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ABSTRACT I

In autumn 1997, approximately 320,000 m3 of sand were extracted from a site located ca. 2.5 km off Wustrow, Hillii«» Germany, Western Baltic Sea. The physical impacts of dredging on the sea floor are assessed on the basis of sicle-scan
sonar, sediment texture, and oxygen profile approaches. Benthic macrofaunal effects are analysed, in terms of species, 
abundance, and biomass (SAB ). addressing the responses of sensitive and non-sensitive species.
Seabed modification was patchy within the dredging site. Morphology, texture, and oxygen characteristics returned 
to pre-clredging conditions over most of the site, during the first year of post-clredging. A smaller part of the area 
deepened by ca. 5 m and caused by multiple dredge furrows, was altered more drastically. During the year following 
the extraction, a shift to finer sediments with a higher organic carbon content and reduced oxygen levels was observed, 
at this location. Sensitive benthic species abundance did not recover to pre-impact levels, within a year after dredging. 
Slow recovery of the sensitive species can be overlooked easily by common environmental assessment measures, such 
as the SAP) approach. Related to benthic habitats, environmentally-souncl dredging practices should consider the 
various impacts that the creation of deep pits can have on the seabed, and compared those of shallow and isolated 
furrows.

ADDITIONAL INDEX WORDS: aggregates, m in ing  side-scansonar, sediment micro- profiles, macrozoobenthos, SAB approach, 
sensitive benthic species, dredging fu r  rozos, recolonisation, recovery.

INTRODUCTION

W hilst several s tud ies have  inves tiga ted  th e  effects of m a
rine  san d  dredging on b en th ic  associations (e.g. E s s in k , 1998; 
O r e s u n d k o n s o r t ie t , 1998; v a n  d e r  V e e r , B e r g m a n , and  B e u k e - 
m a , 1985), a sub s tan tia lly  low er nu m b er of s tud ies have  dealt 
w ith  gravel ex traction  (B oyd  et al., 2005; C o o p e r  et al., 2007; 
K e n n y  an d  R e e s , 1994, 1996); few er still have investiga ted  
B altic Sea conditions (B o n s d o r f f , 1980; O r e s u n d k o n s o r t ie t ,
1998). In  order to  develop an  im proved u n d ers tan d in g  of the  
physical recovery and  m acrofaunal recolonisation processes 
of dredged h a b ita ts  in th e  w estern  B altic  Sea, a dredging op
era tion  h a s  been  exam ined, a t d ifferent sp a tia l scales. At a 
b road  scale, re su lts  w ere ob tained  from: (a) acoustic devices 
w hich covered an  a rea  > 1,000,000 n r ; (b) grab sam ples, p e r
m ittin g  exam ination  of processes occurring over a few n r ; and  
(c) sed im ent cores and  oxygen profiles, providing inform ation 
a t a m illim etre-scale. The overall objective of th is  study  w as to 
develop a b e tte r  u n d e rs tan d in g  of th e  physical an d  biological 
im pact of dredging operations, w ith in  th e  B altic  Sea.

The w estern  B altic  Sea (S c h w a r z e r  , th is  volum e) can be 
regarded  as a b rack ish  w a te r tran s itio n  zone of decreasing sa 
lin ity  (5 - 20 psu). F au n is tic  d iversity  reaches its  m inim um
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w ith in  th is  sa lin ity  range (horohaloclinicum  ; K i n n e , 1971, R e 
m a n e , 1940). M acrofaunal species in  th is  zone have often been  
described as 'tra n sg re ss iv e ' or 'o p p o rtu n is tic ' (G r a y , 1979; 
P e a r s o n  an d  R o s e n b e r g , 1978); re la tively  'im m u n e ' to m any 
an thropogenic s tre ss  factors (W il s o n , 1994). However, W il s o n  
an d  E l k a im  (1991) have show n th a t  no t all e s tu a rin e  species 
act as opportun ists. The p resen t study  focuses upon th e  sen 
sitive species, assum ing  th a t  they  are  an  im p o rtan t p a r t  of 
th e  local biodiversity: these  m ostly  ra re  species, in  accordance 
w ith  th e  "flush an d  c ra sh ' spéciation m odel ( P ir a in o , F a n e l l i , 
an d  B o e r o , 2002), en su re  th e  con tinuation  of biological d iver
sity.

For th is  study, species sensitive to  physical d is tu rbance 
of th e  seabed a re  defined following a concept of th e  'B en thos 
Ecology W orking G roup ' of th e  In te rn a tio n a l Council for th e  
E xploration  of th e  Sea (ICES), pub lished  in 1994 (ICES, 1994) 
an d  review ed in  1995 (ICES, 1995). The IC ES list of general 
c rite ria  w as pub lished  to develop “biogeographically-specific” 
lis ts  for m acrobenthic com m unities, to p erm it th e  pred iction  of 
d is tu rbance  re la ted  to  any physical m odification of th e  seabed. 
The lis t w as b ased  upon th e  assum ption  th a t, in itially , any im 
p act h a s  a negative effect on ind iv iduals w ith in  a specific a r 
ea. S edim ent ex trac tion  can h a rm  m acrobenthic individuals, 
by dam aging th e ir  bodies, bu rrow s or shells, or by rem oving 
an im als (potentially, w ith  th e ir  tubes) from th e  su bstra tum . 
However, d is tu rbance  can h a rm  significantly  th e  affected pop-
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ulations, only if th e  autecological ch arac te ris tics  of th e  popu la
tion  are  charac te rised  predom inate ly  by 'se n s itiv e ' fea tures. 
The m ain  c rite ria  in  th e  definition of 'se n s itiv e ' species are: a 
low grow th ra te ; reduced  regenera tion  capacities; low fecun
dity; in frequen t recru itm en t; low propagule  mobility; special
ised  h a b ita t requ irem en ts; or narrow  su b s tra tu m  tolerances. 
In  contrast, m acrobenthic populations w ith  'n o n -vu lnerab le ' 
fea tu res  are  regarded  as being re s is ta n t to th e  im pact, e.g. r- 
stra teg ic  and  high ly  mobile species. T his IC ES guideline does 
no t draw  up  a lis t of species, bu t, ra th e r, identifies s tan d a rd  
c rite ria  to  estab lish  regional lists. Table 2 from K r a u s e , v o n  
N o r d h e im , an d  G o s s e l c k  (1996) provide an overview of th e  
sensitive m acrobenthic species, for th e  p lan n ed  extraction  
sites of region u n d e r investigation .

SETTING

The study  site w as located 2.5 km  n o rthw est of W ustrow, 
G erm any, off th e  coast of th e  F isch land  P en in su la  (Figure 
1), in  w a te r dep ths of betw een  10 and  12 m, below M ean Sea 
Level. The site  is s itu a ted  to  th e  sou th  of th e  D arss  Sill, a shoal 
th a t  inh ib its  th e  inflow of bottom  w a te r of h ig h er salinity , into 
th e  cen tra l B altic Sea. As a consequence, sa lin ities a re  usua lly  
h ig h er (> 10 psu), to  th e  sou thw est of th e  D arss  Sill, th a n  to 
th e  n o rth ea s t of it (~ 7 psu).

The dredging site  “W ustrow  IP  encloses a surface a rea  of 
approxim ately  1,100,000 n r .  The seafloor consists of m oder
a tely -sorted  fine sands (U dden-W entw orth scale, T a u b e r  and  
L e m k e  (1995)). The m ean  grain-size of surface sed im ents ra n g 
es from 210 to  250 pm, w hilst th e  average th ickness  of th e  
deposit am oun ts to  1.9 m, overlying till (S tAUN Rostock, pers. 
com m .).In N ovem ber 1997, approx im ately  320,000 m 3 of sand  
w ere ex trac ted  from th e  site, by tra ile r  suction hopper d redg
ing. T his m ethod  leads to th e  production  of shallow lin ea r or
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F igure  1. M ap show ing th e  location of th e  dredging site W ustrow  II 
(black polygon in  F igure), in  th e  w estern  B altic Sea. Symbols of p re 
extraction  control sam ples are  overlain by post-extraction symbols. 
Video im agery  an d  observations of SCLTBA divers suggested  th a t  im pact 
sam ple sites be relocated  after extraction  to the  m ore heavily  im pacted  
area. According to video im agery, control sites an d  im pact sites were 
hom ogeneous sandy  p lains, before extraction. DS — D arss Sill.

curved furrow s on th e  seafloor (B oyd  et al., 2004). E x trac ted  
sed im ents w ere u tilised  for beach  rep len ishm en t, on th e  Fis- 
ch land  Pen insu la .

METHODS

Side-Scan Sonar
Side-scan sonar surveys w ere carried  ou t on 30 M arch, 

1998 and  17 Septem ber, 1998, aboard  R V  Littorina . A Klein 
595 dual-frequency (100 and  384 kH z) side-scan sonar w as op
erated , in  h igh-frequency mode, in  o rder to  p erm it th e  h ighes t - 
reso lu tion  im aging, w ith  a range of 75 m and  a typ ical a ltitude  
of 8 - 10 m. Sonar re tu rn s  w ere recorded on p ap er p rin t-ou ts. 
D ifferen tia l GPS w as u sed  for vessel positioning. The sonar 
tow fish h a d  a layback of 15 - 20 in, w hilst a sound  velocity of 
1500 m s'1 w as assum ed.

The analogue paper records w ere scanned and  georefer
enced, according to th e  m ethod of K u b ic k i and  D ie s in g  (2006). 
For every logged ship position (1 m in '1), four additional points 
w ere com puted for th e  two side-scan sonar channels, describing 
both  sw ath  and  w ater colum n extent. The la tte r  points were 
assigned lying on th e  side-scan centre line . A geo-referencing 
m ethod of ‘rubber sheeting’ w as th en  applied (see K u b ic k i 
and  D ie s in g , 2006 for details); in  this, th e  sonographs were 
stretched, or compressed, betw een two neighbouring geo-refer- 
enced points. In  th is  way, th e  en tire  w ater colum n w as rem oved 
. This m ethod in troduces positioning erro rs of th e  order of a 
few m etres. In  th e  absence of a m ore sophisticated  method, to 
convert analogue prin t-ou ts into geo-referenced data, it w as the 
“ method-of-choice”, bearing  in  m ind its  lim itations.

The georeferenced side-scan sonar da ta  were projected in LTni- 
versal T ransverse M ercator (LTTM) projection, then  displayed in 
a geographical inform ation system  (Esri ArcView 3.2). Blocks of 
100 in by 100 ni, in size, were defined according to th e  LTTM grid. 
The num ber of identifiable tracks, per block, w as counted visually 
for each of th e  surveys. As a result, m aps displaying th e  num ber 
of dredge tracks per 100 in by 100 in block, were created.

G round -tru th ing  w as u n d e rtak en  using  an  u n d e rw a te r 
video cam era, w ith  an on-board control and  positioning sys
tem ; it w as tow ed a t an a ltitu d e  of < 1 in over th e  sea bottom . 
Two tran sec ts , ru n n in g  from east to w est and  n o rth  to  south, 
w ere surveyed: 4 m on ths before ex trac tion  (A ugust 1997); 
and  1 m onth  (D ecem ber 1997), , 6 m onths (May 1998), and  10 
m onths (Septem ber 1998) after.

Sampling
The effects of th e  extraction on th e  sedim ent and  macroben- 

th ic  com m unities were examined, using a classical BACI (before- 
after-control-impact) approach (H e w it t , T h r u s h  and  C u m m in g s , 
2001). The various sam ple locations are plotted in Figure 1. 
P re-extraction sam ples were collected from th e  centre of th e  in 
tended  dredging site, b u t sites were relocated after the  extraction 
took place (as LTW-video observations located the  actual centre 
of th e  dredging activity). In  contrast, th e  control sites were not 
relocated. Grab and  core sam ples were collected from both the 
control and  im pact sites. Grab sam ples were collected using a 
'h eavy ' van-Veen-grab (0.1 nr), according to  th e  in ternational 
recom m endations and  calibration guidelines for monitoring m ac
rozoobenthos in  th e  Baltic Sea (HELCOM, 1988; ICES, 1990). 
A m inim um  of th ree  replicates were collected at each sam pling 
site. The m inim um  penetration  depth w as 10 cm. Grab sam ples 
w ere collected 4 and  2 m onths before and  1, 4, and  10 m onths
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after extraction. 6 and  10 m onths after extraction, 6 to 12 core 
sam ples were collected by SCUBA divers, a t th e  control and 
im pact sites, respectively. These cores were taken  by m eans of 
large plastic tubes (10 cm diam eter, 30 cm in lenght), which could 
be closed underw ater, a t both  ends. The m inim um  penetration  
depth here  w as 15 cm. The cores were sam pled directly, a t the 
extraction site, from the  furrows. Typically, th e  distance betw een 
th e  cores was 2 m. The sam ple positions were assum ed to be the 
ship’s position, as m easured by differential GPS (SCUBA divers 
w ere attached  to th e  boat by a rope).

Sediment Analyses 

Grain Size and Carbon Content
From  each site, a grab sam ple w as tran sp o rted  to  th e  labo

ratory , for analysis of grain-size d is tribu tion  and  organic c a r
bon content. M ean grain-size w as ca lcu lated  from  one sub-set, 
u sing  th e  w et sieving m ethod  of D y e r  (1986). A nother portion 
w as dried  for 24 h  a t 60 °C an d  w as pow dered. These sam ples 
w ere subdivided; one h a lf  w as tre a te d  w ith  excess IM  HC1 
(hydrochloric acid), th e n  dried  for 12 h; th e  o th er rem ained  
u n trea ted . The carbon conten t of bo th  sub-sam ples w as d e te r
m ined  using  a “C N -A nalyser” (Fisión In s tru m en ts) . Finally, 
organic carbon conten t w as ca lcu lated  by sub trac ting  th e  C- 
values of th e  tr e a te d  sub-sam ples (inorganic C), from th e  C- 
values of th e  u n tre a te d  subsam ples (to tal C); th is  w as no ted  
as a p roportion  of th e  to ta l sed im ent m ass.

Oxygen Profiles
SCUBA divers collected all of th e  cores w ith in  a single day. 

The collecting tim e w as approxim ately  two hours, for 12 cores. 
M easu rem en ts on th e  core m a te ria l w ere m ade w ith in  12 h, 
in  a field laboratory . D uring m easurem en ts, u n tre a te d  cores 
w ere sto red  open in th e  d a rk  an d  a t a te m p e ra tu re  of approxi
m ate ly  10 °C.

Oxygen concentration  profiles w ere recorded in  th e  sed i
m en t cores, w ith  a robust s ta in less  steel need le  electrode 
(M icroscale M easurem ents), con tain ing  a sensing  tip  (120|tm 
in length) for oxygen (A u-plated P t cathode) of 120 pm (V a n  
G e m e r d e n  et al., 1989). E lectrodes w ere po larised  a t leas t one 
h o u r before com m encem ent of th e  m easurem en t. A cellulose
n itra te  m em brane w as installed , p rio r to  th e  m easurem en ts. 
T hese w ere rep laced  each tim e. C alib ration  w as carried  out 
in  an ex tra  tube  w ith  b lack  sed im ent and  sa tu ra te d  seaw ater 
(0 % an d  100 % a ir  satu ra tion ), in  w hich th e  oxygen content 
w as m easu red  by a ca lib ra ted  electrode (WTW EOT 196). A 
m icrom an ipu la to r w as u sed  to  in se rt th e  electrode, step-w ise 
in to  th e  sedim ent. S ignals from th e  sensor w ere d ig itised  by 
an  analogue-to-digital converter, th e n  tra n sm itte d  to  a n o te 
book using  th e  softw are WINDAQ (D ataq  In s trum en ts) . E ach 
m easu rem en t w as rep ea ted  a t leas t once, for each core. S am 
ples w ere processed in  a m ethod  sim ilar to those of V is s c h e r , 
B e u k e m a  and  v a n  G e m e r d e n  (1991) and  V o p e l  et al. (1998). For 
fu r th e r d a ta  analyses, th e  m ean  oxygen concentration  for each 
core w as calculated, in  1 to 5 m m  steps.

Macrofauna
E ach grab sam ple rep licate  w as sieved a t sea, u sing  a 

1 m m  screen, before p reserv ing  th e  sam ple w ith  4 % buffered  
form osaline solution. A t th e  laboratory, organ ism s w ere ex
tra c te d  and  identified  to species level, except for N em atoda, 
T urbellaria , Bryozoa, Hydrozoa, N em ertin i, O ligochaeta, and  
D iptera, as identification  w as im practical. O rganism s w ere

b lo tted  (du ra tion  v aried  from a few seconds for sm all polycha
ete, to several m in u tes  for large bivalves); a fterw ards, th e  wet 
m ass w as dete rm ined  w ith  a precision of 0.1 mg. M olluscs were 
w eighed alw ays w ith  shell. Identified  species w ere classified 
as endangered , according to ex isting  local an d  biogeographic 
red  lis ts  (H e l c o m , 1998; M e r c k  and  v o n  N o r d h e im , 1996) and  
as 'sen s itiv e ' or 'non-vu lnerab le ', according to  guidelines of 
th e  "Benthic Ecology W orking Group of IC E S ' (ICES, 1994;
1995), adap ted  for sed im ent ex traction  by K r a u s e , v o n  N o r d 
h e im  an d  G o s s e l c k  (1996).

A verage species abundance and  biom ass w ere calcu lated  
p e r square  m etre, for all th e  sam pled  taxa . N um ber of species, 
abundance, an d  b iom ass w ere com pared betw een  control and  
im pact sites. To avoid double u sage  of th e  sam e d a ta  set, n e i
th e r  control site  d a ta  no r these  of im pact sites w ere te s ted  s ta 
tistically , betw een  tim es i.e. before/after dredging. The re su lts  
show ed non-norm al d istribu tions; thus , tran sfo rm a tio n s w ere 
avoided, w ith  differences te s ted  by non -param etric  M ann- 
W hitney U  and  Wilcoxon te s ts  (B o r t z ., L ie n e r t  an d  B o e h n k e , 
1990). C on ten ts of grab and  core sam ples w ere analysed  sepa
rately . A nalyses w ere perform ed using  a sp readshee t calcula
tion  (MS Excel) and  NCSS (H in t z e , 2001).

O ut of 50 taxa, only 28 species w ere u sed  for th e  m u ltiv a ri
a te  s ta tis tica l analysis. All o th er tax a  w ere excluded from th e  
analyses, for various reasons, i.e. no t system atically  sam pled 
species like epifauna, an d  hyperben th ic  species (e.g. N eom y
sis integer)', low taxonom ic reso lu tion  (e.g. D iptera); patch ily  
d is trib u ted  (e.g. M ytilus edulis) and  species w hich occurred 
w ith in  less th a n  1 % of all of th e  sam ples (e.g. C alliopius lae
viusculus). The d a ta  w ere u sed  for c lu s te r analysis and  no n 
m etric  m ulti-d im ensional scaling (nMDS) ordination, accord
ing to  C l a r k e  an d  W a r w ic k  (1994). The analyses w ere based  
upon B ray C urtis  (S teinhaus) sim ilarity  of th e  fourth-root 
tran sfo rm ed  abundance data . In  th is  study, th e  (hierarchical) 
"unw eighted a rith m etic  average clustering ', also called "UPC- 
M A' (L e g e n d r e  and  L e g e n d r e , 1998) w as used; it is a s tan d a rd  
m ethod  u sed  in  b en th ic  ecology ( C l a r k e  an d  W a r w ic k , 1994).

All s ta tis tica l calculations and  procedures w ere perform ed 
w ith  th e  softw are packages P C O rd (M c C u n e  and  M e f f o r d ,
1999), P rim er 5 (C l a r k e  and  W a r w ic k , 1994) and  NCSS

F ig u re  2. R e p resen ta tiv e  exam ples of sea  floor m orphology revealed  
from  384 kH z side-scan sonar da ta , 4 m onths post-dredging: (a) sandy 
dunes in th e  control site; (b) p it  of 15 m d iam eter an d  3 m depth; (c) 
dredge furrow s of approx im ately  2 m in  w idth; an d  (d) m u ltip le  dredge 
track s, b u ild in g  a depression  of up to 5 m deep a t th e  ex trac tion  site. 
Note: uncorrec ted  sonographs, w ith  a s la n t ra n g e  of 75 m.
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F igure  3. N um ber of dredge tracks 
p er 100 m x 100 m block: (a) M arch 
1998, 4 m onths post-dredging; (b) 
Sep tem ber 1998, 10 m onths p o s t
dredging. H a tch ed  line ind icates 
a rea  affected by s ta tic  d redging 
causing  p its  (see F ig u re  2b.).

( H in t z e , 2001). O rig inal da ta  w ere sto red  and  reassigned  for 
calculations, u sing  Access and  Excel (Microsoft). The re su lts  
w ere v isualised  using  G rapher (Golden Software) and  Sigm a- 
Plot (SPSS Inc.).

RESULTS 

Seabed Morphology
From  th e  UW  video observations an d  side-scan sonar 

da ta , it  is ev iden t th a t  th e  subaqueous dunes w ere p re sen t 
seafloor off W ustrow  w as p red o m in an tly  sandy, w ith  sm all 
pa tch es  of coarse-g ra ined  lag  deposits to  th e  w est of th e  s u r 
veyed area, w ith  w aveleng ths of 40 to  70 m (F igure 2a). In  an 
a rea  ou ts ide  of th e  desig n a ted  boundary , to  th e  n o rth e a s t of 
th e  dredging  s ite s  (F igure 2b), side-scan so n ar im agery  (val
id a ted  by d iver observations) revea led  dredge p its  of 10 to 
40 m in d iam e te r an d  up  to 4 m  in  dep th  (F igure 2b). D redge 
tra c k s  of approx im ate ly  2 m  in  w idth, w ith  a m ean  dep th  of 
0.5 m  (F igure 2c), w ere w idely d is trib u ted . W here th e  se a 
floor w as d redged  repeated ly , m u ltip le  d redge tra c k s  c rea ted  
la rg e r depressions. In  such areas, th e  seafloor w as deepened 
by 3 to  5 m  (F igure 2d).

Such m ultip le  dredge tra ck s  w ere p resen t in  th e  sou thw est 
of th e  designated  ex traction  site  (F igure 3a and  3b).

The in ten s ity  of th e  dredging im pact w as estim ated , by 
evalua ting  th e  n u m b er of dredge track s  found in  100 m x 
100 m blocks of th e  seabed. Some 142 blocks w ere assum ed  to 
lie w ith in  th e  ex traction  site, covering an  a rea  of 1,420,000 m 2 
(F igure 3a). F our m onths a fte r dredging, a t leas t 59 % 
(840,000 m 2) of th e  site, h a d  a t least one visible furrow  (Fig
u re  3a). Ten m onths post-dredging, 53 % (750,000 in2) of th e  
dredging site  h a d  a t leas t one furrow. T his calculation  does 
no t consider th e  “out-of-area” dredge zone, to  th e  SE and  N 
(approx. 520,000 in2, F igure 3b). M ost d is tu rbances occurred 
in th e  sou thw estern  p a r t  of th e  ex traction  site  (F igure 2d). 
This a rea  contained  few er dredge tra ck s  in  Septem ber, th a n  
in M arch 1998.

Alteration of Sediment Characteristics
SCUBA diver observations, 6 and  10 m onths a fte r ex trac

tion, ind ica ted  differences betw een  th e  sed im ent ch a rac te r
istics betw een  th e  control and  im pact sites. The fla t sea bed  
a t th e  control sites consisted  of yellow san d  w hereas, follow
ing ex traction  a t th e  im pact site, th e  seafloor w as composed 
of b lack  an d  m uddy sedim ents; occasionally, Beggiatoa  m ats  
w ere observed in  th e  depressions and  furrows.

Before dredging, th e  u p p er 10 cm of th e  control sites con
sis ted  of fine to  m edium  sands (m ean d = 2.4 (f>); th ey  w ere low 
in organic carbon (Corg) conten t (< 0.2 %) (F igure 4a). Sedi
m en ts  from th e  licensed dredging a reas  consisted  of sim ilar 
m edium -sized sands (m ean d = 1.8 (f>), w ith  a sim ilar low or
ganic carbon con ten t (C < 0.35 %) (F igure 4a). Following 
extraction , th e  sed im ents of th e  dredged sites w ere a lte red  
fundam entally , w hilst th e  sed im en ts of th e  control sites w ere 
unchanged. Following dredging, th e  u p p er sed im ent layer con
sis ted  of fine sands (m ean d = 2.7 (f>) en riched  in organic con
te n t (Corg ~ 1.9 %) (F igure 4a).

The core sam ples show ed th a t  sed im ents a t th e  control sites 
w ere re latively  hom ogeneous, no t changing m arked ly  over 
tim e. Conversely, th e  u p p er sed im ent layer a t th e  im pact sites 
revealed  a fining trend , over tim e  (F igure 4b). Thus, it m ay 
be concluded, a t th e  im pact sites, finer sed im ents en riched  in 
organic carbon w ere accum ulated  on top of th e  orig inal sed i
m en t (F igure 4b).

Six m on ths a fte r dredging th e  oxygen profiles from the  
im pact s ites  w ere alm ost iden tica l to  th ese  rep resen ta tiv e  
of pre-dredging  conditions. T here w as a significant (n = 23; 
p = 0.05; Wilcoxon ra n k  test) difference in  th e  oxygen p e n 
e tra tio n  depths, betw een  th e  control site  cores (m ean depth: 
-10.9 ± 3.9 m m  (11 cores; 22 profiles) and  those  collected from 
th e  bottom  of th e  dredged p its  (m ean depth: -7.4 ± 3.6 mm 
(12 cores; 24 profiles)) (F igure 5a). Ten m onths a fte r d redg
ing, oxygen depletion w as m easu red  in  sed im ent cores from 
th e  dredged furrow s (m ean depth: -1.6 ± 2.8 m m  (3 cores; 6 
profiles)), w hereas th e  typical control site  cores w ere m ore
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E rro r  b a rs  in d ica te  th e  s ta n d a rd  
dev iation  o f th e  sam ple .

oxygenated  (m ean depth: -38.3 ± 7.6 m m  (3 cores, 6 profiles)) 
(F igure 5b).

A lteration  o f  M acrofaunal A ssem b lages
F ifty  m acrobenth ic  ta x a  w ere sam pled  from  th e  control 

an d  th e  im pact sites; th is  is a  rep resen ta tiv e  n u m b er for 
th is  region of th e  B altic  Sea ( Z e t t l e r , B ö n s c h  an d  G o s s e l c k ,

2000). The m ost frequently-occurring  ta x a  were: N ereis  (.He
diste )  diversicolor  (100 % occurrence, m ean  abundance  (MA) 
= 85 ind iv iduals m '2); H ydrobia u lvae  (95 % occurrence, MA = 
2475 ind iv iduals m '2); Pygospio elegans  (95 % occurrence, MA 
= 2703 ind iv iduals m '2); M acom a balth ica  (95 % occurrence, 
MA = 7 7  ind iv iduals m '2); Scoloplos arm iger  (91 % occurrence,

MA = 281 ind iv iduals m '2); an d  M ytilus edulis  (86 % occur
rence, MA = 3 1 3  ind iv iduals m '2). Six species w ith  'sen s itiv e ' 
popu la tion  ch arac te ris tics  w ere sam pled  before dredging. F our 
of th ese  species w ere recorded in, a t  least, 50 % of control sites 
sam ples: M ya arenaria  (91 % occurrence, MA = 407 ind iv idu
a ls m -2); B athyporeia  p ilo sa  (82 % occurrence, MA = 1 2 1  in d i
v idua ls m '2); Travisia  forbesii (68 % occurrence, MA = 1 4 8  in 
d iv iduals m '2); an d  C erastoderm a lam arcki  (50 % occurrence, 
MA = 1 8 8  ind iv iduals m '2). Of th e  o th e r tw o sensitive  species, 
O phelia ra thkei  (29 % occurrence) w as collected regularly , b u t 
only a t  th e  control sites; w hereas B athyporeia  pelagica  w as 
generally  ra re  (10 % occurrence).

Table 1. Impact of dredging -  SAB approach. Total number of taxa, abundance in individuals (ind m~2), including standard deviation (sd) and 
biomass in grams (g m~2), were examined at the control and the impact sites. Key: Time Before/After = month before and after extraction (year/ 
month); (Sample type) Grab = Van Veen grab samples, Core — core samples obtained by SCUBA divers (number of samples from control site /  
number of samples from impact site); nd  = no data; significance tested between samples from control and impact sites (Mann Whitney U-test); (ns) 
not significant, (*) p< 0.01, (**) p< 0.001.

T im e S a m p le
ty p e T o ta l n u m b e r  o f sp e c ie s A b u n d a n c e  

in d  m-2 (sd)
B io m a ss  

g m -2 (sd)

(n control / n 
im pact) Control Im pact Control Im pact Control Im pact

B e fo re

4 (97/07) Grab (7/7) 27 31 ns 4031 (253) 6622 (316) ns 88 (8) 119 (8) ns

2 (97/09) Grab (7/6) 24 25 ns 12894 (1308) 8297 (907) ns 1072 (186) 222 (31) ns

A fte r

1 (97/12) Grab (6/3) 31 18 * 3122 (218) 2679 (366) ns 56 (3) 87 (18) *

4 (98/03) Grab (5/3) 22 6 ** 3508 (469) 199 (45) ** 53 (6) 0.6 (0.1) ns

6 (98/05) Core (5/5) 17 15 ns 12535 (1540) 4153 (448) ns 88 (15) 6 (0.5) ns

10 (98/09) Grab (3/3) 23 19 ** 3517 (329) 6195 (714) ** 62 (5) 21 (2) **

10 (98/09) Core (5/5) 11 2 ** 5605 (759) 191 (0) ** 438 (120) 0 (0) **

13 (98/12) Grab (-12) nd 4 nd 1155 (473) nd 2 (1)
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Two cores an d  a sing le  grab  sam p le  collected, re sp ec tiv e 
ly, 10 a n d  13 m o n th s  a f te r  dredging , co n ta in ed  no m acro b en 
th ic  an im als . C om parison  of V an  V een grab  sam ples, from  
b o th  th e  con tro l a n d  im p ac t sites, 4 (n = 14) a n d  2 m o n th s  (n 
= 13) before  dredging, show ed no sign ifican t d ifferences (p 
> 0.05, M ann  W hitney  U -tes t) in  n u m b e r of species, a b u n 
dance, or b io m ass (Table 1). O ne m on th  a f te r  ex trac tio n , th e  
n u m b e r of species w as low er a t th e  im p ac t sites, th a n  before 
th e  dredging . A bundance  an d  b iom ass in  th e  con tro l an d  
im p ac t s ite s  dec reased  sign ifican tly , com pared  to  th e  s i tu a 
tio n  before d redg ing  (T able 1). F o u r m o n th s  a f te r  dredging, 
th e  n u m b e r of species, ab u n d an ce  an d  b iom ass w ere low er 
a t  th e  im p ac t sites, th a n  a t th e  contro l s ite s  (significant, for 
r ich n ess  a n d  abundance) (T able 1). T en m o n th s  a f te r  d red g 
ing, con tro l an d  im p ac t s ite s  d iffered  sign ifican tly  for th e  
n u m b e r of species, abundance , a n d  b io m ass (T able 1).

The n u m b er of non -vu lnerab le  species (Table 2) decreased  
a f te r  d redg ing  a t th e  im pact sites  (Table 3); th ey  w ere less 
a b u n d a n t 1 m on th  a f te r  dredging  (Table 3). Sensitive  species 
w ere no t found  a t th e  im pact sites  a f te r  d redg ing  (Table 3),

Table 2. List of vnon vulnerable' and vsensitive' taxa. From 50 sampled taxa, 28 were used for multivariate statistical analysis. Taxa were 
determined according to Hayward and Ryland (1990) and Hartmann-Schröder (1996). Abbreviations: RL  = red list of endangered species; M V  = 
Mecklenburg-Vorpommern (local list); and B S  = Baltic Sea. Class: O = Oligochaeta; P  = Polychaeta; A  = Amphipoda; C = Cumacea; I  = Isopoda; 
and B  = Bivalvia. Feeding Type (categories according to Fauchald and Jumars (1979)): gr = grazer; f f  — filter feeder; sd f — selective deposit feeder; 
n-s d f — non-selective deposit feeder; p  — predator; gr = grazer; om = omnivore; and sc = scavenger. Category (ICES 1994; 1995): nks = biology 
not known sufficiently; nv = non-vulnerable; s = sensitive; and b = both. Red list: ** = presumably not endangered at present; P  = potentially 
endangered; 3 — endangered; and 2  = critically endangered.

T a x o n C la s s F e e d in g  t y p e  C a t IC E S  R L  M Y  R L  B S

Arenicola m arin a  (LINNAEUS 1758) P n-s df nv

Aricidea (Allia) suecica ELIASON 1920 P n-s df s P  **

Bylgides sa rs i (KINBERG 1865) P n-s df nv

E teone longa (FABRICIUS 1780) P P nv

M arenzelleria virid is (VERRILL 1873) P f f& s d f nv

N ean thes succinea (FREY & LEUCKART 1847) P sc & om nv

N ereis (Hediste) diversicolor (O. F . M Ü LLER 1776) P n-s d f  & p nv

O phelia ra th k e i M cINTOSH 1908 P n-s df s P P
Pygospio elegans CLAPARÉDE 1863 P sd f / gr nv

Scoloplos arm iger (O.F .MÜLLER 1776) P n-s df nv

Spio filicornis (O. F. M ÜLLER 1776) P f f& s d f nv

Spio goniocephala TH U LIN  1957 P f f& s d f nks

T ravisia forbesii JO H N STO N  1890 P n-s df s P P
H eterom astus filiformis (CLAPARÉDE 1864) P n-s df nv

C apitella cap ita ta  (FABRICIUS 1780) P n-s d f  & p nv

O ligochaeta O sc & om nv

Tubificoides beneden i (UDEKEM  1855) O sc & om nv

B athyporeia pelagica (BATE 1856) A sd f / gr nks

B athyporeia pilosa LINDSTRÖM  1855 A sd f / gr s P P
Corophium  volu tato r (PALLAS 1766) A n-s d f nv

G am m arus oceanicus SEGERSTRÀLE 1947 A p & gr b

G am m arus sa linus SPO O N ER 1947 A p & gr b

D iastylis ra th k e i K R 0Y ER  1841 C (non)-sdf / gr nv  P **

C y a th u ra  c a rin a ta  K R 0Y ER 1848 I p & om s 3 3

Idotea baltica  (PALLAS 1772) I sd f / gr s

C erastoderm a lam arck i (REEVE 1844) B ff s 3 2

M acom a ba lth ica  (LINNAEUS 1758) B sd f  / gr & ff nv

M ya a ren a ria  LINNAEUS 1758 B ff b

oxygen concentration 
(mgM)

oxygen concentration 
(mgM)

(A) - Four m onths 
post-dredging

O control 
•  impact

(B) - Ten m onths 
post-dredging

O control 
•  impact

F ig u re  5. S ed im ent oxygen profiles a t  th e  contro l a n d  im p ac t site: (a) 
4 m onths (N  (cores control) = 11; N  (cores im pact) = 12); a n d  (b) 10 
m on ths ((N (cores control) = 3; N  (cores im pact) = 3), a f te r  extraction , 
in  N ovem ber 1997. E rro r  b a rs  in d ica te  one s ta n d a rd  deviation.
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F igu re  7. N on-m etric M DS o rd ination  of S te in h au s  (B ray-C urtis) sim darities, com puted  for fo u rth  root tran sfo rm ed  abundances, of 28 m acro 
in v e rte b ra te  species (Table 2.): (a) for 11 grab  sam ple locations (n = 52): a n d  (b) for 4 core sam ple locations (n = 20). N ote th a t  in  (a), m ost sym bols 
a re  g rouped in  th e  m iddle of th e  plot. Therefore, th e  n u m b ers inchoate only th e  m on ths w hen  sam ples in  th e  c lu s te r w ere collected, i.e. an d  not 
th e  specific one show n in  (b). Key: open sym bols-before extraction: closed sym bols-after extraction : circles-control site: tr iang le s- im pact site: and  
n u m b ers inchoate m onths before (-) ancl after (+) dredging.

Table 3. Effect of dredging on abundance of non-vulnerable and sensitive species. Total number of laxa and abundance (ind m - and standard 
deviation) as examined of the 'non vulnerable ' and 'sensitive ' species (Table 2.), from the total analysis. Time Before/ After: Month before and after 
extraction (Year/Month); sample type: (Grab) Van Veen grab samples and (Core) core samples by SCUBA divers (number of samples from con trol 
site /  n umber of samples from impact site); nd = no data; significance of each species type tested between samples from con trol and impact sites 
(Mann Whitney U-test): (ns) not significant, (*) p< 0.05, (**) p< 0.01.

N o n  v u ln e r a b le  s p e c ie s  (16  p r e s e n t )  S e n s i t iv e  s p e c ie s  (7 p r e s e n t )

T im e S a m p le  ty p e
T o ta l n u m b e r  o f  

ta x a A b u n d a n c e  in d  m"2 (sd )
T o ta l n u m b e r  o f  

ta x a A b u n d a n c e  in d  m"2 (sd )

(n control / 
n  im pact) Control Im pact Control Im pact Control Im pact Control Control

B e fo r e

4 (97/07) Grab (7/7) 16 16 2307 (368) 4292 (403) ns 5 4 949 (299) 217 (21) ns

2 (97/09) Grab (7/6) 16 15 6650 (997) 5029 (994) ns 3 4 662 (270) 426 (142) ns

A fte r

1 (97/12) Grab (6/3) 15 10 1784 (298) 611 (61) ns 7 0 158 (27) 0 (0) **

4 (98/03) Grab (5/3) 13 3 903 (132) 43 (4) * 5 0 263 (67) 0 (0) *

6 (98/05) Core (5/5) 9 12 6714 (1388) 4108 (433) ns 3 0 786 (147) 0 (0) ns

10 (98/09) Grab (3/3) 13 12 1681 (344) 3825 (751) ns 5 2 890 (271) 331 (156) ns

10 (98/09) Core (3/5) 4 1 2229 (615) 127 (0) * 3 0 828 (210) 0 (0) ns

13 (98/12) G rab (-12) ncl 2 ncl 38 (10) ncl 1 ncl 28 (0)
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except for a few sm all ind iv idua ls of th e  b ivalve C erastoderm a  
lam arcki  a n d  a single in d iv id u a l of th e  po lychaete  Travisia  
forbesii, 10 m onth  a fte r  dredging  (Table 3). At th e  sam e tim e, 
sensitive  species w ere s till sam pled  reg u la rly  a t th e  contro l 
s ites  (Table 3). D ifferences in  abundance  before an d  a fte r 
dredging  of M ytilu s  edu lis  (non-vulnerab le  species), Pygospio  
elegans  (non-vulnerab le  species), an d  Travisia  forbesii (sen
sitive  species) are  il lu s tra te d  in  F igu re  6. M ytilu s  edulis, as 
an  in d ica to r for ‘non -v u ln erab le ’ an d  ro b u st species, show ed 
some ab ilitie s  to cope d irec tly  w ith  p o ten tia lly -h a rm fu l a l
te ra tio n s  of th e  seafloor, a f te r  ex trac tion . Pygospio elegans 
show ed slow, b u t im m ed ia te  recovery, m ost likely  by m ig ra 
tion, in d ica tin g  ‘n o n -v u ln e rab ility ' w ith  good recolonising 
ab ilities. T ravisia  forbesii, as a ‘sen sitiv e ’ species, dw elled 
con stan tly  a t th e  contro l site, b u t its  popu la tion  did no t r e 
cover a t th e  im pact s ite  w ith in  th e  first y ea r post- ex trac tion  
(F igure 6).

D ifferences before a n d  a f te r  ex trac tio n , a t th e  con tro l and  
im p ac t s ite s  (a ll th e  n  v a lu es  in  T able  1) w ere an a ly sed  also 
by a n o n -m etric  m u lti-d im en sio n a l sca ling  (nM DS) (F igure  
7), b a se d  upon  B ray -C u rtis  (S te in h au s) s im ila r i tie s  of th e  
fou rth -ro o t tra n s fo rm e d  ab u n d an ces  of 28 m acroben th ic  
species (T able 2), from  th e  grab  sam p les (F igu re  7a) and  
core sam p les  (F igure  7b). T he re s u lts  o b ta in ed  i l lu s tra te  
th a t  m acro b en th ic  com m un ities a t th e  con tro l s ite s  w ere 
s im ila r a t  a ll tim es . A dditionally , no d ifferences be tw een  
th e  g rab  sam p les  of th e  im p ac t sites, before  ex trac tion , to 
g e th e r w ith  contro l s ite s  before a n d  a f te r  dredging , w ere 
p lo tte d  (F igu re  7a). Flowever, som e 4,10, an d  13 m o n th s 
a f te r  ex trac tio n , som e sam p les  a t th e  im p ac t s ite s  show ed 
a m odified m acrozooben th ic  com m unity ;show ed  s im ila ritie s  
(F igu re  7a).

T his observation  illu s tra te s  th e  locally-heterogeneous ef
fect of dredging. In  particu la r, cores sam pled by SCUBA 
divers from w ith in  th e  furrow s in  th e  im pact sites, show ed an 
overall difference betw een  th e  m acrobenthic com m unity a t th e  
control and  im pact sites (F igure 7b).

DISCUSSION

In  general, m ethods selected for analysis (as outlined 
above), focus on an  im provem ent of th e  u n d ers tan d in g  of th e  
effects of ex traction  on m acrobenthic com m unities a t differ
en t sp a tia l scales. The nu m b er of sam ples is in genera l a t 
th e  low er lim it to describe a lte ra tio n s  of b en th ic  assem blages. 
Flowever, th e  d is tribu tion  of m acrofauna in  th e  B altic Sea is 
due to  only a few species occurring, w hich is less pa tchy  th a n  
in o th er m arine  ecosystem s ( Z e t t l e r ,  B ô n s c h  and  G o s s e l c k ,  
2 0 0 0 ).

Seasonal effects have been  controlled by sam pling a t th e  
control and  im pact sites, a t th e  sam e tim e. Flowever, it w as 
no t possible to com pensate for th e  influence of stochastic ef
fects, such as locally-different sa lt-w ate r in tru sio n s in th e  
study  a rea  ( P r e n a  et al., 1997).

A dditionally, only a sm all portion  of th e  dredged a rea  w as 
sam pled  a t h igh densities. T his w as possible for th is  site  only, 
because of in tensive  observations (by bo th  divers an d  a tow ed 
u n d e rw a te r video cam era) show ing th a t, p rio r to dredging, 
sed im ent surface tex tu re  and  morphology w ere hom ogeneous. 
In  th e  ex traction  area, th e  sam ple sites w ere relocated  a fter 
extraction, to a m ore in tensively  dredged area. T his approach 
w as adopted  to  describe a "worst case’ scenario and  to  avoid

am biguous resu lts , as th e  sin g u la r ex traction  of 320,000 m 3 a t 
W ustrow  II could be considered to be a sm all- to m edium -sized 
dredging operation.

M arine aggregates are  u sed  in a t leas t 14 countries a round  
th e  N orth  Sea an d  th e  B altic  Sea, for d ifferent purposes (ICES,
2001). Such aggregates a re  ex trac ted  using  d ifferent m e th 
ods (tra ile r suction hopper and  sta tic  suction hopper d redg
ing), in  differing environm ents u n d e r various hydrodynam ic 
boundary  conditions (e.g. w ave-dom inated  vs. tide-dom inated , 
low -energy vs. high-energy). As a consequence, th e  im pacts of 
dredging, on b en th ic  o rganism s and  in  d ifferent seas, a re  di
verse  and  m ostly  poorly understood.

M arine aggregate  ex traction  leads clearly  to  a physical d is
tu rb an ce  of th e  seafloor an d  b en th ic  com m unities. Therefore, 
an  increasing  n u m b er of s tud ies exam ine physical and  bio
logical recovery, b u t m ain ly  focus upon biological recolonisa
tion. For exam ple, V a n  D a l f s e n  an d  E s s i n k  (1997) and  E s s in k  
(1998) have described th e  effects of san d  ex traction  on ben th ic  
com m unities in th e  N orth  Sea, repo rting  rap id  recolonisation 
by su rround ing  fauna, w ith in  2 to  4 years. B o e r s  (2005) h a s  
m easu red  th e  recovery of b en th ic  com m unities, in  a 5 - 12 m 
deep and  1,300 m x 500 m wide p it in  th e  N orth  Sea, on the  
D utch C on tinen ta l Shelf; th is  show ed biom ass recovery during  
a period of 1 to  >4 years. D istribu tion  tre n d s  in b en th ic  com
m un ities  of gravel sed im en ts w ere studied, following a single 
experim en ta l dredging ( K e n n y  and  R e e s ,  1994, 1996) an d  ces
sa tion  of long-term  dredging (B o y d  et al., 2003, 2004, 2005; 
D e s p r e z ,  2000; and  C o o p e r  et al., 2007). K e n n y  and  R e e s  (1996) 
have d em onstra ted  rap id  infilling of dredge tracks, w ith  sand  
and  gravel , to ge ther w ith  rap id  recolonisation by dom inant 
species. Flowever, th e  b iom ass w as still reduced  su b s ta n tia l
ly, com pared to its  pre-dredged  sta te , some 24 m onths a fter 
dredging. The re su lts  ob ta ined  by B o y d  et al. (2005) show th a t  
th e  effects of h igh dredging in tensities, on th e  composition of 
sed im ents and  fauna, a re  d iscernable have some 6 years  a fter 
th e  cessation  of dredging.

Few stud ies have analysed  th e  effects of ex traction  in  the  
B altic Sea. B o n s d o r f f  (1980) investiga ted  th e  causes of m a in 
tenance  dredging in th e  G ulf of F in land . O r e s u n d k o n s o r t i e t  
(1998), have recording th e  effects of san d  ex traction  on a san d 
b an k  in  th e  w estern  B altic  Sea. B oth of th ese  s tud ies have 
docum ented only m inor im pacts, w ith  a rap id  recovery of the  
orig inal m acrofauna. Recently, s tud ies have  described the  
physical recovery of ex traction  sites in  th e  G erm an B altic  Sea 
(D ie s in g  et al., 2006; Z e i l e r  et al., 2004). D ie s in g  et al. (2006) 
show ed a c lear influence of w a te r dep th  on physical recovery, 
u n d e r sim ilar wave energy levels. D redge tra ck s  in  T rom per 
W iek w ere clearly  d iscernable in  20 m of w a te r a fte r 12 years: 
sim ilar track s  w ere alm ost obscured off G raal-M üritz, in  8 - 
10 m w ater depth, w ith in  a year.

The m odest sho rt-te rm  sed im ent extraction, exam ined 
in  th is  study, re su lted  in heterogeneous a lte ra tio n s  of the  
bottom  morphology (F igures 2 an d  3). D uring  th e  firs t year 
post-dredging, physical recovery of a reas  w ith  single furrow s 
(F igure 2c) w as m ore rapid , th a n  in  a reas  w ith  dense furrow s 
(F igure 2d); th is  w as ind ica ted  by th e  decreasing num bers of 
detec tab le  tra ck s  by side-scan sonar, p a rticu la rly  in  th e  n o rth 
e rn  p a r t  of th e  ex trac tion  field (F igure 3). R ecently  pub lished  
re su lts  show th a t  recognisable, b u t heavily  w ea thered  dredge 
tracks, w ere lim ited  alm ost exclusively to  th e  h igh ly  im pacted  
sou thw estern  part, some 30 m onths post-dredging (D ie s in g , 
2007). B o y d  et al. (2005) h a d  described a lready  such differ
ences, in  th e  long-term  recovery of a gravel ex traction  site.
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Q uantification  of large-scale heterogeneity  w as m ade possible 
by using  side-scan sonar d a ta  sets. Therefore, its  use is rec
om m ended as a s tan d a rd  tool for sed im en t ex trac tion -re la ted  
env ironm enta l im pact assessm ents, a lbe it com bined w ith  ad 
equa te  g round-tru th ing .

M ajor grain-size and  organic carbon modifications occurred 
after the cessation of extraction activities. The new depression 
(which w as previously a flat sea floor), functioned very likely as a 
sedim ent trap, collecting fine-grained and  organic-rich m aterial. 
Sedim ent fining after dredging has been described, elsewhere, 
by m any authors (e.g. J o n e s  &  C an d y , 1 9 8 1 ; K a p la n  et al., 19 7 5 ; 
v a n  d e e  V e e r ,  B e r g m a n  and  B eu k e m a , 1 9 8 5 ; and  Z e i l e r  et al., 
2004),b u t w as ascribed to onboard screening of fine m ateria l (e.g. 
D e s p re z , 2000). According to the licensing procedures, th is was 
not allowed for the  extraction site, a t W ustrow II.

In  m any  studies, in te rp re ta tio n  of th e  recovery tren d s  is 
based  upon the  concept th a t  the  im pact on th e  ben th ic  com m u
n ities  ceased im m ediately  following th e  cessation  of dredging, 
w hen recolonisation  can commence. However, in  the  p resen t 
study, 6 to  10 m onths a fte r dredging, oxygen deficiencies de
veloped in  the  depression of th e  im pact site: th is  w as re la ted  
to en richm en t of organic m a te ria l an d  the  presence of s tag 
n a n t w a te r bodies in  th e  furrow s. The accum ulation  of s ilt and  
the  developm ent of a b lack an d  nearly  anaerobic surface layer 
have been observed by v a n  d e e  V e e r , B er g m a n  and  B e u k em a  
(1 9 8 5 ) ,  in  th e  W adden Sea. S im ilarly, in  th e  B altic Sea, the 
accum ulation  of organic d e tr itu s  an d  oxygen deficiency, d u r
ing  periods of w a te r body stratification , h as been described 
for deep extraction, res iltin g  in  the  crea tion  of p its  (N o r d e n - 
A n d e r s e n , N i e l s e n , and  L e t h  ( 1 9 9 2 ) .  Conversely, in  a 6 5  m 
deep n a tu ra l pit, form ed by gas e rup tion  in  th e  N orth  Sea, 
T ha t  j e , G e r d e s  an d  R a c h o r  ( 1 9 9 9 )  observed fau n a l changes; 
however, no oxygen deficiencies w ere detected. I t is postu la ted  
th a t  these  d ram atic  consequences, on the  m acrobenth ic  com
m unities, m igh t occur m ore easily  in  low -energy seas, such as 
the  B altic  Sea. However, as re lev an t m easu rem en ts  a re  rare, 
th is  effect m ight have been overlooked in  previous studies.

T he accum ulation  of fine sed im en t enriched  in  organic m a
te r ia l an d  oxygen deficiencies, du ring  sum m er, can  be regarded  
as a local p a tte rn  ascribed  u sually  to eu troph ica tion  (B o e s c h , 
1 9 8 5 ) .  According to local m onito ring  p rogram m es (L u n g , 1 9 9 9 ;  
L u n g , 2 0 0 1 ) ,  these  a lte ra tio n s occurred in  an  a rea  previously 
affected less by eu troph ica tion  (see also R u m o h r , B o n s d o r f f  
and  P e a r s o n , 1 9 9 6 ) .  W hereas eu troph ica tion  is often w ide
spread, the  observed dredging effects w ere re s tric ted  locally 
and  d is tu rbed  a reas  w ere located ad jacen t to  less d isturbed, 
or und istu rbed , areas.

P hysica l an d  biological recovery is in te rlin k e d  an d  th e  rec
o lon isation  of b en th ic  com m unities can  be expected  to  differ, 
depend ing  upon: (a) th e  n a tu re  of th e  physica l im pact; (b) 
th e  physica l recovery stages; an d  (c) th e  reg ional s tru c tu re  
of th e  b en th ic  com m unity. Typically  for th e  W este rn  B altic  
Sea, th e  o rig inal fau n a  w as s tru c tu re d  m ostly  by th e  physical 
env ironm ent, ch a rac te rised  as a m a rg in a l sea w ith  e s tu a r in e  
circulation , low salin ity , an  a n n u a l h igh  te m p e ra tu re  fluc
tu a tion , an d  stochastic  even ts  such  as s a ltw a te r  in tru s io n s  
( P e e n a  et al., 1 9 9 7 ) .  The sa lin ity  g rad ien t from  sou th  to north , 
in  com bination  w ith  th e  geological y o u th  of th e  B altic  Sea, 
a re  considered  to  be th e  p rim ary  facto rs for th e  poor taxon  
rich n ess  ( B o n s d o r f f  an d  P e a r s o n ,  1 9 9 9 ;  R e m a n e ,  1 9 4 0 ) .  The 
b en th ic  com m unities in  such  an  en v iro n m en t a re  considered  
to be able to cope w ell w ith  ad d itio n a l physica l s tre ss  factors 
( W i l s o n ,  1 9 9 4 ) .  In  th e ir  c lassica l model, P e a r s o n  an d  R o s e n -

i '100

s p e c ie s  ty p e

N (%) 1) non-vulnerable, robust

  2) non-vulnerable, recolonlslng

“  “  3) Sensitive

undistu rbed  d red g ed  alteration  of physical recovery 
s e a  bottom  furrow s se d im e n ts  of th e  s e a  bottom

F ig u re  8. C onceptual m odel of th e  changes in th e  re la tiv e  abundance 
(N), th ro u g h o u t tim e (t) of: (1) a n o n -v u ln erab le ’ species h av in g  the 
ab ility  to cope w ith  d irect a lte ra tio n s  of th e  physical conditions after 
dredging (i.e. robust); (2) a n o n -v u ln erab le ’ species th a t  recolonises 
very  rap id ly  after ex traction , due to h igh  reproduc tion  ra te s  (non- 
vu lnerab le , recolonising); an d  (3) a se n s itiv e ’ species w hich cannot 
cope w ith  post-d redg ing  physical a lte ra tio n s  an d  h av in g  lim ited  
m ig ra tion  an d re p ro d u c tiv e  abilities, respectively.

b e r g  (1978) have described  d ifferen t successional s ta te s  of 
m acrofauna, u n d e r in creasin g  eu tro p h ica tio n  levels. A t the  
ex trac tio n  site  s tu d ied  here, th e  com m on species of th e  w est
e rn  B altic  Sea, e.g. th e  b ivalve M ytilu s  edulis, w ere collected 
reg u la rly  a fte r dredging. C onversely, sensitive  species such 
as th e  polychaete  Travisia  forbesii  an d  th e  am phipod  B a th y 
poreia  p ilosa ,  p re se n t con tinuously  a t  th e  control sites, w ere 
no t recorded  a t  th e  im pact s ite s  a fte r  d redg ing  (F igure 6). Ac
cording to th e  concepts o f sensitive  an d  non-vu lnerab le  spe
cies (ICES, 1994, 1995; K r a u s e ,  v o n  N o e d h e im  an d  G o s s e l c k ,
1996) an d  th e  P earson-R osenberg  model, th a t  a t  le a s t 3 d is
tin c t ca tegories of m acroben th ic  species p opu la tion  recovery 
are  proposed.

(1) R obust non-vulnerab le  species: species for w hich occur
rence an d  abundance decrease only slightly  a fte r dredging, 
due to th e  robustness of ind iv iduals to physical d is tu rbances 
and  post-dredging  a lte ra tio n s  of sed im en ts and  w a te r colum n 
charac te ristics (e.g. oxygen conditions). A dditionally, such 
species are  om nip resen t in  th e  su rround ing  area, and, as such, 
la rvae  and  ad u lts  can  m igra te  easily  in to  the  dredged area  
(e.g. M ytilu s edulis, F igure  6)

(2) R ecolonising non-vu lnerab le  species: species w hich  are  
rem oved a lm ost com pletely from  th e  sedim ent, due to d redg 
ing an d  w hich canno t cope w ith  post-d redg ing  a lte ra tio n s  
of sed im en t an d  w a te r colum n charac te ris tic s . However, 
due to th e ir  om nipresence in  th e  region an d  rap id ly  m ig ra t
ing  a d u lts  an d  larvae, th ese  species a re  able to  recolonise a 
d redged  site  rap id ly  (e.g. Pygospio elegans, M acom a balthica-, 
F igu re  6).

(3) Sensitive species: species w hich cannot cope w ith  p o st
dredging, g ra in  size a lte ra tio n s  and  oxygen depletion  an d  can 
not recolonise an  a rea  rapidly, due to low m ig ra ting  ab ilities of 
the  ad u lts  an d  la rvae  (e.g. Travisia  forbesii-, F igure  6).

In  F ig u re  8, id ea lised  developm en t cu rves of re la tiv e  
ab u n d an ces  a re  proposed, for th e  species ty p es described
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above. Species Type 1, due to  its  ro b u s tn ess , n ev e r d is a p 
p e a rs  from  th e  d redged  a rea . Species Type 2 d isa p p e a rs  bu t, 
due to  w ell-developed m ig ra tin g  a b ilitie s  of th e  la rv a l an d  
ad u lt form s, re a p p e a rs  rap id ly  in  th e  a rea . Species Type 
3, w ith o u t th e  a b ilit ie s  of th e  tw o firs t types, can  only rec- 
o lonise th e  reg ion  a f te r  a long p h a se  (tim e) lag, in  w hich 
th e  ph y sica l cond itions of th e  sed im en ts  a n d  w a te r  colum n 
h ave  recovered  an d  n a tu ra lly -sp o ra d ic  la rv ae  se ttle m e n ts  
ap p ear.

I t  shou ld  be n o ted  th a t  n o n -v u ln e rab le  species c o n tr ib 
u te  m ost to  th e  o vera ll ab u n d an ce  of th e  local b e n th ic  com 
m un ity : n o n -v u ln e rab le  species ty p es  do m in a te  th e  flu c tu a 
tio n  of to ta l  abundance , w ith in  a g iven com m unity . T h e re 
fore, po p u la tio n  tre n d s , follow ing sed im en t ex trac tio n  of 
th e  sen s itiv e  species an d  w hich  a re  eq u iv a len t p a r ts  of th e  
local b iod iversity , m ig h t be overseen  w hen  u s in g  th e  SAB- 
ap p roach  only. E ven  m u ltiv a r ia te  ana ly ses, w hich reduce  
th e  dom inance of a b u n d a n t species in  s ta tis t ic  analy ses, 
could be  m islead ing .

CONCLUSIONS

The dredging operation  h a s  been  te n d  to have  h a d  varied  
effects on th e  seabed. The response of a reas  w ith  iso la ted  fu r
row s differed from  a reas  w ith  dense furrows, or p its. The im 
p acts did no t leave w ith  th e  cessation  of dredging. The sed i
m en t com position continued  to  change and  oxygen deficiency 
developed, a t th e  base  of th e  dredged furrow s. For a com plete 
evalua tion  of th e  biological effects, it is insufficient to analyse 
only th e  overall richness, abundance, and  biom ass, as any ef
fects on less ab u n d an t species can be overlooked. Such species 
m ay be charac te ris tic  and  sensitive ind icato rs for th e  region. 
Therefore, analysis  a t m ultip le  scales is required , to  detect 
any changes.

D redging-induced im pacts on ben th ic  com m unities can  be 
only m in im al and  short-lived, w hen th e  physical im pact is 
lim ited  an d  th e  site recovers rap id ly  to  pre-dredging  condi
tions. However, w hen th e  physical a lte ra tio n  cascades into 
subsequen t prolonged h a rsh  conditions, e.g. oxygen deficiency 
in sum m er tim e, a po ten tia lly  rap id  recovery is in te rrup ted , 
u n til physical recovery occurs.

The p lann ing  and  licensing of ex traction  a reas  and  m e th 
ods u sed  in  th e  w estern  B altic  Sea n eed  to  be based  upon solid 
guidelines, to re ta in  th e  physical im pact a t a m inim um , in 
space an d  tim e. Likewise, th ey  need  to consider th e  d ifferent 
regional conditions of th e  physical and  biological env ironm en
ta l param eters , of th e  various sea regions.
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