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Abstract

The aim of this study is to develop a new method for classification of marine benthic quality according to the European Union

Water Framework Directive. Tolerance values to environmental disturbance were determined in an objective analysis for benthic

species along the Swedish west coast by using 4676 samples from 257 stations. Based on a combination of the species tolerance

values, abundance and diversity, a benthic quality index (BQI) was calculated for the assessment of environmental status at a

particular station. The qualification of BQI was evaluated in relation to known spatial and temporal gradients of disturbance.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Human impact on living resources has escalated over

the last century and threatened the balance of many

parts of the ecosystem. Awareness of the changed eco-

logical conditions has fostered a need to assess the

consequences and to suggest measures to reverse this

trend. In the sea, coastal urban areas in particular are
subject to negative ecological changes frequently asso-

ciated with eutrophication, oxygen deficiency, contami-

nants and over-fishing.

Quality assessment of ecological changes in the sea

can be provided most effectively by studying the sedi-

mentary habitat and the benthic fauna, as most of the

ecological impact and pollution load sooner or later will

end up on the seabed. A marine benthic community in a
fairly stable environment undergoes only minor quali-

tative and quantitative changes over time. Through

evolution, benthic species have adjusted to cope with
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predicted environmental variations and interspecific

competition. A significant disturbance will, however,

introduce changes in the species’ composition, their

abundance and biomass. Such successional changes in

benthic community structure are often predictable and,

with increased perturbation the diversity, abundance

and biomass will show a general decline (Pearson and

Rosenberg, 1978).
1.1. Classification of various degrees of disturbance

Classification of aquatic systems into different degrees

of pollution was first developed for freshwater in the

saprobic system (Kolwitz and Marsson, 1909). The

pioneer for classifying benthic marine systems was Reish

(1955), who mainly used the distribution pattern of
pollution-tolerant polychaetes, particularly Capitella

capitata, to assess the spatial impact of pollution in

California. Similar studies of pollution assessment were

done in Finnish and Swedish waters by Lepp€akoski
(1975) and Rosenberg et al. (1975), and in the Medi-

terranean by Bellan (1985, and references therein). The
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classification used by Lepp€akoski (1975) was: (1) very

polluted bottoms, (2) polluted bottoms, (3) semi-pol-

luted bottoms, (4) semi-healthy bottoms, and (5) healthy

bottoms. Based on these and other studies, relations
between magnitude of disturbance and temporal or

spatial changes in the benthic faunal composition were

summarised and formulated in the Pearson and

Rosenberg (1978) model. The benthic faunal succes-

sional changes in this model were depicted as a response

to organic enrichment and oxygen deficiency, but was

later also shown to apply to physical disturbance (Bo-

esch and Rosenberg, 1981; Rhoads and Germano, 1986)
and to organic enrichment in association with contam-

inants (Swartz et al., 1985). The model seems to have

universal application for most disturbed, sub-littoral,

soft-bottom habitats (e.g. Heip, 1995). Based on other

studies and own published scientific results, Pearson and

Rosenberg (1978) listed 31 indicator species or taxa

diagnostic of particular sets of ecological conditions,

notably the ubiquitous indicators of severe disturbance:
C. capitata and Scolelepis (Malacoceros) fuliginosa.

1.2. Tolerant and sensitive species

Pearson and Rosenberg (1978) argued that unidirec-

tional stress caused by a particular environmental dis-

turbance will, as it increases in intensity, result first in

adaptation by an individual within its abilities to re-
spond, then it will be replaced by another better adapted

individual able to respond to that particular stress. Be-

yond this level the species will be replaced by a group of

species better adapted to the new conditions. Changes of

faunal composition along a stress gradient may thus be

viewed as a continuum interrupted by steps occurring at

the points where the level of adaptability demanded

exceeds the capacity of that level of organization. Based
on these arguments it is suggested that tolerance should

be analysed at the species level or highest possible tax-
Table 1

Summary of some published work dealing with sensitive and tolerant mar

community data and sediment profile image (SPI)* analysis

Authors Sensitive/tolerant species H

Reish (1955) Own data 5

Lepp€akoski (1975) No 5

Pearson and Rosenberg (1978) Literature data 4

Rhoads and Germano (1986) No 4

Gray and Pearson (1982) Log-normal distributions N

Grall and Gl�emarec (1997) Literature, own experience 5

Borja et al. (2003) Literature, own experience 7

Warwick (1986) No B

Simboura and Zenetos (2002) Literature, own experience 5

Weisberg et al. (1997) Probably literature data 1

Rygg (2002) Diversity index I

This study Diversity index F

Rhoads and Germano (1986)* No O

Nilsson & Rosenberg (1997)* No B
onomic level as intraspecific adaptations cannot be ac-

counted for in this kind of analysis. The use of lower

organisation levels in taxonomy, as have been suggested

for multivariate analysis of disturbance, e.g. Warwick
(1988), is not recommended as different species within

the same genera may show great discrepancies in toler-

ance.

Several scientists have tried different methods to

classify the sensitivity or tolerance of benthic organisms

to various degrees of disturbance. Gray and co-authors

(Gray and Mirza, 1979; Gray, 1981; Pearson et al., 1983)

compared the rank of abundance among species to
obtain distinctions between patterns in polluted versus

unpolluted conditions in north European waters. War-

wick (1986) proposed that species ranked in order

according to their abundance and biomass may be use-

ful for determining if an area is unpolluted, moderately

polluted or grossly polluted. Grall and Gl�emarec (1997)

subjectively categorised benthic species into five groups

of sensitivity for waters in French Brittany, which were
used for benthic habitat quality assessment. Weisberg

et al. (1997) used a multimetric approach testing 17

variables to objectively identify pollution-indicative and

pollution-sensitive species in the Chesapeake Bay (see

Table 1).

1.3. The water directive

The European Union Water Framework Directive

(WFD) states, among other things, that the quality of all

European coastal waters should be analysed regularly in

the near future. One method to be used for this assess-

ment is the species composition and abundance of

benthic macrofauna. In addition, the concept of sensi-

tive and tolerant species could complement such an

evaluation. Based on the WFD, the European coastal
habitats will be divided into different typologies based

on, e.g. salinity, sediment characteristics, depth, and
ine benthic species and benthic quality assessment based on benthic

abitat assessment Remarks

zones identified Subjective

zones identified Subjective

successional stages Subjective

successional stages Subjective/objective

o Objective

ecological groups Subjective

classes of Benthic Index Subjective

ased on abundance-biomass Objective

quality status groups Subjective

7 variables used Subjective/objective

ndicator species index Objective

aunal quality assessment Objective

rganism-sediment-index Subjective/objective

enthic habitat quality Objective



Fig. 1. Map of the benthic stations used in this analysis separated into

depths >20 m and 6 20 m. Information from one particular station

could be used several times. The coastal area defined in the Water

Framework Directive is shaded.
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water residence times. Recently, Borja et al. (2000),

Simboura and Zenetos (2002) and Borja et al. (2003)

listed >2000 indicator species in relation to their sup-

posed tolerance to disturbance to be used within the
WFD. The species lists are extensions of the work by

Grall and Gl�emarec (1997) and based on literature data

and own experiences; thus, the species are not assigned

to different categories objectively. Based on these clas-

sifications of species, the authors calculated biotic indi-

ces that were used for environmental quality assessment

(Table 1).

1.4. Diversity indices

Different types of diversity indices have been widely

used in ecology for the assessment of environmental

quality; a high index value will indicate healthy condi-

tions and a low index value bad conditions. One of the

most widely used diversity indices is the Shannon–

Wiener formula based on information theory (Pielou,
1969). However, the qualification of this index for

environmental quality assessment has been repeatedly

criticised (e.g. Gray, 1979). Another frequently used

diversity index is Sanders’ rarefaction technique (Sand-

ers, 1968). In this index, the number of species is cal-

culated in relation to a certain number of individuals,

e.g. from a sample 100 individuals may be collected at

random and among these individuals the number of
species can be identified and counted. This will give the

estimated number of species among 100 individuals

(ES100). Sanders’ method of calculation over-estimated

the number of species and, therefore, to compensate for

this, Hurlbert (1971) later modified the formula for this

calculation. Rygg (2002) used this method to identify

sensitive and tolerant benthic indicator species in Nor-

wegian waters. The assumption was that sensitive spe-
cies will only occur in samples with high diversity, and

tolerant species will be found predominantly in samples

with low diversity. Rygg calculated ES100 and selected

the average of the five lowest values (ES100 min5) at the

studied stations to obtain a sensitivity value for each

species.

1.5. Present study

In the present study, the rare faction technique

according to Hurlbert’s (1971) formula was used to

categorise benthic species into different degrees of sen-

sitivity to disturbance according to the WFD. Benthic

fauna from predominantly silt–clay sediments in 4676

grab samples from the Swedish coasts of Skagerrak,

Kattegat and €Oresund, i.e. between the Norwegian
border in the north and Copenhagen-Malm€o in the

south, were used for this categorisation (Fig. 1). The

study focuses on the coastal areas out to one nautical

mile outside the outer (westerly) islands as stated in the
WFD, but some stations outside this border were also

included to obtain a better coverage. Samples were ob-
tained from areas with various degrees of disturbance,

i.e. from severely stressed (organically enriched and

oxygen stressed) areas to areas considered more or less

undisturbed. Moreover, data were used both from

benthic communities in decline because of increasing

disturbance, and from communities at different succes-

sional phases of recovery.

In the present study, the Hurlbert (1971) diversity
index was calculated to classify the benthic species

according to tolerance and sensitivity of disturbance.

The index values were then used in combination with the

species abundance distribution pattern along a gradient

of disturbance, and the total number of species at a

particular station, to calculate a new benthic quality

index (BQI) for that site (see Section 2). The BQI is used

for the environmental assessment of an investigated area.
2. Material and methods

Information of the occurrence of species and their

abundance from 257 stations (Fig. 1), sampled at 1114
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Fig. 2. Examples of total abundance frequency distributions of the

pioneer coloniser Capitella capitata and the frequently occurring Am-

phiura filiformis in relation to their ES50 values. Shaded areas indicate

the 5% abundance distribution in relation to the lowest ES50 values

(ES500:05); for C. capitata 1.5 and for A. filiformis 9.5.
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occasions and encompassing 4676 grab samples has

been used for analysis. Information from one particular

station could be used repeatedly at different times of

sampling. All samples were taken by a 0.1 m2 a Smith–
McIntyre grab, the material was sieved through 1 mm

meshes and in most cases sorted at six times magnifi-

cation. Replicate samples from one station or occasion

were combined and averaged for abundance and species

number. The samples originate from regional and na-

tional monitoring data as well as data from research

projects from 6 to 300 m depth covering the period

1969–2002. The longitudinal distance over which sam-
ples were obtained was �400 km. Trained experts made

identification to species or higher taxa. Total number of

individuals analysed was 1,549,479 and the number of

taxa was 1234. Use of names of species and genera may

change between taxonomists and over time. Synonyms

have been checked and nomenclature used by ICES has

been applied.

2.1. Diversity index

In the present study, calculation of the expected

number of species (ES) was made among 50 individuals

according to Hurlbert’s (1971) formula, which is used in

the computer software PRIMER (Clark and Warwick,

1994):

ES50 ¼
Xs
i¼1

ðN � NiÞ!ðN � 50Þ!
ðN � Ni � 50Þ!N !

where N is the total number of individuals in a sample
and ‘‘i’’ is the number of the ‘‘ith’’ species. The valida-

tion of the index is based on the individuals of each

species being randomly distributed, which is not always

the case. In order to exclude species occurring in a few

samples only, the number of sample occasions where a

species must be recorded was limited to P20. We use

ES50 instead of ES100 to include samples with abun-

dances between 50 and 100 in the analysis, which could
be useful in disturbed areas with abundances in this

interval. A high correlation (r2 ¼ 0:957, n ¼ 382) was

found between ES50 and ES100. Thus, samples with

<50 individuals were not included in the analysis.

2.2. Tolerant and sensitive species

Tolerant species are by definition predominantly
found in disturbed environments. That means that they

mainly occur at stations with low ES50. In contrast,

sensitive species occur in areas with no or minor dis-

turbance and would then be associated with high ES50.

In an abundance frequency distribution of a particular

species in relation to ES50 values at the stations where it

has been recorded, as in Fig. 2, the most tolerant indi-

viduals of a species are likely to be associated with the
lowest ES50 values. We selected that 5 % of the popu-

lation will be associated to this category, and define this

value as the species tolerance value: ES500:05. The rest of

the population may, for various reasons, have greater

ES50 values and have been present in less disturbed

environments. For clarity, examples of abundance dis-
tribution patterns in relation to ES50 values are shown

for two species in Fig. 2. Capitella capitata is a rapid

coloniser and was in some instances the only species

present in some samples. This qualified for a low

ES500:05 of 1.5. The tolerance value for the ubiquitous

brittle star Amphiura filiformis was calculated to 9.5.

2.3. Benthic quality assessment

For the assessment of the environmental quality at a

particular station, a new benthic quality index (BQI) is

proposed

BQI ¼
Xn
i¼1

Ai

totA

� 
� ES500:05i

�!
� 10 logðS þ 1Þ

The tolerance value (ES500:05) of each species found at a

station is multiplied with the mean relative abundance
(A) of this species (‘‘i’’) to put weight on common species

in relation to rare species. Further, the sum is multiplied

with 10logarithm for the mean number of species (S) at
the station, as high species diversity is related to high

environmental quality. All information related to num-

ber of species and abundance at a station is used for this

quality assessment. In this study, BQI varied between 0



Fig. 3. Frequency distribution of the benthic quality indices (BQIs) for

the coastal stations separated into depths >20 m and depths 6 20 m.

The graph also shows the separation of BQI into five different classes

of environmental status for depths >20 m according to the Water

Framework Directive. The reference value is the greatest value, where

BQI¼ 20 for depths >20 m and BQI¼ 18 for depths 6 20 m.
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and 20 (reference value) for the coastal stations at
depths >20 m, which are the endpoints between ‘‘bad’’

and ‘‘high’’ environmental status according to a total of

five stages of classification within the WFD. The other

official names for this classification are ‘‘poor’’, ‘‘mod-

erate’’ and ‘‘good’’ (Fig. 3).

Similarity between benthic communities was calcu-

lated from
p

transformed abundance data and pre-

sented as multidimensional scaling (MDS) based on
Table 2

Tolerance value of some common species ES500:05

Taxa ES500:05 T

Capitella capitata 1.5 E

Polydora ciliata 3.4 A

Abra alba 4.0 M

Corbula gibba 4.7 A

Macoma balthica 5.8 H

Nephtys hombergii 6.9 L

Pectinaria koreni 7.0 C

Scoloplos armiger 7.1 M

Owenia fusiformis 7.4 P

Scalibregma inflatum 7.5 A

Thyasira sarsii 7.5 T

Arctica islandica 7.5 L

Ophiura ophiura 7.8 O

Glycera alba 7.9 T

Ophiodromus flexuosus 8.0 A

Pholoe baltica 8.2 C

Terebellides stroemi 8.3 L

Priapulus caudatus 8.7 O

Nephtys incisa 9.0 N

Thyasira flexuosa 9.1 O

Low values indicate tolerant species and high values indicate sensitive specie
Bray Curtis similarities according to Clark and Warwick

(1994).
3. Results and discussion

3.1. Species tolerance value

ES500:05 values for 308 species or taxa are available

at: www.marine-monitoring.se. The 20 common species

including highest and lowest ES500:05, respectively, are

listed in Table 2. The span between the lowest ranked
species Capitella capitata and the highest ranked Ophe-

lina cylindricaudata was from 1.5 to 16.0. This means

that 5% of these two species numerical distributions,

closest to a presumed gradient of disturbance (Fig. 2),

were found at stations where on average 1.5 and 16.0

species were found among 50 randomly selected indi-

viduals. Examples of hypothetical ES500:05 values of

some common species in the area are: Amphiura filifor-
mis 9.5, A. chiajei 10.6, Abra nitida 9.4, Maldane sarsi

9.4, Melinna cristata 10.4 and Brissopsis lyrifera 9.4.

Thus, for these species the values are rather similar and

slightly above the median value. Lowest values were

calculated for Capitella capitata 1.5, Polydora ciliata 3.4,

Abra alba 4.0 and Corbula gibba 4.7. Species given the

highest values are not known to be dominants in any

particular area or to have a wide distribution.

3.2. Benthic quality index (BQI)

Mean BQIs have been calculated for 1114 sample

occasions along the Swedish west coast. The analysis has
axa ES500:05

chinocardium cordatum 9.3

bra nitida 9.4

aldane sarsi 9.4

mphiura filiformis 9.5

eteromastus filiformis 9.7

umbrineris fragilis 9.8

haetoderma nitidulum 10.3

elinna cristata 10.4

ectinaria auricoma 10.6

mphiura chiajei 10.6

hyasira equalis 11.0

abidoplax buski 11.4

phiura affinis 11.7

hracia convexa 12.3

mpelisca tenuicornis 13.0

allianassa tyrrhena 14.2

umbrineris gracilis 14.7

phelina norvegica 15.0

ephrops norvegicus 15.6

phelina cylindricaudata 16.0

s.

http://www.marine-monitoring.se


Fig. 5. Benthic quality index (BQI) (A), mean number of species

(B) and abundance (C) per 0.1 m2 are shown for five stations at depths
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been separated for stations >20 m and stations 6 20 m

depth as the conditions above and below the halocline

has significant impact on the benthic fauna composition

(see below). Frequency distributions of BQIs are shown
for stations within the coastal zone according to the

WFD in Fig. 3 with peaks of the highest BQIs at 15 for

stations >20 m and at 14 for those 6 20 m. Classifica-

tion of the BQI classes in relation the WFD is discussed

below.

In Fig. 4, a temporal change of BQI is shown at four

stations sampled within the Swedish National Moni-

toring Programme where some stations have been
sampled from 1974. The BQI were similar with minor

temporal changes at three of the stations. The fourth

station, Alsb€ack at 118 m in the Gullmarsfjord, showed

aperiodic strong declines related to low oxygen con-

centrations in the bottom water followed by rapid

improvement. The fauna was eliminated in 1979

(Josefson and Widbom, 1988) and 1997 (Nilsson and

Rosenberg, 2000).
The second example is from the Gullmarsfjord (Fig.

1) and shows BQI (Fig. 5A), number of species (Fig.

5B), and abundance (Fig. 5C) from five stations showing

different successional changes to: (1) decreasing oxygen

concentrations in the bottom water (June 1997–Febru-

ary 1998) (Nilsson and Rosenberg, 2000), and (2) re-

oxygenated conditions of the bottom water (Rosenberg

et al., 2002a). Oxygen concentrations declined with
depth and time up to February 1998, and consequently

the benthic communities were almost unaffected at 75 m

depth, significantly reduced at 85 and 95 m, and peri-

odically eliminated at 105 and 118 m (Alsb€ack) depth.
These investigations show both the decline and recovery

of the number of species (Fig. 5B) and abundance (Fig.

5C) at the same sites at 15 sampling occasions. The

information is particularly useful in this context as it
includes both species tolerant and sensitive to increased
Fig. 4. Temporal changes in the benthic quality index (BQI) is shown

for four stations in the Skagerrak sampled within the Swedish National

Monitoring Programme. The benthic fauna at the station Alsb€ack at

118 m in the Gullmarsfjord was severely impacted by hypoxia during

three periods.

between 75 (reference site) and 118 m in the Gullmars fjord during

decreasing oxygen conditions from June 1997 up to February 1998

(from Nilsson and Rosenberg, 2000), and during the subsequent

recovery during re-oxygenated conditions to April 2000 (Rosenberg

et al., 2002). During hypoxia, the oxygen concentrations declined with

depth. Error bars are omitted for simplification but shown in the

original publications.
hypoxia and species that are rapid colonisers. The BQIs

show a clear response to the changes in oxygen con-

centrations with clear declines related to increasing hy-
poxia and a successive increase following re-oxygenation

of the bottom water. At the end of the sampling, the

BQI at 85 m depth was close to that of the reference

stations had 75 m, and the BQIs at the other stations has

become close to that level. The succession of the BQIs

was somewhat similar to that of number of species,

whereas the abundance showed a greater temporal

variation.



Fig. 6. Model of the faunal successional stages along a gradient of

increasing disturbance from left to right (after Pearson and Rosenberg,

1978). Sediment profile images (colours enhanced) are shown on the

top where brownish colour indicate oxidised conditions and black

reduced conditions, and the benthic habitat quality (BHQ) indices

(Nilsson and Rosenberg, 1997) are presented for depths >20 m and 6

20 m. The benthic quality indices (BQIs) for the different environ-

mental status according to the Water Framework Directive are pre-

sented for depths >20 m and 6 20 m at the bottom of the figure.
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3.3. Reference value and classification of environmental

status

According to the WFD, the coastal environmental
status should be classified into 5 categories. This should

be done separately for each coastal area based on the

typology of that area. In the present paper, all coastal

soft bottoms in the Skagerrak, Kattegat and €Oresund

have been used as one unit separated by depth only;

i.e. bottoms 6 20 m and bottoms >20 m, respectively,

which is discussed below. Most sediments in this study

are muddy with silt–clay as the main component; at
some stations 6 20 m depth the silt–clay could have

been mixed with sand. Samples from sandy sediments

were not used in this study as grab samples from such

sediments have a poor vertical penetration and are not

quantitative. Morover, sandy bottoms are erosion bot-

toms which are more or less continuously physically

disturbed with no or minor accumulation of organic

material and contaminants.
Frequency distributions of BQI from all coastal

stations are presented in Fig. 3. The reference value of

a defined bottom area should, according to the WFD,

be selected as the greatest value; i.e. in this study

BQI¼ 20. This was found at >20 m depth, and in the

following we focus on this depth stratum. Based on

this reference value the BQI classes were divided into

five classes according to the WFD of equal size be-
tween 0 and 20, i.e. a class breadth of 4 units. Thus,

the frequency distribution at BQI¼ 16.0 was defined as

the border between ‘‘High’’ and ‘‘Good’’, i.e. values

P16.0 will classify such environments as having

‘‘High’’ status (Fig. 6). According to the WFD, this is

when ‘‘all disturbance-sensitive taxa associated with

undisturbed conditions are present’’. The border be-

tween ‘‘Good’’ and ‘‘Moderate’’ was set as 12.0, and
‘‘Good’’ was defined in the WFD to relate to ‘‘most of

the sensitive taxa of the type-specific communities are

present’’. The lower limit of ‘‘Moderate’’ was at 8.0,

and here ‘‘Taxa indicative of pollution are present’’.

The border between ‘‘Poor’’ and ‘‘Bad’’ conditions was

set at 4.0. Classification of BQI for depths 6 20 m was

made in the same way and the result is presented in

Fig. 6. Most of the stations at depths >20 m in this
study were from areas considered as not particularly

impacted and away from discharge points. That means

that the peak is likely to occur within the range of

‘‘High’’ and ‘‘Good’’ environmental status. It is

important for this assessment that the material is large.

A small set of information from disturbed areas should

not be used for the classification of reference value. It

may happen in this type of analysis that a single or few
BQIs are extremely high and outliers of the frequency

distribution. If this is the case and these index classes

contribute <1% of the total numbers, we suggest they

are omitted from the classification.
3.4. MDS analysis of BQI

In the present study BQIs varied between 0 and 22 for

depths >20 m (Fig. 4). MDS was used to analyse how

different BQIs were distributed in relation to the com-
position of the benthic communities. MDS is a useful

technique to analyse similarity between benthic com-

munities (Gray et al., 1988). Similarities of benthic

faunal compositions at 80 randomly selected stations at

the Swedish west coast were analysed and presented in

a MDS plot. Instead of presenting the station numbers

in the plot, values of BQIs are shown (Fig. 7A). High

numbers appear together in the lower central part of the
plot, and low numbers are found at some distance from

these. Thus, stations suggested to have ‘‘High’’ or

‘‘Good’’ environmental status are plotted together,

whereas those with ‘‘Poor’’ and ‘‘Bad’’ status are spread

out in the plot.

In Fig. 7B, the BQIs in Fig. 7A were replaced by

station depths. It is clear that shallow stations group on

the right side and deeper stations on the left side. The
line in the figure shows approximately stations above

and below 20 m depth, but some station around this

depth are mixed in the MDS plot. The lower vertical

distribution limit of the halocline is at approximately 20

m depth. Water circulation along the Swedish west coast

is dominated by a two-layer estuarine flow, driven by the
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outflow of low saline water from the Baltic. The surface

water has a salinity of 15–30 psu down to the halocline
at 12–20 m depth, and below this depth the salinity is

between 32 and 34 psu (Rydberg et al., 1990). Greater

variations in salinity (and temperature) above the hal-

ocline have been shown to create a more stressful envi-

ronment than below the halocline. As a consequence the

benthic faunal diversity, abundance and biomass are all

generally lower in surface waters than below the halo-

cline (Rosenberg and M€oller, 1979; Rosenberg et al.,
1992). Thus, the approximate lower distribution limit

of the halocline is suggested to be the main reason why

the BQIs are different. In other marine areas without

salinity stratification such separation would not be

necessary and the below-halocline conditions could

probably apply also to shallow waters.

The 20 m depth level was consequently used for a

depth-stratified analysis of the benthic faunal composi-
tion of another 40 randomly selected stations at each

depth interval (Fig. 7C and D). The groups of stations

with the highest BQIs were together and encircled,

whereas the other indices were spread out. Encircled

BQIs at depths >20 m were 12 and 19, whereas at depths

620 m they were between 11 and 17. This discrepancy

shows that the classification was depth related. The

encircled numbers are suggested to represent relatively
undisturbed benthic environments of ‘‘High’’ and

‘‘Good’’ status according to the WFD.
4. General discussion

4.1. Comparison of different methods to classify tolerant

and sensitive species

The first attempt to classify tolerant and sensitive
marine species to various degrees of disturbance was

based on a literature review of scientific data from

different marine areas (Pearson and Rosenberg, 1978).

The authors classified some common benthic species

appearing in four zones along a gradient of disturbance:

normal, transitory, polluted and grossly polluted. Rho-

ads and Germano (1986) made a similar classification

for a gradient of disturbance in the USA. The pioneer
species appearing in the early succession following im-

proved conditions are often called opportunists or r-

strategists (Gray, 1979) and are characterised by small

size, short life cycles and being rapid colonisers of def-

aunated areas (e.g. Capitella capitata). Larvae of these

species may be tolerant to colonise enriched and sul-

phidic sediments, but adults may not necessarily be tol-

erant towards oxygen deficiency or physical disturbance.
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Thus, during increased stress, such as increased oxygen

deficiency, other species may be more tolerant than the

opportunists (Diaz and Rosenberg, 1995). One example

is the bivalve Arctica islandica, which is tolerant to hy-
poxia for weeks (Rosenberg and Loo, 1988); it may live

up to 100 yr, and is a typical K-strategist. Thus, both r-

strategists and K-strategists may be classified as tolerant

species, where the former invade areas when conditions

improve and the latter category may be among the last

survivors when conditions worsen. It is not the purpose

of this work to further analyse these discrepancies of

tolerance. Another factor affecting the distribution of
tolerant species is salinity. Pearson and Rosenberg

(1978) demonstrated that the general dominance of C.

capitata in disturbed marine areas was replaced by the

bivalve Macoma balthica and oligochaetes in low salin-

ities in the Gulf of Bothnia (Northern Baltic).

Grall and Gl�emarec (1997) classified species into five

groups of sensitivity. Most of the species fell into the

category of sensitive species, and among the most tol-
erant species were Capitella capitata and Scolelepis ful-

iginosa, the same as in the categorisation by Pearson and

Rosenberg (1978). Based on these publications, Borja

et al. (2000) and Borja et al. (2003) classified more than

2000 taxa into five different groups of sensitivity. Data

were obtained from six European areas with different

pollution sources. Simboura and Zenetos (2002) simi-

larly classified species from a number of Mediterranean
areas, particularly Greek waters, but they grouped the

species into three categories only. The classifications of

taxa were used in different mathematical formulas to

assess the degree of disturbance; Borja et al. (2003) used

eight levels in a ‘‘Biotic Index’’, and Simboura and

Zenetos (2002) presented a ‘‘Benthic Index’’ (BENTIX)

ranging between 0 and 6.

As these validations were used on literature data and
personal experience of the authors, they seem to be

useful in analysing the degree of disturbance for the

areas presented. The classifications of the different

species or taxa were, however, subjectively made and

may vary between scientists and geographical areas

(see Table 1 for summary of indices). An objective way

to rank species was described by Gray (1981) and anal-

ysed for larger datasets by Pearson et al. (1983). By
plotting log-normal frequency distributions of individu-

als among species, the authors were able to identify

sensitive species at a break point of the curve. This

method is useful in identifying species that may either

increase or decrease in relation to a change in distur-

bance. The technique was not used for the assessment of

the degree of disturbance in different areas. Methods to

do such spatial disturbance analyses were presented by
Reish (1955) for Los Angeles Harbour, by Lepp€akoski
(1975) for Swedish and Finnish coastal areas, and by

Weisberg et al. (1997) for the Chesapeake Bay estuary.

Although the first mentioned two methods were useful in
the particular cases they were used, they are not appli-

cable in a wider sense. For example, Lepp€akoski’s
‘‘Benthic Pollution Index’’ is based on disturbed bottom

areas and not immediately useful for the identification of
tolerant species. The evaluation of benthic habitat

quality in the Chesapeake estuary by Weisberg et al.

(1997) is objective, and they used among their 17 can-

didate metrics the depth distribution of benthic species in

the sediment. Admittedly, this may be a most useful

variable for a quality assessment as deep burrowing

species commonly represent mature successional stages.

In practice, however, many of the variables used in their
‘‘Index of Biotic Integrity’’ (B-IBI) are not available for

such calculations.

Sanders (1968) diversity index, the rarefaction tech-

nique, was initially used to compare the diversity be-

tween different latitudes and depth gradients in the sea.

Rygg (2002) successfully used the improved version by

Hurlbert (1971) of this index for an objective identifi-

cation of species and taxa in relation to various degrees
of disturbance. Rygg used 1080 grab samples from dif-

ferent areas along the Norwegian coast and presented

sensitive index values for 200 commonly found taxa.

The index used was a calculation of the expected num-

ber of species among 100 individuals (ES100) from

which Rygg calculated the average of the five lowest

index values (ES100 min5) to obtain an ‘‘Indicator

Species Index’’ (ISI) for each species represented in at
least 50 samples. Based on this, benthic communities

were classified into five degrees of disturbance by cal-

culating the mean ES100 min5 for all species at a station.

By calculating ES100 min5 only information from five

samples is used. There is then a possibility that a sen-

sitive species is represented by one or few individuals in

some samples where otherwise tolerant species domi-

nate. The index for such a species will than be low. In-
stead, it is here suggested to use the abundance values

calculated from the 5% lowest abundance of a particular

species (ES500:05). This species tolerance value is as-

sumed to be representative for the greatest tolerance

level for that species along an increasing gradient of

disturbance, i.e. if the stress would be increased a little

more that species will not be present any more. This

method is similar to that proposed by Gray and Pearson
(1982) to assess tolerant species at a breaking point in

the log-normal frequency distribution. This will reduce

the weight of out-layers in calculating the index.

Based on ES500:05, the benthic environmental quality

was assessed by calculating a BQI. The MDS plot of

stations with known disturbance was used as a reference

for this index (Fig. 7). The mature communities all had

high index values, whereas communities in pioneering or
declining successional stages were much lower but rather

comparable. As the methods for obtaining the species

tolerance value and the index for a community at a

particular station are objective, the same method could
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be used also for other marine areas in Europe and

elsewhere. The calculation of ES50 is based on criteria

that the size of the sample area is the same, and that

distribution of individuals among species is random.
The first criterion is generally fulfilled as the same grab

(0.1 m2 Smith–McIntyre grab) was used, and means

were calculated from similar number of replicates

(n ¼ 3–5). The latter criterion of random distribution

may not always be the case, particularly not when some

species appear as strong dominants. For practical pur-

poses, however, the sampling technique seems to work

in an accurate way. It is, however, advisable to use many
stations and replicates for the quality assessment of an

area. One factor that may cause misinterpretations is,

however, taxonomy. Different taxonomists have a vari-

ous degree of skilfulness and the quality of keys for the

identification varies between geographic areas and ani-

mal groups. Juvenile specimens are often particularly

difficult to identify to species level. It is not possible

to evaluate how this will affect the techniques used
for environmental assessment, but it should have an

impact on all methods where number of species or taxa

are involved. In the present study, species had to be

found at P 20 occasions to be included, which will ex-

clude rare and some falsely identified species from this

analysis.

4.2. Other methods for benthic quality assessment

Identification of species is not only a matter of skilful

taxonomists, it is laborious and tedious; thus it is

expensive. Another or complementary method for the

analysis of benthic habitat quality is to analyse sediment

profile images (SPIs). This is comparatively more cost-

efficient and many more samples than grab samples can

be obtained over the same time, and the analysis is rapid
(Rhoads and Germano, 1986). The SPI technique has

been successfully used to assess the impact of, e.g. pol-

lution (Valente et al., 1992), mariculture (O’Connor

et al., 1989; Karakassis et al., 2002), impact of demersal

trawling (Nilsson and Rosenberg, 2003), drilling

(Rumohr and Schomann, 1992), and oxygen deficiency

(Nilsson and Rosenberg, 1997; Nilsson and Rosenberg,

2000; Rosenberg et al., 2002a).
Rhoads and Germano (1986) suggested than an

organism-sediment index (OSI) could be used for

assessing the sediment habitat quality. That index is

based on the depth distribution of the apparent redox

potential discontinuity (aRPD) in the sediment, the

presence/absence of methane in the sediment, measure-

ments of oxygen in the near-bottom water,and the

subjective determination of the faunal successional stage
(Table 1). Thus index varies between )10 and +11. The

OSI has been used to assess the sedimentary habitat

quality in Rhode Island Sound (Valente et al., 1992) and

from mariculture in Ireland (O’Connor et al., 1989) and
in Greece (Makra et al., 2001). Nilsson and Rosenberg

(1997) developed a benthic habitat quality (BHQ) index

where structures on the sediment surface, structures in

the sediment, and the aRPD were parameterized. This
index varied between 0 and 15 where high numbers were

associated with mature benthic faunal successional

stages and low numbers with pioneering stages or azoic

bottoms (Fig. 6). The assignment of images to succes-

sional stages when using the OSI index could be made in

an objective way from the BHQ index (Solan and

Kennedy, 2002). Thus, use of SPI technique may be

considered an alternative or a complementary objective
method to traditional analysis of benthic faunal com-

position. Analysis of SPIs does, however, not include the

identification of species or quantification of abundance

and biomass.

The BHQ index could also be a useful tool for the

WFD in assessing the benthic habitat quality. Nilsson

and Rosenberg (2000) showed how the BHQ index

could be assigned to different successional stages in the
Pearson and Rosenberg (1978) model, and Nilsson and

Rosenberg (2000) and Rosenberg et al. (2002a) showed

that each of the variables: number of species, abun-

dance and biomass strongly correlated with the BHQ

index under changing oxygen concentrations. Karak-

assis et al. (2002) similarly showed that multivariate

patterns obtained through SPI analysis were highly

correlated to those obtained from standard multivari-
ate analysis of macrofauna. Instead of the earlier sep-

aration of the BHQ index into four successional stages,

we suggest that the BHQ index is dived into five classes

(see Fig. 6) to be used according to the WFD. This

index is, as the B-IBI index used by Weisberg et al.

(1997), giving high scores to deep burrowing fauna in

association with a deep distribution of the RPD,

attributes that are associated with mature benthic
communities.

4.3. New model adjusted to the WFD classification

We suggest that the Pearson and Rosenberg (1978)

model is adjusted from four to five successional stages

of benthic communities to support the environmental

quality assessment as required from the WFD. These
five stages are related to the different ecological status

proposed in the WFD: ‘‘High’’, ‘‘Good’’, ‘‘Moderate’’,

‘‘Poor’’ and ‘‘Bad’’. The ecological status of a particular

station or habitat could be assessed in an objective way

by calculating the BQI. The suggested classification into

the five groups is shown in Fig. 6. The delimitations

between the different benthic communities are set for

practical purposes to be a useful tool in environmental
quality assessment. In nature, the changes occur as a

continuum without any clear breakpoints. The WFD

states that the environmental quality assessment should

be related to an ecological quality ratio (EQR), which
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varies between 0 and 1. The EQR for the five classifi-

cations in Fig. 6 can each be calculated by dividing the

BQIs in each class with the reference value, i.e. by 20 for

depths >20 m and by 18 for depths 6 20 m.
We suggest that the new model may be useful on

sublittoral soft bottoms in most temperate and boreal

areas, as the original Pearson and Rosenberg (1978)

model has proven to be useful for assessing the degree of

disturbance in these waters. The model may also be

useful in enclosed seas as the Mediterranean and the

Baltic. Karakassis et al. (2002) and Rosenberg et al.

(2002b) have shown that the sedimentary habitat quality
in the Mediterranean can be evaluated from both fau-

nal data and SPI, and that these variables correlate.

Bonsdorff et al. (1996) showed that benthic faunal

variables and SPI were both useful for habitat quality

assessment in the �Aland Archipelago in the northern

Baltic proper. However, the benthic faunal composi-

tion in the brackish waters of the Baltic is indeed dif-

ferent from true marine areas, and the applicability of
the BQI formula for such low saline areas has to be

evaluated.
Fig. 8. Classification according to the Water Framework Directive of

the benthic stations in the Kattegat and the Skagerrak sampled in 1990

based on information in Fig. 6.
4.4. Environmental quality status along the west coast of

Sweden

Based on the BQI classifications in Fig. 6, we have as
an example assessed the environmental quality status

according to the WFD for the Kattegat and the Ska-

gerrak in 1990 (Fig. 8). Stations in the northern Katte-

gat and offshore stations were classified as having a

‘‘High’’ or ‘‘Good’’ quality. A ‘‘Poor’’ quality was found

at two stations in the inner part of the southeast Katt-

egat. These stations at 16 and 18 m depth were affected

by hypoxia (Rosenberg et al., 1992). Other stations
(unpublished personal records) with ‘‘Poor’’ conditions

were found at 12–30 m depth along the Swedish Skag-

errak coast. There, the number of species and abun-

dance were exceptionally low at several stations. The

station with ‘‘Bad’’ quality was from a deep depression

in an enclosed fjord at 30 m depth. The reason for this

degraded benthic quality needs further evaluation. The

example shows that areas where the benthic environ-
mental conditions are acceptable (‘‘High’’ or ‘‘Good’’)

can be separated from those that show clear signs of

disturbance. Thus, the method presented here seems to

be a useful tool within the WFD for assessing benthic

habitat quality.
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