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An essential prerequis ite  fo r the assessment o f the ecological q u a lity  o f m arine ecosystems is the under
standing o f the na tura l v a r ia b ility  and its effect on the perform ance o f q u a lity  indices. This study is 
focused on the long -te rm  na tura l v a r ia b ility  o f  d ivers ity , b io tic  and m u ltim e tr ic  indices by  using long
te rm  macrofauna data o f  a coastal area in  the southern N orth  Sea (1978-2005). The un iva ria te  and most 
b io tic  and m u ltim e tr ic  indices respond s ign ifican tly  on specific na tura l d isturbance events such as cold 
w in te rs , bu t the strength o f response varied betw een indices as w e ll as between events. As a result, 
the ecological q u a lity  status can decrease over a range o f 3 (o u t o f 5) classification un its. The overall eco
logical q u a lity  was good to  high, bu t an increase o f indices occurred from  the m id  1980s onwards due to  
changes in  the c lim ate  regime. This long -te rm  va r ia b ility  has to  be considered w ith in  ecological q u a lity  
assessment schemes.

© 2009 Elsevier Ltd. A ll rights reserved.

1. Introduction

Due to the increasing impact o f human activities on the marine 
ecosystem in the last decades the need for the assessment o f the 
ecological quality status has become increasingly im portant. The 
European W ater Framework Directive (WFD), w h ich came in to 
force in December 2000, emphasises in particular the ecological 
qua lity  status o f coastal and estuarine waters. This directive aims 
at achieving at least ‘good ecological status’ for all waters by 
2015 and requires member states to assess the ecological quality  
status (Heiskanen et al., 2004; Borja, 2005). The assessments o f 
the ecological status w ill combine physico-chemical, hydrody
namic and morphological characteristics as w e ll as d iffe rent b io 
logical components o f the ecosystem (e.g. plankton, benthos, 
fish). Among these components the benthic fauna is o f major 
importance, because on the one hand i t  plays a v ita l role in n u tri
ent cycling, de trita l decomposition and as food source for higher 
troph ic levels and on the other hand benthic species are sensitive 
indicators o f changes in the marine environment. Effects o f an thro
pogenic disturbances on the benthos include changes in diversity, 
biomass, abundance o f stress to lerant and sensitive benthic spe
cies, and the troph ic or functional structure o f the benthic com m u
n ity  (Pearson and Rosenberg, 1978; W arw ick and Uncles, 1980; 
W arw ick, 1986; W arw ick and Clarke, 1994; Kaiser et al., 2000; 
Graii and Chauvaud, 2002). A variety o f indices are available, which 
indicate the status o f ecological condition and trends in  succession
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o f marine benthic systems (reviewed in e.g. Diaz et al., 2004; Pinto 
et al., 2009). Univariate d iversity indices such as the Shannon-Wie
ner Index were the most com m only used index in  the past. In more 
recent studies more complex b io tic  and m u ltim e tric  indices were 
developed to get a more sensible too l for the assessment o f ecolog
ical qua lity  in  a benthic ecosystem. Based on the model o f Pearson 
and Rosenberg (1978), many o f these indices use indicator species 
or ecological groups o f species according to the ir sensitiv ity to 
stress, such as the AZTI Marine Biotic Index (AMBI) (Borja et al., 
2000) or used a com bination o f univariate and b io tic  indices w ith in  
a m u ltim e tric  approach such as the m odified M-AMBI (M uxika 
et al., 2007) or the Danish Quality Index (DKI) (Borja et al., 2007).

However, most o f these indices have been designed and used to 
d ifferentiate anthropogenic impacted sites from  undisturbed refer
ence sites. Consequently, the effects o f a variety o f anthropogenic 
pressures on the performance o f indices were extensively tested 
and described (e.g. van Dolah et al., 1999; Borja et al., 2003b; 
M uxika et al., 2005; Simboura et al., 2007). Of course, the im p le
m entation o f the WFD need tools, w h ich  are able to detect anthro
pogenic impact, but being less or, ideally, not at all sensitive to 
natural variab ility . But univariate as w e ll as m u ltim e tric  indices 
may respond to any disturbance, man-induced or natural (W ilson 
and Jeffrey, 1994), and particularly in form ation on the natural 
va riab ility  o f indices is very meagre. Nevertheless, the knowledge 
about the natural dynamics o f indices is essential for the con tinu
ous m onitoring and assessment o f ecological qua lity  status and for 
defining reference and baseline conditions. Especially long-term  
background data are needed, i f  the management objective is to 
re-establish the structure o f benthic communities in the past.
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Up to now, the natural va riab ility  o f benthic indices and the 
consequences fo r the ecosystem qua lity  classification was m ainly 
assessed regarding seasonal changes (Reiss and Kröncke, 2005a; 
Chainho et a l„ 2007) or along salin ity gradients (M uxika et al„ 
2007; Zettler et a l„ 2007), whereas very litt le  in form ation is avail
able about the long-term  variab ility  o f benthic indices and the im 
pact o f climate and hydrographic changes. Only Dauvin and Ruellet 
(2007) reported on the performance o f the BOPA index over a per
iod o f 19 years. Other indices such as the M-AMBI and the Bentix 
were studied on shorter tim e scales from  10 to 15 years (M uxika 
et al., 2007; Simboura et al., 2007; Borja et al., 2009b).

Several long-term  studies in  the North Sea revealed a system 
shift accompanied by changes in  plankton and benthic com m uni
ties as w e ll as in fish stocks, w h ich  were d irectly  or ind irectly  cor
related w ith  the variab ility  o f the North A tlan tic  Oscillation Index 
(NAOI) in w in te r indicating the influence o f extreme cold as w e ll 
as m ild  w inters on the com m unity structure and function (e.g. 
Kröncke et al., 1998, 2001; Reid et al., 1998; Frid et al., 1999; Clark 
and Frid, 2001; Ehrich and Stransky, 2001; W ieking and Kröncke, 
2001; Beaugrand, 2003; Franke and Gutow, 2004; W iltsh ire  and 
Manly, 2004; McQuatters-Gollop et al., 2007). Long-term changes 
o f benthic communities are w e ll described for several regions, 
bu t the effects o f these changes on the performance o f benthic

indices used for ecological qua lity  assessment were hardly 
addressed.

In this study, we examine and compare exp lic itly  the long-term  
variab ility  o f ecological indices. We applied a variety o f b io tic  in d i
ces on our macrofauna long-term  data set o ff the island o f Norder
ney (N orth  Sea; 1978-2005) in  order to (i) analyse the long-term  
variab ility  o f various indices and to ( ii)  evaluate the ir sensitivity/ 
robustness against natural disturbance events.

2. Material and methods

2.1. Study site

The study site is situated north o f the island o f Norderney. Five 
stations are located in  water depths between 12 m and 20 m 
(Fig. 1). Sediment analyses have revealed tha t fine sand w ith  grain 
sizes between 63 and 250 pm  has prevailed since 1978 at the study 
site. The macrofauna com m unity in this area belongs to the coastal 
Fabulina fabula  com m unity (Salzwedel et al., 1985; Kröncke et al., 
2001 ; Rachor et al., 2007) m ainly characterized by the eponymous 
bivalve species F. fabula, polychaete species o f the genus Nephtys 
and Magelona, as w e ll as amphipod species o f the genus Bathyporeia.

East Frisia

Norderney

Fig. 1. Area o f investigation in  the North Sea w ith  sampling sites.
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The area is not fished by vessels >300 hp m ainly due to the 
im plem entation o f the Plaice Box in  1985 and seldom fished by 
smaller vessels (Dannheim, 2007). The mean annual fishing effort 
o f the Dutch beam traw l fleet, the most im portan t one in this area, 
was below 35 days-at-sea (1996-2005) for the ICES rectangle 36F7 
covering our study site, w h ich is among the lowest values for the 
southern North Sea (Reiss, unpubl. data).

2.2. Sampling

Sampling was carried out w ith  R.V. ‘Senckenberg’. A 0.2 m2 van 
Veen grab was used for sampling. A single grab was taken at each 
o f the five stations. The samples were sieved over 0.63 m m  mesh 
size and fixed in 4% buffered formaldehyde. A fte r sorting and 
determ ination o f species abundance, the organisms were pre
served in  70% alcohol. Data are available for each quarter from  
1978 to 1993, for the 2nd and 3rd quarters from  1994 to 1999 
and for the 1st, 2nd and 3rd quarters from  2000 to 2005.

2.3. Data analysis

The results for species number and abundance from  the five sta
tions were pooled and treated as replicates for the area, since the 
m ultivaria te  comparison o f the five d ifferent sites has shown no 
significant difference between the macrofauna assemblages o f 
the five stations. The data are given per quarter o f each year from  
1978 to 2005. Totals o f species number and abundance are given as 
medians per quarter per year.

2.3.1. Univariate indices
A variety o f diversity indices have been used in benthic ecology 

to assess the environm ental qua lity  and the effect o f disturbances 
on benthic communities. In the present study, calculations o f three 
diversity indices were carried out: the Shannon-Wiener Index, the 
Hurlbert Index and Pieloús Evenness.

The Shannon-Wiener Index (H') is the most com m only used 
diversity index in  benthic ecology, w h ich  incorporates species rich
ness as w e ll as equitab ility . Pieloús Evenness (ƒ) reflects the even 
occurrence o f species w ith in  a com m unity. Both indices, Shan
non-W iener and Pieloús Evenness, depend on the sample size. In 
contrast, the Hurlbert Index (ESn) is less sample size dependent 
and is based on the rarefaction technique o f Sanders (1968) and 
was m odified by Hurlbert (1971). In this index the expected num 
ber o f species (ES) is calculated among the certain num ber o f in d i
viduals, e.g. o f 50 individuals (ES50) as used in the present study. 
The com puter software PRIMER 6.1 (Clarke and W arw ick, 1994) 
was used for calculating the indices.

2.3.2. Biotic and m ultim etric indices
In this study six b io tic  and m u ltim e tric  indices were tested: 

AMBI, BOPA, M-AMBI, IQI, DKI and NQI (Table 1).
The AMBI (AZTI Marine Biotic Index) (Borja et al., 2000) is a 

w ide ly  used b io tic  index based on the classification o f benthic spe
cies in to  five ecological groups ranging from  disturbance sensitive 
species (group I) to species h igh ly to le rant to stress (group V). A lis t 
o f >4400 benthic species including the ir assignment to the ecolog
ical groups as w e ll as the AMBI® program for calculations o f the 
AMBI and the M-AMBI are available on the web page: h ttp :// 
www.azti.es.

The Benthic Opportunistic Polychaetes Amphipods Index 
(BOPA) is also based on the ecological characteristics o f specific 
taxonomic groups and compares percentage ratios o f opportunistic 
polychaetes and amphipods (Dauvin and Ruellet, 2007). The BOPA 
is low  when the environm ent is good, i t  increases when the envi
ronm ental conditions degrades (Table 1). ■8 ■ H
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The other indices tested in this study combine benthic indices 
and univariate indices w ith in  a m u ltim e tric  approach (IQI, DKI 
and NQI) or use outputs from  m ultivaria te analysis (M-AMBI). 
The indiv idual indices have been weighted and combined w ith in  
these m u ltim e tric  indices (Table 1), in  order to best describe the 
changes in  the benthic invertebrate com m unity due to anthropo
genic pressure.

The m ultivaria te  AMBI (M-AMBI) combines Shannon-Wiener 
diversity, species richness and AMBI in a factor analysis m u ltiva r
iate approach (M uxika et al., 2007). The reference conditions used 
for calculating the M-AMBI were those for coastal areas recom
mended by Borja et al. (2004b) and M uxika et al. (2007).

The IQI (Infaunal Quality Index) use AMBI, Simpson’s Evenness 
and the number o f taxa as parameters (Borja et al., 2007).

The Danish methodology (DKI) use the Shannon-Wiener Index, 
AMBI, the number o f species and the number o f individuals as 
parameters (see Borja et al., 2007; Perus et al., 2007).

The Norwegian methodology (NQI) (Borja et al., 2007) includes 
AMBI, the number o f individuals, the Shannon-Wiener Index and 
the diversity index SN (com bination o f num ber o f species and 
individuals).

Spearman rank corre lation was used to determ ine the s ign ifi
cance o f the relationship between days w ith  ice and NAOI w ith  
the univariate, b io tic and m u ltim etric  indices. Here on ly the ben
thos data sampled during spring (2nd quarter) were used.

3. Results

3.1. Study area

The study area o ff the island o f Norderney is rarely fished and 
no disturbances caused by other anthropogenic activities such as 
e.g. dum ping or dredging occurred in the area. Thus, m ajor d is tu r
bance events during the study period were natural, e.g. cold w in 
ters. Additionally, a gradual shift in  the local hydroclimate 
occurred due to large scale changes o f the climate regime in the 
Northeast Atlantic. During high NAOI w inters, the moderating 
influence o f the ocean results in  unusually w arm er w in te r tem per
atures, as have seen since 1988. The w inters o f 1978/79, 1981/82, 
1984/85-1986/87 and 1995/96-1996/97 were cold, indicated by 
the num ber o f days w ith  ice coverage near Norderney, and were 
significantly related to a negative NAOI (Spearman rank,

R = -0 .418, p< 0 .0 5 ; Fig. 2). The 1995/96 w in te r was connected 
w ith  an extrem ely low  NAOI in  a period where the NAOI was in 
general positive. The NAOI started to drop again in 2000 (Fig. 2).

3.2. Long-term variability o f univariate indices

The analysis o f species num ber and univariate indices re
vealed sim ilar general patterns across all indices w ith  a slight in 
crease from  the m id 1980s onwards but w ith  tem poral declines 
o f the indices during cold w in te r events and after 2002 (Figs. 3 
and 4).

The Shannon-Wiener Index showed a strong interannual va ri
ab ility  (Fig. 3b), during the early to m id 1980s it  varied between 
0.8 and 3.5. A significant negative corre lation was found between 
H' and the days w ith  ice coverage, but not w ith  the NAOI (Table 
2). Thus the cold w in te r in 1978/79 did not affect the index as 
much as did the cold w inters in 1982/83, 1984/85 and 1985/86. 
A fte r 1986 during the period o f increasing NAOI and m ild  w inters 
the index increased from  2.7 to 4.2. During the cold w inters 1995/ 
96 and 1996/97 the index decreased to 1.6. A fte r these w inters, the 
index recovered and reached values as high as during the early 
1990s, bu t decreased parallel to the NAOI since 2002.

The evenness showed a s im ilar pattern as the Shannon-Wiener 
Index w ith  highest interannual va riab ility  during the early and m id 
1980s due to the cold w inters and increasing values since 1986 
(Fig. 4a). The decline o f species numbers from  2002 onwards was 
accompanied by an increase o f evenness resulting in rather con
stant but low  diversity measures from  2002 u n til 2005 (Figs. 3 
and 4). The corre lation analysis revealed no significant re lation
ships (Table 2).

The long-term  pattern o f the H urlbert Index (ES50) (Fig. 4b) was 
very s im ilar to tha t o f the Shannon-Wiener Index (Fig. 3b), show
ing also a significant negative corre lation w ith  ice coverage (Table 
2). The ES(50) varied between 5 and 13 in the early to m id 1980s. 
A fte r 1986, it  increased to more than 10, w ith  the exception o f the 
low  ES(50) during the cold w inters 1995/96 and 1996/97 as w e ll as 
in 2002 and 2003.

3.3. Long-term variability o f biotic and m ultim etric indices

The results fo r the b io tic and m u ltim e tric  indices resemble the 
general patterns already shown for the univariate indices w ith  an

Days with ice 

NAOI
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Fig. 2. North Atlantic Oscillation Index (NAOI) for w inter (December through March) and the number o f days w ith  ice in  the tidal channel system o f Norderney.
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Fig. 3. Variation o f species num ber (a) and Shannon-W iener Index (b) over tim e (1978-2005). The classification o f the ecological status based on Labrune et al. (2006) is 
indicated.

increase o f most o f the indices and, consequently, the ecological 
qua lity  status during the study period and the short-term  effects 
o f cold w in te r events.

Fig. 5a shows the long-term  pattern o f the AMBI. The mean 
AMBI o f 1 -2  reflects a ‘high’ to ‘good’ qua lity  status, w ith  the 
exception o f the cold w in te r 1978/79, when it  dropped to ‘moder
ate’ (>3.3) m ainly due to the dominance o f the opportunistic po ly
chaete species Lagis koreni, a species w ith in  the ecological group IV 
o f AMBI. The slight increase o f the AMBI since 1986 is in  accor
dance to the patterns o f the univariate indices.

The BOPA increased remarkably as a response on the cold w in 
te r o f 1978/79 resulting in a shift o f the corresponding ecological 
qua lity  status from  ‘high’ to ‘poor’ (Fig. 5b). During the fo llow ing 
study period from  1980 u n til 2005 the index changed only s lightly 
and remains in a ‘high’ qua lity  status. The cold w inters 1995-1997 
had no detectable effect on the varia tion o f the BOPA index. Also 
the increasing trend, w h ich was found for the other m u ltim etric  
indices from  the m id 1980s onwards (see below), could not be de
tected w ith  the BOPA since the index values already reached the 
m axim um  quality  status most o f the tim e (Fig. 5b). A significant

corre lation w ith  ice coverage or NAOI was neither found for the 
AMBI nor for the BOPA (Table 2).

The M-AMBI showed also a sim ilar pattern to the Shannon-Wie
ner Index, ES(50), and evenness, bu t differs s lightly from  the AMBI 
concerning the classification o f the ecological qua lity  status 
(Fig. 6a). According to the results o f the M-AMBI the qua lity  was 
classified as ‘poor’ after the cold w in te r 1978/79, bu t as ‘moderate’ 
during the early to m id 1980s and after the cold w inters 1995-97. 
The index increased after 1986 and reached ‘good’ to ‘h igh’ quality 
status during the early 1990s and since 1999.

The long-term  pattern o f the DKI was s im ilar to tha t o f the M- 
AMBI (Fig. 6b), as was the IQI (Fig. 7a), but the la tte r showed gen
erally a higher quality  status than M-AMBI and DKI. The NQI 
showed hardly any variation w ith  the exceptions, sim ilar to the 
other indices, o f the sharp decrease after the cold w in te r 1978/79 
and a slight decrease during the cold w inters 1995-1997 (Fig. 7b).

In general, a ll m u ltim e tric  indices showed a significant negative 
corre lation w ith  ice coverage and no corre lation w ith  the NAOI, 
w ith  the exception o f the NQI, wh ich was significantly correlated 
to the NAOI but not to the ice coverage (Table 2).
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Fig. 4. Variation o f evenness ƒ  (a) and H urlbert Index ES50 (b) over tim e (1978-2005).

In order to compare the long-term  variab ility  across a ll the d if
ferent univariate and m u ltim e tric  indices the coefficient o f va ri
ance (CV) was calculated for the entire study period. The results 
revealed tha t the univariate indices were more variable than the 
m u ltim e tric  indices, whereas the b io tic indices AMBI and BOPA 
showed the highest coefficients o f variance o f all indices (Fig. 8).

4. Discussion

The aim  o f the present study was to investigate the long-term  
variab ility  o f several indices used for the assessment o f the ecolog
ical quality status and to test the ir responses to natural disturbance 
events. This is the first study o f the tem poral va riab ility  o f b iotic 
indices used for ecological qua lity  assessment on such a long tim e 
scale (28 years).

Most recently developed benthic indices (Graii and Glémarec, 
1997; Weisberg et al., 1997; Borja et al., 2000; Simboura and Zene- 
tos, 2002; Rosenberg et al., 2004) have been m ainly based on the

model o f Pearson and Rosenberg (1978). This model states that 
macrofauna communities along a gradient o f increasing d is tu r
bance (p rim arily  organic enrichm ent) change in  diversity, abun
dance and species composition according to the ir tolerance 
against the disturbance. Many o f these indices have been tested 
successfully to detect anthropogenic disturbances such as dredg
ing, dumping, engineering works, sewage plans, gravel extraction 
(M uxika et al., 2005). However, most biological indices may be af
fected by any kind o f disturbances whether caused by anthropo
genic impacts or natural processes (W ilson and Jeffrey, 1994). 
Our results show that a ll indices tested in this study respond on 
natural disturbance events such as cold w inters w ith  the most pro
nounced effects after the severe w in te r 1978/79. As a result the 
ecological qua lity  status changed from  ‘good’ or ‘h igh’ ecological 
condition to ‘moderate’, ‘poor’ o r even ‘bad’ conditions. However, 
not a ll indices respond on the disturbances in  the same way and 
the strength o f response varied remarkably between the indices 
and the d ifferent disturbance events. This is discussed in  more de
ta il below.
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Table 2
Correlation coefficients relating the benthic indices and "days w ith  ice coverage” and 
w in te r NAOI. Statistical significance (p < 0.05) is indicated in bold.

Days w ith  ice coverage NAOI n

R V R P

Species number 0.424 0.0245 0.503 0.0064 28
Abundance -0.251 0.1981 0.397 0.0362 28
ƒ -0.129 0.5140 -0.168 0.3941 28
H' -0.453 0.0156 0.155 0.4303 28
ES(50) 0.466 0.0125 0.345 0.0725 28
BOPA 0.301 0.1202 0.014 0.9443 28
AMBI -0.069 0.7262 -0.352 0.0660 28
DKI -0.515 0.0050 0.350 0.0675 28
UK Index -0.477 0.0102 0.332 0.0843 28
NQI -0.278 0.1522 0.618 0.0005 28
M-AMBI -0.534 0.0034 0.369 0.0535 28

Furthermore, a slight general increase o f most indices and the 
resulting ecological qua lity  status occurred from  the m id 1980s on
wards probably due to changes in the climate regime.

4.1. Effects o f natural disturbance events

Diversity indices such as Shannon-Wiener Index and the H url
bert index (ES50) are common tools for measuring com m unity 
changes in  benthic ecology and are also w ide ly  used for the assess
ment o f the ecological qua lity  status. Our results show that the 
long-term  variab ility  was relatively high fo r the univariate indices 
and species number. The variab ility  was high d irectly after extre
mely cold w inters (e.g. 1978/79, in the m id 1980s; 1995-1997), 
although the strength o f the index response varied between w in 
ters and fo llow ing tim e periods. The corre lation between diversity 
indices (species number, H' and ES(50)) and the days w ith  ice cov
erage indicate tha t severe w inters have a significant effect on the 
performance o f the indices (Table 2). The direct response on these 
disturbance events was p rim arily  caused by the decrease in to ta l 
abundance and species number, whereas the fo llow ing rather long 
period o f high in tra - and interannual va riab ility  can be caused by 
changes in  recru itm ent success or predation pressure as shown 
for some benthic species in  in te rtida l habitats. In the Wadden 
Sea, bivalve recru it densities were high after severe and low  after
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m ild  w inters, whereas predator pressure decreased after severe 
w inters (Beukema et al., 1998; Strasser et al., 2001; Beukema and 
Dekker, 2003). Thus, the effects o f cold w in te r on the benthic com
munities and the ir va riab ility  can persist for several years (e.g. 
Kröncke et al., 1998; Reiss et al., 2006; Neumann et al., 2008). 
However, the high variab ility  found fo r the univariate indices after 
cold w inters resulted in  drastic changes o f the corresponding eco
logical quality status across 2 to 3 classification units (Fig. 3).

The long-term  variab ility  o f most b io tic  and m u ltim e tric  indices 
was somewhat lower than tha t o f the univariate indices (Fig. 8). Se
vere decreases were on ly found after cold w inters (Figs. 5-7). The 
extreme response after the cold w in te r 1978/79, e.g. o f the b iotic 
indices BOPA and AMBI, was m ainly due to the opportunistic po ly
chaete species L. koreni, wh ich is known to qu ickly recolonise def- 
aunated sediments (Rees and Dare, 1993). The high abundance o f a 
species w ith in  the ecological AMBI group IV led to the extremely 
low  AMBI values after the w in te r 1978/79. Since this or other 
opportunistic species were not dom inant after the fo llow ing w in 
ters, a s im ilar response o f the BOPA and the AMBI was not found. 
Consequently, no significant corre lation w ith  ice coverage oc
curred. Thus, cold w inters resulted in a decrease o f d iversity mea

sures and abundance in almost a ll cases, bu t m ust not necessarily 
have an effect on opportunistic species, w h ich in  tu rn  w ould la r
gely determ ine the response o f the b io tic  indices (see below). 
The extreme response after the cold w in te r 1978/79 has led to 
the overall high tem poral va riab ility  reflected in  the high coeffi
cient o f variance for the AMBI and BOPA index (Fig. 8).

In contrast, m u ltim etric  indices tha t are combinations o f several 
indices such as the NQI, IQI, DKI and the M-AMBI have had the low 
est coefficient o f variance. Thus, the combinations o f indices seem 
to buffer against the tem poral variation resulting in a rather stabile 
performance o f these indices over tim e (see also Salas et al., 2004). 
Nevertheless, the cold w in te r events were always detected by 
these indices w ith  the most pronounced response after the w in te r 
1978/79. The effects o f this cold w in te r event resulted in  a decrease 
o f ecological quality status from  ‘high’ or ‘good’ conditions to ‘poor’ 
or even ‘bad’ conditions, whereas the effects after the w in te r 1995- 
1997 were less d is tinct (Figs. 5-7).

In contrast to the univariate indices all b io tic  and m u ltim etric  
indices incorporate the ecological preferences o f benthic species 
and use ecological groups o f species according to the ir sensitivity 
to stress, such as the AMBI (Borja et al., 2000, 2003a), the BOPA
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(Dauvin and Ruellet, 2007) or the Biotic Quality Index (BQI) has lead to intense debates about the appropriate classification
(Rosenberg et al., 2004). The classification o f benthic species in to  schemes (Borja et al., 2004a; Simboura, 2004; Dauvin, 2005).
ecological groups or as indicators o f stress is a crucial issue, wh ich However, this classification may explain the d ifferent variab ility
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o f univariate and b io tic  indices after cold w in te r events. Univariate 
indices w ill respond on any changes in abundance or species num 
ber in benthic communities regardless o f the ecological role o f the 
affected component. Thus, fluctuations in  abundance o f non-sensi
tive or non-opportunistic species caused by e.g. an increased va ri
ab ility  o f recru itm ent success o r predation pressure (see above) 
w ill inevitably increase the variab ility  o f univariate but not neces
sarily o f b io tic  or m u ltim e tric  indices. S im ilar to Reiss and Kröncke 
(2005a), who showed tha t m u ltim e tric  indices seem to be a prom 
ising approach for ecological qua lity  assessment in  order to avoid 
drawbacks by the seasonal va riab ility  o f benthic communities, 
our results indicate a higher robustness o f m u ltim e tric  indices also 
against the interannual variab ility .

4.2. Effects o f gradual changes in the climate regime

The long-term  trend o f diversity indices, evenness and species 
num ber show a slight bu t conspicuous increase from  the m id 
1980s onwards (Figs. 3 and 4). This trend coincides w ith  a general 
sh ift in  faunal characteristics o f the North Sea ecosystem in  the 
m id- to late 1980s, w h ich  has been ascribed to a ‘regime sh ift’. 
Com m unity changes were found for phytoplankton and Zooplank
ton (e.g. Reid et al., 1998; Edwards et al., 2002; A lhe it et al., 2005; 
Kirby et al., 2007), benthos (e.g. Kröncke et al., 1998; W arw ick 
et al., 2002) and fish (e.g. Clark and Frid, 2001), w h ich  were asso
ciated w ith  increases in  the North A tlan tic  Oscillation Index (NAOI) 
and, linked to this, the in fluentia l role o f w ater temperature. M ild  
meteorological conditions connected w ith  a rising NAOI have re
sulted in an increase o f macrofauna abundance, species number 
and biomass since 1988 (Kröncke et al., 2001).

This general increasing trend was on ly detected by the m u lti
m etric indices, w h ich incorporate d iversity measures such as the 
DKI, NKI, IQI, and M-AMBI, although a significant corre lation w ith  
the NAOI was on ly found for abundance, species number and the 
NQI (Table 2). However, this corre lation analysis can only be a 
rough estim ation to reveal relationships between the indices and 
a clim atic index, w h ich integrates a variety o f causal forces.

However, the changes in d iversity since the late 1980s resulted 
in an increase o f the ecological quality  status from  ‘moderate’ to 
‘good’ (H' and M-AMBI) or ‘good’ to ‘h igh’ (DKI and IQI). In contrast, 
the AMBI and the BOPA, w h ich are m ainly based on the ecological 
grouping o f species, were inadequate to detect these gradual 
changes o f the benthic com m unity. But it  has to be mentioned here 
tha t the values o f these b io tic  indices were in  general very high at 
our study site and additional slight increases m ight hardly be 
detected.

However, these slight com m unity changes over tim e and the re
gime sh ift may not be the targeted m onitoring objectives w ith in  
the WFD, since on ly anthropogenic disturbances should be de
tected, bu t they have to be considered when setting reference con
ditions for ecosystem qua lity  status. Benthic communities may 
have reached a new stable state so tha t efforts towards a retrogres
sion o f com m unity parameters and, in consequence ecological sta
tus m ight be inappropriate.

4.3. Implications fo r ecological quality assessment

The choice o f a suitable b io tic  index o r group o f indices for eco
system qua lity  assessment is crucial for addressing specific man
agement objectives. A ll indices are confronted w ith  the problem 
that they detect disturbances or evaluate environm ental condi
tions regardless o f whether they were influenced by anthropogenic 
impacts or natural processes. The W ater Framework Directive, 
w h ich  is the main driver for the development o f biological indices 
for ecosystem quality assessment in European waters, is m ainly fo
cused on coastal marine environments (V incent et al., 2002). But

especially coastal areas are at the same tim e influenced by strong 
natural fluctuations or environm ental gradients such seasonal 
changes (cold w inters, w arm  summers) and salin ity gradients (Re
iss and Kröncke, 2004, 2005b; Zettler et al., 2007) and by a variety 
o f anthropogenic activities such as fishing, eutrophication, ship
ping o r construction work. Thus, the evaluation o f the natural 
‘background’ va riab ility  and the corresponding response o f indices 
are an essential requirem ent before establishing qua lity  assess
ment strategies.

Our result show tha t gradual shifts o f benthic communities and 
the corresponding changes o f ecological qua lity  status were inade
quately detected by b io tic  indices, w h ich are m ainly based on the 
sensitiv ity o f species. This should not be regarded as a significant 
disadvantage o f these indices since these gradual changes may 
not be the targeted m onitoring objectives (see above).

However, d iversity indices and m u ltim e tric  indices incorporat
ing d iversity measures (e.g. IQI, DKI, M-AMBI) better detect the 
gradual changes in benthos and the m u ltim e tric  indices showed 
the lowest long-term  variab ility  in  our study. Nevertheless, single 
natural disturbance events such as cold w inters can significantly 
reduce the ecological qua lity  status independent from  the applied 
index, w h ich  has to be considered in ecological assessment 
schemes. This m ight be accomplished by excluding data collected 
after extreme natural events for the assessment o f ecosystem qual
ity  and by the adaption o f reference conditions when natural grad
ual changes were detected. Due to the observed difference in the 
performance o f the indices, it  is necessary to include d iffe rent in d i
ces in the assessment schemes to make sure tha t the natural va ri
ab ility  can be detected and considered.

Acknowledgements

We thank the captains and crews o f R.V. ‘Senckenberg’ for the ir 
help w ith  sampling. We are also grateful to C. Rensing and many 
c iv il servants for technical assistance, to B. Zeiss, G. W ieking, K. 
Meybohm, K. Sieben, S. and U. Schückel for the taxonom ic id en tifi
cation o f the organisms. The Federal M aritim e and Hydrographic 
Agency, Hamburg, are acknowledged for provid ing ice data.

References

Alheit, J., Möllmann, C., Dutz, J., Kornilovs, G., Loewe, P., Mohrholz, V., Wasmund, N., 
2005. Synchronous ecological regime shifts in  the central Baltic, the North Sea 
in the late 1980s. ICES Journal o f Marine Science 62 (7), 1205-1215. 

Beaugrand, G., 2003. Long-term changes in copepod abundance and diversity in  the 
north-east Atlantic in  relation to fluctuations in the hydroclimatic environment. 
Fisheries Oceanography 12 (4-5), 270-283.

Beukema, J.J., Dekker, R., 2003. Redistribution o f spat-sized Macoma balthica in  the 
Wadden Sea in cold and m ild winters. Marine Ecology Progress Series 265,117- 
122.

Beukema, J.J., Honkoop, P.J.C., Dekker, R., 1998. Recruitment in  Macoma balthica 
after m ild and cold winters and its possible control by egg production and 
shrimp predation. Hydrobiologia 376, 23-34.

Borja, A., 2005. The European Water Framework Directive: a challenge for 
nearshore, coastal and continental shelf research. Continental Shelf Research 
25 (14), 1768-1783.

Borja, Á., Franco, J., Pérez, V., 2000. A marine biotic index to establish the ecological 
quality o f soft-bottom benthos w ith in  European estuarine and coastal 
environments. Marine Pollution Bulletin 40 (12), 1100-1114.

Borja, Á., Franco, J., Muxika, I., 2003a. Classification tools for marine ecological 
quality assessment: the usefulness of macrobenthic communities in an area 
affected by a submarine outfall. ICES CM 2003/J:02, pp. 1-10.

Borja, Á., Muxika, I., Franco, J., 2003b. The application o f a Marine Biotic Index to 
different impact sources affecting soft-bottom benthic communities along 
European coasts. Marine Pollution Bulletin 46, 835-845.

Borja, Á., Franco, J., Muxika, I., 2004a. The biotic indices and the Water Framework 
Directive: the required consensus in the new benthic monitoring tools. Marine 
Pollution Bulletin 48 (3-4), 405-408.

Borja, Á., Franco, J., Valencia, V., Bald, J., Muxika, I., Belzunce, M.J., Solaun, O., 2004b. 
Implementation o f the European Water Framework Directive from the Basque 
country (northern Spain): a methodological approach. Marine Pollution Bulletin 
48 (3-4), 209-218.



68 I. Kröncke, H. Reiss/Marine Pollution Bulletin 60 (2010) 58-68

Borja, Á , Josefson, A.B., Miles, A., Muxika, I., Olsgard, F., Phillips, G., Rodríguez, J.G., 
Rygg, B., 2007. An approach to the intercalibration of benthic ecological status 
assessment in the North Atlantic ecoregion, according to the European Water 
Framework Directive. Marine Pollution Bulletin 55 (1-6), 42-52.

Borja, A., Bald, J., Franco, J., Larreta, J., Muxika, I., Revilla, M., Rodriguez, J.G., Solaun, 
0., Uriarte, A., Valencia, V., 2009a. Using multiple ecosystem components, in 
assessing ecological status in Spanish (Basque Country) Atlantic marine waters. 
Marine Pollution Bulletin 59 (1—3), 54-64.

Borja, A., Muxika, I., Rodriguez, J.G., 2009b. Paradigmatic responses of marine 
benthic communities to different anthropogenic pressures, using M-AMBI, 
w ith in  the European Water Framework Directive. Marine Ecology 30 (2), 214- 
227.

Chainho, P., Costa, J.L, Chaves, M.L., Dauer, D.M., Costa, M.J., 2007. Influence of 
seasonal variability in benthic invertebrate community structure on the use of 
biotic indices to assess the ecological status of a Portuguese estuary. Marine 
Pollution Bulletin 54 (10), 1586-1597.

Clark, R.A., Frid, C.L.J., 2001. Long-term changes in the North Sea ecosystem. 
Environmental Review 9,131-187.

Clarke, K.R., Warwick, RM., 1994. Change in marine communities: an approach to 
statistical analysis and interpretation. Plymoth Marine Laboratory.

Dannheim, J., 2007. Macrozoobenthic response to fishery -  trophic interactions in 
highly dynamic coastal ecosystems. Ph.D. Thesis, University of Bremen, 224 pp.

Dauvin, J.-C, 2005. Expertise in coastal zone environmental impact assessments. 
Marine Pollution Bulletin 50,107-110.

Dauvin, J.C., Ruellet, T., 2007. Polychaete/amphipod ratio revisited. Marine Pollution 
Bulletin 55 (1-6), 215-224.

Diaz, R.J., Solan, M., Valente, R.M., 2004. A review of approaches for classifying 
benthic habitats and evaluating habitat quality. Journal of Environmental 
Management 73 (3), 165-181.

Edwards, M., Beaugrand, G., Reid, P.C., Rowden, A.A., Jones, M.B., 2002. Ocean 
climate anomalies and the ecology of the North Sea. Marine Ecology Progress 
Series 239, 1-10.

Ehrich, S., Stransky, C., 2001. Spatial and temporal changes in the southern species 
component of North Sea fish assemblages. Senckenbergiana Maritima 31 (2), 
143-150.

Franke, H.-D., Gutow, L., 2004. Long-term changes in the macrozoobenthos around 
the rocky island of Helgoland (German Bight, North Sea). Helgoland Marine 
Research 58, 303-310.

Frid, C.L.J., Clark, R.A., Hall, J.A., 1999. Long-term changes in the benthos on a heavily 
fished ground off the NE coast of England. Marine Ecology Progress Series 188, 
13-20.

Graii, J., Chauvaud, L., 2002. Marine eutrophication and benthos: the need for new 
approaches and concepts. Global Change Biology 8, 813-830.

Graii, J., Glémarec, M., 1997. Using biotic indices to estimate macrobenthic 
community perturbations in the Bay of Brest. Estuarine, Coastal and Shelf 
Science 44 (Supplement A), 43-53.

Heiskanen, A.S., van de Bund, W., Cardoso, A.C., Noges, P., 2004. Towards good 
ecological status of surface waters in Europe -  interpretation and 
harmonisation of the concept. Water Science and Technology 49 (7), 169- 
177.

Hurlbert, S.H., 1971. The non-concept of species diversity: a critique and alternative 
parameters. Ecology 52, 577-586.

Kaiser, M.J., Ramsay, C.A, Richardson, C.A., Spence, F.E., Brand, AR., 2000. Chronic 
fishing disturbance has changed shelf sea benthic community structure. Journal 
of Animal Ecology 69, 494-503.

Kirby, RR., Beaugrand, G., Lindley, J.A., Richardson, A.J., Edwards, M., Reid, P.C., 2007. 
Climate effects and benthic-pelagic coupling in the North Sea. Marine Ecology 
Progress Series 330, 31-38.

Kröncke, L, Dippner, J.W., Heyen, H., Zeiss, B., 1998. Long-term changes in 
macrofaunal communities o ff Norderney (East Frisia, Germany) in relation to 
climate variability. Marine Ecology Progress Series 167, 25-36.

Kröncke, I., Zeiss, B., Rensing, C., 2001. Long-term variability in macrofauna species 
composition o ff the island of Norderney (East Frisia, Germany) in relation to 
changes in climatic and environmental condition. Senckenbergiana Maritima 
31, 65-82.

Labrune, C., Amouroux, J.M., Sarda, R., Dutrieux, E., Thorin, S., Rosenberg, R, 
Grémare, A., 2006. Characterization of the ecological quality o f the coastal Gulf 
of Lions (NW Mediterranean). A comparative approach based on three biotic 
indices. Marine Pollution Bulletin 52 (1), 34-47.

McQuatters-Gollop, A., Raitsos, D.E., Edwards, M., Pradhan, Y., Mee, LD., Lavender, 
S.J., A ttrill, M.J., 2007. A long-term chlorophyll data set reveals regime shift in 
North Sea phytoplankton biomass unconnected to nutrient trends. Limnology 
and Oceanography 52 (2), 635-648.

Muxika, I., Borja, Á., Bonne, W., 2005. The suitability of the marine biotic index 
(AMBI) to new impact sources along European coasts. Ecological Indicators 5, 
19-31.

Muxika, I., Borja, Á , Bald, J., 2007. Using historical data, expert judgement and 
multivariate analysis in assessing reference conditions and benthic ecological 
status, according to the European Water Framework Directive. Marine Pollution 
Bulletin 55 (1-6), 16-29.

Neumann, H., Ehrich, S., Kröncke, I., 2008. Temporal variability of an epibenthic 
community in  the German Bight affected by cold w inter and climate. Climate 
Research 37, 241-251.

Pearson, T.H., Rosenberg, R, 1978. Macrobenthic succession in relation to organic 
enrichment and pollution of the marine environment. Oceanography and 
Marine Biology: an Annual Review 16, 229-311.

Perus, J., Bonsdorffi E., Bäck, S., Lax, H.G., Villnäs, A., Westberg, V., 2007. Zoobenthos 
as indicators of ecological status in coastal brackish waters: a comparative 
study from the Baltic Sea. Ambio 36 (2-3), 250-256.

Pinto, R., Patricio, J., Baeta, A., Fath, B.D., Neto, J.M., Marques, J.C., 2009. Review and 
evaluation of estuarine biotic indices to assess benthic condition. Ecological 
Indicators 9 (1), 1-25.

Rachor, E., Reiss, H., Degraer, S., Duineveld, G.C.A., Van Hoey, G., Lavaleye, M., 
Willems, W., Rees, H.L, 2007. Structure, distribution and characterizing species 
of North Sea macro-zoobenthos communities in 2000. In: ICES (Ed.), Structure 
and Dynamics o f the North Sea Benthos. ICES Cooperative Research Report, pp. 
50-64.

Rees, H.L, Dare, P.J., 1993. Sources of mortality and associated life-cycle traits of 
selected benthic species: a review. Fisheries Research Data Report 33, 
Lowestoft, pp. 36.

Reid, P.C., Edwards, M., Hunt, H.G., Warner, J., 1998. Phytoplankton change in the 
North Atlantic. Nature 391, 546.

Reiss, H., Kröncke, L, 2004. Seasonal variability o f epibenthic communities in 
different areas of the southern North Sea. ICES Journal o f Marine Science 61 (6), 
882-905.

Reiss, H., Kröncke, I., 2005a. Seasonal variability of benthic indices: an approach to 
test the applicability of different indices for ecosystem quality assessment. 
Marine Pollution Bulletin 50,1490-1499.

Reiss, H., Kröncke, I., 2005b. Seasonal variability of infaunal community structures 
in three areas o f the North Sea under different environmental conditions. 
Estuarine, Coastal and Shelf Science 65 (1-2), 253-274.

Reiss, H., Meybohm, K., Kröncke, L, 2006. Cold w inter effects on benthic macrofauna 
communities in near- and offshore regions of the North Sea. Helgoland Marine 
Research 60, 224-238.

Rosenberg, R., Blomqvist, M., Nilsson, H.C., Cederwall, H., Dimming, A., 2004. Marine 
quality assessment by use of benthic species-abundance distributions: a 
proposed new protocol w ith in the European Union Water Framework 
Directive. Marine Pollution Bulletin 49 (9-10), 728-739.

Salas, F., Neto, J.M., Borja, Á , Marques, J.C., 2004. Evaluation of the applicability of a 
marine biotic index to characterize the status of estuarine ecosystems: the case 
of Mondego estuary (Portugal). Ecological Indicators 4, 215-225.

Salzwedel, H., Rachor, E., Gerdes, D., 1985. Benthic macrofauna communities in the 
German Bight. Veröffentlichungen des Instituts für Meeresforschung in 
Bremerhaven 20, 199-267.

Sanders, H.L, 1968. Marine benthic diversity: a comparative study. The American 
Naturalist 102, 243-282.

Simboura, N., 2004. Bentix Index vs. Biotic Index in monitoring: an answer to. 
Marine Pollution Bulletin 48 (3-4), 403-404.

Simboura, N., Zenetos, A., 2002. Benthic indicators to use in Ecological Quality 
Classification of Mediterranean soft bottom marine ecosystems, including a new 
Biotic Index. Mediterranean Marine Science 3 (2), 77-111.

Simboura, N., Papathanassiou, E., Sakellariou, D., 2007. The use of a biotic index 
(Bentix) in  assessing long-term effects of dumping coarse metalliferous waste 
on soft bottom benthic communities. Ecological Indicators 7 (1), 164-180.

Strasser, M., Reinwald, T., Reise, K., 2001. Differential effects of the severe w inter of 
1995/96 on the intertidal bivalves Mytilus edulis, Cerastoderma edule and Mya 
arenaria in the Northern Wadden Sea. Helgoland Marine Research 55,190-197.

van Dolah, R.F., Hyland, J.L., Holland, A.F., Rosen, J.S., Snoots, T.R., 1999. A benthic 
index of biological integrity for assessing habitat quality in estuaries of the 
southeastern USA. Marine Environmental Research 48, 269-283.

Vincent, C., Heinrich, H., Edwards, A., Nygaard, K., Haythornthwaite, J., 2002. 
Guidance on Typology, Reference Conditions and Classification Systems for 
Transitional and Coastal Waters, CIS Working Group 2.4 (Coast) Common 
Implementation Strategy of the Water Framework Directive, European 
Commission.

Warwick, RM., 1986. A new method for detecting pollution effects on marine 
macrobenthic communities. Marine Biology 92, 557-562.

Warwick, R.M., Clarke, K.R., 1994. Relearning the ABC: taxonomic changes and 
abundance/biomass relationships in disturbed benthic communities. Marine 
Biology 118, 739-744.

Warwick, R.M., Uncles, R.J., 1980. Distribution of benthic macrofauna associations in 
the Bristol Channel in  relation to tidal stress. Marine Ecology Progress Series 3, 
97-103.

Warwick, RM., Ashman, C.M., Brown, A.R., Clarke, K.R., Dowell, B., Hart, B., Lewis, 
R.E., Shillabeer, N., Somerfield, P.J., Tapp, J.F., 2002. Inter-annual changes in the 
biodiversity and community structure of the macrobenthos in Tees Bay and the 
Tees estuary, UK, associated w ith  local and regional environmental events. 
Marine Ecology Progress Series 234,1-13.

Weisberg, S.B., Ranasinghe, J.A., Dauer, D.M., Schaffner, L.C., Diaz, R.J., Frithsen, J.B., 
1997. An estuarine benthic index of biotic integrity (B-IBI) for Chesapeake Bay. 
Estuaries 20(1), 149-158.

Wieking, G., Kröncke, L, 2001. Decadal changes in macro fauna communities on the 
Dogger Bank caused by large-scale climate variability. Senckenbergiana 
Maritima 31, 125-141.

Wilson, J.G., Jeffrey, D.W., 1994. Benthic biological pollution indices in estuaries. In: 
Kramer, K.J.M. (Ed.), Biomonitoring of Coastal Waters and Estuaries. CRC Press, 
Baton Rouge, pp. 311-327.

Wiltshire, K.H., Manly, B.F.J., 2004. The warming trend at Helgoland Roads, North 
Sea: Phytoplankton response. Helgoland Marine Research 58 (4), 269-273.

Zettler, M.L., Schiedek, D., Bobertz, B., 2007. Benthic biodiversity indices versus 
salinity gradient in the southern Baltic Sea. Marine Pollution Bulletin 55 (1-6), 
258-270.


