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Abstract

Precipitation changes may induce shifts in plant species or life form dominance in ecosystems, making some previously
subordinate species abundant. The plasticity of certain plant functional traits of these expanding subordinate species may be
one possible mechanism behind their success. In this study, we tested if the subordinate winter annual grass Secale sylvestre
shows plasticity in growth and reproduction in response to altered environment associated with field-scale rainfall manipula-
tions (severe drought, moderate drought, and watering) in a semiarid grassland, and whether the maternal environment influ-
ences offspring germination or growth in a subsequent pot experiment. Compared to control plots, S. sylvestre plants grew
38% taller, and produced 32% more seeds in severe drought plots, while plants in watered plots were 17% shorter, and had
22% less seeds. Seed mass was greatest in severe drought plots. Plants growing in drought plots had offspring with enhanced
juvenile shoot growth compared to the progeny whose mother plants grew in watered plots. These responses are most likely
explained by the decreased cover of previously dominant perennial grasses in severe drought plots, which resulted in wetter
soil compared to control and watered plots during the peak growth of S. sylvestre. We conclude that the plasticity of this
subordinate annual species in response to changing environment may help to gain dominance with recurring droughts that
suppress perennial grasses. Our results highlight that exploring both within-generation and transgenerational plasticity of
subordinate species may lead to a better prediction of changes in plant species dominance under climate change.
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Introduction

In arid and semiarid grasslands, water availability is a strong
determinant of plant diversity, primary production, and com-
munity stability (Sala et al. 1988; Bai et al. 2004; Suttle
et al. 2007; Seddon et al. 2016). In these ecosystems, altered
precipitation regimes can often result in shifts in functional
group abundances, species reordering, or even replacement
of species within a community (Suttle et al. 2007; Smith
et al. 2009; Scott et al. 2010; Dudney et al. 2017). In such
cases, altered conditions may favour coexisting subordinate
or transient species at the expense of the previous dominants
(Mariotte et al. 2013; Yang et al. 2016). The identification
of mechanisms at the level of functional group or individual
species underlying these marked vegetation changes can be
important to better understand and predict the impacts of
climate change.

Communicated by Carly Stevens.

P4 Andrea Mojzes
mojzesandrea@ gmail.com

MTA Centre for Ecological Research, Institute of Ecology
and Botany, Alkotmény u. 2-4, Vacrat6t 2163, Hungary

2 MTA Centre for Ecological Research, GINOP Sustainable
Ecosystems Group, Klebelsberg Kuno u. 3, Tihany 8237,
Hungary

Department of Plant Systematics, Ecology and Theoretical
Biology, Institute of Biology, Eotvos Lordnd University,
Pazmany P. stny 1/C, Budapest 1117, Hungary

MTA Centre for Agricultural Research, Institute for Soil

Sciences and Agricultural Chemistry, Herman O. 1t 15,
Budapest 1022, Hungary

Plant functional traits of subordinate species have
received relatively little attention compared to dominant
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species, despite the evidence that subordinates can also play
a substantial role in maintaining ecosystem functions under
stress (Walker et al. 1999; Mariotte et al. 2013; Mariotte
2014). Furthermore, the fact that subordinate species are
often impacted indirectly by altered climatic conditions via
changes in competitive interactions with the dominant spe-
cies (Kardol et al. 2010; Mariotte et al. 2013, but see Levine
et al. 2010) can make their response more difficult to fore-
cast. This highlights the need to improve our understand-
ing of how traits of subordinate species respond to altered
climate change drivers, such as precipitation.

Phenotypic plasticity is one of the key mechanisms—
besides shifts in species distribution and evolutionary
adaptation—that can allow plant populations to adjust to
climate change (Nicotra et al. 2010; Franks et al. 2014; Par-
mesan and Hanley 2015). Phenotypic plasticity is defined
as the ability of a single genotype to express different phe-
notypes under different environmental conditions (Franks
et al. 2014). Plasticity of various plant traits, such as plant
height, leaf size, specific leaf area, and seed size and num-
ber, is considered to be important in species responses to
climate change (Nicotra et al. 2010). However, the plasticity
of certain regeneration traits, such as seed germination and
seedling growth, is highly unknown, despite the critical role
of early life-history stages in plant population persistence
(Walck et al. 2011; Parmesan and Hanley 2015).

Plastic response of an individual to environmental condi-
tions can be expressed not only in its own phenotype (within-
generation phenotypic plasticity). Maternal environmental
effect (or transgenerational phenotypic plasticity) refers to
the phenomenon when the ecological environment experi-
enced by the mother plant influences the offspring’s pheno-
type independently of the genetic inheritance of causative
alleles (Roach and Wulff 1987; Herman and Sultan 2011).
It can be mediated by multiple, often interacting mecha-
nisms; for instance, changes in seed provisioning (i.e., the
allocation of nutritive reserves to the developing seed), seed
hormone content, or epigenetic marks (such as DNA meth-
ylation; Herman and Sultan 2011). The potential importance
of transgenerational plasticity in plant species’ responses to
global environmental changes is highlighted by an increas-
ing number of studies (e.g., Hovenden et al. 2008; Pias
et al. 2010; Schuler and Orrock 2012; Fenesi et al. 2014,
Walter et al. 2016). If the progeny environment is reliably
predictable from the maternal environment—e.g., for species
with short-distance seed dispersal (Galloway and Etterson
2007)—the mother can adjust the phenotype of her offspring
to enhance its performance under conditions that it is likely
to encounter (Agrawal et al. 1999; Sultan et al. 2009; Her-
man and Sultan 2011; Fenesi et al. 2014). However, when
increased stochasticity in temperature and/or precipitation
associated with climate change decreases the reliability of
environmental cues, transgenerational effects could reduce
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offspring performance (Schuler and Orrock 2012). Climate
change experiments in natural vegetation have shown that
rainfall manipulations in the maternal environment could
influence various traits of offspring including seed ger-
mination and viability, seedling growth, or leaf C:N ratio.
However, most of these studies focused on dominant species
(Breen and Richards 2008; Pias et al. 2010; Tielborger and
Petra 2010; Chamorro et al. 2016; Walter et al. 2016), and
little research addressed the responses of other coexisting
species (e.g., Li et al. 2011).

In semiarid regions, ecosystems on sandy soils can be
particularly sensitive to precipitation changes, partly due to
the low water-holding capacity of the soil (Yang et al. 2010;
Gao et al. 2015; Huang et al. 2017). This is also the case in
the open perennial sand grassland component of the Pan-
nonian sand forest steppe in Hungary (Kovéacs-Lang et al.
2000). For example, extreme droughts in 2000 and 2003
resulted in a marked drop in the cover of the dominant per-
ennial grasses, with a concomitant increase in the abundance
of previously subdominant or subordinate annuals in these
grasslands in the Danube-Tisza Interfluve, Central Hun-
gary (Kovacs-Lang et al. 2006). With a higher probability
of drought in summer projected for the country (Bartholy
et al. 2014), such annual-dominated patches may persist.
The aims of this study were to assess (1) how the altered
environment associated with field-scale experimental rain-
fall manipulations in a perennial sand grassland affect the
growth, seed production, and seed mass of the character-
istic subordinate winter annual grass Secale sylvestre, and
(2) whether changes in the maternal environment caused by
rainfall treatments influence the seed germination and off-
spring growth of this species in a subsequent pot experiment.
We hypothesized that (H,) plants growing in the experi-
mental plots (mother plants) show plasticity in the studied
traits in response to the different environment resulting from
rainfall treatments; (H,) the effect of maternal environment
manifests in the offspring generation.

Materials and methods
Study site and rainfall manipulation experiment

The study site is located in the Danube-Tisza Interfluve,
near the village Fiiloph4dza (46°52'N, 19°25'E) in the
Kiskunsag National Park. The climate is moderately warm
semiarid temperate with continental and sub-Mediterranean
influences. Annual mean temperature is 10.4 °C, and yearly
average precipitation is 500-550 mm (1961-1990; Kovacs-
Lang et al. 2000). Midsummer drought is typical in July and
August, and it is amplified by the coarse-textured calcareous
sand soil.
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The species selected for our study, Secale sylvestre Host
is one of the most frequent winter annual grasses in open
sand grasslands of the area. It is a characteristic subordi-
nate component of perennial grasslands, but may become
abundant on bare soils as a colonizer during secondary suc-
cession after disturbance (Kovacs-Lang et al. 2000; Molnar
2003).

In 2015, we set up an experiment in an open sand grass-
land characterised by the dominance of two perennial bunch-
grasses, Festuca vaginata Waldst. and Kit. ex Willd. and
Stipa borysthenica Klokov ex Prokudin. Experimental units
were 3 m X3 m plots with a 50 cm buffer strip along each
side inside the boundaries of each plot, and thus, the effec-
tive sampling area was 2 m X2 m. Plots were laid out in a
completely randomized block design with three treatments
and a control (ambient rainfall), in six replicates (six blocks,
each block containing one plot of each treatment). Treat-
ments were as follows: severe drought from late June to late
August (ca. 2 months), moderate drought from late July to
late August (ca. 1 month), and watering as one event of ca.
25 mm per month from late May to late August (i.e., 100 mm
per year, ca. 20% increase over the long-term annual mean;
for exact dates, see Table 1). Thus, at the beginning of
this study on S. sylvestre (April 2016), treatment plots had
received 1 year of rainfall manipulations (in 2015). Treat-
ments were repeated also in 2016 with a similar timing, but
S. sylvestre plants studied received only the first watering
treatment in late May before completing their life cycle in
early June.

Drought treatments were conducted by excluding rain
from the plots using permanent, transparent plastic foils.
Watering treatment was applied using spraying heads at
1 m height, in a I mx 1 m grid. Side curtains were used
during both treatments to avoid water addition to the plots

Table 1 Precipitation (total sum) and daily average volumetric soil
water content (SWC, %) between 1 May and 31 August 2015 (i.e.,
during the period covering each treatment in the year preceding our

neighbouring watered plots or prevent rain coming from the
side to drought plots.

Air temperature at 20-cm height and volumetric soil water
content (SWC, %) at 0-30-cm depth (i.e., averaged over the
entire soil profile up to 30 cm) were recorded in each plot
by installed temperature and moisture sensors (Sensirion
SHT75 and Campbell CS616, respectively) connected to a
data logger. Precipitation was measured with rain gauges
(Davis DS7852) at 30 cm.

Background conditions for the studied S. sylvestre
plants: precipitation, soil water content, and plant
abundance

Severe and moderate drought treatments excluded 62% and
49% of ambient rainfall, respectively, while watered plots
received 50% more rainfall than control plots between 1 May
and 31 August 2015 (Table 1). During this 4-month period,
on average, rain exclusions decreased soil water content
from 4.0% (control) to 3.2% and 3.4% in severe and moder-
ate drought plots, respectively, whereas watering treatment
increased average SWC to 4.3%. Severe drought treatment
in summer 2015 decreased the cover of F. vaginata and S.
borysthenica by ca. 80% by April 2016 compared to April
2015, while, in watered plots, the cover of these perennial
grasses increased by 20% (Table 1). As a result, in April
2016, the abundance of the two dominant perennial grasses
in severe drought plots was 83% lower than in control plots,
and 87% lower than in watered plots. On the contrary, the
cover of S. sylvestre increased almost fivefold in severe
drought plots from April 2015 to April 2016, which led
to eightfold and fourfold higher abundance of this grass in
these plots than in watered and control plots, respectively,
in April 2016.

study) and cover (%) of the two dominant perennial grasses, Festuca
vaginata and Stipa borysthenica, and Secale sylvestre in the experi-
mental plots in April (i.e., prior to the current year’s treatments)

Treatment
Control Severe drought Moderate drought Watering
Treatment period (number of days) - 23.06-25.08 (63) 22.07-25.08 (34) 18.05, 22.06,
21.07, 25.08 (four
distinct)
Precipitation (mm) 196.0 74.2 100.6 294.5
SWC (%) at 0-30 cm 4.0+0.1 32+0.1 3.4+0.1 43+0.1
Cover (%) of F. vaginata and S. borysthenica (2015) 10.0x+1.1 9.6+1.3 9.3+1.1 12.8+0.9
Cover (%) of F. vaginata and S. borysthenica (2016) 12.0+1.5 2.0+0.5 7.2+1.1 15.4+0.8
Cover (%) of S. sylvestre (2015) 0.58+0.22 0.96+0.31 0.76 +£0.25 0.22+0.04
Cover (%) of S. sylvestre (2016) 1.1+0.3 45+1.0 2.7+0.9 0.55+0.14

For SWC and cover data, data are mean+ SE (n=6)
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Field sampling and data collection

In April 2016, ten individuals were selected and marked for
repeated measurements within the 4-m? sampling area of
each plot. We measured the maximum (vegetative) shoot
height (stretched length of the shoot; accuracy 0.5 cm)
according to the protocol of Cornelissen et al. (2003). The
length of ear without arista was measured in the early June,
in the ripening phase, when caryopses (referred to as seeds
hereafter) had reached their final size, but were not yet loos-
ening (Lancashire et al. 1991). For the few individuals that
developed tiller(s), the longest shoot and ear were chosen.
Seed number per ear was estimated using a linear regression
equation (#2=0.98, P <0.0001) between the length and seed
number of ears determined on an additional 30 individuals
outside, but close to the experimental plots at the same date.
Fully ripened seeds from 15 to 20 randomly selected indi-
viduals per plot were collected on 9 June 2016, when most of
the S. sylvestre plants had completed their life cycle. Seeds
were stored in paper bags at room temperature (ca. 28 °C in
summer and 15 °C in winter) until used for the germination
experiment. Fifty “apparently viable” seeds per plot (i.e.,
that appeared to be intact and resisted gentle pressure; Rob-
erts 1981) were weighed individually (accuracy 0.1 mg) to
determine mean single seed mass.

Germination and growth experiment

To examine the effects of maternal environment on offspring
germination and growth, a common garden pot experiment
was set up in Fot (47°37'N, 19°10'E), ca. 83 km from the
field site, on 16 March 2017. In this experiment, four half-
litre pots were used to represent one experimental field plot.
Thus, 96 pots in total (four treatments, six blocks) filled with
nutrient-poor sandy soil were placed onto the bench of an
outdoor, open-air growth facility. Pots were exposed to natu-
ral weather conditions except for excluding precipitation by
a transparent plexiglass roof. From each plot of the field
experiment, 36 seeds were sown in four pots (nine seeds
per pot). Final percentage of germination (i.e., coleoptile
emerged >2 mm above the soil surface) was determined
after 35 days. Seedlings were thinned to the largest (> 5 cm)
one per pot, and were grown under well-watered conditions
(as the major growth period of this grass (April-May) is
usually not water-limited). Pots were rotated weekly on the
bench to minimize the micro-environmental differences
associated with pot position. Until the end of July, when
shoot biomass was harvested, only 11 individuals entered the
reproductive phase, and 85 plants remained vegetative (most
likely due to the lack of exposure to chilling required for
flowering; Chouard 1960). Shoot height was measured at two
life stages: for 3-week-old plants (juveniles, which had two
fully expanded leaves), and for 4-month-old plants (referred
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to as adults). In addition, total leaf number and the length
of fully expanded leaves were determined at juvenile stage.
Juvenile shoot size was calculated by multiplying the total
number of leaves by the length of the longest fully expanded
leaf. This index is frequently used as a non-destructive esti-
mate for biomass, particularly of juvenile plants (e.g., Van
Groenendael and Slim 1988; Vergeer and Kunin 2013). It
showed strong correlation with juvenile shoot biomass also
for S. sylvestre (Pearson’s r=0.90, P <0.0001), measured on
an additional 30 3-week-old plants in a separate experiment.
Green (live) biomass was harvested from 4-month-old adult
plants (referred to as adult biomass), oven-dried at 60 °C for
48 h, and weighed. Reproductive adults and those that died
during the experiment (four plants) were excluded from data
collection at adult stage. Thus, in the growth experiment,
1-4 individuals (pots) corresponded to a single treatment
plot of the field experiment.

Statistical analysis

For each plant response variable, statistical analyses were
done on mean values per plot as the experimental unit
(n=6). General linear mixed models with treatment as a
fixed effect and block as a random factor were conducted
for maximum shoot height, seed number per ear, and mean
single seed mass of maternal generation. Data met the
assumptions of normality of residuals and homoscedastic-
ity (Quinn and Keough 2002). For post hoc comparison of
means, Tukey’s HSD tests were used. To assess the effect of
shoot height on seed number and seed mass after controlling
for the effect of treatments, shoot height was also included in
the model as a continuous predictor variable, and the partial
correlation coefficients (R) were calculated.

For monthly average SWC during the growth and repro-
duction of the studied plants, two-way repeated-measures
ANOVA was used with treatment as a fixed effect and month
as the repeated-measures effect. Subsequently, Tukey’s HSD
tests were applied between treatments within each month
separately. For each analysis, the TIBCO Statistica software
(TIBCO Software Inc. 2017) was used, and differences were
considered significant at P <0.05.

Results
Maternal generation

During the peak growth period of the maternal generation of
S. sylvestre, soil water content was higher in severe drought
plots than in both watered and control plots in May 2016
(severe drought and watered plots differed also in April with
marginal significance: P=0.091; Fig. 1).
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Fig. 1 Effects of rainfall manipulations on volumetric soil water con-
tent (%) at 0-30-cm depth in the plots of the field experiment during
the period of growth and reproduction of the studied Secale sylvestre
plants (maternal generation). Values are treatment mean+ SE (n=6)
in each month. Treatments are watering (W), control (C), moderate
drought (M), and severe drought (S). Different letters above the bars
denote significant (P <0.05) differences, while N.S. indicates the
lack of significant differences between treatments within each month
separately. Results of Tukey’s HSD tests following two-way repeated-
measures ANOVA are shown

Rainfall manipulations had a significant effect on each
plant response variable studied in S. sylvestre growing in
the plots of the field experiment (Table 2). Plants growing
in severe drought plots had both higher maximum vegeta-
tive shoot height and higher seed number per ear than those
growing in control and watered plots (Fig. 2a, b). Consist-
ently, individuals growing in moderate drought plots also
showed higher values than those in watered plots. Mean
single seed mass was greater in severe drought plots than
in control and the other treatment plots (Fig. 2¢). Differ-
ence between the highest and the lowest treatment means

Table 2 Results of general linear mixed models for traits of maternal
and offspring generations of Secale sylvestre

Plant response variable (predictor) F3. 5 P
Maternal generation
Shoot height (cm) 16.34 < 0.0001
Seed number per ear 11.96 0.00029
Mean seed mass (mg) 8.69 0.0014
Offspring generation
Final germination % 2.81 0.075
Juvenile shoot size (cm) 5.25 0.011
First leaf length (cm) 4.34 0.022
Juvenile shoot height (cm) 5.03 0.013
Adult shoot height (cm) 0.16 0.92
Adult biomass (mg) 1.31 0.31

Mother plants grew in the field experiment in 2016 and offspring in
a common garden pot experiment. P values of <0.05 are considered
significant. Subscripts on F values are degrees of freedom of the
numerator (MS predictor) and denominator (MS error), respectively
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Fig.2 Effects of the previous-year (2015) rainfall manipulations on a
maximum vegetative shoot height (cm), b seed number per ear, and ¢
mean single seed mass (mg) of Secale sylvestre growing in the plots
of the field experiment in 2016 (maternal generation). Values are
treatment mean+SE (n=6). Treatment symbols are defined in the
legend of Fig. 1. Different letters above the bars indicate significant
(P<0.05) differences between treatments. Results of Tukey’s HSD
tests following general linear mixed models are shown

(severe drought and watering, respectively), expressed as
percentage of the lowest mean ([(max—min)/min] X 100,
%), was 3.7 times higher in seed number (68.9%) than in
seed mass (18.6%). However, when controlling for the effect
of treatments, both these components of reproductive suc-
cess showed a strong positive partial correlation with shoot
height (R=0.89, P <0.0001 for seed number; R=0.74,
P=0.0012 for seed mass).

Offspring generation

Seeds produced in control and rainfall manipulated plots
did not differ in final germination percentage (67-80%);
only a marginally significant difference (P =0.086) was
found between watering and moderate drought treatments;
Table 2; Fig. 3a). However, maternal environment had sig-
nificant effects on the three-week-old offspring (Table 2;
Fig. 3b—d). Both juvenile shoot size and the length of the
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Fig. 3 Effects of differences

in the maternal environment
resulting from rainfall manipu-
lations (which were applied in
2015) on Secale sylvestre (off-
spring generation), whose moth-
ers grew in the plots of the field
experiment in 2016. Offspring
were grown in a subsequent
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first fully expanded leaf were higher for the offspring whose
mother plants grew in severe or moderate drought plots than
for the progeny whose mothers developed in watered plots
(Fig. 3b, c). Similar differences were found in juvenile shoot
height, though severe drought and watering treatments dif-
fered with only marginal significance (P=0.058; Fig. 3d). At
the time of harvest, neither shoot height nor shoot biomass
of the adult progeny varied significantly with the environ-
ment of their mothers (Table 2; Fig. 3e, f).

Treatment

Discussion
Plasticity of maternal generation

Shoot growth and seed production of the studied S. sylvestre
plants provided evidence in favour of H;, which was that S.
sylvestre growing in the experimental plots exhibited phe-
notypic plasticity in the studied traits in response to the dif-
ferent environment caused by rainfall manipulations. The
positive relationships of both seed mass and number with
shoot height indicate that, on average at plot level, plants
experiencing a better resource availability can allocate
more assimilate to both vegetative growth and reproduction.
Lower variation in seed mass than in number is consistent
with the previous consideration that seed size is often the
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least plastic component of reproductive yield within a spe-
cies (Harper et al. 1970). Nevertheless, S. sylvestre has a
limited seed dispersal capacity, and most seeds fall beneath
the mother plant. For such species, density-dependent mor-
tality can be high, e.g., due to intense competition between
progeny seedlings, and thus, larger maternal plants may ben-
efit from producing larger seeds (Venable 1992). The seed
number and mass values obtained across treatments in our
study were within or close to the wide range reported for
these traits in several populations of this species within the
Kiskunsag region (i.e., 5.3-7.9 g for thousand seed mass,
and 12 and 26 as a minimum and maximum number of
grains per ear, respectively; Vorosvary et al. 2000).

In several other water manipulation experiments in
arid and semiarid ecosystems, reduction in the amount
of rainfall usually limited plant growth and/or seed pro-
duction, whereas increased water supply had an opposite
effect (e.g., Poulin et al. 2007; Breen and Richards 2008;
Gao et al. 2015; Volis et al. 2015). In contrast, S. sylvestre
in our study, showed enhanced growth and reproductive
performance in the experimental plots exposed to 2-month
drought in the previous year, particularly compared with
the individuals growing in plots that received supplemen-
tal watering. The most probable explanation for these
apparently contradictory results is that S. sylvestre was
not impacted directly by dry conditions (either in 2015 or
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2016), because this grass usually completes its life cycle in
early June, i.e., before the start of severe drought treatment
in late June (Table 1). This phenological rhythm is typical
for winter annual species in sand grasslands (Karpati and
Karpati 1954). However, this subordinate species might
have benefited indirectly from rain exclusion, as severe
drought treatment in 2015 negatively affected the abun-
dance (and thus the competitive effect) of the two domi-
nant perennial grasses, which did not recover by April
2016 (Table 1). This likely resulted in a better resource
(particularly water) availability for S. sylvestre during
its peak growth period in spring 2016. In contrast, the
moderate increase in the cover of dominant perennials in
response to watering during summer 2015 (Table 1) might
have enhanced the suppression of the coexisting annual S.
sylvestre in spring 2016. This interpretation is supported
by the higher soil water content in severe drought plots
compared to watered plots in April and particularly in May
2016 (Fig. 1), most likely due to the lower transpirational
water loss of the decreased perennial grass cover.

Our results also suggest that, with recurring severe
droughts, the higher abundance of S. sylvestre in severe
drought plots in April 2016 after a single 2-month drought
of the previous summer (Table 1) may be further augmented
by the enhanced growth and reproductive capacity of this
annual grass due to the negative response of the concur-
rent dominant perennial grasses to drought. Similar to our
results, in a California grassland, experimentally extended
spring rainfall imposed limited direct effects on winter
annual grasses due to their early phenology, but, in the
subsequent year, these grasses benefited indirectly from
the decomposition of the initially expanding N-fixing forbs
(Suttle et al. 2007). Our results are also in line with those
of Violle et al. (2006), who reported that the experimental
removal of standing biomass of the dominant perennial grass
(with the retention of litter) enhanced the total final and the
seed biomass per plant of two early successional annual spe-
cies in an old field.

In our study, S. sylvestre in watered plots was directly
exposed to watering in May both in 2015 and 2016, during
flowering. However, the competitive effect of the dominant
perennial grasses might have overridden the potential direct
positive impact of supplemental water on the annual S. syl-
vestre. Similarly, in another water manipulation experiment
in a mountain steppe, Liancourt et al. (2013) demonstrated
that the negative effects of competition with neighbouring
plants (including dominant species) could offset the direct
benefit of added water on the above-ground biomass of a
characteristic species. However, the net effect of supplemen-
tal rainfall may depend on how strongly precipitation change
alters competition, and also on the sensitivity of inferior
species to the altered competitor abundance (Levine et al.
2010).

Plasticity of offspring generation

In agreement with H,, which was that differences in the
maternal environment caused by rainfall manipulations
affected the offspring generation of S. sylvestre, we found
plasticity in the growth of progeny at the juvenile stage. In
contrast, seed germination percentage and the adult growth
of offspring were not influenced by the environmental
conditions of their mother plants. When seed dormancy is
imposed by biochemical constraints, drought during seed
development usually decreases dormancy and increases
germinability (Fenner 1991), which has also been demon-
strated in some recent rainfall manipulation experiments
with annual species (Karimmojeni et al. 2014; Gao et al.
2015). Nevertheless, some other studies reported similar or
higher germination percentage in response to better water
conditions in the maternal environment (Poulin et al. 2007;
Breen and Richards 2008; Pias et al. 2010; Li et al. 2011).

In the juvenile phase, the size of both the first leaf and
the whole shoot was greater for the progeny whose mothers
grew in drought plots compared with the offspring whose
mothers developed in watered plots. This indicates that
mother plants experiencing less competitive and thus more
favourable (moisture) environment (i.e., in severe and mod-
erate drought plots, where the cover of dominant perennial
grasses was low; Table 1) facilitated the early growth of
their offspring. Larger plant size in the early phase of the
life cycle might provide a great advantage for survival, as
mortality rate of young plants is often high (Leishman et al.
2000), and can be size-dependent within a species, espe-
cially in resource-limited conditions, such as under water
stress (Cook 1980; Parker 1982). Such a positive maternal
effect can allow offspring to avoid the initial time lag that is
required for the development of the offspring’s own plastic-
ity to its actual environment (Agrawal et al. 1999; Herman
and Sultan 2011). Numerous prior studies reported that a
better water availability for the studied species in the mater-
nal environment had positive transgenerational effects on
offspring growth in the early seedling or juvenile stage, i.e.,
in the phase that can be critical for establishment (Breen
and Richards 2008; Pias et al. 2010; Li et al. 2011; Walter
et al. 2016). Larger seedlings usually germinate from larger
seeds, and greater seed mass often reflects a higher amount
of seed reserves (Leishman et al. 2000). In our experiment,
greater mass was detected only for seeds produced in severe
drought plots, and thus, other potential mechanisms than
seed provisioning (reviewed by Herman and Sultan 2011)
should (also) account for the differences in juvenile growth
observed between the progeny whose mother plants grew in
severe or moderate drought plots and in watered plots.

We found no difference in shoot height and biomass of
4-month-old progeny according to the environment of their
mothers. These results are consistent with the previous
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studies, reporting that the beneficial maternal effects
diminished or disappeared in a later stage of offspring’s
life cycle (Pias et al. 2010; Walter et al. 2016), but contrast
with the other studies where positive transgenerational
effect was detected in the final fitness of adult progeny or
both in an earlier and adult stages (Roach and Wulff 1987;
Fenesi et al. 2014). The persistence of positive maternal
influence may depend on its underlying mechanism (Her-
man and Sultan 2011), and also on the environmental
conditions experienced by the offspring. For example, the
improved seedling vigour of Austrian winter field peas
established from large seeds could increase the seed yield
compared to the yield of peas planted from small seeds
under adverse conditions, but not in environment more
favourable for pea growth at Grangeville, Idaho (Murray
et al. 1984). Thus, the fact that, in our experiment, the
progeny of S. sylvestre were grown under well-watered
conditions might provide one possible explanation why the
benefit of enhanced growth of juveniles did not appear in
the adult stage. Nevertheless, to our best knowledge, our
study provides the first experimental evidence that altered
rainfall amounts, this key element of climate change, can
trigger transgenerational effects on offspring growth of a
subordinate species indirectly via changes in the competi-
tive interactions with the dominant species.

Conclusions

Our field experiment showed that a subordinate species in
perennial sand grasslands, S. sylvestre, exhibited pheno-
typic plasticity in shoot growth and seed production when
growing in different environments caused by a single year
of rainfall manipulations. This plasticity is most likely a
response to the altered population interactions in the growth
environment resulting from the previous-year precipitation
changes, which led to enhanced performance of this spe-
cies with decreasing amount of rainfall. Moreover, mater-
nal environmental effect found in the early growth of off-
spring might amplify the immediate response that can be
achieved by within-generation plasticity alone (Sultan et al.
2009; Herman and Sultan 2011). Based on these results,
we expect that summer drying projected for Hungary in
the future (Bartholy et al. 2014) will favour the growth and
reproduction of S. sylvestre. This better performance may
contribute to the increase in abundance of this annual grass,
and, thus, to the shift from perennial grasses to annuals in
sand grasslands of the study region. Our study highlights
that both within-generation and transgenerational plasticity
of subordinate species should be taken into account to better
understand and predict shifts in plant species or functional
group abundances under climate change.
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