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INTRODUCTION

Macrozoobenthic organisms play a fundamental
role in estuarine ecosystem dynamics. They are cen-
tral components of estuarine food webs (Herman et
al. 1999) and they affect sediment biogeochemistry
(Heip et al. 1995). The importance of estuaries for
human activities (fisheries, aquaculture, sand extrac-
tion, transport of goods and people, recreation) leads
to changes in habitats (Kraufvelin et al. 2001) and

directs research towards the study of the relation-
ships between environmental conditions and distri-
bution of macrozoobenthic organisms (e.g. Snelgrove
& Butman 1994, Herman et al. 2001, Thrush et al.
2004, Degraer et al. 2008).

Among the environmental factors directly delimit-
ing the potential niche of macrozoobenthic species,
the sediment composition is of great relevance (Gray
1974). On one hand, sediment composition is a proxy
for typically covarying stressors, such as the hydro-
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other unmeasured factors. Here, a univariate application of non-linear quantile regression is pro-
posed to account for heteroskedasticity and non-linearity in the biological response to sediment
grain size. The analysis was applied to a large macrozoobenthic dataset from the SW Delta area
(The Netherlands) to compare the relationships between sediment granulometry and macro-
zoobenthos in 2 neighboring but differing temperate coastal ecosystems (Oosterschelde and West-
erschelde). Preference of individual species for grain size was consistent between both systems,
although in general, a slightly higher median grain size (ca. +60% in grain diameter) was pre-
ferred in the Oosterschelde than in the Westerschelde. The major difference in the community
was, however, that mud-preferring species dominated the assemblage in the Westerschelde, and
sand-preferring species dominated the Oosterschelde. Although the prevalence of muddy and
sandy sediments in both systems is similar, in the Westerschelde, strong hydrodynamic stress is
correlated with sandy habitats, causing impoverishment of assemblages at sandy sites. In the
Oosterschelde, sandy sediments are usually associated with much more benign conditions and
have the richest species assemblage.
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dynamic regime (Allen 1985, Snelgrove & Butman
1994), depth (or emersion time) and resource distri-
bution (Heip et al. 1995, Herman et al. 1999, van der
Wal et al. 2008). On the other hand, it influences ben-
thic biota directly as it constitutes the physical matrix
in which benthic organisms live, gather food and
construct burrows (Gray 1974). Sediment granulome-
try correlates with hydrodynamic stress (van Prooijen
& Winterwerp 2010), water permeability (van Led-
den et al. 2004), organic matter content (Mayer 1994,
Curry et al. 2007) and microbial oxygen consumption
(Sutherland et al. 1998). Degraer et al. (2008) found
that sediment median granulometry and mud per-
centage are the most important environmental vari-
ables in determining macrozoobenthos spatial distri-
bution in the Belgian North Sea. The influence of
sediment composition on macrozoobenthic distribu-
tions is evident also in estuarine environments,
where the salinity gradient can have major relevance
(Ysebaert et al. 2002).

The variability in the morphological, hydrological
and chemical characteristics (Day et al. 1989) of estu-
arine environments generates spatial and temporal
patterns in species distribution (Wolff 1983, Ysebaert
et al. 2003). The accurate statistical prediction of
these patterns as a response to an environmental gra-
dient has proven to be extremely difficult (Butman
1987, Snelgrove & Butman 1994, Chapman et al.
2010) as the observed distributions are the outcome
of complex interactions between hydrodynamics,
sediment dynamics and benthic biology (Herman et
al. 2001). When unmeasured factors interact with the
measured factor, they generate an error distribution
with respect to the variables included in the model.
Complicated forms of non-linear and heterogeneous
response distributions can be expected in observa-
tional studies where many important processes inter-
act (Cade et al. 2005). Stochastic factors also con-
tribute to variability in the response of individual
sample densities. Univariate species-environment
relationships commonly show heteroskedastic error
distributions (White 1980): variances are smaller in
limiting conditions, but they increase at more suit-
able sites (Terrell et al. 1996, Thomson et al. 1996,
Cade et al. 1999, Anderson 2008). The local spatial
and temporal covariance structures between envi-
ronmental factors may differ from one system to
another, thereby decreasing the predictability of spe-
cies’ responses across different scales of observation
(Thrush et al. 2005, Chapman et al. 2010, Kraufvelin
et al. 2011).

Traditional regression methods like Ordinary Least
Squares (OLS) focus exclusively on changes in the

means. They assume that the response variable has
constant error variance, regardless of the value of the
predictor variable. Thus, central estimators are not
able to cope with data sets where the variance
changes with the mean. In a regime of limitation by
subsidiary factors (high prevalence of zero observa-
tions along the entire gradient), they are not repre-
sentative of the higher densities and they may fail to
distinguish real non-zero changes (Terrell et al. 1996,
Cade & Noon 2003).

To overcome these confounding effects, recent
studies on species distribution models focus on mod-
els that predict the likelihood of species presence
(Franklin 2009). Presence/absence observations min-
imize variation by emphasizing the lower threshold
(1 specimen per sample) in the observations. They
give as output a measure of habitat suitability
expressed as the frequency of positive observations
(presence) given the environmental conditions.
Habitat suitability models are often used to describe
and compare relationships between macrozooben-
thic species distribution and different environmental
factors, including sediment texture (Ysebaert et al.
2002, Degraer et al. 2008, Merckx et al. 2011). A sec-
ond approach to heteroskedasticity is to apply a
regression analysis through the ‘ceiling’ of the distri-
bution. Upper boundary regression emphasizes the
upper limit (maximum attainable abundance), con-
sistent with the ecological theory of the minimum
(Cade et al. 1999, Cade & Noon 2003, Cade et al.
2005, Downes 2010). While all lower observations are
constrained by subsidiary factors, the upper edge of
the multivariate data cloud is mostly representative
of the maximal potential response of the species to
the measured variable. Examples of upper boundary
regression applied to benthic species distribution
modeling along the sediment granulometry gradient
can be found in Thrush et al. (2003, 2005), Ellis et al.
(2006), and Anderson (2008).

The methodologies mentioned above offer only an
inaccurate (OLS) or partial (occurence and maxima
models) description of heteroskedastic distributions.
While habitat suitability is more stable through
time compared to abundances and is generally con-
sidered highly important for management strategies
(Degraer et al. 2008), the magnitude of the effect
organisms have on ecosystem processes is often
influenced by the realized size and density rather
than the presence or the potential abundance. The
estimation of density-related effects of macrozooben-
thos (e.g. the influence of macrozoobenthos on sedi-
ment dynamics or the availability of food for avi-
fauna) is likely to require extra information about the
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probability that a density is realized at given envi-
ronmental conditions. The quantile regression model
(Koenker & Basset 1978, Koenker & Machado 1999,
Koenker & Hallock 2001, Koenker & Xiao 2006) can
solve this problem. Quantile regression is emerging
in ecology as a comprehensive approach to the statis-
tical analysis of linear and nonlinear response models
(Cade & Noon 2003, Austin 2007, Franklin 2009,
Downes 2010). This method aims to fit any desired
quantile of a response variable distribution to an
independent variable. Regression quantile estimates
can be used to construct predictions without assum-
ing any parametric error distribution and without
specifying how variance heterogeneity is linked to
changes in means. The effect of the error distribution
on parameters is indexed by a family of quantiles
τ(0 ≤ τ ≤ 1). By representing the regressions of differ-
ent quantiles simultaneously, the quantile regression
model expresses the expected variation in the form of
a conditional probability density distribution. The
multi-quantile regression models permit the estima-
tion of the expected distribution of observations as
(co-) determined by all other factors affecting occur-
rence and abundance (Cade et al. 1999, Cade &
Noon 2003). Compared to presence/absence and
maxima analysis, they offer not only a measure of
habitat suitability (occurrence or potential maxi-
mum), but also a more complete view of biotic distri-
butions along single gradients. From this point of
view, a multi-quantile regression approach can be
preferable to single rate models, not because it ‘fits
better’, but because it provides better insights into
observed distributions. The full method, including
the simultaneous estimation of regression models for
all quantiles, was suggested by Cade et al. (2005) to
be the best solution when the interactions between
measured and unmeasured environmental variables
are un known, and one has no a priori basis for the
selection of one of the quantiles as the most repre-
sentative.

In this article we propose the use of non-linear
quantile regression to estimate the entire cumulative
distribution of common macrozoobenthic species as a
function of granulometry in temperate coastal basins.
The primary aim of the analysis is to accurately
describe how the biomass is distributed along a gra-
dient of sediment composition. This description is
fairly complete, as it yields a predicted probability
distribution of the response variable for all values of
the independent variable. To be properly validated,
the predicted probability distribution should be com-
pared with a complete population of values from an
independent dataset. It was not possible to find,

within a single basin, 2 or more sufficiently large and
independent data sets. We therefore approached
the validation problem from a different angle, by
 comparing 2 neighboring coastal ecosystems: the
Oosterschelde and the Westerschelde (Fig. 1). The
 sediment grain size composition per se is similar in
both basins (see Fig. 2). Due to the different anthro-
pogenic impacts, there is a different covariance
structure between sediment composition, water
salinity and local hydrodynamic forcing (Table 1).
The basins share a common pool of macrozoobenthic
species, but abundances and dominances often dif-
fer. The comparison of the Westerschelde and the
Oosterschelde allows us to evaluate the consistency
of the predicted responses despite different covari-
ance structures with other variables. Apart from the
statistical validation of the method, it also allows us to
formulate hypotheses on causal factors (covariance
structure within environmental variables) explaining
the differences in the response of the macrozooben-
thic community to a similarly distributed gradient in
sediment composition.

MATERIALS AND METHODS

Study area: Oosterschelde-Westerschelde

The Schelde estuary, a macrotidal, turbid, nutrient-
rich, coastal plain estuary, is situated near the border
between The Netherlands and Belgium (Fig. 1). It
was originally composed of 2 aligned and intercon-
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Fig 1. The study area. Note the back-barrier dams and the
sea-side storm surge barrier in the Oosterschelde (black 

arrows)
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nected water bodies called Westerschelde and Oost-
erschelde. The present geomorphology and function-
ing of these basins is deeply affected by human inter-
ference (Louters et al. 1998).

Due to land reclamation, the Oosterschelde was
progressively separated from the Westerschelde. The
freshwater input from the Schelde river was defini-
tively interrupted in 1903, transforming the estuary in
an enclosed sea-arm with stable (marine) salinity
(Table 1). The construction of 2 back-barrier dams in
1965 and 1969 had a significant impact on the Ooster-
schelde tidal hydrodynamics and sediment transport.
The effects of these interventions were still ongoing
when in 1986, the basin was partly closed off from the
sea by a storm surge barrier (Delta Works) (Eelkema
et al. 2012). After the Delta Works, the tidal prism of
the Oosterschelde basin was reduced by approxi-
mately 30%. Current velocities have declined by
20−40% in the tidal channels and by over 40%
around the tidal shoals and salt marshes (Louters et
al. 1998). Simultaneously, the import of sediment
from the coastal sea was cut off by the storm surge
barrier. As a consequence, the channels tend to fill up
using sediment eroded from the tidal flats. The avail-
ability of suspended mud for deposition on the flats
has decreased considerably, with present suspended
particulate matter concentrations only half those of
the pre-barrier situation (Louters et al. 1998). The
erosive trend of the Oosterschelde’s tidal flats has in-
creased to a warning level for coastal defense and
habitat preservation, creating new challenges for the
management of Oosterschelde (Bijker 2002).

The Westerschelde, due to its importance as a ship-
ping route to the Antwerp port, kept its open connec-
tion to the sea. It is, however, subject to extensive
dredging in order to enhance its function as a ship-
ping route. The estuary is characterized by a fully
developed salinity gradient and a complex network
of channels surrounding several large intertidal flats
and salt marshes. Current velocities are high, espe-
cially in the gullies (De Vriend et al. 2011). The sus-
pended particulate matter concentrations are on
average 4× higher in the Westerschelde compared to
the Oosterschelde.

Sampling and data processing

A total of 3926 macrozoobenthic samples, taken
between 2000 and 2008, were used in the analysis.
Samples were collected by Netherlands Institute of
Sea Research (NIOZ)—Yerseke and Rijkwaterstaat.
The use of such a large and multi-year dataset
accounts for most of the spatiotemporal variability of
environmental conditions and biotic responses. Data
collection was carried out in spring and autumn
(except for spring 2006, for which no data were avail-
able). While in the Westerschelde samples were ran-
domly collected within 4 depth strata, in the Ooster-
schelde the sampling was repeated at the same sites
across years in similar depth strata as used for the
Westerschelde sampling. In both basins, 25% of the
records come from intertidal sites, 50% of the records
were collected above a depth of 5 m NAP (Normaal
Amsterdams Peil, the Dutch height datum, 0 m
NAP = mean sea level in Amsterdam) and 95%
above 20 m NAP.

From each site, 3 cores of 8 cm diameter were
taken and combined. Sediment was sieved through
1 mm mesh. Subtidal sites were sampled using a
large (30 cm diameter cylinder) box-corer, from
which the three 8 cm sub-cores were extracted. The
collected animals were weighted and classified to the
lowest practical taxonomical level. Abundances were
ex pressed as number of individuals m−2 and biomass
as mg m−2 of ash-free dry weight. Rare or occasional
species (<6 observations) were removed from the
dataset. After this skimming, the dataset comprised
194 taxa.

Sediment samples were analyzed for grain size
 distribution by laser diffraction performed with a
Malvern Mastersizer 2000. For each sample, the
median sediment grain size (d50), expressed in μm,
and the percentage of different granulometric size-
classes (mud < 63 μm < very fine sand < 125 μm < fine
sand < 250 μm) were reported. In this analysis, d50 is
predominantly used. Depth (m NAP) was measured
on site.

Tidal-averaged bed shear stress (BSS, N m−2) and
daily-averaged salinity (spring) were calculated

Variable Water surface Depth Tidal range Tidal volume Salinity Freshwater Suspended
(km2) (m) (m) (m3 × 109) (PSU) load (m3 s−1) sediment (mg l−1)

Westerschelde 310 9.7−13.7 5.20−3.82 1 2.5−29 104 101
Oosterschelde 351 8 3.25 0.88 30 25 25

Table 1. Some characteristics (yearly average) of the Westerschelde and the Oosterschelde. The Westerschelde values 
separated by a dash refer to the mouth (right) and to 80 km upstream (left)
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using the Delft3D FLOW model (version 3.55.05.00)
with tidal forcing only (Lesser et al. 2004). The spatial
resolution of the grid varies from more than 2000 m at
the seaward boundary to around 100 m at the Ooster-
schelde inlet. For the Westerschelde, 25% of the
records were collected at a salinity higher than 25,
and 50% of the records were collected at a salinity
between 25 and 18.

Statistical analysis: non-linear quantile regression

Quantile regression was developed as an extension
of the linear regression model (Koenker & Basset
1978). The τ-th sample quantile of any random vari-
able Y, QY(τ), is the value splitting the distribution in
a portion Y ≤Q(τ) containing a fraction τ of the obser-
vations and a portion Y > Q(τ) with a fraction (1 – τ) of
the observations. It can be calculated by minimizing
the expectation of the loss function ρτ(yi – ξ):

(1)

with respect to ξ(τ) possible solutions, the smallest of
which is Qτ(Y). The simultaneous estimation of sev-
eral quantiles permits to characterize the distribution
of the variable Y by its quantiles QY(τ). By extension,
the linear conditional quantile QY (τ�X = x) linearly
depending on an independent variable X can be esti-
mated by replacing the term ξ in Eq. (1) with the term
xiβ:

(2)

where β̂(τ) is the unknown regression coefficient for
the  τ-th quantile and β are the possible solutions
with respect to xi. With τ = 1, QY (τ �xi) is the expected
maximal response at xi; in case of biomass or abun-
dance distributions, this value represents the ex pected
re sponse when (unmeasured) disturbance is at a
minimum and (unmeasured) facilitation at a maxi-
mum. The succession of the underlying quantiles
represents the expected distribution of re sponses
given the actual distribution in the habitat of the
unmeasured facilitating or inhibiting variables.

We extend the use of quantile regression to the
non-linear case by the use of spline transformations
(Koenker 1994, Thompson et al. 2010). The B-spline
smoothing of the explanatory variable produces flexi-
ble curves without linking the response shape to a
predetermined function. Regression splines produce
a similar output to general additive models, but they

are computationally faster and better suited to the
analysis of large spatio-temporal datasets (Elith &
Leathwick 2007). Quantile regression can easily be
coupled with a spline transformation of the independ-
ent variable. A B-spline function is a piecewise poly-
nomial of a given order satisfying second-order con -
tinuity conditions between the pieces. Breakpoints
are automatically selected by an iterative calculation
(Barsky & Thomas 1981). Because of its property of
continuity, the polynomial resulting from a B-spline
expansion of the explanatory variable forms a smooth
and flexible curve. B-spline quantile regression ana -
lysis is particularly suited to describing the heteroge-
neous responses of species abundances to environ-
mental factors (Anderson 2008). The main variable
controlling the flexibility of the spline shape is the
 degree of the polynomial, resulting in the number of
parameters in the regression model. As suggested
in previous studies (Cade et al. 2005, Anderson
2008), we selected spline degrees from 2 to 5 (see
 Tables S1 & S2 in Supplement 1 at www.int-res.com/
articles/ suppl/ m475p119_supp/ for a summary of the
dataset). Measurements of goodness of fit like R2 and
its equivalent for quantile regression (Koenker &
Machado 1999) cannot decrease with increasing
number of parameters, thus they are not useful for
 selecting the most appropriate spline degree. Con-
versely, the Akaike Information Criterion (Akaike
1981) offers a relative measurement of the goodness
of fit based on the tradeoff between the accuracy and
the complexity of the model; the lowest AIC value
provides a summary measure of the best fit with the
fewest number of parameters. Following Burnham &
Anderson (2004), in this analysis we used a small
sample size corrected version of the Akaike Informa-
tion Criterion (AICc) developed by Hurvich & Tsai
(1990).

Non-linear multi-quantile regression models are
able not only to reproduce the asymmetry of the dis-
tributions along the x-axis, but also the asymmetry
along the y-axis (i.e. the rate at which the abun-
dances drop to zero beyond the upper boundary of
the distribution). In this study, B-spline quantile
regression was used to characterize relationships
between the median sediment grain size (d50) (μm)
and the principal community descriptors total bio-
mass (mg m−2), abundance (m−2), number of taxa (S)
and Shannon-Wiener diversity index 

where pi is the proportion of individuals belonging
to the i th species (see Tables S3 & S4 in Supplement
1 for a summary of the dataset). The method was also
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used to regress the biomass of the 25 most frequently
observed (relative number of occupied samples) taxa
on sediment d50 (see Tables S5 & S6 in Supple-
ment 1). We analyzed the distribution of the most
abundant taxa irrespective of the level of taxonomi-
cal accuracy at which they were identified. We made
this choice to offer as complete and realistic an
overview as possible of the overall benthic assem-
blages. Focusing the analysis only at species level
would force us to reduce the numbers of groups
accounted for in the analysis due to scarcity of data
available for single species. Species optimal d50
were assessed as the average of the optimum pre-
dicted by each quantile of the biomass distributions
predicting occurrence (xi for which QY (τ �X = xi) =
max(QY (τ �X )) and max(QY (τ �X = xi)) > 0).

Environmental variables were significantly af fected
by spatial autocorrelation (Moran’s I p-value < 10−10

in both basins). However, the spatial trend was not re-
moved from the dataset, as Cade et al. (2005) showed
that quantile regression models have high perform-
ance in explaining the observed variance also in the
presence of spatial autocorrelation of environmental
variables. Data scarcity at the extremes of the (long-
tailed) d50 distributions can affect the behavior of
the spline function, leading to overestimation of the
expected densities. In order to avoid this effect, the

analysis was limited between the first (42 μm) and the
99th (358 μm) percentile of the  Oosterschelde range of
median grain sizes (see Tables S7 to S14 in Supple-
ment 1 for a summary of the data excluded from
analysis). To make the analysis still more resistant, the
regression was ‘shrunk’ by computing the fit with a
lasso algorithm (Tibshirani 1996) using as a threshold
the parameter λ = 10 for analysis of community indices
and λ = 1 for single taxa analysis. The full quantile
range from τ = 0.01 to τ = 0.99 was  fitted, with incre-
ments of 0.005.

All statistical analyses were implemented in R (R
Development Core Team 2010) using the packages
‘splines’ and ‘quantreg’ (Koenker 2010). The R script
of the analysis is available in Supplement 2 at www.
int-res.com/articles/suppl/m475p119_supp/.

RESULTS

Basic data analysis

Abiotic variables

The Oosterschelde and Westerschelde sampling
sites showed similar sediment composition and dis -
tribution (Fig. 2). The ratios between the different

Fig. 2. Correlation of d50 (median sediment grain size) and different sediment fractions in the Oosterschelde and Wester-
schelde. Histograms show the number of observations. White lines show the correlations between x and y values as predicted 

by locally weighted regression

http://www.int-res.com/articles/suppl/m475p119_supp/
http://www.int-res.com/articles/suppl/m475p119_supp/
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granulometric classes of sediment also appeared sim-
ilar across basins. Measures of sediment composition
related to the percentage of different granulometric
size-classes (mud < 63 μm < very fine sand < 125 μm
< fine sand < 250 μm) were truncated to 0 or 100% at

the extreme of the gradient, while sediment median
grain size was more continuously distributed (Fig. 2).
For this reason, the latter variable was preferred in
this study. Some examples using different proxies for
sediment composition can be found in Figs. S1 to S3
in Supplement 1. 

On average, the sediment in the Oosterschelde was
slightly but significantly (p < 10−10) finer than in the
Westerschelde (Fig. 3). In the intertidal samples, the
d50 distribution was wider in the Westerschelde than
in the Oosterschelde. The relationships between sed-
iment d50, bottom shear stress and depth differed
across basins (Fig. 4). In the Westerschelde, fine sed-
iments were rare at deeper sites and at higher hydro-
dynamic stress values. In the Oosterschelde, the
 relationships with depth and hydrodynamic stress
were less significant than in the Westerschelde. In
the case of bottom shear stress, the distribution of the
explanatory variable was very different between the
2 systems: in the Oosterschelde, the maximal tide-
averaged BSS was 0.92 N m−2, while in the Wester-
schelde, BSS was >3 N m−2 (Lesser et al. 2004). Sedi-
ment composition in the Westerschelde was not
correlated with the average salinity gradient (p =
0.1107).
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Biotic variables

Total biomass, abundance, number of taxa per
sample and Shannon-Wiener diversity were different
between the basins (Fig. 5). Comparing the median
values, the benthic communities of the Wester-
schelde reached only 11% of the biomass (Wester-
schelde 435 mg m−2 versus Oosterschelde 3832 mg
m−2), 13% of the abundance (266 versus 2000 indi-
viduals m−2), 28% of the number of taxa (2 versus 7
taxa per site), and 42% of the diversity (H’ = 0.53 ver-
sus 1.27) realized in the Oosterschelde. The total
 biomass and abundance distributions were positively
skewed, indicating a prevalence of sites with low
benthic abundance and biomass.

Based on the 25 most frequent (relative number of
occupied samples) taxa, clear differences in taxo-
nomic composition were found between the benthic
assemblages in both basins (Fig. 6). Only few taxa,
e.g. Arenicola marina and Corophium arenarium,
reached similar biomass and frequency in the Oost-
erschelde and the Westerschelde, while the majority
were abundant in one basin and scarcely present in
the other. The Westerschelde was dominated by the
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Fig. 6. Mean (a) biomass and (b) occurrence of the 25 most common taxa in the Westerschelde and the Oosterschelde. 
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polychaetes Heteromastus filiformis (average [avg.]
biomass 457 mg m−2, frequency 48%) and Hediste
diversicolor (avg. biomass 201 mg m−2, frequency
11%), and the bivalve Macoma balthica (avg. bio-
mass 636 mg m−2, frequency 27%); all deposit-feed-
ing. In contrast to other tube-building worms, Pygo -
spio elegans (avg. biomass 36 mg m−2, frequency
22%) attained 6× higher biomass in the Wester-
schelde than in the Oosterschelde (Fig. 6).

Most of the dominant taxa in the Westerschelde
were almost absent in the Oosterschelde. The most
common species in this basin were the scavenger-
predator Nepthys hombergii (avg. biomass 427 mg
m−2, frequency 44%) and the burrower-deposit
feeder Scoloplos armiger (avg. biomass 308 mg m−2,
frequency 59%). High biomass values were observed
in the Oosterschelde for the small herbivorous gas-
tropod Hydrobia ulvae (avg. biomass 829 mg m−2,
frequency 26%). In the Oosterschelde, we also
recorded high biomass and frequency of the tube-
dwelling worms Lanice conchilega (avg. biomass
1014 mg m−2, frequency 23%), Spiophanes bombyx
(avg. biomass 36 mg m−2, frequency 31%) and
Notomastus latericeus (avg. biomass 254 mg m−2, fre-
quency 15%) and for the deposit-feeding worms
Streblospio shrubsolii (avg. biomass 17 mg m−2, fre-
quency 39%) and Capitella capitata (avg. biomass
45 mg m−2, frequency 33%).

Non-linear quantile regression

Community indices

Total biomass, total abundance, number
of taxa and the Shannon-Wiener diversity
index showed relevant variations along the
sediment d50 gradient (Fig. 7). For each
point along the sediment d50 gradient, the
total biomass and abundance were asym-
metrically distributed around the median
value (i.e. the fitted median curve was
closer to the 25th than to the 75th quantile
curve). As effect of data hetero skedasticity,
the distance between quantiles was not
constant along the gradient, but decreased
at less suitable conditions. The number
of taxa and the Shannon-Wiener diversity
distributions were homo skedastic in both
basins.

In the Westerschelde, the maximum ex -
pected biomass and diversity peaked at a d50
of ~55 μm. High abundance, richness and
diversity were only ob served in samples with
small median grain size. In the Ooster-

schelde, the community indices had a unimodal
shape, reaching their highest values at an average
d50 of ~170 μm. In contrast to the Westerschelde,
benthic assemblages in very coarse sediments (d50 =
350 μm) still conserved 56% of the maximal diversity
and 26% of the maximal biomass. At the lower range
of d50, the Oosterschelde presented similar diversity,
but lower biomass and abundance, than the Wester-
schelde. For a d50 up to 100 μm, the probability of
measuring an elevated abundance in the Ooster-
schelde was consistently lower than in the Wester-
schelde, while the differences be tween the lower
quantiles (observations around the 25th quantile)
were less pronounced.

Individual taxa

Predictions from nonlinear quantile regression of
the biomass distribution of the 25 most common taxa
in the Westerschelde and Oosterschelde basins are
shown in Fig. 8. Forecasted biomass distributions
tended to be unimodally distributed along the gradi-
ent. Only Abra alba and Eteone sp. (Oosterschelde)
seemed to be unaffected by sediment grain size.
Optima in the distributions of the different quantiles
generally coincided well at approximately the same
d50. The order of species preference along the sedi-
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Fig. 8. Predicted d50-conditioned cumulative probability functions for the biomass distribution of the 25 most common taxa in
the Oosterschelde (black) and Westerschelde (white) basins. Bars show the maximal biomass predicted for the sediment com-
positions indicated on the x-axis. Tick marks along the bars are drawn at intervals of 0.05 (e.g. 5% of the cases are expected
to have a biomass higher than the value of the 1st tick mark from the top, 10% of the cases are expected to have a higher bio-

mass than the 2nd tick mark from the top, and so on)
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ment d50 gradient was similar in both systems
(Fig. 9).

The estimated optimal values of d50 covered the
full range of observed d50 values in the samples,
between a minimum of 44 μm (Streblospio shrub-
solii) and a maximum of 319 μm (Nepthys cirrosa).
These extremophile species did not change prefer-
ence for sediment granulometry across basins. In
the Westerschelde, d50 optima were concentrated at
fine granulometry. Eighty percent of the taxa had
their peak abundance in the first quarter of the d50
gradient. In the Oosterschelde, the taxa were spread
out much more widely over the gradient. With the
exception of 4 taxa (S. shrubsolii, Arenicola marina,
Capitella capi tata, N. cirrosa), all taxa that occurred
in both basins realized their peak at smaller grain
size in the  Westerschelde than in the Oosterschelde
(Fig. 9). The order of species preference was roughly
preserved across basins, with the exception of the
broad taxonomic group of Oligochaeta, and 3 taxa
that almost exclusively occurred in one of the basins
and were consequently poorly estimated in the
other: Hediste diversicolor, Ensis sp. and Lanice
conchilega.

DISCUSSION

Considerations about the statistical method

In this paper, we used quantile regression to study
the effect of a single environmental variable (sedi-
ment grain size) in 2 systems where the covariance
structure with other environmental variables was
very different. There was a significant spatial gradi-
ent in salinity in the Westerschelde that was almost
completely absent in the Oosterschelde. Further-
more, the correlation structure between depth, bot-
tom shear stress and sediment grain size composition
was very different between the 2 systems (Fig. 4).
This comparison shows that the models can only
partly be considered to be validated by the systems
comparison. For several of the species, the maximum
biomass modelled (τ = 0.99) differed largely between
the 2 systems. Although the first interpretation of the
maximum is that it shows the value to be reached at
this grain size when all other conditions are optimal,
it is clear that for many species, the conditions are
never near optimal in at least 1 of the 2 systems.
Thus, the maxima estimated for a particular grain
size, when only using data from a single estuary, are
not unconstrained. As argued before by Thrush et al.
(2005), there is a strong scale dependency in species-
environment relations in estuaries. In order to esti-
mate real optimal biomass values for a particular
grain size, a large number of ecosystems will have to
be sampled, thus ensuring that optimal conditions for
all other variables are realized. Factors may vary
considerably between ecosystems, but hardly within
each of the systems. It is impossible to estimate the
influence of such factors when restricting the analy-
sis (or the validation) to a single system. With the
exception of a few species for which the comparison
is difficult, the fitted models do yield consistent esti-
mates of the optimal grain size of a species over the 2
systems. Often the estimate for the Westerschelde
was for a somewhat lower optimal grain size, but the
general ordering of the species remained the same
(Fig. 9). Therefore, the relative predictions of the
model (where will the species occur if it does occur at
all) are much better validated by the systems com-
parison than the absolute predictions.

Our examples showed that the response curves for
the different quantiles were  similar and that the
range of optima of the different quantile regression
models was limited (Fig. 7). This can be ascribed to
correlations (Fig. 4) and interactions be tween meas-
ured and unmeasured environmental variables that
increase the non-linearity and decrease the hetero-
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geneity of the responses (Cade et al. 2005). The simi -
larity between quantiles is indicative of a strong cor-
relation between the percentage of occurrence, the
average and maximal biomass. Occurrence, central
and maximal estimators all performed approximately
equally well in describing species responses. When
comparing the response models between species, we
see that the majority of the single species models
scored the lowest AICc when fitted on a quadratic or
cubic spline (see Tables S1 & S2 in Supplement 1).
Due to this relatively low degree, most fitted models
had a general appearance resembling a Gaussian
response model. The relative advantage of having a
flexible non-parametric form for the response curve
was limited, as was the relative advantage of having
all percentiles fitted. However, it is reassuring that
the shape and the similarity between quantiles fol-
lowed from the fitting procedure itself and were not
imposed a priori. Thus, it may be possible to simplify
the fitted models without much loss of information;
the presently fitted, more complicated models could
form an excellent basis for the choice of a simpler
model with fewer parameters.

Community responses across basins

Benthic community distributions were very differ-
ent across basins, with higher biomass, density, rich-
ness and diversity characterizing the Oosterschelde.
This was partly caused by higher peaks (for biomass,
species richness and diversity), but mainly by a more
skewed distribution along the d50 gradient in the
Westerschelde (Fig. 7). In the latter basin, high com-
munity index values were realized only at muddy
sites. All measures of biological richness dropped
suddenly in coarser sediments (100−250 μm). This
pattern can be interpreted as the result of stronger
limitations at the right side of the d50 gradient. Tidal
variability in salinity at a particular place is responsi-
ble for a considerable part of the brackish-water
depression in diversity (Attrill 2002). The high and
stable salinity in the Oosterschelde might partially
explain the higher species richness and diversity
compared to the Westerschelde (Ysebaert et al.
2003). Higher salinity in the Oosterschelde may also
explain the absence, in that system, of species that
have clear preference for brackish conditions, such
as Hediste diversicolor. However, sediment composi-
tion in the Westerschelde was homogeneously dis-
tributed along the salinity gradient. Salinity varia-
tions by themselves are therefore not a sufficient
explanation for the absence of sandy substrates with

high biological richness (either in abundance, bio-
mass or species number). In the Oosterschelde, the
probability of realizing high community perform-
ances was maximal in fine sand substrates (Fig. 7).
Hydrodynamic stress in these sediments was lower
compared to the Westerschelde (Fig. 4), most likely
explaining the higher values observed.

The responses of total biomass and total abun-
dance (Fig. 7) differed between the 2 systems. While
predicted biomass in Westerschelde was lower than
in Oosterschelde over almost the entire sediment
gradient, predicted abundance tended to be higher
for Westerschelde in fine sediments. Especially in
these muddy sediments, the fauna was mainly com-
posed of small organisms (e.g. Heteromastus fili-
formis: average per capita biomass 0.9 mg, Streblo -
spio shrubsolii: 0.1 mg) that become superabundant
in fine, organic rich sediments (Pearson & Rosenberg
1978, Nilsson & Rosenberg 2000, Norkko et al. 2006).
In the Oosterschelde, the maximal biomass and
abundance were realized at finer granulometry
(respectively at d50 of 147 and 126 μm) than the max-
imal species number and diversity (d50 of 187 and
252 μm). This behavior is in agreement with the
Intermediate Disturbance Hypothesis: the highest
diversity is reached at intermediate levels of distur-
bance, while the community is dominated by a few
opportunistic species at high disturbance, and by a
limited number of powerful competitors at low distur-
bance (Dial & Roughgarden 1998). The differences in
individual body size and life cycle suggest that it
would be interesting to repeat this analysis with a
trait-based approach (e.g. Statzner et al. 2004) .

Individual taxa responses across basins

The 25 taxa analysed in detail generally showed
well-defined and differentiated responses to sedi-
ment grain size, with very different height but similar
position of the optimum. The different correlation
structure between granulometry and other environ-
mental factors led to a replacement of mud-prefer-
ring species by sand-preferring species when going
from the Westerschelde to the Oosterschelde, rather
than to a drastic shift in the sediment type occupied
by a particular species. Therefore, although sediment
granulometry does function as a proxy for other vari-
ables (hydrodynamic conditions in particular), it
appears that the influence of sediment per se is also
important, and for some species, such as Arenicola
marina, even predominant. While the taxa largely
conserve their qualitative response to sediment tex-
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ture, the quantitative response is strongly dependent
on subsidiary factors. The higher abundance of spe-
cies tolerant of low salinity (e.g. Heteromastus fili-
formis, Hediste diversicolor, Macoma balthica) in the
Westerschelde can be partially explained by the
presence of a gradient from brackish to saltwater
(Ysebaert et al. 2002). The same argument, however,
cannot be used to explain the absence of sand -
preferring species, since sandy sites are available at
both low and high salinity in the Westerschelde.
These patterns are more likely related to the high
hydrodynamic stress typically experienced by coarser
sediments in this basin. Sandy sites are not available
at low current velocities, as shown in Fig. 4. It is
likely that sand-preferring species cannot establish
in their preferred environment due to this enhanced
stress. We conclude that benthic organisms adapt
their optimum with respect to granulometry only
over a limited range and adapt to limitation by sub-
sidiary factors by a drastic decrease in abundance.

The representation of the different quantiles
instead of a single parameter of distributions allows
clearer insights into the observed patterns. In this
respect it is interesting to compare the form of the
expected distributions between species, or within the
same species between basins. Observing the distri-
butions of Heteromastus filiformis, Macoma balthica
and Hediste diversicolor in the Westerschelde (Fig. 8),
it is clear that the latter species was much less abun-
dant than the previous 2, although the higher 10%
of the observations fell in a similar range. Arenicola
marina, Cerastoderma edule and Ensis sp., i.e. taxa
with high per capita biomass, had very skewed quan-
tile distributions because rarely more than a few indi-
viduals were found at the scale of the sampling unit.
Within species but between basins, it is instructive to
compare the distributions of Nepthys hombergii and
Nepthys cirrosa. The upper boundary was similar or
even higher in the Westerschelde than in the Ooster-
schelde, but the quantiles falling below the maxi-
mum were much higher in the Oosterschelde. This
means that a few sites had high biomass, sometimes
even higher than the maximum in the Oosterschelde,
but apart from these, there were hardly any sites
with sub-optimal conditions and sub-maximum bio-
mass (Fig. 8).

The systematic shift of optima towards larger d50
in the Oosterschelde with respect to the Wester-
schelde (Fig. 9) is likely related to the milder habitat
conditions associated with coarse sediment (Fig. 4).
Thus, it can be considered an emergent property of
the local covariance structure of environmental vari-
ables rather than an intrinsic propriety of the sedi-

ment composition gradient. Biotic components are
also involved in determining the local combination
of relevant environmental variables, and they can
co-explain part of the observed variation between
basins. As an example, Heteromastus filiformis is a
subsurface deposit feeding polychaete well adapted
to muddy and organic-rich (oxygen-poor) sediment
thanks to high oxygen-affinity haemoglobin. This
species exhibits exceptionally high densities in the
muddiest bottoms of some estuaries, while it is gener-
ally scarce in  others (Fig. 6) (Thrush et al. 2005). The
abundance of H. filiformis is mostly controlled by
predation from Nepthys hombergii (Beukema et al.
2000). High biomass of the latter species was excep-
tional in the Westerschelde, and much rarer than in
the Oosterschelde (Fig. 8). The combination of phys-
ical (low salinity in part of the estuary, hydrodynamic
stress also relevant to muddy sites) and biological
conditions (intense predation at only a few sites) in
the Westerschelde led to a striking dominance of H.
filiformis.

Management considerations

To our knowledge, the recent coastal engineering
works in the Oosterschelde are the main cause of the
decoupling of the association between stronger
hydrodynamics and coarse sediment (Louters et al.
1998), while the deepening of the Westerschelde
channels probably had the opposite effect. Our
analysis suggests that the benthic community com-
position and structure were affected by these human
interventions. Anthropogenic alterations of the Oost-
erschelde, although leading to management prob-
lems in conservation of the eroding intertidal flats,
have also probably led to improved species richness
and biomass of the benthos. Anthropogenic alter-
ation of the Westerschelde may have restricted ben-
thic life in sandy sediments due to enhanced hydro-
dynamic stress (De Vriend et al. 2011). Further
analyses, including historical data, should confirm
these observations and help lead to proper manage-
ment strategies for both basins.

CONCLUSIONS

Non-linear quantile regression is a versatile and
precise method for summarizing the response of
 species to an environmental gradient, as shown by
our analysis of the responses of benthic macrofauna
to sediment granulometry. The consistency of the
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description of species responses was validated by the
comparison of 2 adjacent but dynamically different
ecosystems. We showed that species responses are
somewhat variable between systems, but that in gen-
eral, species have a clear preference for a particular
type of environment. In our study, the 2 ecosystems
differed in that sandy habitats were richest in density
and biomass in one system, while muddy habitats
were richest in the other system. This was due to a
different covariance structure with other variables;
in particular, hydrodynamic stress due to anthro-
pogenic changes. We showed that this primarily
leads to a shift in species between systems. We
 propose that a multivariate version of quantile
regression might be able to better resolve these pat-
terns.
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