2183-E2191.

TRANSGENERATIONAL EFFECTS OF COMPETITION

Article e03531; page 15

Easlon, H. M., and A. J. Bloom. 2014. Easy leaf area: auto-
mated digital image analysis for rapid and accurate measure-
ment of leaf area. Applications in Plant Sciences 2:1400033.

Fay, M. P. 1999. Comparing several score tests for interval cen-
sored data. Statistics in Medicine 18:273-285.

Fayolle, A., C. Violle, and M.-L. Navas. 2009. Differential
impacts of plant interactions on herbaceous species recruit-
ment: disentangling factors controlling emergence, survival
and growth of seedlings. Oecologia 159:817-825.

Fenner, M., and K. Thompson. 2005a. Pages 1-31 in The ecol-
ogy of seeds. Cambridge University Press, Cambridge, UK.
Fenner, M., and K. Thompson. 2005. Pages 145-162 in The
ecology of seeds. Cambridge University Press, Cambridge,

UK.

Fitter, A., and R. K. M. Hay. 1987. Pages 319-324 in Environ-
mental physiology of plants. Academic Press, San Diego, Cal-
ifornia, USA.

Foxx, A. J., and F. Fort. 2019. Root and shoot competition lead
to contrasting competitive outcomes under water stress: a
systematic review and meta-analysis. PLoS One 14:¢0220674.

Galloway, L. F,, and J. R. Etterson. 2009. Plasticity to canopy
shade in a monocarpic herb: Within- and between-generation
effects. New Phytologist 182:1003-1012.

Germain, R. M., C. M. Caruso, and H. Maherali. 2013. Mecha-
nisms and consequences of water stress-induced parental
effects in an invasive annual grass. International Journal of
Plant Sciences 174:886-895.

Germain, R. M., T. N. Grainger, N. T. Jones, and B. Gilbert.
2019. Maternal provisioning is structured by species’ compet-
itive neighborhoods. Oikos 128:45-53.

Goldberg, D. E. 1990. Components of resource competition in
plant communities. Pages 27-49 in J. B. Grace and D. Tilman,
editors. Perspectives on plant competition. Academic Press,
San Diego, California, USA.

Grafen, A. 1988. On the uses of data on lifetime reproductive
success. Pages 454-471 in T. H. Clutton-Brock, editor. Repro-
ductive success. University of Chicago Press, Chicago, Illi-
nois, USA.

Gruntman, M., and A. Novoplansky. 2004. Physiologically
mediated self/non-self discrimination in roots. Proceedings of
the National Academy of Sciences of the United States of
America 101:3863-3867.

Haig, D., and M. Westoby. 1988. Inclusive fitness, seed
resources, and maternal care. Pages 60-79 in J. Doust and L.
Doust, editors. Plant reproductive ecology. Oxford University
Press, New York, USA.

Hara, Y., and K. Toriyama. 1998. Seed nitrogen accelerates the
rates of germination, emergence, and establishment of rice
plants. Soil Science and Plant Nutrition 44:359-366.

Hauser, M.-T., W. Aufsatz, C. Jonak, and C. Luschnig. 2011.
Transgenerational epigenetic inheritance in plants. Biochim-
ica et Biophysica Acta (BBA) — Gene Regulatory Mecha-
nisms 1809:459-468.

He, M., and F. A. Dijkstra. 2014. Drought effect on plant nitro-
gen and phosphorus: a meta-analysis. New Phytologist
204:924-931.

Hereford, J., and K. S. Moriuchi. 2005. Variation among popu-
lations of Diodia teres (Rubiaceae) in environmental maternal
effects. Journal of Evolutionary Biology 18:124-131.

Herman, J. J, H. G. Spencer, K. Donohue, and S. E. Sultan.
2014. How stable ‘should’ epigenetic modifications be?
Insights from adaptive plasticity and bet hedging. Evolution
68:632-643.

Herman, J., and S. E. Sultan. 2011. Adaptive transgenerational
plasticity in plants: case studies, mechanisms, and implica-
tions for natural populations. Frontiers in Plant Science
2:102.

SUS017 SUOWILLIOD BA11E81D) 3ceal|dde ay) Aq pausenoh 8. Sajo1ie YO ‘8sn JO Sa|ni 104 AfeiqiT autuo A3|IAA UO (SUOIPUOD-pUR-SWLBIALI0D" AB | 1M Afelq 1 jBUUO//SANY) SUORIPUOD pue SWB | 8U1 89S *[5202/80/2T] U0 Arigiauluo /B(Im ‘AiseAlun oIS LeBiydt A Aq TESE A99/200T OT/I0p/W0d A3 | 1M Aeiq iUl |Uo'S leuIno fesa//:sdny Wwoly papeo|umod ‘2T ‘TZ0Z ‘0. T66E6T



Article e03531; page 16

Herman, J. J., and S. E. Sultan. 2016. DNA methylation medi-
ates genetic variation for adaptive transgenerational plastic-
ity. Proceedings of the Royal Society B: Biological Sciences
283:20160988.

Herman, J. J., S. E. Sultan, T. Horgan-Kobelski, and C. Riggs.
2012. Adaptive transgenerational plasticity in an annual
plant: Grandparental and parental drought stress enhance
performance of seedlings in dry soil. Integrative and Compar-
ative Biology 52:77-88.

Holeski, L. M., G. Jander, and A. A. Agrawal. 2012. Transgen-
erational defense induction and epigenetic inheritance in
plants. Trends in Ecology & Evolution 27:618-626.

Jablonka, E., and G. Raz. 2009. Transgenerational epigenetic
inheritance: prevalence, mechanisms, and implications for the
study of heredity and evolution. Quarterly Review of Biology
84:131-176.

Johannes, F., et al. 2009. Assessing the impact of transgenera-
tional epigenetic variation on complex traits. PLoS Genetics
5:¢1000530.

Kier, L. P, A. N. Weisbach, and J. Weiner. 2013. Root and
shoot competition: a meta-analysis. Journal of Ecology
101:1298-1312.

Kim, S.-T., S. E. Sultan, and M. J. Donoghue. 2008. Allopoly-
ploid speciation in Persicaria (polygonaceae): insights from
a low-copy nuclear region. Proceedings of the National
Academy of Sciences of the United States of America 105:
12370.

Kuijper, B., R. A. Johnstone, and S. Townley. 2014. The evolu-
tion of multivariate maternal effects. PLoS Computational
Biology 10:¢1003550.

Lakens, D. 2013. Calculating and reporting effect sizes to facili-
tate cumulative science: a practical primer for t-tests and
ANOVAs. Frontiers in Psychology 4:863.

Leishman, M. R., 1. J. Wright, A. T. Moles, and M. Westoby.
2000. The evolutionary ecology of seed size. Pages 31-57 in
M. Fenner, editor. Seeds: The ecology of regeneration in plant
communities. CABI Publishing, Oxfordshire, UK.

Leverett, L. D., G. A. Auge, A. Bali, and K. Donohue. 2016.
Contrasting germination responses to vegetative canopies
experienced in pre- vs. post-dispersal environments. Annals of
Botany 118:1175-1186.

Leverett, L. D., G. F. Schieder IV, and K. Donohue. 2018. The
fitness benefits of germinating later than neighbors. American
Journal of Botany 105:20-30.

Marais, D. L. D., K. M. Hernandez, and T. E. Juenger. 2013.
Genotype-by-environment interaction and plasticity: explor-
ing genomic responses of plants to the abiotic environment.
Annual Review of Ecology, Evolution, and Systematics 44:5—
29.

Marshall, D. J., and T. Uller. 2007. When is a maternal effect
adaptive? Oikos 116:1957-1963.

Matesanz, S., T. Horgan-Kobelski, and S. E. Sultan. 2014. Con-
trasting levels of evolutionary potential in populations of the
invasive plant Polygonum cespitosum. Biological Invasions
16:455-468.

Mazer, S. J., and L. M. Wolfe. 1992. Planting density influences
the expression of genetic variation in seed mass in wild radish
(Raphanus sativus L.: Brassicaceae). American Journal of
Botany 79:1185-1193.

McNair, J. N., A. Sunkara, and D. Frobish. 2012. How to anal-
yse seed germination data using statistical time-to-event anal-
ysis: non-parametric and semi-parametric methods. Seed
Science Research 22:77-95.

McNamara, J. M., S. R. X. Dall, P. Hammerstein, and O. Lei-
mar. 2016. Detection vs. Selection: Integration of genetic, epi-
genetic and environmental cues in fluctuating environments.
Ecology Letters 19:1267-1276.

ROBIN WATERMAN AND SONIA E. SULTAN

Ecology, Vol. 102, No. 12

Metz, J., P. Liancourt, J. Kigel, D. Harel, M. Sternberg, and K.
Tielborger. 2010. Plant survival in relation to seed size along
environmental gradients: a long-term study from semi-arid
and mediterranean annual plant communities. Journal of
Ecology 98:697-704.

Metz, J., J. von Oppen, and K. Tielborger. 2015. Parental envi-
ronmental effects due to contrasting watering adapt competi-
tive ability, but not drought tolerance, in offspring of a semi-
arid annual Brassicaceae. Journal of Ecology 103:990-997.

Mitchell, R. S., and J. K. Dean. 1978. Polygonaceae (buckwheat
family) of New York state. University of the State of New
York, State Education Department, Albany, New York, USA.

Mousseau, T. A., T. Uller, E. Wapstra, and A. V. Badyaev. 2009.
Evolution of maternal effects: Past and present. Philosophical
Transactions of the Royal Society B: Biological Sciences
364:1035-1038.

Onyango, P. O., L. R. Gesquiere, E. O. Wango, S. C. Alberts,
and J. Altmann. 2008. Persistence of maternal effects in
baboons: Mother’s dominance rank at son’s conception pre-
dicts stress hormone levels in subadult males. Hormones and
Behavior 54:319-324.

Ott, R. L., and M. T. Longnecker. 2015. An introduction to sta-
tistical methods and data analysis. Seventh edition. Cengage
Learning, Boston, Massachusetts, USA.

Parrish, J., and F. Bazzaz. 1985. Nutrient content of Abutilon
theophrasti seeds and the competitive ability of the resulting
plants. Oecologia 65:247-251.

Pias, B., S. Matesanz, A. Herrero, T. E. Gimeno, A. Escudero,
and F. Valladares. 2010. Transgenerational effects of three
global change drivers on an endemic mediterranean plant.
Oikos 119:1435-1444.

Pierik, R., L. Mommer, and L. A. Voesenek. 2013. Molecular
mechanisms of plant competition: neighbour detection and
response strategies. Functional Ecology 27:841-853.

Plaistow, S. J., C. Shirley, H. Collin, S. J. Cornell, and E. D.
Harney. 2015. Offspring provisioning explains clone-specific
maternal age effects on life history and life span in the water
flea, Daphnia pulex. American Naturalist 186:376-389.

Platenkamp, G. A., and R. G. Shaw. 1993. Environmental and
genetic maternal effects on seed characters in Nemophila men-
ziesii. Evolution 47:540-555.

Puy, J.,, F. de Bello, H. Dvorakova, N. G. Medina, V. Latzel, and
C. P. Carmona. 2021. Competition-induced transgenerational
plasticity influences competitive interactions and leaf decom-
position of offspring. New Phytologist 229:3497-3507.

R Core Development Team. 2020. R: a language and environ-
ment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria.

Roach, D. A., and R. D. Wulff. 1987. Maternal effects in plants.
Annual Review of Ecology, Evolution, and Systematics
18:209-235.

Roig-Villanova, 1., and J. F. Martinez-Garcia. 2016. Plant
responses to vegetation proximity: a whole life avoiding
shade. Frontiers in Plant Science 7:236.

Rotem, K., A. A. Agrawal, and L. Kott. 2003. Parental effects
in Pieris rapae in response to variation in food quality: Adap-
tive plasticity across generations? Ecological Entomology
28:211-218.

Salinas, S., S. C. Brown, M. Mangel, and S. B. Munch. 2013.
Non-genetic inheritance and changing environments. Non-
Genetic Inheritance 1:38-50.

Sandner, T., J. van Braak, and D. Matthies. 2018. Transgenera-
tional plasticity in Silene vulgaris in response to three types of
stress. Plant Biology 20:751-758.

Scheiner, S. M., and J. Gurevitch. 2001. Design and analysis of
ecological experiments. Oxford University Press, Oxford,
UK.

SUS017 SUOWILLIOD BA11E81D) 3ceal|dde ay) Aq pausenoh 8. Sajo1ie YO ‘8sn JO Sa|ni 104 AfeiqiT autuo A3|IAA UO (SUOIPUOD-pUR-SWLBIALI0D" AB | 1M Afelq 1 jBUUO//SANY) SUORIPUOD pue SWB | 8U1 89S *[5202/80/2T] U0 Arigiauluo /B(Im ‘AiseAlun oIS LeBiydt A Aq TESE A99/200T OT/I0p/W0d A3 | 1M Aeiq iUl |Uo'S leuIno fesa//:sdny Wwoly papeo|umod ‘2T ‘TZ0Z ‘0. T66E6T



December 2021

Schmid, B., and C. Dolt. 1994. Effects of maternal and paternal
environment and genotype on offspring phenotype in Sol-
idago altissima L. Evolution 48:1525-1549.

Schmitt, J., J. Niles, and R. D. Wulff. 1992. Norms of reaction
of seed traits to maternal environments in Plantago lanceo-
lata. American Naturalist 139:451-466.

Schmitt, J., J. R. Stinchcombe, M. S. Heschel, and H. Huber.
2003. The adaptive evolution of plasticity: phytochrome-
mediated shade avoidance responses. Integrative and Com-
parative Biology 43:459-469.

Shama, L. N. S., A. Strobel, F. C. Mark, and K. M. Wegner.
2014. Transgenerational plasticity in marine sticklebacks:
maternal effects mediate impacts of a warming ocean. Func-
tional Ecology 28:1482-1493.

Skinner, M. K., M. Manikkam, and C. Guerrero-Bosagna.
2010. Epigenetic transgenerational actions of environmental
factors in disease etiology. Trends in Endocrinology & Meta-
bolism 21:214-222.

Stanton, M. L. 1984. Seed variation in wild radish: effect of
seed size on components of seedling and adult fitness. Ecol-
ogy 65:1105-1112.

Stratton, D. A. 1989. Competition prolongs expression of
maternal effects in seedlings of Erigeron annuus (Asteraceae).
American Journal of Botany 76:1646-1653.

Sultan, S. E. 1996. Phenotypic plasticity for offspring traits in
Polygonum persicaria. Ecology 77:1791-1807.

Sultan, S. E. 2001. Phenotypic plasticity for fitness components
in Polygonum species of contrasting ecological breadth. Ecol-
ogy 82:328-343.

Sultan, S. E. 2015. Organism and environment: ecological devel-
opment, niche construction, and adaption. Oxford University
Press, Oxford, UK.

Sultan, S. E. 2017. Developmental plasticity: re-conceiving the
genotype. Interface Focus 7:20170009.

Sultan, S. E., K. Barton, and A. M. Wilczek. 2009. Contrasting
patterns of transgenerational plasticity in ecologically distinct
congeners. Ecology 90:1831-1839.

Sultan, S. E., A. M. Wilczek, S. D. Hann, and B. J. Brosi. 1998.
Contrasting ecological breadth of co-occurring annual Poly-
gonum species. Journal of Ecology 86:363-383.

Suter, L., and A. Widmer. 2013. Environmental heat and salt
stress induce transgenerational phenotypic changes in Ara-
bidopsis thaliana. PLoS One 8:60364.

Suzuki, N., R. M. Rivero, V. Shulaev, E. Blumwald, and R. Mit-
tler. 2014. Abiotic and biotic stress combinations. New Phy-
tologist 203:32-43.

Tilman, D., and R. M. May. 1988. Plant strategies and the
dynamics and structure of plant communities. Princeton
University Press, Princeton, New Jersey, USA.

Tungate, K. D., D. J. Susko, and T. W. Rufty. 2002. Reproduction
and offspring competitiveness of Senna obtusifolia are influ-
enced by nutrient availability. New Phytologist 154:661-669.

Turnbull, L. A., D. Coomes, A. Hector, and M. Rees. 2004.
Seed mass and the competition/colonization trade-off: com-
petitive interactions and spatial patterns in a guild of annual
plants. Journal of Ecology 92:97-109.

Uller, T. 2008. Developmental plasticity and the evolution of
parental effects. Trends in Ecology & Evolution 23:432-438.
Uller, T. 2012. Parental effects in development and evolution.
Pages 247-266 in N. J. Royle, P. T. Smiseth, and M. Koélliker,
editors. The evolution of parental care. Oxford University

Press, Oxford, UK.

Uller, T. 2019. Evolutionary perspectives on transgenerational
epigenetics. Pages 333-350 in T. Tollefsbol, editor. Transgen-
erational epigenetics. Elsevier, Amsterdam, The Netherlands.

TRANSGENERATIONAL EFFECTS OF COMPETITION

Article e03531; page 17

Uller, T., S. English, and I. Pen. 2015. When is incomplete epi-
genetic resetting in germ cells favoured by natural selection?
Proceedings of the Royal Society B: Biological Sciences
282:20150682.

Uller, T., S. Nakagawa, and S. English. 2013. Weak evidence for
anticipatory parental effects in plants and animals. Journal of
Evolutionary Biology 26:2161-2170.

Van Dam, N. M., and 1. T. Baldwin. 2001. Competition medi-
ates costs of jasmonate-induced defences, nitrogen acquisition
and transgenerational plasticity in Nicotiana attenuata. Func-
tional Ecology 15:406-415.

Verhoeven, K. I, J. J. Jansen, P. J. Van Dijk, and A. Biere. 2010.
Stress-induced DNA methylation changes and their heritabil-
ity in asexual dandelions. New Phytologist 185:1108-1118.

Verhoeven, K. J. F,, and T. P. van Gurp. 2012. Transgenera-
tional effects of stress exposure on offspring phenotypes in
apomictic dandelion. PLoS One 7:¢38605.

Violle, C., H. Castro, J. Richarte, and M.-L. Navas. 2009.
Intraspecific seed trait variations and competition: Passive or
adaptive response? Functional Ecology 23:612-620.

Vu, W. T., P L. Chang, K. S. Moriuchi, and M. L. Friesen.
2015. Genetic variation of transgenerational plasticity of off-
spring germination in response to salinity stress and the seed
transcriptome of Medicago truncatula. BMC Evolutionary
Biology 15:59.

Wadgymar, S. M., R. M. Mactavish, and J. T. Anderson. 2018.
Transgenerational and within-generation plasticity in
response to climate change: Insights from a manipulative field
experiment across an elevational gradient. American Natural-
ist 192:698-714.

Walter, J., D. E. V. Harter, C. Beierkuhnlein, and A. Jentsch.
2016. Transgenerational effects of extreme weather: perennial
plant offspring show modified germination, growth and stoi-
chiometry. Journal of Ecology 104:1032-1040.

Waterman, R. 2019. Transgenerational effects of competition:
Context-dependent effects of distinct parental competition
treatments in Polygonum persicaria. Wesleyan University,
Middletown, Connecticut, USA.

Waterman, R., and S. E. Sultan. 2021. Raw data for “Transgen-
erational effects of parent plant competition...". Figshare,
data set. https://doi.org/10.6084/m9.figshare.14109713

Weiner, J., S. Martinez, H. Muller-Scharer, P. Stoll, and B. Sch-
mid. 1997. How important are environmental maternal
effects in plants? A study with Centaurea maculosa. Journal
of Ecology 85:133-142.

Wellner, J. A., and Y. Zhan. 1997. A hybrid algorithm for com-
putation of the nonparametric maximum likelihood estimator
from censored data. Journal of the American Statistical Asso-
ciation 92:945-959.

Whittle, C. A., S. P. Otto, M. O. Johnston, and J. E. Krochko.
2009. Adaptive epigenetic memory of ancestral tempera-
ture regime in Arabidopsis thaliana. Botany-Botanique
87:650-657.

Whitton, J., C. J. Sears, E. J. Baack, and S. P. Otto. 2008. The
dynamic nature of apomixis in the angiosperms. International
Journal of Plant Sciences 169:169-182.

Wulff, R. D. 1995. Environmental maternal effects on seed
quality and germination. Pages 491-505 in J. Kigel and G.
Gad, editors. Seed development and germination. CRC Press,
Boca Raton, Florida, USA.

Zheng, X., L. Chen, M. Li, Q. Lou, H. Xia, P. Wang, T. Li, H.
Liu, and L. Luo. 2013. Transgenerational variations in DNA
methylation induced by drought stress in two rice varieties
with distinguished difference to drought resistance. PLoS
One 8:¢80253.

SUS017 SUOWILLIOD BA11E81D) 3ceal|dde ay) Aq pausenoh 8. Sajo1ie YO ‘8sn JO Sa|ni 104 AfeiqiT autuo A3|IAA UO (SUOIPUOD-pUR-SWLBIALI0D" AB | 1M Afelq 1 jBUUO//SANY) SUORIPUOD pue SWB | 8U1 89S *[5202/80/2T] U0 Arigiauluo /B(Im ‘AiseAlun oIS LeBiydt A Aq TESE A99/200T OT/I0p/W0d A3 | 1M Aeiq iUl |Uo'S leuIno fesa//:sdny Wwoly papeo|umod ‘2T ‘TZ0Z ‘0. T66E6T


https://doi.org/10.6084/m9.figshare.14109713

Article e03531; page 18 ROBIN WATERMAN AND SONIA E. SULTAN Ecology, Vol. 102, No. 12

SUPPORTING INFORMATION
Additional supporting information may be found in the online version of this article at http://onlinelibrary.wiley.com/doi/
10.1002/ecy.3531/suppinfo
OPEN RESEARCH

Data (Waterman and Sultan 2021) are available on Figshare: https://doi.org/10.6084/m9.figshare.14109713.

SUS017 SUOWILLIOD BA11E81D) 3ceal|dde ay) Aq pausenoh 8. Sajo1ie YO ‘8sn JO Sa|ni 104 AfeiqiT autuo A3|IAA UO (SUOIPUOD-pUR-SWLBIALI0D" AB | 1M Afelq 1 jBUUO//SANY) SUORIPUOD pue SWB | 8U1 89S *[5202/80/2T] U0 Arigiauluo /B(Im ‘AiseAlun oIS LeBiydt A Aq TESE A99/200T OT/I0p/W0d A3 | 1M Aeiq iUl |Uo'S leuIno fesa//:sdny Wwoly papeo|umod ‘2T ‘TZ0Z ‘0. T66E6T


http://onlinelibrary.wiley.com/doi/10.1002/ecy.3531/suppinfo
http://onlinelibrary.wiley.com/doi/10.1002/ecy.3531/suppinfo
https://doi.org/10.6084/m9.figshare.14109713

