
MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 406: 79–89, 2010
doi: 10.3354/meps08529

Published May 10

INTRODUCTION

Understanding the factors and mechanisms that con-
trol patterns of diversity at a local scale is of central
importance to ecology since this knowledge provides

insights into the ecological processes that regulate
species populations and assemblages. Numerous stud-
ies have demonstrated that the local distribution of
benthic organisms in shallow marine environments is
related to (1) the prevailing environmental conditions,
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ABSTRACT: To assess the effect of variability in hydrodynamic stress on benthic assemblages we
investigated whether deposit-feeding macrobenthos performs a unimodal response to an intertidal
flat hydrodynamic stress gradient, congruent with the intermediate disturbance hypothesis (IDH),
and whether this response is related to assemblage-wide biological trait displacements, reflecting
species sorting mechanisms. Patterns in diversity and assemblage-wide biological traits were
explained to a large extent by hydrodynamic stress and reflected in a significantly differing assem-
blage structure between stress levels. Our data did not support the IDH, since species richness and
diversity peaked at low stress, whereas evenness was lowest at intermediate stress, suggesting that
species sorting in response to hydrodynamic stress, rather than competitive exclusion at low stress,
drives the diversity stress response. The decrease in species richness and diversity towards the
hydrodynamically harsher low intertidal was reflected in the assemblage-wide shifts towards a lower
dietary dependency on microalgal carbon and a deeper living position. Intermediate stressed
assemblages were associated with a shift towards a more resistant development mode to superficial
sediment disturbance. This is suggested to result from species sorting in response to Cerastoderma
edule interference from bioturbation, which peaked at intermediate hydrodynamic stress where
optimal hydrodynamic conditions for suspension feeders prevail. The present study demonstrated
that the alteration of the natural hydrodynamic regime will significantly affect tidal flat benthic
community composition and, hence, ecosystem functioning. Additionally, our findings reveal that
inhibitory biophysical interactions, such as interference from bioturbation, should be incorporated in
environmental stress biodiversity models.
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whether or not directly or indirectly mediated by the
benthos (i.e. ecosystem engineering, sensu Jones et al.
1994), and (2) direct biotic interactions (e.g. Widdows
et al. 1998, 2002, van der Meer et al. 2000, Ysebaert &
Herman 2002, Ysebaert et al. 2003, Volkenborn &
Reise 2007, Volkenborn et al. 2007). However, marine
environments nowadays increasingly experience a
wide variety of anthropogenic stressors and distur-
bances which have also been documented to affect
assemblage structure, species diversity and ecosystem
functioning (Kennish 2002, Halpern et al. 2008, Thrush
et al. 2008). Moreover, such human-induced declines
in diversity are expected to affect ecosystem function-
ing and resilience to environmental change (e.g. Gray
1997, Elliott et al. 2007, Stachowicz et al. 2007).

Estuarine tidal flats typically are constituted of dense
deposit-feeding macrobenthic populations which sub-
stantially contribute to tidal flat nutrient cycling by
affecting sediment transport processes through biotur-
batory activities (Meysman et al. 2006) and represent-
ing an important trophic linkage through the provision
of forage for epibenthic crustaceans, fish and birds and
by feeding on benthic algae and bacteria (e.g. Herman
et al. 2000, Hampel et al. 2005, van Oevelen et al.
2006). However, enhanced wave energy associated
with the predicted sea level rise and increase in storm
severity will coarsen and erode the sediment of inter-
tidal habitats that cannot transgress further inland
(Kennish 2002, Fujii & Raffaelli 2008). This, in turn, is
likely to decrease deposit feeder food availability and
increase bed load and water column dispersal (e.g.
Tamaki 1987, Günther 1992, Commito et al. 1995), thus
affecting tidal flat deposit feeding assemblage struc-
ture and function.

In order to assess changes in tidal flat ecology due to
enhanced hydrodynamic stress, a solid understanding
of how natural hydrodynamic stress across a tidal flat
shapes the distribution and diversity of macrobenthos
assemblages is required. The intermediate disturbance
hypothesis (IDH; Connell 1978) predicts that sessile
community diversity is maximized at intermediate lev-
els of disturbance intensity and/or frequency because
this state enables the coexistence of stress-tolerant
species and potential competitors, whereas competi-
tively dominant species may exclude subordinate
species at low disturbance and less tolerant species
may directly be eliminated at high disturbance. How-
ever, Mackey & Currie (2001) revealed that a unimodal
disturbance–diversity relationship was only observed
in 11 to 19% (depending on the diversity measure
applied) of 116 reviewed papers, which highlights the
hypothesis status of the IDH principle. In marine sub-
strates, experimental evidence for the IDH has been
shown for rocky shores (e.g. Paine 1966, Sousa 1979)
and coral reefs (Aronson & Precht 1995, Connell et al.

2004), whereas for soft-sediment environments, evi-
dence has so far only been invoked from mesocosm
disturbance and organic enrichment experiments (e.g.
Austen & Widdicombe 1998, Schratzberger & Warwick
1998, 1999, Widdicombe & Austen 1999, 2001). This
may be attributed to the fact that benthic communities
in the field have to cope with multiple stressors which
may affect species differently, thereby hampering the
detection of a unimodal overall (alpha) diversity
response to a continuous stressor.

In marine benthic ecosystems, taxonomic community
composition-derived diversity measurements such as
species richness, diversity indexes (e.g. Shannon-
Wiener) and taxonomic distinctness have traditionally
been used to describe diversity in relation to different
or changing environments or stress (e.g. Warwick &
Clarke 1993, Somerfield & Clarke 1995). Species-
specific ecological or functional characteristics (e.g.
feeding habit, life habit) have often, subsequently,
been linked in order to determine indirectly the pro-
cesses that underpin the observed diversity patterns.
However, though the same 2 species may perform cer-
tain similar ecological roles, these species may also dif-
fer in other ways and therefore react differently to
stress, thereby hampering the detection of the driving
mechanism of the stress response (Bremner et al.
2003). Since species assemblages are expected to be
structured by the ability of species to cope with stres-
sors, analysis of assemblage-wide shifts in biological
traits along the stress gradient is therefore essential to
unravel the driving processes of the diversity-stress
response. In the present study, the macrobenthic
deposit feeder community across an entire intertidal
gradient on a single tidal mudflat was used to investi-
gate how diversity, biological traits and community
structure vary in relation to the prevailing hydrody-
namic stress. In particular, we addressed the following
questions: Does benthic species diversity exhibit a uni-
modal hydrodynamic stress response, congruent to the
IDH? Does the macrobenthos community structure dif-
fer in relation to hydrodynamic stress? Do community-
wide biological trait shifts occur along the hydrody-
namic stress gradient, which may explain the observed
benthic stress response?

MATERIALS AND METHODS

Site description and biotic sampling. Samples were
collected on 17, 19 and 23 April 2002 at the Paulina-
polder tidal flat, which is located along the south bank
of the lower, polyhaline part of the Westerschelde
estuary (SW Netherlands) (Fig. 1). The flat has a semi-
diurnal tidal regime with a mean tidal range of 3.9 m
and a yearly average salinity of 24 PSU (Ysebaert

80



Van Colen et al.: Tidal flat deposit feeder assemblage structure

2000). The established macrofaunal community con-
sists of 20 species, of which 14 deposit-feeding species
comprise 83 to 99% of the total macrobenthic abun-
dance and are characterized by a wide variety of bio-
logical traits (Table A1 in Appendix 1). In addition, the
suspension-feeding cockle Cerastoderma edule repre-
sents up to 16 and 96% of the community abundance
and biomass, respectively.

Macrobenthos samples were collected with a stain-
less corer (inner diameter 11 cm) to a depth of 40 cm
along 7 intertidal transects. Each transect consisted of
7 sampling stations, covering a complete cross-shore
gradient from the marsh edge towards the subtidal es-
tuarine main channel (Fig. 1). The macrobenthos sam-
ples (n = 1 sampling station–1) were washed over a 0.5
mm mesh-sized sieve and the residual organisms were
fixed in a buffered 4% formalin-seawater solution. In
the laboratory, the retained organisms were sorted,
counted and identified after staining with Rose Bengal.

Characterization of the hydrodynamic stress gradi-
ent. Hydrodynamic bed shear stress is affected by the
local topography (i.e. slope and tidal elevation/range),

as well as by the prevailing flood and ebb current
velocities, and influences sediment composition and
associated pore water metabolites (e.g. oxygen) and
organic matter (i.e. food for deposit feeders) (Reise
1985, Raffaelli & Hawkins 1996). In order to character-
ize the prevailing stress gradients associated with the
hydrodynamic regime across the tidal flat, parameters
related to hydrodynamic stress were recorded. At each
sampling station, the first sediment layer was sampled,
freeze-dried and stored at –20°C, and subsequently
processed in the laboratory for granulometry using
Malvern laser diffraction analysis. Further environ-
mental characteristics were extracted at the sampling
stations in GIS, based on maps from Rijkswaterstaat,
the Dutch Ministry of Transport, Public Works and
Water Management (Graveland 2005). Elevation data
were obtained from a laser altimetry survey of 2001 for
the intertidal zone, combined with interpolated single
beam echo soundings for the subtidal zone. Spatial
information on current velocity, i.e. the maximum cur-
rent velocity during flood and ebb on spring and mean
tides, were derived from simulations (using the 2001
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Fig. 1. The intertidal study site and layout of the sampling stations (•) along the 7 cross-shore transects
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elevation data) with SCALWEST, a numerical flow
model developed for the Westerschelde. The 2001 ele-
vation data were also combined with water level infor-
mation from 2002 from the nearby tide gauge station
Terneuzen (Fig. 1) to calculate inundation duration at
the sampling stations at spring and mean tide. Princi-
pal component analysis (PCA, Goodall 1954) was car-
ried out on the environmental characteristics (except
elevation) of the sampling stations and revealed the
prevalence of one main hydrodynamic stress axis
(PChydr; eigenvalue = 8.99, explanatory value = 74.9%),
which strongly correlated with tidal current aspects
and sediment composition after Bonferroni correction
(Table 1). Hydrodynamic stress intensifies with a lower
intertidal elevation and decreasing values of PChydr

indicate increased submersion time, increased current
velocity during ebb and flood and a substrate com-
posed of less sorted, less muddy sediment. Important to
note here is that dessication is not expected to be a dri-
ving stressor at our study site because the low
hydraulic conductivity of the muddy sediment keeps
the sediment fully water-saturated during the entire
ebb period. Because we aimed to study tidal flat mac-
robenthic deposit feeder diversity, assemblage struc-
ture and assemblage-wide patterns of biological traits
in relation to hydrodynamical stress sensu lato, we
retained sampling stations scores from the first PCA
axis for further analysis. Stations were characterized as
having low, intermediate or high hydrodynamic stress
according to their distribution within the upper (PChydr

> 2.25), intermediate (–1.65 > PChydr < 2.25) and lower
(PChydr < –1.65) 33th percentile of PChydr.

Data analysis. Species richness and diversity have
often been used as synonyms in past studies and, in the
context of the IDH, both terms have been used inter-
changeably (e.g. Menge & Sutherland 1987, Bertness
2007). However, since diversity depends on the num-

ber of species in the community and the degree of sim-
ilarity in abundance among species (i.e. evenness),
their patterns in relation to environmental stress may
differ (e.g. Kimbro & Grosholz 2006). Hence we calcu-
lated species richness (i.e. total number of species, S),
species diversity (Shannon-Wiener diversity index,
H’ = –Σpi loge(pi), where pi is the proportional abun-
dance of species i) and evenness (Pielou’s evenness,
J’ = H’/logeS) of the deposit feeding assemblage for
each sampling station. In order to avoid biased results,
Arenicola marina, a deep-dwelling subsurface deposit
feeder, was omitted from the analyses since this
species was considered to be sampled non-representa-
tively. To delineate insights in the underlying drivers of
the diversity and community structure stress response,
the relationship between hydrodynamic stress and
3 important life history traits of deposit-feeding mac-
robenthos with respect to hydrodynamic stress was
analyzed: microalgal carbon dietary requirement,
living position in the sediment and development mode.
The microalgal contribution to the species’ diet at the
study site was quantified by comparing the consumers’
Δδ13C (i.e. the increment of δ13C due to a PLFA bio-
marker uptake, as compared to natural background
values) to the Δδ13C of microalgae i.e. the Δ-ratio
Δδ13Cconsumer/Δδ13Cresource (R. Rossi & J. J. Middelburg
unpubl. data). The species living position in the
sediment was retrieved from vertical sediment profiles
taken at the study site in March and scored on a
categorical scale that reflects a deeper living position
and, hence, lower sensitivity to (hydrodynamic) distur-
bance at the sediment–water interface: 0 = upper 2 cm,
1 = 2 to 5 cm depth, 2 = >5 cm deep. Analogously, spe-
cies development modes were retrieved from Dekker
& Beukema (1999), Eckert (2003) and the Marine Life
Information Network (www.marlin.ac.uk) and scaled
on a categorical scale that reflects decreasing sensitiv-
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Table 1. Spearman rank correlations with the first principal component (PChydr) and elevation (cm above Dutch Ordnance Datum
NAP) of sampled variables across the intertidal flat at Paulinapolder. Relations with PChydr are significant at p < 0.004 after 

Bonferroni correction. Range indicates the maximum and minimum recorded values

Parameter Range PChydr Tidal elevation
r p r p

Maximum ebb current velocity mean tide (cm s–1) 6–45 –0.98 <0.001 –0.97 <0.001
Maximum flood current velocity mean tide (cm s–1) 11–49 –0.95 <0.001 –0.93 <0.001
Maximum ebb current velocity spring tide (cm s–1) 11–51 –0.98 <0.001 –0.97 <0.001
Maximum flood current velocity spring tide (cm s–1) 16–58 –0.98 <0.001 –0.97 <0.001
Median particle size (µm) 37–132 –0.88 <0.001 –0.80 <0.001
Mud content (% <63 µm) 15–75 0.87 <0.001 0.79 <0.001
Very fine sand fraction (% 63–125 µm) 20–43 –0.84 <0.001 –0.74 <0.001
Fine sand fraction (% 125–250 µm) 3–45 –0.87 0.057 –0.80 0.040
Medium sand fraction (% 250–500 µm) 0–11 –0.28 <0.001 –0.29 <0.001
Sorting coefficient (ρ) 1.1–3.3 0.68 <0.001 0.55 <0.001
Submersion duration at spring tide (h) 4.8–10.8 –0.96 <0.001 –1.00 <0.001
Submersion duration at mean tide (h) 4.6–12.0 –0.96 <0.001 –1.00 <0.001
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ity to (hydrodynamic) disturbance at the sediment–
water interface: 0 = non- or limited pelagic larval de-
velopment, 1 = pelagic larval development, 2 = direct
benthic development. Species-specific Δ-ratios, devel-
opment modes and living positions, as well as more
details on the assigned scale values, are presented in
Table A1.

The assemblage-wide trait approach was based on
the weighted average for the contribution of micro-
algae to the species’ diet and the interpolated median
of development mode and living position scores (Zar
1996). The influence of hydrodynamic stress on species
richness, diversity, evenness and assemblage-wide
biological traits was assessed using linear and qua-
dratic models (Statistica 7.0). The first PCA axis was
used as the continuous factor, reflecting hydrodynamic
stress sensu lato, whereas diversity parameters and the
trait values of co-occurring species were used as
dependent variables. Extreme outliers were excluded
from the analysis (casewise plot of residuals ± 3 sigma,
Statistica 7.0) to achieve normality of residuals (normal
probability plot, Statistica 7.0) and Akaike’s informa-
tion criterion (AIC) (Johnson & Omland 2004) was
applied to infer the most reliable model. One sampling
station (Stn 5.1), which contained only 3 individuals of
2 different species, was omitted from all analyses since
it consistently behaved as an outlier in all analyses.

One-way analysis of similarities (ANOSIM) based on
log(x + 1)-transformed standardized abundance data
(Clarke & Warwick 2001) was applied to investigate
differences in community structure between low, inter-
mediate and high hydrodynamically stressed stations.
Further, the species contributing most to the dissimilar-
ities were identified using similarity of percentages
analysis (SIMPER, Clarke 1993) and indicative species
for the 3 assemblages were identified by calculation of
their indicator value (IV) using the INDVAL program
(Dufrêne & Legendre 1997).

RESULTS

Species diversity and community structure

Species richness and diversity decreased signifi-
cantly with increasing hydrodynamic stress, whereas
evenness was lowest at intermediate hydrodynamic
stress and peaked at both high and low hydrodynamic
stress levels (Fig. 2, Table 2). ANOSIM revealed a
significant difference between low, intermediate and
high hydrodynamically stressed stations (low–inter-
mediate: R = 0.39, p = 0.001; low–high: R = 0.46, p =
0.001; intermediate–high: R = 0.24, p = 0.002), with
different species comprising the majority of the
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Fig. 2. Relationship between the degree of hydrodynamic stress along the intertidal gradient and deposit-feeder species rich-
ness (S), Shannon-Wiener diversity (H ’) , Pielou’s evenness (J ’) and the relative abundance of Cerastoderma edule. The prin-
cipal component scores derived from a principal component analysis of station-specific habitat characteristics (PChydr) are used
to indicate the degree of hydrodynamic stress along the x-axis. Regression lines of the most reliable model are given (Table 2)
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Table 3. Contribution of species to >60% dissimilarity between low, intermediate and high hydrodynamically stressed deposit-
feeding assemblages using similarity percentage analysis based on the Bray-Curtis similarity of log(x + 1)-transformed 

standardized species abundance data. Presented abundances (ind. m–2) and relative abundances were not transformed

Species                                                  Abundance (relative abundance, %) Contribution to Cumulative 
Low High dissimilarity percentage (%)

Heteromastus filiformis 978 (28) 3580 (54) 15.57 15.57
Pygospio elegans 2750 (14) 526 (5) 15.03 30.59
Tubificoides sp. 5771 (26) 2316 (22) 14.49 45.08
Aphelochaeta marioni 3454 (18) 978 (13) 12.37 57.45
Hydrobia ulvae 1020 (6) 68 (1) 10.86 68.31

Low Intermediate

Aphelochaeta marioni 3454 (18) 1777 (5) 17.40 17.40
Tubificoides sp. 5771 (26) 11983 (42) 15.60 33.01
Hydrobia ulvae 1020 (6) 229 (1) 13.42 46.42
Heteromastus filiformis 978 (28) 6205 (33) 13.02 59.44
Streblospio benedicti 612 (3) 211 (1) 9.54 68.98

Intermediate High

Tubificoides sp. 11983 (42) 2316 (22) 20.60 20.60
Heteromastus filiformis 6205 (33) 3580 (54) 16.30 36.90
Pygospio elegans 4589 (12) 526 (5) 16.06 52.96
Aphelochaeta marioni 1777 (5) 978 (13) 13.50 66.45

Table 4. Influence of hydrodynamic stress on deposit-feeding assemblage-wide dietary dependence on microalgal carbon, living
position in the sediment and development mode. Degrees of freedom are indicated next to the regression type (numerator,
denominator). Regressions were based on the weighted averages for microalgal dietary dependence and the interpolated
medians of development mode and living position scores of co-occurring species (see ‘Materials and methods’). AIC: Akaike’s

information criterion

Parameter Regression type Regression statistics
F p R2

adj AIC

Microalgal dietary dependence Linear (1,46) 28.91 <0.0001 37.25 –169.76
Quadratic (2,45) 17.99 <0.0001 41.96 –172.56

Living position Linear (1,46) 29.75 <0.0001 37.96 8.96
Quadratic (2,45) 14.70 <0.0001 36.82 10.50

Development mode Linear (1,46) 0.57 0.4559 0.00 14.18
Quadratic (2,45) 10.08 0.0002 30.93 –1.00

Table 2. Influence of hydrodynamic stress on deposit-feeding species richness (S), Shannon-Wiener species diversity (H’),
evenness (Pielou’s J’) and relative abundance of the cockle Cerastoderma edule. Degrees of freedom are indicated next to the

regression type (numerator, denominator). AIC: Akaike’s information criterion

Parameter Regression type Regression statistics
F p R2

adj AIC

Species richness Linear (1,46) 69.68 <0.0001 59.37 176.61
Quadratic (2,45) 64.05 <0.0001 63.45 173.78

Shannon-Wiener diversity Linear (1,46) 56.22 <0.0001 54.99 12.44
Quadratic (2,45) 27.82 <0.0001 55.29 14.13

Pielou’s evenness Linear (1,45) 3.98 0.0522 6.08 –73.92
Quadratic (2,43) 8.74 0.0007 25.59 –211.46

C. edule relative abundance Linear (1,45) 0.95 0.3338 0.00 264.79
Quadratic (2,44) 8.11 0.0010 23.62 253.02
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community and contributing most to the dissimilarity
(Table 3). INDVAL assigned significant high indicator
values for Streblospio benedicti (IV = 69.6), Hydrobia
ulvae (IV = 60.7), Aphelochaeta marioni (IV = 43.0) and
Pygospio elegans (IV = 42.4) for low hydrodynamically
stressed stations. Tubificoides sp. were typically ubi-
quitously present in stations with an intermediate
PChydr value (IV = 38.8), whereas Heteromastus filifor-
mis was highly indicative for high hydrodynamically

stressed assemblages (IV = 39.9). Further, the relation
between PChydr and the proportional abundance of
Cerastoderma edule revealed an intermediate opti-
mum along the hydrodynamic stress gradient (Fig. 2,
Table 2).

Assemblage-wide biological traits

The assemblage-wide contribution of microalgal
carbon to the organisms’ diets significantly decreased
with increasing hydrodynamic stress. In contrast, a
significant increase with hydrodynamic stress was
present for the assemblage-wide living position in the
sediment. A unimodal pattern along PChydr was ap-
parent for assemblage-wide development mode: on
average, species with a more resistant development
mode to disturbance of the benthic boundary layer
predominantly occurred at intermediate hydrody-
namically stressed stations in the mid intertidal
(Table 4, Fig. 3).

DISCUSSION

The present study tested whether deposit-feeding
macrobenthos demonstrated a unimodal diversity re-
sponse to hydrodynamic stress, as predicted by the
IDH (Connell 1978). In agreement with the IDH, low
diversity (i.e. Shannon-Wiener index H’) was found at
high hydrodynamically stressed stations in the low
intertidal. However, diversity peaked at low hydrody-
namic stress occurring in the high intertidal and,
hence, no diversity optimum at intermediate hydro-
dynamic stress was found. In addition, this survey
corroborates recent studies which revealed that envi-
ronmental stress or disturbance may differentially af-
fect species richness, diversity and evenness (e.g. Kim-
bro & Grosholz 2006, Scrosati & Heaven 2007): species
richness decreased with increasing hydrodynamic
stress, whereas evenness was lowest at intermediate
hydrodynamic stress and peaked at both low and high
stress levels. Hence, both species richness, evenness
and diversity should be measured to disentangle the
driving forces of the relationship between environ-
mental stress, diversity and ecosystem functioning.
The lack of a diversity optimum at intermediate hydro-
dynamic stress corroborates the general observation
from sandy beach and sandflat surveys (e.g. Degraer et
al. 1999, Armonies & Reise 2000, Giménez et al. 2005,
2006, Honkoop et al. 2006, Harriague & Albertelli
2007), which suggests that environmental stress in
tidal flat habitats is likely so high that competitive
exclusion at the lower end of the stress gradient does
not play a predominant role in determining deposit
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Fig. 3. Relationship between the degree of hydrodynamic
stress (PChydr) and assemblage-wide dependence on microal-
gal carbon, living position in the sediment and development
mode. Increasing values of biological traits reflect a higher
microalgal carbon dietary requirement, a deeper living
position and a development mode which is less sensitive to
disturbance at the sediment–water interface. Regression lines

of the most reliable model are given (Table 4)
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feeder diversity. Though we were unable to take all
macrobenthos stressors into account (e.g. potential
effects of top-down regulation of predation on benthic
prey abundances, Zwarts & Blomert 1992, van der
Meer et al. 2000, Hiddink et al. 2002; variability in pore
water metabolites associated with changes in the
hydrodynamic regime, Raffaelli & Hawkins 1996), the
prevalent diversity pattern appears to be explained to
a large extent by hydrodynamic stress sensu lato, and
the congruent assemblage-wide shifts in biological
traits suggest that species sorting in response to hydro-
dynamic stress is a main driver in structuring the
deposit-feeding assemblages along the studied tidal
flat. However, it should be noted that the macrobenthic
community at the study site exhibits considerable sea-
sonal variation (Ysebaert 2000, Van Colen et al. 2008,
in press) and the observed patterns may therefore not
necessarily be accurate over different seasons, since
they were derived from samples collected in one sea-
son (i.e. spring).

Van de Koppel et al. (2001) demonstrated that inter-
actions between the dominant microalgae at tidal flats,
i.e. diatoms, and silt in the sediment induce positive
feedback mechanisms between net silt accumulation
and diatom growth in which diatoms decrease erosion
of silt, which in turn results in higher diatom productiv-
ity. Consequently, more productive biofilms tend to
develop on the more sheltered, stable and muddy
upshore tidal flats (de Jong & de Jonge 1995). The
assemblage-wide shifts towards a higher dietary
dependency on microalgal carbon and a shallower
living position in a less hydrodynamically stressed
environment suggest that surface-dwelling species
that feed on diatoms are facilitated in the muddier high
intertidal, while species less vulnerable to disturbance
of the superficial sediment layer tend to disappear.
This is reflected in the occurrence of different indicator
species along the hydrodynamic stress gradient. The
surface dwellers Hydrobia ulvae, Pygospio elegans
and Streblospio benedicti were highly indicative of low
hydrodynamically stressed assemblages, whereas
Tubificoides sp. attained their highest absolute and
relative abundances at intermediately stressed stations
and Heteromastus filiformis, which feed only on a
limited amount of microalgal carbon, was highly
indicative of the assemblage in the hydrodynamically
harsher low intertidal. The latter 2 species live and
feed deeper in the sediment (i.e. subsurface deposit
feeders) and may thus be expected to be less vulnera-
ble to sediment resuspension at higher levels of hydro-
dynamic stress.

In addition to shifts in feeding and life habit, the
community structure along the hydrodynamic stress
gradient was also related to an assemblage-wide shift
in development mode. On average, species with a

pelagic larval stage or direct benthic development
mode predominantly occurred at intermediate hydro-
dynamic stress levels in the mid intertidal. This zone
was further characterized by the peak in the propor-
tional abundance of the common edible cockle Ceras-
toderma edule, which corroborates the typical distrib-
ution pattern of suspension feeders in tidal flats:
concentration in areas where bottom shear stress is
relatively low and submersion time is sufficient to feed
long enough to meet energetic requirements (Beu-
kema 1976, Herman et al. 2001). These conditions
were best in the mid intertidal zone of our study site,
where tidal currents and thus bottom shear stress were
drastically lower as compared to the lower intertidal,
and submersion time was slightly longer as compared
to the highest intertidal zone. C. edule was the most
important suspension feeder, both in terms of biomass
and abundance, at our study site (Ysebaert & Herman
2002, Van Colen et al. 2008, Montserrat et al. 2008) and
has been shown to significantly affect the benthic
boundary layer by increasing bottom shear stress due
to the physical structure of its shell and its biodiffusive
activities that selectively remove fine material from the
surface sediment (Ciutat et al. 2007, Montserrat et al.
2009). Due to these bioturbatory effects, C. edule has
been shown to negatively affect macrobenthic popula-
tions (e.g. Jensen 1985, Flach & De Bruin 1993, Flach
1996). According to the regressions by Flach (1996),
cockle crawling and shaking will disturb 69 ± 11, 98 ±
15 and 18 ± 11% (mean ± SE) of the sediment to a
depth of ~3 cm within 10 wk in the high, mid and low
intertidal, respectively. The observed shifts in biologi-
cal traits along the hydrodynamic stress gradient sug-
gest that such severe interference from cockle biotur-
bation especially inhibits relatively surficial-living
species and species with non-pelagic larval develop-
ment, whereas species with direct benthic develop-
ment and deeper-living species can cope better with
this additional stress component. Consistently, the low
evenness of intermediate hydrodynamically stressed
assemblages, which experience high interference from
cockle bioturbation, resulted from the dominance of
the subsurface deposit feeders Heteromastus filiformis
and Tubificoides sp., which together comprised 75% of
the macrobenthic abundance in the mid intertidal.

Increased awareness of the importance of biophysi-
cal interactions in determining overall benthic commu-
nity structure and diversity (e.g. Kimbro & Grosholz
2006, Rabaut et al. 2007, Thrush et al. 2008) has led to
the incorporation of facilitative interactions into
recently updated environmental stress models (Bruno
et al. 2003, Scrosati & Heaven 2007). In addition, the
results of the present study indicate that inhibitory bio-
physical interactions, such as interference by bioturba-
tion, should be incorporated in environmental stress
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biodiversity models. In conclusion, our data do not
support the IDH and indicate that alteration of the nat-
ural hydrodynamic regime will significantly alter tidal
flat benthic community composition, diversity and
functioning due to species sorting mechanisms.
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Table A1. Macrobenthic species present at the study site. Biological traits for deposit feeders are given together with their
scores, used to analyze assemblage-wide biological trait displacements along the PChydr. Increasing scores for development
mode and living position in the sediment indicate a lower sensitivity to hydrodynamic stress. Scores for living position in the
sediment are based on 20 cm deep vertical profiles taken at the study site (n = 10; slices = <2, 2–5, 5–20 cm). Species were
assigned a living position score of 0, 1 or 2 if they attained their highest abundance in the upper, middle or lower depth class,
respectively. Species were assigned a development mode score of 0, 1 or 2 if they have a non- or limited pelagic larval develop-
ment, a pelagic larval development or direct benthic development, respectively. See text for more details. As the focus of this
study is on deposit feeders, no in-depth analyses were performed on suspension feeders or scavangers/omnivores; these are
included in the table to inform the reader of other species present in the community. D: direct benthic development; P: pelagic
larval development; NP: non-pelagic or limited pelagic larval development; nd: not determined and omitted from the analyses

Appendix 1.

Species Microalgal dependence Development mode Living position
(Δ-ratio) Depth (cm) Score

Deposit feeders
Abra tenuis nd D (2) 2–5 1
Aphelochaeta marioni 0.30 NP (0) 2–5 1
Arenicola marina nd NP (0) >5 2
Corophium volutator nd D (2) 0–2 1
Heteromastus filiformis 0.09 P (1) >5 2
Hydrobia ulvae 0.57 P (1) 0–2 0
Macoma balthica 0.44 P (1) 2–5 1
Malacoceros sp. 0.31 P (1) 0–2 0
Nereis diversicolor 0.43 NP (0) 2–5 1
Polydora cornuta 0.30 P (1) 0–2 0
Pygopsio elegans 0.23 P (1) 0–2 0
Scrobicularia plana 0.00 P (1) >5 2
Streblospio benedicti 0.14 P (1) 0–2 0
Tubificoides sp. 0.35 D (2) 2–5 1
Suspension feeders
Cerastoderma edule
Mysella bidentata
Predators/scavengers
Anaitides mucosa
Eteone longa
Nephtys cirrosa
Retusa obtusa
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