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Abstract
Aims Establishing a vegetation-soil model in Mediter-
ranean saltmarshes based on the relationships between
the plant communities and the abiotic factors, consider-
ing temporary variation.
Methods Relationships between perennial plant species
abundances and plant communities were analysed by
DCAs. A CCAwas performed to study the relationships
between floristic composition and edaphic variables.
Sixteen soil variables and Pearson correlations between
them were considered. Marginal and conditional effects
were supported by mixed ANOVA. Statistical analyses
were performed to check temporary variation.

Results DCAs results showed eight vegetation types.
CCA showed E.C. as the main gradient, with the suc-
culent halophyte communities growing in high E.C.
soils. SAR and percentage of sand were considered as
secondary gradients. Finally, the highest values of the
edaphic variables were observed, in general, during the
cold period.
Conclusions The main gradient of salinity, together
with sodicity and texture gradients, would marked-
ly influence the plant distribution in Mediterranean
saltmarshes. Two principal plant zones were ob-
served: succulent zone vs. non-succulent zone,
with a specific edaphic distribution for each plant
community and for the proposed Limonium
morphotypes treatment. A plant-soil model based
on these three gradients is here proposed. Our
results would complement the previous knowledge
about plant-soil relationships in Mediterranean
saltmarshes.
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Introduction

Saltmarshes are saline environments characterised by
high saline soils (> 4 mS/cm) (Chapman 1974; Álva-
rez-Rogel 1997; Alonso 2000). Most of these habitats
appear under arid, semiarid and dry conditions, where
high evaporation allows for the accumulation of gyp-
sum, sodium and calcium carbonate in their soils (FAO-
UNESCO-ISRIC 1988; Deckers et al. 1998). These
habitats are widely distributed worldwide, including
Arctic zones, Northern and Southeastern Europe,
Mediterranean areas, Australia, South andNorthAmerica,
Asia and Africa, although they usually appear under
Temperate and Mediterranean climates with scarce pre-
cipitations (Chapman 1974). Under these conditions, a
low diversity is observed because a relatively small
number of plant species can tolerate the salinity levels
that occur (Alonso 2000; Lendínez 2010). Salt induces
high stress in vegetation and only stress-tolerant plant
species, such as halophytes, can survive (Pennings et al.
2005; Flowers and Colmer 2008; Teege et al. 2011).
Halophytes are plant species, which are able to complete
the life cycle in a NaCl concentration of at least 200 mM
(Flowers and Colmer 2008). Throughout the saltmarsh,
the halophytic vegetation is distributed in a marked
zonation with a well-delimited spatial structure (Chap-
man 1974; Álvarez-Rogel 1997), due to various abiotic
and biotic processes which lead to the distribution of the
halophilous plants (Gray 1994; Cantero et al. 1998).

Plant zonation in saltmarshes has been studied in
relation to the variations in edaphic gradients in different
geographical areas (Davis et al. 1996; Cantero et al.
1998; Zedler et al. 1999; Piernik 2003; Álvarez-Rogel
et al. 2007; González-Alcaraz et al. 2014). In addition,
the interaction between soil moisture and salinity has
also been recognised as the most important factor in the
distribution of halophytes (Waisel 1972; Flowers and
Colmer 2008). The alternation between rainy periods,
during which salts are leached to the deepest soil hori-
zons, and drought periods, when they are brought to the
soil surface, have an important effect on the quantity and
type of ions (Chapman 1974; Álvarez-Rogel 1997).
Salinity and moisture gradients markedly influence veg-
etation patterns and saline habitat structure (Pielou and
Routledge 1976). However, topographical variations
and climatic seasonal changes in these habitats
would act on soil factors, thus affecting abiotic
and biotic conditions (Chapman 1974; Bertness
and Ellison 1987; Álvarez-Rogel et al. 2000;

Engels and Jensen 2010; Engels et al. 2011;
Baumberger et al. 2012).

In this context, disentangling the role of abiotic fac-
tors in vegetation patterns has been a particularly impor-
tant goal to understand the assemblage of halophytic
plant communities over the decades (Montasir 1943;
Adams 1963; Bertness and Ellison 1987; Pennings and
Callaway 1992; Álvarez-Rogel 1997; Pennings et al.
2005; Piernik 2012). Some of the first relevant ap-
proaches to the ecology of saline environments were
the comparative studies conducted by Chapman (1939,
1974), which contributed to a global and uniting view.
Subsequent floristic studies in different saltmarshes
have shown patterns of plant zonation among edaphic
gradients (Pignatti 1952; Tadros 1953; Wolff 1968;
Costa and Boira 1981; Peinado et al. 1995; Alonso
2000; Sari-Ali et al. 2012), and numerous plant-soil
ecological studies have proved the existence of vegeta-
tion patterns (Neiring and Warren 1980; Snow and
Vince 1984; Bertness and Ellison 1987; Ortiz et al.
1995; Álvarez-Rogel 1997; Baumberger et al. 2012;
González-Alcaraz et al. 2014). Many of these studies
have focused on different geographical regions with a
Mediterranean climate (Ortiz et al. 1995; Peinado et al.
1995; Álvarez-Rogel 1997; González-Alcaraz et al.
2014), where saltmarshes cover extensive areas. Medi-
terranean saltmarshes are well represented in many re-
gions around the southeastern Iberian Peninsula, the
Greek Islands, northern Africa or western North Amer-
ica (Chapman 1974; Peinado et al. 1995), and appear
under Thermomediterranean (Itc = 350–450) and
Mesomediterranean (Itc = 210–350) thermotypes and
semiarid (200–350 mm) and dry (350–600 mm)
ombrotypes (Rivas-Martínez 2007). Certain authors
have quantified edaphic variables, using these data to
explain the observed plant zonation according to soil
gradients (García et al. 1993; Cantero et al. 1998;
Álvarez-Rogel et al. 2000; González-Alcaraz et al.
2014; Koull and Chehma 2016). However, most of these
studies are based on few and local saltmarshes with a
semiarid climate, hence a broader approach is not only
feasible but necessary to identify soil features associated
with halophyte assemblages (Hackney et al. 1996;
Álvarez-Rogel et al. 2000). The present study has been
carried out on a wider regional scale, including different
halophytic communities in twenty well-distributed
saltmarshes throughout the southeast of the Iberian Pen-
insula. Some previous studies were based on
saltmarshes from the southeast of the Iberian Peninsula
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(Ortiz et al. 1995; Álvarez-Rogel et al. 2000, 2001;
González-Alcaraz et al. 2014), although a limited sam-
pling was considered, since they included a reduced
number of saltmarshes (from one to six). Similarly,
studies from other Mediterranean zones also contained
a scarce number of analysed locations (Koull and
Chehma 2016). Consequently, our study would repre-
sent the most comprehensive analysis to assess the
plant-soil relationships in saltmarshes, since a whole
regional area is here analysed in detail.

Not only the sampling size would be a relevant factor
for this type of studies, but also the selected statistical
analyses, since the obtained results would be affected as
well. Unconstrained ordination methods, such as Prin-
cipal Components Analysis (PCA) or Detrended Corre-
spondence Analysis (DCA), are commonly used to de-
scribe vegetation patterns or main gradients in commu-
nity structure. However, these analyses do not include
environmental factors in their algorithm and are more
appropriate to explain the variability in species compo-
sition rather than its relationship with environmental
variables (Lepš and Šmilauer 2014), although they can
be integrated as supplementary variables or even they
can be included in the role of plant species (ter Braak
and Šmilauer 1999). Conversely, constrained ordination
methods, such as Canonical Correspondence Analysis
(CCA), would consider environmental variables in their
algorithms and they would directly relate vegetal com-
position to environmental factors (Lepš and Šmilauer
2014). Besides, constrained ordination methods are able
to test the variability on vegetation composition ex-
plained by the environmental variables (Lepš and
Šmilauer 2014). In our study, both types of ordination
analyses have been considered since the two approaches
are complementary to assess plant-soil relationships
(Lepš and Šmilauer 2014), although in earlier studies
usually only either constrained or unconstrained ordina-
tion analyses are used (Cantero et al. 1998; Álvarez-
Rogel et al. 2000, 2001; González-Alcaraz et al. 2014;
Koull and Chehma 2016). In addition, analyses of mar-
ginal and conditional effects and Pearson correlations
between edaphic variables are also appropriate, as they
provide relevant information to support any plant-soil
model proposed. For the western Mediterranean area,
neither González-Alcaraz et al. (2014) nor Álvarez-
Rogel et al. (2000, 2001) analysed the correlations be-
tween the studied edaphic variables.

This study represents a broader approach, since twen-
ty saltmarshes distributed throughout the southeast of

the Iberian Peninsula were taken into account in our
research, using constrained ordination methods for their
analyses. The aims of the present study were: (1) to
identify the halophytic plant communities in saline en-
vironments based on ordination methods; (2) to contrib-
ute to the knowledge of the relationships between
edaphic factors and vegetation in saline habitats of the
studied zone; (3) to analyse the temporal changes of soil
moisture and salinity in saline habitats of the studied
zone; and (4) to establish a vegetation-soil model to
relate the spatial plants distribution patterns in these
peculiar environments.

Materials and methods

Study area

The study area was located at the southeast of the Iberian
Peninsula, under Thermomediterranean and
Mesomediterranean thermotypes, and semiarid, arid
and dry ombrotypes (Rivas-Martínez 2007). Study sites
were selected after several visits to different saltmarshes
spread throughout an extension of approximately
13,000 km2. Twenty saltmarshes were selected,
completely covering the southeast of the Iberian Penin-
sula (Fig. 1 and Supplementary material Appendix A),
according to the following criteria: (1) they should be
well-separated and independent from each other, (2)
they should have a representative halophytic vegetation
and not be excessively degraded, and (3) they should
have a zonation of vegetation with at least two different
plant formation structures (identified by the dominant
plant species), thus indicating the existence of ecologi-
cal gradients.

Sampling design

Sampling was performed on a seasonal basis, i.e. every
three months for one year (July 2013–April 2014).
Samples were grouped in two temperature periods,
based on meteorological data collected during the sam-
pling year. Temperature periods were considered instead
of precipitation periods due to the variations in precip-
itation patterns among the studied zones. The warm
period lasted from mid-April to mid-October and the
cold period lasted frommid-October to mid-April. Daily
precipitation and temperature data for each site from the
nearest meteorological station were used to calculate
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accumulated precipitation and minimum, mean and
maximum temperatures (Supplementary material
Appendix B). Climatic variables were provided by
AEMET (M° de Agricultura, Alimentación y Medio
Ambiente, Spain).

In each sampling station, different plant formation
structures were recognised on the basis of the dominant
plant species observed in the field. A 100 m2 plot was
established randomly in each studied plant formation
structure (63 plots in total), and georeferenced using
GPS Garmin© Oregon 300. The number of plots in
each saltmarsh ranged from two to five according to
the presence of different plant formation structures
(Supplementary material Appendix A). Floristic com-
position and plant cover were recorded in each plot
using the Braun-Blanquet scale with seven levels (r, +,
1, 2, 3, 4, 5), according to the sigmatist methodology
(Braun-Blanquet 1979). Plant species were identified
according to regional keys for plant identification
(Castroviejo 1986–2015; Mateo and Crespo 2009;
Blanca et al. 2011) and specialised research papers

(Piirainen et al. 2017; Moreno et al. 2016, 2018). A total
of 252 plant inventories (63 plots × 4 times) were
obtained and a total of sixty-two plant species were
recorded in the twenty studied Mediterranean
saltmarshes. Plant inventories were averaged for each
studied plot because of the scarce vegetation variation
across the seasonal periods (Supplementary material
Appendix C). Subsurface soil samples were collected
at 20 cm depth to avoid the superficial salt crust. Three
soil subsamples were collected randomly in each plot
and were mixed in order to obtain a representative soil
sample. A total of 252 soil samples (63 plots × 4 times)
were obtained in the twenty Mediterranean saltmarshes
studied, which were averaged for each studied plot
(Supplementary material Appendix D).

Soil analyses

Soil moisture was estimated immediately after collec-
tion using the water retention method of 12 h in an oven
at 110 °C (Burt 2004). The remaining sample was air-
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Fig. 1 Map of the study area, showing the position of the twenty studied Mediterranean saltmarshes
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dried, crushed and 2-mm-sieved to remove coarse frag-
ments before laboratory analyses (Burt 2004). Satura-
tion extracts were obtained from saturated pastes
through vacuum filtering. Electrical conductivity
(E.C.) and pH were measured in saturation extracts
using a conductivity meter Crison© CM 35+ and pH
meter Crison© 25, respectively. Saturated pastes were
dried for 12 h at 110 °C and the saturation percentage
was calculated to estimate available water capacity (Burt
2004), hereafter named Plant Available Water Capacity
(PAWC). For the calculation of soil moisture and
PAWC, no correction for the structural water of gypsum
was considered. In addition, specific concentrations of
sodium (Na+), potassium (K+), calcium (Ca2+), magne-
sium (Mg2+) and sulphur (S) [used as an indicator of
sulphate (SO4

2−)] in the saturation extracts were mea-
sured through Inductively Coupled Plasma Atomic
Emission Spectroscopy (ICP-AES) (Perkin Elmer
7300 DV). The wavelengths used were 589 nm for
Na+, 766 nm for K+, 317 nm for Ca2+, 279 nm for
Mg2+ and 180.7 and 182.0 nm for S. Cation concentra-
tions were used to calculate the Ca2+/Mg2+, Ca2+/Na+,
and K+/Na+ ratios, and the Sodium Adsorption Ratio
(SAR) (Burt 2004). Chloride (Cl−) concentration in the
saturation extracts was measured using argentometry
with silver nitrate (AgNO3) (Harris 2003). Finally, soil
texture was determined using a Bouyoucos densitome-
ter (Juárez et al. 2004), and soil colour was recorded for
wet and dry samples in each study site according to the
Munsell colour chart (Munsell® Corporation 1994).
Soil texture and colour of the twenty studied sites were
included in Supplementary material Appendix E.

Statistical analyses

A first Detrended Correspondence Analysis (DCA) was
performed to observe the relationships between peren-
nial plant species abundance and plant communities
using CANOCO v. 5 (Microcomputer Power, Ithaca,
NY, US). This analysis was carried out with the com-
plete data set of the sixty-three plant inventories taken at
the twenty saltmarshes. Besides, a second DCA was
performed and focused on the samples dominated by
Limonium sp. pl. or Lygeum spartum L. to discern
between these plant communities. In this second analy-
sis, different perennial Limonium species were joined
according to different morphotypes based on their traits:
(1) numerous sterile branches and absent leaves at the
anthesis [L. caesium (Girard) Kuntze and L. insigne

Kuntze] (LimA); (2) some sterile branches and withered
leaves present at the anthesis [L. furfuraceum (Lag.)
Kuntze, L. parvibracteatum Pignatti and L. supinum
(Girard) Pignatti] (LimB); and (3) absence of sterile
branches and green leaves, mostly coriaceous, at the
a n t h e s i s [L . adm i r ab i l e Te r r on e s e t a l . ,
L. angustebracteatum Erben, L. cossonianum Kuntze,
L. delicatulum (Girard) Kuntze and L. tobarrense J.
Moreno et al.] (LimC). In both analyses, plant species
covers were converted to percentages according to the
approximation of Braun-Blanquet (1946). All obtained
percentages were log-transformed [log (y + 1)] and rare
plant species were downweighted using the options of
the software (Lepš and Šmilauer 2014). On the basis of
the results of the DCA, plant communities were defined
and assigned to each plot.

Pearson correlations between pairs of edaphic vari-
ables were carried out to establish relationships between
them using the ‘rcorr’ function of the ‘Hmisc’ package
with R software v. 3.3.0 (R Core Team 2016). Correla-
tions were performed with the complete set of soil data,
including seasonal data. To study the relationships be-
tween floristic composition and the edaphic variables, a
Canonical Correspondence Analysis (CCA) was per-
formed using CANOCO v. 5 (Microcomputer Power,
Ithaca, NY, US). This analysis was carried out with the
complete data set of the sixty-three plant inventories
taken at the twenty saltmarshes and the sixteen soil
variables averaged annually. Plant species covers were
converted to percentages according to the approxima-
tion by Braun-Blanquet (1946). The percentages were
log-transformed [log (y + 1)] and rare plant species were
downweighted using the options of the software (Lepš
and Šmilauer 2014). Sixteen edaphic variables were
included in the environmental matrix: soil moisture;
E.C.; pH; PAWC; Na+, K+, Ca2+, Mg2+, Cl− and SO4

2−

concentrations; Ca2+/Mg2+, Ca2+/Na+ and K+/Na+ ratios;
SAR and percentages of sand and clay. Ca2+/Mg2+ and
Ca2+/Na+ ratios, SAR, pH, PAWC, percentage of sand
and Mg2+ were log-transformed to fulfil the normality
requirements, while square root transformation was used
with Cl−, K+, Na+ and SO4

2− concentrations, E.C., soil
moisture, K+/Na+ ratio and percentage of clay. Ca2+ was
not transformed. The amount of variability in the floristic
composition explained by the CCA was calculated for
marginal and conditional effects. Marginal effects denot-
ed the variability explained by the given set of environ-
mental variables without considering other environmen-
tal factors, whereas conditional effects denoted the
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variability explained by the given environmental set after
removing the confounding effect of one or more other
environmental variables (covariables) (Lepš and
Šmilauer 2014). Conditional effects were performed by
a stepwise selection. Marginal and conditional effects
were tested for significance using Monte Carlo permu-
tation tests with 9999 permutations. In addition, a similar
CCA, but using E.C. as covariable, was performed to
verify the effect of the studied edaphic variables on the
floristic composition of plant communities, avoiding the
effect of E.C.

Mixed analyses of variance (ANOVAs) were per-
formed to detect significant differences (P ≤ 0.05) for
the edaphic variables. Three different predictors were
considered: (i) type of halophytic plant community,
which was treated as an independent-measure factor,
(ii) period, which was treated as a repeated-measure
factor, and (iii) their interaction. Saltmarshes were in-
cluded as a nested factor. Models were created with the
‘lme’ function and tested with the ‘anova’ function
(‘nlme’ package); and type II sums of squares were used
in order to avoid problems with the unequal sample
sizes (Tabachnick and Fidell 2007). These analyses
were conducted using R software v. 3.3.0 (R Core
Team 2016). To check significant differences between
periods in each plant community type, paired t-test
analyses were performed using the ‘t.test’ function.
ANOVAs were performed to check significant differ-
ences between plant community types in every period
using the ‘lm’ and ‘anova’ functions. For significant
differences in these analyses, Tukey tests were per-
formed with the ‘glht’ function (‘multcomp’ package).
Soil texture variables (percentages of sand and clay) and
PAWC were considered only in comparisons between
different halophytic plant communities and not in com-
parisons comprising time because they are constant
during the year. These analyses were conducted using
R software v. 3.3.0 (R Core Team 2016). Graphs were
plotted with the ‘GrapheR’ package using R software v.
3.3.0 (R Core Team 2016) to observe significant
differences.

Results

Plant communities in saltmarshes

Based on the DCA ordination diagram (Fig. 2a), some
plant groups were observed and each studied plot was

assigned to the most similar vegetation group. Several
polygons were drawn to identify these vegetation
groups on the basis of the dominant plant species in
the samples. The first two axes of the analysis explained
21.83% of total variation (12.87% and 8.96% of the
variance for first and second axes, respectively). Ac-
cording to this analysis, seven groups could be identified
(Fig. 2a). Group 1 included plots dominated by
Halocnemum strobilaceum (Pall.) M. Bieb. (No. 54
and 56). Group 2 was formed by those plots dominated
by Arthrocaulon macrostachyum (Moric.) Piirainen &
G. Kadereit (No. 1, 7, 20, 21, 25, 31, 35, 36, 41, 45, 48
and 52). Group 3 corresponded to those plots with
Salicornia fruticosa (L.) L. as dominant species (No.
6, 13, 14, 17, 19, 24, 28, 37, 40, 44, 49, 51 and 60),
although A. macrostachyum and Suaeda vera Forssk. ex
J.F. Gmel. might appear in certain plots. These first three
groups were dominated by different perennial succulent
halophytes, forming generally monospecific plant for-
mations. Group 4 was formed by plots dominated by
Limonium caesium (No. 10, 29, 57 and 58), although the
halonitrophilous shrub S. vera also appeared. Group 5
included plots dominated by Tamarix species (No. 9, 18,
23, 30, 59 and 63). Group 6 corresponded to those plots
characterised by having Lygeum spartum as dominant
species (No. 3, 5, 11, 12, 16, 27, 32, 33, 43, 47 and 55),
which might be accompanied by certain Limonium spe-
cies. Finally, Group 7 included the plots with a clear
dominance of different Limonium species such as
L. angustebracteatum, L. cossonianum, L. delicatulum,
L. insigne and L. parvibracteatum (No. 2, 4, 8, 15, 22,
26, 34, 38, 39, 42, 46, 50, 53, 61 and 62). Conversely to
Groups 1, 2 and 3, these latter groups were more floris-
tically diverse, which could be easily observed from the
major dispersion of the plots in the diagram (Fig. 2a).

The second DCA, focused on Limonium sp. pl. and
L. spartum communities, showed the identification of
four groups on the basis of their different traits (Fig. 2b).
The first two axes of the analysis explained 32.69% of
the total variation. First axis explained 21.24% of vari-
ance and the second one explained 10.45% of variance.
Those plots dominated by L. spartum appeared clearly
isolated from the remaining groups, and morphological-
ly close Limonium species were grouped together. The
Limonium plots were differentiated in three different
groups instead of the two initial groups (Fig. 2a, b).
The first group, Group 7A, was formed by plots domi-
nated by Limonium morphotype A (No. 10, 29, 39, 57
and 58), with the species L. caesium and L. insigne. In
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the first DCA, these plots mostly belonged to Group 4
(dominated by L. caesium), but plot No. 39,
characterised by the dominance of L. insigne, was ini-
tially added to Group 7. Group 7B was formed by those
plots dominated by species of Limoniummorphotype B
(No. 8, 15, 34 and 53), such as L. supinum and
L. parvibracteatum. Finally, Group 7C included those
close plots dominated by Limoniummorphotype C (No.
2, 4, 22, 26, 38, 42, 46, 50, 61 and 62), with the species
L . d e l i c a t u l u m , L . c o s s o n i a n u m o r
L. angustebracteatum. In the first DCA (Fig. 2a), both
groups of Limonium formedGroup 7, though those plots
dominated by Limonium morphotype B appeared rather
close to Group 6 (see Fig. 2a, plots separated by a
dashed line).

According to DCAs results, eight vegetation types
were finally considered from then on (Fig. 2a, b):
Halocnemum strobilaceum communities (Group 1);
Arthrocaulon macrostachyum communities (Group 2);
Salicornia fruticosa communities (Group 3); Limonium

A zones (Group 7A, including Group 4); Limonium
zones B (Group 7B); Limonium zones C (Group 7C);
Lygeum spartum steppes (Group 6); and saltcedar
woodlands (Group 5).

Relationships between halophytic plant communities
and edaphic properties

Regarding the results of Pearson correlations, many
edaphic variables showed strong positive correlations
between them (Supplementary material Appendix F).
E.C. was highly correlated with Na+, K+, Ca2+, Mg2+,
Cl− and SO4

2− concentrations and SAR (r ≥ 0.50), and
many of these variables were also highly correlated
between them (r ≥ 0.52), except for Mg2+ and SO4

2−

concentrations with Ca2+, Cl− concentrations and
SAR; and K+ concentration with Ca2+ concentration.
Ca2+/Na+ and K+/Na+ ratios were correlated between
them and with E.C., Na+ concentration and SAR (|r| ≥
0.50). Besides, soil moisture was strongly correlated
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angustebracteatum; LimCae, Limonium caesium; LimCos,
Limonium cossonianum; LimDel, Limonium delicatulum; LimIns,
Limonium insigne; LimPar, Limonium parvibracteatum; LimSup;

Limonium supinum; LygSpa, Lygeum spartum; SalFru, Salicornia
fruticosa; SuaVer, Suaeda vera; TamBov, Tamarix boveana;
TamGal, Tamarix gallica. b Detrented Correspondence Analysis
(DCA) carried out with the samples of Limonium group at the
twenty studied Mediterranean saltmarshes. The ordination dia-
gram represents only the five plant species best predicted by the
explanatory variables. Species abbreviations: Lim A, Limonium
caesium and L. insigne; Lim B, Limonium supinum type; Lim C,
Limonium delicatulum group; LygSpa, Lygeum spartum; SuaVer,
Suaeda vera
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with PAWC (r = 0.71), and Ca2+ concentration was neg-
atively correlated with pH (r = −0.55).

The CCA showed the relationships between the hal-
ophytic plant communities identified here and edaphic
variables (Fig. 3). The first two axes of the analysis
explained 25.07% of total variation and 66.70% of fitted
variance. The first axis explained 9.54% of the variance
(25.38% of the fitted variation), and the second one
explained 15.53% of the variance (41.32% of the fitted
variation). The studied edaphic variables had a high
significant effect upon the halophytic plant community
composition (P ≤ 0.001). Marginal effects showed that
all edaphic variables were significant to explain the
variation in the vegetation patterns (P ≤ 0.05), but for
Ca2+/Mg2+ ratio and percentage of clay (Table 1). The
largest part of the variance was explained by E.C., Na+,
Cl− and SAR (Table 1). Similar results could be ob-
served in the ANOVA, all edaphic variables had signif-
icant differences between vegetation types (P ≤ 0.05),
except the percentages of clay and sand (Table 2). How-
ever, conditional effects were significant for only seven
variables to explain the variation in vegetation patterns
(P ≤ 0.05): E.C. (7.7%), SAR (3.9%), the percentage of
sand (3.2%), K+ (2.4%), Mg2+ (2.4%) and pH (2.4%,
Table 1). Nonetheless, E.C., SAR and the percentage of
sand explained most of the variability. Besides, no

difference between marginal and conditional effects for
the percentage of sand showed that the variance ex-
plained by this variable was not explained by E.C. nor
SAR. Conversely, the difference of values for SAR
indicated that part of its variance was explained by
E.C., and hence E.C. can mask the effect of SAR
(Table 1). These results are congruent with Pearson
correlations, as E.C. is strongly correlated with all ion
concentrations and SAR (see above). These relation-
ships between edaphic variables were also revealed in
the CCA ordination diagram (Fig. 3). The CCA results
showed the importance of E.C. as the main variable to
explain the vegetation patterns in saline habitats. Suc-
culent halophyte communities would appear in areas
with high E.C., whereas Limonium A zones and
saltcedar woodlands would appear in the least saline
areas, leaving the intermediate zones for Limonium B
and C zones and L. spartum steppes (Fig. 3). Related to
these three latter groups, Limonium C communities
would appear in zones with higher E.C. than both
Limonium B communities and L. spartum steppes, and
LimoniumB zones and L. spartum steppes would appear
together in the diagram (Fig. 3). However, no significant
differences could be observed between these three veg-
etation types for E.C. in ANOVA (Table 3). Therefore,
the E.C. gradient was particularly relevant to separate
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halophytic communities in saltmarshes (Table 3 and Fig.
3). Accordingly, cation concentrations and SARwere, in
general, higher in succulent halophyte communities
than in the remaining vegetation types, as well as soil
moisture (Table 3). These variables tended to have
higher values in H. strobilaceum communities than in
S. fruticosa communities and A. macrostachyum com-
munities, but this pattern changed for Ca2+ concentra-
tion and soil moisture, for which no strong differences
were observed (Table 3). However, these succulent plant
communities, in general, did not appear clearly differ-
entiated between them in the CCA diagram (Fig. 3).
Nevertheless, some significant differences could be ob-
served for Mg2+, K+ and SO4

2− concentrations and
Ca2+/Mg2+ ratio (Table 3), but only Mg2+ and K+ con-
centrations were significant in conditional effect analy-
ses (Table 1). Therefore, SO4

2− concentration and Ca2+/
Mg2+ ratio could not be directly responsible for the
changes in succulent vegetation. Moreover, it should
also be pointed out that soil texture showed wide

variability in the different studied vegetation types, but
no significant differences were observed in the ANOVA
(Tables 2 and 3). However, the highest percentage of
sandwas observed in theH. strobilaceum and Limonium
A communities (Table 3), and both plant communities
were related to high percentages of sand (Fig. 3).

Since E.C. was correlated with many other variables
and it might be influencing part of the variability of
other significant variables in conditional effects (i.e. part
of the SAR effect is explained by E.C.), a second CCA
was performed including E.C. as covariable
(Supplementary material Fig. A1). According to this
analysis, H. strobilaceum and Limonium A community
samples appeared in zones with low SAR and high
percentage of sand, whereas Tamarix community sam-
ples were located in the high SAR and the low percent-
ages of sand (Supplementary material Fig. A1). How-
ever, soil texture factors were not significantly different
for any vegetation types in the ANOVA (Table 2). In the
case of SAR, this second CCA only shows the part of
the variability that is not explained by E.C., and hence,
the results of this analysis cannot be directly compared
to the ANOVA because they refer to different variables.

Temporal differences in soil conditions
and between halophytic plant communities

According to the mixed ANOVA, no interaction be-
tween period and vegetation type was significant for
any soil variable (P > 0.05, Table 2). Temporal changes
have been clearly identified in soil conditions, with the
higher values of E.C., ionic concentrations, SAR and
soil moisture during the cold period (Table 4). This
seasonal pattern was well supported by significant var-
iations between both periods for certain edaphic vari-
ables such as E.C., Na+, Mg2+, K+ and soil moisture
(Tables 2 and 4). The Ca2+/Mg2+ ratio showed the
highest values during the warm period; and the remain-
ing soil variables showed similar data between both
periods (Table 4).

Some temporal differences could be observed be-
tween soil conditions and different halophytic vegeta-
tion types. In general, for each studied plant community,
the edaphic variables displayed higher values in the cold
period than in the warm period (Fig. 4). These seasonal
changes have been significantly different from certain
soil variables for some vegetation types, so E.C. and
Na+, Mg2+ and K+ concentrations were significantly
different for A. macrostachyum and L. spartum

Table 1 Marginal and conditional effects for Canonical Corre-
spondence Analysis (CCA), showing pseudo-F values and the
amount of the variance explained (% explained) by each variable

General model

Marginal effects Conditional effects

Explains % pseudo-F Explains % pseudo-F

E.C. 7.7 5.1** 7.7 5.1**

[Na+] 7.0 4.6** 0.6 0.4 ns

[Cl−] 6.6 4.3** 2.0 1.5 ns

[K+] 5.9 3.9** 2.4 1.7*

SAR 5.8 3.8** 3.9 2.7**

Ca2+/Na+ 5.0 3.2** 1.6 1.2 ns

[Ca2+] 4.3 2.7** 1.1 0.9 ns

[SO4
2−] 4.2 2.7** 1.9 1.4 ns

[Mg2+] 4.0 2.5** 2.4 1.7*

Soil moisture 3.7 2.4** 2.5 1.8*

K+/Na+ 3.6 2.3** 1.0 0.7 ns

pH 3.6 2.2** 2.4 1.7*

% Sand 3.4 2.2** 3.2 2.3**

PAWC 2.8 1.8* 2.2 1.6 ns

% Clay 2.4 1.5 ns 1.5 1.2 ns

Ca2+/Mg2+ 2.2 1.4 ns 1.0 0.7 ns

Abbreviations: E.C. electrical conductivity, SAR sodium adsorp-
tion ratio, PAWC plant available water capacity

Significance legend: ns, non-significant; *, P ≤ 0.05; **, P ≤ 0.01
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communities (Fig. 4 and Supplementary material
Appendix H). Besides, E.C. inH. strobilaceum commu-
nities and Na+ concentration in S. fruticosa communities
also showed significant differences (Fig. 4 and
Supplementary material Appendix H). In the case of
soil moisture, this edaphic feature was only significantly
different for both S. fruticosa communities and
L. spartum steppes (Fig. 4 and Supplementary material
Appendix H). Finally, Limonium zones and saltcedar
woodlands did not have, in general, statistical support
for any of the mentioned edaphic variables (Fig. 4 and
Supplementary material Appendix H).

Some relevant differences for soil variables were
observed between vegetal communities within each pe-
riod (Fig. 4). In general, E.C. and Na+ were significantly
different between succulent communities and non-
succulent communities in both periods, showing succu-
lent communities the highest average values (Fig. 4).
Besides, soil moisture showed significant differences in
the cold period, being higher in A. macrostachyum and
S. fruticosa communities and lower in Limonium C
zones and L. spartum steppes (Fig. 4); these variables

exhibited similar significant differences in the warm
period (Fig. 4).

Discussion

Main soil gradient in halophytic zonation

The obtained soil analyses would indicate the existence
of a salinity gradient, defined mainly by E.C., but also
correlated with Na+, K+, Mg2+, Ca2+, Cl− and SO4

2−

concentrations, K+/Na+ and Ca2+/Na+ ratios and SAR,
as the main edaphic gradient to lead vegetation distribu-
tion in saltmarshes. Our results agreed with other recent
reports (González-Alcaraz et al. 2014; Koull and
Chehma 2016), indicating that salinity would have a
notable impact on plant distribution in saline Mediter-
ranean habitats. In general, salinity, based on specifical-
ly the presence of high Na+, Mg2+, Cl− and SO4

2−

concentrations, has a well-known negative effect on
plant growth, involving osmotic effects, toxicity of cer-
tain ions, especially Na+ and Cl−, and nutrient

Table 2 Mixed ANOVAs of the environmental variables in different saltmarsh vegetation types. For the analysis, three factors were
considered: vegetation type, period, and their interaction

Vegetation type Period Vegetation type × Period

df L Ratio P-value df L Ratio P-value df L Ratio P-value

E.C. 12 189.731 <0.001 5 5.912 0.016 19 6.368 0.497

[Na+] 12 135.663 <0.001 5 7.066 0.008 19 5.340 0.619

[Ca2+] 12 55.708 <0.001 5 1.818 0.178 19 3.971 0.783

[Mg2+] 12 92.896 <0.001 5 5.700 0.017 19 7.157 0.413

[K+] 12 134.246 <0.001 5 4.924 0.027 19 5.047 0.654

[SO4
2−] 12 78.926 <0.001 5 3.603 0.058 19 7.861 0.345

[Cl−] 12 124.335 <0.001 5 0.841 0.175 19 5.856 0.557

Ca2+/Na+ 12 41.491 <0.001 5 1.095 0.295 19 12.356 0.090

Ca2+/Mg2+ 12 20.309 0.005 5 0.763 0.382 19 3.834 0.799

K+/Na+ 12 24.359 0.001 5 0.480 0.489 19 1.701 0.974

SAR 12 107.564 <0.001 5 1.521 0.217 19 1.552 0.980

Soil moisture 12 95.339 <0.001 5 6.611 0.010 19 1.866 0.967

PAWC 7 5.272 (F) <0.001 – – – – – –

pH 12 68.090 <0.001 5 2.506 0.113 19 11.927 0.103

% Sand 7 1.671 (F) 0.135 – – – – – –

% Clay 7 1.137 (F) 0.354 – – – – – –

Bold values indicate significant differences (P ≤ 0.05)
Abbreviations: E.C. electrical conductivity, SAR sodium adsorption ratio, PAWC plant available water capacity, df degrees of freedom
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deficiencies, particularly for K+ and Ca2+ (Bernstein
1975; Lambers et al. 1998). However, halophytes show
a combination of several different morphological and
physiological traits that allow them to support the neg-
ative effects of salinity (Flowers and Colmer 2008).
Depending on the salt adaptation trait of the different
halophyte species, several tolerances to salinity would
be observed. According to our results, and similarly to
Ortiz et al. (1995), perennial succulent halophytes, such
as A. macrostachyum and S. fruticosa communities,
would dominate in soils with high salinity. Arthrocaulon
macrostachyum communities would appear in soils
characterised by higher E.C. than in the case of
S. fruticosa communities, even showing significant dif-
ferences in Na+, Cl−, Ca2+ and K+ concentrations and
pH probably causing that both succulent shrub commu-
nities are able to form well-separated vegetation zones
within saline environments (Álvarez-Rogel 1997;
Alonso 2000; González-Alcaraz et al. 2014). Although
both plants show different germination syndromes
(Muñoz-Rodríguez et al. 2017), the germination syn-
drome of both succulent species cannot explain by itself
the observed spatial distribution. Arthrocaulon
macrostachyum presents high levels of germination at
low-medium salinities (up to 0.6 M NaCl) and its ger-
mination is notably reduced after high salinity exposure
(Vicente et al. 2007; Muñoz-Rodríguez et al. 2017),
though Pujol et al. (2000) exposed high recovery values
of seed germination after osmotic stress. Conversely, the
seeds of S. fruticosa easily germinate in a wider range of
salinities, even at high salinity (up to 1 M NaCl)
(Redondo et al. 2004; Muñoz-Rodríguez et al. 2017).

Another feasible explanation would be the one proposed
by González-Alcaraz et al. (2014), which is that
A. macrostachyum appears in zones with high seasonal
variation, and S. fruticosa appears in more stable zones.
Our results are congruent with this model, since
A. macrostachyum communities showed a higher sea-
sonal variation in E.C. than S. fruticosa communities.

The highest salinity values have been obtained in
H. strobilaceum communities in comparison to the re-
maining succulent plant communities, although these
data must be taken with some caution due to the low
number of analysed samples. Nevertheless, our results
were similar to Álvarez-Rogel et al. (2000), where
H. strobilaceum was principally related to the highest
SAR values and lowestMg2+ content in relation to Ca2+,
considering that these variables are correlated with E.C.
Besides, Koull and Chehma (2016) observed a high
relation between H. strobilaceum communities and soil
salinity and moisture; and Chigani et al. (2010) proved
that salinity, K+ concentration, CaSO4 and clays have
positive effects on H. strobilaceum formations. In addi-

�Fig. 4 Variations in electrical conductivity (E.C.), Na+, K+ and
Mg2+ concentrations, and soil moisture in the different halophytic
communities depending on the period. Shared letters indicate no
difference between halophytic plant communities for each period
(Significance test P ≤ 0.05). Asterisks show significant differences
between periods within the same vegetation type (Significance test
P ≤ 0.05). Vegetation types abbreviations: Haloc, Halocnemum
strobilaceum communities; Arth, Arthrocaulon macrostachyum
communities; Salic, Salicornia fruticosa communities; LimC,
Limonium groups C; LimB, Limonium group B; Lyg, Lygeum
spartum steppes; LimA, Limonium group A; Tam, saltcedar
woodlands

Table 4 Minimum, mean and maximum values of environmental variables in cold and warm periods

E.C.
(mS/cm)

[Na+]
(mg/l)

[Ca2+]
(mg/l)

[Mg2+]
(mg/l)

[K+]
(mg/l)

[SO4
2−]

(mg/l)
[Cl−]
(mg/l)

Ca2þ
Naþ

Ca2þ
Mg2þ

Kþ
Naþ

SAR Soil
moisture
(%)

pH

Cold

Min 0.66 38.4 31.8 10.1 3.6 14.8 0.3 0.029 0.060 0.001 1.1 3.93 6.55

Mean 34.82 * 7906.1 * 1023.7 1394.6 * 244.8 * 2107.6 14,468.0 0.337 1.732 0.025 37.3 23.44 * 7.53

Max 112.10 30,157.5 2856.0 11,480.0 1045.0 10,099.9 74,004.0 5.814 21.242 0.181 148.8 63.88 8.36

Warm

Min 0.64 61.1 33.1 8.8 4.8 13.8 0.1 0.045 0.084 0.002 2.0 3.45 7.04

Mean 29.25 * 6308.6 * 958.7 996.1 * 201.1 * 1791.4 12,718.0 0.284 2.234 0.024 34.2 20.70 * 7.49

Max 94.70 21,750.0 2747.0 8456.0 790.2 12,244.9 51,702.7 1.096 72.961 0.104 122.8 54.53 8.13

Asterisks show significant differences between mean values of periods of the year

Abbreviations: Min minimum values, Max maximum values, E.C. electrical conductivity, SAR sodium adsorption ratio
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tion, some phytosociological studies described the soils
occupied by H. strobilaceum as more saline soils than
A. macrostachyum community soils (Pignatti 1952;
Wolff 1968), although certain previous studies were
no t ab l e to f ind any d i f f e r ences be tween
H. strobilaceum and A. macrostachyum communities
(Kassas and Zahran 1967; Alcaraz et al. 1987).

Limonium zones and L. spartum steppes would ap-
pear in soils characterised by lower salinity, showing an
intermediate position between succulent and Tamarix
communities along the saline gradient and sharing eco-
logical space on several occasions. These results are
similar to many previous studies in which Limonium
communities also occurred at an intermediate position
along the saline gradient (Álvarez-Rogel et al. 2001;
Baumberger et al. 2012; González-Alcaraz et al.
2014), although Ortiz et al. (1995) reported that
Limonium bands occupied the same ecological position
as the succulent species.

Secondary soil gradients in plant distribution

Our results suggest that the salinity gradient would be
followed by two secondary soil gradients: a sodicity
gradient and a texture gradient. The sodicity gradient
was led by SAR, which is strongly correlated with E.C.

and Na+. Consequently, SAR values did not only indi-
cate sodicity but also salinity, hence these values can
only be directly compared in similar values of E.C. High
sodicity has been reported to have negative effects on
plant growth, since it can involve nutrient deficiencies,
especially for Ca2+ and Mg2+, and cause a poor soil
structure (Bernstein 1975). This gradient would clearly
separate Limonium A group and saltcedar woodlands
from the remaining vegetation formations within the
non-succulent zone, and it would also distinguish
H. strobilaceum communities from the remaining pe-
rennial succulent communities (Fig. 5). Álvarez-Rogel
et al. (2000) exposed Tamarix communities were related
to soils with lower SAR, although, in this mentioned
study, SAR is probably representing salinity since in
saltmarshes salinity and sodicity are highly correlated.
In addition, similar results have also been obtained for
t h e s e p a r a t i o n o f H . s t ro b i l a c e um a n d
A. macrostachyum by Álvarez-Rogel et al. (2000) and
Abdul-Halim and Ismail (1990).

The second gradient would correspond to soil tex-
ture, mainly led by the percentage of sand. Álvarez-
Rogel et al. (2001) suggested soil texture as a relevant
edaphic factor, which might influence the plant zonation
of saltmarshes, although references to soil texture dif-
ferences were initially reported in certain western
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Fig. 5 Plant-soil model in Mediterranean saltmarshes

198 Plant Soil (2018) 430:185–204



Mediterranean vegetation studies (Tadros 1953; Wolff
1968). However, this factor has not been considered in
recent studies about plant assemblage in saline environ-
ments (González-Alcaraz et al. 2014). In this frame-
work, our study presents for the first time a quantitative
analysis about soil texture factors and their notable
influence on saltmarsh structure. Our CCA data re-
vealed the relevance of percentage of sand in plant
distribution in saltmarshes, although ANOVA was not
significant. Despite the low number of samples
analysed, the highest values of percentage of sand, were
found in H. strobilaceum communities, which was a
plant community in the zones also characterised by high
E.C. These results coincide with other ecological stud-
ies, where H. strobilaceum communities appeared in
sandy soils with high E.C. (El-Ghani et al. 2014; El-
Amier 2016). Both studies were located in Egypt, there-
fore our results would be similar to other zones of the
Mediterranean Basin. The percentage of sand would
also clearly separate two different halophytic communi-
ties: Limonium A zones and saltcedar woodlands, both
plant communities over the lowest salinity. The soils of
Tamarix communities were characterised by a low per-
centage of sand and a high percentage of clay, whereas
Limonium A appeared in soils with opposite values.
These results are congruent with those found in the
sodicity gradient, since both factors influence soil struc-
ture. Halocnemum strobilaceum and Limonium A com-
munities would appear in zones with coarse texture soils
and with low SAR (considering the salinity), the last of
which promotes a well-developed structure in soil. Both
factors favour a high permeability to water and air
(Bernstein 1975). In the case of saltcedar woodlands,
the opposite patterns are observed.

Limonium morphotypes and edaphic relationships

The genus Limonium has been really bound to salinity,
but different ecological ranges would be observed de-
pending on the Limonium species. Some of these species
are able to tolerate a wide gradient of salinity, although
certain Limonium species could appear in environments
other than saltmarshes (Erben 1993). In Mediterranean
saltmarshes, this genus includes a great diversity of
species and they would be located in low saline soils
(Alonso 2000; Álvarez-Rogel et al. 2000; González-
Alcaraz et al. 2014). The treatment of Limonium species
as morphotypes in these ecological studies is a novel
methodology and, it could be really useful to focus on

complex taxonomical plant groups. There are many
endemic Limonium species and some of these species
are led by geographical differences, but have similar soil
characteristics. Each Limonium morphotype would ap-
pear in soils with specific edaphic features, thus show-
ing a close morphotype-soil relationship. In this way,
this methodology would avoid problems related to their
precise taxonomical identification in studies about their
role on specific ecosystems, such as saltmarshes.

In our model, the Limonium morphotype A, whose
typical species would be L. caesium or L. insigne, is
characterised by the presence of numerous sterile
branches and the absence of leaves at the anthesis, and
would prefer sandy soils with a low E.C. and SAR.
These species have been observed forming a plant com-
munity different and separated from the remaining
Limonium species in the saltmarshes. Nonetheless, indi-
viduals of this morphotype would scarcely appear under
the canopy of Tamarix communities, which would be
explained by the similar range of salinity tolerance of
species of this morphotype.

The Limonium species characterised by absence of
sterile branches and the presence of green leaves, mostly
coriaceous, at the anthesis such as L. cossonianum,
L. angustebracteatum or L. delicatulum, defined as
Limonium morphotype C, would typically appear in
soils with higher E.C., Na+, K+, Cl−, and SAR,
appearing in an intermediate ecological position be-
tween succulent plant communities and L. spartum
steppes.

Finally, the Limoniummorphotype B, which includes
species with withered leaves present at the anthesis such
as L. supinum or L. parvibracteatum, has been generally
observed close to or even in L. spartum steppes, sharing
the same ecological space and edaphic features.
Halophilous L. spartum steppes typically contains some
Limonium species (Alonso 2000) so it is not surprising
both plant species share similar requirements to grow. It
might also be explained by the availability of soil be-
tween the clusters of L. spartum individuals and the high
colonisation of this Limonium morphotype, or even by
the ability to do photosynthesis efficiently using their
sterile branches in the case of dense L. spartum
formations.

Temporal changes in halophytic plant communities

Both E.C. and ionic concentrations have revealed, in
general, higher values in the cold period than in the
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warm period, which might be related to the annual
rainfalls. Seasonal differences have been observed pre-
viously in saline environments (Wolff 1968; Neiring and
Warren 1980; Álvarez-Rogel et al. 2000; Koull and
Chehma 2016), but perennial species were not generally
affected by them (García et al. 1993). Wolff (1968)
reported higher salinity in summer than in winter, and
Álvarez-Rogel et al. (2000) showed similar patterns in a
temporal wet-dry model, in which the wet period shown
higher rainfall accumulation. Our warm period (April–
October) recorded the highest annual precipitations,
with an unusually rainy month of August. In this way,
the total amount of rainfall would determine the salinity
factors in the saltmarshes. Hence, E.C., ionic concentra-
tions and ratios, have normally showed the lowest
values during the rainy season. This decreased pattern
would be markedly related to the lixiviates of salts
(Álvarez-Rogel et al. 2000). Despite the fact that tem-
poral variations would not be similar in every saltmarsh
zones, it might also be due to the influence of soil
moisture on the dynamic of cation adsorption by the
complex exchange, the different levels of salts solubil-
ity, and the different types of clay mineral (Álvarez-
Rogel et al. 2000). In addition, other factors that might
be considered would be the specific behaviour of some
salts. For instance, certain salts, such as NaCl, have a
high solubility and are more mobile in the soil profile,
and its seasonal changes would affect the solubility of
other salts such as CaCl2, MgCl2 and Na2SO4 (Álvarez-
Rogel et al. 2000). Our data indicated the general pres-
ence of the lowest values of Na+, Mg2+, SO4

2− and Cl−

in the warm period, related to the fact that more precip-
itations were recorded, being the differences even sig-
nificant for certain halophytic vegetation, such as
A. macrostachyum, S. fruticosa and L. spartum commu-
nities. Therefore, it would be feasible to consider that
the soil texture together with the dynamic of cation
adsorption by the complex exchange would be both
involved in temporal changes, and the variations in
soil features of saline environments, in general, would
be a function of precipitation/dissolution of salts
(Koull and Chehma 2016).

Conversely to previous studies (Álvarez-Rogel et al.
2000; González-Alcaraz et al. 2014), high soil moisture
has still been observed in the period with low precipita-
tions. It might be explained by the temperature regime,
since the lower temperature during the cold period
would slow down evaporation, and soil moisture would
maintain higher values in the cold period. In addition,

water table level would also be related to the changes in
soil moisture, though no quantitative information is
available from any of the studied Mediterranean ecosys-
tems. All the studied halophytic communities have ex-
hibited changes in soil moisture, showing their highest
values in the cold period, but the difference between
both periods was rather minimal. However, S. fruticosa
and L. spartum zones were the only plant communities
with significant differences. Both vegetal communities
were characterised by unique and similar proportions of
sand and clay, showing approximately twice as much
sand as clay (about 33% and 16%, respectively). There-
fore, the different soil texture features would be also
influencing edaphic moisture, as Álvarez-Rogel et al.
(2000) and González-Alcaraz et al. (2014) suggested.
Nevertheless, it should be pointed out that although our
study includes variables related to soil texture, more
detailed analyses would be necessary to support and
complete these findings.

Plant-soil model in Mediterranean saltmarshes

According to the model proposed here (Fig. 5), Medi-
terranean saltmarshes can be divided in two areas based
on the salinity gradient, led by E.C., although additional
soil gradients would also act in community distribution.
Firstly, the salinity gradient would separate two well-
distinguished areas: (1) a succulent zone, formed by
A. macrostachyum, H. strobilaceum and S. fruticosa
communities with the highest E.C. values, and (2) a
non-succulent zone, including Limonium zones,
L. spartum steppes and saltcedar woodlands,
characterised by the intermediate and lowest E.C. values
(Fig. 5). Some preceding studies from small areas of the
southeastern Iberian Peninsula showed, in general, that
two main edaphic gradients led by soil salinity and soil
moisture would be involved in halophytic zonation
(Ortiz et al. 1995; Álvarez-Rogel et al. 2000;
González-Alcaraz et al. 2014). However, Álvarez-
Rogel et al. (2000) provided a classification based only
on soil moisture characteristics, and two saline zones
were distinguished: (1) wet saltmarsh, where perennial
succulent plants, hydrophytes and Tamarix communities
were included, and (2) dry saltmarsh, where L. spartum
steppes, Limonium and halonitrophilous shrub commu-
nities were located. Recently, González-Alcaraz et al.
(2014) suggested a classification based not only on soil
moisture but also on soil salinity: (1) the most saline and
the wettest soils, where succulent halophytes and
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P. australis (Cav.) Trin. ex Stende communities devel-
oped, and (2) the driest and least saline soils, where
L. spartum steppes, Limonium and halonitrophilous
shrub communities appeared.

Soil moisture has not been identified as a relevant
gradient in our analysis, being highly correlated with
salinity and having a low variance explained by itself.
Other previous studies included Phragmites australis
and Juncus sp. pl. communities, which have been typi-
cally observed reaching the maximum cover in the most
humid soils in saltmarshes because they can resist per-
manent flood (Alonso 2000; Álvarez-Rogel et al. 2000;
González-Alcaraz et al. 2014; Koull and Chehma 2016).
Nevertheless, we have considered that it was not appro-
priated to include hydrophyte communities in this study
since its inclusion would enhance the effect of soil
moisture and reduce that of E.C., allowing us to avoid
the overestimation of the effect of soil moisture in plant-
soil relationships of the non-permanently flooded com-
munities. As a result, our data emphasise the importance
of E.C. in the zonation of halophytes, being the soil
salinity gradient strongly supported whereas the soil
moisture gradient would not be so highlighted in
saltmarshes. Nevertheless, the soil moisture gradient
would still have a remarkable importance when consid-
ering hydrophytic communities. Regarding Tamarix
communities, Álvarez-Rogel et al. (2000) included them
within the wet saltmarshes, together with perennial suc-
culent communities, further characterised by a higher
E.C. Conversely to their reports, our results had showed
that saltcedar woodlands appeared in non-succulent
zones characterised, in addition, by the lowest E.C.
values. These differences could be explained by the high
ecological variability in saltcedar woodlands, which can
appear from non-saline wetlands, to dry and hypersaline
environments (Moreno et al. 2017).

Besides the salinity gradient, the distribution of hal-
ophytic plant communities in saltmarshes would be
based on the sodicity and the texture gradients (Fig. 5).
In the succulent zone, H. strobilaceum communities
would occupy soils with lower levels of SAR (consid-
ering the effect of E.C.) and higher percentage of sand
with regard the remaining succulent communities.
Arthrocaulon macrostachyum and S. fruticosa commu-
nities would be the dominant succulent vegetation in
intermediate values of SAR and soil texture. Converse-
ly, Limonium A zones would appear in sandy soils with
low sodicity in non-succulent zones, whereas saltcedar
woodlands would be located in soils characterised by

the lowest percentage of sand and high sodicity (Fig. 5).
The dominant vegetation in non-succulent zones with
intermediate values of sand would be Limonium C and
B zones, and L. spartum steppes; the latter two plant
communities, Limonium B and L. spartum steppes,
would share the same ecological requirements (Fig. 5).

Many authors have considered that vegetation pat-
terns in saltmarshes would not be always well defined
and markedly structured because of microtopography
(Bertness and Ellison 1987; Pennings et al. 2005;
Baumberger et al. 2012). In this sense, microtopography
would break the edaphic gradient, not allowing a well-
defined vegetation structure to appear in bands. How-
ever, microtopography does not affect the relationship
between vegetation and soil, but only the spatial distri-
bution of soil features, and hence, vegetation. Anyway,
even though plots were sampled in zones with homoge-
neous vegetat ion and constant topography,
microtopography is a factor that must have included
variability in our model since it creates heterogeneity
in soil conditions.

Further studies have been carried out in saltmarshes
from other Mediterranean climatic regions such as Cal-
ifornia (Peinado et al. 1995). Although soil analyses
were not included, these authors compared halophytic
plant inventories among different Mediterranean areas,
i.e. the west coasts of Europe and Africa, and California
territories using cluster dendrograms. Their results pro-
vided useful information about halophyte communities
and the structure ofMediterranean saltmarshes, suggest-
ing that similar vegetation types appeared in different
geographical areas around the world. Besides, similar
vegetation patterns have been observed in other non-
Mediterranean saltmarshes around the world (e.g.
Bertness et al. 1992; Pennings and Bertness 1999;
Baumberger et al. 2012), but the importance of par-
ticular edaphic factors varied geographically
(Cantero et al. 1998; Pennings et al. 2005). Studies
of plant zonation in higher latitudes such as New
England (U.S.A.) or England (U.K.) showed flooding
as the main factor limiting plant distribution
(Bertness et al. 1992; pers. obs.). In contrast, studies
conducted at lower latitudes showed soil salinity as
an important factor mediating plant zonation patterns
(Pennings and Callaway 1992; Cantero et al. 1998;
Pennings et al. 2005). Therefore, soil salinity would
play a significant role in the halophytic vegetation
distribution at lower latitudes around the Mediterra-
nean Basin, as has been verified here.
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Finally, halonitrophilous shrubs such as Suaeda vera
can be found near Limonium and L. spartum areas in
saltmarshes (Alonso 2000; Álvarez-Rogel et al. 2000).
Suaeda vera was a very common plant species in the
studied plant inventories, and it was able to form dense
communities in very deteriorated saltmarshes. However,
even though this halonitrophilous plant species ap-
peared in many different studied places, this species
did not make up a plant group by itself according to
the obtained DCA. Suaeda vera generally preferred
lower saline soils under conditions of anthropogenic
uses such as nitrification and fragmentation (Alonso
2000; Álvarez-Rogel et al. 2000; González-Alcaraz
et al. 2014); nevertheless, this species could tolerate
high levels of salinity in notably deteriorated
saltmarshes and, it could form dense and well-formed
plant communities. Further studies focused on these
plant communities might be interesting to analyse the
role of nitrogen in saline habitats.

Conclusions

Perennial succulent halophytes would appear in the
highest saline zones of the saltmarshes, with a dense
plant cover during the whole year. Halocnemum
strobilaceum would tend to conform dense plant com-
munities over soils to a high percentage of sand and low
sodicity (considering the effect of E.C.), whereas
Arthrocaulon macrostachyum and Salicornia fruticosa
would appear in intermediate values. Different
Limonium communities, Lygeum spartum steppes and
Tamarix woodlands would be observed at the lowest
saline zones in the saltmarshes. Limonium C zones
would be related to higher E.C. and ionic concentrations
than those for L. spartum steppes, and Limonium B
zones would have similar soil conditions as L. spartum
steppes. Limonium A communities would appear in
sandy soils with low sodicity and the lowest E.C., ionic
concentration and soil moisture values. Finally,
saltcedar woodlands, formed by Tamarix boveana and
T. gallica, would be observed at the lowest salinity
zones of the Mediterranean saltmarshes, and their soils
were characterised by a low percentage of sand and high
sodicity (considering the effect of E.C.).

Our study was performed for a high number of saline
habitats throughout the southeast of the Iberian Penin-
sula under different climates, which would imply a wide
distribution both geographically and climatically. Our

results might be used to increase the knowledge about
plant-soil relationships in saltmarshes around the Med-
iterranean Basin, complementing the previous studies
carried out by Peinado et al. (1995), Álvarez-Rogel et al.
(2000, 2001), González-Alcaraz et al. (2014) and Koull
and Chehma (2016). Finally, the proposed plant-soil
model might be useful to detect the role of halophytes
as bioindicator of disturbance, to carry out habitat re-
generation according to the species preferences, as
Álvarez-Rogel et al. (2001) and González-Alcaraz
et al. (2014) suggested, and even to control environmen-
tal impacts in saline habitats.
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