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The Benthic Ecosystem Quality Index 2 (BEQI2) is the Dutch multi-metric index (MMI) for assessing the status
and trend of benthic invertebrates in transitional and coastal waters for the Water Framework Directive
(WFD). It contains the same indicators, i.e. species richness, Shannon index and AMBI, as in the multivariate
m-AMBI. The latterMMI has been adopted by several European countries in the context ofWFD implementation.
In contrast tom-AMBI, the BEQI2 calculation procedure has been strongly simplified and consists of two steps, i.e.
the separate indicator values are normalized using their long-term reference values resulting in three Ecological
Quality Ratios (EQRs), which are subsequently averaged to give one BEQI2 value. Using this method only small
numbers of samples need to be analysed by Dutch benthos laboratories annually, without the necessity to co-an-
alyse a larger historical dataset. BEQI2 EQR values appeared to correlate quantitatively very well with m-AMBI
EQR values. In addition, a data pooling procedure has been added to the BEQI2 tool which enables the pooling
of small core samples (0.01–0.025m2) into larger standardized data pools of 0.1m2 in order to meet the data re-
quirements of the AMBI indicator and to obtain comparable reference values. Furthermore, the BEQI2 tool auto-
matically and efficiently converts species synonym names into standardized species names. The BEQI2 tool has
been applied to all Dutch benthos data monitored by Rijkswaterstaat in the period of 1991–2010 in the transi-
tional and coastal waters and salt lakes and these results are reported here for the first time. Reference values
for species richness and Shannon index (99 percentile values) and AMBI reference values (1 percentile values)
were estimated for all water body–ecotopes and are discussed. BEQI2 results for all these water bodies are
discussed in view of natural and human pressures. The pressure sensitivity of the BEQI2 for sewage and
dredging/dumping, via the state variables oxygen and suspended matter respectively, was demonstrated.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The Water Framework Directive (WFD) is the European legislation
aimed to protect and improve the European aquatic habitats and eco-
systems for fresh, brackish and coastal marine waters (EC 2000). The
WFD constitutes a comprehensive framework for the monitoring, as-
sessment and reporting of the status and trends of ecological, chemical
and hydrological quality elements of all Europeanwater bodieswith the
exception of themarine waters outside the 1-mile coastal zone (Hering
et al., 2010). The definition of ecological status takes into account
n Loon).

. This is an open access article under
specific aspects of the biological quality elements, one of them being
the composition and abundance of benthic invertebrate fauna.

In the WFD good ecological status for benthos in transitional and
coastal waters is defined by the following normative definition: “The
level of diversity and abundance of invertebrate taxa is slightly outside
the range associated with the type-specific conditions. Most of the sen-
sitive taxa of the type-specific communities are present”. Evaluation of
the status of benthos is frequently achieved by applying a multi-
metric index (MMI) which combines several indicators each addressing
different stressors or components of the biocoenosis (Hering et al.,
2010). The MMIs for benthos which have been reviewed by Boon et al.
(2011) typically contain three indicators: (a) diversity, (b) (relative)
abundance and (c) a ratio of sensitive, tolerant and opportunistic
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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species. An important advantage of the use of a multi-metric index is
that it clearly reduces the sensitivity of the individual indicators for nat-
ural variations (Borja et al., 2011; Kröncke and Reiss, 2010) which en-
hances the possibility to detect changes of benthic communities as a
result of changing human pressures.

Dutch transitional (Westerschelde, Ems–Dollard) and coastal
(Wadden sea, Delta coast, Dutch coast andWadden coast) water bodies
(Fig. 1) are subject to a variety of natural and human pressures and
resulting changes in physical and chemical state variables (De Jonge
et al., 2014; Janssen and Mulder, 2005; Meire et al., 2005; Van Buuren
et al., 2010). Typical natural pressures in tidal estuaries are relatively
high maximum flow rates, salinity variations, and periodic exposure
on intertidal flats (Bouma et al., 2005). Occasional heavy rainfall lead
to large variations in salinity (Lacroix et al., 2004) while seasonal tem-
perature variations and particularly extremely cold winters have an im-
pact on benthos especially on intertidal flats (Beukema and Essink,
1986; Mees et al., 1993). Gradual climate warming appears to lead to
density shifts of certain species (Beukema et al., 2009). Typical human
pressures in the Dutch estuaries are discharges of organic material and
nutrients from agriculture and sewage causing eutrophication and
hypoxia (Essink and Beukema, 1986), toxic substances, dredging and
dumping, bottom trawling, and introduction of non-native species by
shipping. The dominant human pressure in the Dutch coastal zone
is most likely beam trawling by small vessels (b200 hp). In addition,
Fig. 1. Global locations of the investigated water bodies. A. Westerschelde, B. Oosterscheld
and H. Ems–Dollard. Red lines indicate the outer border of the 12-mile coastal zone, bord
Scheldt, Meuse, Rhine and Ems. Stippled red line is the outer border of the 1-mile coastal
extraction of sand just outside the coastal zone and subsequent
nourishment of the beach and shore-face impact benthos on many
parts of the Dutch coast (Van Dalfsen and Essink, 2001). The complex
mix of natural and human pressures especially in estuaries makes it
difficult to discriminate the different components quantitatively
(Schaffner et al., 2001; Hiscock et al., 2004 for a review).

In the North East Atlantic countries, a range of MMIs for benthos in
transitional and coastal waters has been developed (Borja et al., 2007;
Josefson et al., 2009; Muxika et al., 2007; Teixeira et al., 2009). In a re-
view, Boon et al. (2011) suggested that the indicators which are used
by the m-AMBI, viz. species richness, Shannon–Wiener index and
AMBI, are probably also suited for the WFD assessment of benthos
in Dutch waters. The sensitivity of the m-AMBI for human pressures
has been demonstrated in a suite of circumstances, including im-
pacts due to organic material and pollutants, dredging and dumping,
oil platforms and aquaculture (Muxika et al., 2005, Borja et al., 2008;
Borja et al., 2011). Furthermore, the m-AMBI and comparable
Benthic Assessment Tool (BAT) are used by several countries in
Europe (Spain, Portugal, Germany) which is favourable for intercali-
bration purposes.

Therefore, it wasfirst attempted to adopt this commonly usedWest-
ern European multi-metric tool for Dutch marine benthos. However,
several methodological and practical drawbacks were encountered
when testing the m-AMBI software (http://ambi.azti.es). First is the
e, C. Lake Grevelingen, D. Delta coast, E. Dutch coast, F. Wadden coast, G. Wadden sea
ers between regions mentioned above, or borders between water shed areas of the
zone.

http://ambi.azti.es
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large number of samples (50) required for the Factor Analysis which is
an integral part of m-AMBI (Borja et al., 2008; Hair et al., 1999). Second,
the small core samples in the Dutch dataset do not meet the require-
ments for assignment of an AMBI classification (Borja and Muxica,
2005; Borja et al., 2008; N N 6; S N 3). An alternative MMI for benthos
inDutchwaters, i.e. the Benthic EcosystemQuality Index (BEQI)wasde-
veloped in earlier years by Van Hoey et al. (2007). The BEQI assesses the
status of benthos at three levels. At level 1, total benthic biomass is com-
pared with primary production which are closely related in well mixed
and shallow estuaries (Herman et al., 1999). At level 2, the areas of se-
lected important eco-elements, such as intertidal flats and mussel
banks, are compared with reference values. At level 3, the assessment
is comparable tomostNorth East Atlantic benthosMMIs. A European in-
tercalibration exercise where benthos multi-metrics were compared
and harmonized, showed that the BEQI results deviated from those pro-
duced by other European metrics (Carletti and Heiskanen, 2009). Fur-
thermore, Borja et al. (2011) reported that the BEQI showed the
lowest correlation with human pressures in a broad European study
on pressure–impact correlations of MMIs. These findings were con-
firmed in a review study by Boon et al. (2011).

The results above have led us to design BEQI2 being anMMI for ben-
thos based on the common indicators species richness, Shannon index
and AMBI as in the well-established m-AMBI. However, BEQI2 contains
a simplified and straightforward calculation method for Ecological
Quality Ratios (EQR). In contrast, the m-AMBI uses factor analysis to in-
tegrate the indicatorswhich requires a large number of samples and this
method was shown to have no apparent benefits (Sigovini et al., 2013).
Furthermore, in the BEQI2 software functionality in data processing has
been added. These added functions include: (a) small core samples are
pooled to a standardized sample area of 0.1 m2 before data analysis;
(b) a multi-metric calculation method is used in which the separate in-
dicator values arefirst normalized using long-term reference values into
an EQRwhich are then averaged to give one EQR value; (c) species syn-
onym names are automatically converted to their standardized names
and (d) optionally a genus is automatically converted to an already
identified species within the same sample. The performance of the
BEQI2 tool is examined here using benthos data from Rijkswaterstaat
over the period 1991–2010 by comparing BEQI2 trends with those in
Table 1
Dutch saline WFD water bodies studied and their major characteristics and human pressures.

Water body Major characteristics

Westerschelde Estuary with large tidal action and strong salinity variations in the m
Shipping channel for the harbour of Antwerpen (Belgium).

Oosterschelde A formerly open sea arm, which now has an open dam as a protectiv
flooding. Therefore the tidal action is reduced. Large banks of Crasso

Lake Veere A salt lake, which was formerly in direct connection with the North
off as a safety measure against flooding.

Lake Grevelingen This formerly open sea arm has been closed for protection of the lan
This has however led to insufficient water mixing and an increasing
stratification and areas with oxygen depletion and impaired benthic

Dollard Largely mesohaline-intertidal part of the Ems–Dollard estuary.
In open connection with the Ems shipping channel.

Wadden sea Polyhaline sheltered (lagoonal) coastal area with tidal mudflats and
EU Habitat Directive protected area.

Delta coast Subtidal polyhaline shallow coastal area with gullies and tidal sandb
habitat directive protected area.

Dutch coast Subtidal and polyhaline coastal area, exposed to wave action and hi
Wadden coast Subtidal and polyhaline coastal area, exposed to wave action and hig

of the so-called plaice box (Piet and Rijnsdorp, 1998), which prohib
trawl fisheries.
environmental conditions in different ecotopes, and by correlating
BEQI2 with m-AMBI EQRs.

2. Methods

2.1. Data, sampling effort and taxonomic analysis

Around 1990 Rijkswaterstaat (Ministry of Infrastructure and the En-
vironment) started systematic monitoring of the macrobenthos in the
Dutch transitional and coastal water bodies. A geographical overview
of the water bodies is given in Fig. 1. The principal characteristics of
thewater bodies and natural and human pressures on the local benthos
communities have been listed in Table 1.

For the currently ongoing WFD intercalibration of North-East
Atlantic MMIs for marine benthos a relatively simple ecotope classi-
fication was agreed discriminating only intertidal/subtidal and
mesohaline (salinity 5–18)/polyhaline (salinity 18–30) ecotope clas-
ses (Anonymous, 1959) for data analysis. The simplification of the
ecotope classification was necessary for the effective comparison in
the intercalibration process and to increase the precision of the
assessment per ecotope. For the present study we adopt the same
classification as for the intercalibration. The sampling strategy and
sampling effort in each water body and ecotope are summarized in
Table 2.

In transitional and sheltered coastalwaters autumn samples, if avail-
able, were preferred over spring samples because the organisms are
usually slightly moremature in autumn and therefore easier to identify.
In open coastal waters however, sampling by Rijkswaterstaat is sched-
uled in spring to avoid the massive settling of recruits, which can affect
abundance dramatically. Consequently only spring benthos monitoring
data for the open coast were available.

Benthos sampling for macrofauna was performed using manual
cores at the intertidal flats, a flushing sampler in the shallow subtidal
areas (0–5 m) and box core sampling in the deeper areas (b−5 m).
The sediment samples taken were sieved over 1 mm in the laboratory.
Taxonomic analyseswere performed at the species level as far as possible
using the Dutch TWN taxa list (http://www.aquo.nl/tools/twn-lijst/),
which is based on the WORMS species list (http://www.marinespecies.
Major human pressures

esohaline part. Sewage; has decreased strongly in the past two decades due
to the implementation of sewage works in Belgium.
Widening and deepening of shipping channel, possibly lead-
ing to increases of flow velocities and suspended matter in
certain parts of this estuary.

e measure against
strea gigas.

Limited tidal action due to sluices.

Sea; was damned No tidal action which led to deterioration of water quality in
the period 1961–2004.
In 2005 a small connection has been made with the
Oosterschelde to provide a small tidal action and improve the
oxygen and ecological status.

d against flooding.
amount of
quality.

No tidal action. Consequently some stratification, especially in
summer, which leads to local anoxic zones.

Increased suspended matter concentrations due to regular
dredging and dumping activities in the connected nearby Ems
shipping channel

subtidal gullies. A Mussel seed fisheries, shrimp fisheries, manual cockle
collection.

anks. Largely a EU Small beam and shrimp trawling fisheries.

ghly dynamic. Small beam and shrimp trawling fisheries.
hly dynamic. Part
its large beam

Small beam and shrimp trawling fisheries.

http://www.aquo.nl/tools/twn-lijst/
http://www.marinespecies.org/


Table 2
Benthos sampling effort per water body–ecotope in the period 1991–2010.

Water body Ecotope Strategy, sample number and size per ecotope Total sampled area m2/year

Westerschelde Mesohaline-intertidal 19–75 random samples (0.016 m2) 0.15–1.10
Mesohaline-subtidal 0.45–0.66
Polyhaline-intertidal 0.30–1.00
Polyhaline-subtidal 0.45–0.90

Oosterschelde Polyhaline-intertidal 30 random samples (0.016 m2)
In 2009 78 samples (0.016 m2)
In 2010 80 samples (0.016 m2)

0.45–1.30

Polyhaline-subtidal 90 random samples (0.016 m2)
In 2009 50 samples (0.016 m2)
In 2010 46 samples (0.016 m2)

0.74–1.40

Lake Veere Polyhaline-subtidal 40 random samples (0.016 m2) and
20 random samples (0.020 m2).

1.20–3.50

Lake Grevelingen Polyhaline-subtidal 40 random samples (0.016 m2) and
20 random samples (0.020 m2)

1.00

Dollard Mesohaline-intertidal 3 fixed transects each 20 stations with 5 replicate samples (0.009 m2) 1.40–1.60
Wadden Sea inner Polyhaline-intertidal 6 fixed transects with in total 45 samples (0.06 m2) 1.60–3.00
Wadden Sea coast Open coast 4–6 box cores (0.068 m2 (1991–2000) or 0.078 m2 (2001–2010)) 0.27–0.31
Delta coast Open coast 0.27–0.31
Dutch coast Open coast 0.27–0.47
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org/). Representatives of the Oligochaeta, Nemertea, Phoronida were not
further identified and are reported at this higher taxonomic level. Fol-
lowing the AMBI rules epifaunal and hard substrate species were re-
moved from the dataset (Borja and Muxika, 2005).
2.2. Data pooling

Because of the sample size requirements of the AMBI indicator, a
pooling routine was written to attain a standard sample size of
0.1 m2 (Walvoort and Van Loon, 2014; available as an R package
from CRAN at http://cran.r-project.org/; R Core Team, 2014). Data
pooling was performed with sample data from one specific water
body–ecotope–year combination. The tool first randomly selected a
sample from the pool of all available samples from a water body–
ecotope–year combination, and determined the sample area. The
tool then randomly selected a second sample, and calculated the
combined sample area. This procedure was repeated until a com-
bined sample area of 0.1 + 0.01 m2 was obtained; and this data
pool was set apart. The user can specify other sample area pool
ranges. Note that a specific sample was only used once in a single
data pooling run. Then the procedure was repeated to form a second
data pool etc., until no more data pools could be formed. The effect of
random variations of the data pool compositions and the remaining
unpooled samples was strongly reduced by repeating this pooling
procedure 10 times. As the final step in the procedure, the arithmetic
mean indicator values of 10 data pooling runs per water body–
ecotope–year combination were stored as the final indicator results.
Box core samples with a surface area of 0.068–0.078 m2 from the
Dutch coastal waters were analysed without pooling because these
samples fulfilled the AMBI criteria.

The relationship between the detected species richness of box
core samples, and pooled box core subsamples with the same total
sample area, was investigated by a simulation experiment using a
dataset of 98 box core samples of 0.078 m2 taken in 2012 from five
regions in the Dutch part of the North Sea: Coastal zone (19 sam-
ples), Offshore (28 samples), Frisian front (20 samples), Oyster
grounds (24 samples) and Dogger bank (7 samples). For each of
these box core samples (0.078 m2) the present individual benthic
specimens were randomly split up into 6 smaller subsamples of
0.013m2, under the assumption that benthic specimens are random-
ly distributed within the box core sample. The resulting set of sub-
samples was data pooled and assessed within each region using the
standard BEQI2 procedure.
2.3. BEQI2 components: species richness, Shannon diversity and AMBI

The BEQI2 contains three indicators: species richness (S), Shannon
diversity index (H′) and AMBI. Species richness was calculated as the
number of species counted in a single data pool of 0.1 m2 or in a box
core sample of 0.078 m2. Species names are automatically converted
by the BEQI2 tool to standardized species name (WORMS). In some
cases, a species can only be identified at the genus level due to e.g. a ju-
venile life stage or damage. If in a specific sample a species has been re-
ported from the reported genus, it is assumed that this genus is probably
the already reported species; and the abundance of the genus is added
(or proportionally distributed) to the already found species in the sam-
ple. By using both conversions an overestimation of the species richness
and Shannon index is avoided. The Shannon index, with log2 basis, was
calculated using the formula given by Shannon andWeaver (1963). The
AZTI Marine Biotic Index (AMBI), which quantifies the sensitivity of
benthic species for organic enrichment and associated pollutants using
five classes (very sensitive, indifferent, tolerant, opportunistic and
very opportunistic species), is calculated using the formula from Borja
et al. (2000). The result is a value between 0 (good) and 6 (bad). The
AMBI species list from AZTI (ambi.atzi.es version October 2013) was
used supplemented with a Dutch list of 88 benthic species not present
in the AMBI list or for which Dutch benthic specialists judged that a dif-
ferent AMBI classificationwas necessary; and their corresponding AMBI
classifications (Gittenberger and Van Loon, 2013; Walvoort and Van
Loon, 2014). Correlation coefficients between species richness, Shannon
index and AMBI were calculated and the median, minimum and maxi-
mum values are presented. Since an increasing AMBI value indicates a
poorer benthos quality, the signs of the correlations coefficients of
species richness and Shannon, respectively, with AMBI are reversed
for easier interpretation of these coefficients.
2.4. BEQI2 calculation

For calculation of the BEQI2 first the Ecological Quality ratios (EQR)
for each of the three indicators (S, H′ and AMBI) has to be calculated.
The EQRs represent normalized indicator values which are obtained
by dividing each indicator value by its long-term reference value. The
calculation of these reference values was performed for each water
body–ecotope combination in view of observed differences of reference
values between water body–ecotopes. In this study reference values
were estimated using the 99 percentile value for species richness and
Shannon index, and the 1 percentile value for AMBI on the basis of

http://www.marinespecies.org/
http://cran.r-project.org/
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the Rijkswaterstaat benthos dataset over the period 1992–2007. In-
spection of the indicator values in this period shows that the 99
(for S and H′) and 1 percentile value (for AMBI) is approx. the
highest valuewhich is visibly not an outlier of the indicator value distri-
bution (Borja and Tunberg, 2011). Bad values are usually simple to esti-
mate, and are set for species richness and Shannon diversity at 0. For
AMBI, the bad state is commonly defined as containing at least 1 very
opportunistic species, corresponding to a bad value of 6 (Borja et al.,
2000). Formulas for the EQR of species richness (S), Shannon index (H
′) and AMBI are as follows:

EQR Sð Þ ¼ S sampleð Þ=S refð Þ ð1Þ

EQR H0� � ¼ H0 sampleð Þ=H0 refð Þ ð2Þ

EQR AMBIð Þ ¼ AMBI badð Þ–AMBI sampleð Þð Þ= AMBI badð Þ–AMBI refð Þð Þ:
ð3Þ

The EQRs of the indicators were calculated per water body–ecotope
combination for every year in the period 1991–2010.We found that the
value of the indicator EQR value exceeded 1 in about 1 percent of the
cases. The BEQI2-tool does not correct for this, but because BEQI2 is
based on the average of the 3 indicator EQR values the valuewas always
in the range 0–1.

Each indicator in the BEQI2 represents an indicator class as
demanded by the WFD, as already demonstrated for the m-AMBI
(Muxika et al., 2007). Due to lack of complete and reliable indices
for the different pressures in the water body–ecotopes, individual
EQRs could not be weighted with respect to their sensitivity for pres-
sures. Therefore indicator EQRs were assigned equal weights resulting
in the following formula for BEQI2:

BEQI2 ¼ ðEQR Sð Þ þ EQRðH0 Þ þ EQR AMBIð ÞÞ=3 ð4Þ

For the BEQI2 calculations a tool was written as an R package
(Walvoort and Van Loon, 2014, available from CRAN at http://cran.r-
project.org/). The BEQI2 results are always calculated at the water
body–ecotope–year level. For this purpose, the BEQI2 results of several
data pools or box core samples within the respective water body–
ecotope–year are averaged arithmetically.

In case the BEQI2 is calculated at the level of a water body and this
contains more than one ecotope, the BEQI2 score is calculated as the
average of the ecotope BEQI2 scores using the relative ecotope areas
as weight factors.

2.5. State and trend assessment

State assessment was performed by calculating per water body–
ecotope the arithmetic average of the BEQI2 scores of the last three
years (2008–2010), in order to average out natural variations of the
benthos composition. The advantage of using a three year period in-
stead of using a WFD six year period is that more recent assessment
values are obtained. The benthic status according to BEQI2 is deter-
mined by comparing this three-year-average with the Dutch WFD
class boundaries for BEQI2. These class boundaries are in transitional
waters, the salt lakes and the Wadden Sea: High/Good boundary 0.80,
Good/Moderate boundary 0.60, Moderate/Insufficient 0.40, and Insuffi-
cient/Bad 0.20. In the Dutch open coastal waters, all these boundaries
are set 0.02 lower (e.g. Good/Moderate boundary 0.58), because the
AMBI reference value is lower in these water bodies, which leads to
on average 0.02 lower BEQI2 scores.

Trend analysis was performed using Mann–Kendall non-parametric
trend analysis and the associated Theil–Sen non-parametric slope esti-
mation, using Mystat software (freely available from www.systat.
com). A period of 12 years was used, because of the relatively slow
recovery time of benthos (see for more information Section 4.4) and
because it corresponds to two WFD periods.

2.6. Pressure–impact validation of BEQI2

Pressure–impact validation for BEQI2 was performed in the
Westerschelde mesohaline-intertidal ecotope and the Dollard
mesohaline-intertidal ecotope. In the Westerschelde mesohaline-
intertidal, oxygen concentrations, which are related to the human
pressure sewage input into the Belgium part of the Schelde, were
correlated with the BEQI2 values. In the Dollard, BEQI2 was correlated
with suspended matter concentrations which are related to dredging
and dumping activities in the connected Ems shipping channel. Oxygen
data were collected for the subtidal location Schaar van Ouden Doel
(Westerschelde, mesohaline part) and suspended matter concentra-
tions were collected for the location Groote Gat Noord (Dollard) from
the website http://live.waterbase.nl.

Additionally, thepressure–impact sensitivity of BEQI2was evaluated
by comparison of EQR values with the m-AMBI which has a well-
demonstrated sensitivity for human pressure (Muxika et al. 2005,
Borja et al., 2008; Borja et al., 2011). As a theoretical framework for
pressure–impact validation the DPSIR (Driver Pressure State Impact
Response)model was used (Borja et al., 2006a,b). In thismodel, a Driver
(human activity, e.g. households) leads to a Pressure (untreated
sewage), an impaired oxygen State, Impact on the benthos survival
and a management Response (implementation of sewage works). The
results of the BEQI2 and m-AMBI were compared using identical
benthos data sets and reference values from the Westerschelde (450
data pools of 0.1 m2, all ecotopes and years) and the open coastal
water bodies Delta coast, Dutch coast, Wadden coast (20 annual aver-
ages per coastal body) and the Wadden Sea (polyhaline-intertidal
ecotope; 20 annual averages). The m-AMBI tool was downloaded from
http://ambi.azti.es.

2.7. BEQI2 validation through expert judgement

After calculation of the BEQI2 values for the different water bodies, a
panel of macrobenthos experts was requested to give their expert
opinion on the benthic ecological state (Good, Moderate etc.) of respec-
tively the Wadden Sea (polyhaline-intertidal ecotope), the Dollard
(mesohaline-intertidal ecotope), and the Westerschelde (averaged for
all four ecotopes) for the period 2008–2010. The panel consisted of
two regional experts for the northern region viz. Rob Dekker (NIOZ,
NL) and Gabi Petri (NLWKN, DE) and an expert for the southern region
(Dick de Jong-RWS, NL). Each of these experts has for a long period been
involved in benthicmonitoring and assessment of their respective areas
(e.g. De Jong, 2000; Dekker and Beukema, 2014; Grage et al., 2013).
Their expert opinion was inquired without them having prior knowl-
edge of the BEQI2 scores obtained for these water bodies–ecotopes.
For the Dollard, the expert judgement was based on the assessment re-
port of Grage et al. (2013, in German). The expert opinion or judgement
on the benthic ecological state of these selected water bodies was com-
pared with the ecological state as determined using the BEQI2 scores
and the appropriate class boundaries (see Section 2.5). Note that only
expert opinion on the benthic ecological state was inquired, and not
on the more precise BEQI2 scores.

3. Results

3.1. Effect of data pooling

The effect of the number of data pooling repetitions on the precision
of the indicator results for species richness, Shannon index and AMBI is
illustrated in Fig. 2. This figure shows that for all indicators, the relative
deviation of the pooling average after 10 pool runs from the asymptotic
value is less than 1% which is considered an adequately precise result.

http://cran.r-project.org/
http://cran.r-project.org/
http://www.systat.com
http://www.systat.com
http://live.waterbase.nl
http://ambi.azti.es


Fig. 2.Residual deviation (%) of reference values – from the reference value obtainedusing
10 repetitions –with increasing number of repetitions of the pooling procedure for the four
Westerschelde ecotopes using data from the period 1991–2000. Black line ismesohaline-in-
tertidal ecotope; red line is mesohaline-subtidal ecotope; green line is polyhaline-intertidal
ecotope; blue line is polyhaline-subtidal ecotope.
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Therefore, the data pooling procedure has been set at 10 repetitions for
standardized BEQI2 data pooling. The variation of the BEQI2 values as a
result of data pooling variation appeared to be on average b0.01 of the
EQR.

The fraction of samples that meet the AMBI criteria in the
Westerschelde ecotopes and the Dollard before and after data pooling
to 0.1 m2 are shown in Table 3. This shows that in the Westerschelde
polyhaline ecotopes only 9–12% and in the Westerschelde mesohaline
ecotopes 67–72% of the samples fulfilled all 3 AMBI criteria. After data
pooling, 83–93% of the polyhaline ecotope samples and 85–92% of the
mesohaline ecotope samples meet the AMBI criteria. Pooling improved
the applicability of these Westerschelde samples for AMBI assessment
to an average of 88%. The Dollard samples, in which five replicate sam-
ples of 0.009 m2 were first pooled, already met with the AMBI criteria.
However, also in this case pooling data of two smaller samples to a stan-
dardized area of 0.1m2 is useful in order to obtain reference values com-
parable to other water bodies, and to make a correction of the Dollard
reference values possible (see below).

The relationship between the average species richness detected and
the sampling size andnumber used (1 box core of 0.078m2 versus 6 box
core subsamples of 0.013 m2 pooled) for several North Sea regions in
2012, as determined via a simulation experiment is presented, in
Fig. 3. The use of real box core benthic data ensures that a fairly realistic
simulation of the benthic variation is obtained. This figure strikingly
shows that the use of 6 small box core subsamples detects a higher spe-
cies richness compared to 1 box core of the same total area. Generally
these results mean that the use of more samples with a smaller sam-
pling area is better capable of detecting the species heterogeneity of a
region compared to less larger samples of the same total sampling
area. Therefore, data pooling has to be performed on samples of compa-
rable small sampling area, in order to give data pools of 0.1 m2 with a
comparable species richness. In addition, reference values have to be
determined for benthos data from the specific water body–ecotope
monitored using comparable sample areas. Both these conditions are
met in this study, because fixed sample areas were used for each
water body–ecotope during the entire period studied. It is estimated
that for the Shannon index and AMBI this effect will be much smaller,
since these indicators are probably less sensitive for the sample area
used.
3.2. BEQI2 reference values for the period 1992–2007

The calculated 99 (for species richness, Shannon) or 1 percentile (for
AMBI) reference values are listed in Table 4. These reference values are
discussed in Section 4.2 per water body–ecotope. In general, the BEQI2
values calculated with these reference values give a good indication of
the benthic quality status of the different Dutch transitional and coastal
waters according to the consulted Dutch and German regional benthic
experts. The only exception is the Dollard mesohaline-intertidal
ecotope. In this particular case the initial BEQI2 value indicated a good
benthic state (BEQI2 N 0.6). However, the regional benthic experts for
the Dollard region indicated that the Dollard is in a moderate benthic
state (Grage et al., 2013). This discrepancy is explained by the fact that
reference values were computed over a period that the Dollard has
been under continuous stress of elevated concentrations of suspended
particulate matter (van Loon et al., 2011). Hence these references are
too low and the resulting BEQI2 values are too high. Therefore, a proce-
dure was set-up to correct the reference values in the northern Dollard.
This was only possible by using reference values from comparable
ecotopes and sample sizes in the southern Delta region and adapting
these for regional differences.

The sample sizes of the small core samples in the Dollard, Wadden
Sea and Delta region are not identical (see Table 2). However, due to
the use of relatively small sample areas and a certain amount of spatial
sample distribution in all three ecotopes, we estimate that the reference
values for species richness obtained for these ecotopes are reasonably
comparable. However, note that the reference values obtained for spe-
cies richness for the large box core samples in the coastal zone and
the data pooled small samples in the transitional waters and salt lakes
are not comparable due to both a difference in sample area (0.078 m2

box core versus 0.1 m2 pooled) and sample numbers (1 versus 6–10).
It is estimated that for Shannon index and AMBI the reference values
will be comparable in all these cases, because the dependence on sam-
ple sizes and numbers is estimated to be much smaller. This difference
can also be observed in the Regional Difference Factors for species rich-
ness and Shannon below.



Table 3
Fraction of samples thatmeet theAMBI criteria in theWesterschelde ecotopes (average sample area 0.017m2) and the Dollard (sample area 0.045m2), before and after data pooling to 0.1
m2.

Criterion n ≥ 6 S ≥ 3 AMBIclassified ≥ 20% Overall

Unpooled Pooled Unpooled Pooled Unpooled Pooled Unpooled Pooled

Westerschelde
Mesohaline-intertidal 0.94 0.98 0.91 0.96 0.74 0.94 0.72 0.92
Mesohaline-subtidal 0.83 0.92 0.87 0.91 0.68 0.88 0.67 0.85
Polyhaline-intertidal 0.41 1.00 0.43 1.00 0.14 0.93 0.12 0.93
Polyhaline-subtidal 0.28 0.99 0.38 0.99 0.10 0.83 0.09 0.83

Dollard
Mesohaline-intertidal 1.00 1.00 1.00 1.00 0.99 1.00 0.99 1.00
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The correction procedure for species richness (S) and Shannon index
involves three steps which are explained for S. In the first step the ratio
was calculated between reference S values belonging to the polyhaline
intertidal ecotopes in the Wadden Sea and those in the Oosterschelde.
These ecotopes have similar salinity (29) which makes it possible to
compare their reference values directly. Their ratio is termed the appar-
ent Regional Difference Factor (RDF) of reference S values between the
northern Wadden/Dollard region and the southern Delta region and
represents differences due to all factors other than salinity and depth,
e.g. productivity, grain size. In the second step, an estimate was made
of a regional Delta reference S value for a salinity of 15 – as in the
Dollard – by linear interpolation between the reference S values
belonging to the mesohaline intertidal ecotope (average salinity 7.7)
and to the polyhaline intertidal ecotope (average salinity 22.7) in the
Westerschelde. Finally, this interpolated reference S value for salinity
15 in the Delta region was multiplied with the RDF obtained in step 1
to obtain an estimate of the reference S value for the mesohaline-
intertidal ecotope (salinity = 15) in the Wadden/Dollard region. The
same procedure was used to obtain a reference value of the Shannon
index in the Dollard mesohaline-intertidal ecotope. The AMBI reference
value of theWesterscheldemesohaline-intertidal ecotope, viz. 0.57,was
directly applied to the Dollard, i.e. without an RDF, since it was assumed
to be little dependent on the species richness and diversity differences
between these two regions, and comparable for the similar ecotope in
both regions.

The correction procedure for the reference values of the Dollard
mesohaline-intertidal ecotope, as described above, resulted in a region-
al difference factor (North/South) of 0.64 for S and of 0.97 for H′ for the
Fig. 3. Simulation results for the average species richness determined for the Dutchmarine area
core samples (0.078 m2) from 2012; and simulated smaller samples (0.013 m2) constructed fro
using the BEQI2 method, leading to an equal sample area of the data pools and the box cores. T
polyhaline ecotopes in theWadden/Dollard region and Delta region, re-
spectively. In Table 4, the corrected reference values for S and H′ are
given, using both the salinity calibration model for the Delta region
and the regional difference factors for S and H′ for theWadden/Dollard
and Delta region, respectively.

The median correlation coefficient between species richness and
Shannon index is 0.59 (minimum −0.09, maximum 0.80) which
shows as expected a fairly good correlation between these two diversity
indicators. Note that Shannon index is used in BEQI2 to account for the
WFD demand to incorporate (relative) abundances in the benthos
multi-metric. The median correlation coefficient between species rich-
ness and AMBI is 0.1 (minimum −0.31, maximum 0.56). The median
correlation coefficient between Shannon index and AMBI is 0.1 (mini-
mum −0.28, maximum 0.51). These low correlation coefficients show
that the AMBI provides a different and complementary type of benthic
information compared to the diversity indicators species richness and
Shannon index.

3.3. BEQI2 validation

The sensitivity of BEQI2 for human and natural stressors was ex-
plored by regression analysis of regional BEQI2 and time-series of
measurements of dissolved oxygen (O2) in the Westerschelde
mesohaline-intertidal ecotope and of the suspended matter (SPM)
concentrations in the Dollard mesohaline-intertidal ecotope.
Fig. 4A shows that O2 in the Westerschelde mesohaline-intertidal
ecotope showed a strong increase in the period 1991–2010 from an
annual average of ~3 mg/L to ~8 mg/L. The very significant relation
s Coastal zone, Offshore, Frisian front, Oyster banks and Dogger bank using 98 original box
m these box core samples. These smaller samples were pooled (6 samples per data pool)
he whiskers indicate the 95% confidence intervals of the average indicator values per area.



Table 4
Estimated references values for S, H′ (99 percentile values) and AMBI (1 percentile values). These percentile values were calculated using MWTL data from 1992–2007. Salinity is also
reported as an important state parameter which co-determines the reference values.

Water body Ecotope Salinity
(average)

Ref (S)
(99 perc.)

Ref (H)
(99 perc.)

Ref. (AMBI)
(1 perc.)

Westerschelde Mesohaline-Intertidal 7.7 29 3.3 0.57
Westerschelde Mesohaline-Subtidal 8.9 22 3.2 0.54
Westerschelde Polyhaline-Intertidal 23 41 3.6 1.2
Westerschelde Polyhaline-Subtidal 23 31 3.8 0.63
Oosterschelde Polyhaline-Intertidal 29 45 3.7 0.54
Oosterschelde Polyhaline-Subtidal 29 67 5.1 0.50
Lake Veere Polyhaline-Subtidal 22 30 3.8 0.52
Lake Grevelingen Polyhaline-Subtidal 29 44 4.2 0.54
Dollard Mesohaline-Intertidal 15 22 (17)a 3.3 (2.5)a 0.54
Wadden sea Polyhaline-Intertidal 24 29 3.6 0.54
Wadden sea Polyhaline-Subtidal 24 23 3.5 0.50
Delta coast Polyhaline-Subtidal 31 33 3.8 0.009
Dutch coast Polyhaline-Subtidal 30 30 4.0 0.16
Wadden coast Euhaline-Subtidal 31 30 3.7 0.12

a The uncorrected values are between brackets (Van Loon and Verschoor, 2012).
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(p b 0.000) between O2 and the BEQI2 score is shown in Fig. 4C. The
slope of this relation is 0.014 [EQR/mg O2], showing that an increase
in oxygen concentration leads to a higher BEQI2 EQR. The
development of the average SPM concentrations in the Dollard
mesohaline-intertidal ecotope is shown in Fig. 4B illustrating a
strong increase in the period 1991–2010 from an annual average of
approx. 100 mg/L in 1991 to an annual average of approx. 200 mg/L
in 2010. The very significant relation (p b 0.000) between the SPM
concentration and the BEQI2 score is shown in Fig.4D. The slope of
Fig. 4. A–B. Time trends of the state parameters oxygen (slope= 0.32; p b 0.000) and suspende
intertidal (WS_MI) and Dollardmesohaline-intertidal (DOL_MI), respectively. C–D. State–impac
(slope = −0.001; p b 0.000) with BEQI2 EQRs in the water body–ecotopes Westerschelde me
this relation is −0.001 [EQR/mg SPM], showing that a higher SPM
concentration leads to a lower BEQI2 EQR.

The results of a quantitative comparison between BEQI2 and m-
AMBI for five Dutch marine water bodies are shown in Fig. 5 and
Table 5. The correlation coefficients between the BEQI2 and m-
AMBI are very high (Pearson r = 0.997–0.999), and the average
quantitative difference between the BEQI2 and m-AMBI scores is
very low, i.e. in all cases less than 0.01. The match between the two
MMIs holds for single box core samples as well as for pooled data.
dmatter (slope= 7.2; p b 0.000) in the water body–ecotopesWesterscheldemesohaline-
t correlations for oxygen concentrations (slope= 0.014; p b 0.000) and suspendedmatter
sohaline-intertidal (WS_MI) and Dollard mesohaline-intertidal (DOL_MI), respectively.



Fig. 5. Illustration of the quantitative correlations of BEQI2 andm-AMBI scores for data pools (Fig. 5A; water bodyWesterschelde) and box core samples (Fig. 5B; water body Dutch coast).
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These results additionally show that the pressure sensitivity of BEQI2 is
similar to that of m-AMBI.

3.4. State and trend assessments

The complete set of BEQI2 scores, state assessments and trend as-
sessments are given in Table 6.

The scores show that nine water body–ecotopes have a good BEQI2
status and fourwater body–ecotopes have amoderate BEQI2 status. The
latter are the Westerschelde polyhaline-subtidal, the Lake Grevelingen,
the Dollardmesohaline-intertidal, and the Delta coast. The trends range
from −0.019 to +0.018 EQR/y. The four significant BEQI2 trends
(p b 0.05) are shown in Fig. 6A–D. Positive BEQI2 trends over the past
12 years were observed in the Westerschelde mesohaline-intertidal,
Westerschelde polyhaline-intertidal and Oosterschelde polyhaline-
intertidal, respectively. One negative BEQI2 trend is observed in the
Dutch coast polyhaline-subtidal.

4. Discussion

4.1. BEQI2 calculation and reference values

Ecological quality under the WFD is expressed as a normalized eco-
logical quality ratio (EQR), on a scale of 0 to 1. For normalization of these
EQRs it is necessary to define the end points of this scale, i.e. the refer-
ence state value and bad state value per indicator. Clearly, the selection
of reference and bad state values per indicator is crucial for obtaining re-
alistic EQR values (Borja et al., 2011). There are in general four methods
to obtain reference values (OSPAR, 2011): (a) the use of historical ben-
thos data from periods without significant human pressures (e.g.
around 1850) to determine reference state values; (b) the use of benthic
data from comparable areas which are in a pristine reference state;
(c) the use of the highest indicator value in a sufficiently large dataset
(e.g. 10–15 years)which is not a statistical outlier (e.g. the 99 percentile
Table 5
Quantitative comparison of the BEQI2 and m-AMBI EQR values for a selection of Dutchmarine w

Water body Data aggregation

Westerschelde, all ecotopes Pooling
Wadden Sea, polyhaline-intertidal Pooling
Dutch coast, polyhaline-subtidal No pooling (box core)
Delta coast, polyhaline-subtidal No pooling (box core)
Wadden coast, euhaline-subtidal No pooling (box core)
value) to represent the average benthic quality in the reference state
(Borja and Tunberg, 2011; Borja et al., 2011); (d) the use of models or
theoretical considerations to define reference and bad state values.
The use of historical data is usually not possible as in the present
study, because historical records are not available or if present, often
of insufficient quality. Furthermore, benthosmonitoring data from com-
parable areas in a pristine reference state are usually very hard to find.
In this study reference state values were estimated using method c).
The use of 99 to 95 percentile indicator values of a large benthos dataset
to represent the average benthic quality in the reference state is a com-
monly used method in the WFD assessments of marine benthos (Borja
and Tunberg, 2011; Borja et al., 2011).

Expert judgement is commonly used to check the plausibility of EQR
and ecological state results obtained using specific reference and bad
state values, and to check geographical distribution and consistency
(e.g. Muxika et al., 2007). Weisberg et al. (2008) reported that expert
judgement is a valid procedure to evaluate the benthic status of marine
areas using benthos data, andmay be used to evaluate the results of in-
dicators and MMIs within WFD context. In the present study, the EQR
outcomes showed good agreement with expert judgement or opinion
in all but one case, viz. themesohaline-intertidal ecotope in the Dollard.
Hence a correction was applied to the Dollard references using
data from another tidal estuary in the south of the Netherlands, the
Westerschelde (Fig. 1).

In the Westerschelde, the reference values for species richness
(S) for polyhaline ecotopes are higher than for mesohaline ecotopes.
This well-known phenomenon (e.g. Remane, 1934) is explained by
the more stable salinity conditions in polyhaline ecotopes compared
to mesohaline ecotopes where strong salinity variations reduce the
number of species. According to Remane (1934) the number of species
in themesohaline and polyhaline region is approximately linearly relat-
ed to the salinity. This allowed us to estimate S for a salinity 16 in the
Westerschelde. By interpolation and through multiplication with the
RDF for S between theWadden Sea andWesterschelde the corresponding
ater bodies. Data were annual averages of the sample values from the period 1991–2010.

Correlation Pearson r Average difference BEQI2 − m-AMBI

0.997 −0.008
0.997 +0.001
0.999 +0.0009
0.998 −0.006
0.998 −0.002



Table 6
BEQI2 EQR values for all Dutch marine WFD water bodies for the period 1992–2010. Moderate status values (average of last 3 years) are printed fat. Significant trends (last 12 years) are
underlined. The codes presented containfirst awater body code and then an ecotope code (e.g.WS_MI).Water body codes used are:WS=Westerschelde, OS=Oosterschelde, LV=Lake
Veere, LG= Lake Grevelingen, DOL=Dollard,WAD=Wadden sea, DEC=Delta coast, DUC=Dutch coast, WAC=Wadden coast. Ecotope codes used are:MI=mesohaline-intertidal,
MS=mesohaline-subtidal, PI = polyhaline-intertidal, PS = polyhaline-subtidal. Oxygen and SPM concentrations (mg/L) are given forWS_MI and DOL_MI. TS-slope= Theil–Sen slope.
MK-p = significance of Mann–Kendall trend test.

Year Oxygen
WS_MI

WS_MI WS_MS WS_PI WS_PS OS_PI OS_PS LV_PS LG_PS Susp.matter
DOL_MI

DOL_MI WAD_PI DEC_PS DUC_PS WAC_PS

1991 3.55 102 0.60 0.69 0.60 0.58 0.65
1992 3.24 0.66 0.59 0.68 0.65 0.65 0.69 0.63 0.67 95 0.62 0.71 0.58 NA 0.68
1993 4.41 0.70 0.63 0.69 0.64 0.61 0.79 0.76 0.60 98 0.57 0.72 0.61 0.64 0.75
1994 4.21 0.63 0.53 0.69 0.49 0.61 0.68 0.69 0.60 121 0.49 0.64 0.60 0.70 0.73
1995 4.92 0.53 0.46 0.56 0.47 0.54 0.67 0.62 0.62 146 0.49 0.62 0.57 0.64 0.74
1996 5.49 0.64 0.51 0.65 0.61 0.56 0.68 0.60 0.66 113 0.50 0.57 0.42 0.55 0.45
1997 4.94 0.67 0.63 0.64 0.57 0.53 0.69 0.68 0.63 123 0.49 0.51 0.55 0.54 0.55
1998 5.01 0.70 0.68 0.65 0.59 0.56 0.67 0.72 0.62 142 0.53 0.57 0.55 0.68 0.76
1999 5.42 0.64 0.52 0.62 0.54 0.63 0.76 0.65 0.63 179 0.45 0.62 0.50 0.69 0.71
2000 4.31 0.55 0.54 0.65 0.65 0.65 0.74 0.66 0.57 140 0.52 0.63 0.61 0.63 0.75
2001 5.05 0.60 0.71 0.55 0.52 0.47 0.71 0.67 0.55 110 0.57 0.60 0.60 0.75 0.74
2002 5.68 0.61 0.48 0.59 0.61 0.47 0.68 0.72 0.54 108 0.55 0.59 0.59 0.73 0.69
2003 6.14 0.64 0.41 0.70 0.59 0.52 0.65 0.60 0.59 105 0.46 0.56 0.61 0.71 0.63
2004 7.03 0.64 0.42 0.68 0.48 0.58 0.67 0.61 0.68 128 0.49 0.60 0.58 0.73 0.64
2005 6.98 0.71 0.57 0.71 0.61 0.61 0.65 0.74 0.51 123 0.49 0.62 0.63 0.69 0.64
2006 7.09 0.76 0.63 0.67 0.54 0.51 0.64 0.61 0.51 205 0.50 0.50 0.61 0.65 0.67
2007 7.33 0.70 0.82 0.78 0.63 0.61 0.79 0.75 0.65 163 0.51 0.64 0.55 0.61 0.70
2008 7.78 0.64 0.67 0.60 0.47 0.65 0.74 0.58 0.55 156 0.57 0.59 0.61 0.60 0.65
2009 8.02 0.69 0.64 0.73 0.59 0.71 0.68 0.73 0.53 168 0.47 0.63 0.56 0.56 0.70
2010 8.24 0.70 0.53 0.69 0.51 0.68 0.62 0.61 0.60 259 0.49 0.59 0.54 0.58 0.67
3 year average 8.01 0.68 0.61 0.67 0.52 0.68 0.68 0.64 0.56 194 0.51 0.60 0.57 0.58 0.67
Trend period 90–10 99–10 99–10 99–10 99–10 99–10 99–10 99–10 99–10 90–10 99–10 99–10 99–10 99–10 99–10
TS-slope 0.320 0.011 0.014 0.010 −0.003 0.018 −0.008 0.001 −0.003 7.240 0.000 0.000 −0.002 −0.019 −0.004
MK-p 0.000 0.010 0.146 0.040 0.179 0.054 0.071 0.509 0.353 0.071 0.456 0.509 0.353 0.001 0.179
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reference S value in the Dollard was obtained. The RDF of 0.64 that we
used for this purpose denotes that reference S values in the Wadden
Sea are lower than in the comparable ecotopes in theWesterschelde.
These regional differences may be caused by (a) small systematic
Fig. 6. A–D. BEQI2 time trends in the water body–ecotopes which show significant BEQI2
B. Westerschelde polyhaline-intertidal (WS_PI); C. Oosterschelde polyhaline-intertidal (OS_PI)
differences in temperature (slightly colder Wadden Sea); and (b) a
potentially larger input of exotic species in the Westerschelde due
to shipping traffic and/or proximity to the Atlantic fauna in the
Channel.
trends in the period 1999–2010: A. Westerschelde mesohaline-intertidal (WS_MI);
; and D. Dutch coast polyhaline-subtidal (DUC_PS).
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Similarly as for S, Shannon index (H′) reference values in the
Westerschelde polyhaline ecotopes are also higher than for the
mesohaline zone, but this effect is numerically less pronounced
probably because other environmental factors than salinity also play a
role in determining H′ such as enrichment, disturbance frequency
(Widdicombe and Austen, 2001), heterogeneity and steepness of gradi-
ents (e.g. Reizopoulou et al., 2014). Moreover, Shannon index is partic-
ularly sensitive to rare species (Peet, 1974). The calculated 99 percentile
reference values for H′ in theWesterschelde andWadden Sea appear to
be fairly well comparable for the corresponding intertidal and subtidal
ecotopes with the same salinity, resulting in an RDF for H′ of 0.97.

For AMBI the 1 percentile values ranged from 0.50 to 1.2 for the
Westerschelde ecotopes, from 0.50 to 0.54 for the Wadden Sea
ecotopes, and from 0.009 to 0.16 for the open coastal waters. Overall,
the dynamic saline and/or wet/dry conditions in transitional water
and sheltered coastal waters, which pose a certain amount of natural
pressure on the benthos, limit the AMBI reference value at a minimum
value of 0.5. The very low AMBI reference conditions in the open coastal
waters can be explained by the relatively stable physico-chemical con-
ditions, with constant submersion and a stable salinity.

We found a mismatch between calculated state of a benthic ecosys-
temand expert judgement onlywith respect to theDollard. This estuary
has an almost century longhistory of negative human pressures starting
with discharge ofwastewater from thepulp industry to recent dredging
and deepening for shipping causing enhanced turbidity (De Jonge et al.,
2014). Reference values for the Dollard calculated over this period were
therefore near or at the lower end of their potential range, and hence
the BEQI2 values become too high. In conclusion, reference values
should be taken from a period in which the benthic quality of a water
body is near the Good/Moderate class boundary, or even higher, in
order to obtain realistic estimates of the reference statewith the 99 per-
centile method.

4.2. BEQI2 pressure–impact validation

BEQI2 showed a significant relation with the concentrations of dis-
solved oxygen in the Westerschelde and those of SPM in the Dollard
over the past 19 years (Fig. 4C,D). The strong improvement of the oxy-
genation in the Westerschelde mesohaline-intertidal is attributed to
the implementation of sewage works in the Belgian part of the Schelde
basin in the past decades (Maes et al., 2007). The removal of organic
matter by these sewageworks has led to strong reduction of the organic
load of the riverwaterflowing into this ecotope, and consequently to an
increase of the oxygen concentrations. Gray et al. (2002) reported that
growth of benthic organisms is affected when oxygen concentrations
drop below 6 mg/L, that metabolism is affected below 4 mg/L O2, and
thatmortality occurs below2mg/LO2. Although Fig. 4C displays a statis-
tically significant relation there is noticeable scatter. Scatter could arise
from different factors such as replacement of hypoxia sensitive bymore
tolerant species (Levin et al., 2009) thereby compensating losses of spe-
cies and diversity. Furthermore body size and life traits (bioirrigation,
Van Colen et al., 2012) present in the community determine the state
of sediment oxygenation. Also, wind plays an important role for in-
stance by intermittent oxygenation and benthos survival despite overall
hypoxic conditions. Nevertheless considering published limits and
ample studies on hypoxia, in combination with the increase in oxygen
concentration over the 19 year period from 3 to 8 mg/L (Fig. 4A), the
trend in BEQI2 in the Westerschelde mesohaline intertidal (Fig. 6A)
and the significant relation with oxygen (Fig. 4C) are explicable.

The increase of suspended matter (SPM) concentrations in the
Dollard in the past two decades, especially between 2005–2010
(Fig. 4B), is most likely caused by increasing dredging and dumping
activities in the Ems–Dollard in order to maintain and deepen the
Ems shipping channel (De Jonge et al., 2014). This increased SPM
constitutes a pressure on filter- and deposit-feeding benthos because
of smothering of benthic species and impairment of their food
quality (Essink, 1999, Gittenberger and Van Loon, 2013) but appar-
ently did not negatively affect the annual average oxygen concentra-
tion in the Dollard (8.4–9.2 mg/L).

4.3. BEQI-2 correlation with m-AMBI

The BEQI2 method has been introduced in the NEAGIG intercalibra-
tion process in 2011 in a report format and was published on the inter-
net for intercalibration use (Van Loon et al., 2011). More recently,
Sigovini et al. (2013) independently developed and published a similar
simplified m-AMBI calculation method using normalized indicator
values. They also reported excellent correlation coefficients between
the so-called normalized m-AMBI and original m-AMBI using several
benthos datasets. Sigovini et al. (2013) emphasize the importance of
transparency and simplicity in the calculation method of MMIs. This
supports the simplified BEQI2 normalization method presented in this
paper.

The high quantitative comparability between the BEQI2 and
m-AMBI multi-metrics depicted in Fig. 5, shows that the difference
between the two calibration methods, when using identical data
sets and reference values, may be considered negligible. In view of
this result, the well-established human pressure sensitivity of the
m-AMBI is most likely also a characteristic of the BEQI2. This result sup-
ports the pressure sensitivity of BEQI2 demonstrated in Section 4.2.

4.4. State and trend assessments based on BEQI2

State assessment of all WFD quality elements is in the Netherlands
standardly performed using the three-year-average of the most recent
annual average BEQI2 scores, in order to average out year-to-year vari-
ations, and the results are presented in Table 6.

For the Westerschelde polyhaline-subtidal ecotope, the observed
moderate state (BEQI2 = 0.52) can presumably be assigned to the in-
creased penetration of the tidal wave causing increased flow and height
due to widening and deepening of the shipping channel to the harbour
of Antwerp (De Vriend et al., 2011). In the last century the Mean High
Water Level (MHW) of the station Bath (near the Belgian–Dutch
border) in the Westerschelde has increased by some 0.50 m. Although
much effort is invested by the regional water authorities to maintain
and reduce flow pressures, it remains a point of water management
attention. The moderate benthic quality of Lake Grevelingen
(BEQI2 = 0.56) is an acknowledged water quality problem which is
caused by the gradually increasing stratification of this lake, espe-
cially in summer, since it has been closed of from the sea to protect
the region from flooding by the sea. Due to this increasing stratifica-
tion, oxygen depletion occurs in certain parts of this lake in summer
(Seitaj et al., 2013). A recent Dutch report on the benthic status of
Lake Grevelingen (Wanink, 2014) using the BEQI2 tool shows that
the BEQI2 scores in the depth stratum b−10 m are moderate and a
significantly decreasing BEQI2 time trend is observed in this zone.
The currently moderate benthic quality of the Dollard originates
from the large organic pollution which started in 1969 caused by
large discharges of unpurified beetsugar mill waste water directly
into the Dollard (Essink and Beukema, 1986). These discharges dimin-
ished considerably from 1974 onwards but a new human pressure on
the Dollard benthos appeared in the form of gradually increasing
amounts of suspended matter caused by dredging of the Ems shipping
channel and dumping of sludge near or in the Dollard (De Jonge et al.,
2014). This new pressure, possibly combined with insufficient restora-
tion time from the organic load pressure in the sixties/seventies (Van
Colen et al., 2012), seems to have prevented the restoration of the ben-
thos in the Dollard to a Good state (Table 6). The benthic states of the
Delta and Dutch coast are just moderate and on the border of a Good
andModerate, i.e. BEQI2 score of 0.57 and 0.58, respectively.Most likely
the relatively high intensity of small beam trawling and shrimpfisheries
is the cause of this situation (ICES, 2014, see below).
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Trend analysis is an important second step in benthic quality
assessment to determine if a Good or Moderate state is developing i.e.
improving or deteriorating. It is well known that damage to benthic
communities may occur rapidly (within one or a few years), especially
if sand extraction/dredging or sandnourishment/dumpinghas occurred
(VanDalfsen and Essink, 2001). In contrast, recovery of benthic commu-
nities may take longer than 8 years for fragile and sensitive species
(Kaiser et al., 2006) and even N15 years as reported by Hering et al.
(2010). Therefore, a trend analysis period of 12 years (corresponding
to the duration of 2 WFD assessment periods) was regarded to be the
most suitable to detect possible recovery of benthic communities. In
four regions in the Dutch WFD marine water bodies–ecotopes signifi-
cant trends over a 12 year period were found (Table 6, Fig. 6). The pos-
itive trend of BEQI2 scores in the Westerschelde mesohaline-intertidal
and polyhaline-intertidal ecotopes shows that there are also positive
developments in the benthic quality of the Westerschelde estuary.
These intertidal areas are probably less affected by hydrodynamic pres-
sures and fisheries, and benefit from the increasing oxygen status of the
Westerschelde, especially in the mesohaline part. The BEQI2 scores in
the Oosterschelde are also improving, which matches with the general
view of regional water managers that the ecological quality of the
Oosterschelde is good. This is for a large part caused by the controlled
open connection of the Oosterschelde with the sea, which gives a very
good oxygen status and water mixing but without large flow velocities
resulting in lower turbidity.

For the Dutch coast a significantly decreasing BEQI2 trendwas found
suggesting that this water body shifts into a moderate benthic status.
This negative trend is possibly caused by the intensive small beam
trawling and shrimp fisheries in the coastal zone which has been cate-
gorized as being “ploughed and raked” habitat by Lindeboom et al.
(2008). Chronic trawling has been shown to depress species richness
as well as biomass and productivity of benthic communities (e.g.
Hiddink et al., 2006; Tillin et al., 2006). These fundamental impacts
and the intensity of trawling in Dutch waters, call for better insight in
the pressure–impact relations of different types offisheries (e.g. shrimp,
sumwing, electric) on indicators and MMIs of local benthic communi-
ties. The growing VMS (Vessel Monitoring System) dataset on the dis-
tribution of trawling (Hintzen et al., 2012; ICES, 2014; Piet and
Hintzen, 2012) will form one important contribution to this goal. Fur-
ther closure of part of the Dutch coastal zone for fisheries in the Habitat
Directive framework will provide opportunity to test the effectiveness
of separate indicators and BEQI2 with respect to fishing impact.
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