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Abstract
1.	 Phenotypic differences among populations stem from the interaction between 

neutral and adaptive processes, and phenotypic plasticity. Although clinal trait 
variation along climatic gradients often evolves in widely distributed species, it 
is unknown whether substrate specialization, such as that of Mediterranean gyp-
sum plants, has constrained adaptation to climate.

2.	 Using a common garden experiment with two contrasting watering treatments, 
we quantified phenotypic plasticity, assessed evidence for footprints of selection 
using FST – QST comparisons, and evaluated the ecological factors driving geneti-
cally based phenotypic differentiation of 11 populations encompassing the full 
environmental range of the gypsum shrub Lepidium subulatum.

3.	 We found evidence for genetic differentiation among populations related to cli-
matic differences, with populations from warmer and drier sites showing lower 
specific leaf area and leaf N, earlier phenology, greater water use efficiency and 
greater fitness. Multiple lines of evidence suggest that this differentiation was 
driven by past divergent selection rather than neutral processes. All populations 
showed high phenotypic plasticity, indicating that plasticity has not been selected 
against, even in populations from sites with harsher climatic conditions.

4.	 Synthesis. Our results indicate that despite strong substrate specialization, adap-
tive differentiation related to climatic gradients occurs in this species. However, 
we also found that populations from mesic sites may be particularly vulnerable to 
future climate change given their relatively lower fitness under both wet and dry 
conditions.
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1  |  INTRODUC TION

Intraspecific phenotypic variation is widely found in nature, and 
understanding its causes and consequences is key to predicting the 
evolutionary trajectories of populations (Bolnick et al., 2011; Merilä 
& Crnokrak, 2001; Westerband et al., 2021). Phenotypic differences 
among populations result from the complex interaction between 
genetic differentiation, driven by adaptive evolution and/or neu-
tral evolutionary processes such as migration and genetic drift, and 
differences in environmentally induced phenotypic responses, that 
is, phenotypic plasticity (Merilä & Crnokrak, 2001; Pigliucci, 2001; 
Westerband et  al.,  2021). Widely distributed species often occur 
across broad environmental gradients, which likely impose differ-
ential selective pressures across populations (Blanquart et al., 2013; 
Ramírez-Valiente et al., 2010). If there is sufficient genetic variation 
and the effects of natural selection are stronger than those from 
neutral evolutionary processes, differences in patterns of selec-
tion may lead to adaptive population differentiation (Blanquart 
et al., 2013; Merilä & Crnokrak, 2001).

Phenotypic plasticity may also contribute to differentiation 
among populations (Mitchell-Olds et  al.,  2007; Pigliucci,  2001; 
Westerband et  al., 2021). Specifically, plasticity may allow the ex-
pression of optimum phenotypes in response to contrasting environ-
mental conditions, preventing the adaptive evolution of traits (see 
e.g. Oplaat & Verhoeven, 2015; Sultan & Matesanz, 2015). In addi-
tion, although epigenetic mechanisms are known to play a prominent 
role in the plastic responses of organisms, plasticity also has a ge-
netic basis and can evolve by natural selection. Consequently, pop-
ulations inhabiting contrasting environmental conditions may differ 
in their plastic responses (Pigliucci,  2001; Valladares et  al.,  2007). 
Determining whether phenotypic differentiation results from past 
adaptation, differences in plasticity, or a combination of both pro-
cesses, is crucial to understand the potential adaptive differences of 
populations to new environmental conditions and make robust pre-
dictions on their long-term persistence (Franks et al., 2014; Welles 
& Funk, 2021).

In Mediterranean plant populations, precipitation, and tempera-
ture are the most critical factors for plant establishment, particu-
larly during summer and in the first years after seedling emergence 
(Blondel et al., 2010; Matesanz & Valladares, 2014; Ramírez-Valiente 
et al., 2022). To cope with abiotic stress, Mediterranean plants have 
evolved functional syndromes associated with different drought-
related strategies (Kooyers, 2015; Volaire, 2018). At the intraspecific 
level, widespread Mediterranean species experience substantial 
variation in temperature and drought intensity and duration across 
their distribution ranges (Matesanz, Ramos-Muñoz, Blanco-Sánchez, 
et al., 2020b; Ramírez-Valiente et al., 2022) that may have also driven 
the divergent evolution of populations. Specifically, it has been sug-
gested that a less plastic, conservative syndrome associated with a 
drought-tolerant strategy would be favoured under harsher climatic 
conditions to cope with drought, whereas an acquisitive, drought-
escape strategy with high plasticity would be favoured under more 
mesic environments to exploit favourable periods of higher water 

availability (e.g. Csilléry et  al.,  2020; Solé-Medina et  al.,  2022; 
Valladares et  al.,  2000; Van Kleunen & Fischer,  2005). However, 
most of this evidence comes from tree studies, with comparatively 
fewer studies focusing on patterns of population differentiation 
in Mediterranean perennial shrubs (e.g. Lázaro-Nogal et  al.,  2016; 
Matesanz, Ramos-Muñoz, Blanco-Sánchez, et al., 2020b). Therefore, 
whether Mediterranean perennial shrubs have responded to climatic 
heterogeneity via evolution through natural selection and/or pheno-
typic plasticity is not well understood.

Substrate specialization may also be a strong evolutionary force 
in plant populations. Together with drought and high temperatures, 
Mediterranean gypsophiles—plants restricted to gypsum soils—are 
subjected to chemical and nutrient imbalances (Cera et  al.,  2021; 
Escudero et al., 2015; Palacio et al., 2022) that impose highly restric-
tive conditions for plant growth and development. Specifically, gyp-
sum (calcium sulfate dihydrate; CaSO4‧2H2O) soils have high calcium 
and sulfate but low nutrient availability, making S concentration a po-
tential nutritional and physiological requirement for gypsophiles in 
natural conditions (Cera et al., 2021; Palacio et al., 2022). Therefore, 
differences in soil chemical composition across populations may also 
lead to divergent evolution in these habitat specialists. Alternatively, 
it has been proposed that substrate specialization may result in a 
common phenotype that is able to thrive in a restrictive environment 
(i.e. a stress resistance syndrome; Rajakaruna, 2018; von Wettberg 
et  al.,  2014). Accordingly, edaphic specialists may show low with-
in- and among-population genetic variation, and may thus represent 
evolutionary dead-ends with limited evolutionary potential (Anacker 
et al., 2011; Rajakaruna, 2018; but see Blanco-Sánchez et al., 2023). 
To the best of our knowledge, the ecological factors that have pro-
moted adaptive evolution in gypsophiles, and more importantly, 
whether adaptation to extreme edaphic conditions has limited the 
ability of gypsophile populations to respond to other selective pres-
sures such as climatic variation, are currently unknown.

In a climate change scenario, assessing whether genetic differ-
entiation is associated with past adaptation to climatic differences 
among populations will improve our ability to identify poten-
tially vulnerable and resilient populations to future climatic con-
ditions (Anderson & Song, 2020; Franks et  al., 2014; Solé-Medina 
et al., 2022). A particularly useful approach to assess the role of past 
selection and neutral processes on the genetically based phenotypic 
differentiation of populations is QST – FST comparisons. QST quanti-
fies population genetic differentiation in phenotypic traits caused 
by both neutral and adaptive evolutionary processes, while FST es-
timates population differentiation in molecular markers driven only 
by neutral processes. Significant differences between these met-
rics evince footprints of selection (Leinonen et al., 2013; Merilä & 
Crnokrak, 2001; Whitlock, 2008). Furthermore, assessing the poten-
tial association between populations' phenotypes—expressed under 
common conditions— and their local environmental conditions is 
crucial to identify the selective pressures driving adaptive pheno-
typic differentiation (Blanquart et al., 2013; Brouillette et al., 2014; 
Ramírez-Valiente et al., 2022). Understanding whether environmen-
tal gradients drive genetically based phenotypic differences among 
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populations has remained a key topic for evolutionary ecologists 
for decades (Gregor, 1944; Huxley, 1938; Turesson, 1922). A grad-
ual phenotypic change across populations associated with an envi-
ronmental gradient (i.e. an environmental cline) suggests that past 
adaptive evolution has occurred in response to the environmental 
variation (Brouillette et al., 2014; Ramírez-Valiente et al., 2022). In 
addition, since the expression of quantitative genetic variation may 
be environmentally dependent, i.e. adaptive population differenti-
ation may be expressed in one environment while being absent in 
another, assessing how population differentiation varies across 
ecologically meaningful environments that reflect natural variation 
in environmental conditions is key to understanding adaptive dif-
ferentiation (Cooper et al., 2022; Pigliucci, 2001; Ramírez-Valiente 
et al., 2018). Finally, since natural selection rarely acts on isolated 
traits but, rather, on a multivariate phenotype, evaluating the pat-
terns of multivariate phenotypic variation and their association with 
environmental factors is needed to gain a deep understanding on the 
adaptive processes in natural populations (Solé-Medina et al., 2022 
and references therein).

Our study assessed the role of past natural selection on quan-
titative genetic differentiation across populations and patterns of 
phenotypic plasticity to drought in the Mediterranean gypsum shrub 
Lepidium subulatum. We evaluated whether selection events, act-
ing on populations' mean phenotypes and/or their plasticity, were 
likely driven by differences in climate and/or soil composition among 
populations. We sampled 11 populations throughout the entire 
environmental distribution range of the species, genotyped them 
using species-specific nuclear microsatellites, and characterized ge-
netically based phenotypic differentiation across populations. We 
used an outdoor common garden experiment with two ecologically 
meaningful watering treatments that reflected natural spatiotem-
poral variation in water availability across the study populations. 
Specifically, we addressed two main questions: (i) Do populations of 
L. subulatum show genetically based phenotypic differences reflect-
ing past adaptation to local climate and/or soil composition? (ii) Does 
L. subulatum express phenotypic plastic responses to drought in key 
functional traits, and, if so, do plastic responses vary among pop-
ulations? We hypothesize that climatic differences across popula-
tions have driven adaptive population differentiation in L. subulatum. 
Alternatively, soil chemical composition may have played a more im-
portant role than climate in the evolution of gypsophiles, favouring a 
common stress resistance syndrome across populations. Finally, we 
expect lower phenotypic plasticity in populations with climatically 
harsher (i.e., warmer and drier) environmental conditions.

2  |  MATERIAL S AND METHODS

2.1  |  Species description and sampled populations

Lepidium subulatum L. (Brassicaceae) is a small perennial shrub 
(20–60 cm high) endemic to the Iberian Peninsula and North Africa. 
It is one of the most dominant and widespread gypsophiles in the 

Iberian gypsum habitats, where it forms large populations. The 
species also shows rare occurrences in North Africa, with a few 
scattered and small populations known in Morocco and Argelia (M. 
Chambouleyron, personal communication). Individuals produce nu-
merous small fruits (silicles), each containing two seeds (Hernández 
Bermejo & Clemente, 1993). Lepidium subulatum has low seed 
dispersal ability, and is predominantly outcrossing with partial 
self-compatibility, as supported by low inbreeding coefficients 
throughout its range (Blanco-Sánchez et al., 2021). Although gene 
flow across populations is higher in outcrossing compared with 
selfing species (Aguilar et al., 2008; Honnay & Jacquemyn, 2007), 
adaptive population differentiation may occur in the presence 
of gene flow when selection is strong and constant (Jump & 
Peñuelas, 2005).

In June 2017, we sampled 11 populations across the Iberian 
Peninsula. The selected populations covered the worldwide 
climatic distribution of L. subulatum, spanning a wide gradient 
of climatic conditions among populations (Table  1; Figure  1; 
Table  S1), with substantial differences in annual precipitation 
(328–580 mm) and annual mean temperature (11.6–17.1°C). 
Climatic data were extracted from WorldClim bioclimatic layers 
(Fick & Hijmans, 2017; Trabucco & Zomer, 2010) soil–water bal-
ance layers, using ArcMap 10.5 (ArcGIS Desktop, ESRI, CA, USA). 
To account for within-site climatic heterogeneity, a 2 km buffer 
zone around each population sampling location was used to ex-
tract climatic data.

At each population, we established a 20 × 20 m plot and col-
lected mature seeds and fresh leaves from 20 maternal plants 
separated by at least 3 meters from each other to avoid sam-
pling closely related individuals. All seeds from fully developed 
fruits were collected from each maternal plant. Leaves and seeds 
from each maternal plant were stored separately in paper bags 
at room temperature until DNA extraction and the beginning of 
our common garden experiment, respectively (see below). To 
characterize soil properties, we also collected three soil cores 
(0–20 cm depth) at the centre and two random corners of each 
plot, and stored them individually. From soil samples, we deter-
mined total S (as a proxy of gypsum content), C, and N concen-
trations, using an elemental analyser (TruSpec CHNS, LECO, MI, 
USA), organic matter content, estimated by chromic acid diges-
tion, and available Olsen P, using standardized protocols with 
NaHCO3 (Olsen et  al., 1954) of each population. Soil samples 
were analysed at IPE-CSIC (Zaragoza, Spain). Fieldwork did not 
need any permission.

2.2  |  Molecular analyses

To assess population differentiation in molecular markers (FST), we 
first extracted genomic DNA from air-dried field-collected leaves, 
using a commercial kit (Dneasy Plant Minikit; QIAGEN, Germany). 
Then, individuals were genotyped using 10 species-specific 
nuclear polymorphic microsatellite markers (Martínez-Nieto 
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et  al.,  2012). Detailed information about DNA extractions, PCR 
reactions, and microsatellite genotyping can be found in Blanco-
Sánchez et al. (2021).

2.3  |  Set-up of common garden experiment

We established a common garden experiment in the CULTIVE 
facilities at URJC (Móstoles, Madrid, Spain). Before sowing, 10 
maternal plants per population were randomly selected, and 10 
seeds per plant were individually weighed using a Mettler Toledo 
MX5 microbalance (1 μg precision; Mettler Toledo, Columbus, OH, 
USA) to obtain a family-level seed mass. In mid-July 2018, seeds 
from each maternal plant and population were sown in 0.5 L pots 
(Alpifer, Valencia, Spain) filled with soil extracted from a gypsum 
quarry close to the experimental site (Yesos Ibéricos-Algiss S.A., 
Valdemoro, Madrid, Spain). This soil was analysed in the same way 
as the soil collected at the studied populations (Table  S1). Since 
L. subulatum pollination is mostly outcrossing and different flow-
ers are often pollinated at varying times by a diversity of insects 
(and consequently, by different paternal individuals), individuals 
from the same maternal plant constituted a maternal family and 
were considered half-siblings. To maximize seed germination and 
establishment, pots were placed in a greenhouse and maintained 
in well-watered conditions (i.e. at field capacity) for ~3 months. 
To confirm that the substrate did not contain seeds of L. subula-
tum, control pots were also filled and placed in the greenhouse. 
The control pots did not show any germination from the seed 
bank. In October 2018, seedlings were individually transplanted 
into 6 L pots (22 × 20 cm; Alpifer, Valencia, Spain) filled with the 
same substrate, and moved to the outdoors cultivation facility. 
Experimental individuals were grown in common, optimum condi-
tions until the implementation of watering treatments.

To minimize potential maternal effects, which are expected to be 
greater in early phases of the life cycle (Auge et al., 2017; Bischoff 
& Müller-Schärer, 2010), and because most individuals of L. subula-
tum reach the reproductive stage in their second growing season, 
watering treatments were applied after two growing seasons. The 
watering treatments lasted for ~3 months, after which we charac-
terized the phenotype of experimental individuals. In late-February 
2020, five plants of each maternal family and population were ran-
domly assigned to each of two contrasting watering treatments, 
well-watered and drought (N = 1100 plants; 11 populations × 10 fam-
ilies/population × 5 individuals/family/treatment × 2 watering treat-
ments). To implement our watering treatments, pots were placed 
under six rain exclusion structures (three per treatment) that elim-
inated natural precipitation without substantially affecting other 
environmental conditions (see details in Methods S1). Specifically, 
PAR values exceeded 1800 μmol m−2 s−1 in full-sun days. Treatments 
were implemented using a drip-irrigation system with pressure-
compensating emitters (Rain Bird XB05PC; Rain Bird Corporation, 
CA, USA), adjusting the number and duration of watering events 
to reach ecologically meaningful levels of soil water content (SWC TA
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hereafter) in the experimental pots, that simulated the spatiotempo-
ral heterogeneity of gypsum habitats (Blanco-Sánchez et al., 2022). 
In the well-watered treatment, plants were kept at field capacity 
(~25% of SWC for our substrate), simulating conditions experienced 
in climatically milder populations or periods when soil moisture is 
high (e.g. in early spring). In contrast, SWC in the drought treatment 
was gradually reduced and then maintained at ~50% of field capacity 
(12%–14% of SWC), simulating the climatic conditions of populations 
with harsher conditions or periods when soil moisture is lower (e.g. 
in early summer). During the experiment, we monitored SWC of 30 
pots per treatment (10 per rain exclusion structure) every 2–4 days, 
using an HH2 Moisture Meter with an ML3 Sensor (Delta-T devices, 
Cambridge, UK; see Figure S1). The watering treatments were main-
tained for ~3 months, ending when plants in the well-watered treat-
ment showed senescent leaves (June 2020).

2.4  |  Phenotypic and fitness characterization of 
populations

We measured a suite of traits related to resource-use, growth, 
phenology, and reproductive fitness. Specifically, we measured 
the height, maximum diameter, and orthogonal diameter to the 

maximum diameter in all plants at the onset and the end of the wa-
tering treatments. From these, we calculated initial and final plant 
volume as the volume of a hemispheroid, 2

3
� r1 r2 h, where r1 is the 

maximum radius, r2 is the perpendicular radius to maximum radius 
and h is the height of the plant; and volume-based relative growth 
rate (RGR) as (lnV2 − lnV1)

T2−1
, where V1 and V2 are initial and final meas-

urements of plant volume, respectively, and T2-1 is the time elapsed 
between the two measurements (≈100 days).

During the experiment, we monitored the reproductive phenol-
ogy of all plants approximately every 3 days (26 censuses). Following 
the phenological events described in Palacio and Montserrat-
Martí  (2005), we recorded the onset of flower bud formation, 
open flowers and fully developed fruits for each plant, and the 
proportion of reproductive individuals in each census. At harvest, 
we visually estimated the percentage of senescent leaves in each 
plant. Phenological censuses were always performed by the same 
researcher.

In late-May 2020, we randomly collected eight non-senescent 
leaves per plant, storing them in zipper plastic bags with moistur-
ized filter papers. Leaves were rehydrated for 12 h, scanned using 
an Epson Perfection V370 Photo scanner (Seiko Epson Corporation, 
Japan), and oven-dried at 60°C for 48 h. Dried leaves were weighed 
using a microbalance, and leaf area (LA) and specific leaf area (SLA 

F I G U R E  1  (a) Map of the Iberian Peninsula showing sampled populations. Grey-coloured area indicates the worldwide distribution of 
Lepidium subulatum extracted from GBIF records. Each studied population is represented with a different symbol, and population codes are 
those in Table 1. The location of CULTIVE facilities (URJC), where the common garden experiment was performed, is shown with a red star 
symbol; (b) Principal component analysis (PCA) used to summarize environmental variables (climate and soil composition) of populations. 
The proportion of variance explained by the two first PCA axes is shown in parenthesis (see PC1 vs. PC3 in Figure S4). Loadings and names 
of climatic and soil composition variables are shown in green and maroon, respectively. Bio1: annual mean temperature; bio2: mean diurnal 
range; bio3: isothermality; bio4: temperature seasonality; bio5: maximum temperature of warmest month; bio6: minimum temperature 
of coldest month; bio7: temperature annual range; bio8: mean temperature of wettest quarter; bio9: mean temperature of driest quarter; 
bio10: mean temperature of warmest quarter; bio11: mean temperature of coldest quarter; bio12: annual precipitation; bio13: precipitation 
of wettest month; bio14: precipitation of driest month; bio15: precipitation seasonality; bio16: precipitation of wettest quarter; bio17: 
precipitation of driest quarter; bio18: precipitation of warmest quarter; bio19: precipitation of coldest quarter; SWC: soil water content; 
AI: aridity index; AET: actual evapotranspiration; CT: soil total Carbon; NT: soil total Nitrogen; P: available Olsen Phosphorous; OM: organic 
matter (%); gypsum: soil gypsum content (%).
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hereafter; the one-sided area of water-saturated leaves divided by 
their oven-dry mass) were calculated. Using these leaves, we also 
determined leaf carbon and nitrogen content, and carbon and ni-
trogen stable isotope ratios (δ13C and δ15N; a proxy of water use 
efficiency and N assimilation, respectively) in three half-siblings per 
population, maternal family, and treatment (N = 660). These anal-
yses were conducted at UC Davis Stable Isotope Facility (Davis, 
CA, USA). We also measured the midday maximum photochemi-
cal efficiency (Fv/Fm), using a Handy PEA+ chlorophyll fluorimeter 
(Hansatech, UK) during three consecutive full-sun days (from 13:00 
to 17:30, UTC + 2). Measurements were taken after adapting leaves 
to the dark for 30 min.

Before harvesting, we counted the inflorescences in all plants, 
and when possible, measured the length of three randomly selected 
inflorescences. Reproductive biomass (i.e. all the inflorescences pro-
duced by each individual) was collected, weighed in a microbalance, 
and thoroughly cleaned to separate viable seeds. Ten viable seeds 
per plant were individually weighed using a microbalance. Finally, 
above-ground tissues were harvested, oven-dried and weighed in a 
Kern ABJ 120-4M analytical balance (1 mg precision; Kern & Sohn 
GmbH, Germany).

2.5  |  Statistical analyses

2.5.1  |  Population differentiation in neutral markers, 
quantitative traits, and plasticity patterns

To assess genetically based differences among populations in quan-
titative traits, the effect of watering treatments on trait expression 
(i.e. phenotypic plasticity) and to what extent populations differed in 
their plastic responses (i.e. population by environment interaction, 
or P × T), we fitted linear mixed models with restricted maximum 
likelihood (REML), including individual trait values as the depend-
ent variable, population, treatment and the population-by-treatment 
interaction as fixed factors, and maternal family as a random factor. 
Furthermore, to consider potential factors affecting trait expression, 
family-level seed mass, and the identity of rain exclusion structures 
were included as fixed covariates. The significance of fixed factors 
was assessed using function Anova (package car; Fox et  al., 2012) 
with type III sum of squares and the Kenward–Roger approach. 
Marginal and conditional R2 (i.e. the proportion of variance explained 
by fixed factors, and by all factors in the models, respectively), were 
calculated for each model using function r.squaredGLMM (package 
MuMIn; Barton,  2020). To avoid issues caused by multiple test-
ing, p-values for each term were corrected by false discovery rate 
(Benjamini & Hochberg, 1995) using function p.adjust. A significant 
effect of population indicated genetically based differences among 
populations in quantitative traits; a significant effect of treatment 
indicated significant phenotypic differences across treatments (phe-
notypic plasticity); and a significant population-by-treatment inter-
action indicated differences in plasticity among populations (i.e. 
differential plasticity; P × T).

Then, we calculated quantitative genetic differentiation among 
populations for each trait within each treatment (QST) by partitioning 
the total genetic variance into the between- and within-population 
components (�2

B
 and �2

W
, respectively), using the following formula 

(Spitze, 1993):

Variance components for the calculation of mean QST and QST dis-
tributions for each trait and treatment were estimated using Bayesian 
mixed models with MCMCglmm package (Hadfield et al., 2019). We 
ran 5,000,000 iterations of Markov chain Monte Carlo (MCMC), 
with a burning period of 500,000 and a thinning interval of 5000 it-
erations, and non-informative inverse Wishart priors were set (V = 1, 
nu = 0.002; Hadfield, 2010). Population and maternal family were in-
cluded in the models as random factors. Within-population variance 
component 

(

�
2

W

)

 was calculated by multiplying the variance among 
families (VF) by four, because individuals from the same family were 
considered half-siblings (Ramírez-Valiente et  al.,  2018; Whitlock & 
Guillaume, 2009). To minimize potential maternal effects and envi-
ronmental differences across rain exclusion structures affecting the 
phenotypic expression of individuals, family-level seed mass and the 
identity of rain exclusion structures were also included in the models 
as fixed covariates.

To assess population differentiation in molecular markers, we 
calculated the FST distribution from microsatellite data. Briefly, we 
generated 10,000 bootstrapped FST values across loci using GDA 
1.1 (Lewis & Zaykin,  2002), and these values were multiplied by 
Lewontin–Krakauer χ2 distribution (Lewontin & Krakauer, 1973) to 
account for potential deviations in FST among loci caused by de-
mographic factors (Whitlock,  2008; Whitlock & Guillaume,  2009; 
see similar approaches in Hernández-Serrano et al., 2014; Ramírez-
Valiente et al., 2018).

Finally, we also assessed whether population differentiation in 
molecular markers was related to geographic distance (isolation by 
distance; IBD) and environmental differences between populations 
(isolation by environment; IBE), which could act as confounding fac-
tors to determine the relationship between phenotypic variation 
and environmental differences across populations. Specifically, we 
performed a Mantel correlogram (Legendre & Legendre, 2012) be-
tween the pairwise genetic distance matrix (pairwise FST) and (a) the 
pairwise geographical distance matrix (Euclidean distance), and (b) 
the pairwise environmental distance matrix. The environmental dis-
tance matrix was calculated using the four environmental variables 
selected for univariate phenotype–environment associations (see 
below). Geographical and environmental distances were assessed 
using function distance (package ecodist; Goslee & Urban, 2007), 
and Mantel correlograms were performed using function mantel.cor-
relog (package vegan; Oksanen et al., 2019). The size and the num-
ber of distance classes was assessed using Sturge's rule (Legendre 
& Legendre, 2012), and the significance of correlations was tested 
after 99,999 permutations and corrected by false discovery rate.

QST =
�
2

B
(

�
2

B
+ 2 ⋅ �

2

W

) =
VP

VP + 2 ⋅

(

4 ⋅ VF

)
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2.6  |  QST – FST Comparisons

To look for evidence of past natural selection, we compared the 
QST distribution for each trait in each treatment with the FST dis-
tribution inferred from microsatellites. FST (Wright, 1951) quantifies 
population differentiation in molecular markers, caused by neutral 
evolutionary processes (Leinonen et  al.,  2013; Whitlock,  2008). 
Analogous to FST, QST (Spitze,  1993) measures population genetic 
differentiation in phenotypic traits. When QST > FST, trait divergence 
among populations is significantly higher than expected by neutral 
processes, which suggests that past natural selection has favoured 
different genetically based phenotypes in different populations 
(spatially divergent selection). In contrast, when QST < FST, pheno-
typic differentiation is significantly lower than expected by neutral 
processes, suggesting that similar phenotypes have been favoured 
across populations (spatially homogenizing selection). Finally, 
when QST ≈ FST, there is no evidence that population differentiation 
was caused by anything other than neutral processes (Leinonen 
et  al.,  2013; Merilä & Crnokrak,  2001; Whitlock,  2008). Since FST 
estimates are extremely variable across loci, Whitlock (2008) recom-
mended that the distributions of QST and FST, rather than their mean 
values, should be compared to interpret the results obtained from 
QST – FST comparisons. Therefore, we first compared the 95% CIs of 
both parameters, and considered that QST for a particular trait was 
not statistically different from FST when their CIs overlapped (Marin 
et  al.,  2020). Then, we compared the distributions of QST and FST 
using Kruskal–Wallis nonparametric tests (see also Ramírez-Valiente 
et al., 2018).

2.7  |  Phenotype–environment and  
plasticity–environment associations

To test whether population differentiation in quantitative traits was 
associated with local climatic conditions or the soil characteristics 
of populations, we performed both univariate and multivariate as-
sociations between: (a) populations' trait means in each treatment, 
and (b) their plasticity, with the climatic conditions and soil chemical 
composition of populations. Significant univariate and multivariate 
phenotype–environment and plasticity–environment associations 
would indicate the presence of clinal variation in traits and their 
plasticity along environmental gradients.

First, to obtain treatment-specific populations' trait means, we 
fitted within-treatment linear mixed models with individual trait 
values as the dependent variable, population, family-level seed 
mass, and rain exclusion structure as fixed factors, and maternal 
family as a random factor. Populations' trait means for each water-
ing treatment were extracted from these models using emmeans 
package (Lenth,  2021). Furthermore, for traits that showed sig-
nificant variation for plasticity among populations (i.e. P × T), we 
calculated a plasticity index (relative distances plasticity index; 
RDPI) for each population by calculating the mean of the RDPIs of 

each maternal family within each population. This index assesses 
the mean relative phenotypic distance for each trait between all 
pairs of individuals of the same maternal family grown in different 
environmental conditions (Valladares et al., 2006). To incorporate 
the diversity of norms of reaction in each population, RDPIs at 
the population level were assessed by calculating the mean RDPI 
of the different families from each population, as recommended 
(Valladares et al., 2006), that is, at the lowest level of genetic rep-
lication in our experimental design.

For univariate associations, we selected four environmental 
variables that showed the highest loadings across the three main 
axes of the PCA used to summarize the climatic conditions and soil 
chemical composition of populations (environmental PCA hereafter; 
see Figure 1b and Section 3): mean annual temperature and annual 
precipitation (bio1 and bio12 from WorldClim layers, respectively; 
PC1), precipitation seasonality (bio15; PC2) and soil gypsum con-
tent (PC3). First, we assessed the presence of a geographical pat-
tern in the selected environmental variables, which could affect the 
interpretation of the phenotype–environment associations. To do 
so, we performed: (i) Pearson's pairwise correlations between the 
environmental variables and the geographical location (latitude and 
longitude) of populations; and (ii) a Mantel correlogram between 
the pairwise geographical distance matrix and the pairwise environ-
mental distance matrix. Importantly, we did not find a geographic 
pattern in the main selective pressures associated with adaptive 
differentiation (mean temperature and annual precipitation; see 
Results section) in our study populations (see results in Tables  S2 
and S3). Finally, we explored univariate associations between pop-
ulations' trait means in each treatment and trait plasticity with the 
local climate, latitude, and soil chemical composition of populations 
by calculating pairwise Pearson correlations.

Furthermore, we corroborated the results from the phenotype–
environment associations while controlling for the potential effect 
of the neutral genetic structure and spatial structure of populations 
on phenotypic differentiation. Specifically, we performed partial 
Mantel tests between the pairwise phenotypic distance matrices 
in each treatment and the pairwise environmental distance matrix, 
including (i) the pairwise geographical matrix, and (ii) the environ-
mental distance matrix as a covariate. Partial Mantel tests were per-
formed using function mantel (package vegan; Oksanen et al., 2019), 
and the significance of correlations was tested after 99,999 permu-
tations and corrected by using false discovery rate.

We also assessed whether: (a) multivariate phenotypic differ-
entiation of populations in each watering treatment and (b) mul-
tivariate plasticity were associated with multivariate differences 
among populations in climatic conditions and soil chemical com-
position. First, we summarized the multivariate phenotypic dif-
ferences across populations in quantitative traits performing two 
PCAs, one per treatment, using the population means of all traits 
(phenotypic PCA in well-watered and drought, hereafter). Then, 
multivariate plasticity was calculated by performing one PCA 
including populations' trait means in both watering treatments, 
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which allowed us to draw a vector of phenotypic change that 
connected the multivariate phenotype of each population in each 
treatment in a multivariate phenotypic space (i.e., a multivariate 
reaction norm for each population; Collyer & Adams, 2007; Solé-
Medina et al., 2022). From the two first axes of this PCA, we cal-
culated the magnitude and direction of the multivariate plasticity 
vector for each population. Differences between populations in 
the length of this vector indicated differences in the magnitude 
of plasticity, while differences in direction showed a shift in the 
traits involved in the multivariate phenotypic change. All variables 
were scaled and centred before performing all PCAs. Finally, we 
explored multivariate associations between (a) the axes (first and 
second) of the well-watered and drought phenotypic PCA per-
formed to assess multivariate quantitative genetic differentiation 
in each treatment and (b) vector length and vector direction of 
multivariate plasticity for each population, with the three first 
axes of the environmental PCA used to summarize multivariate 
environmental differences among populations, by calculating pair-
wise Pearson correlations.

To avoid issues related to multiple testing, p-values of both uni-
variate and multivariate associations were corrected using false 

discovery rate. We performed all analyses using R v4.0.5 (R Core 
Team, 2018).

3  |  RESULTS

3.1  |  Genetic differentiation among populations 
and phenotypic plasticity patterns

We detected genetically based phenotypic differences among pop-
ulations in all the traits evaluated (significant effect of Population; 
Table 2), showing evidence of significant population differentiation. 
In addition, we also found significant differences in the phenotypic 
expression of populations between treatments (i.e. phenotypic plas-
ticity, significant effect of Treatment; Table  2). Specifically, plants 
showed an overall ~50% reduction in their volume and RGR, and 
30% less above-ground biomass in response to drought. Individuals 
also showed significant changes in leaf morphology, with an overall 
increase of ~9% in SLA and a ~33% decrease in LA in the drought 
treatment. Physiological and leaf chemical composition traits were 
also affected by drought. On average, plants in the drought treatment 

TA B L E  2  Results from linear mixed models testing the effect of population (df = 10), treatment (i.e. phenotypic plasticity; df = 1) and their 
interaction (P × T; df = 10) in the phenotypic expression.

Population Treatment Population × treatment

R2
M R2

CF/Χ2 p F/Χ2 p F/Χ2 p

Fv/Fm (FvFm) 6.143 <0.001 95.178 <0.001 1.031 0.414 0.144 0.150

δ13C (d13C) 5.589 <0.001 148.935 <0.001 2.454 0.039 0.280 0.361

δ15N (d15N) 4.567 <0.001 257.602 <0.001 1.945 0.116 0.340 0.346

Leaf C content (C) 3.157 0.002 139.380 <0.001 7.508 <0.001 0.289 0.314

Leaf N content (N) 19.805 <0.001 0.008 0.931 3.717 <0.001 0.334 0.357

Leaf area (LA) 40.461 <0.001 420.358 <0.001 0.979 0.460 0.503 0.521

SLA (SLA) 106.895 <0.001 109.245 <0.001 1.362 0.193 0.608 0.624

Initial plant volume (Initial_PV) 30.961 <0.001 0.030 0.863 1.025 0.420 0.330 0.361

Final plant volume (Final_PV) 41.063 <0.001 189.742 <0.001 2.318 0.040 0.457 0.488

Relative growth rate (RGR) 4.390 <0.001 300.916 <0.001 0.482 0.902 0.274 0.274

Aerial biomass (AB) 12.981 <0.001 99.789 <0.001 1.264 0.246 0.255 0.281

Flower bud onset (FBF) 33.290 <0.001 1.178 0.278 0.296 0.982 0.371 0.399

Flowering onset (FlO) 26.092 <0.001 0.134 0.715 0.758 0.669 0.354 0.401

Fruiting onset (FrO) 39.860 <0.001 3.041 0.109 0.404 0.945 0.434 0.462

Proportion of reproductive plants 
(Prop_F)

113.854 <0.001 0.032 0.859 5.959 0.819 0.690 0.709

Senescence (Sen) 7.129 <0.001 426.913 <0.001 1.580 0.107 0.330 0.363

Reproductive biomass (Inf_Mass) 20.045 <0.001 28.763 <0.001 1.081 0.374 0.280 0.292

Number of inflorescences (Inf_Number) 291.428 <0.001 3.789 0.074 87.441 <0.001 0.799 0.965

Inflorescence size (Inf_Size) 17.950 <0.001 239.970 <0.001 1.685 0.220 0.478 0.504

Individual seed mass (Seed_Mass) 15.070 <0.001 25.638 <0.001 2.351 0.040 0.562 0.591

Note: Models included maternal seed size (df = 1) and rain exclusion structure (df = 2) as covariates (see their effects in Table S4) and maternal family 
as a random factor. F-statistics (Χ2 for the generalized mixed models performed for italicized traits), p-values, marginal, and conditional variance 
(R2

M and R2
C, respectively) for each model are shown. Significant (p < 0.05) and marginally significant (0.05 < p < 0.1) terms after false discovery rate 

correction are presented in bold and italic, respectively. Abbreviations of traits shown in Figure 4 are indicated in parentheses.
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showed higher δ13C (i.e. water use efficiency; WUE hereafter) and leaf 
C (increase of ~2.7% and 2%, respectively), and lower photochemi-
cal efficiency and δ15N (reduction of ~10.6% and 30%, respectively). 
Fitness traits were also influenced by the watering treatments, with 
higher reproductive biomass and inflorescence size (~50% increase) 
and lower individual seed mass (~7.8%) under well-watered conditions.

Plastic responses were generally similar across populations (i.e. 
no P × T, parallel norms of reaction; Table  2, Figure  S2). However, 
populations expressed significant differential plasticity in a few 
traits (δ13C, leaf C and N content, final plant volume, number of in-
florescences and individual seed mass; Table 2). Conditional R2 was 
higher than marginal R2 in the models of all traits except RGR, indi-
cating substantial variation across families within populations. The 
effect of maternal seed size was not significant for most functional 
traits (Table S4).

3.2  |  Univariate phenotype–environment and 
plasticity–environment associations

We found significant univariate associations between quantitative 
genetic differences among populations in both treatments (ex-
tracted from the within-treatment models) and the local climate of 
populations (extracted from WorldClim bioclimatic layers; Figure 2; 
Figure S3), that is, clinal variation in quantitative traits along envi-
ronmental gradients. Importantly, significant associations between 
phenotypic and environmental distances of populations were also 
detected when the geographic and the genetic distances among 
populations were considered as covariates, that is, when the po-
tential effect of non-adaptive neutral processes on phenotypic dif-
ferentiation was controlled (see results from partial Mantel tests in 
Table S5).

F I G U R E  2  Univariate correlations between annual mean temperature and annual precipitation and populations' trait means for (a) 
δ13C, (b) leaf N content, (c) leaf area, (d) SLA, (e) final plant volume, (f) above-ground biomass, (g) flower bud onset, (h) flowering onset, 
and (i) reproductive biomass, in our common garden experiment (well-watered and drought treatment in blue and orange, respectively). 
Populations' trait means and SE are shown, using a different symbol for each population (matching those in Figure 1). Pearson correlation 
results (r and p) and regression lines for significant and marginally significant relationships are shown. Shaded areas represent 95% CIs.
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In both watering treatments, individuals from warmer popula-
tions (higher annual mean temperature) had significantly greater 
LA and both initial and final plant volume, but lower SLA and leaf 
N content (i.e., more sclerophyllous leaves) than individuals from 
colder populations (Figure 2). Annual mean temperature was also 
negatively associated with phenology and positively associated 
with the length and biomass of inflorescences in both treatments, 
especially under well-watered conditions, indicating that individ-
uals from warmer populations flowered significantly earlier and 
showed higher reproductive fitness (Figure  2). Furthermore, we 
found a negative association between δ13C and annual mean pre-
cipitation of populations (only in the drought treatment), indicat-
ing that populations from drier sites showed higher WUE under 
drought conditions (Figure  2). In contrast, neither precipitation 
seasonality, latitude, nor soil composition of the sampled popula-
tions were associated with populations' trait means in either treat-
ment (Figure S3).

Finally, for several traits showing population differentiation in 
plasticity (i.e. significant P × T), we also found significant univar-
iate associations between the magnitude of plasticity and their 
local climate. Differences in plasticity of WUE and leaf N content 
were positively associated with annual mean temperature and 
negatively associated with annual precipitation, indicating that 
more arid populations expressed higher plasticity in δ13C and leaf 
N (Figure 3).

3.3  |  Multivariate phenotype–environment and 
plasticity–environment associations

We found significant associations between the multivariate envi-
ronmental PCA and the multivariate phenotypic PCAs summarizing 

quantitative genetic differentiation among populations in both 
treatments (Figures 1b and 4; see also Figure S4). The first axis of 
the environmental PCA (Figure  1b) explained 34.09% of the vari-
ance and was positively associated with mean temperature and 
negatively associated with mean precipitation. The second axis ex-
plained 31.41% of the environmental variance and was positively 
related to the climatic seasonality of populations. Accordingly, 
populations with higher and lower eigenvalues of PC1 and PC2, re-
spectively, experience lower climatic stress (i.e., higher precipitation, 
and lower temperature and seasonality; Figure 1b). Finally, the third 
axis of the environmental PCA explained 14.38% of the variance and 
was positively associated with soil total N, C, P, and organic matter, 
and negatively associated with the gypsum content of populations 
(Figure S4).

The phenotypic PCAs from both treatments showed similar 
trait loadings and similar variance explained (Figure 4). PC1 in both 
the well-watered and the drought treatment phenotypic PCAs ex-
plained 44.35% and 45.32% of the variance, respectively, and were 
positively associated with leaf N, δ15N, phenology, and SLA; and 
negatively with plant size (above-ground biomass, initial and final 
plant volume), fitness (length and biomass of inflorescences), se-
nescence, δ13C, and LA. PC2 explained 17.16% (well-watered) and 
17.87% (drought) of the variance, and showed positive loadings for 
leaf C content, the number of inflorescences and the proportion of 
reproductive plants; and negative for Fv/Fm in both treatments.

We found significant associations between PC1 of the en-
vironmental PCA and PC1 of both phenotypic PCAs (Figure  4; 
Figure  S5). These results indicated that populations from areas 
with harsher (i.e. warmer and drier) conditions showed larger but 
more sclerophyllous leaves (i.e. higher leaf area and lower SLA) 
with lower N content, higher WUE, above-ground biomass and 
fitness (greater length and mass of inflorescences), and earlier 

F I G U R E  3  Univariate correlations between annual mean temperature and phenotypic plasticity means (RDPIs) of populations for (a) 
δ13C, and (b) leaf N content. Means of plasticity and SE are shown using a different symbol for each population (matching those in Figure 1). 
Pearson correlation results (r and p) and regression lines are shown. Shaded areas represent 95% CIs.
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phenologies than those from populations with milder climatic con-
ditions. Conversely, there were not any significant correlations 
between any other environmental and phenotypic PCs (p > 0.05 
in all cases; Figure S5).

Finally, neither the magnitude nor the direction of multivariate 
plasticity was significantly correlated with either of the three first 
axes of the environmental PCA (p > 0.05 in all cases; Figure S5). Both 
the magnitude and the direction of multivariate plasticity were very 
similar across populations (i.e. parallel multivariate reaction norms; 
Figure S6), supporting the lack of P × T found in the plasticity pat-
terns of individual traits (Table 2; Figure S2).

3.4  |  FST − QST comparisons

Genetic differentiation in microsatellites (FST) was significantly 
greater than zero (posterior mean = 0.187; CIs = 0.145–0.224; 
Figure 5). Genetic differentiation in molecular markers was neither 
influenced by the geographic distance nor by the environmental dif-
ferences between populations, supporting the neutrality of these 
markers (see results from Mantel correlogram and Mantel test; 
Table S6). We found significant quantitative genetic differentiation 
across populations (QST) for morphological, physiological, phenologi-
cal, and fitness traits in both treatments. In all cases, Kruskal–Wallis 
tests showed that QST distributions were significantly higher than 
the FST distribution (Figure  5). Specifically, QST distributions were 
significantly higher than the FST distribution for SLA, initial and final 
plant volume, RGR, onset of flower bud, flowering and fruiting, and 
reproductive biomass in both treatments, for above-ground bio-
mass, senescence, number of inflorescences and inflorescences size 

in the well-watered treatment, and for leaf N in the drought treat-
ment (Figure 5).

4  |  DISCUSSION

Our study characterized phenotypic differentiation among pop-
ulations across the environmental range of the Mediterranean 
gypsum endemic shrub Lepidium subulatum, and investigated the 
importance of plasticity and past natural selection in determining 
population differentiation using a common garden experiment. We 
found multiple lines of evidence suggesting that climate-driven se-
lection has played a key role in shaping trait differences among 
populations. In both watering treatments, population differen-
tiation in morphological, physiological, phenological, and fitness 
traits was significantly higher than differentiation in neutral mo-
lecular markers. Furthermore, clinal variation in ecophysiological 
traits was associated with annual temperature and precipitation 
even after accounting for the potential effect of neutral processes 
on phenotypic differentiation, but not with differences in soil 
composition. Phenotypic plasticity patterns were generally similar 
across populations, but we found differential plasticity associated 
with populations' climate in two key physiological traits. Overall, 
our results show genetically based intraspecific differentiation in 
ecophysiological and fitness traits that is consistent with diver-
gent evolution under contrasting climates, which suggests that 
habitat specialization has not constrained adaptation to climate of 
populations in Lepidium subulatum.

Widespread Mediterranean gypsophiles experience edaphically 
and climatically stressful conditions that substantially vary across 

F I G U R E  4  Principal component 
analysis (PCA) used to summarize 
quantitative trait expression of 
populations in the (a) well-watered and (b) 
the drought treatment; and multivariate 
associations between summarized climate 
(PC1) and summarized quantitative 
variation of populations (PC1) in the 
(c) well-watered and (d) the drought 
treatment. Each population is represented 
with a different symbol (matching those in 
Figure 1), and population codes are those 
in Table 1. In the PCA, the proportion of 
variance explained by the two first PCA 
axes is shown in parenthesis. Loadings 
and names of functional traits are shown 
in grey. Abbreviations of traits can be 
found in Table 2. Multivariate associations 
show Pearson correlation results (r and p) 
after false discovery rate correction, and 
regression lines for each treatment, with 
shaded areas representing 95% CIs.
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their ranges (Escudero et al., 2015; Matesanz, Ramos-Muñoz, Blanco-
Sánchez, et al., 2020b; Rajakaruna, 2018). Although L. subulatum is a 
gypsum specialist, and as such, variation in gypsum content and soil 
conditions may be expected to impose strong selection pressures, 
our results support the interpretation that climatic heterogeneity, 
rather than soil composition, has driven phenotypic differentia-
tion among populations across the species' range. Specifically, in-
traspecific variation was not associated either with the content of 
gypsum or nutrients in the soil, suggesting that soil chemical com-
position has not been a main driver of phenotypic evolution in L. 
subulatum. In contrast with previous hypotheses that predict strong 
phenotypic convergence (i.e. a stress resistance syndrome sensu 
Rajakaruna,  2018), we found substantial phenotypic variation and 
phenotypic plasticity, indicating that natural selection has not fa-
voured a uniform optimum phenotype across populations to cope 
with restrictive soil chemical composition.

Previous studies suggested that evolution in isolated and dis-
tinctive habitats (such as those with unusual substrates) may be 
expected to result in reduced levels of within-population genetic 
variation, limiting microevolutionary potential in edaphic special-
ists and leading to evolutionary dead-ends (Anacker et  al.,  2011; 
Rajakaruna, 2018). In contrast to this expectation, we found foot-
prints of population divergent evolution and substantial quantitative 
genetic variation both among and within populations, indicating that 
evolution in gypsum habitats did not eliminate genetic variation 
in L. subulatum. Although climatic differences across populations 
during seed formation could have caused phenotypic differences 

associated with differential maternal environmental effects, these 
effects were minimized in our study by phenotyping plants during 
their second growth season and including maternal seed mass in the 
statistical analyses, suggesting that the observed phenotypic dif-
ferences are genetically based. Accordingly, previous studies have 
reported significant additive genetic variation for drought-response 
traits in other gypsophile species (Blanco-Sánchez et  al.,  2023). 
Taken together, these results indicate a high potential to respond 
to climate-driven selection of Iberian gypsophiles, which is likely to 
have implications for adaptation in the face of rapid ongoing climate 
change.

Several pieces of evidence support the conclusion that adaptive 
intraspecific differentiation among populations in L. subulatum was 
likely driven by adaptation to contrasting climatic conditions. First, 
both univariate and multivariate trait-climate associations showed 
that quantitative genetic differentiation in L. subulatum was strongly 
related to climatic differences among populations (Figures 2 and 4), 
even when accounting for the potential effects of the neutral ge-
netic and spatial structure of populations. Second, FST − QST com-
parisons showed that population differentiation in neutral markers 
was generally lower than phenotypic differentiation, suggesting 
that populations of this species have undergone divergent selection. 
While a larger number of molecular markers would offer a more pre-
cise estimate of neutral genetic differentiation, the 10 microsatellite 
markers we used still serve as a reasonable baseline of neutral varia-
tion against which to compare a similar number of phenotypic traits. 
These results substantiate the role of climatic conditions across the 

F I G U R E  5  FST and QST posterior means and 95% CIs for all phenotypic traits measured in 11 populations of Lepidium subulatum in the 
common garden experiment under well-watered and drought conditions. Coloured symbols for a given trait indicate significant differences 
between FST and QST distributions from Kruskal–Wallis tests, while shaded areas show 95% CIs for FST.
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species' range, particularly annual temperature and precipitation, as 
primary drivers of adaptive differentiation in gypsum specialists.

Our results also provide more information on how variation in 
climatic conditions have shaped phenotypic differentiation among 
populations. Specifically, individuals of populations from sites with 
harsher (i.e. warmer and drier) climatic conditions showed earlier 
reproductive phenology, which is consistent with an adaptive evo-
lutionary response to escape from drought in Mediterranean-type 
and semiarid ecosystems, agreeing with previous studies report-
ing phenological differences among populations associated with 
climatic differences (Brouillette et  al.,  2014; Franks et  al.,  2007; 
Matesanz, Ramos-Muñoz, Moncalvillo, et al., 2020a). Furthermore, 
in contrast to expectations for a drought-escape strategy, individ-
uals from populations in drier sites showed significantly higher 
water use efficiency (WUE; estimated from δ13C) than those from 
populations in mesic sites under drought conditions (Figure  2a). 
In Mediterranean species, higher WUE in drier populations due 
to divergent selection has been reported as an adaptation to 
minimize water loss (Lázaro-Nogal et  al.,  2016; Matesanz & 
Valladares, 2014; Ramírez-Valiente et al., 2010). Our results con-
trast with the predicted trade-off between high WUE and fast 
reproductive phenology (Kooyers, 2015). However, such a trade-
off does not appear to be universal, as several recent studies 
have shown that populations can express both early phenologies 
and high WUE (Brouillette et  al.,  2014; Kooyers,  2015; Kooyers 
et  al., 2015; and references). Although the processes underlying 
advanced phenologies and high WUE are far from resolved, pre-
vious studies argued that a lack of genetic constraints between 
traits affecting WUE may result in higher photosynthetic effi-
ciency, consequently allowing early reproductive phenology and 
a water-saving behaviour (Brouillette et al., 2014; Kooyers, 2015; 
Kooyers et al., 2015).

Individuals from populations with harsher climatic conditions 
also showed larger but more sclerophyllous leaves (i.e. greater LA 
but lower SLA) with lower leaf N content than those from climati-
cally milder populations (Figures 2 and 4). According to predictions 
from the leaf economics spectrum framework, a positive correlation 
between LA, SLA, and leaf N is often found, and low values of these 
traits are expected in harsh environments (e.g. Reich, 2014; Wright 
et al., 2004). Thus, our results again showed a partial contrast with the 
pattern predicted by the leaf economics spectrum and with empir-
ical evidence reported in previous studies (Blumenthal et al., 2020; 
Kooyers et  al.,  2015). Nevertheless, a similar trait syndrome, with 
larger and more sclerophyllous leaves with lower leaf N, has been 
found in populations from drier sites in other Mediterranean species 
(Ramírez-Valiente et al., 2011, 2014). Previous studies have shown 
the adaptive value of more sclerophyllous leaves in populations from 
stressful environments (e.g. Ramírez-Valiente et  al.,  2011, 2014), 
because sclerophyllous leaves tend to have smaller cells, thicker 
walls, and other anatomical features that minimize water loss and 
photodamage (Blumenthal et  al.,  2020; Solé-Medina et  al.,  2022). 
Although large LA may be associated with high evapotranspira-
tion, several studies have shown that larger leaves may be adaptive 

for Mediterranean species even under dry conditions (Donovan 
et al., 2007; Ramírez-Valiente et al., 2011). Larger LA is sometimes 
associated with greater WUE (e.g. Dudley,  1996), suggesting that 
natural selection has favoured photosynthetically efficient individu-
als with an optimum balance between carbon uptake and water loss, 
in populations with more arid conditions. The adaptive role of lower 
leaf N under drought has been discussed in terms of photosynthetic 
efficiency, since leaves with low SLA often lack an effective pho-
tosynthetic use of high leaf N because of CO2 diffusion limitations 
(Ramírez-Valiente et al., 2014; Reich, 2014).

Previous studies have reported that individuals from pop-
ulations of drier and warmer areas usually show conservative 
resource-use strategies to cope with drought (Ramírez-Valiente 
et al., 2009; Solé-Medina et al., 2022). However, our results agree 
with other studies that found that intraspecific adaptive differen-
tiation is not easily linked to a particular resource-use strategy. 
Our study clearly supports the notion that drought-avoidance and 
drought-escape are not inherently mutually exclusive (Brouillette 
et  al.,  2014; Kooyers et  al.,  2015; Ramírez-Valiente et  al.,  2011, 
2018; Welles & Funk,  2021). Since natural selection acts on 
multivariate phenotypes, different selective pressures shaping 
the adaptive responses of populations may favour contrasting 
resource-use strategies simultaneously, causing discrepancies 
between the predicted and the observed strategies at the intra-
specific level (Anderegg et  al.,  2021; Kooyers et  al.,  2015; Solé-
Medina et  al.,  2022). The fact that individuals from populations 
with hotter and drier climatic conditions expressed both conserva-
tive (e.g. higher WUE, lower SLA and leaf N content) and acquisi-
tive trait syndromes (e.g. higher LA and RGR, advanced phenology, 
and higher plasticity of δ13C and leaf N) suggests that rather than a 
specific strategy, natural selection favoured particular trait values 
to cope with drought in L. subulatum. These results indicate that 
the evolution of phenotypes related to contrasting resource-use 
strategies (acquisitive or conservative) was not genetically con-
strained in L. subulatum, agreeing with previous results from other 
Mediterranean species (Kooyers et  al.,  2015; Ramírez-Valiente 
et  al.,  2011) and with studies that have discussed the relatively 
minor role of genetic constraints compared with selection in the 
evolution of the phenotype (Donovan et al., 2011).

Individuals from populations with harsher climatic conditions 
showed consistently higher reproductive biomass in both water-
ing treatments, indicating that adaptation to harsh environmental 
conditions was not coupled with a fitness trade-off across condi-
tions (Hereford,  2009; Matesanz, Ramos-Muñoz, Blanco-Sánchez, 
et al., 2020b). In contrast, individuals from populations with milder 
climatic conditions showed low reproductive fitness, especially 
under drought conditions, suggesting that these populations may be 
vulnerable to climatic changes.

Patterns of phenotypic plasticity and multivariate analyses 
showed that plastic responses to drought were generally similar 
across populations, suggesting that natural selection may have 
favoured similar plasticity across populations (i.e. homogenizing 
selection on plasticity; Pigliucci & Kolodynska,  2002). However, 

 13652745, 2024, 7, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.14322 by U

niversidad C
om

plutense D
e M

adrid, W
iley O

nline L
ibrary on [19/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



1546  |    BLANCO-­SÁNCHEZ et al.

plasticity patterns for some traits varied among populations. 
Specifically, populations from warmer and drier sites expressed 
high plasticity for two key drought-response traits, WUE and N 
(Figure 3). It has been proposed that “water-wise” populations save 
water only under drought conditions, maximizing water use when 
it is abundant (Nicotra & Davidson, 2010). Therefore, the higher 
WUE and leaf N plasticity of climatically harsher populations may 
also reflect a more efficient photosynthetic and resource-use ca-
pacity, contributing to the higher reproductive fitness observed. 
We found both similar and contrasting plastic responses among 
populations, suggesting that selection on plasticity may be both 
trait- and environment-dependent. Further research is needed to 
pinpoint the processes that underlie the striking patterns of plas-
ticity in L. subulatum. Nevertheless, the fact that all populations 
expressed highly plastic responses suggests that selection has not 
acted against plasticity. In contrast to prior hypotheses and some 
previous results (Solé-Medina et al., 2022; Valladares et al., 2007), 
our results highlight the fact that stressful environments do not 
necessarily benefit more canalized phenotypes. High plasticity 
across populations may have had relevant evolutionary conse-
quences for gypsophiles. It likely allowed these species to cope 
with the stressful and variable environments of gypsum habitats 
while maintaining high within-population genetic variation. In turn, 
this high variation could have facilitated adaptive evolution in re-
sponse to climatic heterogeneity (Gomez-Mestre & Jovani, 2013; 
Matesanz, Ramos-Muñoz, Blanco-Sánchez, et al., 2020b).

Overall, our study demonstrates that the unique substrate con-
ditions of gypsum soils have not constrained the ability of L. subula-
tum to adapt to climatic differences among populations, emphasizing 
the importance of climate, rather than soil features, as a key driver 
of adaptive intraspecific variation. Individuals from populations in 
drier and warmer sites were adapted to more arid climatic condi-
tions and showed higher fitness in both watering treatments, sug-
gesting that populations from colder and more mesic sites will likely 
be more vulnerable in the context of climate change. Our findings 
have evolutionary and ecological implications for the expected re-
sponses of gypsophiles to the ongoing environmental changes in the 
Mediterranean region, since they highlight that the ability to adapt 
to future climatic conditions is not necessarily limited in substrate 
endemic species.

AUTHOR CONTRIBUTIONS
Silvia Matesanz conceived the idea; Mario Blanco-Sánchez, Marina 
Ramos-Muñoz, Beatriz Pías, and Silvia Matesanz collected the data; 
Mario Blanco Sánchez, José Alberto Ramírez-Valiente, and Steven 
J. Franks analysed the data; all authors discussed the main results; 
Mario Blanco-Sánchez led the writing of the manuscript. All authors 
critically contributed to the drafts and gave final approval for manu-
script publication.

ACKNOWLEDG EMENTS
This study was funded by the Spanish Ministerio de Economía y 
Competitividad (grant GYPSEVOL, CGL2016-75566-P) and the 

Madrid Regional Government (grant Remedinal3-CM, S2013/MAE-
2719). We thank Victoria Calvo, Carlos Díaz, Ana García-Cervigón, 
Angela Illuminati, Jesús López-Angulo, Roberto López-Rubio, José 
Luis Margalet, and Ana Sánchez for their assistance during experi-
mental set-up and data collection. We are also indebted to Yesos 
Ibéricos-Algiss for providing the gypsum soil where plants were 
grown.

CONFLIC T OF INTERE S T S TATEMENT
None declared.

PEER RE VIE W
The peer review history for this article is available at https://​www.​
webof​scien​ce.​com/​api/​gatew​ay/​wos/​peer-​review/​10.​1111/​1365-​
2745.​14322​.

DATA AVAIL ABILIT Y S TATEMENT
Phenotypic and genetic data available from the Dryad Digital 
Repository: https://​doi.​org/​10.​5061/​dryad.​f1vhh​mh4c (Blanco-
Sánchez et al., 2024).

ORCID
Mario Blanco-Sánchez   https://orcid.org/0000-0001-9379-4927 
José Alberto Ramírez-Valiente   https://orcid.
org/0000-0002-5951-2938 
Marina Ramos-Muñoz   https://orcid.org/0000-0001-5491-6004 
Beatriz Pías   https://orcid.org/0000-0002-1136-8914 
Steven J. Franks   https://orcid.org/0000-0001-9681-3038 
Adrián Escudero   https://orcid.org/0000-0002-1427-5465 
Silvia Matesanz   https://orcid.org/0000-0003-0060-6136 

R E FE R E N C E S
Aguilar, R., Quesada, M., Ashworth, L., Herrerias-Diego, Y., & Lobo, J. 

(2008). Genetic consequences of habitat fragmentation in plant 
populations: Susceptible signals in plant traits and methodological 
approaches. Molecular Ecology, 17(24), 5177–5188. https://​doi.​org/​
10.​1111/j.​1365-​294X.​2008.​03971.​x

Anacker, B. L., Whittall, J. B., Goldberg, E. E., & Harrison, S. P. (2011). 
Origins and consequences of serpentine endemism in the California 
Flora. Evolution, 65(2), 365–376. https://​doi.​org/​10.​1111/j.​1558-​
5646.​2010.​01114.​x

Anderegg, L. D. L., Loy, X., Markham, I. P., Elmer, C. M., Hovenden, M. 
J., HilleRisLambers, J., & Mayfield, M. M. (2021). Aridity drives co-
ordinated trait shifts but not decreased trait variance across the 
geographic range of eight Australian trees. New Phytologist, 229(3), 
1375–1387. https://​doi.​org/​10.​1111/​nph.​16795​

Anderson, J. T., & Song, B. H. (2020). Plant adaptation to climate change—
Where are we? Journal of Systematics and Evolution, 58(5), 533–545. 
https://​doi.​org/​10.​1111/​jse.​12649​

Auge, G. A., Leverett, L. D., Edwards, B. R., & Donohue, K. (2017). Adjusting 
phenotypes via within- and across-generational plasticity. New 
Phytologist, 216(2), 343–349. https://​doi.​org/​10.​1111/​nph.​14495​

Barton, K. (2020). MuMIn: Multi-model inference. R package version 
1.43.17.

Benjamini, Y., & Hochberg, Y. (1995). Controlling the false discovery rate: 
A practical and powerful approach to multiple testing. Journal of 
the Royal Statistical Society: Series B: Methodological, 57(1), 289–300.

 13652745, 2024, 7, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.14322 by U

niversidad C
om

plutense D
e M

adrid, W
iley O

nline L
ibrary on [19/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.14322
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.14322
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.14322
https://doi.org/10.5061/dryad.f1vhhmh4c
https://orcid.org/0000-0001-9379-4927
https://orcid.org/0000-0001-9379-4927
https://orcid.org/0000-0002-5951-2938
https://orcid.org/0000-0002-5951-2938
https://orcid.org/0000-0002-5951-2938
https://orcid.org/0000-0001-5491-6004
https://orcid.org/0000-0001-5491-6004
https://orcid.org/0000-0002-1136-8914
https://orcid.org/0000-0002-1136-8914
https://orcid.org/0000-0001-9681-3038
https://orcid.org/0000-0001-9681-3038
https://orcid.org/0000-0002-1427-5465
https://orcid.org/0000-0002-1427-5465
https://orcid.org/0000-0003-0060-6136
https://orcid.org/0000-0003-0060-6136
https://doi.org/10.1111/j.1365-294X.2008.03971.x
https://doi.org/10.1111/j.1365-294X.2008.03971.x
https://doi.org/10.1111/j.1558-5646.2010.01114.x
https://doi.org/10.1111/j.1558-5646.2010.01114.x
https://doi.org/10.1111/nph.16795
https://doi.org/10.1111/jse.12649
https://doi.org/10.1111/nph.14495


    |  1547BLANCO-­SÁNCHEZ et al.

Bischoff, A., & Müller-Schärer, H. (2010). Testing population differentia-
tion in plant species—How important are environmental maternal 
effects. Oikos, 119(3), 445–454. https://​doi.​org/​10.​1111/j.​1600-​
0706.​2009.​17776.​x

Blanco-Sánchez, M., Franks, S. J., Ramos-Muñoz, M., Pías, B., Ramírez-
Valiente, J. A., Escudero, A., & Matesanz, S. (2023). Contrasting 
adaptive trait variation in response to drought in two Mediterranean 
shrubs. Environmental and Experimental Botany, 208(January), 
105253. https://​doi.​org/​10.​1016/j.​envex​pbot.​2023.​105253

Blanco-Sánchez, M., Moore, M. J., Ramos-Muñoz, M., Pías, B., García-
Fernández, A., Prieto, M., Plaza, L., Isabel, I., Escudero, A., & 
Matesanz, S. (2021). Phylogeography of a gypsum endemic plant 
across its entire distribution range in the western Mediterranean. 
American Journal of Botany, 108(3), 1–18. https://​doi.​org/​10.​1002/​
ajb2.​1625

Blanco-Sánchez, M., Ramírez-Valiente, J. A., Ramos-Muñoz, M., Pías, B., 
Franks, S. J., Escudero, A., & Matesanz, S. (2024). Data from: Range-
wide intraspecific variation reflects past adaptation to climate in a 
gypsophile Mediterranean shrub. Dryad Digital Repository https://​
doi.​org/​10.​5061/​dryad.​f1vhh​mh4c

Blanco-Sánchez, M., Ramos-Muñoz, M., Pías, B., Ramírez-Valiente, J. A., 
Díaz-Guerra, L., Escudero, A., & Matesanz, S. (2022). Natural selec-
tion favours drought escape and an acquisitive resource-use strat-
egy in semiarid Mediterranean shrubs. Functional Ecology, 2021, 
1–14. https://​doi.​org/​10.​1111/​1365-​2435.​14121​

Blanquart, F., Kaltz, O., Nuismer, S. L., & Gandon, S. (2013). A practical 
guide to measuring local adaptation. Ecology Letters, 16(9), 1195–
1205. https://​doi.​org/​10.​1111/​ele.​12150​

Blondel, J., Aronson, J., Bodiou, J.-Y., & Boeuf, G. (2010). The 
Mediterraneaen region—Biological diversity in space and time. Oxford 
University Press. https://​doi.​org/​10.​1163/​1872-​5287_​bdr_​COM_​
00277​

Blumenthal, D. M., Mueller, K. E., Kray, J. A., Ocheltree, T. W., Augustine, 
D. J., & Wilcox, K. R. (2020). Traits link drought resistance with her-
bivore defence and plant economics in semi-arid grasslands: The 
central roles of phenology and leaf dry matter content. Journal of 
Ecology, 108(6), 2336–2351. https://​doi.​org/​10.​1111/​1365-​2745.​
13454​

Bolnick, D. I., Amarasekare, P., Araújo, M. S., Bürger, R., Levine, J. M., 
Novak, M., Rudolf, V. H. W., Schreiber, S. J., Urban, M. C., & Vasseur, 
D. A. (2011). Why intraspecific trait variation matters in community 
ecology. Trends in Ecology & Evolution, 26(4), 183–192. https://​doi.​
org/​10.​1016/j.​tree.​2011.​01.​009

Brouillette, L. C., Mason, C. M., Shirk, R. Y., & Donovan, L. A. (2014). 
Adaptive differentiation of traits related to resource use in a desert 
annual along a resource gradient. New Phytologist, 201(4), 1316–
1327. https://​doi.​org/​10.​1111/​nph.​12628​

Cera, A., Montserrat-Martí, G., Ferrio, J. P., Drenovsky, R. E., & Palacio, 
S. (2021). Gypsum-exclusive plants accumulate more leaf S than 
non-exclusive species both in and off gypsum. Environmental and 
Experimental Botany, 182(June 2020), 104294. https://​doi.​org/​10.​
1016/j.​envex​pbot.​2020.​104294

Collyer, M. L., & Adams, D. C. (2007). Analysis of two-state multivariate 
phenotypic change in ecological studies. Ecology, 88(3), 683–692. 
https://​doi.​org/​10.​1890/​06-​0727

Cooper, H. F., Best, R. J., Andrews, L. V., Corbin, J. P. M., Garthwaite, I., 
Grady, K. C., Gehring, C. A., Hultine, K. R., Whitham, T. G., & Allan, 
G. J. (2022). Evidence of climate-driven selection on tree traits and 
trait plasticity across the climatic range of a riparian foundation 
species. Molecular Ecology, 31(19), 5024–5040. https://​doi.​org/​10.​
1111/​mec.​16645​

Csilléry, K., Buchmann, N., & Fady, B. (2020). Adaptation to drought is 
coupled with slow growth, but independent from phenology in mar-
ginal silver fir (Abies alba mill.) populations. Evolutionary Applications, 
13(9), 2357–2376. https://​doi.​org/​10.​1111/​eva.​13029​

Donovan, L. A., Dudley, S. A., Rosenthal, D. M., & Ludwig, F. (2007). 
Phenotypic selection on leaf water use efficiency and related 
ecophysiological traits for natural populations of desert sunflow-
ers. Oecologia, 152(1), 13–25. https://​doi.​org/​10.​1007/​s0044​
2-​006-​0627-​5

Donovan, L. A., Maherali, H., Caruso, C. M., Huber, H., & de Kroon, H. 
(2011). The evolution of the worldwide leaf economics spectrum. 
Trends in Ecology & Evolution, 26(2), 88–95. https://​doi.​org/​10.​
1016/j.​tree.​2010.​11.​011

Dudley, S. A. (1996). Differing selection on plant physiological traits in 
response to environmental water availability: A test of adaptive 
hypotheses. Evolution, 50(1), 92. https://​doi.​org/​10.​2307/​2410783

Escudero, A., Palacio, S., Maestre, F. T., & Luzuriaga, A. L. (2015). Plant 
life on gypsum: A review of its multiple facets. Biological Reviews, 
90(1), 1–18. https://​doi.​org/​10.​1111/​brv.​12092​

Fick, S. E., & Hijmans, R. J. (2017). WorldClim 2: New 1-km spatial reso-
lution climate surfaces for global land areas. International Journal of 
Climatology, 37(12), 4302–4315. https://​doi.​org/​10.​1002/​joc.​5086

Fox, J., Weisberg, S., Adler, D., Bates, D., Baud-Bovy, G., Ellison, S., Firth, 
D., Friendly, M., Gorjanc, G., & Graves, S. (2012). Package ‘car’ (p. 
16). R Foundation for Statistical Computing.

Franks, S. J., Sim, S., & Weis, A. E. (2007). Rapid evolution of flower-
ing time by an annual plant in response to a climate fluctuation. 
Proceedings of the National Academy of Sciences of the United States 
of America, 104(4), 1278–1282. https://​doi.​org/​10.​1073/​pnas.​
06083​79104​

Franks, S. J., Weber, J. J., & Aitken, S. N. (2014). Evolutionary and plas-
tic responses to climate change in terrestrial plant populations. 
Evolutionary Applications, 7(1), 123–139. https://​doi.​org/​10.​1111/​
eva.​12112​

Gomez-Mestre, I., & Jovani, R. (2013). A heuristic model on the role of 
plasticity in adaptive evolution: Plasticity increases adaptation, 
population viability and genetic variation. Proceedings of the Royal 
Society B: Biological Sciences, 280(1771), 20131869. https://​doi.​org/​
10.​1098/​rspb.​2013.​1869

Goslee, S. C., & Urban, D. L. (2007). The ecodist package for dissimilarity-
based analysis of ecological data. Journal of Statistical Software, 
22(7), 1–19.

Gregor, J. W. (1944). The ecotype. Biological Reviews, 19(1), 20–30. 
https://​doi.​org/​10.​1111/j.​1469-​185X.​1944.​tb002​99.​x

Hadfield, J., Hadfield, M. J., & SystemRequirements, C. (2019). Package 
‘MCMCglmm’. see https://​cran.​r-​proje​ct.​org

Hadfield, J. D. (2010). MCMCglmm: MCMC methods for multi-response 
GLMMs in R. Journal of Statistical Software, 33(2), 1–22. http://​
www.​jstat​soft.​org/​

Hereford, J. (2009). A quantitative survey of local adaptation and fitness 
trade-offs. The American Naturalist, 173(5), 579–588. https://​doi.​
org/​10.​1086/​597611

Hernández-Serrano, A., Verdú, M., Santos-Del-Blanco, L., Climent, J., 
González-Martínez, S. C., & Pausas, J. G. (2014). Heritability and 
quantitative genetic divergence of serotiny, a fire-persistence plant 
trait. Annals of Botany, 114(3), 571–577. https://​doi.​org/​10.​1093/​
aob/​mcu142

Honnay, O., & Jacquemyn, H. (2007). Susceptibility of common and rare 
plant species to the genetic consequences of habitat fragmenta-
tion. Conservation Biology, 21(3), 823–831. https://​doi.​org/​10.​
1111/j.​1523-​1739.​2006.​00646.​x

Huxley, J. (1938). Clines: An auxiliary taxonomic principle. Nature, 
142(3587), 219–220. https://​doi.​org/​10.​1038/​142219a0

Jump, A. S., & Peñuelas, J. (2005). Running to stand still: Adaptation and 
the response of plants to rapid climate change. Ecology Letters, 8(9), 
1010–1020. https://​doi.​org/​10.​1111/j.​1461-​0248.​2005.​00796.​x

Kooyers, N. J. (2015). The evolution of drought escape and avoidance 
in natural herbaceous populations. Plant Science, 234, 155–162. 
https://​doi.​org/​10.​1016/j.​plant​sci.​2015.​02.​012

 13652745, 2024, 7, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.14322 by U

niversidad C
om

plutense D
e M

adrid, W
iley O

nline L
ibrary on [19/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1111/j.1600-0706.2009.17776.x
https://doi.org/10.1111/j.1600-0706.2009.17776.x
https://doi.org/10.1016/j.envexpbot.2023.105253
https://doi.org/10.1002/ajb2.1625
https://doi.org/10.1002/ajb2.1625
https://doi.org/10.5061/dryad.f1vhhmh4c
https://doi.org/10.5061/dryad.f1vhhmh4c
https://doi.org/10.1111/1365-2435.14121
https://doi.org/10.1111/ele.12150
https://doi.org/10.1163/1872-5287_bdr_COM_00277
https://doi.org/10.1163/1872-5287_bdr_COM_00277
https://doi.org/10.1111/1365-2745.13454
https://doi.org/10.1111/1365-2745.13454
https://doi.org/10.1016/j.tree.2011.01.009
https://doi.org/10.1016/j.tree.2011.01.009
https://doi.org/10.1111/nph.12628
https://doi.org/10.1016/j.envexpbot.2020.104294
https://doi.org/10.1016/j.envexpbot.2020.104294
https://doi.org/10.1890/06-0727
https://doi.org/10.1111/mec.16645
https://doi.org/10.1111/mec.16645
https://doi.org/10.1111/eva.13029
https://doi.org/10.1007/s00442-006-0627-5
https://doi.org/10.1007/s00442-006-0627-5
https://doi.org/10.1016/j.tree.2010.11.011
https://doi.org/10.1016/j.tree.2010.11.011
https://doi.org/10.2307/2410783
https://doi.org/10.1111/brv.12092
https://doi.org/10.1002/joc.5086
https://doi.org/10.1073/pnas.0608379104
https://doi.org/10.1073/pnas.0608379104
https://doi.org/10.1111/eva.12112
https://doi.org/10.1111/eva.12112
https://doi.org/10.1098/rspb.2013.1869
https://doi.org/10.1098/rspb.2013.1869
https://doi.org/10.1111/j.1469-185X.1944.tb00299.x
https://cran.r-project.org
http://www.jstatsoft.org/
http://www.jstatsoft.org/
https://doi.org/10.1086/597611
https://doi.org/10.1086/597611
https://doi.org/10.1093/aob/mcu142
https://doi.org/10.1093/aob/mcu142
https://doi.org/10.1111/j.1523-1739.2006.00646.x
https://doi.org/10.1111/j.1523-1739.2006.00646.x
https://doi.org/10.1038/142219a0
https://doi.org/10.1111/j.1461-0248.2005.00796.x
https://doi.org/10.1016/j.plantsci.2015.02.012


1548  |    BLANCO-­SÁNCHEZ et al.

Kooyers, N. J., Greenlee, A. B., Colicchio, J. M., Oh, M., & Blackman, B. K. 
(2015). Replicate altitudinal clines reveal that evolutionary flexibil-
ity underlies adaptation to drought stress in annual Mimulus gutta-
tus. New Phytologist, 206(1), 152–165. https://​doi.​org/​10.​1111/​nph.​
13153​

Lázaro-Nogal, A., Matesanz, S., Hallik, L., Krasnova, A., Traveset, A., & 
Valladares, F. (2016). Population differentiation in a Mediterranean 
relict shrub: The potential role of local adaptation for coping with 
climate change. Oecologia, 180(4), 1075–1090. https://​doi.​org/​10.​
1007/​s0044​2-​015-​3514-​0

Legendre, P., & Legendre, L. F. J. (2012). Numerical ecology. Elsevier.
Leinonen, T., McCairns, R. J. S., O'Hara, R. B., & Merilä, J. (2013). QST–

FST comparisons: Evolutionary and ecological insights from ge-
nomic heterogeneity. Nature Reviews Genetics, 14(3), 179–190. 
https://​doi.​org/​10.​1038/​nrg3395

Lenth, R. V. (2021). Emmeans: Estimated marginal means, aka least-squares 
means. R package version 1.6. 3.

Lewis, P., & Zaykin, D. (2002). Genetic data analysis (GDA): Computer pro-
gram for the analysis of allelic data (software). version 1.1.

Lewontin, R. C., & Krakauer, J. (1973). Distribution of gene frequency as 
a test of the theory of the selective neutrality of polymorphisms. 
Genetics, 74(1), 175–195.

Marin, S., Gibert, A., Archambeau, J., Bonhomme, V., Lascoste, M., & 
Pujol, B. (2020). Potential adaptive divergence between subspecies 
and populations of snapdragon plants inferred from QST–FST com-
parisons. Molecular Ecology, 29(16), 3010–3021. https://​doi.​org/​10.​
1111/​mec.​15546​

Martínez-Nieto, M. I., Encarna Merlo, M., Mota, J. F., Salmerón-Sánchez, 
E., & Segarra-Moragues, J. G. (2012). Microsatellite loci in the gyp-
sophyte Lepidium subulatum (Brassicaceae), and transferability to 
other Lepidieae. International Journal of Molecular Sciences, 13(9), 
11861–11869.

Matesanz, S., Ramos-Muñoz, M., Blanco-Sánchez, M., & Escudero, A. 
(2020b). High differentiation in functional traits but similar pheno-
typic plasticity in populations of a soil specialist along a climatic 
gradient. Annals of Botany, 125(6), 969–980. https://​doi.​org/​10.​
1093/​aob/​mcaa020

Matesanz, S., Ramos-Muñoz, M., Moncalvillo, B., Rubio Teso, M. L., García 
de Dionisio, S. L., Romero, J., & Iriondo, J. M. (2020a). Plasticity to 
drought and ecotypic differentiation in populations of a crop wild 
relative. AoB Plants, 12(2), 1–13. https://​doi.​org/​10.​1093/​aobpla/​
plaa006

Matesanz, S., & Valladares, F. (2014). Ecological and evolutionary re-
sponses of Mediterranean plants to global change. Environmental 
and Experimental Botany, 103, 53–67. https://​doi.​org/​10.​1016/j.​
envex​pbot.​2013.​09.​004

Merilä, J., & Crnokrak, P. (2001). Comparison of genetic differentia-
tion at marker loci and quantitative traits. Journal of Evolutionary 
Biology, 14(6), 892–903. https://​doi.​org/​10.​1046/j.​1420-​9101.​
2001.​00348.​x

Mitchell-Olds, T., Willis, J. H., & Goldstein, D. B. (2007). Which evolution-
ary processes influence natural genetic variation for phenotypic 
traits? Nature Reviews Genetics, 8(11), 845–856. https://​doi.​org/​10.​
1038/​nrg2207

Nicotra, A. B., & Davidson, A. (2010). Adaptive phenotypic plasticity and 
plant water use. Functional Plant Biology, 37(2), 117–127. https://​doi.​
org/​10.​1071/​FP09139

Oksanen, A. J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., 
Mcglinn, D., Minchin, P. R., Hara, R. B. O., Simpson, G. L., Solymos, P., 
Stevens, M. H. H., & Szoecs, E. (2019). Package 'vegan': Community 
Ecology Package. R package version 2.5-6, https://​CRAN.R-​proje​
ct.​org/​packa​ge=​vegan​

Olsen, S. R., Cole, C. V., Watanabe, F. S., & Dean, L. A. (1954). Estimation 
of available phosphorus in soils by extraction with sodium bicarbonate. 
USDA Circular No. 939. Gov. Printing Office.

Oplaat, C., & Verhoeven, K. J. F. (2015). Range expansion in asexual dan-
delions: Selection for general-purpose genotypes? Journal of Ecology, 
103(1), 261–268. https://​doi.​org/​10.​1111/​1365-​2745.​12347​

Palacio, S., Cera, A., Escudero, A., Luzuriaga, A. L., Sánchez, A. M., Mota, 
J. F., Pérez-Serrano Serrano, M., Merlo, M. E., Martínez-Hernández, 
F., Salmerón-Sánchez, E., Mendoza-Fernández, A. J., Pérez-García, 
F. J., Montserrat-Martí, G., & Tejero, P. (2022). Recent and an-
cient evolutionary events shaped plant elemental composition of 
edaphic endemics: A phylogeny-wide analysis of Iberian gypsum 
plants. New Phytologist, 235(6), 2406–2423. https://​doi.​org/​10.​
1111/​nph.​18309​

Palacio, S., & Montserrat-Martí, G. (2005). Bud morphology and shoot 
growth dynamics in two species of mediterranean sub-shrubs 
co-existing in gypsum outcrops. Annals of Botany, 95(6), 949–958. 
https://​doi.​org/​10.​1093/​aob/​mci110

Pigliucci, M. (2001). Phenotypic plasticity: Beyond nature and nurture. 
Johns Hopkins University Press. https://​doi.​org/​10.​1038/​sj.​hdy.​
6800153

Pigliucci, M., & Kolodynska, A. (2002). Phenotypic plasticity to light in-
tensity in Arabidopsis thaliana: Invariance of reaction norms and 
phenotypic integration. Evolutionary Ecology, 16(1), 27–47. https://​
doi.​org/​10.​1023/A:​10160​73525567

R Core Team. (2018). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing.

Rajakaruna, N. (2018). Lessons on evolution from the study of edaphic 
specialization. Botanical Review, 84(1), 39–78. https://​doi.​org/​10.​
1007/​s1222​9-​017-​9193-​2

Ramírez-Valiente, J. A., Deacon, N. J., Etterson, J., Center, A., Sparks, J. 
P., Sparks, K. L., Longwell, T., Pilz, G., & Cavender-Bares, J. (2018). 
Natural selection and neutral evolutionary processes contribute to 
genetic divergence in leaf traits across a precipitation gradient in 
the tropical oak Quercus oleoides. Molecular Ecology, 27(9), 2176–
2192. https://​doi.​org/​10.​1111/​mec.​14566​

Ramírez-Valiente, J. A., Lorenzo, Z., Soto, A., Valladares, F., Gil, L., & 
Aranda, I. (2009). Elucidating the role of genetic drift and natural 
selection in cork oak differentiation regarding drought tolerance. 
Molecular Ecology, 18(18), 3803–3815. https://​doi.​org/​10.​1111/j.​
1365-​294X.​2009.​04317.​x

Ramírez-Valiente, J. A., Sánchez-Gómez, D., Aranda, I., & Valladares, F. 
(2010). Phenotypic plasticity and local adaptation in leaf ecophysi-
ological traits of 13 contrasting cork oak populations under differ-
ent water availabilities. Tree Physiology, 30(5), 618–627. https://​doi.​
org/​10.​1093/​treep​hys/​tpq013

Ramírez-Valiente, J. A., Santos del Blanco, L., Alía, R., Robledo-Arnuncio, 
J. J., & Climent, J. (2022). Adaptation of Mediterranean forest spe-
cies to climate: Lessons from common garden experiments. Journal 
of Ecology, 110(5), 1022–1042. https://​doi.​org/​10.​1111/​1365-​2745.​
13730​

Ramírez-Valiente, J. A., Valladares, F., Huertas, A. D., Granados, S., & 
Aranda, I. (2011). Factors affecting cork oak growth under dry con-
ditions: Local adaptation and contrasting additive genetic variance 
within populations. Tree Genetics & Genomes, 7(2), 285–295. https://​
doi.​org/​10.​1007/​s1129​5-​010-​0331-​9

Ramírez-Valiente, J. A., Valladares, F., Sánchez-Gómez, D., Delgado, A., & 
Aranda, I. (2014). Population variation and natural selection on leaf 
traits in cork oak throughout its distribution range. Acta Oecologica, 
58, 49–56.

Reich, P. B. (2014). The world-wide “fast-slow” plant economics spec-
trum: A traits manifesto. Journal of Ecology, 102(2), 275–301. 
https://​doi.​org/​10.​1111/​1365-​2745.​12211​

Solé-Medina, A., Robledo-Arnuncio, J. J., & Ramírez-Valiente, J. A. 
(2022). Multi-trait genetic variation in resource-use strategies and 
phenotypic plasticity correlates with local climate across the range 
of a Mediterranean oak (Quercus faginea). New Phytologist, 234(2), 
462–478. https://​doi.​org/​10.​1111/​nph.​17968​

 13652745, 2024, 7, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.14322 by U

niversidad C
om

plutense D
e M

adrid, W
iley O

nline L
ibrary on [19/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1111/nph.13153
https://doi.org/10.1111/nph.13153
https://doi.org/10.1007/s00442-015-3514-0
https://doi.org/10.1007/s00442-015-3514-0
https://doi.org/10.1038/nrg3395
https://doi.org/10.1111/mec.15546
https://doi.org/10.1111/mec.15546
https://doi.org/10.1093/aob/mcaa020
https://doi.org/10.1093/aob/mcaa020
https://doi.org/10.1093/aobpla/plaa006
https://doi.org/10.1093/aobpla/plaa006
https://doi.org/10.1016/j.envexpbot.2013.09.004
https://doi.org/10.1016/j.envexpbot.2013.09.004
https://doi.org/10.1046/j.1420-9101.2001.00348.x
https://doi.org/10.1046/j.1420-9101.2001.00348.x
https://doi.org/10.1038/nrg2207
https://doi.org/10.1038/nrg2207
https://doi.org/10.1071/FP09139
https://doi.org/10.1071/FP09139
https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=vegan
https://doi.org/10.1111/1365-2745.12347
https://doi.org/10.1111/nph.18309
https://doi.org/10.1111/nph.18309
https://doi.org/10.1093/aob/mci110
https://doi.org/10.1038/sj.hdy.6800153
https://doi.org/10.1038/sj.hdy.6800153
https://doi.org/10.1023/A:1016073525567
https://doi.org/10.1023/A:1016073525567
https://doi.org/10.1007/s12229-017-9193-2
https://doi.org/10.1007/s12229-017-9193-2
https://doi.org/10.1111/mec.14566
https://doi.org/10.1111/j.1365-294X.2009.04317.x
https://doi.org/10.1111/j.1365-294X.2009.04317.x
https://doi.org/10.1093/treephys/tpq013
https://doi.org/10.1093/treephys/tpq013
https://doi.org/10.1111/1365-2745.13730
https://doi.org/10.1111/1365-2745.13730
https://doi.org/10.1007/s11295-010-0331-9
https://doi.org/10.1007/s11295-010-0331-9
https://doi.org/10.1111/1365-2745.12211
https://doi.org/10.1111/nph.17968


    |  1549BLANCO-­SÁNCHEZ et al.

Spitze, K. (1993). Population structure in Daphnia obtusa: Quantitative 
genetic and allozymic variation. Genetics, 135(2), 367–374.

Sultan, S. E., & Matesanz, S. (2015). An ideal weed: Plasticity and inva-
siveness in Polygonum cespitosum. Annals of the New York Academy 
of Sciences, 1360(1), 101–119. https://​doi.​org/​10.​1111/​nyas.​12946​

Trabucco, A., & Zomer, R. J. (2010). Global soil water balance geospatial 
database. CGIAR Consortium for Spatial Information.

Turesson, G. (1922). The genotypical response of the plant species to the 
habitat. Hereditas, 3, 211–350.

Valladares, F., Gianoli, E., & Gómez, J. M. (2007). Ecological limits to plant 
phenotypic plasticity. New Phytologist, 176(4), 749–763. https://​doi.​
org/​10.​1111/j.​1469-​8137.​2007.​02275.​x

Valladares, F., Martinez-Ferri, E., Balaguer, L., Perez-Corona, E., & 
Manrique, E. (2000). Low leaf-level response to light and nutrients 
in Mediterranean evergreen oaks: A conservative resource-use 
strategy? New Phytologist, 148(1), 79–91. https://​doi.​org/​10.​1046/j.​
1469-​8137.​2000.​00737.​x

Valladares, F., Sanchez-Gomez, D., & Zavala, M. A. (2006). Quantitative 
estimation of phenotypic plasticity: Bridging the gap between the 
evolutionary concept and its ecological applications. Journal of 
Ecology, 94(6), 1103–1116. https://​doi.​org/​10.​1111/j.​1365-​2745.​
2006.​01176.​x

Van Kleunen, M., & Fischer, M. (2005). Constraints on the evolution of 
adaptive phenotypic plasticity in plants. New Phytologist, 166(1), 
49–60. https://​doi.​org/​10.​1111/j.​1469-​8137.​2004.​01296.​x

Volaire, F. (2018). A unified framework of plant adaptive strategies to 
drought: Crossing scales and disciplines. Global Change Biology, 
24(7), 2929–2938. https://​doi.​org/​10.​1111/​gcb.​14062​

von Wettberg, E. J. B., Mukherjee, J. R., Adesky, N. D., Nesbeth, D., & 
Sistla, S. (2014). The evolutionary ecology and genetics of stress 
resistance syndrome (SRS) traits: Revisiting Chapin, Autumn and 
Pugnaire (1993). In Plant ecology and evolution in harsh environments 
(pp. 201–226). Nova Publishers.

Welles, S. R., & Funk, J. L. (2021). Patterns of intraspecific trait variation 
along an aridity gradient suggest both drought escape and drought 
tolerance strategies in an invasive herb. Annals of Botany, 127, 461–
471. https://​doi.​org/​10.​1093/​aob/​mcaa173

Westerband, A. C., Funk, J. L., & Barton, K. E. (2021). Intraspecific trait 
variation in plants: A renewed focus on its role in ecological pro-
cesses. Annals of Botany, 127, 397–410. https://​doi.​org/​10.​1093/​
aob/​mcab011

Whitlock, M. C. (2008). Evolutionary inference from QST. Molecular 
Ecology, 17(8), 1885–1896. https://​doi.​org/​10.​1111/j.​1365-​294X.​
2008.​03712.​x

Whitlock, M. C., & Guillaume, F. (2009). Testing for spatially divergent 
selection: Comparing QST to FST. Genetics, 183(3), 1055–1063. 
https://​doi.​org/​10.​1534/​genet​ics.​108.​099812

Wright, I. J., Reich, P. B., Westoby, M., Ackerly, D. D., Baruch, Z., Bongers, 
F., Cavender-Bares, J., Chapin, T., Cornellssen, J. H. C., Diemer, M., 
Flexas, J., Garnier, E., Groom, P. K., Gulias, J., Hikosaka, K., Lamont, 
B. B., Lee, T., Lee, W., Lusk, C., … Villar, R. (2004). The worldwide 
leaf economics spectrum. Nature, 428(6985), 821–827. https://​doi.​
org/​10.​1038/​natur​e02403

Wright, S. (1951). The genetical structure of populations. Annals of 
Eugenics, 15(1), 323–354.

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Table S1. Mean values of environmental variables (climate and soil 
composition) of the 11 sampled populations of Lepidium subulatum 
L. and the CULTIVE facilities (URJC), where the common garden 
experiment was established.

Table S2. Results from the Pearson's pairwise correlations between 
the main environmental variables and the geographical location 
(latitude and longitude) of populations.
Table S3. Results from the Mantel correlogram to test for significant 
associations between geographical and environmental distances 
between populations.
Table  S4. Results from linear mixed models testing the effect of 
population (df = 10), treatment (i.e. phenotypic plasticity; df = 1) and 
their interaction (P × T; df = 10) in the phenotypic expression.
Table S5. Results from the Mantel correlogram to test for significant 
associations between geographical and genetic distances (pairwise 
FST), that is, Isolation by Distance (IBD), and from the Mantel test to 
evaluate the association between environmental and genetic distances 
between populations, that is, Isolation by Environment (IBE).
Table  S6. Results from partial Mantel tests to assess significant 
associations between phenotypic and environmental distances 
between populations, while controlling for genetic and geographic 
distances (i.e. neutral processes).
Methods S1. (a) Detailed description of rain exclusion structures 
and mean environmental conditions registered below and outside 
the structures. (b) Experimental individuals of Lepidium subulatum 
growing below the rain exclusion structures.
Figure S1. Soil water content (%) in each of the three rain exclusion 
structures for both watering treatments (well-watered and drought; 
WW and DRO, respectively).
Figure S2. Phenotypic variation of populations across watering 
treatments.
Figure S3. Results from univariate associations between quantitative 
genetic differentiation among populations in each treatment and 
the environmental conditions of populations (climate and soil 
composition).
Figure S4. Principal component analysis (PC1 vs. PC3) used to 
summarize environmental variables (climate and soil composition) of 
populations.
Figure S5. Results from multivariate associations between the 
two first axes of the phenotypic PCA performed to summarize 
quantitative genetic differentiation among populations in both 
treatments (well-watered and drought; WW and DRO, respectively), 
the magnitude and direction of multivariate plasticity, and the 
environmental PCA used to summarize climatic and soil composition 
differences among populations.
Figure S6. Results from the PCA used to calculate multivariate 
phenotypic plasticity.
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