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Abstract Recent empirical and theoretical approaches
have called for an understanding of the processes un-
derpinning ecosystem service provision. Environmental
gradients have shown effects on key plant functional
traits that subsequently explain ecosystem properties of
several systems. However, little is known concerning
how associations between plant functional traits, includ-
ing both below- and aboveground plant components,
predict ecosystem properties and independently

measured final ecosystem services. Here, we modeled
(1) the responses of the leaf and plant economics spec-
trum, Plant size axis, and root growth to environmental
gradients and (2) how associations between plant func-
tional traits explain trade-offs and synergies between
multiple ecosystem properties and final services.
Forty-four plots were studied in a coastal marsh land-
scape of the German North Sea Coast. We used a partial
least square structural equation model approach to test
the hypothesized model. We found (1) a negative co-
variation between plant traits pertaining to a size axis
and traits explaining both plant growth (roots and stems)
and the leaf economics spectrum; (2) this trade-off
responded significantly to the land use gradient and
nutrient availability, which were both strongly driven
by the groundwater gradient; (3) this trade-off explained
an initial major trade-off between carbon stocks, at one
extreme of the axis, and both the habitat value to con-
serve endangered plants and forage production for meat
and dairy products at the other extreme. However, a
secondary trade-off between nature conservation
value and forage production, explained by a
trade-off between leaf economics spectrum and
plant growth in response to the land use intensity gradi-
ent, was also found.
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Introduction

Ecosystem services (ES) are the benefits that humans
obtain from ecosystems. For achieving some of these
benefits, strong landscape modifications are deliberately
exerted (MEA, 2005). For instance, in agroecosystems,
maximizing the procurement of provisioning services,
i.e., products directly obtained from ecosystems, e.g.,
food, fiber, or timber, has frequently weakened the
ecosystems’ capacity to provide other supporting ser-
vices (i.e., basis for the services of the other categories,
e.g., nutrient cycling, biomass production), regulating
services (i.e., benefits obtained from the regulation of
ecosystem processes, e.g., water, soil, or climate regu-
lation), and cultural services (i.e., non-material benefits
people obtain from nature, e.g., recreation or esthetic
value of ecosystems) (Bennett & Balvanera 2007;
Power 2010). Negative relationships between the ES
have been called ES trade-offs. ES trade-offs occur
when maximizing the procurement of one given ES
hampers the capacity of the ecosystems to supply an-
other ES (Raudsepp-Hearne et al. 2010). In contrast, ES
synergies arise when the use of one ES directly increases
the benefits supplied by another service. Research ap-
proaches using land cover data as proxies for the ES
supply are increasingly being used to identify spatial ES
trade-offs and co-occurrence of ES, namely ES bundles,
i.e., ES bundles have been defined as sets of ecosystem
services that repeatedly appear together across space or
time (Raudsepp-Hearne et al. 2010). Land cover ap-
proaches using proxies can be suitable for identifying
broad-scale trends in ES supply, but even relatively
good proxies are likely to be unsuitable for identifying
hotspots or priority areas for multiple services, as they
can fail to accurately predict the mechanistic under-
standing of ES supply since the biophysical processes
underpinning ES are usually not accounted (Eigenbrod
et al. 2010, Bennett et al. 2009). Mechanistic and
process-based approaches are therefore emerging as
promising tools to understand and predict changes in
the provision of biodiversity and multiple ecosystem
services and assess the roots of ecosystem service
trade-offs (Bennett et al. 2009, Duncan et al. 2015).
For example, some studies in mountain grasslands have
quantified significant direct effects of climate and land
use on multiple ES via plant functional traits at spatial
scale (Lamarque et al. 2014). Understanding of process-
based relationships e.g. responses of biodiversity to
drivers and its effect onmultitude of ecosystem services,

appears to be aprerequisite for a proper understanding of
spatial distribution of ES and their trade-offs as shown
by previous works of Lavorel et al. (2011) or Lamarque
et al. (2014). Specifically, within ecosystems, vegetation
plays a central role on explaining a bright spectrum of
not only regulating, provisioning, and supporting but
also cultural ES (De Bello et al. 2010). Vegetation is an
essential target of research addressing the connection
between biodiversity-ecosystem functioning-ecosystem
services (B-EF-ES) (Isbell et al. 2011, Duncan et al.
2015), and it is key for the identification of the relation-
ships between ES and several trophic levels (Lavorel
et al. 2013).

Trait-base approaches have extensively been used to
predict changes of vegetation, via plant functional traits,
in response to climate and land use to explain ecosystem
functions (Minden & Kleyer 2015, Conti & Díaz 2013).
As defined by Violle et al. (2007) “functional traits are
morpho-physio-phenological traits which impact fitness
indirectly via their effects on growth, reproduction and
survival, the three components of individual perfor-
mance”. Strong evidence of plant functional trait asso-
ciations contributing to fundamental ecosystem func-
tions has been found, especially for plant trait effects
on primary production and some processes associated
with carbon and nitrogen cycling (Lavorel 2013). Be-
sides, trait-based approaches are increasingly been used
to explain multiple vegetation-mediated ES (Hevia et al.
2017) and their trade-offs (Lavorel & Grigulis 2012).
However, understanding these processes requires a pro-
found knowledge of the complex associations and co-
ordination between plant functional traits in response to
environmental factors and land use (Lavorel & Grigulis
2012, Wen et al. 2019).

Plant functional traits vary in response to environ-
mental gradients (Lavorel & Garnier 2002; Paula &
Pausas 2011). Variation of key leaf functional traits
(e.g., specific leaf area (SLA), leaf nitrogen content
(LNC), and leaf dry matter content (LDMC)) has been
found to indicate a trade-off between a resource acqui-
sition strategy (i.e., high values of SLA and LNC and
low values of LDMC) and a resource conservation
strategy (i.e., high values of LDMC and low values of
SLA and LNC). This trade-off has globally been proven
showing wide-ranging and convincing evidence that
feasible leaf investment strategies are to a great extent
arrayed along a single spectrum, namely leaf economics
spectrum (LES, Wright et al. 2004). Variation of these
functional traits strongly responds to biomass removal
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(Lienin & Kleyer 2011), soil nutrient availability, or
elevation gradients (Lavorel & Grigulis 2012). Yet,
associations between leaf economics spectrum traits
and other plant traits, e.g., belowground traits, are poor-
ly understood and need to be addressed (Kleyer et al.
2018). Evidence of a coordinated whole plant econom-
ics spectrum as an extension of the leaf economics
spectrum was described (Freschet et al. 2010), showing
that variation in root, stem, and leaf traits operate in a
coordinated fashion in response to environmental
changes. However, research on this direction needs to
consider different environmental gradients, scales, and
ecosystems to draw accurate conclusions for specific
contexts (Wood et al. 2015, Hevia et al. 2017). Studies
on a global scale have shown an alternative group of
plant functional traits that may operate independently
from the leaf economics spectrum (Díaz et al. 2004).
Plant height or biomass dry weights are key plant traits
associated with the so-called size axis (Westoby et al.
2002). Plant traits explaining the size axis are good
candidates to predict plants’ abilities to capture light
resources (Westoby et al. 2002), plant life history
(Moles & Westoby 2006), or reproductive abilities
(Grime 1977; Westoby & Wright 2006). A co-
variation between size axis and leaf economics spectrum
in response to biomass removal was found in agricul-
tural systems from central Europe. However, when sev-
eral systems were included, e.g., both managed grass-
lands and heaths, this relationship was not obvious
(Lienin & Kleyer 2011).

Recently, the responses of several plant functional
traits to environmental parameters such as saline
groundwater have been studied in temperate saltmarshes
(Minden and Kleyer 2011 and 2015). However, studies
showing response effects on broader scales in such
temperate coastal grasslands, including both freshwater
and saltwater systems, has not yet been addressed. The
“biomass ratio” hypothesis (Grime 1998) states that
dominant species from a community control the main
ecosystem properties (EP); conversely, less abundant
species do not exert significant effects on these proper-
ties, i.e., by contrast, some authors have shown that the
functional diversity of plant traits (e.g., functional rich-
ness, evenness, or divergence) controls key ecosystem
functions due to the complementarity in using resources,
i.e., “Niche complementary or Diversity Hypothesis”
(Wen et al. 2019, Díaz et al. 2007, Tilman 1997).
However, models associated with the two hypotheses
are not necessarily mutually exclusive as both have been

shown to operate in natural ecosystems and can have
different relative importance in different situations
(Conti & Díaz 2013). Following the biomass ratio hy-
pothesis, recent empirical studies have shown evidence
of how plant functional traits measured at the
community-level respond to environmental gradients
by using community-weighted means of traits. Trade-
offs and associations between these plant functional
traits drive, subsequently, trade-offs and synergies be-
tween ecosystem properties (Minden & Kleyer 2015).
These coordinated and structured relationships between
functional traits and ecosystem properties explain single
or multiple-service interactions (Conti & Díaz 2013;
Lavorel & Grigulis 2012, Hevia et al. 2017). For exam-
ple, biomass production is associated with several plant
functional traits (e.g., canopy height, root or stem bio-
mass) (DeBello et al. 2010; Minden and Kleyer 2011),
and it is related to ecosystem services such as carbon
sequestration (Conti & Díaz 2013), yield production
(Lavorel et al. 2011), or wave attenuation (Maza et al
2015). Still, most of the research has so far focused
either on the effects on single services instead of multi-
ple services, including bundles, or on pure biophysical
properties instead of final ecosystem services (Wong
et al. 2015; Duncan et al. 2015).

Here, we asked how variations in community-
weighted mean values of plant functional traits related
to leaf/plant economics spectrums and size axis, in
response to land use and environmental parameters,
explain trade-offs and synergies between ecosystem
carbon stocks (regulating service) and final values of
ecosystem services such as the habitat value to conserve
endangered plants (existence and intrinsic values and
cultural service) (MEA 2005) and forage production for
meat and dairy products (provisioning service) (MEA
2005) in temperate coastal grasslands. We tested our
approach in a coastal grassland system of North-West
Germany (44 plots). Associations between soil organic
carbon and aboveground biomass stocks are being in-
creasingly studied (Conti & Díaz 2013; Doblas Miranda
et al. 2013), yet the relationship between ecosystem
carbon stocks and final services is poorly understood
(Lamarque et al. 2014). We propose a functional trait-
based approach that uses a structural equation model
formalism (Lavorel & Grigulis 2012) based on the
effect-response framework (Lavorel & Garnier 2002;
Minden & Kleyer 2011) to test our hypothesized initial
model (Fig. 2). Here, we extend the effect-response
approach by incorporating both supporting services
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(ecosystem properties that support the provision of final
services) and values of final services, understood as
components of nature having an effect on human well-
being and direct value to society, following Wong et al.
(2015) and Duncan et al. (2015).

Specifically, our goals were:

(1) To identify trade-offs and associations between
plant functional traits in a particular coastal grass-
land system;

(2) To quantify responses of plant functional traits to
abiotic and land use parameters;

(3) To disentangle how associations and trade-offs
between plant functional traits explain ecosystem
properties and ES trade-offs and synergies in rela-
tion to (i) forage production for meat and dairy
products, (ii) habitat value to conserve endangered
plants, and (iii) carbon stocks.

Methods

Below, we carry out an exhaustive description of (1) the
study site; (2) the data collection of abiotic ecosystem
properties, land use, plant traits, biotic ecosystem proper-
ties, and indicators of final ecosystem services; and (3) the
data analysis using a path modeling, specifically partial
least squares structural equation model (PLS-SEM). Fi-
nally, (4) we present the hypothesized initial model con-
taining the expected associations and cause-effect rela-
tionships between parameters based on previous works.

Site description

The study site was located in a temperate coastal marsh
landscape of East Frisia (E 07° 02′, N 53° 27′, NW-
Germany). It has a mean annual temperature of 9.4 °C,
an elevation ranging from − 2.5 to 1.5 m above sea level,
and a mean of 823 mm annual rainfall (German
meteorogical service, 2018). Forty-four plots (4 m2) were
randomly selected from fourmajor grassland ecosystems,
ranging from (i) low saltmarshes (Puccinellia maritima,
Atriplex prostrata, Aster tripolium, Suaeda maritima)
and high saltmarshes (Elymus athericus, Aster tripolium,
Artemisia maritima); (ii) reeds (Phragmites australis);
(iii) wet extensive grasslands (Festuca rubra, Juncus
gerardi, Elymus repens, Potentilla anserina, Cynosurus
cristatus); and (iv) intensively, fertilizedmesic grasslands
(e.g., Lolium perenne, Dactylis glomerata, Agrostis

stolonifera) (Fig. 1) following previous works in similar
systems (Minden and Kleyer 2011). Data was collected
in this site between 2011 and 2014.

Measurements of abiotic ecosystem properties
(abiotic EP)

For each soil horizon of each plot down to a depth of 80
cm, soil samples were collected in March 2012 with a
soil-sample ring of 100 cm3 and were then air dried and
sieved. Bulk density was evaluated from 200 cm3 of soil
(Schlichting et al. 1995). From each plot, plant-available
potassium (K) and phosphorus (P) were extracted with
ammonium lactate-acetic acid at pH 3 (Egnér et al.
1960) and analyzed using AAS (atomic absorption spec-
troscopy) and CFA (continuous flow analyses) (Murphy
& Riley 1962), respectively. Calcium carbonate
(CaCO3) was extracted following Scheibler, in
Schlichting et al. (1995).

At each plot, a drainage pipe (10-cm diameter) was
vertically installed to a depth of 80 cm in the ground. In
these pipes, mean groundwater levels were recorded
biweekly during the vegetation period between March
and October 2012 followingMinden and Kleyer (2011).
Additionally, for plots in which variation in water levels
was common, i.e., reeds, salt marshes, and wet
meadows, groundwater was data-logged every half an
hour with Sensus Ultra Divers (Reefnet Inc.) between
May and October 2012. Along with the fortnightly
groundwater recordings, groundwater electrical conduc-
tivity was measured with WTW ph/Cond340i/SET,
using a Tetracon 325 electrode as a proxy for salinity.

Measurements of land use

Grassland fields were grazed, mown, or bothwith varied
intensity (17:44 plots were grazed by cattle (M 7.8; SD
16.0; Max. 50, Min. 1 (livestock units/ha)) and 10:44
plots were mown (M 2.2; SD 1.3 Max. 4.5, Min. 1
(times a year). Five plots were both grazed and mown.
Biomass removal was quantified using fenced
exclosures of 4 m2, where grazing or mowing was
prevented. Aboveground biomass was then sampled at
50-mm stubble height both inside and outside the fence
on each plot from randomly selected 1-m2 subplots in
March and August, representing the beginning and peak
biomass periods (de Leeuw et al. 1990). Samples were
sorted according to live and dead biomass, oven dried at
70 °C for 72 h, and then weighed. The influence of
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management in percent was calculated by dividing the
values inside and outside the exclosures, times 100. The
parameter “biomass removal”was calculated as the sum
of (i) the herbage consumed by the cattle and biomass
removed by mowers and (ii) losses of herbage due to
cattle trampling or haymaking, as a percentage of max-
imum standing biomass at each plot. Biomass values
given refer to 1m2. Aboveground standing biomass (g
m−2): mean 1329.20, SD 723.84.

Measurements of plant traits

Following previous standardized methodologies (Garnier
et al. 2007) (see Supplementary Material (SM) 1 for a
comprehensive description), individual plants fromwhich
plant traits’measurements were takenwere collected from
304 locations in 4 regions (Western Pommerania, DE;
Aarhus, DK; Zeeland, NL; East Frisia, DE) (Table 1 and
SM 2) covering main coastal grassland vegetation types

(coastal marshes, extensive wet grasslands, mesic pas-
tures, and reeds). Plant trait measurements were collected
between 2006 and 2014. Plant species composition and
abundance were recorded by frequency analysis at each
plot of the study site (44 plots) in the summer of 2012,
using a 1 × 1 m grid of 100 cells (each 10 × 10cm)
following Tremp (2005). Frequency analysis was con-
ducted within exclosures for grazed or mowed plots.

A total number of 2104 plant individuals (92 differ-
ent plant species) were collected during 2006–2014
from the 304 plots. The trait plants were collected in
the abovementioned four regions. We selected the most
abundant herbaceous species that collectively added up
to approx. 80% of the plot biomass (Garnier et al. 2007).
Morphological traits such as canopy height were direct-
ly measured in the field. Other morphological traits (i.e.,
specific leaf area), chemical traits (i.e., leaf nitrogen
content), and biomass traits (i.e., leaf dry weight) were
analyzed and calculated in the laboratory of the

Fig. 1 The study site was located on East Frisia, North-West coast
of Germany. The plots were distributed within the communities of
Krummhörn and Emden covering main grassland vegetation

types: salt marsh, reeds, wet and mesic pastures. Grey-colored
points indicate the plots where the abiotic, biotic, and ecosystem
service data was measured (N, 44)
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University of Oldenburg (see methods below). From
1318 individual plants, soil blocks (20 × 20 × 40 cm),
including roots, were collected in the field to measure
root traits. Roots and rhizomes were cleaned and sepa-
rated with tweezers. Plant organs were separated, oven
dried at 70 °C for 72 h, and weighed.We scaled-up from
species plant traits to the community level following the
“biomass ratio” hypothesis (Grime 1998). Mean trait
values of every species were weighted by individual
species’ frequency per plot and subsequently averaged
by the total frequency of all the species occurring on
each plot from the study site (44 plots, see Fig. 1). Thus,
the community-weighted mean (CWM) trait values for
each plot were obtained (Violle et al. 2007). Seed num-
ber per plant individuals were measured by direct
counting and extrapolation method (Kleyer 2008).

Specific lengths of stems and roots were calculated as
the ratio between the length of the organ section and its
dry weight. SLA (specific leaf area) was calculated as
the ratio of leaf area to leaf dry mass (mm2 mg−1)
following Pérez-Harguindeguy (2013). Dry matter con-
tent of stems, roots, and leaves was measured as the dry
mass of the organ section divided by its water-saturated
fresh mass (mg−1 g−1), following Kleyer et al. (2008).

For each plant organ (leaves, stems, roots, and rhi-
zomes), nitrogen and carbon content were analyzed using
CHNS-Analyzer Flash AE (Thermo Electron Corp., DE)
following Grimshaw et al. (1989). Nitrogen content was
measured after grinding the plant material in a planetary
mill for 2 to 10min at 300 to 400 revolutions (pulverisette
7, Fritsch). Each sample was then dried at 105 °C for 4 to
5 h. Two to three milligrams of material was placed in tin
tubes (0.1 mg precision balance CP 225 D, Sartorius; tin
capsules for solids, Säntis Analytical) and analyzed using
the abovementioned analyzer.

Measurements for biotic EP

Soil organic carbon was determined for the first 80 cm
as the difference between CaCO3 and total carbon
values. For this study, we used soil organic carbon
(hereafter SOC) down to a depth of 30 cm because of
the expected greater influence from current vegetation
and land use. Total soil carbon was measured in all
horizons for the upper 80 cm of soil.

The aboveground standing biomass was collected in
August 2012 (within exclosures for grazed and/or
mowed plots). Biomass samples were oven dried at 70
°C for 72 h. Biomass values correspond to 1 m2.

Plant species richness per plot (hereafter “plants”)
was determined from the frequency analysis (see above
section).

Plot species-based forage values were obtained by
community-weighed means of the forage value of all
vascular plant species of a plot (“Futterwertzahlen”
(FW), Briemle et al. 2002). These values indicate the
forage value of plant species on an ordinal scale from 1
to 9 based on several parameters, e.g., protein and
mineral content, palatability for livestock, or proportion
of valuable plant parts (leaves, stems, flowers, fruits).
The forage value of plant species was retrieved from the
BIOLFLOR database (Klotz et al. 2002).

Litter mass loss (or decomposition rate) was deter-
mined using a litterbag experiment. Fresh plant material
was collected in the autumn of 2011 and left to decom-
pose for 12 months in the field on the soil surface in 1-
mm mesh litterbags (5 g per litterbag and six replicates
per plot). The recovered material was oven dried at 70
°C for 72 h and weighed. The rate of litter mass loss was
calculated relative to its initial mass as the rate of bio-
mass decomposition per day (%/day) (Garnier et al.
2007).

Ecosystem service values

The habitat value to conserve endangered plant species
(endangered plants) was calculated as an index based on
the endangerment category of the plant species occur-
ring at plot level (www.floraweb.de). Plant species were
assigned an ordinal value based on the German Red List
(für Naturschutz 2011) translated into IUCN
endangerment categories. Not evaluated (NE) and lesser
concern (LC), 0; near threatened (NT), 1; vulnerable
(VU), 2; endangered (EN), 3; critically endangered
(CR), 4. Subsequently, the final plot value for the en-
dangered plant species’ variable was the sum of all
species’ values from the species that occurred in a plot.

Sales of forage-based products, namely meat and
dairy products (forage sales), were obtained from face-
to-face interviews with farmers providing information
about the gross economic benefit obtained from the land
management per hectare and year in € during 2012.
Permits for setting the study plots were previously ob-
tained from farmers. Afterwards, farmers involved in the
study (n, 9) accessed to answer a set of questions in
relation to (1) land use (e.g., grazing intensity, mowing
intensity, and fertilization rates) and (2) economic ben-
efits for the year 2012.
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Statistical analysis

The initial model (Fig. 2) was tested using PLS-SEM.
We used the software Smart-PLS V2.0 (Ringle et al.
2005). Contrary to covariance-based structural equation
models (CB-SEM), which have since long been used in
ecological research (Grace & Keeley 2006), PLS-SEMs
have been extensively used in social science research
(Hair et al. 2011; Lowry & Gaskin 2014) and only
recently introduced into ecological studies (Peppler-
Lisbach et al. 2015; Cebrián-Piqueras et al. 2017a) and
social-ecological research (Cebrián-Piqueras et al.
2017b). PLS-SEM enables researchers to estimate com-
plex models with many constructs, indicator variables,
and structural paths without imposing distributional as-
sumptions on the data and relatively low sample size.
This is possible because PLS-SEM algorithm computes
partial regression relationships in the measurement and
structural models by using separate ordinary least
squares regressions (Hair et al. 2011). Additionally,
one of the strengths of PLS-SEM is the use of latent
variables. Latent variables are “non-observed” variables
inferred from several indicator variables, i.e., “ob-
served” variables (Grace & Keeley 2006). Latent vari-
ables usually represent concepts, constructs, or strate-
gies, which are not easily measured directly, though can
be explained by multiple factors. For practical reasons is
not possible to measure all the factors explaining latent
concepts, however, selection of key indicators and the
use of PLS-SEMs have been proven to help elicit rele-
vant latent constructs in vegetation ecology, e.g., soil
and structural heterogeneity (Peppler-Lisbach et al.
2015; Grace & Keely 2006), or social-ecological re-
search, e.g., social representations of landscapes and
ecosystem service provision (Cebrián-Piqueras et al.
2017 b). For instance, we used here hypothesized latent
constructs to reduce complexity by using (1) multiple
correlated plant functional traits explaining plant strate-
gies and (2) multiple correlated environmental factors

explaining gradients. Finally, when the research objec-
tives make more emphasis on exploration than theory
confirmation, PLS-SEM is preferred (Hair et al. 2011).

Several variables, i.e., habitat value to conserve endan-
gered plants and sales of forage-based products, showed a
high heterogeneity and many zero values (i.e., non-
normal distribution). Therefore, we decided to use a
partial-least squares SEM, instead of a covariance-based
SEM, due to the difficulties in normalizing the parameters
(Hair et al. 2011). A bootstrap analysis of 5000 runs was
used to test path significance. All paths showing
bootstrapped path values lower than 1.95 (significance
level 5%) were removed from the model (see differences
between Figs. 2 and 3) because they were not significant
(Hair et al., 2011). Following Hair et al. (2011), we used
several measures to check model quality: (1) model inter-
nal consistency reliability, composite reliability should be
higher than 0.70 (in exploratory research, 0.60 to 0.70 is
considered acceptable); (2) indicator reliability, indicator
loadings should be higher than 0.70; (3) convergent va-
lidity, the average variance extracted (AVE) should be
higher than 0.50. Expected latent variables, which were
not consistent due to low indicator loadings or low aver-
age variance, were modified by removing non-significant
indicator variables following (Hair et al. 2011)

Initial model

Based on prior knowledge, Fig. 2 summarizes the hy-
pothesized initial model, with the expected response ef-
fects and latent variables. We hypothesized several latent
variables as indicated in Fig. 2. Table 2 shows the ex-
pected indicator variable associations explaining latent
variables. A positive association of plant-available soil
nutrients, such as phosphorus, potassium, and nitrogen,
was expected as shown in similar coastal systems in
respond to soil texture (i.e., sand, silt, and clay)
(Minden & Kleyer 2011). Clayed soils, having higher
cation-exchange capacity, are proven to retain better soil

Table 1 Description of the 4 regions where trait plants were collected

Location Lat. Lon. MAT (°C) MAR (mm) Number of plots Main plant communities

Western Pommerania, DE 54° 20′ 12° 42′ 8.2 553 48 Fens, wet and mesic pastures

Aarhus, DK 56° 10′ 10° 41′ 7.8 605 44 Salt marsh, dry coastal grasslands,
wet and mesic pastures

Zeeland, NL 51° 28′ 3° 41′ 10.1 733 39 Salt marsh, reeds, wet and mesic pastures

East Frisia, DE 53° 24′ 7° 06′ 8.8 786 173 Salt marsh, reeds, wet and mesic pastures

Lat latitude, Lon longitude, MAT mean annual temperature, MAR mean annual rainfall, and main plant communities
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nutrients. This latent variable was called soil nutrient
availability (hereafter NUTRIENTS). We also hypothe-
sized a positive co-variation of groundwater level and
salinity (Minden & Kleyer 2011; Cebrián-Piqueras et al.
2017a) (i.e., closer plots to coast line with higher ground-
water level and salinity and more distance plots with
lower groundwater level and fresher water). This latent
variable was called water gradient, hereafter WATER. A
positive association between community aboveground
biomass decomposition and the community species-
based forage value was expected as, for instance, plants
with higher decomposition rates are associated with less
lignin content and higher nitrogen content (e.g., leaf
nitrogen content) (White et al. 2004; Fortunel et al.
2009; Bakker et al. 2011). Many factors are usually
associated with forage quality (i.e., nutrients, energy,
protein, digestibility, fiber, or palatability). Here, in order
to reduce complexity, we used these two indicator vari-
ables, already accounting for most variables associated
with forage quality, to express the value of vegetation for
cattle forage. This latent variable was called FORAGE
QUALITY.

Plant functional trait associations and trade-offs

Following previous works confirming the existence of
root economics spectrum (i.e., resource conservation vs.
resource acquisition) (Paula & Pausas 2011; Prieto et al.
2015), we expected a positive association of plant traits’
indicators of a soil resource acquisition strategy such as
fine root growth, i.e., root nitrogen content (RNC),
specific root length (SRL), and a negative correlation
with root dry matter content (RDMC), associated with
conservation of resources. We called this latent variable
ROOT GROWTH

In a similar fashion, and following the “leaf economics
spectrum” indicating a trade-off between conservation of
resources and acquisition explained by leaf plant traits
(Wright et al. 2004), a positive association between leaf
traits such as leaf nitrogen content (LNC) and specific
leaf area (SLA), with a negative association to leaf dry
matter content (LDMC), was also expected. We called
this latent variable leaf economics spectrum (LES).

A positive co-variation of aboveground biomass dry
weight such as stem and leaf with canopy height (CH)
and leaf area (LA) was expected based on global results
confirming a recurrent size-related axis where taller
plants, with higher biomass, are displaying bigger leaves
and heavier seeds (Lavorel and Grigulis 2012, Díaz et al.

2004). We also expected an association of reproductive
abilities, indicated by seed number, and the size axis,
following competitors vs. ruderals trade-off in a highly
productive environment (Grime 1977). This latent value
was called SIZE AXIS.

Traits’ responses to the environment

We expected that the variation of environmental param-
eters such as WATER, NUTRIENTS, and biomass re-
moval may have significant effects on community plant
strategies indicated by the plant traits’ associations and
trade-offs (ROOT GROWTH, LES, and SIZE AXIS)
operating as stressors or plant soil resources (e.g., nutrient
availability) (Grime 1998). For instance, ROOT
GROWTH has been related to the acquisition of soil
resources such as nutrients or water; therefore, variation
of these parameters is expected to affect root growth
(Prieto et al. 2015). However, here, we expect that high
nutrient availability might limit root growth, as has been
shown in similar systems where coastal nutrient enrich-
ment drives an increase in above-ground biomass (e.g.,
leaves and stems) but a decrease of belowground biomass
of bank-stabilizing roots of coastal salt marsh vegetation
(Deegan et al. 2012)

In contrast, plant functional traits indicating root
growth might respond positively under disturbance
events such as biomass removal, as belowground bio-
mass allocation has frequently been found in grasslands
under extensive grazing management in relatively wet
sites (Piñeiro et al. 2010). Alternatively, root growth
stimulation might be expected under the influence of
stressors such as seawater inundation, in order to im-
prove their anchoring function in environments such as
coastal saltmarshes (Nyman et al. 2006). No responses
were expected from WATER to the other model vari-
ables (exogenous variable).

Here, we expected that reduction of the community
aboveground biomass and canopy height (SIZE AXIS),
driven by biomass removal and by the water gradient,
might stimulate a resource acquisition strategy indicated
by ROOT GROWTH (Piñeiro et al. 2010 and Bakker
et al. 1993) and higher values of LNC and SLA (LES)
(Lienin & Kleyer 2011). Therefore, we expected that
higher values of plant traits pertaining to the SIZE AXIS
(i.e., high community aboveground dry biomass weight
and canopy height) may show a negative relation to
several plant traits of the leaf economics spectrum (high
SLA and LNC values, low LDMC values) and plant
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traits indicating ROOT GROWTH (high RSL, RNC,
and low RDMC). The opposite relationships are expect-
ed on pure temperate salt marshes or alpine grasslands
where the variation of abiotic parameters such as
salinity/nutrients and altitude/nutrients respectively
may determine a positive association between above-
ground biomass and SLA values (Minden and Kleyer
2015, Lavorel and Grigulis 2012). However, here, we
expect that elimination of highly competitive species
(i.e., Phragmites australis) (higher biomass and canopy
height) might drive the occurrence of vegetation
displaying higher values of traits indicating a resource-
acquisition strategy (SLA or/and RSL).

EP and ES trade-offs in response to plant functional traits

Bundles are set of ecosystem services that appear to-
gether repeatedly. The association can rise from

common underpinning processes or as a response to
common pressures (Mouchet et al. 2014). In general, a
positive effect of above-ground biomass on below-
ground organic carbon stocks is expected (hereafter
carbon stocks bundle), as larger plants are expected to
shed more biomass in the form of leaf and woody litter
in the ground and thus contribute directly to C accumu-
lation in the standing litter and in the soil organic content
(Conti & Díaz 2013; Doblas Miranda et al. 2013). It is
expected that forage quality may indicate the economic
benefit obtained by farmers (forage sales). Both param-
eters are associated with forage production for meat and
dairy products; therefore, we call this group of parame-
ters forage production bundle. Particularly in this system
where mono-specific vegetation in non-disturbed
patches are represented by very common dominant spe-
cies, i.e., Phragmites australis or Elymus athericus, it is
expected that higher plant species’ richness positively

Monospecific
competitors
communities

Land use

Ecosystem service
values

Biotic EPPlant functional traits

Disturbance 
tolerant

communities

Abiotic EP

WATER

NUT

SIZE AXIS  biomass
removal

plants

endan.
plants

agb

sales

soc

FORAGE 
QUALITY

Carbon stocks
bundle

Plant nature 
conservation value

bundle

Forage production
bundle

LEAF 
ECONOMICS 
SPECTRUM 

ROOT 
GROWTH

Fig. 2 Initial model with hypothesized expected pathways and
latent variables. Dashed arrows represent expected negative ef-
fects, and solid arrows represent expected positive effects. Latent
variables are indicated with ovals and caps lock. Abbreviations
and definitions: EP, ecosystem properties; NUT, positive associa-
tion of plant-available soil nutrients (i.e., nitrogen, potassium, and
phosphorous); WATER, positive association of groundwater level
and salinity; biomass removal, extraction of biomass due to animal
grazing and mowing. ROOT GROWTH, positive association of
community-weighted mean (CWM) of specific root length (SRL)
and root nitrogen content (RNC) with a negative association with
root dry matter content (RDMC); LEAF ECONOMICS

SPECTRUM, positive association of CWM of specific leaf area
(SLA) and leaf nitrogen content (LNC) with negative association
with CWM of leaf dry matter content (LDMC); SIZE AXIS,
positive association of CWM of canopy height, leaf dry weight,
stem dry weight, leaf area, and seed number; soc, soil organic
carbon; agb, aboveground standing biomass; plants, plant species
richness; FORAGE QUALITY, positive association of
community-weighted mean of species-based forage quality and
vegetation decomposition rates; endan. plants, habitat value to
conserve endangered plant species; sales, sales from forage-
based products, namely meat and dairy products
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affects endangered plant species’ occurrence (Joyce
2014); therefore, we call this group of variables plant
nature conservation value bundle.

Biotic ecosystem properties associated with the car-
bon stock bundle (aboveground biomass and soil organ-
ic carbon) are expected to respond positively to plant
traits explaining the size axis, i.e., higher aboveground
dry weight, taller plants, higher leaf area and seed num-
ber (Conti and Díaz 2013; Díaz et al. 2004). Here, plant
communities with these traits’ values are expected to be
associated with plant mono-specific, undisturbed, and
nutrient-rich plots, inhabited by, e.g., Phragmites
australis or Elymus athericus (Esselink et al. 2000;
Joyce 2014). However, here, contrary to what may be
expected in other grassland systems (Lavorel & Grigulis
2012), we expected that higher levels of carbon stocks
would be in trade-off with forage quality, and forage
sale (forage production bundle) unused plots are expect-
ed to have higher standing biomass and higher SOC

content (Conti and Díaz 2013, Lavorel & Grigulis 2012)
(unused plots mean here plots non-disturbed by grazing
or mowing, here inhabited by less relevant species for
forage Phragmites australis or Elymus athericus). Con-
trary to what may be expected in other systems (Tilman
et al. 1996; Kumar 2011), here, we also hypothesized
that higher carbon stock values would be in trade-off
with the plants’ nature conservation value bundle (plant
species richness and endangered plants occurrence), due
to the expected association of higher above-ground bio-
mass production with mono-specific species vegetation
(Esselink et al. 2000). Contrary to what would be ex-
pected under niche complementarity conditions (Tilman
1997), in this system, with a high availability of soil
resources (Esselink et al. 2000), we expect a positive
selection effects on dominant species, with high re-
source consumption, compared to other species,
resulting in high aboveground productivity and reduc-
tion of species richness (Joyce 2014). We expected
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Fig. 3 Final model results. Path arrows represent PLS-SEM re-
gression beta path coefficient values. Dashed arrows represent
negative effects. Solid arrows represent positive effects. The ex-
plained R2 for endogenous variables is indicated by the frame
thickness (see legend inset). Abbreviations and definitions: EP,
ecosystem properties; NUT, positive association of plant available
soil nutrients (i.e., nitrogen, potassium, and phosphorous); WA-
TER, positive association of groundwater level and salinity; bio-
mass removal, extraction of biomass due to animal grazing and
mowing. PLANT GROWTH, positive co-variation of

community-weighted mean (CWM) of specific root length
(SRL) and specific stem length (SSL); sla, CWM of specific leaf
area; SIZE AXIS, positive association of CWM of canopy height,
leaf dry weight, stem dry weight, leaf area, and seed number; soc,
soil organic carbon; agb, aboveground standing biomass; plants,
plant species richness; FORAGE QUALITY, positive association
of community-weighted mean species-based grassland forage val-
ue and vegetation decomposition rates; endan. plants, habitat value
to conserve endangered plants; sales, sales from forage-based
products, namely meat and dairy products
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therefore that this trade-off (i.e., non-disturbed vs. dis-
turbed vegetation) would be explained by the variation
of the size axis (i.e., canopy height, above-ground dry
weight).

We expected that components of both the forage pro-
duction bundle and the plant nature conservation value
bundle would respond positively to biomass removal and
therefore the variation of the size axis might show an
initial association of these two bundles. However, by
contrast, both plant nature conservation and forage pro-
duction bundles may respond to traits’ variation on LES.
It is expected that plant traits’ variation on the LES may
be effective as a marker to differentiate between endan-
gered plant species and forage sales. We hypothesized
that traits’ variation on the LESmight explain forage sales
due to its relationship to foraging intensity (Lavorel &
Grigulis 2012; Lamarque et al. 2014); thus, negative
effects on endangered plant species are expected. High
values of SLA and LNC (and low values of LDMC) may
be good predictors of highly intensified fields (Lavorel
and Grigulis 2012; Lamarque et al. 2014) and therefore
higher sales associated with forage production.

Both LES and ROOT GROWTH were expected to
be associated with higher plant species’ richness; con-
versely SIZE AXIS is expected to be associated with
low plant species’ richness.

Results

Below, we summarize main deviations from previous
hypothesized initial model and present findings for (1)
plant functional traits’ associations and trade-offs, (2)
traits’ responses to environmental gradients, and (3)
trade-offs between EP and ES in respond to plant func-
tional traits.

Two of the six initially hypothesized latent variables
were not retained in the model (ROOT GROWTH and
LES) because several indicators (observed variables)
from ROOT GROWTH and LES latent variables were
not significant. After modification of these two latent
variables (see modifications below), all the resultant five
latent variables of the final model (Fig. 3) were signif-
icant based on quality measures (composite reliability
coefficients (> 0.7) and average variances extracted
(AVE) (> 0.5) (see SM 3 (Model Quality Measures)).
Six paths were excluded because they were not signif-
icant (p > 0.05) (compare Figs. 2 and 3). Additionally,
one direct pathway between PLANT GROWTH (i.e.,

co-variation of SRL and SSL indicating both rapid root
and stem growth (Reich 2014; Freschet et al. 2010)) and
endangered plants was added to improve the model
performance, following theoretical justification (i.e., as
plant communities with higher SRL and SSL might be
associated with a resource acquisition strategy (Paula &
Pausas 2011) or a vegetative strategy initiated by com-
petition for survival (Moles & Westoby 2006). These
strategies can be here triggered by a lower level of soil
nutrients and disturbance event (e.g., mowing or graz-
ing) characteristic from extensive wet grasslands richer
in rarer plants (Esselink et al. 2000; Joyce 2014; Bakker
et al. 1993).

The model showed a moderate explanatory power to
predict two final services: forage sales, R2 0.57, and
endangered plant species, R2 0.52.

Plant functional traits’ associations and trade-offs

Both RNC and RDMC were not significant and therefore
were removed from the initially hypothesized ROOT
GROWTH. By contrast, specific root length (SRL) was
kept in themodel. Additionally, stem-specific length (SSL)
and stem nitrogen content (SNC) were tested together with
SRL, following empirical results of a coordinated plant
economics spectrum found in certain systems (Freschet
et al. 2010; Reich 2014). However, only SRL and SSL
were retained in the model. The resulting significant latent
variable was named PLANT GROWTH (i.e., co-variation
of SRL and SSL indicating a rapid growth of both roots
and stems in line with previous works showing co-
variation between below- and aboveground plant traits
(Freschet et al. 2010; Reich 2014)) (see latent variables’
consistency in SM 3). The leaf economics spectrum latent
variable (LES) was modified because both LNC and
LDMC indicators were not significant and therefore not
retained in themodel; only SLAwas kept in themodel due
to its higher explanatory power. The SIZE AXIS latent
variable was significant (SM 3)

Traits’ responses to environmental gradients

Several expected direct paths from NUTRIENTS to
plant traits were removed, and only the direct negative
effect from NUTRIENTS to PLANT GROWTH was
retained. The expected direct effect from WATER to
PLANTGROWTHwas removed, since on the contrary,
a total negative effect was found (−0.31) due to the
negative effect of WATER on biomass removal. The
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direct positive path from biomass removal to LES was
not significant; however, this effect was confirmed by
the total positive effect (0.41). The rest of the expected
direct paths were correctly predicted (see Figs. 2 and 3).
Table 3 shows total, indirect, and direct effects between
variables (regressions’ beta path coefficients).

Trade-offs between EP and ES in respond to plant
functional traits’ variation

Endangered plants’ occurrence and plant species’ rich-
ness (plant nature conservation value bundle) weremod-
erately well explained by the model (R2 0.52 and R2

0.55 respectively) as were forage quality and forage
sales (forage production bundle) (R2 0.36 and R2 0.57
respectively, Table 3). SOC and AGB were slightly and
substantially explained by the model (R2 0.22 and R2

0.62, respectively, Table 3).
The hypothesized trade-offs and associations be-

tween properties and services were confirmed by the
indirect and direct effects from plant functional traits’
variation. However, some slight deviations were found.

The results revealed an additional trade-off between
plant functional traits: High values of SLA were nega-
tively associated with endangered plant species, and
PLANT GROWTH was positively associated with en-
dangered plant species (Fig. 3)

A relatively small indirect effect from SIZE AXIS
variation on SOC was found (0.12) (Table 3). However,
variation of SIZEAXIS showed two significant, indirect
opposite paths on SOC (see Fig. 3 and Table 3). Incre-
ments on the SIZE AXIS showed a positive effect on
SOC via increasing AGB. In contrast, increments of
SIZE AXIS showed an alternative, negative effect on
SOC via decreasing values of PLANT GROWTH. Sub-
sequently biomass removal showed opposite, indirect
effects on SOC.

PLANT GROWTH showed an indirect, positive ef-
fect on the habitat value to conserve endangered plant
species and a direct positive effect on the same variable
(see Table 3).

Discussion

This research paper aimed at disentangling (1) associa-
tions and trade-offs between plant functional traits with-
in a particular context of North-West European coastal
grassland vegetation, including plant strategies

associated with plant growth, leaf economics spectrum,
or size axis. Do we find negative associations between
traits? Do some traits co-vary? How are these relations
coordinated through the whole plant, including below-
and aboveground biomass?; (2) how environmental fac-
tors and land use predict trait relationships; and (3) to
what extend trait associations and trade-offs can predict
ecosystem properties, e.g., carbon stocks or forage qual-
ity, and final ecosystem services, i.e., habitat value to
conserve endangered species or sales of forage-based
products, i.e., meat and dairy products.

Coordination of plant functional traits

Coordination of plant growth, LES, and SIZE AXIS

In line with what has been shown in other North-West
European grasslands (Lienin & Kleyer 2011), variation
of plant traits’ values associated with a size axis (canopy
height, above-ground dry weight, and leaf area) co-
varied negatively with traits expressing the LES, such
as SLA. Here, we also found a strong association be-
tween the size axis and the vegetation reproductive
abilities (seed number). In addition, we also found a
negative association with high values of plant functional
traits associated with a plant-growth and soil-resource
acquisition strategy (i.e., SRL and SSL). Thus, taller
vegetation showed higher biomass values (size axis),
but, in contrast, lower values for several traits explaining
an extreme of a plant economics spectrum or leaf eco-
nomics spectrum, i.e., SRL, SSL, and SLA. Empirical
results fromDíaz et al. (2004) suggested the existence of
at least these two axes in plant functional traits’ varia-
tion. However, a general co-variation between these two
axes has not been proven, at least on a global scale. On
the contrary, an orthogonal relationship between these
two axes was found suggesting independency between
these two gradients, indicating different but comple-
mentary plant strategies Díaz et al. (2004).

Contrary to our results, a positive association be-
tween high values of traits belonging to the size axis
and high values of traits belonging to a resource-
acquisition plant strategy was reported in other systems,
such as European alpine grasslands (Lavorel & Grigulis
2012) or Mediterranean woody vegetation (Riva et al.
2016). A positive association between high values for
traits such as canopy height (size axis) and high values
of LNC was also reported in the alpine system. This was
explained by the fact that altitude may gradually act as a
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strong negative filter for plant height and a resource-
acquisition strategy (higher LNC values) because of
resource limitations, such as water or nutrient availabil-
ity. These empirical results showed how vegetation is
situated in a co-variation of a strong acquisition vs.
conservation gradient and a size axis gradient. However,
in our system, as is explained in detail below, neither
nutrients nor groundwater gradient played an important
direct role as environmental filters when compared to
disturbance, due to the fact that both nutrients and water
were not scarce. Therefore, here, the variation in the
plant functional traits was mainly related to a major axis
associated with a disturbance gradient.

Our results showed an initial major co-variation be-
tween leaf, root, and stem traits, suggesting a potential
plant economics spectrum coordination as shown for
sub-arctic or semi-arid environments in which a limita-
tion of resources occurred along an environmental gra-
dient (Freschet et al. 2010; Riva et al. 2016).

Fine roots and fine stem growth (plant growth)

High values of RDMC or SDMC are often situated at
one extreme of the trade-off between resource acquisi-
tion and resource conservation vegetation strategies
(Riva et al. 2016). Higher values of these traits indicate
a vegetation with higher lignin content for roots and
stems and a development of a resource conservation
strategy in response to plant resource limitation
(Lopez-Iglesias et al. 2014). At the other extreme of
the gradient, higher values of SRL, SSL, RNC, and
SNC might indicate the development of a resource-
acquisition strategy under certain environmental condi-
tions. For example, plant seedlings might develop long
fine roots (i.e., high SRL) for soil exploration and im-
provement of water uptake efficiency under drought
conditions in Mediterranean systems as a survival strat-
egy (Paula & Pausas 2011). However, here, neither
RDMC, SDMC, nor RNC and SNC were in significant
trade-off with SRL or SSL. This result might indicate
that plants here did not need to reinforce a resource
conservation strategy, probably due to the fact that
groundwater and soil nutrients were not scarce enough
(Lavorel & Grigulis 2012).

Leaf economics

Contrary to expectations, several variables explaining
the leaf economics spectrum, i.e., leaf nitrogen content

(LNC) and leaf dry matter content (LDMC) (Wright
et al. 2004; Gardarin et al. 2014), were not significant
and therefore did not explain the expected latent variable
LES (leaf economics spectrum). This might be related to
the fact that the system was not nutrient limited (see
Table 2), contrary to what has been shown in European
alpine grasslands (Lavorel & Grigulis 2012) or Medi-
terranean forests (Riva et al. 2016). Therefore, these
plant traits did not express a significant variation be-
cause there was no need for a resource conservation
strategy according to C-S-R Grime’s scheme (1998)
for major plant strategies. However, SLA was kept in
the model as a single variable because it showed a
relatively high explanatory power, probably due to the
fact that (1) plants from salt marshes showed a low SLA
due to the occurrence of plants with succulent leaves and
(2) plants from intensive grassland showed high values
for the same parameter (Table 2). In other studies, SLA
has been shown to have a higher explanatory power than
LDMC (Hodgson et al. 2011).

Environment-traits’ effects

We did not find a significant positive effect of soil
nutrient availability on plant traits, probably due to the
strong effect of biomass removal in the plant traits’
responses (Lienin and Kleyer 2011) and probably also
due to the fact that nutrient availability was relatively
high in the system. Despite the expectation of positive
effects of soil nutrient availability on the traits such as
SLA and aboveground dry weights (Garnier et al. 2007),
here, this effect was masked by the effect of environ-
mental parameters such as the water gradient (positive
co-variation of salinity and groundwater) and distur-
bances such as biomass removal. In contrast, increasing
values of soil nutrients showed a negative effect on plant
growth, i.e., specific root length and specific stem
length. Contrary to expectations from a plant economics
spectrum perspective (Freschet et al. 2010), high nutri-
ent availability may limit a resource-acquisition strategy
in highly productive systems. This effect has been found
in empirical studies in North American temperate coast-
al grasslands, where increasing values of soil eutrophi-
cation have been shown to significantly modify the root
to shoot ratio, with subsequent negative effect on sedi-
ment retention (Turner et al. 2009; Deegan et al. 2012).

Contrarily to expectations (Nyman et al. 2006), the
water gradient showed neither a significant direct positive
effect nor a total positive effect on the plant growth

Environ Monit Assess (2021) 193(Suppl 1): 271 Page 15 of 21 271



strategy. A total insignificant effect of the water gradient
on the plant growth strategy was probably due to two
confirmed but opposite mechanisms of plant growth stim-
ulation (Fig. 3): (1) positive effect by the water gradient
following Nyman et al. (2006) and Bakker et al. (1993);
and (2) indirectly negative effect by water gradient via
segregation of biomass removal landwards. The strong
effect of biomass removal on plant traits’ variation proba-
bly masked the effects of the water gradient.

Trade-offs between ecosystem properties and ecosystem
services in response to plant functional traits’ variation

Decoupling plant growth and leaf economics spectrum

Higher values of plant traits indicating plant growth, such
as SRL and SSL, might be associated with a resource
acquisition strategy (Paula & Pausas 2011) or a vegetative
strategy initiated by competition for survival (Moles &
Westoby 2006). Contrary to expectations on a whole-
plant economics spectrum (Freschet et al. 2010), here, a
plant-growth strategy was decoupled from components of
the LES (SLA). On the one hand, SLA negatively ex-
plained habitat value to conserve endangered plant species
and positively explained forage sales; on the other hand,
high values of plant growth positively explained habitat
value to conserve endangered plant species. These findings
indicated two different plant strategies whose operation
depended on land use variation. (1) Plant growth strategy
(fine roots and fine stems growth) was triggered by bio-
mass removal under extensive management on grasslands,
generating a higher plant richness and a subsequent com-
petition for resources and survival (i.e., light and soil
nutrient uptake) (Freschet et al. 2010; Prieto et al. 2015).
By contrast, (2) higher SLA values, despite being also
triggered by biomass removal, are probably here associat-
ed with a higher intensification of grassland patches (i.e.,
here indicated by higher levels of soil nutrients availability
in combination with biomass removal) which might indi-
cate a lower competition for soil resources (Lavorel &
Grigulis 2012; Kleyer & Minden 2015). This may imply
that plants do not allocate resources to roots and stems, and
they are therefore available to be allocated to leaves
(Minden & Kleyer 2014).

Traits explaining SOC in respond to land-use variation

A total negative effect of size axis reduction on soil
organic carbon due to biomass removal was not obvious

in this system. Two opposite mechanisms explained
indirect effects of biomass removal on SOC. On the
one hand, an overall negative effect was found due to
the fact that removal of aboveground biomass might
reduce both litter accumulation and an overall below-
ground productivity (Conti & Díaz 2013; Doblas
Miranda et al. 2013). Our results show that higher
values of aboveground biomass had a positive effect
on soil organic carbon. However, there was a secondary
and opposite path on soil organic carbon accumulation
associated with fine root growth. We found a positive
effect of plant growth (RSL and SSL) on soil organic
carbon, due to the fact that biomass removal may trigger
belowground productivity of fine roots and subsequent
soil organic carbon accumulation (Yu & Chmura 2009;
Piñeiro et al. 2010).We suggest that a potential trade-off
between these two opposite paths masks the total indi-
rect effect of biomass removal on soil organic carbon, so
that this is not visible in the resulting model.

Forage sale responses to SLA and forage quality

Community-based forage quality (FORAGE QUALI-
TY) did show a slightly positive effect on forage sales.
Contrarily, SLA did show a stronger significant effect
on forage sales. This fact highlighted the strong explan-
atory power of a single trait, such as SLA, which was in
line with that found by Gardarin et al. (2014). SLA was
a better predictor of forage sales than forage quality
here, due to the fact that salt marsh vegetation does
show relatively high values of forage quality, but rela-
tively low values of SLA. However, we have to caveat
that apart from the forage consumed by cattle directly on
the field, additional forms of supplementary feeding
might have happened though were not accounted for
in this study and therefore it may have increased the
model uncertainty.

Conclusions

Under the threats of environmental change and strong
land usemodifications, an accurate knowledge about the
response of biodiversity and ecosystem properties to
environmental and land use gradients and their effects
on ecosystem services is crucial (Duncan et al. 2015,
Bennett et al. 2009). Trade-offs and synergies between
ecosystem services can be initially identified spatially
(Raudsepp-Hearne et al. 2010). However, these
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associations are highly dependent on drivers of change
and processes affecting ecosystems (Eigenbrod et al.
2010) and, to a large extent, vegetation (DeBello et al.
2010), making these associations highly variable in time
and space, due to the variable nature of environmental
factors (de Deyn et al. 2008) and socio-ecological rela-
tionships (García-Llorente et al. 2015, Santos-Martín
et al. 2013). Therefore, land use optimization models
aiming at determining the provision of ecosystem ser-
vices at landscape level should include at first step a
broad spectrum of biophysical and socio-ecological di-
rect and indirect causal relationships which predict final
services (Cebrián-Piqueras et al. 2017a b).

Trait-based approaches like the one presented here
can serve as first step to further development of spatially
explicit models predicting distribution of ecosystem
services at landscape scale as shown by Lavorel et al.
(2011) and Lamarque et al. (2014). Correspondingly,
comparison and cross-validations between regions and
gradients can be crucial for a better understanding of
plant communities and plant strategy responses to envi-
ronmental and land use changes (Díaz et al. 2004).
Besides, considering a broad spectrum of plant func-
tional traits might allow understanding and predicting
the mechanism that control plant strategies (Kleyer et al.
2018) in response to environment variation (Freschet
et al. 2010).

The approach here presented showed significant in-
teractions between environmental gradients, plant traits,
ecosystem properties, and services that were explained
by a structural equation model. A dichotomy between
non-disturbed and disturbed vegetation was shown to be
responsible for a major trade-off between aboveground
carbon stocks and both plant nature conservation value
and forage production (i.e., habitat value to conserve
endangered plants and plant richness and forage quality
and forage sales respectively). This trade-off was ex-
plained by a negative co-variation between plant traits
associated with the size axis and with traits pertaining to
the plant economics spectrum. However, a secondary
trade-off related to detailed variation between extensive
vs. intensive management, explained a trade-off be-
tween nature conservation value and forage production
(i.e., habitat value to conserve endangered plant species
and forage sales, respectively). This ecosystem services
trade-off was explained by a trade-off between a plant
strategy associated with plant growth (both roots and
stems) and a plant strategy associated with leaf resource
acquisition (higher SLA values). This result suggests the

existence of allometric patterns that operate indepen-
dently between several plant parts in response to envi-
ronmental gradients, as has been suggested in other
systems (Fortunel et al. 2012). These results are contrary
to the generalization of a co-variation of leaf, stem, and
root traits indicated on a plant economics spectrum,
which is expected to function under other environmental
conditions (Freschet et al. 2010). Contrary to the initial
expectations, variation of land use intensity did not
significantly affect the soil organic carbon stocks due
to two opposite, alternative mechanisms explained by
variation of the size axis and plant growth.

Land use intensity, quantified here as biomass re-
moval, was found to be the main direct environmental
driver of plant trait responsiveness on these temperate
coastal grasslands, which, on the other hand, was
strongly affected by the co-variation of groundwater
and salinity levels. Contrary to the plant or leaf econom-
ics, our results suggest that the trade-offs and synergies
between plant functional traits found here are not ex-
plained by a resource acquisition vs. resource conserva-
tion trade-off. Here, the variation of plant functional
traits in respond to disturbance may express a trade-off
on a gradient of well-established competitors’ species
(persistence) vs. competition for establishment (growth)
(Grime 1998; Minden & Kleyer 2014). This gradient
seems not to respond to soil-nutrient availability, in
contrast to biomass removal. Abundance of soil-
available nutrients might, however, explain how later
stages of vegetation succession may be associated with
competitor mono-specific vegetation, such as Phragmi-
tes australis in fresh and brackish water and Elymus
athericus in high-salt marsh vegetation.

These results indicate that plant community assem-
blies and associated specific key plant traits can well
explain the variation of determinant environmental pa-
rameters and their effects on ecosystem properties and
services. Empirical approaches, as used here, may help
to optimize management strategies under the threats of
environmental change and strong land-use pressure. For
instance, from a nature conservation perspective, as
shown by these findings and in line with other studies,
maintenance of plant species richness and rarer species
in coastal wet grasslands (salt, fresh, or brackish) might
require conservation management strategies such as ex-
tensive grazing or mowing (Esselink et al. 2000; Joyce
2014; Bakker et al. 1993), with subsequent probable
positive effects on belowground biomass production
and associated carbon stocks. Additionally,
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combination of previous measures with a reduction of
anthropogenic sources of soil nutrients, i.e., excess of
agricultural fertilization, might limit the spread of highly
competitive mono-specific vegetation, facilitating richer
plant communities with higher capacity to explore soil
resources (growth of fine roots) and therefore contribut-
ing to maintenance of soil carbon stocks. In contrast,
from an intensive forage production perspective, these
results reveal the importance of leave traits (SLA), as
opposed to stem and root traits (SSL or SRL) (plant
growth), to predict the capacity of coastal vegetation to
provide agricultural benefits from cattle grazing and
mowing.

We highlight the applicability of functional traits to
predict environmental changes and effects on ecosystem
properties and services. Although here not all previously
expected plant traits responded to the environmental
gradients (e.g., RDMC or RNC), this does not imply that
they might not be functional in other gradients as it has
been shown in other systems (Lavorel & Grigulis 2012;
Paula & Pausas 2011; Prieto et al. 2015; Freschet et al.
2010). Therefore, considerations should be taken in order
to generalize the results here obtained for other systems
due to the strong place-based nature of this work. We
argue that more study cases are needed to explore the
applicability of the effect-response framework in relation
to the prediction of ecosystem services variation under
several environmental gradients (Hevia et al. 2017;
Kleyer et al 2018). Besides, consideration of different
parameters of functional diversity, i.e., functional rich-
ness, evenness, or divergence, should be considered to
specifically test the role of trait diversity in controlling
ecosystem functions and services (Wen et al. 2019). Our
study confirmed the potential applicability of plant trait
values retrieved from regional level data sets in a specific
site context; however, further studies should be conduct-
ed to compare the efficacy of both site- and regional-
based data sets to explain responses and effects of vege-
tation (Cordlandwehr et al. 2013). Finally, we argue that
to address scientific and management questions about the
provision of multiple services, progress is desirable for
understanding how functional trade-offs and synergies
within biodiversity scale up to interactions between eco-
system services. Ecosystem service management within
the context of global change, land use change, or ecolog-
ical restoration remains a major challenge, but trait-based
understanding opens new avenues towardsmore integrat-
ed approaches (Lavorel 2013). Nevertheless, we high-
light that further research is needed to explore the

potential of trait-based approaches to explain landscape
interaction of ES (Lavorel et al. 2011).
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