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Abstract

Question: What is the effect of past land use and environmental gradients on

plant functional traits within coastal marsh plant communities?

Location:Mediterraneanmicrotidal marshes in the Llobregat Delta, NE Spain.

Methods: We used a data set collected previously comprising 45 vegetation

plots with associated soil parameters, water table conditions and past land use.

For each species we obtained the values or states for a set of plant functional

traits: plant height, leaf dry matter content, specific leaf area, seed production,

seed weight, life form and lateral expansion. To account for the effect of phylog-

eny, we evaluated trait diversity skewness by means of an ultrametric phyloge-

netic tree specifically constructed for the species studied. The association

between both environmental gradients and past disturbance, and plant func-

tional traits was tested bymeans of RLQ analysis.

Results: Of all the traits, only seed weight showed a phylogenetic signal; conse-

quently, phylogeny was not included in the RLQ analysis. Conductivity was

negatively correlated with seed weight, whereas water table conditions and soil

ionic balance were negatively correlated with specific leaf area. Past disturbance

was negatively correlated with leaf dry matter content and with lateral

expansion.

Conclusions: Plant traits of Llobregat Delta coastal marsh communities are con-

ditioned by environmental gradients and by past land use. Soil ionic balance and

water table conditions determine key plant functional traits such as specific leaf

area. This finding also corroborates the importance of soil ionic balance as a plant

life driver in microtidal Mediterranean marshes. The effect of past land use on

species traits might, however, be partially indirect and mediated by associated

environmental changes.

Introduction

The vegetation in a particular area reflects the selec-

tion, through environmental and biotic filters, from the

flora available of those species capable of co-existing

under the prevailing conditions (Keddy 1992). Plant

species thus selected might exhibit some common traits

that, in turn, determine ecosystem functions such as

biogeochemical cycling or response to disturbance

(Lavorel & Garnier 2002). Consequently, exploring the

relationship between environment and species traits

might help us to understand the response of organisms

and ecosystems to environmental constraints at differ-

ent levels (Lavorel & Garnier 2002; Wesuls et al.

2012).

In coastal marshes, salinity and moisture gradients have

been identified as the main natural factors that constrain

plant distribution (Chapman 1974). Only a few lineages of

vascular plants have developed plant traits such as succu-

lence, a photosynthetic pathway, or aerenchymatous roots

that allow them to inhabit coastal marshes (Adam 1993).

Except in the upper marsh zone, most plant communities

in coastal marshes are species-poor and dominated by

a few phylogenetically closely related species that

share many of their physiological traits (e.g. Bertness et al.

1992; Costa et al. 2003; Pennings et al. 2003). Since one
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mechanism that permits plant co-existence is trait differen-

tiation, coastal marshes offer an interesting context in

which to study the complex associations between environ-

mental gradients, plant community composition and plant

traits. However, few studies have addressed this issue

(Minden & Kleyer 2011; Minden et al. 2012), especially in

terms of accounting for phylogenetic signal (Pavoine et al.

2011). According to the research that has been published,

key environmental factors such as waterlogging and

salinity might promote changes in plant species traits in

coastal marshes, despite evidence still being limited and

inconclusive. For example, waterlogging and salinity

might increase (Minden & Kleyer 2011) or decrease (Min-

den et al. 2012) the frequency and abundance of plants

with a low specific leaf area (SLA) in these habitats.

Although costal marshes have traditionally been

drained for sanitary reasons and reclaimed for agricultural

use, their conservation and restoration have become com-

mon in Europe over the last few decades, following

increasing concern for the conservation of their natural

values. It is known that disturbance affects plant traits in

certain ways, as widely reported for arable fields and pas-

tures, after cropping and grazing cessation (Kleyer 1999;

Kahmen & Poschlod 2004; Pakeman 2004; Louault et al.

2005; Purschke et al. 2012), as well as for other types of

vegetation (McIntyre et al. 1999; Cornelissen et al. 2003).

Those studies report that disturbance commonly favour

species with high SLA, low leaf dry matter content

(LDMC), high seed production and low seed weight. These

effects could be interpreted in a successional context yet

modulated by intrinsic and climate factors (Pakeman 2004;

De Bello et al. 2005; D�ıaz et al. 2007). To our knowledge,

the relationship between level of disturbance and plant

traits in coastal marshes has only been studied for a small

number of traits (Dupr�e & Diekmann 2001; Pino et al.

2009; Benot et al. 2011). Those studies suggest that distur-

bance reduces plant height and the abundance of both

geophytes and plants with high lateral expansion (Dupr�e

& Diekmann 2001). In contrast, the effect of past distur-

bance (i.e. associated with contrasting changing histories

of land use) on plant species traits has not been taken into

account, despite land use legacy affecting current species

distribution in these marshes (Dom�enech et al. 2005; Pino

et al. 2009). There is increasing evidence that past land use

leaves a historical signal on current plant species distribu-

tion (e.g. Cristofoli et al. 2010; Jackson & Sax 2010) and

also on species traits (Lindborg 2007; Bagaria et al. 2012;

Purschke et al. 2012).

Here we study the relationship between both environ-

mental gradients and past land use, and the distribution of

plant functional traits in an area of Mediterranean coastal

marshes. The research focuses on a coastal marsh with a

complex history of changing land use (Batriu et al. 2011),

where we have recorded species abundances at 45 sam-

pling points. We hypothesize the existence of combined

effects of environmental factors and past land use on the

distribution of plant functional traits. Despite the effects of

environmental factors scarcely being known, we expect

that salinity and flooding affect traits related to species

growth and reproduction. We also expect that disturbance

associated with past land use promotes attributes of pio-

neer species (high SLA and seed production) but penalizes

those more frequent in late-successional species (i.e. large

plant size, high levels of expansion, persistence and clonal-

ity and increased LDMC and seed weight). We have built a

database of relevant biological and ecological plant traits,

with regard to species persistence and reproduction (Wei-

her et al. 1999), and we use a single, three-table ordina-

tion analysis (RLQ) to explore the roles of species

abundances, and environmental and past land use vari-

ables on the distribution of species traits, after testing for

the phylogenetic signal on these traits (Pavoine et al.

2011).

Methods

Study area

The study was conducted in the southern hemi-delta of

the River Llobregat (Llobregat Delta hereafter), south of

the city of Barcelona (41°N, 2°E; Catalonia, NE Spain). The

Llobregat Delta is a microtidal wetland area currently

included in the Barcelona conurbation. Climate data

obtained from Barcelona International Airport (located in

the middle of the delta) record an average annual precipi-

tation of 640 mm for the period 1971–2000, with mini-

mum rainfall in July (20 mm) and maximum in October

(91 mm). The mean annual temperature is 15.5 °C, with

the highest mean maximum in August (28 °C) and the

lowest mean minimum in January (4.4 °C). The area is

thus under a Mediterranean pluviseasonal–oceanic biocli-

mate. Coastal marshes in the Llobregat Delta are domi-

nated by reedbeds (Phragmition australis), rushbeds

(Juncion maritimi) and halophytic scrubland (Arthrocnemion

fruticosi).

Environmental gradients and species

We randomly selected 45 sampling points distributed

among the four best-preserved marshland remnants in the

delta (sites hereafter) situated along an inland–coastal gra-

dient and with different past and present land uses. These

sites are: Magarola Ricarda, Can Sabadell and Reguerons

(for details of their locations see Batriu et al. 2011). All the

sites occupy at least 18 ha and have diverse vegetation

types such as grasslands, coastal marsh communities,

coastal pine forest and dune vegetation. At each site we set
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up six to 19 sampling points, depending on marsh vegeta-

tion cover, randomly distributed among the three main

coastal marsh vegetation types (reedbeds, rushbeds and

halophytic shrubs). The distance between the points was

at least 20 m and the distance between the points and

roads was at least 50 m. Ricarda and Magarola are located

close to the shoreline; although the former has substantial

freshwater input, whereas the latter is more heavily influ-

enced by seawater. Can Sabadell and Reguerons are

located 2 km from the shoreline; the former includes some

patches of saline soil, whereas the latter may be considered

mesohaline. Thus, mesohaline and saline habitats are pres-

ent in both inland and shoreline localities. According to

Pino et al. (2006), Magarola and Ricarda are stable sites

(long-standing natural areas) while Can Sabadell and Reg-

uerons are semi-stable sites (abandoned and spontane-

ously restored since 1956). The four sites represent two

different past land use situations that were codified by a

two-value variable hereafter called past disturbance

(0 = stable sites since at least 1956; 1 = disturbed sites in

1956).

At each sampling point we recorded the species compo-

sition and abundance in a circular area of 2 m radius

(12.56 m2) using the Braun-Blanquet method (Braun-

Blanquet 1979). Species were identified according to Bol�os

et al. (2005) and taxonomy was later corrected to fit cur-

rent phylogenetic criteria (see below). The Braun-Blan-

quet cover–abundance scale was transformed following

the Dagnelie (1960) transformation, that is: + (<5%, few

individuals), 0.2; 1 (<5%, abundant), 1; 2 (5–25%), 2; 3

(25–50%), 3; 4 (50–75%), 4 and 5 (>75%), 5.

Each sampling point was marked with a vertically sunk

PVC pipe, 1.5 m in length (reaching 1.3 m in depth) and

32 mm in diameter. The water level (in cm) and conduc-

tivity (in lS�cm�1) were measured monthly at each pipe

from December 2004 to December 2006 using a WTW Tet-

raCond 325 sensor (WTW, Weilheim, DE). From April

2005 to January 2006, two soil samples were taken from

the top 20 cm at each sampling point every 3 mo. From

these samples we obtained a saturation extract following

Bower &Wilcox (1965). The concentrations of Ca2+, Mg2+,

Na+ and K+ of this saturation were determined using ICP-

OES (optic emission spectroscopy with inductive plasma).

The balance between the concentrations of Na+, Mg2+ and

Ca2+ ions, called the SAR (sodium adsorption ratio), was

calculated following Richards (1974).

Traits

We obtained the values of seven plant traits for each of 40

species occurring in the relev�es, namely: plant height,

LDMC, SLA, seed production, seed weight, capacity for lat-

eral expansion and life form. These traits indicate the

responses of plants to their environmental challenges

(Weiher et al. 1999). SLA, LDMC and plant height were

measured according to the recommended sample sizes

given in Cornelissen et al. (2003): ten individuals for plant

height and five leaves from two different individuals for

SLA and LDMC. However, the collected leaves were

pooled to form a single sample to obtain a single measure.

Moreover, for six species, the SLA and LDMC data were

obtained from the LEDA traitbase (Kleyer et al. 2008).

Seed production was specifically measured according to

Sera & Sery (2004); with the exception of one species (Gali-

um aparine), for which the value was obtained directly

from Sera & Sery (2004). Seed weight was obtained from

the Seed Information Database (v 7.1, http://data.kew.org/

sid/), except for eight species not in that database which

were sampled according to Cornelissen et al. (2003): using

a minimum of five seeds from three different individuals.

In our case, however, the seeds were air-dried instead of

oven-dried, based on the protocol used by the Seed Infor-

mation Database (v 7.1, http://data.kew.org/sid/). We

assigned the Raunkiaer life forms according to Bol�os et al.

(2005), except that chamaephytes and phanerophytes

were merged into a single category. To assess capacity for

lateral expansion, we considered the four categories

described in the LEDA standards (Kleyer et al. 2008): no

lateral spread (mainly therophytes), low lateral spread

(<0.001 m�yr�1), moderate lateral spread (0.01–

0.25 m�yr�1; mainly plants that adopt a phalanx strategy

sensu Grime 1979), and high lateral spread (>0.25 m�yr�1,

mainly plants that adopt a guerrilla strategy, cf. Grime

1979). The species were classified into one of these four

categories according to personal observations and descrip-

tions in standard floras (mainly Bol�os et al. 2005). Life

form and lateral expansion were transformed into dummy

nominal variables. All the trait variables showed pair-wise

Spearman correlation, |r| < 0.75, for all the study species.

Phylogeny

Phylogenetically closely related species may share more

plant traits than expected by chance (Cahill et al. 2008).

That being so, any study dealing with the relation between

plant traits and gradients should first test this effect, i.e.

check for phylogenetic signal. If there is such a signal, the

results cannot be completely attributed to environmental

filtering, but must also be partially attributed to phyloge-

netic relations. To check for a phylogenetic signal, we con-

structed a tree topology using the topology of the APG III

(2009) classification as the basic structure. For families

with more than one species, we completed this basic tree

using specific studies. We then used the TimeTree database

(Hedges et al. 2006; www.timetree.org) to obtain the

molecular age of 20 nodes dated in recently published
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studies. For more details of the tree topology resolution

and node dating see App. S1.

To test for the presence of phylogenetic signal, we used

the skewness test devised by Pavoine et al. (2010). The

method involves decomposing trait diversity among the

nodes of a phylogenetic classification tree. The value attrib-

uted to a node is a function of the trait diversity among the

clades descending from it. Species traits show a phyloge-

netic signal if the trait diversity is biased to the root or to

the tip of the phylogenetic tree. The skewness test was per-

formed using R (R Foundation for Statistical Computing,

Vienna, AT) and the R scripts provided by Pavoine et al.

(2010). For more details of this test see App. S1.

Overall, neither trait diversity nor any trait (except for

seed weight) showed significant skewness towards the

root or the tips of the phylogenetic tree (P > 0.05). Based

on this, we did not incorporate phylogeny into the RLQ

analysis.

Statistical analysis

For the study we considered past land use and three

selected variables that are representative of the main envi-

ronmental gradients in coastal marshlands: maximum

water table conductivity (hereafter conductivity), mean

water table level (hereafter water table) and mean soil

SAR. These variables were identified as the most important

factors that constrain species distribution in coastal marsh

plant communities in the Llobregat Delta through a CCA

analysis and showed a pair-wise Spearman correlation,

|r| < 0.75 (Batriu et al. 2011).

Quantitative traits (plant height, LDMC, SLA, seed pro-

duction, seed weight) and environmental variables were

tested for normality using the Shapiro-Wilk normality test,

and all variables with P < 0.1 were log transformed. All

variables except seed production fulfilled the normality

condition. Then, all trait and environmental quantitative

variables were standardized (mean = 0, SD = 1).

We assessed the association between environmental

variables and plant traits by means of an RLQ analysis

(Dol�edec et al. 1996). According Kleyer et al. (2012), this

method provides an excellent overview of the trait–envi-

ronment relationships at the species level. RLQ is an exten-

sion of co-inertia analysis that searches for a combination

of traits and environmental variables of maximal covari-

ance, which is weighted by the abundances of the species

in the plots. To perform the RLQ analysis, we first per-

formed a correspondence analysis (CA) on the species

relev�e matrix (L matrix), then we performed principal

components analysis (PCA) on the species traits (Qmatrix)

and also on the environmental factors (R matrix) using the

species weights from the CA previously performed on the

L matrix as row weights. Finally, the RLQ analysis was

performed using the CA and both PCAs. The overall signifi-

cance of the RLQ analysis was tested using a Monte-Carlo

permutation test with 999 repetitions.

The significance of the correlation between each envi-

ronmental variable and each trait was tested using two

models of permutations detailed in Dray & Legendre

(2008). In the first model, we used a permutation of the

site vectors in the L table that tests whether species assem-

blages are dependent on environmental gradients, permu-

tation 2 in Dray & Legendre (2008). In the second model,

we used a permutation of the species vectors of the L table

that tests whether the distribution of species depends on

the traits of these species, permutation model 4 in Dray &

Legendre (2008). In accordance with Dray & Legendre

(2008), we combined the two models in order to attain the

correct Type I error level. The permutations were per-

formed using a Monte Carlo permutation test with 999

repetitions.

All the analysis were performed using the package ade4

(Dray & Dufour 2007) from R (v 2.15, www.r-project.org)

and the R scripts provided by Kleyer et al. (2012).

Results

The RLQ test was significant (P = 0.02) and its first two

axes explained almost all the total co-inertia (97.4%). The

first axis explained 88.5% of the co-inertia, and it was posi-

tively correlated with past disturbance and negatively cor-

related with water table, conductivity and SAR (Fig. 1). As

for traits, the first axis was negatively correlated with

LDMC, high lateral expansion capacity (guerrilla strategy)

and chamaephyte life form; and positively correlated with

seed weight, therophyte life form and no lateral expansion

capacity. Based on the hypotheses we outlined in the

introduction, this axis split the plots in two groups: plots

under low natural stress (i.e. the magnitude of stress

caused by salinity and flooding was low) and located on

past disturbed sites; and communities under high natural

stress and located on past disturbed sites. Species with a

low LDMC, no lateral expansion capacity, therophyte life

form and high seed weight were common in this ecological

situation. The second axis explained only 8.9% of the total

co-inertia. It was mainly negatively correlated with water

table, and to a minor degree positively correlated with con-

ductivity and negatively correlated with SAR. It should be

noted that in high positions on axis 2, the plots have a low

water table that has high conductivity, and in this situation

roots do not tend to be exposed to salinity stress. In terms

of traits, the second axis was positively correlated with seed

production, high lateral expansion capacity (guerrilla strat-

egy) and SLA; and negatively correlated with seed weight,

no lateral expansion capacity, therophyte life form and

plant height. This second axis should be understood as an
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axis that reflects both waterlogging and high soil SAR

gradients (Fig. 1). In plots where waterlogging or soil SAR

is high, most plants showed high seed production, high

lateral expansion capacity, high SLA, low seed weight and

low height.

The RLQ permutations revealed five significant

(P < 0.05) negative correlations between environmental

variables and plant traits. These are the relations between

past disturbance and high lateral expansion capacity (guer-

rilla strategy), past disturbance and LDMC, conductivity

and seed weight, water table and SLA, and SAR and SLA

(Table 1).

Discussion

Environmental gradients

We found a significant relationship between environmen-

tal gradients and plant traits in Mediterranean coastal

marshlands. First, we found significant effects of water

table and salinity on SLA. According to previous studies,

the effects of the salinity–flooding gradient on SLA might

be negative (Minden & Kleyer 2011) or positive (Minden

et al. 2012). This apparent contradiction may be caused by

succulent species, which sometimes are abundant in

highly saline conditions. The particular leaf anatomy of

succulent plants gives high SLA values, which conflicts

with the expected trend of lower SLA values in species

growing in stressful environments (Vendramini et al.

2002). Environmental gradients in our case study were not

as mixed as those reported byMinden & Kleyer (2011) and

Minden et al. (2012) inmacrotidal salt marshes, due to the

absence of a tidal regime; thus better disentangling the

effects of salinity and flooding. Mediterranean coastal

marshes are characterized by dominant succulent Cheno-

podiaceae in highly saline habitats (Adam 1993). However,

other plant types can also overcome osmotic water stress

thanks to noticeable lignification of the leaves or photo-

synthetic stems, as seen in rushes (Juncus acutus and Juncus

maritimus). The presence of species using this strategy

explains the negative association between salinity and SLA

observed in our study. The salinity effect is due to the bal-

ance between Na+, Mg2+ and Ca2+ (SAR) in soil. This is

consistent with the identification of soil SAR as an impor-

tant environmental driver in vegetation composition in

microtidal Mediterranean coastal marshes (�Alvarez Rogel

et al. 2001;Molina et al. 2003; Batriu et al. 2011). Accord-

ing to Mommer et al. (2006), flooding promotes plants

with high SLA values. Under the water, gases enter the leaf

through the cuticle and epidermal cells; therefore thin

leaves can improve gas exchange in these circumstances.

(a)

(b)

Fig. 1. Position of the environmental variables (a) and traits (b) in the

space defined by the first two RLQ axes. Variable codes: Sar, sodium

adsorption rate; SLA, specific leaf area; LDMC, leaf dry mass content. Trait

codes: Ch, chamaephyte life form; H, hemicryptophyte life form; G,

geophyte life form; Th; therophyte life form; LE; lateral expansion capacity.

Table 1. Pearson correlations between traits and environmental variables

obtained through permutation models 2 and 4 detailed in Dray & Legendre

(2008).

Past

Disturbance

Max.

Conduct.

Water

Table

SAR

Plant Height 0.004 �0.036 0.06 0.021

LDMC �0.265* 0.162 0.233 0.075

SLA 0.238 �0.087 �0.358* �0.181*

Seed Production �0.176 0.18 0.109 �0.04

Seed Weight 0.204 �0.254* �0.09 �0.04

Life Form

Ch �0.055 0.017 �0.003 0.025

H �0.127 0.075 0.05 �0.035

G 0.133 �0.036 �0.103 �0.004

Th 0.113 �0.07 �0.001 �0.015

Lateral Expansion

No 0.11 �0.066 �0.01 �0.008

Low 0.211 �0.14 �0.243 �0.071

Phalanx 0.149 �0.04 �0.03 �0.049

Guerrilla �0.28* 0.156 �0.158 �0.048

*P < 0.05.

Variable and trait codes: Sar, sodium adsorption rate; SLA, specific leaf

area; LDMC, leaf dry mass content; Ch, chamaephyte life form; H, hemi-

cryptophyte life form; G, geophyte life form; Th, therophyte life form.
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However, in most of the species thriving in high water

table conditions in our study, only the root system was

under water and most of the leaves were out of the water.

In these circumstances, plants may suffer drought stress as

anoxic soil conditions reduce root water uptake, while the

evaporative demand of leaves remains constant (Poorter

et al. 2009). This effect explains the negative relation

observed between water table and SLA.

Shumway & Bertness (1992) identified two types of

plant functional groups in temperate coastal marshes: the

perennial turfs (persisting through dense clonal growth)

and the fugitive herbs (without clonal growth capacity).

Perennial turfs dominate in late successional stages, where

the slow dynamics is dependent on clonal growth and per-

sistence, and sexual recruitment plays only a minor role

(Shumway & Bertness 1992). Strong saline-tolerant plants

can be associated with fugitive behaviour, since constitu-

tive physiological costs inherent to halophyte specializa-

tion lead to a low competitive capacity against less tolerant

species when growing in less saline soils (Adam 1993).

Thus, as Erfanzadeh et al. (2010) showed, saline-tolerant

species are forced to be good seed producers and dispersers

in order to colonize new available high saline gaps within

the less salinematrix. This would explain the negative rela-

tion between conductivity and seed weight.

Coastal marshes are one of the Central European vege-

tation types that exhibit a high proportion of clonal species

(Sosnov�a et al. 2010). However, in the case of Mediterra-

nean dry salt marshes, halophytic shrubs with a low capac-

ity for lateral expansion play an important role in highly

saline conditions (Adam 1993). For instance, the dominat-

ing species in the most saline conditions of the Llobregat

Delta marshes is Arthrocnemum fruticosum, a sub-shrub with

no capacity for lateral spread. Therefore, a clear negative

correlation between conductivity or SAR and lateral

expansion might be expected along a pronounced salinity

gradient, ranging from highly saline to very low saline con-

ditions. However, semi-stable sites found mainly on non-

saline soils promoted annual species without the capacity

for lateral spread, which buffered the expected trend.

Past land use

Our study also detected a significant negative effect of his-

torical disturbance associated with past agricultural use on

two species traits: lateral expansion capacity and LDMC.

Previous studies also detected a significant association

between past land use and species traits, suggesting that

these traits might mediate plant response to land-use

change (Verheyen et al. 2003; Kolb & Diekmann 2005;

Adriaens et al. 2006; Lindborg 2007; Bagaria et al. 2012).

In our case, the effect on traits might also be partially

masked by changes in environmental conditions deter-

mined by the previous land use. Indeed, post-agricultural

soils tend to have high resource availability (Knops & Til-

man 2000), and past agricultural use might have deter-

mined an increase in the soil fertility of semi-stable

marshlands compared with stable ones, as suggested by

their mean values of organic C:N ratio (Table 2). Hence,

species growing in semi-stable marshlands might show

higher SLA and lower LDMC than those in stable marsh-

lands, as these traits are known to be related to high

resource availability (Lavorel & Garnier 2002; Cornelissen

et al. 2003). However, we only found this association in

the case of LDMC; a trait related to the average density of

leaf tissue and relatively opposed to SLA (Cornelissen et al.

2003). The strong dependence of SLA on leaf thickness

(Wilson et al. 1999) seems to make LDMC a better proxy

for nutrient availability than SLA in the case of marshland

plants, as suggested by our results.

The negative association between past disturbance and

capacity for lateral expansion detected in our study has

also been observed in grazed pastures (Wesuls et al. 2012),

agrarian landscapes (Kleyer 1999) and managed meadows

(Klime�sov�a et al. 2008). Again, however, the potential

effect of past land use on current environmental conditions

should be taken into account. Indeed, soil moisture gradi-

ent is a key factor determining the abundance of plants

with lateral expansion (Klime�sov�a et al. 2008), and this

factor might have been affected by historical agricultural

use (e.g. through field drainage), as suggested by the low

Table 2. Water table, soil and land-use characteristics of the study sites. Water table and soil variables are characterized by mean � SD values.

Site Stable Sites Semi-Stable Sites

Ma Ri Sa Re

Water Table (cm) �14.66 � 10.93 �14.42 � 14.4 �38.86 � 10.02 �49.04 � 9.07

Max. Conduct. (lS�cm�1) 57 425 � 35 633 33 108 � 12 939 37 269 � 21 242 28 215 � 11 777

Sodium Adsortion Rate 36.07 � 2.52 33.76 � 3.12 40.26 � 0.95 21.88 � 0.84

Org C/N 13.24 � 15.11 13.56 � 10.85 8.82 � 27.03 9.36 � 7.84

Land Use in 1956 Marshland Marshland Cropland/pasture Cropland/pasture

Land Use in 2012 Marshland Marshland Marshland Marshland

Site codes: Ma, Magarola; Ri, Ricarda; Sa, Sabadell; Re, Reguerons.
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water table of semi-stable sites compared with that of sta-

ble ones (Table 2).

The remaining plant attributes studied did not show any

association with past land use, contrary of our expecta-

tions. Indeed, Raunkiaer life forms were conceived to

reflect the persistence of plant species in relation to cli-

mate, but they also partially reflect the capacity to respond

to disturbance (Cornelissen et al. 2003). Plant height is

expected to increase with decreasing disturbance intensity

(Kleyer 1999; Lavorel & Garnier 2002). Seed mass and

seed production commonly show significant but opposite

trends with disturbance (Lavorel & Garnier 2002; Cornelis-

sen et al. 2003). Seedlings from larger seeds better survive

in stable, competitive habitats than those from smaller

seeds (Leishman 2001). Hence, late successional species

tend to have large seeds but low seed production due to

the known trade-off between these components (Leish-

man 2001). In contrast, pioneer species dominating in dis-

turbed habitats show high colonization capacity due to

high seed production, but seeds are commonly small and

seedlings cannot establish themselves in crowded condi-

tions (Burke & Grime 1996; Leishman 2001). The lack of

association of any of these traits with past land use indi-

cates that the species reaction to land-use change has prob-

ably been rapid enough to ensure that no historical signal

persists in present marshland communities. Moreover, the

flora and vegetation dynamics of costal marshlands has

some intrinsic characteristics that may make it difficult to

detect some typical relations between disturbance and

traits. That is, halophyte plants thriving on undisturbed

marshlands have high seed production and low seed mass;

or stable marshland communities are usually dominated

by geophytes. The historical landscape has also been iden-

tified as determinant of plant species traits in present-day

grasslands (Purschke et al. 2012) due to its effects on

species colonization. More information on the landscape

history of the study area, especially on grazing pressure,

and more quantitative information on key reproductive

traits such as autogamy, seed production and seed bank

fertility, would help to better assess the role of plant land

use in species trait distribution in the Mediterranean

marshlands studied, as in other changing habitats

(Lindborg 2007; Bagaria et al. 2012).

Concluding remarks

In the strongly human-altered microtidal Mediterranean

coastal marshes, environmental gradients and past land

use affect species composition through functional plant

traits and independently of species phylogeny. Regarding

environmental gradients, conductivity affects seed produc-

tion, seed weight and SAR, whereas water table deter-

mines SLA. These results diverge from those observed in

macrotidal coastal marshes in that soil ion balance (SAR)

and water table determine key plant functional traits such

as SLA, due to the weak tidal regime and the existence of a

dry summer season. In contrast, past disturbance only

affects LDMC and capacity for lateral expansion. The effect

of land use on species traits might be partially mediated by

the strong environmental gradients and by the effect of

past (agricultural) land use on these environmental condi-

tions that, in turn, affect species traits.

From a conservation point of view, our results may help

in predicting vegetation changes in these marshes, driven

by shifts in plant functional traits directly or indirectly

caused by habitat alterations. As Mediterranean coastal

marshes have a long history of human transformation,

which continues today (Curc�o et al. 2002), changes in the

disturbance regime but also in some environmental factors

(e.g. through human-induced alterations of marshland

hydrological regimes) are expected. This might affect key

plant functional traits which, in turn, affect ecosystem pro-

cesses (Lavorel & Garnier 2002), such as changes in the

dead biomass accumulation observed in Central European

salt marshes due to changes in the SLA of dominating

species (Minden & Kleyer 2011).
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Appendix S1. Supplementary information on the phylogeny construction. 

 

Tree topology was constructed using the topology of Angiosperm Phylogeny Group 

classification (Group 2009) as the basic structure. For families with more than one 

species we completed this basic tree using the following studies: for Amaranthaceae we 

used Kadereit et al. (2003, 2010, 2006) and Kapralov et al. (2006); resolution of 

Apiaceae followed Downie et al. (2000 ); the general phylogenetic tree of Asteraceae 

followed Torices (2010); Sonchus genus followed Kim et al. (2007); Aster genus 

followed Li et al. (2012); Juncaceae followed Drábková & Vlcek (2009) and Roalson 

(2005); Poaceae followed Bouchenak-Khelladi et al. (2010); for the Bromus phylogeny 

we used Saarela et al. (2007); and Cyperaceae were assessed according to Musaya et al. 

(2009).  

 

We used the timetree database (Hedges et al. 2006) ( www.timetree.org) to obtain 

the molecular age of 20 nodes dated in recently published studies. Most of ages came 

from the study of Arakaki et al (2011), for more details see Table 1-1 and in Figure 2-1, 

where nodes, theit age and references are shown. We used the bladj algorithm to 

estimate the tree branch lengths of non-dated tree fragments. Tree construction and 

dating were performed using the program Phylocom v. 4.2 (Webb et al. 2008). 

 

To test for the presence of phylogenic bias we used the test developed by Pavoine et 

al. (2010). To do so we built a matrix of pairwise phylogenetic distances among species 

using the square root of the sum of branch lengths along the shortest path that connects 

species, which provides Euclidean distances (Pavoine et al. 2010). We also constructed 

matrices of pairwise trait distances among species, trait by trait, and also pooled 

together. Euclidean distances were applied on both dummy-transformed nominal and 

quantitative traits. We then applied the skewness with 999 Monte Carlo simulations for 

each matrix. This test was done using R ( R Development Core Team, 2012) and the R 

scripts provided by Pavoine et al.(2010). 

 

This methodology decomposes trait diversity among the nodes of a classification. The 

value attributed to a node is a function of the trait diversity among the clades 

descending from it. The objective is to highlight main among-clade differences in the 

trait states of the species that contribute significantly to the total trait diversity of the 
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species considered. Species traits show a phylogenetic bias if trait diversity is biased to 

the root or to the tip of the phylogenetic tree. 

 

Only seed weight showed clear skewness (p < 0.05) towards the root of the 

phylogenetic tree, meaning that the maximum diversity of this trait is found in the first 

tree dichotomies. None of the remaining traits or all traits tested together showed any 

significant skewness towards the root or the tips of the phylogenetic tree (p > 0.05) 

(Table S1-2). 

 

 

Table S1-1. Estimated age and source for the 20 dated nodes. 

Node Estimated age (Mya) Reference 

1 134.1 (Arakaki et al. 2011) 

2 119.7 (Arakaki et al. 2011) 

3 112.5 (Arakaki et al. 2011) 

4 110.6 (Arakaki et al. 2011) 

5 86.5 (Arakaki et al. 2011) 

6 77.2 (Arakaki et al. 2011) 

7 32 (Arakaki et al. 2011) 

8 27.5 (Kim et al. 2005) 

9 24.4 (Liu et al. 2002) 

10 75.4 (Arakaki et al. 2011) 

11 71 (Arakaki et al. 2011) 

12 70 (Arakaki et al. 2011) 

13 78 (Kadereit et al. 2003) 

14 65 (Bremer et al. 2004) 

15 102.7 (Arakaki et al. 2011) 

16 113 (Janssen et al. 2004) 

17 88 (Janssen et al. 2004) 

18 31.6 (Arakaki et al. 2011) 

19 17.9 (Inda et al. 2008) 

20 15.4 (Inda et al. 2008) 
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Figure S1-1. Phylogenetic tree of the plant species. Dated nodes are numbered in the 

tree and their estimated ages are given in Table S1-1. 
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Table S1-2. Results of Skewness test of trait diversity towards the root or the tips of the 

phylogenetic tree constructed with all species found in relevés. Test was performed 

using a MonteCarlo permutation procedure (* p<0.05). 

 

Skewed towards 

 Root Tips 

All traits 0.366 0.621 

Plant height 0.521 0.506 

LDMC 0.483 0.536 

SLA 0.759 0.268 

Seed production 0.073 0.906 

Seed weight 0.048* 0.957 

Life form 0.571 0.41 

Lateral 

expansion 0.881 0.21 
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Appendix 2. Plant traits 

Table 2-1. Compilation of values or states of plant traits for all species treated. 

Taxonomy follows Bolòs et al. (2005) with a few exceptions. For quantitative traits all 

values come from our own measurements, except those marked with: * (Kleyer et al. 

2008); @ (Sera et al. 2004); + (Kew 2008)). Life form and lateral expansion come from 

Bolòs et al. (2005) with some modifications (e.g. Phanerophytes were merged together 

with Chamaephytes) and our own observations. Units used are: Plant height in cm; Leaf 

Dry Mass Content (LDMC) in mg/g; Specific Leaf Area (SLA) in mm2/mg of dry 

weight; Seed production in seeds/m2; Seed weight in g per 1,000 seeds. 

 

Taxon 

Plant 

height LDMC SLA 

Seed 

production

Seed 

weight 

Life 

form 

Lateral 

expansion

Agrostis stolonifera 44.3 359.68 22.78 577,688 0.06+ H Phalanx 

Asparagus officinalis 142.5 280.26* 10.95* 1,166 26.12+ G Low 

Aster squamatus 99.1 172.23 21.49 285,757 0.1+ Ch No 

Atriplex portulacoides 43.5 176.46 13.49 155,533 1.31+ Th No 

Avena barbata 80 237.66* 24.96* 9,917 9.27+ Th No 

Beta vulgaris 86.3 88.97 17.04 218,080 15.4+ H Low 

Bolboschoenus 

maritimus 87.2 275.10 12.46 9,898 2.3+ G Phalanx 

Brachypodium 

phoenicoides 51.2 405.63 12.87 3,820 3.2+ H Guerrilla 

Bromus commutatus 70 235* 25.48* 63,150 4.64+ Th No 

Bromus madritensis 28 173.94* 35.64* 87,891 3.3+ Th No 

Calystegia sepium 281 150.84 33.84 158 25.58+ G Low 

Cardaria draba 37.6 161.67* 20.5* 209,851 2.04+ H Low 

Carex extensa 59.8 257.96 12.35 45,878 1.15+ H Guerrilla 

Cirsium vulgare 116.8 120.67* 17.16* 5,704 2.91+ H Low 

Cynanchum acutum 281 177.19 23.76 567 10.41+ G Low 

Dipsacus fullonum 158.8 167* 22.3* 291,897 2.26+ H No 

Dorycnium 

pentaphyllum  73.7 247.86 14.79 28,143 2.8+ Ch No 

Elymus pungens  80.6 437.03 8.51 26,057 4.84+ H Phalanx 

Festuca arundinacea  42.4 254.56 18.55 36,869 2.4+ H Guerrilla 

Galium aparine 95.7 140* 34.68* 25,180@ 8.9+ Th No 

Halimione 

portulacoides 28.9 117.32 9.89 16,646 3.03+ Ch Guerrilla 
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Hordeum marinum 11.6 324.68 31.6 67,800 2.16 Th No 

Inula crithmoides 74.7 136.73 26.74 250,929 0.37+ Ch No 

Isolepis cernua 6 143.86 20.41 600,000 0.13+ Th No 

Juncus acutus 162.7 381.41 2.63 630,601 0.08+ H Guerrilla 

Juncus maritimus 115.5 408.51 3.88 663,627 0.03+ H Guerrilla 

Juncus subulatus 97.2 286.70 10.34 8,060,467 0.02+ G Guerrilla 

Oenanthe lachenalii 106 206.11 8.18 108,699 0.9+ H Low 

Paspalum vaginatum 24.4 248.07 23.59 142,626 0.16 Ch Phalanx 

Phragmites australis  

subsp. australis 223 446.66 13.12 47,707 0.11 G Phalanx 

Phragmites australis  

subsp. chrysanthus 281 413.35 10.95 42,643 0.04 G Phalanx 

Platago crassifolia 9.2 152.34 6.51 16,371 0.26 H Low 

Sarcocornia fruticosa 90 131.21 12.10 532,374 0.14 Ch No 

Schoenus nigricans 82.5 431.54 5.25 2,396 0.6+ H Guerrilla 

Sonchus asper 70.5 123.67* 24.97* 221,593 0.28+ Th No 

Sonchus maritimus 91.6 103.82 21.65 17,369 0.33 H Low 

Spartina versicolor 116.4 329.87 8.54 1.4 0.5 Ch Phalanx 

Suaeda vera 92.4 149.50 8.53 120,703 0.33 Ch No 

Torilis arvensis 35.5 267.44 20.29 53,507 2.1+ Th No 

Tripolium vulgare 93.5 124.34 10.39 90,569 0.43+ Th No 
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