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Abstract This paper examines how perennial Aster tripolium 
and annual Salicornia procumbens salt marshes alter the 
biomass, density, taxon diversity, and community structure 
of benthic macro fauna, and also examines the role of eleva
tion, sediment grain size, plant cover, and marsh age. Core 
samples were collected on a fixed grid on an intertidal flat in 
the Westerschelde estuary (51.4° N, 4.1° E) over 5 years 
(2004-2008) of salt marsh development. In unvegetated 
areas, macrobenthic biomass, density, and taxon diversity 
were highest when elevation was highest, benthic diatoms 
were most abundant, and sediment median grain size was 
smallest. In contrast, in salt marsh areas, macrobenthic bio
mass and taxon diversity increased with median grain size, 
while the effects of elevation and diatom abundance on 
macrobenthic biomass, density, and diversity were not sig
nificant. In fine sediments, macrofaunal community struc
ture in the salt marsh was particularly affected; common 
polychaetes such as Nereis diversicolor. Heteromastus fili
formis, and Pygospio elegans had low abundance and oli- 
gochaetes had high abundance. Marsh age had a negative 
influence on the density of macrofauna, and A. tripolium 
stands had lower macrofaunal densities than the younger S. 
procumbens stands. There were no significant effects of 
marsh age, plant cover, and vegetation type on macrobenthic 
biomass, taxon diversity, and community structure. The 
results highlight that ecosystem engineering effects of salt 
marsh plants on macrofauna are conditional. Organic
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enrichment of the sediment and mechanical hindering of 
macrofaunal activity by plant roots are proposed as plausible 
mechanisms for the influence of the salt marsh plants on 
macro fauna.
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Ecosystem engineering • Elevation • Sediment

Introduction

Salt marsh plants may act as ecosystem engineers (sensu 
Jones et al. 1994) in intertidal areas. The physical structure 
of the plants provides shade, increases habitat complexity, 
buffers salinity and temperature (Brusati and Grosholz
2006), and can strongly influence the hydrodynamic regime 
(Möller et al. 1999; Bouma et al. 2005), triggering a series 
of physical, chemical, and biological changes in the benthic 
system (Levin and Talley 2000; Neira et al. 2006; 
Temmerman et al. 2007; Van Wesenbeeck et al. 2007). 
Some studies have demonstrated facilitation of other species 
or communities by salt marshes (Bruno et al. 2003), while 
others demonstrated inhibition (Van Wesenbeeck et al.
2007) or found no effect. The balance between facilitation 
and inhibition of benthic invertebrates by salt marsh plants 
may be tipped by the aboveground and belowground struc
ture of the plant, and may therefore vary with plant species 
and successional stage (Brusati and Grosholz 2006; Neira et 
al. 2007; Wang et al. 2010).

The effects of salt marsh plants on benthic invertebrates 
have mainly been studied in Spartina spp. and Salicornia 
spp. (see Levin and Talley 2000 for an overview), while the 
effects of Aster tripolium stands are unknown. Even among 
Spartina species, contrasting effects have been found. Lana 
and Guiss (1991) and Hedge and Kriwoken (2000) showed
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a higher macrofaunal biomass and species diversity in salt 
marshes than in nearby unvegetated mudflats for Spartina 
alterniflora and Spartina anglica, respectively. Brusati and 
Grosholz (2006) demonstrated that Spartina foliosa pro
duced a moderate level of aboveground structure that can 
facilitate benthic invertebrates, whereas hybrid S. alterni
flora* S. foliosa had so much (aboveground) structure that it 
excluded invertebrates. Each invertebrate species may also 
be affected by the plants in a different way and (multi- 
trophic) interactions, for example, between infaunal deposit 
feeders, infaunal predators, and epibenthic predators may 
result in a complex response of the macrofaunal community 
(e.g., Frid and James 1988; Bouma et al. 2009). Developed 
aboveground structure could also have effects on higher 
trophic levels such as foraging birds and fishes, both be
cause of a change in their food resources, and because they 
may not be able to access the sediment (Levin et al. 2006).

A number of studies reported a smaller proportion of 
macrobenthic taxa feeding on benthic algae relative to detri- 
tivores, with accompanying lower macrobenthic biomass 
and density in S. foliosa and Salicornia virginica marshes 
than in adjacent unvegetated mudflats (Neira et al. 2005; 
Levin et al. 2006; Whitcraft and Levin 2007), as a result of a 
decline in algal abundance due to plant shading, stressing 
the importance of resource availability. Subsurface deposit 
feeders may also be reduced, as their burrowing activity can 
be inhibited by vegetation-mediated changes in the sediment 
and plant root structure (Van Wesenbeeck et al. 2007 for S. 
anglica, Paramor and Hughes 2004 for Salicornia 
europaea).

Salt marsh plants generally survive in areas where hydro- 
dynamic conditions are already benign (low wave and cur
rent stress, low inundation stress, low sediment disturbance) 
and, hence, sediment is fine (e.g., Van der Wal et al. 2008a). 
In addition, the salt marsh plants facilitate accumulation of 
fine and organic-rich sediment. This positive feedback loop 
can result in a distinct difference in inundation frequency 
and sediment properties between salt marshes and adjacent 
mudflats (Van de Koppei et al. 2005). Talley and Levin 
(1999) reported on a succession from S. foliosa to 
Salicornia sp., in which the accumulation of fine sediments 
and organic matter could have contributed to the differences 
in macrofauna between the S. foliosa habitat (i.e., a higher 
abundance of invertebrates with aquatic affinities, such as 
polychaetes) and the Salicornia sp. habitat (i.e., a higher 
abundance of invertebrates with terrestrial affinities, such as 
insects and terrestrial isopods). Elevation and sediment 
properties should, therefore, be taken into account when 
comparing macro fauna in salt marshes colonized by different 
plant species and unvegetated mudflats.

It is largely unknown whether the balance between facilita
tion and inhibition of macrofauna by salt marsh plants could 
itself depend on such abiotic conditions. Cottei et al. (2007)

found little effect of S. anglica on benthic invertebrates at 
high elevation, where desiccation was the dominant factor 
determining infaunal community structure, suggesting that 
the magnitude of the effect of salt marsh plants on macro
fauna could depend on elevation.

This paper explores to what extent the presence of salt 
marsh vegetation alters biomass, density, and diversity of 
benthic macrofauna and macrofaunal community structure. 
Specifically, we tested: (1) whether macrofauna changes 
with sediment characteristics and elevation in a similar 
way in vegetated and unvegetated areas, (2) whether macro
fauna changes with age of the salt marsh and with vegeta
tion cover, and (3) whether macrofauna in Aster tripolium 
differs from that in Salicornia procumbens salt marsh.

We hypothesize that with the development of the salt 
marsh, aboveground and belowground plant biomass in
crease, more fine sediment is trapped (due to the above
ground plant structure attenuating hydrodynamic energy) 
and organic matter accumulates, and microphytobenthic 
cover decreases (due to shading provided by the plant can
opy), all of which may affect macrofauna. We also hypoth
esize that the perennial A. tripolium has a more developed 
plant structure than the annual S. procumbens, accounting 
for stronger effects on macrofauna.

Materials and Methods

Study Site

The study was conducted in the Westerschelde, a coastal plain 
estuary in the southwest ofthe Netherlands (Fig. 1). The well- 
mixed macrotidal estuary experiences a semi-diurnal tide, 
and is nutrient rich and heterotrophic. The study focused on 
the Plaat van Walsoorden (51.4° N, 4.1° E). This tidal flat is 
in the mesohaline part of the estuary (Van Damme et al. 
2005). The tidal range varies from ca 3.81 m on neaps to 
5.25 m on springs. Mean High Water Neap level at the Plaat 
van Walsoorden is 2.07 m above Dutch Ordnance Datum 
NAP. The tidal flat is composed of sandy to muddy sedi
ment, inhabited by microphytobenthos and occasionally 
patches of the xanthophyte Vaucheria sp. (Van der Wal et 
al. 2008b). The highest part of the tidal flat has accreted for 
many years, facilitating salt marsh growth, which, in trun, 
favored siltation (Van der Wal et al. 2011). Colonization of 
this part of the mudflat started with establishment of tus
socks of S. anglica (common cord grass) in the late 1980s 
(Temmerman et al. 2007). S. anglica was mostly replaced by 
the perennial A. tripolium (sea aster) in the past decade. In 
addition, S. procumbens establishes on the bare mudflat 
when elevation is sufficiently high, attaining a higher den
sity and covering a greater area each year (cf. Fig. 2a, b). 
Both S. procumbens and A. tripolium also expanded
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Fig. 1 (a) Westerschelde estuary, southwest Netherlands, with (b) the intertidal flat Plaat van Walsoorden. Elevation from airborne LIDAR surveys 
and superimposed salt marsh areas from airborne hyperspectral surveys are shown for c 2004 and d 2008, along with the field stations for sampling

laterally into lower unvegetated areas, perhaps facilitated by 
the accretional regime. S. procumbens stands are also grad
ually being replaced by A. tripolium (cf. Fig. 2b, c). S. 
procumbens plants reach a height of 20-30 cm in height. 
A. tripolium plants are ca. 30-40 cm tail in spring and 30- 
180 cm in autumn, while a large part of aboveground 
structure dies off or washes away during winter.

Field Sampling and Laboratory Analysis

In 2004-2008, benthic macrofauna was sampled both in 
spring (April/May) and autumn (August/September) on a 
fixed grid (determineded with a GPS) with 39 stations 
covering the entire intertidal flat (Fig. 1). At each station, 
three 8-cm diameter cores were collected up to a depth of 
30 cm. The material of the three cores was pooled and 
sieved with a 1-mm sieve. The material >1 mm was stained 
and fixed in formaldehyde and used for analysis of macro
fauna. Sediment samples for grain size analyses were col
lected from the upper 3 cm (20 cm3) of the surface, and from 
2006 onwards, additional sediment samples for pigment 
analyses were collected from the upper 1 cm (4 cm3) of 
sediment using tip-cut syringes.

In the laboratory, all benthic invertebrates were picked 
out under a dissecting microscope, identified and counted at 
the species level (except for Collembola, Insecta, Mysidae, 
Nemertea, Nudibranchia, and Oligochaeta). The organisms 
were dried at 80°C for 2 days, then at 100°C for 1 day and

then ashed for 2 h at 580°C to determine biomass (ash-free 
dry weight, in milligrams per square meter). Shannon (e 
base) taxon diversity index / / ' was calculated for each 
sample from density (number of individuals per square 
meter) data of the taxa (Gray and Elliot 2009) using the 
software package PRIMER (Plymouth Marine Laboratory). 
In addition, the quotient (in milligrams per individual) of 
total biomass and total density was calculated for each 
sample.

Sediment grain size samples were freeze-dried and mate
rial was analyzed using a Malvern laser particle sizer to 
derive median grain size of the sediment. Pigments were 
extracted by taking 1 g of homogenized sediment added to 
10 ml 90% acetone. Mechanical disruption using a Bead 
Beater ensured an efficient release of pigment. Extracts were 
quantified using high-performance liquid chromatography 
and pigments were identified by a comparison of peaks and 
retention times with available standards. Pigments were 
used to mark phylogenetic groups, including chlorophyll-a 
(Chi-a) for all oxygenic phototrophs, fucoxanthin for dia
toms, zeaxanthin for cyanobacteria, and lutein for detritus of 
vascular plants (and green algae). The ratio of pigments was 
used to indicate dominance by phylogenetic groups (Abele- 
Oeschger 1991; Barranguet et al. 1997). To account for 
differences in pigment ratios under different irradiance levels 
(Brotas and Plante-Cuny 2003), the zeaxanthin/fucoxanthin 
ratio was used as a measure of cyanobacterial abundance 
relative to diatoms (Janousek 2009).
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a

Fig. 2 Vegetation succession at a station: transition from a mudflat 
with very sparse Salicornia procumbens (photo January 2005) to b salt 
marsh with dense Salicornia procumbens and some Aster tripolium 
(photo June 2006) and c salt marsh with dense Aster tripolium  cover 
(photo September 2007)

Airborne Data

Yearly maps of the vegetation index NDVI were derived from 
geocorrected and atmospherically corrected airborne hyper- 
spectral images with a 2-A m spatial resolution (Van der Wal 
et al. 2008b). NDVI was calculated using surface reflectance 
in the red (/Vxxnm) and near-infrared (/ixefinmf ¡-C., NDVI =

(^ 8 6 6 n m  - ^ 6 8 3 m n ) / ( ^ 8 6 6 n m  + ^ 6 8 3 m n )  • NDVI gives higher 
values with increasing biomass or cover of microphytoben
thos, sporadically Vaucheria sp. and/or vascular plants 
(A. tripolium, S. procumbens, and S. anglica). The images 
were acquired in either June or August of each year. Despite 
these seasonal differences, NDVI >0.37 was found to be 
representative for areas dominated by salt marsh plants. This 
was confirmed by ground photographs of the stations taken 
during sampling. The ground photos were also used to 
discriminate between dominance by A. tripolium or S. pro
cumbens (S. anglica did not dominate any of the cases) in 
each year. For each salt marsh case, marsh age was calcu
lated from the sequential airborne surveys, indicating the 
number of years the salt marsh (NDVI >0.37) existed at a 
station in the year of sampling.

Each summer, airborne Light Detection and Ranging 
(LIDAR) surveys acquired elevation, with 1-2 m spatial 
resolution and ~0.05 m vertical acciuacy (1er). Validation 
with in situ dGPS measurements in June 2007 demonstrated 
that the LIDAR measurements were representative of sediment 
surface elevation.

Statistical Analyses

Analyses of macrobenthic biomass, density, and species di
versity were performed in Statistica. Station samples for each 
year and season were treated as independent cases. Regression 
analysis was carried out to test the dependence of macro faiuial 
biomass, density, and diversity on continuous (abiotic and 
biotic) variables for cases with (NDVI >0.37) and without 
(NDVI <0.37), salt marsh respectively, while ANOVA, fol
lowed by an a posteriori HSD Tukey test for unequal sample 
size, demonstrated effects of categorical predictors (such as 
vegetation type). A homogeneity-of-slopes test revealed 
whether median grain size and elevation had a different effect 
on macrofauna in salt marsh and unvegetated mudflats, 
respectively.

Macrobenthic community structure was analyzed using 
PRIMER (Clarke 1993). Analyses were done separately 
based on unstandardized, log-transformed biomass ln(.r+l) 
and density ln(.r+l) of the macrobenthic taxa, respectively. 
Rare taxa (i.e., occurring in only one sample) were elimi
nated to reduce the dimensionality of the dataset (from 65 
taxa to 47). Five samples that contained no or only one 
species were omitted from the multivariate analysis; all 
belonged to the low elevation and coarse sediment cluster 
(no salt marsh).

Ordination (non-metric multidimensional scaling) plots 
of macrobenthic community structure were constructed 
based on Bray-Curtis similarity matrices (i.e., similarity 
between every pair of samples). A stress value between 0 
and 1 (<0.2 being useful) presented in each plot expressed
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how well the sample relationships were represented in the 2- 
D ordination.

Non-parametric Spearman rank correlation analysis of 
the Bray-Curtis resemblance matrices (for log-transformed 
biomass and density, respectively) and a Euclidian distance 
matrix of normalized environmental and pigment data 
(BEST in PRIMER) identified which (combination of) en
vironmental variables and (combination of) pigment varia
bles best explained the macrobenthic community structure, 
respectively, with significance tested via a permutation 
approach.

Clusters were constructed based on median grain size and 
elevation, respectively. First, cases were ranked according to 
median grain size (Online Resource 1). Cases with salt 
marsh (NDVI >0.37) were equally divided into clusters with 
medium-grained sediment (0.140-0.204 mm) and fine sed
iment (median grain size <0.140 mm). Based on median 
grain size, cases without salt marsh (NDVI <0.37) were also 
classified into these two clusters, or in the remaining cluster 
with coarse sediment (median grain size >0.204 mm). Then, 
cases were ranked according to elevation (Online Resoiuce 2). 
The cases with salt marsh were split into two groups: the 
intermediate (elevation 1.39-2.07 m NAP) and high (eleva
tion >2.07 m NAP, i.e., above Mean High Water Neap level, 
thus staying dry at neap tides) elevation cluster. Based on 
elevation, cases without salt marsh were also classified into 
these two clusters, or in the remaining cluster with low 
elevations (elevation <1.39 m NAP).

Significance of differences in macrobenthic community be
tween clusters was formally tested using ANOSIM (analysis of 
similarities) in PRIMER. ANOSIM yields anR value as a non- 
parametric measiue of discrimination based on rank simi
larities between samples, tested via a permutation approach. 
R values (for global effects and for each pairwise compari
son of clusters) range from -1 to 1, R>0.5 generally indi
cating clear separation between clusters. Similarity 
percentage (SIMPER) identified which taxa contributed 
most to the distinction of clusters. As similar results were 
obtained when the macrobenthic community of a random 
subset of cases in unvegetated areas was compared to that of 
all salt marsh cases, we did not account for the unequal 
sample size of the clusters in the multivariate analysis.

In all statistical analyses, samples from all years and 
seasons were pooled. In addition, separate analyses were 
carried out for samples collected in spring and autumn, 
respectively, to verify that effects persisted across seasons. 
The effect of year and station was tested using ANOVA with 
station as random factor. In all statistical tests, macrobenthic 
biomass, density, biomass/density, and pigments concentra
tions were log-transformed following ln(.r+l) to approach 
homogeneity of variance as well as a normal distribution 
within groups. A 5% significance level was applied to all 
statistical tests.

Results

Factors Explaining Macrofaunal Biomass and Density 
and Taxon Diversity

Regression analyses revealed how the abiotic and biotic 
factors depended on macrobenthic biomass, density and 
diversity in unvegetated (Table 1) and vegetated areas 
(Table 2), respectively. In unvegetated areas, biomass, den
sity, and diversity of the macrofauna increased with a de
crease in median grain size and an increase in elevation 
(Table 1). In addition, a significant positive relationship 
was found for pigments (notably for Chl-a and fucoxanthin, 
indicators for diatoms). NDVI, which can be used as a proxy 
for microphytobenthic biomass in unvegetated areas, also 
showed a significant positive relationship with macrofauna.

In the salt marsh, relationships were generally not signif
icant when Bonferroni-corrected, but macrofaunal biomass 
and taxon diversity increased with median grain size and 
macrobenthic density decreased with age of the salt marsh 
(Table 2). Signs of the slopes of the regressions were con
sistent for spring and autumn samples.

A covariance analysis (homogeneity-of-slopes test) con
firmed the dual effect of median grain size on macrofauna 
(Table 3). The significant interaction term median grain 
size X salt marsh demonstrated that biomass, density, and 
taxon diversity decreased with median grain size in unvege
tated areas, but increased with median grain size in vegetat
ed areas (Fig. 3). Median grain size was also finer in salt 
marsh than in unvegetated areas. Furthermore, macrofaunal 
density decreased with median grain size (Table 3). A 
homogeneity-of-slopes test with elevation (Table 4; Fig. 4) 
demonstrated a significantly higher macrofaunal density and 
a significantly lower biomass per individual (and presumably, 
size of the individual) with elevation, while the effect of salt 
marsh and interaction effects elevation x salt marsh were not 
significant. Macrofaunal biomass, density, diversity, and bio
mass per individual did not differ between salt marsh and 
unvegetated mudflat when controlled for elevation. Note that 
median grain size and elevation were correlated for cases in 
unvegetated areas (Pearson product moment correlation coef
ficient ;—-0.612, P<0.001, « = 362), but not for the salt 
marsh cases (r=0.06, P=0.751, ;?=28).

In a main-effects ANOVA of station and year, with sta
tion as random factor, there was no significant effect of year 
on biomass, density, and taxon diversity H' (all P>0.05), 
whereas the station effect was significant (all P<0.001), 
suggesting that year-to-year variation in macrofauna did 
not significantly bias oiu analyses, whereas repeated meas
ures of stations were not independent. The result was similar 
when the analysis was restricted to unvegetated mudflat 
cases only. In contrast, analysis for marsh cases only dem
onstrated that neither the effect of year nor station were
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Table 1 Linear regression analysis o f log-transformed macrobenthic biomass, density, and taxon diversity H ' as a function o f biotic and abiotic 
variables for cases without salt marsh

Variable ln(biomass+l) ln(density+l) H'

Pi., ,-2 R2 n P Pl.,,-2 R2 n P Pi., ,-2 R2 n P

Abiotic
Median grain size (mm) 225.56 0.39 362 <0.001* - 262.75 0.42 362 <0.001* - 65.06 0.15 362 <0.001* -
Elevation (m NAP) 101.63 0.22 362 <0.001* + 436.96 0.55 362 <0.001* + 5.95 0.02 362 0.015* +

Pigments (gg g ')
ln(Chl-a+l) 184.57 0.47 208 <0.001* + 230.07 0.53 208 <0.001* + 28.51 0.12 208 <0.001* +

hi( fiicoxantliin+1 ) 167.34 0.45 208 <0.001* + 191.23 0.48 208 <0.001* + 27.09 0.12 208 <0.001* +

hi(lutein+l) 7.03 0.03 208 0.009* + 7.98 0.04 208 0.005* + 0.19 0.00 208 0.666
hi( zeaxanthin+1 ) 26.48 0.11 208 <0.001* + 40.82 0.17 208 <0.001* + 10.82 0.05 208 0.001* +

Pigment ratios
Fucoxanthin/Chl-a 10.43 0.05 206 0.001* + 6.30 0.03 206 0.013* + 2.85 0.01 206 0.093
Lutein/Chl-a 8.43 0.04 206 0.004* + 5.02 0.02 206 0.026* + 0.23 0.00 206 0.632
Zeaxanthin/Chl-a 36.41 0.15 206 <0.001* + 61.16 0.23 206 <0.001* + 9.26 0.04 206 0.003* +

Zeaxantliin/fucoxantliin 20.58 0.10 185 <0.001* + 37.79 0.17 185 <0.001* + 6.14 0.03 185 0.014* +

NDVI 140.44 0.28 362 <0.001* + 165.77 0.32 362 <0.001* + 47.41 0.12 362 <0.001* +

Sign o f the slope o f significant regressions is shown

P # Test statistic, R 2 coefficient o f determination, n number o f  cases, *P<0.05 Significance

significant (all P>0.05), suggesting that the salt marsh cases 
were independent in time and space with regard to macro
fauna. Similarly, median grain size, pigments, and pigment

ratios did not depend on year or station in the salt marsh (all 
P>0.05), whereas elevation depended both on year (highest 
elevation in 2006, lowest elevation in 2007) and station, and

Table 2 Linear regression analysis o f log-transformed macrobenthic biomass, density, and taxon diversity H ' as a function o f biotic and abiotic 
variables for cases with salt marsh

Variable ln(biom ass+1) ln(density + 1) H'

P i,„-2 R2 n P P i,„-2 R2 n P Pi,n-2 R2 n P

Abiotic
Median grain size (mm) 4.31 0.14 28 0.048* + 0.43 0.02 28 0.520 7.33 0.22 28 0.012* +

Elevation (m NAP) 0.65 0.02 28 0.428 1.34 0.05 28 0.258 1.89 0.07 28 0.180

Pigments (gg g_1)

ln(Chl-a +1 ) 0.08 0.00 23 0.782 1.91 0.08 23 0.181 0.00 0.00 23 0.982

ln(fiicoxanthin+1 ) 0.04 0.00 23 0.852 0.99 0.05 23 0.330 0.29 0.01 23 0.598

ln(lutein+1 ) 0.39 0.02 23 0.541 0.21 0.01 23 0.650 0.37 0.02 23 0.551

ln(zeaxanthin+1 ) 0.19 0.01 23 0.664 1.36 0.06 23 0.256 0.68 0.03 23 0.421

Pigment ratios

Fucoxanthin/Chl-a 0.10 0.00 23 0.750 1.71 0.08 23 0.205 2.70 0.11 23 0.115

Lutein/Chl-a 0.22 0.01 23 0.646 0.55 0.03 23 0.465 0.22 0.01 23 0.643

Zeaxanthin/Chl-a 0.49 0.02 23 0.491 1.23 0.06 23 0.279 0.61 0.03 23 0.442

Zeaxanthin/fucoxanthin 0.69 0.03 23 0.416 2.34 0.10 23 0.141 0.73 0.01 23 0.731

NDVI 0.99 0.04 28 0.329 2.63 0.09 28 0.117 0.35 0.01 28 0.559

Marsh age (years) 1.05 0.04 28 0.314 4.57 0.15 28 0.042* 0.01 0.00 28 0.945

Sign o f the slope o f significant regressions is shown

Frij Test statistic, R 2 coefficient o f determination, n number o f  cases, *P<0.05 Significance
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Table 3 Homogeneity-of-slopes test o f the macrobenthic measures as a function o f (continuous variable) median grain size and categorical predictor salt 
marsh and their interaction term, with number o f cases n, and test statistic F df and significance P  for each effect

Macrobenthos n Median grain size Marsh Median x marsh

P ri ijiA P P

ln(biom ass+1), mg nri2 390 2.51 0.114 41.69 <0.001* 32.68 <0.001*

ln(density+1), ind nri2 390 9.72 0.002* 22.09 <0.001* 21.59 <0.001*

ln(biomass/density +1), mg ind-1 388 2.52 0.113 2.60 0.108 1.24 0.267

Taxon diversity H ' 390 0.53 0.466 32.02 <0.001* 21.64 <0.001*

*P<0.05 significant effects

NDVI depended both on year (gradual increase in NDVI) 
and on station (all P<0.01).

Vegetation type (S. procumbens versus A. tripolium) did 
not have a significant effect on the biomass (one-way 
ANOVA, F \,26=0.13, P=0.725, «=28) or on taxon diver
sity H ’ 6=0.73, P=0.400, «=28), but macrofaunal 
density was significantly lower in A. tripolium than in S. 
procumbens stands (Fi 26=5.38, P=0.028, 77=28).

A one-way ANOVA and posthoc Tukey test for unequal 
sample sizes revealed that S. procumbens occurred, on av
erage, at higher elevations than A. tripolium (F\,26=8.41, 
P=0.007, 77=28), but they were associated with similar 
grain size (N126=3.26, P=0.083, 7 7=28). In addition, A. 
tripolium salt marsh was significantly older than S.

procumbens salt marsh {F\,26 = 9.77, P=0.004, 77=28) and 
had a significantly higher NDVI (Ni 26 = 4.78, P=0.038, 7 7= 
28), pointing to a more developed aboveground structure.

A linear regression of median grain size (7?2=0.02, 2fl—
0.51, P=0.483,77=28) and elevation (7?2=0.01, in  26 = 0.22, 
P=0.640, 77=28) on marsh age did not reveal a significant 
dependence. In contrast, NDVI significantly depended on 
marsh age (7?2=0.48, in  26=0.24, P<0.001, 77=28), con
firming an increase in aboveground plant cover with salt 
marsh age. None of the pigments or pigment ratios 
depended significantly on marsh age (all P>0.05, e.g., 
Æ2=0.01, F 1i21=0.223, P=0.641, 77=23 for Chl-a) or 
NDVI (all P>0.05, e.g., Æ2=0.04, N1j21=0.96, P=0.338, 
77=23 for Chi-a), suggesting that accumulation of plant

Fig. 3 Macrobenthic a biomass, 
b density, c biomass per density, 
and d taxon diversity H ' as a 
function o f median grain size. 
Black symbols and regression 
lines are based on cases without 
salt marsh and gray symbols and 
regression lines are based on 
cases with salt marsh. Vertical 
lines show m ean si standard er
ror o f equally sized classes in 
unvegetated areas and in the salt 
marsh, respectively; horizontal 
lines show the range o f these 
classes. Details o f the regres
sions are given in Tables 1, 2, 
and 3
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Table 4 Homogeneity-of-slopes test o f the macrobenthic measures as a function o f (continuous variable) elevation and categorical predictor salt 
marsh and their interaction term, with number o f cases n, and test statistic F dt and significance P  for each effect

Macrobenthos n Elevation Marsh Elevation x marsh

F\,n-4 P F\,n-4 P P

ln(biom ass+1), mg nri2 390 0.017 0.897 1.07 0.302 0.29 0.091

ln(density+1), ind nri2 390 11.30 0.001* 0.06 0.800 0.09 0.760

ln(biomass/density +1), mg ind-1 388 8.09 0.005* 1.29 0.256 1.27 0.261

Taxon diversity H ' 390 0.15 0.229 0.93 0.336 2.70 0.101

*P<0.05 significant effects

detritus (i.e., lutein) did not increase with marsh age and that 
microphytobenthos was not limited by shading effects of the 
plant canopy.

Factors Explaining Macrofaunal Species Composition

A correlation analysis of the continuous variables with the 
multivariate macrofaunal community structure revealed that 
a combination of median grain size and elevation best 
explained macrofaunal composition in unvegetated areas, 
both based on biomass of macrofaunal taxa (BEST in 
PRIMER, Spearman rank correlation p=0.403, P=0.01) 
and on density of macrofaunal taxa (p=0.455, P=0.01). 
Of the microphytobenthic and pigment ratios, Chi-a

correlated best with macrobenthic community structure in 
unvegetated areas, both for biomass (p=0.377, P=0.01) and 
density (p=0.416, P=0.01) of the macrofauna.

In the salt marsh, the combination of median grain size and 
elevation also best explained the macrobenthic community, 
both for biomass (p=0.214, P=0.01) and density (p=0.267, 
P=0.01). Best correlations with pigments and pigment ra
tios for salt marsh cases were found for lutein/Chl-a, likely 
indicative of vascular plant detritus. It contributed signifi
cantly to explaining the density (p=0.250, P=0.01) of the 
macrobenthic community, but not the biomass (p=0.151, 
P=0.12). NDVI from airborne surveys did not explain mac
robenthic community within the salt marsh, neither for 
biomass (p=-0.050, P=0.720) nor density (p=-0.112,

Fig. 4 Macrobenthic (a) bio
mass, (b) density, (c) biomass 
per density, and (d) taxon diver
sity H ' as a function o f elevation. 
Black symbols and regression 
lines are based on cases without 
salt marsh and gray symbols and 
regression lines are based on 
cases with salt marsh. Vertical 
lines show m ean si standard 
error o f equally sized classes in 
unvegetated areas and in the salt 
marsh, respectively; horizontal 
lines show the range o f these 
classes. Details o f the regres
sions are given in Tables 1, 2, 
and 4
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M O .920) of macrobenthos. Marsh age also did not signif
icantly explain macrofaunal biomass (p=0.015, CM).340) 
or density (p=0.024, ,M 0.330).

Salt marsh cases dominated by A. tripolium and by S. 
procumbens, respectively, did not accommodate a 
different macrobenthic community, whether the multivariate 
analysis was based on macrobenthic biomass (ANOSIM, 
M -0 .034 , CM).630, dissimilarity Diss=62.23%), or densi
ty (ANOSIM, M 0.008, M 0.392, Diss=55.64%).

Macrofaunal Species Composition in Different Clusters

The species composition of the macrofauna (based on bio
mass of taxa) in the five sediment grain size groups (fine, 
medium, and coarse sediment in unvegetated areas and fine 
and medium-grained sediment in salt marshes, see Online 
Resource 1) differed significantly (ANOSIM, global 
M O .243, M O .001; Fig. 5; Online Resource 3). In unvege
tated areas, the macrofaunal community in medium and fine 
sediments did not differ significantly (/MO.007, M  0.3 98, 
Diss=65.07%), but there were significant differences in the 
community between medium and coarse sediment 
(7?=0.233, ,M 0.001, Diss=75.04%) and between fine and 
coarse sediment (7M0.600, M 0 .001, Diss=84.16%). While

2D Stress: 0.16

+
o

Median grain-size
■ Fine (<0.140 mm),marsh 
X Medium (0.140-0.204 mm),marsh 
□ Fine (<0.140 mm),no marsh 
+  Medium (0.140-0.204 mm),no marsh 
O Coarse (>0.204 mm),no marsh

Fig. 5 nMDS plot o f  the macrobenthic community without and with 
salt marsh for fine (median grain size <0.140 nrnr), medium (median 
grain size 0.140-0.204 nrnr) and coarse (median grain size >0.204 nrnr) 
sediments

the within-group similarity of the unvegetated coarse sedi
ment communities was mainly characterized by Bathyporeia 
pilosa and Macoma balthica, the medium and fine sediment 
groups were richer, with Heteromastus filiformis. Nereis 
diversicolor, and Pygospio elegans dominating medium
sized sediments and N. diversicolor, P. elegans and 
Corophium arenarium characterizing fine unvegetated sedi
ments (SIMPER; Online Resource 3). In the salt marsh, 
differences in macrofaunal species composition in fine and 
medium-grained sediment were significant (7M0.116, 
M 0 .036, Diss=64.33%), although overlap in species be
tween the two salt marsh groups was high. Oligochaeta 
contributed 37.5% to the similarity within the medium- 
grain size cluster, and 66.21% to the similarity within the 
fine sediment cluster, with P. elegans further contributing to 
the similarity within the medium-sized sediment (SIMPER; 
Online Resource 3). Fine sediments in the salt marsh had a 
lower biomass of N. diversicolor, P. elegans, and M. balth
ica and a higher biomass of Corophium volutator and 
Oligochaeta than medium-sized sediments in the salt marsh 
(SIMPER). Differences in community between vegetated 
and unvegetated areas were small in medium-sized sediment 
(7M0.165, M 0 .021, Diss=72.60%), but pronounced in fine 
sediment (7M0.848, M 0 .001, Diss=77.65%). In the 
medium-sized sediment, the difference could be attributed 
to a higher biomass of Oligochaeta and N. diversicolor, a 
lower biomass of M. balthica and B. pilosa, and a higher 
biomass of C. volutator and P. elegans in the salt marsh 
(SIMPER). In the fine sediment, the difference in macro
benthic community was due to a lower biomass of N. 
diversicolor, H. filiformis, and M. balthica, a higher biomass 
of Oligochaeta and a lower biomass of P. elegans in the salt 
marsh (SIMPER). Pronounced differences (ANOSIM, 
/M 0.500, PM).05) between groups persisted across seasons. 
For example, differences in the macrofaunal community 
between unvegetated and vegetated areas with fine sedi
ments were significant both in autumn (/M0.851, 
,M 0.001, Diss=75.09%) and spring (M 0 .826, ,M 0.001, 
Diss=77.34%), while those in medium-sized sediments 
were significant in spring (7M0.223, M 0 .025, Diss= 
74.27%), but not in autumn (/M0.052, M 0 .303, 
Diss=67.80%).

The five elevation groups (high, intermediate, and low ele
vation in unvegetated areas; high and intermediate elevation in 
salt marsh, see Online Resource 2) had a significantly differ
ent macrobenthic community (ANOSIM, global /M0. Il l ,  
M 0 .001 ; Fig. 6; Online Resource 4). In unvegetated areas, 
there was, however, a large overlap in species for the inter
mediate versus the low-elevation cluster (/M0.093, M  
0.001, Diss=72.38%), while differences in community be
tween the medium- and high-elevation cluster (/M0.063, 
M 0 .096, D i ss M  2.8 9%) and between the low- and high- 
elevation cluster (M 0 .031, M 0 .227, Diss=72.38%) were
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2D Stress: 0.16

X K

o cfi

Elevation 
■ High (> 2.07m NAP),marsh 
X Intermediate (1.39-2.07m NAP),marsh 
□ High (> 2.07m NAP),no marsh 
+  Intermediate (1.39-2.07m NAP),no marsh 
O Low (<1.39m NAP),no marsh

Fig. 6 nMDS plot o f  the macrobenthic community without and with 
salt marsh for high (>2.07 nr NAP), intermediate (1.39-2.07 nr NAP) 
and low (<1.39 nr NAP) elevation

not significant. In the salt marsh, there were also no signif
icant differences in macrofaunal community in the high and 
intermediate elevation cluster (if=—0.025, P=0.625, 
Diss=62.35%). The differences in macrobenthic community 
between vegetated and unvegetated areas were more pro
nounced, both for intermediate elevation ( /C—0.519, 
P=0.001, Diss=71.90%) and high elevation (/C—0.608, 
P=0.001, Diss=67.46%). At intermediate elevation, the salt 
marsh had a lower biomass of N. diversicolor and H. fili
formis, a higher biomass of C. volutator, a lower biomass of 
M. balthica, a higher biomass of Oligochaeta and a lower 
biomass of P. elegans than in unvegetated areas (SIMPER). 
At high elevation, the salt marsh had a lower biomass of 
Corophium arenarium, N. diversicolor, and P. elegans, a 
higher biomass of Oligochaeta and a lower biomass of B. 
pilosa and Hydrobia ulvae than in unvegetated areas 
(SIMPER). These differences between unvegetated and veg
etated areas in intermediate and high elevation, respectively, 
were persistent across seasons (ANOSIM, /(> 0.500, 
P<0.05 for spring and autumn).

Very similar results were found when the analyses were 
based on density rather than biomass of the taxa in the 
macrobenthic community, both for the effect of median 
grain size (Online Resource 5) and elevation (Online 
Resource 6), although the results reflect the fact that the 
large species N. diversicolor and Macoma balthica, as well

as H. filiformis contributed most to total macrofaunal bio
mass, while P. elegans. Oligochaeta, and H. filiformis con
tributed most to total macrofaunal density. The 11 taxa 
presented in the Electronic Supplementary Material com
prised >85% of both total macrofaunal density and biomass.

Discussion

Understanding the effect of salt marsh plants on macro
benthic fauna requires knowledge of the physical and bio
logical forces that structure intertidal macrozoöbenthos 
communities. We tested whether macrofauna changed with 
sediment characteristics and elevation in a similar way in 
vegetated and unvegetated areas. Along a gradient towards 
higher elevations, higher emersion duration, lower levels of 
hydrodynamic stress, less sediment disturbance, finer sedi
ment, higher levels of desiccation stress, higher microalgal 
abundance, less feeding time for most benthic invertebrates, 
and changes in predation pressure and competition are 
expected (e.g., Van Colen et al. 2010). In the present study, 
median grain size and elevation significantly explained the 
macrofaunal community in the absence of salt marsh plants. 
The elevation gradient was associated with a pronounced 
increase in particularly macrofaunal density and a decrease 
in organism size, ranging from a community dominated by 
the mobile amphipod B. pilosa and the bivalve M. balthica 
at low elevation and coarse sediment to a community with 
more species at higher elevations with finer sediments, with 
some evidence of a reduction of abundance of some species 
at the highest elevation levels (e.g., H. filiformis). In the salt 
marsh, biomass and density of Polychaeta, such as N. diver
sicolor, H. filiformis, and P. elegans and bivalves such as M. 
balthica were reduced, while the biomass and density of 
Oligochaeta increased, compared to unvegetated mudflats at 
comparable elevation. However, number of stations in the 
salt marsh was small. Effects of elevation on total macro
faunal biomass, density, and taxon diversity were not sig
nificant in the salt marsh. The shift in macrobenthic 
community and reduction in total biomass and taxon diver
sity in salt marshes appeared to be notably associated with 
fine sediments, while fine sediments in unvegetated areas 
accommodated maximum macrobenthic biomass and taxon 
diversity.

The dominance of Oligochaeta in the salt marsh was also 
found in earlier studies in temperate and arid salt marshes 
worldwide (Jackson et al. 1985; Talley and Levin 1999; 
Craft and Sacco 2003; Hampel et al. 2009; Wang et al. 
2010). Oligochaeta can reach high abundances in salt 
marshes, as they can live in the microhabitat created by 
the root system of the plants and are capable of feeding 
upon plant detritus (Levin et al. 2006).
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Note that our study was based on macrofauna >1 mm, 
whereas many studies in salt marshes have used smaller 
sieve sizes (0.250 or 0.500 mm) to sample benthic inverte
brates. Comparison of results with studies using different 
mesh sizes (and different core depths) is difficult. In the 
study area, the benthic invertebrates <1 mm are expected to 
be dominated by Oligochaeta, Nematoda, and small and 
juvenile Polychaeta and Crustacea, such as C. volutator 
(Ysebaert et al. 2005). Owing to their small size, they 
generally make up only a small part of the biomass of 
benthic invertebrates (Reise et al. 1994), but notably 
Oligochaeta can constitute a significant part of total abun
dance. In the present study, taxon diversity / / ' will have 
been affected by the fact that the Oligochaeta in particular 
were not identified to species level, while Polychaeta, 
Bivalvia, Gastropoda, and Crustacea were generally deter
mined at the species level. However, the difference may 
have been small. Seys et al. (1999) found only two species 
of Oligochaeta (i.e., the tubificids Tubificoides heterochaetus 
and Heterochaeta costata) in the brackish zone of the 
Schelde (somewhat upstream of our study site) with on 
average only one species per sample.

We hypothesized that with salt marsh development, veg
etation cover would increase, resulting in finer sediment 
with fewer diatoms and more plant detritus. We expected 
that macrofauna would have a significant response to both 
salt marsh age and vegetation cover. We did not find a 
significant effect of marsh age, vegetation cover, or domi
nant plant species on macrofaunal biomass, diversity and 
community structure (and indeed not on median grain size, 
diatom availability, or lutein/Chla contents), but there was a 
significant negative relationship between marsh age and 
macrofaunal density. In addition, total macrofaunal density 
was lower in A. tripolium than in S. procumbens. The lower 
elevation and denser foliage in A. tripolium, but particularly 
the greater age of the A. tripolium marsh likely tipped the 
balance towards a significantly lower macrofaunal density 
in these salt marshes. The older stands of the perennial A. 
tripolium may also have a denser root structure, inhibiting 
burrowing by larger macrofaunal species such as N. 
diversicolor.

Several studies reported a reduction of light under the 
canopy of S. foliosa and S. virginica marshes relative to 
unvegetated mudflats, resulting in a lower abundance of 
microalgae and a subsequent decline in surface deposit 
feeders, while subsurface feeding groups such as tubificid 
oligochaetes and capitellid polychaetes were less affected 
(Lana and Guiss 1992; Levin et al. 2006; Neira et al. 2007; 
Whitcraft and Levin 2007). In our study, we found no 
evidence that dominance of diatoms (here sampled from 
the upper 1 cm of sediment) was less in salt marsh than in 
unvegetated mudflats (Online Resources 1 and 2). In addi
tion, we did not observe a decrease in diatom dominance

with marsh age or NDVI. This suggests that (spring) blooms 
of diatoms could occur even in well-established salt marsh. 
Furthermore, pigment concentrations and ratios did not cor
relate with total macrobenthic biomass, density, and species 
diversity within the salt marsh. Moreover, some of the 
surface deposit feeders, particularly the mud shrimp, C. 
volutator, were not reduced in biomass or density.

Salt marshes may provide a refuge for resident fauna by 
protecting them from predation or abiotic stresses such as 
desiccation (Rader 1984; Lana and Guiss 1991; Hedge and 
Kriwoken 2000; Brusati and Grosholz 2006; Catrijsse and 
Hampel 2006; Neira et al. 2006; Bouma et al. 2009). Such 
positive effects of aboveground plant biomass on benthic 
macrofauna were not evident from our study. In our core 
samples, epifauna (dominated by the gastropod Hydrobia 
ulvae) was not abundant. However, larger invertebrate epi
fauna (such as shrimps and crabs) were certainly under
sampled with the coring methods used (Angradi et al. 
2001), while vertebrate predators, such as fish and birds, 
were not sampled at all in the present study. Therefore, we 
could not establish differences in predation pressure between 
habitats and potential changes in the relative importance of 
epifauna.

Trapping of sediment by salt marsh plants, such as 
Salicornia spp. and A. tripolium (Boorman et al. 2001) 
and Spartina spp. (Neumeier and Amos 2006) may not only 
result in accretion of fine sediments, but also in a more 
organic rich mud with limited oxygen penetration and in
creased pore water sulfide concentrations (Gribsholt and 
Kristensen 2003; Neira et al. 2006). Increased microbial 
activity associated with benthic algae and decaying plant 
material in the salt marsh may contribute to this reduced 
oxygen availability (Ponnamperuma 1972; Levin and Talley 
2000). Indeed, lutein/Chl-a, a proxy for plant detritus, sig
nificantly explained the macrobenthic composition in the 
salt marsh based on species abundance. In fine-grained 
marsh sediments, Polychaeta, such as N. diversicolor, and 
to some extent also H. filiformis and P. elegans, had lower 
biomass and abundance in favor of Oligochaeta, which have 
a shallower burying depth and a smaller size (and thus 
higher surface area to body volume), making them better 
adapted to hypoxic environments (Seys et al. 1999; Chen et 
al. 2007). The limited abundance of large bioturbators such 
as N. diversicolor (perhaps also hindered by the root struc
ture of the marsh) may have caused further changes in the 
geochemical properties of such salt marsh sediments 
(Gribsholt and Kristensen 2003; Van Wesenbeeck et al.
2007). This feedback loop may explain the low macrofaunal 
diversity in fine sediments in the salt marsh compared to 
unvegetated mudflats.

In conclusion, S. procumbens and A. tripolium stands 
accommodated a different macrobenthic assemblage than 
unvegetated mudflats, associated with a lower abundance
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of polychaetes and a higher abundance of oligochaetes. The 
lower abundance of macrofauna in salt marshes was espe
cially noticeable in fine, muddy sediments, demonstrating a 
conditional effect of salt marsh plants on macrozoobenthos. 
The exact mechanisms underlying these findings remain to 
be established, for example by field or mesocosm experi
ments in a controlled and balanced design. Our observations 
suggest, however, that mechanical hindering of macrofaunal 
burrrowing by roots, as well as organic enrichment of the 
sediment, were the most plausible mechanisms for the in
fluence of salt marsh plants on macrofauna.
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