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Introduction

Abstract

Question: How do species traits respond to environmental conditions and
what is their effect on ecosystem properties?

Location: Salt marshes, Northwest Germany.

Methods: On 113 plots along the German mainland coast and on one island,
we measured environmental parameters (soil nutrient content, inundation
frequency, groundwater level and salinity), collected traits from 242 indivi-
duals (specific leaf area [SLA], whole plant C:N ratio, and dry weights of plant
organs) and sampled above-ground biomass as an ecosystem property. We
constructed a path model combining environmental parameters, functional
traits at community level and above-ground biomass, which was tested against
a dependence model using path analysis; model fit was evaluated by structural
equation modelling (SEM).

Results: The final model showed good consistency with the data and highlights
the major role of groundwater level, salinity and nutrient availability as the
most important factors influencing biomass allocation in salt marshes. Above-
ground living biomass was mostly determined by stem biomass, which was
mediated through an allometric allocation of biomass to all other plant organs,
including leaf mass. C:N ratio and SLA were the major drivers for dead biomass.

Conclusion: We emphasize an indirect link between standing biomass and
environmental conditions and recognize stem biomass, plant C:N ratio and SLA
as keystone markers of species functioning in determining the relationship
between environment and ecosystem properties.

Cabido 2001). However, response and effect traits some-
times overlap, i.e. traits can explain both plant responses

In recent years, there has been growing consensus that
the use of functional traits of plants, rather than taxo-
nomic specification, can assist in explaining vegetation-
related ecosystem properties and functions (Hooper et al.
2005). Lavorel & Garnier (2002) developed a conceptual
framework that focuses on the prediction of changes in
ecosystem processes using plant functional traits. It dis-
tinguishes between functional response traits (set of traits
associated with the response of plants to environmental
factors, such as allocation of biomass as a response to
nutrient availability, Gitay & Noble 1997; Walker et al.
1999) and functional effect traits (set of traits related to
the etfect of plants on the environment, such as the effect
of plant traits on the decomposability of litter, Diaz &
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to environmental conditions and effects on the ecosystem
(Lavorel & Garnier 2002). This is said to be particularly
the case in the use of resources (Diaz & Cabido 2001) and
in primary productivity (Lavorel & Garnier 2002). There-
fore, Suding et al. (2008) attempted to simultaneously
identify traits that respond to environmental gradients
and traits affecting ecosystem properties. In our paper,
we apply this approach to salt marshes of Northwest
Germany by linking plant functional traits with abiotic
conditions and ecosystem properties, which are live and
dead above-ground biomass (AGB).

AGB is a major component of ecosystem functioning,
being a temporary pool of fixed carbon, and providing the
basis for agricultural exploitation by cattle grazing and
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Testing the effect-response framework in marshes

mowing. AGB of salt marshes is also of major importance
for nature conservation, e.g. by providing feeding
grounds for many bird species, especially for migratory
geese (Bakker et al. 2005; Blew et al. 2005). Various
studies have focused on the production of biomass in salt
marshes (Janiesch 1991; Bakker et al. 1993); however, to
our knowledge, there is still a lack of studies on linkages
between environmental conditions, plant functional
traits and biomass production. In particular, studies that
merge the field of botanical scaling (Enquist & Niklas
2002) with scaling from environment through commu-
nities and ecosystem properties (Naeem & Wright 2003;
Suding et al. 2008) are absent. Salt marshes are particu-
larly suited for this purpose because their plant species
pool is relatively small. Therefore, a single study can
quantify species biomass allocation patterns, environ-
mental conditions and ecosystem properties.

The main emphases of this paper are the assignment of
the effect-response framework to salt marsh habitats, as
well as the exploration of allometric and non-allometric
relationships among plant traits, in order to understand
the functional relationships that determine ecosystem
properties. According to de Bello et al. (2010), it is
necessary to identify key characteristics and mechanisms
by which organisms affect ecosystem properties in order
to promote the sustainable use of ecosystems. In this
study, we address the questions of how species traits
respond to environmental conditions of salt marshes and
devise trait interactions and trade-offs between functional
traits of salt marsh plants. Finally, we point out effect traits
that determine production of standing biomass in salt
marshes and give suggestions for the application of our
results to theoretical modelling and biological conserva-
tion. We hypothesize that (i) trade-offs and allometries in
biomass allocation determine the relationship between
environmental conditions and community standing bio-
mass in the response—effect framework; (ii) resources and
abiotic stress factors such as salt and inundation are the
primary agents determining response traits (Lavorel &
Garnier 2002); and (iii) we expect a small set of keystone
traits will define the ecosystem properties.

To specify our assumptions, we constructed a concep-
tual model based on a priori knowledge, which was tested
against a dependence model using path analysis and
structural equation modelling (Grace & Pugesek 1997).
These techniques allow for the evaluation of alternative
models, partitioning of direct and indirect effects and test
for model fit (Mitchell 1992; Grace & Pugesek 1998).
Furthermore, to explore how scaling relationships trans-
late from the species to the community level, we deter-
mined bivariate scaling relationships between biomass
allocated to roots and rhizomes, leaves, stems and dia-
spores at the level of individual plants.
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The hypothesised model: Linkages between traits

We begin the evaluation of the hypothesised model with
linkages between plant traits because these determine
the biological functioning of plants (Fig. 1a). Thereafter,
we connect the traits with the environmental variables
(Fig. 1b) and biomass variables (Fig. 1c¢).

Allocation theory assumes that organisms have a lim-
ited supply of resources that they have to allocate
amongst their functions, broadly defined as growth,
maintenance, storage and reproduction (Bazzaz 1997).
Two ditferent perspectives can be found in the literature:
‘partitioning’ and ‘allometry’ (Weiner et al. 2009). The
partitioning perspective is interested in shifts in allocation
patterns among plant structures and functions on envir-
onmental gradients, expressed as ratios such as root:shoot
(Obeso 2002). Ratio-based biomass partitioning measures
are size-independent, i.e. a large plant may exhibit the
same root:shoot ratio as a small plant. The allometry
perspective emphasizes variation in size and states that
scaling relations among standing leaf, stem and root
biomass are generally positive, e.g. that root biomass
increases with leaf and stem biomass (Enquist & Niklas
2002). As we are interested in understanding the varia-
tion of a size-dependent ecosystem variable in relation to
plant biomass allocation patterns and environmental
conditions, we adopted the allometry perspective and
quantified the dry weight of leaves, stems, diaspores and
below-ground organs (i.e. root and rhizome mass).

Leaves (and to a lesser extent, stems) provide the plant
with assimilation products; hence we expect a positive
relationship between leat biomass, on the one hand,
and stem and diaspore biomass, on the other hand
(Fig. 1a, Enquist & Niklas 2002; Niklas & Enquist 2003;
Weiner et al. 2009).

We expect a negative relationship from C:N ratio to
SLA and a positive relationship from C:N ratio to leaf mass
(Wright et al. 2004). In contrast, we expect a negative
relationship from SLA to leaf and a positive relationship to
stem biomass, as we expect leaf mass of fast-growing
species with high SLA to be lower than that of species
that retain their nutrients and biomass (species with low
SLA and high C:N-ratios). Furthermore, plants with high
allocation to stem biomass are able to support high
diaspore biomass (Thompson et al. 1991), thus we expect
a positive relationship between these traits.

Below-ground mass provides the basis for above-
ground growth, thus we draw a positive relationship
between this trait and SLA, leaf and stem biomass. Three
general strategies to cope with salt stress have been
identified: (i) exclusion of salt ions, (ii) dilution of cell
sap, and (iii) morphological adaptations to osmotic stress.
The first strategy refers to species having structural and
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Fig. 1. Hypothesized model of relationships between environmental parameters, traits and ecosystem property (Initial model, upper left). From the
initial model, relationships between traits (a, upper right), environment-trait relationships (b, bottom left) and trait-ecosystem property relationships (c,
bottom right) were magnified for a better overview. Allometric relationships are indicated by ‘+’, negative relationships by ‘—’, see also text above.
Single-headed arrows represent relationships; double-headed arrows represent free correlations. Residual error variables (e,) represent effects of
unexplained causes (omitted from initial model). For names and abbreviations see Table 1.

functional adaptations that reduce ion uptake through
the root (Kinzel 1982), excrete salt ions via glands and
bladders, or continuously renew the basal leaves (Schir-
mer & Breckle 1982; Van Diggelen et al. 1986). Salt-
diluting species accomplish dilution of cell sap via enlar-
gement of mesophyll cells, which results in succulent
growth (Kinzel 1982). Species that show morphological
adaptations to osmotic stress roll in their leaves to
decrease the transpiring area or cover their leaves with
hairs to attenuate incoming solar radiation (Rozema et al.
1985), which ultimately minimizes the transpiration rate
and intake of saline water. Some species of the salt marsh
show a combination of several of these strategies, whereas
others only exhibit a single adaptation. For our model, we
classified the salt marsh species into two groups: those
featuring excretion and dilution, and those featuring
morphological adaptations to osmotic stress (MAOS).
The latter applies to species of the upper salt marsh
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(Elymus athericus, Festuca rubra and Artemisia maritima),
which do not show any other adaptations to salt stress. It
could be assumed that reduced leaf mass could provide an
advantage to those species, as the transpiring area is
reduced. We thus expect a negative relationship between
MAOS and leaf biomass. However, we expect a positive
relationship between C:N ratio of the whole plant and
MAQS, as the latter often is accompanied by xeromorphic
tissue (Rozema et al. 1985).

The hypothesized model: linkages between
environment, traits and standing biomass

We expect the environmental variables to be more or less
correlated (Fig. 1b). For instance, groundwater level and
salinity (‘Groundwater’) should be strongly correlated
with inundation frequency. By addressing these correla-
tions (double-headed arrows), we also consider the

389



Testing the effect-response framework in marshes

indirect etfects of a variable of interest on other variables
through correlations among the environmental variables.

Salinity and inundation frequency are considered the
primary stress factors in salt marshes, among which
salinity is regarded to as the ‘master factor’ (Rozema et
al. 1985). Salinity affects biomass production and weight
of the whole plant or roots and leaves of many salt marsh
species (Lenssen et al. 1995; Egan & Ungar 2001),
whereas for inundation frequency, different responses
were reported, such as an increase (Lenssen et al. 1993)
or decrease in biomass production or no response at all
(Groenendijk 1985). Based on this background, we as-
sume the ‘groundwater’ variables, level and salinity, will
have negative effects on weight of leaves, stems, below-
ground organs, MAOS, C:N ratio and SLA, and inunda-
tion frequency will have a negative effect on C:N ratio
and MAOS.

Nutrient availability strongly affects primary produc-
tivity in salt marshes (Kiehl et al. 1997). We assume that
nutrient availability (phosphorus, potassium and carbo-
nate) will positively influence leaf, stem, diaspore, below-
ground biomass and SLA (Cunningham et al. 1999;
Poorter & de Jong 1999). Olff et al. (1997) has shown that
nitrogen availability increases with silt content of salt
marsh soils, which, in reverse, decreases with sand con-
tent. We therefore expect sand content to have a negative
influence on SLA, leaf and stem biomass, and a positive
influence on below-ground biomass. Following De Deyn
et al. (2008), plant traits that determine carbon and
nutrient conservation are, among others, high C:N ratio
and long litter residence time, which is why we expect
C:N ratio to positively explain dead biomass (Fig. 1c).

Above-ground biomass of the community (AGB) is the
product of the biomass of leaves, stems and diaspores of
the individual plants of the community. Therefore, we
expect stem biomass and leaf biomass of the species to
explain live AGB. Garnier et al. (2001) attributed high
SLA to rapid production of biomass with high turnover
rates; hence we expect a positive relationship between
SLA and dead AGB. Finally, as dead AGB consists of
formerly living biomass, we expect a positive relationship
between live and dead AGB.

Methods
Study area

The study was conducted at three study areas along the
mainland coastline of Lower Saxony, Germany, and on
the island of Mellum (52°43'N, 8°08'E, 41 plots). On
the mainland, fieldwork was carried out in three study
areas: Leybucht (53°32'N, 7°07'E, 8 plots), Norderland
(53°40'N, 7°19’E, 32 plots) and Jade Bight (53°26’N,
8°09'E, 32 plots). Mean annual temperature is about
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9 °C and annual precipitation ranges from west to east
from 770 to 830mmyr ' (based on data from 1961 to
1990 for Norderney and Wilhelmshaven, Deutscher Wet-
terdienst 2009).

The foreland marshes of Lower Saxony often devel-
oped though land reclamation, extending over an area of
5430ha (Pott 1995; Bakker et al. 2005), and consist
predominantly of clayey silt, loamy sand and loamy silt.
The island of Mellum originated from sand deposits
transported by currents along the coast from The Nether-
lands and Northwest Germany (Pott 1995). It now be-
longs to the core zone of the Wadden Sea National Park of
Lower Saxony. Whereas some soils consist of silty clay
and clayey loam, the predominant substrate is sand on the
island.

Sampling design

The selection of sites was based on stratification of the salt
marshes of Northwest Germany, in relation to human-
modified versus natural conditions, silt versus sand and
unused versus grazed or mown. Mellum was considered
to be natural, with sandy soils, and unused land. The
three mainland areas differed with respect to manage-
ment. Within the study areas, the distribution of plots was
based on random stratified sampling, with elevation as
the stratification criterion.

Plots were sampled in summer 2007. At each of the 113
plots, we collected soil samples from each soil horizon.
Soil sampling was restricted to a depth of 30 cm due to
upwelling groundwater. Soil samples were air dried,
sieved through a 2-mm sieve and analysed for sand
content (Ad-Hoc-AG Boden 2005) and calcium carbonate
(CaCOs, according to Scheibler in Schlichting et al. 1995).
Soil available potassium and phosphorus were extracted
with ammonium lactate-acetic acid at pH 3, following
Egnér et al. (1960), and analysed using AAS (atomic
absorption spectroscopy) and CFA (continuous flow ana-
lysis, Murphy & Riley 1962), respectively. Groundwater
level and salinity were measured from May to September
2007. Looped drainage pipes allowing water inflow were
buried vertically in the ground at each survey plot.
Groundwater level was recorded bi-weekly at low tide in
the drainage pipes. Data were revised by regression
analysis to generate mean values including high tide
events, see Statistical Analysis. Salinity of groundwater
was recorded using a conductivity measurement device
(“WTWpH/Cond 340i/SET” with measuring electrode ‘Tet-
racon 325’). Times series of both groundwater level and
salinity were aggregated to their mean between May and
September 2007.

Data loggers (‘diver’, ecoTech, Pegel-Datenlogger
PDLA) were installed at 18 plots of different elevations to
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Table 1. Environmental, trait and ecosystem property variables used for this study. Carbonate, potassium and phosphorus were aggregated by PCA
analysis; sample scores were named Nutrients. The same was done for groundwater level and salinity; sample scores were named Groundwater.
Diaspores, stems, leaves and belowground biomass values were log-transformed prior to analyses. Mean values and standard deviation (SD) for all

variables on mainland and island plots are given in the last columns.

Abbreviation Unit Transf. Mainland Island
Mean SD Mean SsD
Environmental variables
Carbonate tha™ None 207.15 66.57 18.81 22.64
Potassium Nutrients kgha™' None 1858.55 607.04 853.75 333.98
Phosphorus kgha™' None 184.49 57.82 100.42 56.05
Mean level of groundwater Groundwater cm None —30.97 12.52 —-21.41 16.44
Mean salinity of groundwater PSU None 22.47 4.75 24.87 3.36
Inundation frequency Inundation hour None 172.82 273.97 242.39 297.94
Soil sand content Sand % None 44.31 20.89 73.26 20.31
Trait variables
Dry weight of
Diaspore unit Diaspore g log 1.79 1.20 0.58 0.44
Stems Stem g log 7.78 8.69 1.99 1.79
Leaves Leaves g log 1.27 0.62 1.88 1.61
Below-ground organs Belowground g log 1.50 1.1 472 4.92
C:N ratio of whole plant C:N ratio None None 37.98 7.56 35.54 5.51
Specific leaf area SLA mm2mg™' None 12.06 2.79 9.40 2.52
Morphological adaptation to
Osmotic stress MAOS 1-Yes/O-No None 0.37 0.33 0.25 0.38
Ecosystem property variables
Above-ground biomass live AGB live gm™ None 466.99 191.22 229.59 164.95
Above-ground biomass dead AGB dead gm? None 182.64 104.98 94.21 91.35

record inundation frequency. They were positioned at the
bottom of the drainage pipes and recorded the salient
water column on an hourly basis. An additional four data
loggers recorded pressure of the surrounding air, which
was used to calculate the relative pressure of water
accumulating in the pipe. Almost all abiotic and trait
variables differed strongly between mainland and island
salt marshes (Table 1). Thus, mainland and island marshes
were considered different habitats for this study.

Above-ground biomass was sampled in August, which is
the time of peak biomass (De Leeuw et al. 1990). Samples
were collected in an area of 0.5 m? on each survey site, and
sorted into live and dead plant material. Samples were oven
dried at 70 °C for 72 hr and weighed. Species composition
and abundance was evaluated by frequency analysis using
a 1 m x 1m frame subdivided into 100 grids of 0.1 m x 0.1
m. Nomenclature followed Flora Europeae in the Syn-
BioSys Species Checklist (2010).

Plant functional traits were sampled for 242 indivi-
duals, i.e. approximately 10 individuals per species. These
individuals were selected from different plots covering the
total range of species occurrences within the environ-
mental space. For measurement of biomass allocation,
plants were collected at the peak of their generative stage,
i.e. when seeds were ripe but not yet shed. These data
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were used for calculation of the community-weighted
means of stem, leaf, diaspore and below-ground biomass
(see below). In addition, we collected 112 individuals
from 14 mainland species at the peak of their vegetative
stage, i.e. before flowering. Plants were dug out, roots and
rhizomes were cleaned of soil material by rinsing off the
soil substrate, and roots of different individuals were
carefully separated using tweezers. Plant material was
subsequently oven dried at 70 °C for 72 hr. Leaves, stems,
diaspores and below-ground organs (roots and rhizomes)
were weighed after drying. C:N 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 hr. Two to three milligrams of material were placed in
tin tubes (0.1 mg precision balance CP 225 D, Sartorius;
tin capsules for solids, Santis Analytical) and analysed
using a CHNS analyser Flash EA (Thermo Electron Corp.)
following Allen (1989).

SLA (specific leaf area) was calculated as the ratio of
leaf area to leaf dry mass (mm?mg ') following Knevel et
al. (2005). The trait morphological adaptation to osmotic
stress (MAOS) was evaluated using a literature search,
with subsequent assignment of either existence (1) or
non-existence (0) of this attribute to a species.
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Statistical analysis
Groundwater level

At all plots, groundwater level was recorded bi-weekly
during low tide and thus contained no information about
variation due to tidal elevation. Therefore, a regression
was conducted with paired values of the hourly data from
the data loggers at a subset of 18 plots and the bi-weekly
data of groundwater level measured at these plots. Mean
values of both groundwater and data loggers over time
were generated for each of these plots and used for linear
regression analysis. The regression function was used to
adjust values of mean groundwater level of all other plots
to include information about tidal effects.

PCA of environmental parameters

There were strong correlations between carbonate, potas-
sium and phosphorus, as well as between groundwater level
and groundwater salinity. Therefore, to reduce the number
of variables in the model, and using principal component
analysis (PCA), carbonate, plant available potassium and
phosphorus were aggregated to their first principal compo-
nent called ‘nutrients’. Likewise, groundwater level and
salinity were aggregated to ‘groundwater’. Analysis was
carried out using the computer software R (version 2.8.1,
The R Foundation for Statistical Computing 2008); variables
were standardized as they were measured at different scales.

Bivariate scaling relationships at the individual level

Standardized major axis regression (SMA, Warton et al.
2006) was used to describe bivariate relationships be-
tween traits at the individual level. Trait variables are
biologically interdependent and have similar variation
associated with them due to measurement error. In this
case, ordinary least squares regression is considered in-
appropriate (Niklas 1994), because it keeps the x-values
fixed, and finds the line that minimizes the squared errors
in the y-values, whereas SMA tries to minimize both the
x- and y-errors. SMA regression was done with the soft-
ware PAST (version 1.94b, Hammer et al. 2001).

Community-weighted mean

According to Grime (1998), the extent to which a plant
species influences ecosystem function is likely to be
derivable from its contribution to total plant biomass,
which is indicated by its abundance. To predict AGB from
traits, we therefore used community-weighted means
(Garnier et al. 2007). The mean value of each trait of
every species was weighted by the abundance of the
species on each plot and averaged by the total abundance
of every species on each plot. A list of all variables used in
the path analysis is given in Table 1.
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Path analysis and structural equation modelling (SEM)

Path analysis was used to quantify the relationships
among variables of our a priori model, i.e. the relations
between abiotic conditions, plant functional traits and
ecosystem functioning (standing biomass). The effect-re-
sponse framework of Lavorel & Garnier (2002) is a uni-
directional framework (from abiotic conditions to ecosys-
tem properties via functional traits) thus it was decided
not to consider reciprocal paths (e.g. paths from ecosys-
tem property to functional traits) in the analysis. We used
path analysis to partition the correlations among observed
variables and to measure both direct and indirect effects
on response variables (Kingsolver & Schemske 1991;
McCune & Grace 2002). SEM was used to test overall
model fit (Grace & Pugesek 1998).

The hypothetical model (Fig. 1) generates an expected
covariance structure, which is compared to the actual
covariance matrix. Standardized coefficients describe the
strength of the relationship. Relationships between vari-
ables are either uni-directionally causal (indicated by a
straight, single-headed arrow) or unanalysed correlations
(indicated by a curved, double-headed arrow). Indirect
pathways between variables involve intermediary vari-
ables. Direct pathways between two variables are the
value of path coefficients, which are the standardized
partial regression coefficients (Grace 2006).

SEM allows testing of the hypothesis that the measured
covariance structure adequately describes the expected
covariance structure. This is done by means of maximum
likelihood estimates, which generate a test statistic that is
distributed approximately as ¥* (Mitchell 1992). Good fit
of the hypothesized model to the data will result in low
x2/df and non-significant P-value. Goodness-of-fit-index
(GFI) is a measure of the relative amount of variance and
covariance that the model allows. Another index of fit,
the root mean square error of approximation (RMSEA,
Browne & Cudeck 1993), assesses closeness to fit. Good
models have RMSEA < 0.05, P > 0.05, x*/df values < 2,
and GFI > 0.9 (Backhaus et al. 2003). Path analysis and
SEM was done using Amos 16.0.1 (Amos Development
Corporation Spring House, PA, US).

Results
Environmental and ecosystem property variables

A comparison between mainland and island revealed
significant differences between all environmental para-
meters at P > 0.05 (ANOVA, Table 1). Soils of mainland
marshes were richer in nutrients and contained less sand
than those of island marshes. AGB was higher in main-
land marshes than in island marshes. High standard
deviations resulted partly from the orientation of the plots
along the elevation gradient; for example, plots in the
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pioneer zone were inundated for about 100 to 600 hr
during the period 13 May to 17 September, whereas plots
in the upper marsh were only inundated for about 3 to
100 hr. As there were more plots in the lower salt marshes
of the island than of the mainland, mean inundation
frequency was higher in island marshes.

Trait variables

Sixteen different species were sampled, which repre-
sented about 90% of the regional salt marsh species pool.
Four were grasses (Spartina anglica, Puccinellia maritima,
Festuca rubra and Elymus athericus) and two were perennial
sub-shrubs that develop woody stems (Artemisia maritima
and Atriplex portulacoides). The remaining species were
annual and perennial herbs.

Trait values for the community on the mainland and the
island differed significantly for diaspore, stem and below-
ground weight, as well as for MAOS and SLA at P> 0.05
(Table 1). Only C:N ratio and leaf biomass showed no
significant differences. High standard deviations resulted
from different trait expressions along the elevation gradient,
e.g. Aster tripolium of the lower marsh produced higher stem
biomass (mean 41.9 g for mainland) than Elymus athericus
from the higher marsh (mean 0.32 g for mainland).

PCA of environmental parameters

Correlation coefficients for nutrients were high (potas-
sium — carbonate: 0.67, potassium — phosphorus: 0.53,
and carbonate — phosphorus: 0.65) and mean ground-
water level and salinity also showed a high correlation
(0.64). All correlation coefficients were significant at
P> 0.01 level.

Explained variance for nutrients (i.e. the first principal
component of potassium, phosphorus and carbonate) and
groundwater (the first principal component of ground-
water level and salinity) are high for the first axis (0.74
and 0.82) and accordingly lower for the second (0.16 and
0.18, Fig. 2). PCA sample scores for nutrients and ground-
water were used for further path analysis.

Biomass partitioning at the individual level

At the individual level, log-log relationships between pairs
of biomass of organs were close to isometry (Table 2). Only
the relationships between below-ground biomass (roots and
rhizomes) and leaf and diaspore mass were significantly
different from isometry, for the vegetative and generative
stage. For the generative stage, 7* values were lower than for
the vegetative stage. We assumed that the variation in these
bivariate relationships, as expressed by the 7%, reflect envir-
onmental constraints. Therefore, we decided to include
biomass of all plant organs in the path model even though
they were correlated.
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Fig. 2. PCA of environmental parameters using potassium, carbonate
and phosphorus (a) and groundwater salinity and groundwater level (b).

Path analysis and structural equation modelling
(SEM)

Mardia’s coefficient (Mardia 1970; Mardia 1974) sug-
gested a non-normal distribution of the data of the initial
model. To obtain multivariate normality, nine sample
points were deleted, using Mahalanobis distance as
indicator. Several paths were added to improve model fit
(nutrients — MAOS; SLA — diaspore; stem — dead
AGB; C:N ratio — diaspore; below-ground — diaspore,
MAQOS, live AGB, dead AGB).

Several direct paths of the initial model proved non-
significant, however most of them showed significant total
effects (see Table 3), these were: groundwater — below-
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Table 2. Statistics of pair-wise reduced major axis regression analyses (RMA) of standing leaf, stem, below-ground and diaspore biomass (M, Ms, Mg
and Mp, respectively). Mg comprises root and rhizome masses. The slope of the regression is denoted by aigma and the intercept by Bsua. P (o= 1) shows

the probability that slope o of the regression is isometric. In all cases, P < 0.0001.

Y, versus Y; OlsmA SE Bsma SE 95%Cl r’ n Pla=1)
Peak vegetative stage
My versus Mg 0.94 0.05 —0.079 0.040 0.85-1.03 0.73 12 0.217
Ms versus Mg 0.96 0.06 0.263 0.061 0.85-1.08 0.57 112 0.528
M versus Mg 0.90 0.04 0.167 0.046 0.80-0.99 0.72 112 0.042
Peak generative stage
M, versus Mg 0.98 0.05 —0.393 0.042 0.89-1.09 0.36 242 0.742
Ms versus Mg 0.91 0.05 0.142 0.040 0.82-1.01 0.35 242 0.060
M versus Mg 0.89 0.04 —0.252 0.038 0.83-0.95 0.52 242 0.009
Mp versus Mg 0.86 0.04 —-0.277 0.037 0.79-0.94 0.51 242 0.001
Mp versus M, 0.97 0.05 —0.032 0.047 0.87-1.07 0.37 242 0.570
Mp versus Mg 0.95 0.03 —0.413 0.025 0.90-1.01 0.75 242 0.147

ground; inundation — MAOS; nutrients — leaf; leaf —
diaspore; below-ground — stem.

The changes made to the initial model led to a stable
model that only included essential pathways, which were
all significant at P < 0.05. This model showed good con-
sistency with the data (yx?/df=1.022, P=0.431,
GFI=0.947, RMSEA =0.015) and explained 45% of the
variation in live AGB and 48% in dead AGB.

The SEM revealed both direct and indirect effects
between environmental conditions, traits and above-
ground biomass. Direct effects are visualized in Fig. 3a—c;
indirect effects occur if two variables are connected
through paths to and from a third variable. Total effects
are calculated from the combined direct and indirect
effects (Table 3). Here, we concentrate on relevant total
effects, i.e. those > 0.3 in Table 3.

Trait-trait linkages

Most of the relationships of the final model confirmed our
expectations of the initial model. Some direct relationships
of the initial model proved non-significant; however, total
effects between these traits justified the initial expectations
(e.g. direct relationship between below-ground and stem
was not significant, total effect was +0.48, Table 3). In
contrast, we expected SLA and stem mass, as well as C:N
ratio and leaf mass to be positively related, which proved
correct for the direct effect (+0.33 and +0.61) but not for
the total effect (—0.19 and — 0.18). These results highlight
the influence of indirect causes on plant traits and the
importance of considering the total effects between two
variables, rather than solely concentrate on direct effects.
Four paths were added to the initial model, of which
the strongest were between below-ground and diaspore
mass (total effect 0.68), and C:N ratio and below-ground
mass (— 0.35). According to the first path, reproductive
output increases with below-ground biomass. In contrast,
plants with high C:N ratio have low below-ground mass,

which then means that those plants do not invest heavily
in diaspore production.

The strongest allometric relationships confirming the
initial expectations were between below-ground organs
and leaf mass, stem mass and SLA and between stem and
diaspore mass and leaf and stem mass (total effects Table
3). C:N ratio showed a positive relationship with MAOS,
and the strongest trade-off was between MAOS and leaf
mass, i.e. in the upper marsh, tissue of plants is rich in
carbon and allocation towards leaves is low. The C:N ratio
showed a strong trade-off with SLA and below-ground
mass, which means that, considering the relationships
already mentioned, upper marsh species have low SLA
values and low allocation to below-ground organs.

Response traits

Sand was negatively correlated to nutrients and positively
to groundwater, whereas groundwater was positively cor-
related to inundation frequency (Fig. 3b). This indicates
that the lower parts of the salt marsh, with high inundation
frequency, are less rich in nutrients than the upper parts.
The traits responding most strongly were SLA, stem and
diaspore mass, with positive responses to nutrients (total
effects Table 3, direct effects Fig. 3b), C:N ratio and MAOS,
and with strong negative responses to groundwater and in-
undation frequency (the latter with response from C:N ratio
only). There were no relevant responses to sand content.

Effect traits

Stem biomass, together with leaf mass, had the strongest
positive effects on standing live above-ground biomass,
which confirmed our expectations. However, there was
no direct relationship between leaf mass and AGB live
(Fig. 3c). Leaves exerted an influence on standing live
biomass through an allometric relationship with stem
mass. C:N ratio and SLA had the strongest negative total
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Final model (a, b, c combined)
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Fig. 3. Final model (upper left) derived from initial model in Fig. 1. From the final model, relationships between traits (a, upper right), environment-trait
relationships (b, bottom left) and trait-ecosystem property relationships (c, bottom right) were magnified for a better overview. Names and
abbreviations of observed variables follow Table 1. Path coefficients between variables are standardized partial regression coefficients of direct effects,
for total and indirect effects, see Table 3. Arrow widths are proportional to the standardized path coefficient. Variances explained by the model (R?) are
given under the variable names (c). Residual errors were omitted. All pathways are significant at P < 0.05.

effects on AGB dead. Hence, stem biomass, SLA and C:N
ratio were both response and effect traits.

Indirect effects of environmental variables on standing
biomass

Through their effects on traits, groundwater had a nega-
tive indirect effect on above-ground dead biomass, and
nutrients had a positive but weak indirect effect on above-
ground live biomass.

Discussion

Lavorel & Garnier (2002) referred to linkages between
environment, biodiversity and ecosystem properties via
response and effect traits as the ‘holy grail’ of functional
ecology. Path analysis and structural equation modelling
allowed us to quantify these linkages for a single ecosys-
tem property: above-ground biomass of salt marshes. In
particular, we were able to demonstrate that the allo-
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metric biomass allocation pattern at the species level
translates into the community level. Through the allo-
metric relationship among stem, leaf, below-ground and
diaspore mass, a single response and effect trait, stem
biomass, drove the relationship between soil nutrients
and above-ground live community biomass. On the other
hand, whole-plant C:N ratio and SLA were the main
response and effect traits driving the relationship between
above-ground dead community biomass and ground-
water level, salinity and nutrients.

Scaling relationships in plant biomass allocation at
the species level

To understand whether the SEM relationships among
plant organ biomasses at the community level are con-
sistent with those at the species level, we investigated
interspecific allometric scaling relationships at the vege-
tative and generative stages. Most of these relationships
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were close to isometry, whereas, according to allometric
theory, they should scale to the three-quarter power,
except for the relationship among root and stem mass,
which should be isometric (Enquist & Niklas 2002;
McCarthy & Enquist 2007). However, the three-quarter
rule was empirically validated mainly for tree species,
whereas deviations from this rule towards isometry were
found for juvenile and herbaceous plants (Enquist &
Niklas 2002; Niklas 2006). In our salt marsh species set,
allometric relationships close to isometry were present at
the vegetative and generative stages, and among vegeta-
tive and reproductive organs. In a recent review of
allometric relationships among vegetative and reproduc-
tive biomass of herbaceous species, Weiner et al. (2009)
found linear relationships close to isometry for the major-
ity of the 76 species investigated. The scaling relationships
at the species level suggest a common allometric strategy
across all salt marsh species (Miiller et al. 2000), implying
that an increase in biomass of one organ is accompanied by
a proportional increase in biomass of all other organs.
However, the variation in the data indicated species-specific
deviations from this general scaling rule, which may have
strong effects at the community level when such species
become dominant. Environmentally constrained species
sorting may thus result in ecosystem properties that cannot
be predicted from general scaling rules derived from the
whole species pool (Suding et al. 2008).

Relationships among plant traits at the community level

At the community level, i.e. when the mean organ biomass
of all species present in a community is weighted by their
abundance, the modelled relationships among stem, leaf,
diaspore, root and rhizome mass were also allometric (Table
3). Corresponding to our hypothesized model, we found
strong positive total effects of below-ground biomass on leaf,
stem and reproductive biomass, as well as of stem biomass
on diaspore biomass. Total effects of leaf biomass on stem
and diaspore mass were less pronounced. The path analysis
and structural equation model explores these relationships
in a multivariate rather than a bivariate way, which has
rarely been undertaken (Shipley 2004).

Our expectation that leaf biomass would scale strongly
negative with MAOS as a salt stress regulation mechanism
was also confirmed. MAOS attributes to species of the
upper salt marsh, which is a late successional stage in this
habitat. Leaf mass proved a good predictor for partitioning
the salt regulation mechanisms between the upper and
lower salt marsh.

Trait responses to environmental conditions

Our final model illustrates that groundwater level, sali-
nity and nutrient availability were the driving factors
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influencing functional traits, while inundation frequency
and sand content of the soil played minor roles.

Contrary to the hypothesized model, there were no
direct links between nutrients and leaf or below-ground
biomass. However, nutrients had a direct effect on SLA
and on biomass allocation to stems. In addition, sand
content, being strongly negatively correlated to nutrients
in this study and considered as a proxy for low nitrogen
availability in salt marshes (Olff et al. 1997), had a
negative total effect on stems. With increasing nutrients,
plants invest more into supporting stem tissue, thus
seizing the favourable conditions to produce more vege-
tative tissue and to acquire dominance by occupying
vertical space and better competing for light (Tilman
1988; Westoby et al. 2002). In a greenhouse experiment,
Kuijper et al. (2005) showed that the above-ground
relative yield of Elymus athericus, a dominant plant of the
high salt marsh, increased with nitrogen availability at the
expense of Festuca rubra. Elymus also invested relatively
more biomass in stem and root tissue and had larger shoot
length than Festuca. This experiment confirms that
changes in nutrient supply affect stem biomass allocation,
which results in changes in species abundances. Similar
results were found in transplant experiments on Dutch
salt marshes, where increasing soil nutrient levels indi-
cated by decreasing sand and increasing clay content
favoured species with comparably high investment in
stem tissue, while rosette species decreased in abundance
(Dormann et al. 2000).

Through the allometric relationship between stems and
other plant organs, nutrients also indirectly favoured
diaspore production (Niklas & Enquist 2003), thus in-
creasing the chance of plants to recruit (Moles & Westoby
2006) and to explore new habitats via their propagules.

Groundwater had a negative influence on C:N ratio
and MAOS, i.e. plants growing at high groundwater levels
and salinities tend to stock relatively less carbon than
nitrogen compared to those subjected to more balanced
water conditions. This is in contrast to other terrestrial
conditions, where plants growing in more stressful habi-
tats are often characterized by higher C:N ratios (De Deyn
et al. 2008). However, many plants capable of withstand-
ing salt stress and frequent inundation synthesize nitro-
gen-requiring osmoprotectants, such as proline, glycine
betaine and other quaternary ammonium compounds, to
counter osmotic stress (Steward et al. 1979; Cavalieri
1983; Tarczynski et al. 1993). These osmotic solutes often
make up a large part of the plant nitrogen budget (Roze-
ma et al. 1985).

The relationship between inundation frequency and
groundwater level and salinity was not as straight-
forward as expected, because the correlation between
these two parameters was only moderate (0.41). We
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found that less frequently inundated higher salt marshes
also had high groundwater salinities. In these cases,
high salinity may arise from summer rainfall deficits
(precipitation minus evapotranspiration), which cause
decreased water content of the sediment and hypersaline
conditions of the soil substrate (Leeuw et al. 1990).
This may explain why C:N ratio responded more strongly
to groundwater level and salinity than to inundation
frequency.

Keystone response and effect traits

Our model detected four traits explaining the community
standing biomass. These are C:N ratio and SLA explaining
dead biomass, on the one hand, and leaf and stem mass,
which affect living biomass, on the other hand. Of these
traits, C:N ratio, SLA and stem mass were both effect and
response traits.

Live biomass is explained by stem biomass because,
based on the isometric allometry of all above-ground
organs including leaf mass, an increase in stem biomass
leads to a concurrent biomass increase in all other organs.
On the other hand, dead biomass is determined by the
plant C:N ratio, with increasing carbon stocks leading to a
higher dead fraction of the total biomass. We assume that
the mechanism behind this link is an accumulation of
litter due to reduced decomposition in the upper marsh.
This assumption was confirmed by decomposition studies
performed for a subset of the plots, showing that the litter
of plants with a high C:N ratio, particularly Elymus
athericus, decomposed more slowly than plant litter with
a lower C:N ratio (data not shown). Species from early
successional stages tend to decompose more rapidly than
those from more advanced stages (Garnier et al. 2004;
Kazakou et al. 2006). In salt marshes, Elymus athericus
forms the successional climax of the upper marsh (Bakker
et al. 2003).

De Deyn et al. (2008) showed that when soil resources
are reduced, e.g. water, traits that drive carbon and
nutrient conservation dominate, such as high C:N ratio
and longer litter residence time (Aerts & Chapin 2000).
Our study showed that a high groundwater level and
salinity negatively influence C:N ratio, i.e. high ground-
water leads to low C:N ratios, as the demand for nitrogen
for osmoregulation increases at high levels of ground-
water. We assume that plants of the upper marsh demand
nitrogen for osmoregulation to a lesser extent than those
of the lower marsh and the pioneer zone. Thus, in the
upper marsh, C:N ratio is higher but litter decomposition
is also reduced, which leads to accumulation of dead
biomass.

The second trait to explain dead biomass is SLA,
although the effect on AGB dead was not as pronounced
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as the effect of C:Nratio. SLA is higher in the lower marsh,
which is expressed by the strong negative relationship to
C:N ratio. Fast-growing species from nutrient-rich sites
have high SLA together with high tissue nutrient content
and short-lived leaves (Lavorel et al. 2007). We assume
that species of the lower marsh show high production of
biomass, but as the turnover rate of this biomass is high,
the proportion of dead biomass increases. Dead plant
material in the lower marsh can be washed away more
easily by incoming water or spring tides than in the upper
marsh, so that an accumulation of dead biomass in the
upper parts of a salt marsh relative to the lower parts
seems obvious. However, Bakker et al. (1993) estimated
decomposition rates in Dutch salt marshes and found that
tissue composition (especially lignin content) was the
most important factor determining rates of decomposi-
tion, and environment heterogeneity (water, silt and salt
content of the soil) was only the second most important
factor. This supports our assumption that the weaker
effect of SLA on dead biomass in comparison to the C:N
ratio is a combination of high production of biomass of the
lower marsh species, on the one hand, and higher losses
due to decomposition on the other.

Conclusions

The relationship between standing biomass and environ-
mental conditions has often been addressed as a direct
dependency. Here, we emphasize the indirect link, i.e.
plant traits respond to the environment and simulta-
neously affect above-ground standing biomass. Keystone
response and effect traits were (i) stem biomass respond-
ing to available nutrients and affecting standing live
biomass, as well as (ii) plant C:N ratio and SLA responding
to groundwater (level and salinity) and nutrients and
affecting standing dead biomass. These findings of re-
sponse and effect traits did not come as a surprise. It is
evident, yet rarely shown, that stem biomass drives
standing live biomass via an underlying isometric alloca-
tion of biomass to all other plant organs, including leaves,
conforming to allometric theory. Nitrogen content and
SLA are closely related to maximum rate of photosynth-
esis across plants worldwide, and are thus important and
rather simple measurable parameters of plant growth
(Wright et al. 2004). The relevance of whole plant C:N
ratio in determining dead biomass has been confirmed for
many different ecosystems. SLA was not merely a coun-
terpart of C:N ratio, because the former was more deter-
mined by soil resources and the latter more by salt and
aeration. Generally, these traits can be considered key-
stone markers of species functioning in determining the
relationship between environment and ecosystem prop-
erties. The identification of a relatively small set of key
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traits translating the relationship between environment
and above-ground biomass through the species and com-
munity level is a relevant step in the theoretical under-
standing, modelling and managing of biodiversity for
ecosystem properties. For instance, basing the classifica-
tion of plant functional types on such traits rather than on
coarse combinations of life form and phenology may
improve predictions of dynamic global vegetation models
(Harrison et al. 2010). Regarding management as well as
biomass production, these traits are associated with multi-
ple ecosystem services, such as carbon sequestration (De
Deyn et al. 2008) or fodder quality (Pontes et al. 2007).
The most relevant salt marsh-specific result was the
inverse relationship between C:N ratio and environmen-
tal stress, as compared to most other terrestrial ecosys-
tems. Lower C:N ratio in plants with increasing salt stress
is apparently due to higher nitrogen investment to
synthesize osmoprotectants under salt stress.
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