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ABSTRACT

e Background and Aims: Intra- and transgenerational plasticity may provide substantial

phenotypic variation to cope with environmental change. Since assessing the unique
contribution of the maternal environment to the offspring phenotype is challenging in
perennial, outcrossing plants, little is known about the evolutionary and ecological
implications of transgenerational plasticity and its persistence over the life cycle in these
species. We evaluated how intra- and transgenerational plasticity interplay to shape the

adaptive responses to drought in two perennial Mediterranean shrubs.

e Methods: We used a novel common garden approach that reduced within-family genetic

variation in both the maternal and offspring generations by growing the same maternal
individual in two contrasting watering environments, well-watered and drought, in
consecutive years. We then assessed phenotypic differences at the reproductive stage
between offspring reciprocally-grown in the same environments.

Key Results: Maternal drought had an effect on offspring performance only in
Helianthemum squamatum. Offspring of drought-stressed plants showed more
inflorescences, less sclerophyllous leaves and higher growth rates in both watering
conditions, and heavier seeds under drought, than offspring of well-watered maternal
plants. Maternal drought also induced similar plasticity patterns across maternal families,
showing a general increase in seed mass in response to offspring drought, a pattern not
observed in the offspring of well-watered plants. In contrast, both species expressed
immediate adaptive plasticity, and the magnitude of intragenerational plasticity was larger
than the transgenerational plastic responses.

Conclusions: Our results highlight that adaptive effects associated with maternal drought
can persist beyond the seedling stage and provide evidence of species-level variation in the

expression of transgenerational plasticity. Such differences between co-occurring
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Mediterranean species in the prevalence of this form of non-genetic inheritance may result

in differential vulnerability to climate change.

Keywords: Helianthemum squamatum, Centaurea hyssopifolia, common garden, drought,
maternal environmental effects, perennial Mediterranean shrubs, phenotypic plasticity,

transgenerational plasticity.
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INTRODUCTION

The phenotype of an individual is determined by its genetic inheritance and its immediate
environment, but also by the environmental conditions experienced by parental individuals
(Bonduriansky 2021). Transgenerational plasticity is defined as the effect of the environmental
conditions experienced by progenitors, often maternal individuals, on the phenotype and
performance of their offspring (Sultan et al. 2009; Salinas et al. 2013; Salinas and Munch 2012;
Bell and Hellmann 2019). When maternal environmental conditions shape the phenotype of
offspring individuals, these effects are also termed maternal environmental effects (Herman et
al. 2014; Latzel et al. 2014, 2023; Herman and Sultan 2016; Wadgymar et al. 2018; Bell and
Hellmann 2019; Matesanz et al. 2022). In former studies using quantitative genetic approaches,
these heritable phenotypic differences not explained by changes in DNA sequence were
considered experimental error or noise. Furthermore, while it was often assumed that stressful
maternal environments reduced offspring performance (Roach and Wulff 1987; Galloway
1995; Guillaume et al. 2016), later evidence showed that maternal environments may also
enhance offspring fitness (Herman and Sultan 2011; Donelson ef al. 2018; Bell and Hellmann
2019; Waterman and Sultan 2021).

Transgenerational plasticity is expected to be adaptive when environmental conditions
are variable but also predictable, and consequently, the environments experienced by both the
maternal and the offspring generation match, i.e., the maternal environment is a reliable
environmental cue for the offspring (Marshall and Uller 2007; Uller ef al. 2013; Burgess and
Marshall 2014). Therefore, this anticipatory effect may be adaptive, increasing offspring
fitness, in the same environmental conditions experienced by progenitors (Uller et al. 2013).
Transgenerational plasticity may be transmitted by diverse mechanisms, including defensive
chemicals, changes in hormonal concentration or epigenetic modifications such as DNA

methylation and histone modifications, as well as variations in seed provisioning (reviewed in
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Herman and Sultan, 2011; see also Bischoff and Miiller-Schérer, 2010; Richards et al. 2010;
Herman et al. 2012; Fenesi et al. 2014). Seed mass may be strongly associated to
plant life history, because larger seed size often provides higher survival of seedlings (Roach
and Wulff 1987; Moles and Westoby 2006; Metz et al. 2010; Vivas et al. 2013). Furthermore,
maternal individuals grown in favourable environments may produce better-provisioned
offspring (i.e., “silver spoon” effect; Engqvist and Reinhold 2016; Uller et al. 2013). Therefore,
to isolate the effect of the maternal environment on the phenotype of the offspring, experimental
designs need to account for potential factors affecting seed size and offspring quality (Matesanz
et al. 2022).

To assess transgenerational plasticity, experimental approaches also need to
significantly reduce, or at least control, genetic variation between experimental individuals that
experience contrasting conditions in the maternal and offspring generations, to identify the
independent contribution of the maternal environmental to the offspring phenotype (Burgess
and Marshall 2014; Vivas et al. 2020; Matesanz et al. 2022). Consequently, these experiments
often involve the use of genetically-related individuals (preferably clones) in both the maternal
and the offspring generation, which are then reciprocally grown in contrasting environmental
conditions, ideally in a full factorial design spanning several generations (Uller et al. 2013;
Burgess and Marshall 2014; Engqvist and Reinhold 2016; Matesanz et al. 2022). However,
assessing adaptive transgenerational plasticity may be challenging in outcrossing plants, since
their mating system inevitably introduces genetic variation in the offspring. Furthermore, the
available evidence of adaptive transgenerational plasticity is substantially biased towards
annual species, while knowledge on the magnitude and ecological relevance of this source of
phenotypic variation in perennials is comparatively scarcer (reviewed in Yin ef al. 2019).
Within these, many studies focus on early life stages, under the assumption that

transgenerational plasticity is often more persistent in the first season of offspring development
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and reduces its importance over time (Herman and Sultan 2011; Auge et al. 2017). In fact, little
is known about the importance of transgenerational plasticity beyond the first growth season in
perennial plants, with only a few studies showing adaptive effects persistent over the entire life
cycle of the offspring or even carrying over subsequent generations (Latzel and KlimeSova
2010; Walter et al. 2016).

The effect of the maternal environment may interact with the phenotypic response to the
immediate environment (intragenerational plasticity hereafter), acting in the same or in opposite
direction, thus maximizing or overriding its effect (Auge ef al. 2017; Bell and Hellmann 2019;
Matesanz et al. 2022). Furthermore, the direction and magnitude of these forms of plasticity
may be difficult to predict, and indeed, previous studies have found that the extent of maternal
environmental effects may be in some cases even stronger than the intragenerational response
(reviewed in Auge et al. 2017). Analogously to the intragenerational component, patterns of
transgenerational plasticity may also vary across genotypes, populations and species, although
their relative importance for co-occurring species is yet poorly understood (Auge et al. 2017).
Therefore, since intra- and transgenerational plasticity may interact to shape phenotypic
variation within populations (Baker et al. 2019; Sobral et al. 2021), assessing patterns of both
intra- and transgenerational plasticity in genetically-diverse populations of species within the
same plant community is crucial to understand adaptive responses to changing environmental

conditions.

Both intra- and transgenerational plasticity may provide rapid phenotypic responses to
accommodate environmental variation (Shaw and Etterson 2012; Walter et al. 2016; Donelson
et al. 2018). In harsh Mediterranean environments, drought constitutes the most critical
selective pressure (Blondel et al. 2010), and the predicted increment in the frequency of
heatwaves and severe droughts is expected to negatively affect plant populations (Viceto et al.

2019; Tramblay et al. 2020). Therefore, in the face of further environmental change, both
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sources of rapid, non-genetic phenotypic variation may be crucial in Mediterranean

environments.

In this study, we performed a common garden experiment in genetically-diverse
populations of two Mediterranean perennial semiarid shrubs (Centaurea hyssopifolia and
Helianthemum squamatum) grown in contrasting maternal and offspring environments that
reflect natural variation in water availability. We used a novel approach to reduce genetic
variation among individuals grown in contrasting conditions in both generations, comparing
offspring of the same maternal individual produced in different watering treatments in two
consecutive years. To assess the prevalence and persistence of transgenerational plasticity and
how it interacts with the response to the immediate environment, we measured the phenotypic
response of offspring individuals in their second growth season in two dominant shrubs. More
specifically, we asked the following questions: 1) Is there transgenerational plasticity to drought
in C. hyssopifolia and H. squamatum and do maternal environmental effects persist into the
reproductive stage? 2) What is the relative importance of intra- and transgenerational plasticity
and how do both interact to shape the adaptive responses to drought? And finally, 3) Do these

patterns of intra- and transgenerational plasticity vary between species?

MATERIALS AND METHODS

Study species and seed collection

We selected Helianthemum squamatum (L.) Dum. Cours. (Cistaceae) and Centaurea
hyssopifolia Vahl. (Asteraceae) as study species. Both are endemic gypsophiles (i.e., plants
restricted to gypsum soils sensu Meyer, 1986) of the Iberian Peninsula and constitute two of
the most dominant shrubs of the gypsum habitats in central Spain (Mota et al. 2003; Palacio et

al. 2007). Although both are perennial species, H. squamatum is considered a short-lived
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species with an average lifespan of 3-6 years (maximum of 10), while C. hyssopifolia is a
medium-lived species that lives up to a maximum of 20 years, with an average of 4-8 years
(Olano et al. 2011; Eugenio et al. 2012; Matesanz et al. 2018). The flowering period of H.
squamatum spans from late May to early-mid August, and C. hyssopifolia shows an earlier
reproductive phenology that lasts from May to July. Previous evidence showed that both species
are pollinated by a diverse group of insects (Santamaria et al. 2018). Both are diploid, mainly
outcrossers with partial self-compatibility and limited seed dispersal (Escudero et al. 1999;
Luzuriaga et al. 2006; Aragon and Escudero 2008; Matesanz et al. 2018).

To establish the maternal generation in our transgenerational plasticity experiment, seed
collection was performed in Belinchén, Cuenca, Spain (40° 04’ N, 3° 04* W; ~700 m above sea
level, Supplementary Data Fig. S1a). This site has a typical Mediterranean semi-arid climate
(mean annual precipitation 419 mm; mean annual temperature 14.6 °C) with a marked summer
drought and high interannual variation in precipitation (192 — 504 mm in a 35-year timeseries;
climatic data extracted from CHELSA; Karger ef al. 2017). Vegetation is dominated by gypsum
specialist chamaephytes and other generalist species that form patches surrounded by a matrix
usually covered by biological soil crusts and annual plants (Escudero et al. 1999, 2015; Maestre
etal. 2011). Populations of both study species in this locality are large, reaching several hundred
thousand individuals.

In early summer 2017, we collected mature inflorescences from 45 maternal plants of
each species (Fig. 1). To avoid sampling genetically similar individuals, inflorescences were
collected from plants separated at least one meter from each other, since gypsophiles lack long-
distance dispersal mechanisms and have features that favour seed dispersal close to the maternal
plant (Olano et al. 2012; Escudero et al. 2015; Blanco-Sanchez et al. 2021). Mature
inflorescences were bagged separately per individual in paper bags and transported to the lab.

In both species, seeds from the same field-collected plant constituted a maternal family and the
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offspring were considered half-siblings, since the species rarely self-pollinate (Matesanz et al.

2018).

Experimental design and maternal treatments
The detection of transgenerational plasticity requires experimental designs that span several
generations and eliminate, or at least greatly reduce, genetic variation among individuals of the
same genotype (maternal family in our study) that experience contrasting parental and offspring
environments (Burgess and Marshall 2014; Engqvist and Reinhold 2016; Vivas et al. 2020;
Matesanz et al. 2022). Previous attempts to vegetatively propagate the study plant species in
controlled conditions to obtain genetically identical individuals have failed to produce
significant survival and/or subsequent growth in the cuttings (personal communication). In
addition, manual cross-pollinations and floret emasculation are technically very difficult in our
study species, particularly in Asteraceae (Brennan and Hiscock 2010). Therefore, to robustly
assess maternal environmental effects and identify the independent contribution of the maternal
environment on the offspring, we used a novel approach comparing offspring of the same
maternal individual that were produced in different environments (contrasting water conditions;
well-watered and drought) in two consecutive years (Fig. 1). The offspring generation was then
reciprocally-grown in the same contrasting conditions. In this manner, we reduced genetic
variation among experimental individuals from the same maternal family. We used the same
approach for several maternal families per species, so that patterns of transgenerational
plasticity were assessed in genetically-diverse populations while controlling the within-family
genetic variation.

Specifically, in August of 2017, seeds from field-collected plants were sown in 6-litre
pots (22 x 20 cm; Alpifer, Valencia, Spain) filled with soil collected from a nearby gypsum

quarry (provided by Yesos Ibéricos-Algiss, Valdemoro, Spain). To maximize plant
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germination, pots were placed in a greenhouse and maintained in well-watered conditions for
three months. Since seeds of H. squamatum show physical dormancy (Pérez-Garcia et al. 1995),
they were mechanically scarified before sowing using 500 grit sandpaper. In November 2017,
pots were moved from the greenhouse to the outdoor CULTIVE facilities at Universidad Rey
Juan Carlos (URJC, Madrid, Spain), and then, in January 2018, each pot was thinned to one
experimental seedling, i.e., experimental individuals in both the maternal and the offspring
generation were individually grown in independent pots. Climatic conditions at CULTIVE are
similar to those encountered by plants in natural conditions, being a realistic experimental
environment (mean annual precipitation and temperature of 434 mm and 14.8 °C, respectively;
data extracted from CHELSA timeseries).

We randomly selected 15 maternal families per species with at least two half-siblings
per family. For each species one individual per maternal family was grown in common, well-
watered conditions (~25% soil water content for our soil, SWC hereafter; Supplementary Data
Fig. S1b) for several months until seed production, constituting the well-watered maternal
treatment (2018, blue pots and solid lines at the top in Fig. 1). These experimental conditions
simulated periods and/or years when SWC is high for several days, e.g., during a rainy spring
or in wet years. At the peak of maturation (approx. mid-July 2018), seeds from all individuals
were collected and cleaned in the laboratory, to obtain viable seeds that were stored in paper
bags. The following year, in mid-March 2019, the same individual per maternal family was
subjected to drought conditions constituting the drought maternal treatment (2019, orange pots
and solid lines in Fig. 1). Therefore, the contrasting maternal environments were experienced
by the same individual in two consecutive years, completely eliminating genetic variation
between maternal treatments at the maternal family level. In the drought treatment, SWC was
progressively reduced by decreasing the intensity and frequency of watering events and then

maintained at ~50% of field capacity (approx. 12-14% of SWC, Supplementary Data Fig. S2a),
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simulating periods later in the summer or springs drier than the average. To guarantee the
effective implementation of watering treatments in both the maternal and offspring generation,
pots were moved under rain exclusion structures (Supplementary Data Fig. Slc), which
eliminated all-natural precipitation. The structures were built using iron profiles that were
covered with UV-protected corrugated transparent polycarbonate sheets (Rooflite, Wetherill
Park, Australia) and did not substantially affect other environmental conditions (see more
details in Matesanz et al. 2020). Drip irrigation was applied to each pot through pressure-
compensating emitters (Rainbird XB PC 05; Rainbird Ibérica, Madrid, Spain; Supplementary
Data Fig. S1d). Soil water content was monitored every 3—5 days in 12 pots per treatment, using
an HH2 Moisture Meter with an ML3 Sensor (Delta-T devices, Cambridge, UK; Supplementary
Data Fig. S2a). When plants in the well-watered treatment began to senesce, we finished the
treatments, which lasted approx. four months (from mid-March to early-July). Seeds were
collected from all individuals.

Furthermore, because interannual differences in abiotic conditions and changes along
plant ontogeny (plant age) may cause variations in fruit and seed production in polycarpic plants
(Herrera 1998; Herrera et al. 1998), which could carry on to later developmental stages, we also
compared offspring of the same maternal individuals grown from seeds generated in well-
watered conditions but in different, consecutive years (Fig. 1). Therefore, we controlled for the
potential effects of the year of seed production on the offspring phenotype. For this, a second
sibling per maternal family and species was also grown in well-watered conditions in both 2018
and 2019 (blue pots and lines at the bottom in Fig. 1), and its seeds were also collected. In this
manner, we collected offspring generated in the same experimental conditions but different
years. Significant phenotypic differences between offspring of the same maternal individual

grown in the same optimum conditions in two consecutive years would indicate effects related
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to plant age or differences in environmental conditions not related to the experimental

treatments.

Offspring treatments

In early September 2019, seeds collected from the same individual in the two contrasting
maternal treatments (well-watered in 2018 and drought in 2019; Fig. 1 top) were sown in 6-litre
pots filled with the same type of soil as in the previous generation. Before sowing, five
randomly selected seeds from each maternal plant and year were individually weighed in a
Mettler Toledo MXS5 microbalance (1 pg precision; Mettler Toledo, Columbus, OH, USA).
Then, we calculated the average of the five individually weighed seeds per maternal plant and
year to assess a family-level maternal seed mass. Seeds of H. squamatum were mechanically
scarified as above. Again, pots were maintained in the greenhouse for approx. three months to
maximize germination. In November 2019, pots were moved to the same outdoor common

garden in the CULTIVE facilities and maintained in common conditions for several months.

In early March 2021, 3-4 plants per family and maternal treatment of each species were
moved below the rain exclusion structures and randomly assigned to the same watering
treatments experienced by the maternal plants (well-watered and drought), resulting in a fully
factorial combination of maternal and offspring treatments (Fig. 1). To monitor our watering
treatments, we measured SWC every 2-4 days in 10-12 pots per treatment (Supplementary Data
Fig. S2b) until the end of the treatments (late June for C. hyssopifolia and early July for H.
squamatum), again using a HH2 Moisture Meter. Offspring treatments lasted for ~4 months,
similar to the maternal treatments. To control the microenvironmental conditions below the rain
exclusion structures, we established a meteorological station HOBBO H21-USB (Onset Co.,
Bourna, MA, USA), registering the relative humidity, photosynthetic active radiation (PAR)

and air temperature during the experiment (Supplementary Data Fig. S3). Due to uneven
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germination across maternal families, we obtained sufficient individuals from 9 and 12 maternal
families of C. hyssopifolia and H. squamatum, respectively. The final size of the offspring
generation was 282 individuals, 107 and 175 plants for C. hyssopifolia and H. squamatum
respectively (9/12 maternal families x 2 maternal treatments x 2 offspring treatments x 3-4

plants / family / treatment).

Furthermore, to assess whether ontogenetic changes or environmental differences across
years of seed production affected the phenotypic expression of experimental individuals, i.e.,
to corroborate that phenotypic differences between experimental plants can be attributed to the
effect of the maternal environment and not to the year of seed production, the offspring of
maternal plants that were maintained under well-watered conditions in both 2018 and 2019
were sown and assigned to the well-watered treatment during the experiment (N = 42; 18 and

24 plants, for C. hyssopifolia and H. squamatum, respectively; Fig. 1, bottom).

Collection of functional traits

We measured functional traits related to leaf morphology, physiology, phenology, and
reproductive fitness of individuals in all plants in the offspring generation, including those used
to control the effect of the year of seed production.

Physiological and leaf morphological traits were assessed at the reproductive peak of
each species (late May for C. hyssopifolia and early June for H. squamatum). We measured
midday photochemical efficiency (F,/F) as a proxy of photosynthetic capacity with a portable
fluorimeter (Handy PEA+ chlorophyll fluorometer, Hansatech, UK). Measurements were taken
from 13:00 to 16:00 h (UTC + 2) during a full sun day in one fully-developed and healthy leaf
previously adapted to dark with a leaf clip for 30 min, to ensure that all PSII centres were
opened (Maxwell and Johnson 2020). Then, we collected five fully-developed and healthy

leaves per plant, and to ensure leaf rehydration, we stored them in plastic bags filled with water-
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saturated filter paper and placed them overnight in cool (4°C) and dark conditions. The next
morning (after ~12 h), leaves were weighed in a Mettler Toledo MX5 microbalance (1 pg
precision; Mettler Toledo, Columbus, OH, USA) to obtain their saturated weight and were
scanned using an Epson Perfection V370 Photo scanner (Seiko Epson Corporation, Tokyo,
Japan). Leaf area was assessed using Adobe Photoshop (Adobe Systems Inc., CA, USA).
Leaves were oven-dried for 48 h at 60 °C and weighed using a Mettler Toledo MX5
microbalance (1 pg precision; Mettler Toledo, Columbus, OH, USA). Specific leaf area (SLA)
was calculated as the ratio of the one-side area of a fresh leaf divided by its oven-dry mass and
leaf dry matter content (LDMC) was calculated as leaf dry weight divided by its saturated
weight. Also, we measured the height in all plants at the onset and the end of the watering
treatments. From these measurements, we calculated the relative growth rate as RGR = (In S»
— In S1)/T2 -1, where S; and S; are plant height at time 1 and 2, respectively, and T _ 1 is the
time elapsed between the two measurements (121 days).

The presence of inflorescences with open flowers was monitored in all plants 2-3 times
per week throughout the experiment (22 and 17 censuses in total for C. hyssopifolia and H.
squamatum, respectively), obtaining the flowering onset for each plant. At the end of the
reproductive season of each species (end of June for C. hyssopifolia and early July for H.
squamatum), we counted the number of viable inflorescences in each plant, and we randomly
collected three mature inflorescences per plant before seed dispersion, which were stored
individually. At the lab, we dissected all collected inflorescences and counted the number of
viable seeds. Then, we calculated the mean number of viable seeds per inflorescence.
Furthermore, ten viable seeds per plant were randomly selected and individually weighed using
a microbalance, to obtain the mean individual seed mass per plant. From these measurements,
we determined two integrated variables of reproductive fitness: total seed number and total seed

mass. Total seed number was calculated as the number of viable seeds per inflorescence
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multiplied by the number of viable inflorescences of each plant. Total seed mass was calculated

as the total seed number multiplied by mean individual seed mass.

Statistical analyses

Phenotypic differences between years of seed production

To assess the potential effects of the year of seed production (e.g., interannual differences in
environmental conditions in our common garden and ontogenetic effects) on the phenotypic
expression of individuals, we fitted for each species linear mixed models with restricted
maximum likelihood (REML) using the subset of plants grown from seeds of the same
individual produced under well-watered conditions in both years (Fig. 1). In these models, the
year of seed production (2018 or 2019) was included as a fixed factor, maternal seed size as a
fixed covariate (to account for potential seed provisioning effects), and maternal family as a
random factor, and the phenotypic traits were used as the dependent variables. A significant
effect of year indicates differences in trait expression between years of seed production not
ascribable to differences in the maternal watering treatments. All models were fitted using
function /mer (package lme4; Bates et al. 2015). The significance of fixed factors was tested
using function Anova (package car; Fox and Weisberg, 2011) with type III sum of squares and

the Kenward-Roger approximation to calculate the residual degrees of freedom.

Intra- and transgenerational plasticity to drought

To assess the effect of the offspring and maternal watering treatments (hereafter OT and MT,
respectively) on the phenotypic expression of experimental individuals, i.e., the presence of
intra- and transgenerational phenotypic plasticity, respectively, we fitted linear mixed models
with restricted maximum likelihood (REML) on each phenotypic trait for each species. We

included OT and MT, and their interaction as fixed effects. Maternal seed size was included as
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a fixed covariate (as a proxy of seed provisioning) and maternal family as a random factor.
Again, the significance of fixed factors was assessed using function 4nova with type III sum of
squares and the Kenward-Roger approximation (see above), and data were transformed to
square root or logarithm when necessary to meet the assumptions of normality and
homoscedasticity of models. A significant effect of OT indicated overall phenotypic differences
between plants grown in the two offspring treatments of water availability, i.e.,
intragenerational phenotypic plasticity. A significant effect of MT showed phenotypic
differences between plants grown from seeds generated under different maternal treatments of
water availability, i.e., transgenerational plasticity. A significant effect of the MT x OT
interaction indicated that the effect of the maternal treatment on the phenotype depended on the
offspring watering treatment (non-parallel norms of reaction). When this interaction was
significant (or marginally so), subsequent analyses were performed within each offspring
treatment to test for the fixed effects of MT, including maternal seed size as a covariate and
maternal family as a random factor. We obtained marginal and conditional R? using function
r.squaredGLMM (package MuMIn; Barton, 2020). Marginal R? represented the variance
explained by fixed factors (OT, MT, their interaction, and maternal seed size), and conditional

R? represented the variance explained by both fixed and random factors.

Genetic variation for intragenerational plasticity across maternal treatments

When models showed a significant or marginally significant interaction between offspring and
maternal treatment (MT x OT interaction) for a given trait, we further assessed whether
maternal conditions also shaped the immediate responses to the environment of the different
maternal families (MF hereafter), i.e., how trans- and intragenerational plasticity interacted to
determine the phenotypic responses, by performing individual models for each maternal

treatment. Specifically, we performed linear models on each phenotypic trait by sub-setting the
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two maternal treatments for each species, and including MF, OT and their interaction as fixed
effects. A significant effect of MF indicated genetic differences among maternal families. A
significant effect of OT reflected the presence of intragenerational plasticity within a particular
maternal treatment. More importantly, a significant OT x MF term indicated the presence of
genetic variation for plasticity in a particular trait within a given maternal treatment, i.e.,
whether the offspring of families that have experienced a particular maternal environment
responded (or not) in the same way to the immediate environment. Again, significance of fixed
factors was assessed with function Anova with type III sum of squares and the Kenward-Roger

approximation, transforming data when necessary (see above).

RESULTS

Effect of year of seed production

There were no significant phenotypic differences between offspring of the same individual
grown in well-watered conditions in two consecutive years (i.e., no significant effect of year of
seed production for any studied trait; Supplementary Data Table S1 and Fig. S4). Therefore,
the maternal environmental effects observed in the offspring generation (see below) were not
due to the year of seed production, but rather, they were the consequence of differences between

maternal environments.

Patterns of transgenerational plasticity to drought

The phenotypic expression of experimental individuals was significantly affected by maternal
drought, but maternal environmental effects strongly differed between species. In H.
squamatum, offspring of drought-stressed plants (i.e., offspring produced under maternal
drought) showed an overall greater number of inflorescences, and marginally higher total seed

mass than offspring of the same maternal plants grown in well-watered conditions (an overall
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increase of ~10 % and ~6 %, respectively; Table 1, Fig. 2). In addition, we observed a
marginally significant interaction between MT and OT on individual seed mass in this species
(Table 1, Fig. 2). Individual models performed within each offspring treatment showed that
offspring of maternal plants grown under drought had, on average, higher individual seed mass
in the drought treatment than offspring from high moisture-grown maternal plants (significant
MT effect in the drought offspring treatment, F' = 4.065, P = 0.048; Fig. 2b). In contrast, in
well-watered conditions, we did not detect differences in individual seed mass between
offspring of well-watered and droughted maternal plants (non-significant MT effect, /"= 0.649,
P =0.423; Fig. 2b). The effect of the maternal environment on reproductive fitness components
in H. squamatum was accompanied by changes on leaf and growth traits. Specifically, we found
that individuals grown from seeds generated in drought conditions showed both larger SLA and
final height (an overall increase of ~4 % and ~9 %, respectively; Fig. 3a and e). In addition, we
found a marginally significant effect of the maternal treatments in LDMC and RGR (overall
reduction of ~3 % in LDMC and an increase of ~19 % in RGR; Fig. 3b and f). Conversely, the
maternal environment had no effect on the midday photochemical efficiency, the onset of
flowering, the number of seeds per inflorescence or total seed number (Table 1).

In contrast to the patterns observed in H. squamatum, we only found a marginally
significant effect of maternal drought on the number of inflorescences in C. hyssopifolia (Table
1, Fig. 4). There was no effect of the maternal environment either on the expression of any other

fitness trait or ecophysiological trait in C. hyssopifolia (Table 1, Figs. 4 and 5).

Plastic response to the immediate environment
We also found significant and strong phenotypic differences between offspring treatments (i.e.,
intragenerational phenotypic plasticity; significant effect of offspring treatment, OT, in Table

1). The phenotypic expression of experimental individuals for most functional traits was
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significantly affected by the offspring drought treatment, especially in H. squamatum (OT
effect in Table 1, Figs. 2 and 3). Helianthemum squamatum individuals showed a lower number
of inflorescences and number of seeds per inflorescences (a reduction of ~67% and 51%,
respectively) and higher individual seed mass (a ~7 % increase) under drought conditions (Fig.
2). Ecophysiological traits were also influenced by the offspring watering treatments, with an
overall ~28% reduction in their final height, and ~30% lower RGR in response to offspring
drought. Experimental individuals also showed significant changes in leaf morphology, with a
reduction of ~14 % in SLA and a ~33% increase in LDMC in the drought treatment (Figs. 3a
and b). Flowering onset and photochemical efficiency of PSII (F./F,) were also affected by
drought (an advance of ~3 days and a reduction of ~15%, respectively; Figs. 3c and d).

In C. hyssopifolia, offspring drought also affected reproductive fitness traits. Similar to
H. squamatum, we observed a significant reduction of ~52%, ~61% and 60% in the number of
inflorescences, total seed number and total seed mass under offspring drought conditions,
respectively (Fig. 4a, d and e). We also found a reduction of final height, F/F,,, and an advance
in flowering onset in the drought treatment compared to the well-watered treatment (a reduction
of ~27%, 13%, and an advance of ~3.5 days, respectively; OT effect in Table 1; Fig. 5). Most
models for both species showed higher conditional than marginal R?, indicating substantial
family variation. The effect of maternal seed size was not significant for most functional traits

in either species (Table 1).

Influence of maternal environmental conditions on immediate plastic responses

To assess if the maternal environment modified the response of the different maternal families
to the immediate environment when the interaction MT x OT was significant or marginally
significant (i.e., the case of individual seed mass in H. squamatum), we assessed the effect of

offspring treatment (OT), maternal family (MF) and its interaction, by sub-setting the data from
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each maternal treatment (MT). Offspring of maternal families that experienced drought in the
maternal environment showed similar immediate plastic responses to drought, increasing
individual seed mass in the drought treatment (parallel reaction norms; significant OT and non-
significant OT x MF interaction; Fig. 6a). In contrast, offspring of maternal families that
experienced well-watered maternal conditions showed non-consistent immediate responses
(non-parallel norms of reaction; marginally significant OT X MF interaction; F' = 1.965, P =
0.051; Fig. 6b), with a weaker overall response to drought in this trait (marginally significant

plastic response among offspring treatments; "= 3.529, P = 0.066).

DISCUSSION

Although the number of studies assessing maternal environmental effects has increased in
recent years (Yin et al. 2019), little is known about its ecological implications for perennial
Mediterranean species. The novel approach used in this study to minimize genetic variation
between experimental individuals grown in contrasting environments (i.e., within families) in
non-model, non-clonal, and self-incompatible perennial species allowed us to evaluate the
relative importance of intra- and transgenerational plasticity in gypsum endemic species, and
more importantly, whether maternal environmental effects persist beyond the seedling stage.
Our results showed that both intra- and transgenerational plasticity may be key mechanisms to
drought response in gypsophiles, but the importance of maternal environmental effects
remarkably varied between species. In all cases, intragenerational plastic responses to drought

were stronger in magnitude than transgenerational plasticity.

Maternal drought increased offspring performance in H. squamatum. Offspring of
drought-stressed maternal plants produced more inflorescences compared to offspring of well-

watered plants in both watering conditions (Fig. 2). Furthermore, we found an adaptive effect
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of maternal drought in seed mass in this species, agreeing with previous evidence reporting the
adaptive value of transgenerational plasticity when maternal and offspring conditions matched
(Galloway 2005; Marshall and Uller 2007; Galloway and Etterson, 2007; Sultan et al. 2009).
Specifically, offspring of drought-stressed maternal plants produced heavier seeds when grown
in dry soil than offspring generated from well-watered maternal plants. Heavier seeds often
provide higher probability and shorter times to germination, and higher recruitment success,
since seed size, seedling size and seedling survival are frequently correlated (Forcella et al.
2000; James et al. 2011; Vivas et al. 2013). This effect may be especially important for
gypsophiles because heavier seeds may provide a key advantage for the establishment and
persistence of seedlings in the stressful in dry conditions, as reported for other Mediterranean
species (Germain et al. 2013). The anticipatory effect found in seed mass when maternal and
offspring environments matched may have been at least partly favoured by the presence of a
characteristic dispersal mechanism in H. squamatum. Seeds of this species have an anchoring
mucilage, which may be adaptive in semi-arid species since the most favourable environment
1s usually located very close to the maternal plant (Escudero ef al. 1999). Closer microsites of
gypsum habitats often show more similar environmental conditions due to small-scale
variations in topography, biological and soil composition, that ultimately affect water
availability (Gazol and Camarero 2012; Peralta ef al. 2023). This would favour the maternal
environment to be predictive, i.e., a reliable cue of the offspring environment, enhancing
offspring performance in conditions that are likely to be similar (Agrawal et al. 1999; Sultan et

al. 2009; Fenesi et al. 2014).

Coupled with maternal environmental effects on reproductive fitness traits, maternal
drought significantly affected leaf morphology and growth traits in H. squamatum. Offspring
of maternal plants that experienced drought showed higher SLA and final height, and to a lower

extent, higher RGR and lower LDMC, than offspring of the same plants grown in well-watered
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conditions in both offspring treatments (Fig. 3). Less sclerophyllous leaves (i.e., with higher
SLA and lower LDMC) are often associated with higher light capture, photosynthetic rate, and
resource assimilation (Pérez-Ramos et al. 2013; Reich 2014), which may also allow a higher
RGR. This pattern is consistent with an acquisitive resource-use strategy, agreeing with
previous studies that have reported this adaptive strategy in H. squamatum to escape from

drought (Blanco-Sanchez et al. 2022, 2023).

Although we cannot pinpoint the underlying mechanisms driving transgenerational
plasticity in ecophysiological and fitness traits in H. squamatum, these effects were not likely
due to a “silver spoon” or seed provisioning effect (Roach and Wulff 1987; Baker et al. 2019).
If maternal environmental effects were related to higher seed mass produced in optimum
conditions, offspring of maternal plants grown under well-watered conditions should have
higher fitness in both offspring treatments, a pattern not found in our study. Furthermore, we
observed a slightly lower seed mass produced when maternal individuals experienced drought,
indicating that adaptive transgenerational plasticity was found despite the lower individual seed
mass. Overall, our results suggest that, instead of seed provisioning effects, other mechanisms
independent of seed mass such as changes in hormones, DNA methylation or histone
modifications were probably involved in the transgenerational plasticity of H. squamatum.

Further studies are needed to identify the exact mechanisms behind such responses.

Importantly, transgenerational plasticity to drought persisted in the second growth
season of the offspring individuals in H. squamatum. In previous studies with perennial species,
transgenerational plasticity was mostly reported in the first year of growth, partly because its
effects are often measured on seedlings and/or life stages closer to plant establishment (Roach
and Wulff 1987; Bischoff and Miiller-Schérer 2010; Sandner et al. 2018). For example, Sandner
et al. 2018 found that the strength of maternal environmental effects in Silene vulgaris

decreased throughout the first 120 days after emergence. In contrast, Sobral ef al. 2021 found
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that physical and chemical defences against herbivory were induced by maternal environmental
conditions, but this induction varied across life stages in the annual species Raphanus sativus,
since chemical defences were only inducible in reproductive stages. Agreeing with the latter,
our results highlight that the adaptive transgenerational plasticity can impact offspring even
into the reproductive stage also in perennial plants. To our knowledge, very few studies have
assessed the effects of transgenerational plasticity in perennial species after the first year of
growth (i.e., long-term maternal effects; Latzel and KlimeSova, 2010; Vivas et al. 2013; Walter
et al. 2016). Among them, only Walter et al. 2016 reported positive effects of maternal drought
in branch development in the second year of growth of the dwarf shrub Genista tinctoria, and
to date, there were no studies evaluating transgenerational plasticity patterns in perennial,
Mediterranean semi-arid species. Since transgenerational plasticity may persist in later stages
of the life cycle, this type of non-genetic inheritance may be key in the restrictive conditions of

gypsum ecosystems for perennial gypsophiles.

Furthermore, the maternal environment not only affected the phenotype of offspring in
H. squamatum, but also significantly modified their response to the immediate environment.
Previous studies have found complex interactions between intra- and transgenerational
plasticity (Latzel ef al. 2014; Auge et al. 2017; Matesanz et al. 2022). In our case, maternal
drought induced similar immediate plastic responses among maternal families, showing a
consistent, likely adaptive increase in seed mass in H. squamatum in response to offspring
drought. In contrast, offspring of the same maternal individuals produced under well-watered
conditions showed a large variety of responses to immediate drought, with some maternal
families increasing but others even decreasing seed mass in response to drought (Fig. 6). This
highlights how the maternal environments can regulate the expression of immediate plasticity,
generating adaptive plastic responses when maternal plants also experienced similar stressful

conditions.
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The maternal environmental effects found in H. squamatum contrasted with the lack of
evidence of transgenerational plasticity observed in C. hyssopifolia (Table 1, Figs. 4 and 5).
Our results support the notion that transgenerational plasticity is not a widespread phenomenon
and may vary among species (Sultan ef al. 2009; Uller et al. 2013; Yin et al. 2022). Since the
perception of environmental cues and epigenetic regulation is complex, transgenerational
plasticity may have evolved only in a few species and may be subjected to different
phylogenetic or physiological restrictions (Harmon and Pfennig 2021). In our study, differences
in the longevity of both species may partly explain the differences in patterns of
transgenerational plasticity (C. hyssopifolia shows a larger lifespan; see methods section).
Long-lived perennials often experience higher environmental fluctuations during their lifecycle
that may hamper the match between maternal and offspring environment and thus,
intragenerational plasticity may be particularly more advantageous than transgenerational
plasticity to cope with stress in these species (Auge ef al. 2017; Donelson et al. 2018). The
longer lifespan of C. hyssopifolia may also provide a higher probability for the dilution of
maternal environmental effects over time (Agrawal et al. 2002; Gianoli 2002). In addition, H.
squamatum shows lower seed longevity and higher recruitment rates (Caballero et al. 2005,
2008), which may favour germination in conditions similar to those experienced by maternal
individuals. Furthermore, because our sample size comprised a slightly lower number of
maternal families in C. hyssopifolia compared to H. squamatum, differences in patterns of
transgenerational plasticity across species may be partly explained by a lower statistical power
in the first species. Finally, C. hyssopifolia may express transgenerational plasticity to other
unstudied environmental cues, in other traits, and even at different life stages, since the presence
of maternal environmental effects may be context- and trait-dependent (Herman and Sultan,

2011; Latzel et al. 2014; Harmon and Pfennig 2021; Sobral ef al. 2021).
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Regardless of the underlying causes, differences between species in the expression of
transgenerational plasticity have broad ecological and evolutionary implications for their future
climate change persistence. Recently, Blanco-Sanchez et al. 2023 showed that both study
species have contrasting evolutionary potential under conditions that simulated the increase of
aridity associated to climate change. While H. squamatum showed significant genetic variation
for several adaptive traits, C. hyssopifolia lacked evolutionary potential (Blanco-Sanchez et al.
2023). The lack of transgenerational plasticity found in our study, coupled with its reduced
evolutionary potential, may suggest a higher vulnerability of C. hyssopifolia to environmental
change, at least in the studied population. Therefore, while C. hyssopifolia may rely on
intragenerational plasticity to cope with the increase of aridity, as found in other Mediterranean
species (e.g. Santiso and Retuerto, 2017), H. squamatum may not only have the ability to evolve
functional traits and their plasticity, but also to express adaptive transgenerational plasticity.
Indeed, the greater ability to express transgenerational plasticity of H. squamatum may partly
explain the higher abundance of this species in natural conditions compared to that of C.
hyssopifolia (Blanco-Sanchez et al. 2022), since transgenerational plasticity allows to thrive in
a wider variety of environments, positively impacting population growth and density (Sultan et

al. 2009, Herman and Sultan 2011).

The expression of intragenerational phenotypic plasticity may constitute a crucial source
of adaptive variation to cope with environmental change (Matesanz et al. 2010; Fox et al. 2019).
Indeed, we found significant adaptive intragenerational plasticity in both species, agreeing with
previous studies of dominant gypsophiles (Matesanz et al. 2020; Blanco-Sanchez et al. 2023),
and the magnitude of immediate responses were stronger than transgenerational plasticity.
Specifically, individuals of both species advanced the onset of flowering and produced more
sclerophyllous leaves (lower SLA and higher LDMC) in response to offspring drought. A

phenological advance has been frequently reported adaptive for Mediterranean plant species,
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since it allows to end the reproductive cycle before summer drought (Franks 2011; Blanco-
Sanchez et al. 2022, 2023). Furthermore, sclerophyllous leaves in dry conditions may minimize
evapotranspiration (Ramirez-Valiente et al. 2011; Lazaro-Nogal et al. 2015). Interestingly,
although offspring drought triggered phenotypic responses consistent with a conservative
strategy to minimize water loss (i.e., more sclerophyllous leaves), maternal drought favoured
the expression of acquisitive phenotypes in H. squamatum, more similar to those expressed
under well-watered conditions. These results highlight that intra- and transgenerational
plasticity may show complex, antagonistic interactions to shape the total adaptive response to

drought.

Conclusions

Overall, our new experimental approach sheds light on how intra- and transgenerational
plasticity interact to shape the adaptive responses to drought in Mediterranean shrubs.
Importantly, maternal environmental effects can persist into the reproductive phase,
highlighting the importance of transgenerational plasticity throughout the life cycle of perennial
species. Maternal drought not only triggered adaptive phenotypic responses in offspring
individuals, but also shaped their immediate responses to drought in H. squamatum. However,
such environmental effects were not found in C. hyssopifolia, emphasizing that the adaptive
value of transgenerational plasticity is not universal and must be specifically assessed. These
results underline that both species may show different vulnerability to the increment of aridity
of climate change, affecting their future persistence and ultimately, the composition of gypsum

communities over time.
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Offspring treatment (OT) Maternal treatment (MT) OT x MT Maternal seed size R%, R%
F P F P F P F P
Helianthemum squamatum
Reproductive traits
No. of inflorescences 224.737 <0.001 4.470 0.036 0.946 0.332 0.028 0.868 0.532 0.616
Individual seed mass 15.570 <0.001 0.802 0.372 3.510 0.063 0.299 0.586 0.085 0.401
No. seeds per inflorescence 84.94 <0.001 0.494 0.483 0.220 0.640 1.431 0.235 0.455 0.564
Total seed number 293.389 <0.001 1.312 0.254 0.169 0.682 0.405 0.526 0.533 0.631
Total seed mass 190.004 <0.001 2.782 0.097 0.824 0.366 0.118 0.732 0.507 0.584
Ecophysiological traits
Specific leaf area (SLA) 66.107 <0.001 5.608 0.019 0.101  0.752 3.354 0.070 0.273 0.430
Leaf dry matter content (LDMC) 91.707 <0.001 2.946 0.088 0.233 0.630 2.315 0.131 0.319 0.467
Final height 95.460 <0.001 7.335 0.008 0.369 0.544 5.895 0.017 0.365 0.466
Relative growth rate (RGR) 34.513 <0.001 2.793 0.097 0.732 0.394 4.939 0.029 0.195 0.309
f;i;’c)hemlcal efficiency of PSII 22.481 <0.001 0.631 0.428 0.028  0.868 0.226 0.638 0.121 0.137
Onset of flowering 27.926 <0.001 0.001 0.982 0.037 0.848 0.041 0.840 0.096 0.422
Centaurea hyssopifolia
Reproductive traits
No. of inflorescences 96.643 <0.001 5.465 0.081 0.820 0.368 3.260 0.109 0.499 0.499
Individual seed mass 0.435 0.511 0.001 0.981 1.675 0.199 0.473 0.510 0.029 0.037
No. seeds per inflorescence 1.493 0.225 0.509 0.478 1.313 0.255 0.025 0.877 0.079 0.132
Total seed number 67.011 <0.001 2.484 0.121 2.450 0.121 0.907 0.362 0.399 0.429
Total seed mass 44.430 <0.001 2.094 0.154 2.822 0.096 0.779 0.400 0.327 0.348
Ecophysiological traits
Specific leaf area (SLA) 2.706 0.103 1.609 0.211 0.317 0.575 1.711 0.216 0.055 0.117
Leaf dry matter content (LDMC) 18.405 <0.001 2.316 0.134 0.466 0.496 2.852 0.108 0.177 0.314
Final height 29.217 <0.001 1.105 0.298 1.480 0.227 0.080 0.780 0.293 0.408
Relative growth rate (RGR) 15.617 <0.001 0.016 0.900 0.061 0.806 0.084 0.778 0.131 0.137
f;f}g’c)hemlcal efficiency of PSII 21.860 <0.001 0.083 0.775 0.063  0.802 1.173 0.296 0.174 0.270
Onset of flowering 2.607 <0.001 0.460 0.501 1.415 0.793 0.074 0.793 0.039 0.039

Table 1. Results of linear mixed models fitted for each study species to test the effects of maternal and offspring treatments and their interaction
on functional traits. Maternal seed size was included as a fixed covariate (to account for potential seed provisioning effects) and maternal family
as arandom factor. F-statistics and P-values are shown for each trait. Significant terms are shown in bold and marginally significant terms in italics.
R’ = marginal R?; R% = conditional R?. df = 1 for all fixed terms. See text for details on statistical analyses.
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Figure captions

Figure 1: Diagram of the transgenerational plasticity experiment using two Mediterranean
gypsophile shrubs. We evaluated the phenotypic differences between offspring of the same
individual grown in contrasting environmental conditions over two consecutive years. In 2017,
we collected seeds from different maternal plants of each species in a natural population, which
were sown and grown in an outdoor common garden in the CULTIVE facilities at URJC. In
2018, maternal individuals were kept under well-watered (WW) conditions and seeds were
collected (blue pots and solid lines). The following year, the same maternal individuals
experienced stressful drought conditions (DR; orange pots and solid lines). In 2020, offspring
from well-watered and drought-stressed maternal plants were grown in a common garden. After
two growth seasons, in 2021, these experimental individuals were subjected to the same
experimental watering treatments experienced by the maternal generation, resulting in a fully-
factorial combination of maternal and offspring treatments (blue and orange dashed lines
represent well-watered and drought offspring treatments; e.g., DR-WW indicates offspring of
drought-stressed maternal plants grown in well-watered conditions). To control for the potential
effects of the year of seed production, we used half-siblings of each maternal family that
experienced well-watered conditions in both 2018 and 2019, and the offspring of these
individuals were also grown in the well-watered treatment (bottom part of the diagram). For
clarity, only H. squamatum is represented, but the same experimental design was used for C.

hyssopifolia. See main text for details.

Figure 2. Effect of maternal (MT) and offspring treatments (OT) on reproductive fitness traits
in H. squamatum: A) number of inflorescences; B) individual seed mass; C) number of seeds

per inflorescence; D) total seed number; and E) total seed mass. Each line shows the norm of
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reaction for a given trait of offspring of well-watered (in green) vs. drought (in yellow) maternal
plants. Observed means + SE for 12 maternal families, with 3-4 replicates per family and
treatment are represented. Significance levels: n.s. = not significant; + = 0.05 < P <0.1; *=P
<0.05; ** =P <0.01; *** = P<0.001. See Table 1 for full results.

Figure 3. Effect of maternal (MT) and offspring treatments (OT) on ecophysiological traits in
H. squamatum: A) specific leaf area (SLA); B) leaf dry matter content (LDMC); C) midday
photochemical efficiency of PSII (F\/F); D) onset of flowering; E) final height; and F) relative
growth rate (RGR). Each line shows the norm of reaction for a given trait of offspring of well-
watered (in green) vs. drought (in yellow) maternal plants. Observed means += SE for 12
maternal families, with 3-4 replicates per family and treatment are represented. Significance
levels: n.s. = not significant; + = 0.05 < P <0.1; * = P <0.05; ** =P <0.01; *** = P <0.001.

See Table 1 for full results.

Figure 4. Effect of maternal (MT) and offspring treatments (OT) on reproductive fitness traits
in C. hyssopifolia: A) number of inflorescences; B) individual seed mass; C) number of seeds
per inflorescence; D) total seed number; and E) total seed mass. Each line shows the norm of
reaction for a given trait of offspring of well-watered (in blue) vs. drought (in coral) maternal
plants. Observed means + SE for 9 maternal families, with three or four replicates per family
and treatment are represented. Significance levels: n.s. = not significant; ¥ =0.05 <P <0.1; *

=P <0.05; **=P<0.01; ***=P<0.001. See Table 1 for full results.

Figure 5. Effect of maternal (MT) and offspring treatments (OT) on ecophysiological traits in
C. hyssopifolia: A) specific leaf area (SLA); B) leaf dry matter content (LDMC); C) midday
photochemical efficiency of PSII (F\/F); D) onset of flowering; E) final height; and F) relative

growth rate (RGR). Each line shows the norm of reaction for a given trait of offspring of well-
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watered (in blue) vs. drought (in coral) maternal plants. Observed means + SE for 9 maternal
families, with 3-4 replicates per family and treatment are represented. Significance levels: n.s.
= not significant; = 0.05 < P <0.1; * = P<0.05; ** = P <0.01; *** = P<0.001. See Table 1

for full results.

Figure 6. Norms of reaction showing the response of H. squamatum maternal families to the
offspring treatments for individual seed mass, in the A) drought and B) well-watered maternal
treatments. Different colors show each maternal family. Significance levels: n.s. = not
significant; T = 0.05 <P <0.1; * =P <0.05; ** = P<0.01; *** = P <0.001. OT: offspring
treatment; MF: maternal family; OT x MF: interaction between offspring treatment and

maternal family, genetic variation for plasticity.
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Captions of supplementary figures

Figure S1. A) General view of Belinchon (Cuenca, Spain), where individuals of Helianthemum
squamatum and Centaurea hyssopifolia were collected to generate the individuals from the
maternal generation; B) Experimental individual of H. squamatum growing in well-watered
conditions in 2018; C) Offspring individuals of H. squamatum growing bellow the rain
exclusion structures during the transgenerational plasticity experiment; D) Detail of the
irrigation system in pots with offspring individuals of C. Ayssopifolia in the well-watered
treatment. Drip irrigation was applied on a pot-level basis by pressure-compensating drippers
(Rainbird Ibérica, Madrid, Spain) both in maternal and offspring treatments.

Figure S2. Soil water content (%) in both watering maternal in 2019 (A) and offspring (B)
treatments for Centaurea hyssopifolia and Helianthemum squamatum. Plants in the well-
watered treatment were kept at field capacity (approx. 25-27% of SWC) and plants in the
drought treatment were kept at 50% of field capacity (approx. 12-14 % SWC). Measurements
were taken every 2-4 days in 10-12 pots per treatment using a HH2 Moisture Meter (Delta-T
devices, Cambridge, UK) during all experiments (in 2019 and 2021). Watering treatments in
the maternal and offspring generation started in early March for both species and ended in late
June for C. hyssopifolia and early July for H. squamatum.

Figure S3. Environmental conditions below rain exclusion structures during the
transgenerational plasticity experiment. Data were collected with a HOBO microstation data
logger (H21-USB, Onset Co., Bourna, MA, USA) that recorded relative humidity (in blue),
photosynthetic active radiation (PAR, in green), and air temperature (in red) every 10 minutes
throughout the experiment.

Figure S4. Boxplot representing the phenotypic variation of individuals used to control the
effects of the year of seed production in both species. From left to right, each boxplot represents

first and third quartiles, and mean phenotypic values (grey line) for 2018 and 2019 in both
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species. Upper and lower whiskers show 1.5 times the interquartile range. Dots represent
phenotypic values of each individual per maternal family measured in both years. A) Number
of inflorescences; B) Individual seed mass (mg); C) Number of seeds per inflorescence; D)
Total seed number; E) Total seed mass (mg); F) Specific leaf area (SLA); G) Final height (cm);

H) Photochemical efficiency of PSII (F,/Fx) I) Onset of flowering (days).
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