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Abstract 14 

Salinity and soil moisture are considered main drivers of the plant zonation in Mediterranean 15 

saltmarshes. Therefore, both factors could have a remarkable effect on the plant functional 16 

structure of these habitats. The aim of this study was to identify the effects of abiotic and biotic 17 

factors on the plant functional structure of western Mediterranean saltmarshes. A total of 20 18 

saltmarshes were assessed, and seven plant traits were considered. Community weighted mean 19 

and Rao index were used to measure the functional structure of the plant communities. 20 

Redundancy analysis was used to estimate the effects of soil variables on the community-21 

weighted mean trait and functional diversity, and standardised effect size was used to assess the 22 

effect of biotic interactions. The functional traits showed a clear zonation along the salinity 23 

gradient in Mediterranean saltmarshes, mainly related to the electrical conductivity, and mainly 24 

gathered in trait syndromes. The succulent nanophanerophytes grew at the highest salinity 25 
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zones. Salt excretors, both chamaephytes and mesophanerophytes, appeared in the intermediate 26 

and lowest salinity zones, respectively. Finally, geophytes with both selective cation root uptake 27 

and rhizome were mostly located in the lowest salinity zones. The abiotic factors strongly 28 

modulated the biotic interactions, and some convergence patterns were observed. The highest 29 

functional diversity was observed in the lowest salinity zones, a marked turnover. These 30 

findings indicate that multiple assembly processes determine the plant structure of 31 

Mediterranean saltmarshes, yet abiotic environmental filters strongly shape the local species 32 

assemblages and functional diversity turnover. Our results support that the whole salinity 33 

gradient should be protected to conserve the widest range of functional traits. 34 

Keywords 35 

biotic interactions; community assembly; conservation; environmental filtering; functional 36 

structure; plant traits. 37 
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1. Introduction 38 

Saltmarshes are natural environments characterised by highly saline soils, which are distributed 39 

worldwide (Chapman, 1974). These habitats are dominated by halophytes, plants able to resist 40 

highly saline conditions (at least 200 mM of NaCl) (Flowers and Colmer, 2008). These plant 41 

species are distributed in a marked zonation with a well-delimited spatial structure throughout 42 

the saltmarsh (Chapman, 1974), and with salinity and soil moisture as the most relevant drivers 43 

of the plant zonation in the Mediterranean saltmarshes (Álvarez-Rogel et al., 2000, González-44 

Alcaraz et al., 2014, Moreno et al., 2018). It could be therefore expected that the variation in 45 

edaphic conditions have a remarkable effect on the functional structure of these environments. 46 

Functional traits have proved to be a useful tool to perceive ecological processes (Lavorel and 47 

Garnier, 2002, Garnier et al., 2004). Species with similar traits would be able to live under the 48 

same ecological conditions. Trait convergence and divergence could be observed when co-49 

existing species are, respectively, more or less functionally different than expected by chance 50 

(Grime, 2006). Moreover, functional diversity (FD) –defined as the extent of trait differences 51 

between species (Pavoine and Bonsall, 2011, Dainese et al., 2015)– would be relevant to predict 52 

the response of plant communities to environmental changes. Therefore, the study of FD and its 53 

control factors would be essential to understand the structure, composition and dynamics of 54 

plant communities (Pavoine and Bonsall, 2011, Dainese et al., 2015). Regarding Mediterranean 55 

saltmarshes, certain studies were focused on the effects of some environmental factors (e.g. 56 

salinity) about the plant physiology on halophytes (see Flowers and Colmer, 2008, Flowers et 57 

al., 2010). Nonetheless, there is a lack of studies, focused on community level in the 58 

Mediterranean area. 59 

Diamond (1975) defined the ‘assembly rules’ as generalised restrictions on the species presence 60 

or abundance that are based on the presence or abundance of one or several other species 61 

(Graves and Gotelli, 1993, Wilson, 1994), specifying the values and the domain of factors that 62 

structure or constrain the properties of ecological assemblages (Weiher and Keddy, 1999). 63 

Furthermore, ecological filters would be involved in these processes, indicating restrictions in 64 
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the community structure and composition (Wilson and Gitay, 1995) and predicting which subset 65 

of the total species pool for a given region will co-occur in a specific habitat (Keddy, 1992). 66 

These processes would lead the ecological assemblage at different scales, considering abiotic 67 

processes (e.g. environmental filtering) and biotic interactions (e.g. competition or facilitation) 68 

(Keddy, 1992, Díaz et al., 1999, Kraft et al., 2015). Both processes would shape local 69 

community patterns of plant species from regional pool based on their functional traits 70 

(Götzenberger et al., 2012, de Bello et al., 2013, Kraft et al., 2015). 71 

Our research assesses the effects of edaphic properties and biotic processes on the plant 72 

functional structure of western Mediterranean saltmarshes, representing the first attempt to 73 

understand the functional structure of these saline communities based on quantitative data. The 74 

main aims of this study were: (1) to assess the effects of edaphic factors on the plant functional 75 

structure of Mediterranean saltmarshes; (2) to assess the effect of biotic interactions on the 76 

halophytic community structure; and (3) to provide insights on the functional trait assemblage 77 

of the saltmarsh plant communities. Furthermore, human activities (e.g. grazing, farming or 78 

urban pressure) have notably increased biodiversity loss and habitat fragmentation in these 79 

saline environments (Álvarez-Rogel et al., 2007). In this framework, our research aims to 80 

provide useful information about the functional ecology of Mediterranean saltmarshes that 81 

could be applied to the conservation and management of these vulnerable and fragmented 82 

ecosystems. 83 

2. Material and methods 84 

2.1. Study area and sampling 85 

The study area was located in the southeast of the Iberian Peninsula (Spain), including 20 86 

independent and well-separated saltmarshes located within an area of approximately 13000 km2 87 

(Fig. 1 and Appendix A in Supplementary material). In each saltmarsh, different plant zones 88 

were recognised according to the dominant plant species, and plots of 100 m2 were established 89 

randomly in each studied area. The number of plots in each saltmarsh ranged from two to five 90 
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depending to the presence of dominant vegetation (Appendix A in Supplementary material). For 91 

this study, a total of 63 plots were sampled every three months for one year (July 2013–April 92 

2014). 93 

Plant composition and plant cover were recorded in each plot using the Braun-Blanquet scale 94 

with seven levels (r, +, 1, 2, 3, 4, 5) (Braun-Blanquet, 1979). Regional keys for plant 95 

identification (Castroviejo, 1986–2019, Mateo and Crespo, 2014, Blanca et al., 2011) and 96 

specialised research papers (Piirainen et al., 2017, Moreno et al., 2016, 2018) were used to 97 

identify plant species. A total of 252 vegetation relevés (63 plots × 4 times) were obtained, 98 

which were averaged for each studied plot due to the scarce vegetation variation between 99 

periods (Appendix B in Supplementary material). Besides, subsurface soil samples were 100 

collected at 20 cm depth to avoid the superficial salt crust. Three soil subsamples were collected 101 

randomly in each plot and were mixed to obtain a representative soil sample. A total of 252 soil 102 

samples (63 plots × 4 times) were obtained and they were averaged for each studied plot 103 

(Appendix C in Supplementary material). 104 

Soil moisture was estimated by the water retention method on field-moist samples, over-drying 105 

the samples for 12 h at 110 °C (Burt, 2004), and without considering correction for the 106 

structural water of gypsum. The remaining sample was air-dried and 2-mm-sieved to remove 107 

coarse fragments before laboratory analyses. Saturation extracts were obtained from saturated 108 

pastes through vacuum filtering. Electrical conductivity (E.C.) was measured as a salinity 109 

estimator using a conductivity meter Crison© CM 35+, and pH was measured using a pH meter 110 

Crison© 25. Saturated pastes were dried for 12 h at 110 °C and the saturation percentage was 111 

calculated to estimate available water capacity (Burt, 2004), hereafter named Plant Available 112 

Water Capacity (PAWC). For the calculation of PAWC no correction for the structural water of 113 

gypsum was considered. The specific concentrations of sodium (Na+), potassium (K+), calcium 114 

(Ca2+), magnesium (Mg2+) and sulphur (S) [used as an indicator of sulphate (SO4
2−)] in the 115 

saturation extracts were measured by Inductively Coupled Plasma Atomic Emission 116 

Spectroscopy (ICP-AES) (Perkin Elmer 7300 DV). The wavelengths used were 589 nm for Na+, 117 
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766 nm for K+, 317 nm for Ca2+, 279 nm for Mg2+ and 180.7 and 182.0 nm for S. The cation 118 

concentrations were then used to calculate the Ca2+/Mg2+, Ca2+/Na+, and K+/Na+ ratios, and also 119 

the Sodium Adsorption Ratio (SAR) (Burt, 2004). SAR corresponds to the measure of the 120 

amount of sodium relative to calcium and magnesium in the water extract from saturated soil 121 

paste (USDA, 2017), so it was necessary to observe relevant ionic relations in the saline habitats 122 

(see Álvarez-Rogel et al., 2000). Chloride (Cl−) concentration was measured using argentometry 123 

with silver nitrate (AgNO3) in the saturation extracts (Harris, 2003). Besides, the percentages of 124 

clay and sand were also determined using a Bouyoucos densitometer (Juárez et al., 2004). 125 

Therefore, the environmental data for each plot included measurements of the following 16 126 

edaphic variables: soil moisture; E.C.; pH; plant available water capacity (PAWC); Na+, K+, 127 

Ca2+, Mg2+, Cl- and SO4
2- concentrations; Ca2+/Mg2+, Ca2+/Na+ and K+/Na+ ratios; SAR; and 128 

percentages of sand and clay (Appendix C in Supplementary material). 129 

2.2. Functional traits 130 

Considering plant strategies related to establishment, persistence and resistance in saline 131 

environments (Pérez-Harguindeguy et al., 2013), seven plant traits were selected to be assessed 132 

for the recorded plant species: salt adaptation –succulence, salt excretion, selective root cation 133 

uptake and salt location–; life form –therophyte, chamaephyte, hemicryptophyte, 134 

nanophanerophyte, mesophanerophyte and geophyte–; life span –perennial and annual plant–; 135 

presence of rhizome; reproductive type –seed and clonal reproduction–; presence of basal 136 

rosette; and maximum plant height (Appendix D in Supplementary material). Trait data were 137 

compiled from the literature (Castroviejo, 1986-2019, Mateo and Crespo, 2014) and also from 138 

direct observations of the collected plant material. Following Šmilauer and Lepš (2014), salt 139 

adaptation, life form, life span, and presence of rhizome were defined as dummy variables, 140 

while reproductive type and presence of basal rosette as fuzzy variables. Maximum height was a 141 

quantitative continuous variable, which was log-transformed before calculations (Appendix E in 142 

Supplementary material). 143 

2.3. Community structure calculation 144 



7 

Community weighted mean (CWM) was used to measure the functional structure of the 145 

halophytic communities (equation 1). CWM represents the average trait value in a plant 146 

community and it was weighted by the relative abundance of the species carrying each trait 147 

value (Garnier et al., 2004): 148 

CWM = ∑ ��	��
�
���  (equation 1) 149 

where xi is the mean trait value and pi is the relative abundance of the i-th species. For binary 150 

traits xi can be either zero or one, and the index reflects the relative abundance of each category. 151 

CWM was calculated using ‘dbFD’ function implemented in the ‘FD’ package (Laliberté and 152 

Legendre, 2010) in R (R Core Team, 2016). 153 

Rao Quadratic Entropy Index of Diversity was used to calculate FD of each considered trait in 154 

each studied community (equation 2) (Rao, 1982, Lepš et al., 2006). FD was calculated by 155 

weighting the functional distances of each species according to their relative abundance: 156 

Rao = ∑ ∑ 	�

�

��

�
��� 	��	�
  (equation 2) 157 

where dij is the functional distance between species i and j, and pi and pj are the relative 158 

abundances of the i-th and j-th species. Species’ functional distance was calculated using the 159 

Gower distance index, based on both quantitative and categorical traits (Lepš et al., 2006). The 160 

Gower distance was calculated with the function ‘gowdis’, and the Rao Quadratic Entropy 161 

Index of Diversity was obtained using ‘dbFD’; both functions were implemented in the ‘FD’ 162 

package (Laliberté and Legendre, 2010) using R (R Core Team, 2016).  163 

Both Gower distance and Rao Quadratic Entropy Index have been considered as efficient 164 

functional indexes by several previous works (e.g. Garnier et al., 2004, Lepš et al., 2006, Ricotta 165 

and Moretti, 2011). The measures of CWM and FD were integrated in the response matrices 166 

(Appendix F in Supplementary material). 167 

2.4. Statistical analysis 168 

The effect of soil properties on the functional structure of the halophytic plant community were 169 
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assessed by Redundancy Analysis (RDA) of CWN and FD values, using CANOCO v.5 170 

(Microcomputer Power, Ithaca, NY, US). The CWM values for each plant trait were used as 171 

response variables for the CWM-RDA and the FD values for each trait were used as response 172 

variables for the FD-RDA. In both cases, the study edaphic properties were considered as 173 

predictor variables. The Ca2+/Mg2+ and Ca2+/Na+ ratios, SAR, pH, PAWC, percentage of sand 174 

and Mg2+ concentration were log-transformed, whereas Cl-, K+, Na+ and SO4
2- concentrations, 175 

E.C., soil moisture, K+/Na+ ratio and percentage of clay were transformed using square root. 176 

The CWM variability explained by the RDA was calculated for marginal and conditional 177 

effects. Marginal effects indicated the variability explained by the given set of edaphic variables 178 

without considering other environmental factors, whereas conditional effects were performed by 179 

a stepwise selection and denoted the variability explained by the given environmental set after 180 

removing the confounding effect of one or more other environmental variables (covariables) 181 

(Šmilauer and Lepš, 2014). Both effects were tested for significance (P ≤ 0.05), using Monte 182 

Carlo permutation tests with 9999 permutations with CANOCO v.5 (Microcomputer Power, 183 

Ithaca, NY, US). 184 

The analyses of trait convergence/divergence patterns were performed using the standardised 185 

effect size (SES) (equation 3), as defined by Gotelli and McCabe (2002): 186 

SES = observed FD – mean of expected FD / standard deviation of expected FD (equation 3) 187 

SES was calculated using the ‘ses.mpd’ function in the ‘picante’ package (Kembel et al., 2010) 188 

in R (R Core Team, 2016). The significance was tested against null models. Species data was 189 

kept constant, including the cover plant values, and the identity of individual species was 190 

randomised in the trait matrix (999 randomizations). Null models were carried out for each 191 

individual trait and for the complete set of individual traits. SES < –2 indicates trait 192 

convergence, whereas SES > 2 shows trait divergence. In this analysis, filters were applied to 193 

avoid abiotic processes (de Bello et al., 2012), classifying the samples in three different 194 

Ca2+/Na+ ratio groups: (i) ≤ 0.14; (ii) 0.15-0.25; and (iii) ≥ 0.26 (according to the obtained FD-195 

RDA results). Analyses of variance (ANOVAs) were performed using the ‘lm’ and ‘anova’ 196 
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functions to check significant differences (P ≤ 0.05) among SES values in the different Ca2+/Na+ 197 

ratio ranges, and Tukey tests were performed with the ‘glht’ function (‘multcomp’ package) for 198 

significant differences (R Core Team, 2016). 199 

3. Results 200 

The CWM-RDA model showed a highly significant effect (P = 0.001), with the first two axes 201 

explaining 88.65% of fitted variation (41.77% of total variation) (Fig. 2). Regarding salt 202 

adaptation, succulence was related to high E.C., whereas salt excretion and selective root cation 203 

uptake appeared related to low E.C. (Fig. 2). Similarly, the life form was also notably explained 204 

by E.C., since the nanophanerophytes appeared close to high values of E.C. whereas the 205 

chamaephytes and geophytes were related to low E.C. values. Seed reproduction was also 206 

related to high E.C., whereas clonal reproduction, the presence of rhizome and leaves in basal 207 

rosette related to low E.C. (Fig. 2). Therefore, three main functional trait groups were identified 208 

based on the obtained data (Fig. 2): (1) succulence, nanophanerophyte and seed reproduction 209 

appeared related to high E.C; (2) salt excretion, chamaephyte, presence of basal rosette and 210 

clonal reproduction were related to low E.C.; and (3) selective root cation uptake, geophyte and 211 

the presence of rhizome were also grouped in the low E.C. Regarding the edaphic variables 212 

(Table 1), E.C., Na+, K+, Ca2+, Cl- and SO4
2- concentrations, SAR, K+/Na+ and Ca2+/Na+ ratios, 213 

pH and soil moisture were significant to explain the variation in the marginal effects analysis (P 214 

≤ 0.05). The largest part of the variance was explained, in order of relevance, by E.C. (27.7%), 215 

Na+ and Cl- concentrations (23.5% and 19.0%, respectively) and SAR (15.8%). However, 216 

conditional effects indicated that only E.C. was significant (P ≤ 0.05) (Table 1).  217 

The FD-RDA model also showed a significant effect (P = 0.001), with the first two axes 218 

explaining 80.53% of fitted variation (26.87% of total) with (Fig. 3). This analysis disclosed 219 

that most of the studied traits were notably related to the highest values of the Ca2+/Na+ ratio 220 

(Fig. 3). For the marginal effects analysis (Table 1), several edaphic variables –E.C., Na+ and 221 

Cl- concentrations, K+/Na+ and Ca2+/Na+ ratios, PAWC and soil moisture– were significant to 222 

explain the variation in FD (P ≤ 0.05), being the largest part of the variance explained by 223 
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Ca2+/Na+ ratio (10.0%), E.C. (8.5%) and Cl- concentration (7.0%). Nevertheless, the conditional 224 

effects indicated that Ca2+/Na+ ratio was the only significant explanatory variable (P ≤ 0.05) 225 

(Table 1).  226 

The analysis of trait convergence/divergence patterns (Fig. 4) showed a marked significant 227 

convergence for all traits as a whole, salt adaptation and life form in the lowest Ca2+/Na+ ratio 228 

group. The intermediate Ca2+/Na+ ratio group showed a slight tendency to a convergence pattern 229 

for life form and presence of basal rosette. Finally, significant differences between the SES 230 

values of the lowest and highest Ca2+/Na+ ratio groups were found for all traits as a whole, salt 231 

adaptation and life form (Fig. 4 and Appendix G in Supplementary material). 232 

4. Discussion 233 

4.1. Abiotic factors 234 

A species trait turnover related to the changes in salinity has been observed in the studied 235 

Mediterranean saltmarshes. This turnover is a crucial component to shape local community 236 

patterns of plant species and it would reflect the functional characteristics of the local dominant 237 

species and their variability, as other authors already stated (Lepš et al., 2011, Dainese et al., 238 

2015). According to the ecological theory, deterministic factors such as the environmental 239 

filtering would determine the assemblages of local species by progressively filtering out 240 

maladaptive species from the species pool to local communities (Weiher and Keddy, 1999, de 241 

Bello et al., 2013). In saline environments, salinity precisely causes stress to plants, enabling 242 

only the well-adapted plant species to survive within the most stressful areas. Likewise, the 243 

concept of trait-environment linkage refers to sets of plant attributes consistently associated 244 

with certain environmental conditions, independent of the species involved; hence, plant traits 245 

are the subject of assembly processes (Keddy, 1992, Díaz et al., 1999). Thus, some of the 246 

studied functional traits (e.g. salt adaptation or life form) appeared clearly assembled in the 247 

different saltmarsh zones, suggesting the existence of an environmental filtering along the 248 

salinity gradient, with E.C. as the most responsible edaphic variable for the changes in 249 
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functional traits within the Mediterranean saltmarshes. Nonetheless, our data pointed out the 250 

Ca2+/Na+ ratio as the main edaphic variable to explain the FD differences, with a notable 251 

increased of the FD in the low stressful saline zones, which were characterised by a high 252 

Ca2+/Na+ ratio plus low E.C. values. Although similar edaphic factors could affect differently to 253 

the both studied functional indices (CWM and FD), as Dias et al. (2013) and Dainese et al. 254 

(2015) previously stated, our data revealed that the two achieved soil variables −Ca2+/Na+ ratio 255 

and E.C.− were both related to the same salinity gradient. Consequently, the obtained soil 256 

gradient entails an environmental filtering and it generally reduces FD as the viable traits under 257 

stressful environmental conditions. So, the highest FD has been located in high Ca2+/Na+ ratio 258 

zones, coinciding with the lowest salinity zones.  259 

Furthermore, the studied functional traits have mostly shown a trait convergence in the highly 260 

saline zones, and this pattern appeared attenuated or absent in the intermediate and less saline 261 

zones, respectively. This trade-off would be due to the increment of trait variability in the latter 262 

zones. Succulent nanophanerophytes successfully colonise high saline zones (convergence 263 

pattern), whereas salt excretor chamaephytes with basal rosette, rhizomatous geophytes with 264 

selective salt absorption, and even salt excretor mesophanerophytes appear in the remaining 265 

zones. This model could be explained by the predominant strategy to tolerate the high salinity. 266 

Nevertheless, these findings showed a remarkable effect of the abiotic filters, even after having 267 

tried to avoid their influence. Therefore, the observed convergence patterns could be explained 268 

more by abiotic factors than by biotic interactions.  269 

4.2. Biotic interactions 270 

The abiotic factors have shown a relevant effect in the plant distribution within the saltmarshes 271 

(Álvarez-Rogel et al., 2000, González-Alcaraz et al., 2014, Moreno et al., 2018), concealing 272 

possibly the biotic interactions; and hence, the biotic effects might have not been untangled 273 

accurately in saline environments. The soil salinity would have a strong ecological effect, so the 274 

abiotic processes would hold a noticeable influence over biotic interactions. In this context, the 275 

observed trait convergences could be originated by the exclusion of those species with low 276 
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competitive abilities in relatively homogenous environmental conditions (Mayfield and Levine, 277 

2010). For instance, succulent species would not coexist with the remaining halophytes, forming 278 

their own plant communities over high salinity soils in where other species were not 279 

competitive (Moreno et al., 2018). Finally, despite trait divergence has been reported more 280 

commonly than trait convergence (Götzenberger et al., 2012), the obtained patterns for 281 

Mediterranean saltmarshes have been focused on trait convergence. The most dissimilar traits 282 

would be selected from the pool of the functional species, emphasising on those species with 283 

traits related to salt adaptation. 284 

4.3. Functional trait assemblage 285 

Our results revealed that salt adaptation and life form showed a marked edaphic zonation, 286 

highly related to the salinity gradient, within the Mediterranean saltmarshes. However, these 287 

two functional traits appeared gathered in trait syndromes, which link different trait features as 288 

an adaptation response. Thus, three main trait syndromes −succulent nanophanerophytes, salt 289 

excretor chamaephytes and geophytes with selective salt absorption− were sequentially 290 

distributed from the highest (41.94-72.25 mS/cm) to the lowest salinity zones (up to 24.78 291 

mS/cm). Succulence reduces the respiration in the leaves and increases the K+ storage in the 292 

vacuoles (Flowers and Colmer, 2008). The presence of succulent nanophanerophytes in the 293 

highest salinity zone would be favoured by their high rates of transport of monovalent cations 294 

(Wickens and Cheeseman, 1991). Conversely, the presence of the geophytes with selective salt 295 

absorption within the lowest salinity zones would be related to a more regulated transport of Na+ 296 

and K+ (Inada et al., 2005). The abundance of salt excretor chamaephytes in the intermediate 297 

and lowest salinity zones would be directly related to optimal conditions for the efficiency of 298 

the salt excretion systems, a combination of low external salt concentration and high 299 

atmospheric humidity (Pollak and Waisel, 1979). Batanouny et al. (1992) found that increasing 300 

the external concentration of NaCl resulted in a direct increase in the amount of fluid secreted 301 

by salt glands, as reported for Limonium delicatulum (Girard) Kuntze; but a further increase in 302 

the concentration of NaCl caused an obvious decrease in the amount of secreted fluid. This 303 
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research exposed that NaCl, till a certain concentration, could enhance the process of salt 304 

secretion from the glands (Batanouny et al., 1992). Our results suggest that salt secretion would 305 

be heavily dependent on soil salinity under natural field conditions, as Rozema and Riphagen 306 

(1977) exposed for eastern European halophytes. 307 

The effect of soil moisture also contributed to the spatial zonation of the functional trait 308 

syndromes related to succulent nanophanerophytes, salt excretor chamaephytes and geophytes 309 

with selective salt absorption. The succulent nanophanerophytes were notably dominant in the 310 

wet zones, which could be explained by the presence of aerenchyma, since it would seem to 311 

support the internal aeration (Pellegrini et al., 2017). In the driest zones, the dominant functional 312 

trait syndromes were the salt excretor chamaephytes, characterised by the presence of basal 313 

rosette, plus the geophytes with selective salt absorption. These halophytes would avoid the 314 

flooded zones because these two life forms −chamaephytes and geophytes– could not be 315 

adequately adapted to survive during the flooding periods. Another life form linked to salt 316 

excretors corresponded to the mesophanerophytes, which usually grow over non-permanently 317 

flooded saline soils, although they would tolerate eventual flooding periods (Álvarez-Rogel et 318 

al., 2000). The characteristic deepest roots of these salt excretor mesophanerophytes might 319 

avoid the negative effects of salinity and increase their colonization ability. However, due to the 320 

relative scarcity of this functional group in the studied saltmarshes, our results did not find 321 

support for this ecological behaviour of mesophanerophytes. 322 

Sexual reproduction by seeds was the most frequent reproductive trait in the highest salinity 323 

zones, together with succulent nanophanerophytes. Succulent shrub communities have shown 324 

different germination syndromes, with high rates of germination after salinity exposure (Muñoz-325 

Rodríguez et al., 2017), and they usually conform well-separated vegetation bands (Moreno et 326 

al., 2018). Conversely, clonal reproduction and salt excretors were two functional traits notably 327 

related to low salinity soils, although their seeds were able to germinate throughout the year 328 

(Brock, 1994, Crespo and Lledó, 1998). Salt excretor mesophanerophytes can produce new 329 

shoots from their stems and roots and even develop adventitious roots (Brock, 1994), and salt 330 
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excretor chamaephytes are able to originate a numerous population from a reduced number of 331 

individuals in a short time, combining seed and clonal reproduction (Crespo and Lledó, 1998). 332 

Moreover, the presence of rhizome would markedly favour the clonal reproduction, especially 333 

in geophytes (Conesa et al., 2007), appearing as one of the dominant traits in the lowest salinity 334 

zones. 335 

Although our obtained results are in concordance by the recent ecological studies about plant 336 

zonation in Mediterranean saltmarshes (Álvarez-Rogel et al., 2000, González-Alcaraz et al., 337 

2014, Moreno et al., 2018), further studies would be needed to include additional analyses about 338 

quantitative physiological features (e.g. accumulated ions and their ratios) and other functional 339 

traits (e.g. root and rhizome characters or seed features) to discern their variation under different 340 

environmental factors. 341 

4.4. Conservation and management 342 

In the Mediterranean saltmarshes, the habitat fragmentation through the soil gradient has a 343 

negative effect on the ecological balance due to the alteration of the plant zonation (González-344 

Alcaraz et al., 2014). According to our results, the implementation of the conservation and 345 

management measures should not be only restricted to those saline areas characterised by a high 346 

FD, since a drastic loss of biodiversity could be observed within these saltmarshes, and 347 

consequently, a loss of functional diversity. Therefore, we suggest the management of each 348 

specific halophytic plant community, characterised by a peculiar FD and trait syndromes, along 349 

the whole saline ecosystem. Furthermore, the different ecological and edaphic aspects related to 350 

the halophytes within the saltmarsh should be considered and, hence, each plant zone should be 351 

separately handled. Consequently, the management and conservation of the whole salinity 352 

gradient should be considered to avoid the disappearance of some functional traits and, 353 

consequently, changes in the functional structure. 354 
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Tables 510 

Table 1. Marginal and conditional effects for Redundancy Analysis (RDA) on community 511 

weighted mean (CWM) and functional diversity (FD), showing pseudo-F values and the amount 512 

of the variance explained (Explains %) by every edaphic variable, ordered by their marginal 513 

effects. Abbreviations: E.C., electrical conductivity; SAR, sodium absorption ratio; PAWC, 514 

plant available water capacity. Significance legend: ns, non-significant; *, P ≤ 0.05; **, P ≤ 515 

0.01.  516 

 CWM FD 

 Marginal effects Conditional effects Marginal effects Conditional effects 

 Explains % pseudo-F Explains % pseudo-F Explains % pseudo-F Explains % pseudo-F 

E.C. 27.7 23.3** 27.7 23.3** 8.5 5.7** 3.6 2.6 ns 

[Na+] 23.5 18.7** 1.2 1.0 ns 6.3 4.1* 0.7 0.5 ns 

[Cl-] 19.0 14.3** 1.4 1.0 ns 7.0 4.6* 0.9 0.6 ns 

SAR 15.8 11.4** 1.5 1.3 ns 3.6 2.3 ns 2.5 1.8 ns 

[K+] 14.2 10.1** 0.7 0.6 ns 4.4 2.8 ns 1.6 1.1 ns 

[Ca2+] 12.6 8.8** 0.8 0.7 ns 4.5 2.9 ns 1.0 0.8 ns 

[Mg2+] 7.1 4.6** 0.8 0.7 ns 4.3 2.7 ns 1.0 0.7 ns 

Soil moisture 6.4 4.1** 0.8 0.7 ns 5.8 3.7* 1.0 0.7 ns 

pH 6.3 4.1* 0.2 0.2 ns 4.0 2.5 ns 0.2 0.1 ns 

K+/Na+ 5.9 3.8* 0.8 0.7 ns 6.1 4.0* 1.0 0.7 ns 

[SO4
2-] 5.7 3.7* 2.5 2.2 ns 4.1 2.6 ns 1.5 1.1 ns 

Ca2+/Na+ 4.3 2.7* 1.4 1.3 ns 10.0 6.8* 10.0 6.8* 

PAWC 3.5 2.2 ns 2.1 1.8 ns 5.1 3.2* 4.0 2.8 ns 

Ca2+/Mg2+ 3.3 2.1 ns 2.3 2.1 ns 1.4 0.9 ns 1.6 1.2 ns 

% Clay 1.0 0.6 ns 1.1 1.0 ns 1.3 0.8 ns 1.2 0.9 ns 

% Sand 1.0 0.6 ns 2.3 2.0 ns 0.5 0.3 ns 1.5 1.1 ns 
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Figure captions 517 

Figure 1. Map of the study area, showing the position of the study sites in Mediterranean 518 

saltmarshes. 519 

Figure 2. Redundancy Analysis (RDA) on community weighted mean (CWM) for plant traits 520 

using edaphic variables as E.C.; pH; PAWC; Na+, K+, Ca2+, Mg2+, Cl- and SO4
2- concentrations; 521 

Ca2+/Mg2+, Ca2+/Na+ and K+/Na+ ratios; SAR; and percentages of sand and clay. Environmental 522 

variable abbreviations: E.C., electrical conductivity; PAWC, plant available water capacity; 523 

SAR; Sodium Adsorption Ratio. 524 

Figure 3. Redundancy Analysis (RDA) on functional diversity (FD) for plant traits using 525 

edaphic variables as E.C.; pH; PAWC; Na+, K+, Ca2+, Mg2+, Cl- and SO4
2- concentrations; 526 

Ca2+/Mg2+, Ca2+/Na+ and K+/Na+ ratios; SAR; and percentages of sand and clay. Environmental 527 

variable abbreviations: E.C., electrical conductivity; PAWC, plant available water capacity; 528 

SAR; Sodium Adsorption Ratio. 529 

Figure 4. SES values for each trait in every Ca2+/Na+ ratio range. Different letters indicate 530 

significant differences between Ca2+/Na+ ratio ranges. 531 
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Supplementary material 532 

Appendix A. Study sites in Mediterranean saltmarshes. 533 

Appendix B. Cover values for 62 species from 63 average relevés taken in the 20 studied 534 

Mediterranean saltmarshes during 2013-2014 one-year period. Abundance scale: r, isolated 535 

individuals with very low cover; +, < 1% cover; 1, 1-5% cover; 2, 5-25% cover; 3, 25-50% 536 

cover; 4, 50-75%; 5, > 75%. 537 

Appendix C. Annual average values per plot for the environmental variables assessed in the 538 

studied Mediterranean saltmarshes. 539 

Appendix D. Plant functional traits in saltmarshes. 540 

Appendix E. Trait matrix for 62 species based on 63 average relevés taken in the 20 studied 541 

Mediterranean saltmarshes. 542 

Appendix F. Measures of CWM and FD for the studied functional traits. 543 

Appendix G. Analysis of variance (ANOVA) of Ca2+/Na+ ratio group effect on SES values for 544 

each assessed trait. Numbers in bold indicate significant differences (P ≤ 0.05) between 545 

Ca2+/Na+ ratio groups. Abbreviation: df, degrees of freedom. 546 
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Highlights 

- The highest FD would be observed in the lowest saline zones, showing a marked 

turnover. 

- Multiple assembly processes determine the vegetal structure of the Mediterranean 

saltmarshes, and that environmental filters would shape the local species assemblages. 

- The whole salinity gradient protection should be considered to avoid the 

disappearance of some functional traits and, consequently, changes in the 

functional structure. 
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