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(Ammophila, Achillea, and Polygonum) showed 
the highest variability. Water deficit decreased the 
dependence on shallow and mid-soil layers along the 
beach-inland gradient. Beach and embryo-dune sites 
showed less negative leaf water potential values than 
the other positions in the dune gradient.
Conclusions Three factors mark the proportion of 
water sources used for vegetation in coastal vegeta-
tion: community composition, distance to the sea, and 
seasonality. Coastal dune vegetation exhibited a spe-
cies-specific response in water uptake that was modi-
fied by its location on the gradient. From upper beach 
to inland, the plant communities showed a slight pro-
gressive increase in the use of water from deeper lay-
ers. This pattern was similar and overlapped with the 
wet to dry seasonal pattern.

Keywords Coastal dunes · Leaf water potential · 
Soil water · Stable isotopes · Water-uptake strategies · 
Water sources · Water deficit

Introduction

Coastal dunes are classic ecotones occurring on the 
boundary between land and sea, where the distribu-
tion of vegetation follows a strong environmental 
gradient of salt water spray and sand burial (Moreno-
Casasola 1986; Hesp 1990; Wilson and Sykes 1999; 
Stallins 2001; Kim and Yu 2009). In Mediterra-
nean coastal dune ecosystems, hot and dry summers 

Abstract 
Aims This paper examines the water dynamics of a 
coastal dune plant community, addressing spatial and 
seasonal variations. We aimed to detect the patterns 
of water use by plants at the community level accord-
ing to their distribution across a coastal dune gradient 
from beach to inland.
Methods Five sites were established: upper beach, 
embryo-dune, slack, foredune, and inland. Eight 
perennial species were collected seasonally to ana-
lyse the isotopic composition and water potential. 
Soil water samples at 3 depths, groundwater, and 
atmosphere, were obtained to determine plant water 
sources.
Results The species from Inland and foredune plant 
communities, Retama, Juniperus, and Helichrysum, 
showed the most stable isotopic signal throughout 
the year. On the contrary, the species most abun-
dant on the upper beach, embryo-dune, and slack 
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represent for this vegetation stress factors that add to 
those mentioned above; especially as seasonal water 
deprivation is aggravated by the low field water 
capacity of sandy soils, and by the likelihood of 
eventual ocean water intrusion (Sternberg and Swart 
1987). In sandy soils, compared to other mechanisms 
(indirect recharge from runoff), aquifer recharge 
occurs mainly through direct infiltration of precipita-
tion (Schmidt et al. 2011). Variations in precipitation 
cause alterations in the structure and function of plant 
communities (Greaver and Sternberg 2010).

Different studies have provided evidence of the 
differential use of water by terrestrial vegetation in 
coastal dunes (Greaver and Sternberg 2006, 2007, 
2010; Antunes et al. 2018a, b, 2019); therefore, plants 
living in coastal environments may extract water from 
different available sources, rainwater, groundwater, 
fog, ocean water, or their mixtures. Few works have 
focused on vegetation water uptake on Mediterranean 
coastal dunes (Valentini et  al. 1992; Alessio et  al. 
2004; Antunes et al. 2018a, b).

Spatial and seasonal variations in water uptake and 
differences between species have also been studied 
from different perspectives (Dawson and Pate 1996; 
Pivovaroff et  al. 2016; Ding et  al. 2021). Neverthe-
less, there are few studies focused on water uptake 
dynamics across environmental gradients and the dif-
ferences in the response among co-occurring species 
to the annual hydrological cycle.

The water-uptake strategy is a significant plant 
trait in dry or seasonally dry type environments that 
determines plant survival (Dawson and Pate 1996). 
Furthermore, different water uptake patterns between 
species are useful strategies to reduce competition 
for water in dry soils (Mooney et  al. 1980; Verweij 
et  al. 2011). Understanding the water uptake pattern 
of plant roots is important to improve our knowledge 
about the responses of plants to hydrological condi-
tions and is particularly significant in water-limited 
habitats. Besides, in addition to seasonal fluctuations 
in soil moisture conditions (as happens in Mediterra-
nean areas), fluctuations in water availability across 
short gradients must also be considered (Oliveira 
et al. 2005; West et al. 2012).

Previous studies have shown that a mere root 
distribution is not sufficient to identify plant root 
uptake strategies (Verweij et  al. 2011, Tron et  al. 
2015; Nehemy et  al. 2021). Stable isotopes used 
as tracers are an effective tool in the determination 

of water uptake patterns by plants (Sternberg and 
Swart 1987; Dawson and Ehleringer 1993; Penna 
et  al. 2018). The relative abundance of 18O vs 16O 
(expressed as δ18O) in xylem sap can be effectively 
used for differentiating the specific origins of the 
water taken up (Flanagan and Ehleringer 1991; 
Dawson et al. 2002; Barbeta et al. 2018; Amin et al 
2020) since depending on its source water usually 
exhibits specific isotopic signatures, 18O/16O ratios 
(Craig 1961; Dansgaard 1964).

Soil water evaporation causes enrichment in the 
heavy isotopes (18O, 2H) in the remaining soil water 
(Allison et  al. 1983), which is more pronounced in 
the superficial layers of the soil than in the deep lay-
ers. Accordingly, plants with roots exploring deep 
layers of the soil will present a lower and depleted 
isotopic signal in the heavy isotope, indicating little 
evaporated water. On the contrary, plants with shal-
low roots that therefore explore the surface layers of 
the soil will be subjected to greater evaporation and 
will present a higher and enriched isotopic signal 
(Querejeta et al. 2007; Nie et al. 2011). However, this 
difference in isotopic signals as a function of depth of 
soil layers is dependent on environmental conditions 
such as soil water content, temperature, or soil poros-
ity (Sprenger et al. 2016). After a few days of dryness 
and with high evaporative demand, these differences 
will be more pronounced, while under high humid-
ity or abundant rainfall, this effect decreases and can 
even be reversed.

Another aspect to consider is the vulnerability of 
coastal dunes to the effects of climate change. An 
increase in mean sea level in association with climate 
variation could alter the spatial distribution of dune 
plant species (Mendoza-González et  al. 2013). The 
erosion of coastal dune systems will increase as sea 
level rises (Feagin et al. 2005; Ranasinghe et al. 2012) 
and since vegetation is essential in the stabilization of 
dunes, it is crucial to better understand the response 
of dune vegetation to changes in water availability. 
Climate model simulations foresee that the Mediter-
ranean region will increase in dryness and warming, 
especially in summer (reduction in precipitation over-
passing -25–30% and warming overpassing 4–5 º C) 
(Giorgi and Lionello 2008). As a response to current 
climate change, many species have shifted their geo-
graphic ranges, seasonal activities, and abundances 
(IPCC 2014). Knowledge of plant water uptake strate-
gies is useful to know how species will be affected by 
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changes in water availability and soil water resources 
under the predicted climate change.

Since an environmental gradient from the ocean to 
the inland exists and assuming seasonal differences 
along the year in the Mediterranean climate (mainly 
due to precipitation), we hypothesised a changing pat-
tern in vegetation’s water use both in space and time. 
Specifically, our starting hypotheses are: 1) the source 
of water used by dune vegetation varies seasonally, 2) 
there is a zonal distribution of the species across the 
beach-inland gradient according to water use strat-
egy, 3) the water uptake strategy is species-specific 
but modulated by their distribution across the beach-
inland gradient.

Taking all this into account, the main objective of 
this study was to assess whether the water uptake pat-
tern of dune plants is species-specific or, in contrast, 
is modulated by the spatial gradient from the upper 
beach to the inland and seasonal water availability. 
We attempted to answer the following research ques-
tions: I) How do the main water sources of dune 
plants change over the seasons according to water 
availability? II) Is there a water-uptake pattern at 
the community level related to species distribution 
across the coastal dune gradient from the beach to 
the inland? III) Is the water uptake strategy species-
specific and independent of the spatial distribution of 
plant dunes across the beach-inland gradient?

Materials and methods

Study site and species

Research work was carried out on the El Rompido 
spit (Lepe, Huelva, 37º12’N, 7º07’W), South-West 
Spain. El Rompido spit is a sandy bar that extends 
for some 12 km parallel to the coastline, at the Pie-
dras river estuary. It is 300 to 700 m wide and com-
prises dune ridges separated by tidal swales and salt 
marshes. The soil is fine sand with < 3% of fine parti-
cles (silt + clay). It is a very poor soil, with an organic 
matter content of 1 to 2.6  mg   g−1 established at 
depths of 5 to 10 cm. Soil pH is alkaline, 9.5 (due to 
the high carbonate content of 4–7 mg  CaCO3) and the 
conductivity is low (< 100 µS  cm−1) (Muñoz-Vallés 
et al. 2015).

The vegetation of El Rompido dunes is well 
described by Muñoz-Vallés et  al. (2015). In the 

upper beach, the vegetation is sparse and composed 
of Polygonum maritimum, Cakile maritima, Elymus 
farctus, Pancratium maritimum and Euphorbia paral-
ias, among others. On embryo-dunes Ammophila 
arenaria, Achillea maritima and Euphorbia paralias 
are present. On foredune, the vegetation is dominated 
by A. arenaria and other species such as Eryngium 
maritimun, Artemisia campestris subsp. maritima 
and Crucianella maritima. Finally, on the back of the 
dunes, inland, the plant community is dominated by 
the leguminous shrub Retama monosperma and other 
shrub species such as A. campestris subsp. maritima, 
Helichrysum italicum subsp. picardii and Thymus 
carnosus. This multi-aged and well-developed shrub 
community represents the late-successional stage of 
the coastal dune vegetation, where more woody spe-
cies become established because of the more stable 
areas at the back of the dunes.

The climate in the study area is Mediterranean 
with Atlantic influence. The average annual tempera-
ture and rainfall are 18.1º C and 490 mm, respectively, 
including a long dry and warm period from May to 
September (30-year record, from 1971 to 2000; data 
from Huelva Meteorological Station, AEMET). We 
used monthly precipitation and mean temperature 
information from a meteorological station located 
12  km away (Lepe, Huelva, Spain) (Fig.  1A). The 
precipitation pattern was wetter than usual during the 
periods 2009–2010 and 2010–2011, being 880.6 mm 
and 684.6  mm respectively. These values represent 
80% and 40% over the 30-year average (490  mm). 
Nonetheless, the period 2011–2012 was exceptionally 
dry, with an annual precipitation of 289.4 mm, 41% 
below the average.

The study was conducted in May (spring) and 
December (autumn) 2010, selected as warm and cold 
dates respectively, of a wet year. These two sampling 
months would be representative of the most favour-
able periods of the year for Mediterranean vegetation 
and of a hydrologically optimal year. The sampling 
periods of February (winter) and July (summer) 2012, 
respectively the coldest and warmest months of the 
year, would represent the periods of the year with 
the greatest stress on vegetation in the Mediterranean 
climate, and in this case, accentuated by being a dry 
year. According to Ellsworth and Sternberg (2015), 
the natural inter and intraseasonal variations cannot 
be captured by single measurements, especially in 
seasonal climates. For that reason, we chose several 
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measurements per species, dune site and season, in 
the four seasons distributed in two hydrological years.

Beach-inland gradient: dune profiles and vegetation 
pattern

According to the topography of the dune and prox-
imity to the ocean, sampling plots were set at the 
following sites: upper beach, embryo-dune crest, 
slack, foredune crest and inland depression (hereaf-
ter beach, embryo-dune, slack, foredune and inland, 
respectively) (Fig.  2). The beach and inland sites 
were the closest and farthest points to the ocean, 
and marked the extremes of a hydrological gradi-
ent across the dunes. To determine the dune profile, 
we established three parallel transects starting at 
the mean high-tide point and ending at the inland 
depression (each transect around 80 m long, perpen-
dicular to the dune line, and separated 100 m from 
each other). Topographic measurements were taken 

every meter with an optical theodolite to determine 
the difference in height between points. Along the 
dune system gradient, 1 × 1 m plots were set every 
metre to determine plant species distribution. In 
every vegetation plot, the presence-absence of every 
species was registered (Table 1).

Based on their abundance on dune communi-
ties, we selected eight perennial species distrib-
uted across the gradient of the dune system from 
the upper beach to the inland (Table 1): Polygonum 
maritimum L. (Polygonaceae), Euphorbia paralias 
L. (Euphorbiaceae), Achillea maritima (L.) Hoff-
manns & amp; Link (Asteraceae), Ammophila 
arenaria (L.) Link (Poaceae), Artemisia campes-
tris subsp. maritima (DC.) Arcang. (Asteraceae), 
Helichrysum italicum (Roth) G. Don (Asteraceae), 
Retama monosperma (L.) Boiss (Fabaceae) and 
Juniperus oxycedrus subsp. macrocarpa (Sm.) Ball 
(Cupressaceae). Hereinafter, we will refer to the 
species by the genus.

Fig. 1  Monthly precipita-
tion and mean temperature 
(A) and conductivity and 
depth of groundwater (B) 
during the study period 
(from July 2010 to August 
2012). Arrows indicate 
sample periods

Plant Soil (2022) 477:807–828810
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Groundwater level and salinity

Groundwater (GW) depth and salinity, through its 
electrical conductivity (EC, mS  cm−1), were meas-
ured monthly using a water level indicator (KLL 
mini, Seba Hydrometrie, Kaufbeuren, Germany) and 
a conductivity meter (HI 9835, Hanna Instruments, 
Woonsocket, USA). To reach the GW, we installed 
two piezometers (polyvinyl chloride tubes with an 
outside diameter of 90 mm), one in the slack (PZsl) 
and another one in the inland site (PZin). The buried 
end of the tubes were covered with a permeable poly-
ethene fabric piece to avoid sand filling. The ground-
water level was taken with the ground surface as a 
reference so that PZsl always appeared deeper than 

PZin due to topography (see Fig. 2). The water level 
in the piezometer is assumed to be the same as that of 
the phreatic level.

Water source sampling

Plant water sources in adult plants were determined 
through the oxygen isotopic composition of xylem 
water (δ18O) and the possible water sources. (n = 6–9 
plants per species and site in spring, summer, and 
autumn, n = 5–6 plants in winter). Bayesian mixing 
models were used to compare xylem δ18O. Compar-
ing these values with those obtained from GW and 
soil at different depths, we could determine the ori-
gin of water used by plants for every species, site, and 

Fig. 2  Representative topographic profile across one of the 
three sampling transects (middle transect), indicating ground-
water depth (dashed lines), piezometer locations (PZsl: Slack 

and PZin: Inland), and oceanic front position. The dashed line 
indicates the maximum and minimum depths of the water table

Table 1  Study plant 
species frequency (%) 
per zone across the three 
transects along the dune 
system gradient

Life forms (LF) are denoted 
as PH: Perennial herb, TG: 
Tussock grass, LS: Large 
shrub, and S: Shrub. G-test 
of goodness-of-fit showed 
that abundance among 
the five positions differed 
significantly for every 
species (P < 0.05)

DUNE SECTIONS Upper beach Embryo dune Slack Fore dune Inland

Zone length range(m) 7–15 10–14 12–17 13 16–29
LF Total number of plots 22 24 29 26 45
PH Polygonum maritimum 18.2
PH Euphorbia paralias 18.2 12.5 3.9
PH Achillea maritima 9.1 29.5 6.9
TG Ammophila arenaria 4.5 37.5 17.2 42.3 2.2
S Artemisia campestris 16.5 62.1 42.3 37.8
S Helichrysum italicum 13.8 57.7 82.2
LS Retama monosperma 5.4 7.7 24.4
LS Juniperus oxycedrus 0.9 0.4 1.0
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season utilizing MixSIAR. Soil, GW, and rainwater 
are possible water sources for plants available in the 
soil profile that vertically mix.

Groundwater samples were extracted seasonally 
from the two piezometers mentioned above using a 
pump. The water samples were kept refrigerated in 
double cap polyethene bottles sealed with parafilm 
until analysed to prevent evaporation and isotopic 
fractionation.

Soil samples were collected seasonally at three dif-
ferent depths (topsoil: 10, mid soil: 25, and deep soil: 
50  cm) in each site and in the three transects (three 
replicates per depth). The samples were stored in 
screw-cap glass vials, following the same procedure 
as plant samples. Soil samples were also collected in 
polyethene bags to measure soil water content in each 
site at the three depths. The samples were cleaned of 
plant materials and weighted before and after oven-
dried for 48  h at 100ºC to calculate the gravimetric 
water content (% g  g−1). We sampled the first 50 cm 
because, in the case of the studied sandy soils, most 
root biomass is concentrated in the upper layers (75% 
of the root biomass is located in the upper 37.5 cm, 
Martínez et al. 1998). We also took into account that 
evaporation fractionation is generally limited to the 
upper 0.3 m of the soil (Sprenger et al. 2016) and that 
according to Amin et al. (2020), water uptake mainly 
occurs at a superficial layer of 30–50 cm depth in this 
type of climate.

In this study, rainwater has not been considered 
a potential water source. Rainwater always mixes 
with soil water stored during previous rain events 
before being taken up by roots and is often segre-
gated in space and time even before being mixed in 
the soil or for groundwater recharge (Evaristo et  al. 
2015). Although under certain conditions, water can 
be absorbed through leaves or even bark during rain 
events, these takings are very low compared to tran-
spiration in arid ecosystems (Cavallaro et  al. 2020). 
However, rainwater was collected from two pluvi-
ometers installed on purpose on the sampling site to 
know its values for soil water. To prevent evaporation, 
a 5-mm layer of liquid paraffin was added to the plu-
viometer collector.

Atmospheric water can be another important 
source of moisture as some of these species have 
leaf morphological structures, which facilitate dew 
uptake. Seasonally, we collected atmospheric water 

(as either vapour or small water droplets) at dawn by 
pulling air through a dry-ice-cooled glass condenser 
(following Helliker et al. 2002).

Plant material sampling

We collected xylem samples seasonally in the morn-
ing (n = 6–9 samples per species and site in spring 
and autumn 2010 and summer 2012, n = 5–6 sam-
ples in winter 2012). Samples from small-size spe-
cies could include more than one individual. For 
the isotopic analysis of xylem water, leafless, lig-
nified and mature stem fragments (rhizomes in the 
case of Ammophila) were cut and directly preserved 
in screw cap glass vials, sealed with parafilm, and 
kept refrigerated during transport to the laboratory, 
where they were frozen until extraction of xylem 
water.

Water extraction and isotopic analysis

The water from the soil and plant samples was 
extracted employing a custom-made cryogenic vac-
uum distillation system at the Stable Isotopes and 
Instrumental Analysis Facility (SIIAF), Centro de 
Ecología, Evolução e Alterações Ambientais (CE3C), 
Universidade de Lisboa (Lisbon, Portugal). The 
guidelines of Ehleringer and Osmond (1989), Ehler-
inger and Dawson (1992) and West et al. (2006) were 
followed. In summer, we could not obtain enough 
water from several soil samples from 10 and 25  cm 
deep due to the excessive dryness of the soil. Conse-
quently, the mean of the soil samples of the five sites 
was used for the MixSIAR analyses and the figures in 
summer.

According to Ellsworth and Williams (2007), dur-
ing plant water uptake, δ2H may fractionate in xylem 
water samples in species adapted to saline or xeric 
environments. Hence, we used only δ18O to detect 
water sources in plants.

The abundance of the heavy isotope was expressed 
in delta notation (δ) in parts per thousand (‰) as:

where  Rsample and  Rstandard are the molar ratios of 
heavy to light isotopes of the sample and the inter-
national standard (Vienna Standard Mean Ocean 

δ18Osample(‰) = (Rsample∕Rstandard − 1) × 1000,

Plant Soil (2022) 477:807–828812
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Water, VSMOW). Oxygen stable isotope ratio analy-
ses were performed at SIIAF by headspace equili-
bration on an Isoprime (Micromass, UK) SIRMS, 
coupled in continuous flow mode to a Multiflow 
(Micromass, UK) auto-sampler and sample equi-
libration system. The materials used as reference 
were Medium Natural Water (Elemental Microa-
nalysis Ltd, UK; δ18OV-SMOW = -10.18 ± 0.2‰) and 
Zero Natural Water (Elemental Microanalysis Ltd, 
UK; δ18OV-SMOW = 0.56 ± 0.23‰), regularly checked 
against IAEA-VSMOW and IEAE-GISP (Coleman 
and Meier-Augenstein 2014). The analytical precision 
was < 0.1‰.

Leaf water potential

In order to evaluate the water status of vegetation, 
leaf water potential was monitored in the study spe-
cies (n = 9 measures per species and site in spring 
2010, autumn 2010 and summer 2012, n = 5–6 meas-
ures in winter 2012). Pre-dawn (Ψpd) and midday 
(Ψmd) leaf water potential values were measured in 
the field on freshly excised terminal shoots through 
a pressure chamber (Scholander et al. 1965; modified 
by Manofrigido, Portugal). All samples were meas-
ured immediately after cutting. Samples for Ψpd were 
collected and measured from 5:30 a.m. to 7:30 a.m. 
while samples for Ψmd were collected within an hour 
around noon.

Xylem water potential is an important indica-
tor of the plant water status and reflects a balance 
between root water uptake and weather conditions 
(Bhaskara and Ackerly 2006). We measured the leaf 
water potential of vegetation to assess the relation-
ship between water-source use and plant water status. 
Thus, we hoped to know how the rooting strategy 
influences the seasonal plant water status by integrat-
ing data of vegetation distribution, hydrology, and 
ecophysiology.

Midday water potential stands for the maximum 
water deficit that xylem and leaves may undergo 
(Pockman and Sperry 2000; Ackerly 2004), whereas 
predawn water potential shows the recovery capacity 
of every species during the night.

Statistical analyses

Data of perennial species in every site were analysed 
with a row-by-column contingency test (G–test of 

goodness-of-fit) to detect eventual statistical differ-
ences in species frequency among sites (following the 
method by Causton 1988).

Two-way and one-away nested MANOVAs were 
carried out to compare the differences in leaf water 
potential (Ψpd and Ψmd), xylem oxygen isotopic com-
position (δ18O) and relative contributions of soil 
water sources to vegetation uptake (top%, mid%, 
deep%) across the beach-inland gradient in each sea-
son. To determine how these variables differed across 
the beach-inland gradient, season and position were 
considered as a fixed factor and species as a random 
factor nested within the position where the plants 
were collected. Pairwise differences were tested using 
posthoc Tukey tests. Spearman’s correlations between 
oxygen isotopic composition, water potential vari-
ables (predawn and midday water potential) and per-
centage of contribution to sources were performed to 
examine the influence of plant water sources on plant 
water status. All statistical analyses were conducted 
using SPSS 26 software package (Chicago, IL, USA). 
To achieve normality, the variables were transformed 
by ln (Ψpd and Ψmd) or square root (10 + δ18O, top%, 
mid%, deep%).

The most likely contribution of water sources to 
coastal dune vegetation uptake was estimated using 
the Bayesian mixing model MixSIAR (Stock et  al. 
2018) which have been recommend for determining 
plant water sources (Wang et al. 2019). MixSIAR is 
a model framework in R (https:// github. com/ brian 
stock/ MixSI AR) that allows creating and running 
Bayesian mixing models to analyse the uncertain-
ties in biotracer data (in this study, the tracers were 
based on the δ18O values on the xylem). The model 
used δ18O values of the xylem water of individual 
(’mixture or consumers’, raw data of the eight dune 
species separately), the water sources described in 
the methods (mean values), and the discrimination 
factor (which for water uptake is set as 0). MixSIAR 
incorporates source and discrimination (fractiona-
tion) uncertainty to assign the posterior probability 
distributions of source contributions to a mixture. We 
followed an a priori aggregation approach (Phillips 
et al. 2005) so that the combined sources were simi-
lar, but also that they had some biological meaning. 
Accordingly, we combined deep soil and GW sources 
(hereafter-deep soil) to reduce the number of sources 
and obtain less diffuse solutions (Phillips et al. 2005). 
The low isotopic values recorded for atmospheric 
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water, -12.2‰ ± 0.23, compared to the xylem water 
values indicated that this water source, apparently, 
did not have an effect on the isotopic composition 
of the plants, so it was discarded from the statistical 
analysis. In summary, we analysed separately the four 
study seasons and narrowed down water sources to 
three (topsoil, mid soil and deep soil + GW). We set 
the Markov Chain Monte Carlo (MCMC) to 5000 000 
burn-in sizes. We used Gelman–Rubin and Geweke 
diagnostics to assess the convergence of the model. 
Gelman confidence intervals close to 1 and < 1.05 
indicate model convergence, while Geweke diagnos-
tics is a standard Z-scores based on the equality on 
two parts of the Markov chains. At convergence, the 
means of the chains should be the same, ≤ 5% of vari-
ables in each chain outside of ± 1.96 (Stock and Sem-
mens 2016). In our study, the convergence was satis-
fied with a number of iterations ’very long’ model (1 
000 000 chain length) in the four seasons.

Results

Dune topographic profiles and plant species 
distribution

The maximum heights of the dune topography of 
the transects were respectively, 5, 4.5 and 3.8 mamsl 
(Fig.  2), the highest point being the foredune crest 
of the middle transect. As shown in Table 1, the fre-
quency of species was statistically different between 
sites. The main contrast among areas was the higher 
vegetation cover on the inland site.

The lowest values of soil water content were 
recorded in July, ranging from 0.1% in the topsoil to 
1.7% in the deep soil, while the highest values were 
recorded in winter, ranging from 2.1% in the topsoil 
to 6.9% in the deep soil.

Groundwater

The groundwater level usually followed the precipi-
tation pattern (Fig. 1A), where rainy periods implied 
higher water levels (1.7 m and 0.4 m, respectively, in 
slack and inland) and dry periods, lower levels (2.7 m 
and 1.7 m respectively in slack and inland). EC fol-
lowed an inverse pattern concerning GW levels, with 
increasing values when water table and precipitation 
diminished and vice versa (Fig. 1B). EC was usually 

lower in PZsl than in PZin. During the dry period 
2011–2012, EC in PZin increased more than twice 
compared to previous years, reaching 10.1 mS  cm−1 
in winter. On the contrary, EC in PZsl followed the 
common pattern of the previous year, reaching the 
highest level (2.5 mS  cm−1) at the end of summer.

Species-level: plants and water sources δ18O

The δ18O value of ocean water remained between 
1.1‰ in spring and summer to 0‰ in winter (Fig. 3). 
The δ18O value of rainwater was more enriched dur-
ing the warm season (spring = -3.4‰) than during 
the cold seasons (autumn = -5.4‰, winter = -5.3‰), 
which is consistent with precipitation records 
expected in the cold season, in winter (Máguas et al. 
2011). No rain was collected in summer. The iso-
topic composition of GW showed small differences 
throughout the study period, although they presented 
neither a temporal (spring = -5.1‰, autumn = -4.9‰, 
winter = -3.9‰, summer = -3.7‰) nor a spatial pat-
tern (PZsl = -4.5‰, PZin -4.3‰, Fig. 3). The isotopic 
composition of the atmospheric water at dawn ranged 
from -11.6 in summer to -12.7 in winter.

The different δ18O mean values of xylem water 
indicated a clear effect of seasonality on the isotopic 
signal of the water sources used by dune vegeta-
tion. Summer was the season having the most vari-
able xylem δ18O signature, ranging from + 11.5‰ in 
Ammophila plants growing in the embryo-dune to 
depleted values of –3.8‰ in Retama and Ammophila 
plants from the foredune and inland (Fig.  3C). On 
the contrary, in autumn, δ18O was similar throughout 
the soil profile and with low variability among sites 
or species, ranging from -2.3‰ in Ammophila plants 
from the beach to -5.98‰ in Retama plants from the 
foredune and inland (Fig. 3B).

The species with the most stable isotopic signal 
throughout the year, Retama, Juniperus and Heli-
chrysum, were more abundant in inland and fore-
dune, while the species with the highest variability, 
Ammophila, Achillea and Polygonum, were more 
abundant in the upper beach, embryo-dune and slack 
(Table 1).

Two-way nested ANOVA showed significant dif-
ferences in δ18O among seasons (P < 0.001 in both 
cases). Foredune and inland sites were different from 
the rest of the positions on the gradient, while the 
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four seasons were significantly different from each 
other (Table 2).

MixSIAR results at community level

Topsoil water did not represent a relevant water 
source for the vegetation in any season of the year, 
nor in any gradient position, except for slack and 
foredune plants in autumn and winter, for which it 
could account for up to 20% of the uptake (Fig. 4). 
Deep soil water appears to contribute to water 
uptake in plant communities across the entire 
beach-inland gradient in a relevant way (Beach 
47%, Embryo-dune 47%, slack 62%, foredune 65% 
and inland 74%), although significant differences 
were found among sites (P = 0.001, Fig.  4). Water 
uptake from deeper layers increased with water 
deficit and following the beach-inland gradient. At 

the community level, deep soil water use increased 
seasonally from the wet to the dry seasons by 15% 
(mean of the five sites), while the mean increase of 
deep water from the beach to the inland accounted 
for 27%.

Slack and embryo-dunes were the sites with the 
highest differences between seasons (Fig. 4). In con-
trast, the lowest seasonal differences in water sources 
was recorded in the beach inland sites (Fig. 4). In all 
the analyses, the confidence intervals of Gelman diag-
nostics were lower than the estimated factor of 1.01 
(0 > 1.01). Similarly in Geweke diagnostics < 5% of 
the variables were ± 1.96, except in May (where the 
second chain had 9.2% of the variables ± 1.96) and 
November (where the second chain was 10%). In our 
mixing models, the largest uncertainty was obtained 
in autumn (Fig. 4) (with a variability of 11% in top-
soil, 22% in mid soil, and 22% for deep soil) and the 

Fig. 3  Seasonal δ18O of xylem water and potential water 
sources across the dune system gradient including, soil water 
at three depths, groundwater, and ocean water. Spring: A; 
Autumn: B; Winter: C; Summer: D). Significant differences 
are shown in Table  2. The grey boxes indicate the standard 

deviation of the different water sources. Abbrev: Poly: Polygo-
num maritimum; Eup: Euphorbia paralias; Ach: Achillea mar-
itima; Amm: Ammophila arenaria; Art: Artemisia campestris; 
Heli: Helichrysum italicum; Ret: Retama monosperma; Jun: 
Juniperus oxycedrus 
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lowest in summer (mean variability between 5 and 
10%).

MixSIAR results at species level

The MixSIAR results by species (Figs.  5 and 6), 
allowed us to identify the water uptake strategies of 

the study species. The contribution of topsoil water to 
plant water uptake was significant only in the wet sea-
sons for some species, Achillea (16.5%), Helichrysum 
(15.4%), Euphorbia (10.9%), Polygonum (10.9%), 
Artemisia (10.2) and Ammophila (6.4%). Mid soil 
is a relevant source of water throughout the year for 
Polygonum (53%), Achillea (52%), Ammophila (43%) 

Table 2  Two-way nested MANOVA for the effects of site (species nested to site) and season on xylem sap (δ18O), leaf water poten-
tial (Ψpd and Ψmd), and contributions (%) of soil water to vegetation uptake across the dune system

Season Site Season*Site Species(Site)

Variables df F P df F P df F P df F P
MANOVA 12 25.7 0.001 36 5.8 0.001 9 107.2 0.001 63 15.3 0.001
δ18O 3 118.0 0.001 4 12.10 0.001 12 5.2 0.40 21 9.1 0.001
LWPdp 3 2137 0.001 4 43.9 0.001 12 18.4 0.001 21 18.4 0.001
LWPmd 3 239.4 0.001 4 49.5 0.001 12 2.5 0.003 21 26.5 0.001
Topsoil % 3 26.1 0.001 4 3.48 0.014 12 2.5 0.008 21 1.4 0.173
Mid soil % 3 10.3 0.001 4 4.89 0.002 12 0.75 0.689 21 0.9 0.530
Deep soil % 3 10.3 0.001 4 4.568 0.003 12 1.24 0.272 21 1.3 0.232
Tukey results by site Tukey results by season
Site δ18O Ψpd Ψmd Top Mid Deep Season δ18O Ψpd Ψmd Top Mid Deep
Beach A A A A A A Autumn A A A B C A
Embryo-dune A A A A A A Winter B B B A AB B
Slack A B B A AB AB Spring C C C A A B
Foredune B B B A B AB Summer D D D A BC B
Inland B B C A B B

Fig. 4  Annual and seasonal relative contributions in the 
percentage of water sources used by vegetation across the 
dune system gradient from MixSIAR Bayesian mixing mod-
els (upper beach: Bch; embryo-dune: Emb; slack: Sla; fore-

dune: Fore; inland: Inl). Letters denote significant differences 
between sites and error bars represent standard errors. Con-
fidence intervals of Gelman diagnostics should be < 1.05 and 
were lower than 1.01 for all the variables (0 > 1.01)
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and Euphorbia (40%), all of them, species character-
istic of the beach and embryo-dune sites. Retama and 
Juniperus were the species more dependent on deep 
soil layers (89% and 81% respectively) and both more 
abundant in the inner positions of the gradient. Addi-
tionally, the beach species Polygonum and Achillea 
displayed the greatest annual fluctuation, indicating 
a high level of plasticity in water uptake (Fig. 5). In 

contrast, the foredune and inland species, Juniperus 
and Helichrysum, presented the lowest variability.

All species (except Polygonum, which only grew on the 
beach) slightly increased the use of water from mid and deep 
layers of the soil from the upper beach to inland (Fig. 7). In 
this regard, a significant correlation was detected between 
the proportion of deep soil water absorbed by plants and 
their position in the gradient  (R2 = 0.376, P < 0.001).

Fig. 5  Seasonal contributions in percentage of water sources 
used by study species and by sites across the dune system gra-
dient from MixSIAR Bayesian mixing models. Confidence 
intervals of Gelman diagnostics should be < 1.05 and were 
lower than 1.01 for all the variables (0 > 1.01). Abbrev: Poly: 

Polygonum maritimum; Eup: Euphorbia paralias; Ach: Achil-
lea maritima; Amm: Ammophila arenaria; Art: Artemisia 
campestris; Heli: Helichrysum italicum; Ret: Retama mono-
sperma; Jun: Juniperus oxycedrus 
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Water potential

Two-way nested ANOVA showed that differences 
in Ψpd and Ψmd among seasons and sites were sig-
nificant (Table  2, P < 0.001 in both cases). Beach 
and embryo-dune sites, with the less negative values, 
were different from the rest of the positions in the 
dune gradient. Regarding annual differences, the four 
seasons were significantly different from each other. 
The highest leaf water potential, both at predawn and 
midday were recorded in autumn (Ψpd = -0.09  MPa, 
Ψmd = -0.93  MPa) and the lowest in summer 
(Ψpd = -1.25 MPa, Ψmd = -1.75 MPa) (Fig. 8).

Concerning species, the lowest Ψmd values and the 
broadest annual fluctuations were reached in Junipe-
rus (-5.8 MPa and 5.37 MPa), Retama (-2.6 MPa and 
2.47 MPa), and Ammophila (-2.1 MPa and 1.94 MPa). 
In contrast, Polygonum and Euphorbia were the 

species with the least negative water potentials 
(-1.3 MPa and -1.4 MPa respectively) and the smallest 
annual fluctuation (1.25 MPa). Juniperus was also the 
species with the lowest Ψpd values (-0.44 MPa, Fig. 8).

Focusing on all sites and seasons together, the cor-
relation between δ18O and water potentials, both mid-
day and predawn, was negative so that water potential 
became more negative when δ18O was more enriched 
 (R2 = 0.496 for δ18O-Ψpd and  R2 = 0.608 for δ18O-Ψmd, 
P < 0.004, Fig.  9A, B). However, giving attention 
only to the summer, the δ18O-Ψ relationship observed 
was inverse: a positive correlation existed from beach 
to inland since Ψ decrease was positively associated 
with δ18O depletion,  (R2 = 0.827 δ18O-Ψpd P < 0.03 
and  R2 = 0.648 δ18O-Ψmd; P < 0.1). Furthermore, a 
positive relationship was detected between leaf water 
potential (Ψpd and Ψmd) and topsoil water uptake pro-
portion (both P < 0.001) throughout the year.

Fig. 6  A Study plant 
species frequency (%) per 
zone across the dune system 
gradient. B Annual contri-
butions of water sources 
(%) used by the study 
species from MixSIAR 
Bayesian mixing models 
(results obtained from data 
of water oxygen isotopes of 
plants, soil layers at three 
depths, and groundwater). 
Letters denote significant 
differences between species 
in the annual contribu-
tions to water uptake at 
that soil depth and error 
bars represent standard 
errors. Confidence intervals 
of Gelman diagnostics 
should be < 1.05 and were 
lower than 1.01 for all 
the variables (0 > 1.01). 
Abbrev: Poly: Polygo-
num maritimum; Eup: 
Euphorbia paralias; Ach: 
Achillea maritima; Amm: 
Ammophila arenaria; Art: 
Artemisia campestris; Heli: 
Helichrysum italicum; Ret: 
Retama monosperma; Jun: 
Juniperus oxycedrus 
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Discussion

In Mediterranean ecosystems, the origin of the water 
used by vegetation is expected to vary seasonally in 
a complex way (Antunes et  al. 2018a, b). Accord-
ingly, in the present study water-uptake strategy and 
water status of the coastal dune plants communities 
shifted from wet to dry seasons and across the beach-
inland gradient. We found both temporal and spatial 
patterns, but also, our data showed that coastal veg-
etation exhibited a species-specific response in water 
uptake. Our data indicate that no single source con-
tributes to all species, but individual species track 
with specific sources and that this species-specific 
response is modified by its location in the gradient 
from the upper beach to inland. There are numerous 
pieces of evidence in other studies that niche segrega-
tion of water uptake sources is a process that varies at 
the species level at the ecosystem scale (Brinkmann 

et al. 2019). However, in our study, this species-spe-
cific water uptake pattern is modulated by their loca-
tion, since the species showed a slight progressive 
increase in the proportion of the use of water from the 
deeper layers from the upper beach area to the inland 
dunes (Fig. 7).

Isotopic signal: plants and water sources

The potential water sources absorbed by plants 
changed seasonally and locally depending on the spe-
cies. According to the xylem δ18O data (Fig.  3), in 
spring and summer, the species closer to the ocean, 
showed more inter-species variability (7.2‰) of 
water sources than inland species (3.1‰), as pointed 
out by the high diversity of xylem δ18O figures in the 
species of beach and embryo-dune sites. This higher 
variance of δ18O signature in plants growing in the 
proximity of the ocean denotes a diversified water 

Fig. 7  Annual contribu-
tions, in percentage, of 
water sources used by the 
species across the dune 
system gradient from 
MixSIAR Bayesian mixing 
models. Confidence inter-
vals of Gelman diagnostics 
should be < 1.05 and were 
lower than 1.01 for all 
the variables (0 > 1.01). 
Abbrev.: upper beach: Bch; 
embryo-dune: Emb; slack: 
Sla; foredune: Fore; inland: 
Inl)
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uptake strategy among species, with species depend-
ing mainly on top and mid-layers (Achillea, Ammoph-
ila, Polygonum) and species relying more on mid 
and deep layers (Artemisia, Euphorbia). In the case 
of Artemisia, this outcome is consistent with previ-
ous studies in other species of this genus (A. gmelinii 
and A. tridentata) that have described their capacity 
of exploring deep soil layers, to switch uptake to shal-
lower soil layers when water is sufficient, or even to 
supply water to upper soil layers at night (hydraulic 
lift), (Richards and Caldwell 1987; Lü et  al. 2017; 
Wang et al. 2017).

On the contrary, the assemblage of species growing 
inland (foredune and inland sites) showed a narrower 
range of water sources in spring and summer. The mean 
δ18O signature of the xylem water in these sites was 
lower and matched with deep soil water and groundwa-
ter signatures, indicating that plants restrict their water 
uptake to deeper layers. These data suggest that dune 
plant communities may diversify their water uptake 
strategy, where some species living in areas closer to 
the sea can uptake water from upper soil horizons more 
successfully than those of the inland community, which 
would share more similar water uptake strategies.

Fig. 8  Predawn and midday leaf water potential across the dune system gradient in the four study periods (spring: A; autumn: B; 
summer: C; winter: D). Significant differences between sites for predawn and midday leaf water potential are shown in Table 2
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Regarding the δ18O positive values recorded in 
spring and especially in summer and considering that, 
they matched the isotopic composition of soil water, 
our data support that these plants use soil water that 
is highly evaporated due to high temperatures. Con-
versely, it is worth mentioning the positive δ18O val-
ues observed in plants of Ammophila from embryo-
dune sites in summer, 11.5 ± 2.92‰, as the isotopic 
composition of soil water at no depth (nor ground-
water) could explain the isotopic signature of the 
xylem water. Therefore, other factors should explain 
these enriched δ18O values, such as bark evapora-
tion, exchange of evaporated leaf water with xylem 
water, a decline in the sap flow rate through reverse 
flow, uptake of dew water, or mixing of phloem and 
xylem water (Dawson and Ehleringer 1993; Gan et al. 
2003; Alessio et al. 2004; Cernusak et al. 2005; Ells-
worth and Williams 2007; Ellsworth and Sternberg 
2015; Palacio et al. 2014). Although it is problematic 
to assess the fractionation processes involved without 
combining data of 2H excess or δ 2H with the enriched 
18O values recorded, according to our results, the 
probable explanation for the enriched δ18O values in 
this perennial grass might be fractionation in cuticu-
lar evaporation and redistribution of the enriched 
water (Dawson and Ehleringer 1993; Eller et al. 2013; 
Martín-Gómez et al. 2016; Poca et al. 2019). In this 
regard, the high δ18O data combined with the lowest 
Ψmd values of beach and embryo-dune Ammophila 

plants would support the explanation mentioned 
above of high evaporation at leaf level, which would 
allow the water potential to drop to those low values 
(Pivovaroff et al. 2016).

Water uptake pattern

We are aware that the isotopic composition of xylem 
water is modified by the heterogeneity in physical and 
physiological processes in soils and plants and the 
complexity of the hydrological systems that involved 
plant water uptake (Penna et  al 2018; von Freyberg 
et al. 2020; Beyer and Penna 2021). As a result, mix-
ing models may have associated a large uncertainty 
that must be taken into account when interpreting 
analysis results.

Even so, the MixSIAR results obtained are con-
sistent with the different strategies across the beach-
inland gradient defined by δ18O. In this way, the 
species most abundant in the inner position of the 
gradient (Retama and Juniperus) were the most 
dependent on deep water, while the most abundant 
in beach and embryo dune sites (Polygonum and 
Achillea), used the largest proportion of shallow soil 
water. This spatial segregation in water uptake could 
be related to life form, as the two beach species are 
perennial herbs (Chamaephytes), while the two inland 
species are large shrubs (Phanerophytes). This would 
be in agreement with the two-layer hypothesis stated 

Fig. 9  Stem xylem water δ18O and predawn (A) and midday 
(B) leaf water potential linear regression across the dune sys-
tem gradient in the four study periods (autumn in light grey, 

winter in black, spring in dark grey, summer in white). Points 
are seasonal means for each site. Global annual regression in 
grey dashed line and summer regression in black line
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by Walter (1939) in savannas (revised by Ward et al. 
2013) or the niche partitioning in other ecosystems 
(Weltzin and McPherson 1997; Ward et  al. 2013). 
According to this model, grasses and herbs pre-
dominantly utilize water from the upper soil layers, 
while woody plants rely on deeper soil layers beyond 
the reach of grasses (Weltzin and McPherson 1997; 
Wang et  al. 2017), especially during the dry season 
(Dawson and Pate 1996; Antunes et al. 2018a, b, c). 
Nevertheless, the spatial segregation in water uptake 
would be related not only to root distribution, but also 
to environmental conditions, water availability, and 
also to physiological and hydraulic traits of plants.

Even though we observed a species-specific water 
uptake pattern, this was not a fixed trait, but rather, 
it varied in response to the beach-inland gradient and 
seasonality. As a result, both factors modulated the 
specific response of the target species. In this way, the 
species increased deep soil water dependence follow-
ing the beach-inland gradient and with the increasing 
aridity as the summer period began. At the commu-
nity level, the spatial gradient will play a more rel-
evant role in modifying the species-specific water use 
strategy than the seasonal gradient. This trend can be 
explained in two ways. First, higher water competi-
tion sites due to the greater vegetation cover (Table 1) 
in the inland and secondly by the mitigation of water 
stress by the ocean spray in beach and embryo-dune 
sites.

Regarding seasonality, through the wet seasons, 
recent rainwater is mixed within the upper soil layers 
so plant roots acquired water mainly from these soil 
layers during this wet period (Dawson and Pate 1996, 
Amin et al. 2020). As the shallower soil layers dried 
out during dry seasons, the dependence on deep lay-
ers increased, as suggested through the more negative 
δ18O values in xylem water and higher contributions 
to the water uptake of a mixture of mid and deep soil 
layers in spring and summer.

This shift to deeper soils for water uptake follow-
ing the beach-inland gradient (Fig. 7) and the increas-
ing aridity (Fig, 5) is in line with the observations 
of other authors. Accordingly, they reported that the 
depth of water extraction by plants is dynamic and 
plants could shift water uptake from shallow to deep 
soil layers as water availability decreased (Ellsworth 
and Sternberg 2015; Pivovaroff et al. 2016; Antunes 
et  al., 2019; Barbeta and Peñuelas 2017). Further-
more, the plasticity in the root system is a major 

factor for plant acclimation to water deficit (Kano 
et al. 2011; Kano-Nakata et al. 2011; 2013). Our find-
ing suggests an intracommunity variation in water 
uptake depending on the environmental conditions, 
(as in Barbeta et al. 2015; Voltas et al. 2015; Antunes 
et al. 2018c, 2019) in our study case, water availabil-
ity and proximity to the sea. Consequently, plants in 
the entire spatial gradient presented small differences 
and the water uptake pattern was not only conditioned 
by its availability, but also by vegetation root distri-
bution (Yadav et  al. 2009; Ellsworth and Sternberg 
2015).

Water potential and water-uptake strategies

Leaf water potential is an important variable of plant 
water status since it indicates the tolerance to water 
deficit of plants to maintain physiological activity 
(Bhaskara and Ackerly 2006). In our study, the inland 
vegetation relied primarily on deep soil water, which 
should lead to better physiological performance, but 
conversely, the summer Ψpd and Ψmd and the win-
ter Ψmd of some inland plants were the lowest in the 
whole spatial gradient. The relationship between 
Ψ and δ18O across the community of dune plants 
showed a different pattern in summer compared to the 
rest of the year. In summer, the most negative Ψ val-
ues were associated with the most depleted δ18O val-
ues for xylem water, suggesting deeper water sources.

The dependence on more reliable water sources 
(eg groundwater or deep soil layers) is normally asso-
ciated with less negative water potentials. In fact, the 
relationship δ18O-Ψ usually behaves negatively so 
that plants with favourable water status show more 
depleted 18O signatures (Jackson et  al. 1999; Otieno 
et al. 2006; Martín-Gómez et al. 2017), whereas the 
enriched isotopic values (because of isotopic frac-
tionation during high evaporation rate) correlate with 
values of water potential more negative, as we found 
in the whole annual cycle (Fig. 9).

Nevertheless, under water-deficit conditions, the 
opposite pattern can also be found: Even though 
plants extract water from progressively deeper soil 
horizons as summer drought advances, the lowest 
Ψ can be measured under these conditions. This is 
the case of Pivovaroff et al. (2016), who proved that 
deeper soil water uptake is important to allow mid-
day Ψ to achieve more negative values. Zunzunegui 
et  al. (2018) found the same water-use strategy in 
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argan trees (Argania spinosa): under drought condi-
tions, trees extracted water resources from deeper soil 
layers and the most depleted δ18O values were cou-
pled to the lowest Ψpd. Overall, we show that com-
bining physiological measurements with traditional 
isotope tracing can reveal mechanistic insights into 
plant responses to changing environmental conditions 
(Nehemy et al 2021),

In summer, when plants from foredune and inland 
sites were the ones using the highest proportion of 
deep soil water, they were the ones with the lowest 
water potentials. Differences among sites could be 
attributed to differences in the water-use strategy. The 
response of the lowest-Ψ in GW-dependent plants 
might be explained by the hypothesis thrown by 
Poole and Miller (1975, 1978), who stated that deep-
rooted plants were more sensitive to water stress. In 
this sense, studying a Mediterranean shrub species, 
Zunzunegui et al. (2000) found that Halimium halimi-
folium populations with shallow soil water depend-
ence responded better to drought than groundwater-
dependent ones. Furthermore, Antunes et al. (2018a) 
found that plants that were more dependent on 
groundwater, when subjected to severe water deficit 
must readjust their root architecture and water extrac-
tion strategies, which would involve physiological 
adjustments, to survive the drop in the water table.

In autumn and winter, the physiological responses 
of the foredune and inland plants were significantly 
different. Even though plant species of both sites 
were the same (Table  1), Ψpd and Ψmd were lower 
in the inland site plants. This different behaviour in 
the same species but different positions of the gradi-
ent could be explained by differences in root access 
to deeper soil layers and more stable water sources as 
GW. The fact that GW becomes brackish in a dry year 
would affect phreatophytic vegetation, less used to 
salty water than plants living closer to sea. The reason 
could be in the distance and accessibility to GW, with 
plants from inland using groundwater with high EC, 
whereas plants in the foredune crest also use water 
from deep soil layers, less saline. Groundwater salini-
zation was proposed to have occurred in this same 
area in a previous study (Esquivias et al. 2014), prob-
ably due to ocean water intrusion. This is consistent 
with the high EC and δ18O values recorded in GW in 
the present study in the inland site during low rain-
fall seasons, as a positive relationship exists between 
δ18O and EC (Esquivias et  al. 2014). According to 

the seasonal dynamics of GW in the area, the only 
possible freshwater source is rainfall infiltration into 
the water table. The GW in both piezometers was 
not homogeneous the EC in PZsl being lower than in 
PZin, thus implying a differential phreatic recharge. 
Infiltration of precipitation from both embryo-dune 
and foredune would be the main source for the PZsl, 
whereas ocean water infiltration would be more 
remarkable in the PZin when precipitation is scarce. 
Further research is needed to explore the role of sea-
water in coastal dunes vegetation.

To summarize, the water-source dynamic of Medi-
terranean coastal dune vegetation changes accord-
ing to spatial and temporal patterns. It can be seen 
that during water scarcity, the water sources used by 
vegetation along the beach-inland gradient are less 
dependent on shallow and mid soil layers; in addi-
tion, this response pattern is similar and overlaps with 
the effect of the beach-inland gradient. It is notewor-
thy that the vegetation from lower zones, slack and 
inland, maintains a marked dependence on deep water 
(from soil or GW) throughout the year, especially in 
the case of inland vegetation. In contrast, the zones 
closest to the beach shift water sources seasonally 
from top to mid soil and deep soil layers. Antunes 
et  al. (2919) studying coastal vegetation found that 
in dry periods (no precipitation and a deeper phreatic 
level) vegetation generally relied on deeper soil hori-
zons and presented a greater water status evenness. 
Furthermore, Bermúdez and Retuerto (2014) dem-
onstrated the diversity in dune vegetation as species 
coexisting in the front dune exhibited a wide variation 
in relevant functional traits concerning water use.

Concluding remarks

Our results indicate that three factors mark the pro-
portion of use of the water sources available for veg-
etation in coastal vegetation: the species composition 
of the community, distance to the sea and seasonal-
ity (precipitation and temperature). The interactions 
between species-specific strategies with spatial gra-
dients and weather dynamics that are identified here 
will address how dune ecosystems will be affected by 
future scenarios of global change. The proximity to 
the beach is of primary relevance in determining the 
structure and function of Mediterranean coastal dune 
vegetation, especially during dry and warm seasons 
and even more in dry years. Predictions on global 
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climate change point out that drought periods will be 
longer and more severe (Giorgi 2006; Sheffield and 
Wood 2008) thus increasing stressing factors for dune 
vegetation. It will be useful to identify a threshold of 
plant community survival through the quantification 
of each species tolerance to drought and its location 
on the beach-inland gradient.

The present study indicates that a decrease in pre-
cipitation could put at risk the continuity of dune 
vegetation through two mechanisms: altering root 
distribution and altering community composition. 
Maintenance of the perennial species of coastal dune 
vegetation is critical, as they are usually the most 
important species in the building of dunes, binding 
of sediments and reduction of erosion (Hesp 2002; 
Feagin et al. 2005). Furthermore, this perennial vege-
tation provides permanent coverage of the dunes, and 
hence its eventual loss would certainly increase ero-
sion rates (Gracia et al. 2018). Our study reveals that 
plant species closer to the sea would respond better to 
water scarcity than the inland community. Therefore, 
species from the upper beach and the embryo-dune 
would expand due to climate change previsions. The 
results presented reveal new insights into how coastal 
ecosystems may be affected by changes in precipita-
tion patterns as a result of climate change.
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