
Vol. 3 7 :1 3 5 -1 4 7 ,2 0 0 8
doi: 10.3354/cr00767

CLIMATE RESEARCH 
Clim Res Published O ctober 21

C ontribution  to CR Specia l 18 'E ffects o f  c lim ate  cha n g e  on m arine  e co sys tem s ' OPEN
ACCESS

Changes in depth distribution and biomass of 
sublittoral seaweeds at Helgoland (North Sea) 

between 1970 and 2005

Constanze Pehlke1,2*, Inka Bartsch1

'A lfred W egener Institute for Polar and M arine Research, Am H andelshafen 12, 27570 Brem erhaven, G erm any 

2P resen t address: University of Rostock, A lbert E instein Str. 3, 18051 Rostock, Germ any

ABSTRACT: Recent investigations of the intertidal macrophyto- and zoobenthos of the island of Helgo­
land (North Sea) revealed that species composition and spatial extent of communities have changed 
within the last century. To evaluate the situation in the subtidal, a diving study from the late 1960s was 
repeated  with comparable methods in 2005 and 2006. Along 2 vertical transects, the cover of dominant 
brown seaweeds, Fucus serratus, Laminaria digitata, L. hyperborea, Saccharina latissima (= Laminaria 
saccharina), Sargassum m uticum  and Desmarestia aculeata, was semi-quantitatively assessed to 
define vegetation zones. Within each zone, all macroalgal species w ere estim ated quantitatively in 3 to 
6 random 1 m2 quadrats. Additionally, a replicated biomass survey was perform ed at 6 depths (0.5, 2, 
4, 6, 8 and 10 m below m ean low w ater spring tide [MLWS]). Comparison of recent and historical data 
showed some characteristic changes. The previously dominant brown seaw eed S. latissima showed a 
decline in the northern part of the island, but is still present at other sites. S. m uticum  invaded the kelp 
forest, but is not dominant within this vegetation. The vertical distribution of L. hyperborea  increased, 
and its lower depth limits as well as those of various understory seaweeds deepened by about 2 to 8 m. 
Biomass data followed this trend. The maximum biomass of L. hyperborea  shifted from 2 m below 
MLWS in 1967 to 4 m below MLWS in 2005. The overall downward extension of the Laminaria forest is 
concordant with the increase in w ater transparency observed around Helgoland since 1975.
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1. INTRODUCTION

Brown seaw eeds of the order Laminariales (kelps) 
are the major structuring elem ent of tem perate to polar 
coastal kelp beds worldwide (Kain 1962, Liming 1990). 
A change or loss of these kelp beds would drastically 
affect coastal ecosystems as they provide habitat and 
shelter for epibionts and rich invertebrate and fish 
fauna (Schultze et al. 1990). They also have a wave 
dam pening effect which is im portant for coastal p ro­
tection (Dubi & Torum 1995). Since the late 1980s, 
there have been  increasing and alarm ing reports of 
changes in the quantitative patterns of kelp com m uni­
ties along European coastlines and elsew here. Eutro­
phication, sedim entation, invasion of foreign species

and the global w arm ing trend  have been im plicated 
but unequivocal evidence is missing (Givernaud et al. 
1991, Cosson 1999, Moy et al. 2003). In the Baltic, 
w here the ecological role of dom inant kelps is taken  by 
species of the genus Fucus, several studies revealed a 
decrease in the depth  distribution of Fucus vesiculosus 
and of algal depth  limits in general. This was regarded  
as an indirect consequence of eutrophication due to 
reduced light availability (Kautsky et al. 1986, Peder­
sen & Snoeijs 2001).

The seaw eed vegetation of Helgoland (North Sea) 
has been  intensively studied during the past century. 
The investigations focused on the intertidal and w ere 
mostly descriptive or qualitative (Bartsch & Kuh­
lenkam p 2000 and citations therein). Quantitative
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Fig. 1. T ran sec t T l (2005) in  th e  n o r th  of th e  m ain  is lan d  of H e lg o la n d  an d  
T ran sec t T2 (2006) in  th e  n o rth  of th e  is lan d  D une. B lack  lines: a d ja ce n t lo ca ­
tio n s of 5 m  in tervals; w h ite  dots: loca tio n s of q u ad ra ts; s tra ig h t lines: tran sec ts  
of L ü n in g  (1970). D ep th  con to u r lin es in d ic a te  0 ,2 ,5  a n d  10 m  b e lo w  m e a n  low  

w a te r  sp rin g  t id e  (MLWS)

investigations of the intertidal marine 
flora at Helgoland are few (den Hartog 
1959, M arkham  & M unda 1980, M unda 
& M arkham  1982, Reichert et al. 2008).
The first, and so far only, quantitative 
sublittoral study w as conducted by Lim­
ing, who described sublittoral algal 
zonation and depth  limits (Liming 1970) 
and biomass as well as morphometric 
param eters such as stipe length and leaf 
area index of major kelp species (Lim­
ing 1969). M ore than 25 years later, de 
Kluijver (1997) added information on 
sublittoral faunistic communities, partly 
extending know ledge of algal depth  
distribution at Helgoland.

Although regular monitoring of ben- 
thic flora and fauna was not conducted 
on Helgoland before 2000, changes in 
abundances and recent species immigra­
tions have been  docum ented (e.g.
Bartsch & Tittley 2004, Franke & Gutow 
2004, Reichert & Buchholz 2006). De­
tailed analysis of abiotic factors at Helgo­
land (1962-2001) taken  every working 
day revealed 3 major trends: (1) m ean sea surface w ater 
tem perature increased significantly by 1.13 to 1.33°C, (2) 
phosphate concentration decreased by >0.3 pmol L1 and 
(3) Secchi depth  increased by 1 m betw een 1975 and 
2001 (Wiltshire & M anly 2004, Wiltshire et al. 2008). 
M ean yearly salinity betw een 1975 and 2001 varied b e ­
tw een -31 and -33 PSU, but w ithout a significant trend 
(Wiltshire et al. 2008). U npublished data show an in ­
crease in storminess since 1989 and a change in storm di­
rection from predom inantly W-SW to additional dom i­
nance of S-SW and E-SE (I. Bartsch pers. comm.). 
Furtherm ore, there w ere indications that Saccharina 
latissima (formerly Laminaria saccharina) stands are b e ­
ing lost and kelp zonation patterns are changing 
(I. Bartsch pers. obs.). To quantify anticipated changes in 
algal zonation patterns, algal depth  limits and kelp bio­
mass, the diving investigations of Liming (1969, 1970) 
w ere repeated  in 2005 and 2006.

2. MATERIALS AND METHODS

M ethods used w ere adapted from the investigations of 
Liming (1969, 1970) to m ake the datasets comparable.

2.1 Investigation area and diving procedure

Two sublittoral transects that had  been  investigated 
-40 years earlier by Liming (1970) w ere traversed

again in this study (Fig. 1). Transect T1 in the North of 
H elgoland has a total length  of -1580 m and represents 
Transect P3 of Liming (1970). It follows the depth  g ra­
dient along the red  sandstone platform of the main 
island for 1300 m in a northw esterly direction (bearing 
320°). As the transect becomes much deeper after 
1300 m, carrying predom inantly faunistic communities 
which w ere not in the scope of the investigation, the 
transect was in terrupted  for -220 m. It was then con­
tinued for -280 m over chalk cliffs, after which depths 
increase again and support predom inantly algal com ­
munities (diving profile: Fig. 9 in Liming 1970). Tran­
sect T2 in the north of Dune Island has a total length of 
845 m and represents Transect PI of Liming (1970). It 
crosses the chalk and limestone cliffs, perpendicular to 
their depth  gradients, in an east-northeasterly d irec­
tion (bearing 80°).

As no coordinates w ere available for the PI and P3 
transects of Liming (1970), their location was calcu­
lated as follows: Fig. 1 in Liming (1970) was scanned 
(Mustek Scan Express 6000P, M ustek Optic-Com puter 
& Communication International) and geo-referenced 
point by point w ith the help of an orthophoto of H el­
goland (Land Surveying Office, Schleswig-Holstein, 
Germany) and the GIS Software ArcGIS 9.1 (ESRI). 
The start and end  coordinates w ere determ ined and 
used as reference points for Transects T1 and T2 of the 
present investigation.

Fifty-one dives w ere carried out (Tl: April 21 to 
August 22, 2005; T2: June 8 to July 31, 2006). U nder­
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w ater bearings w ere taken  with a compass (Seemann 
Sub). For depth  determ ination, a digital dep th  gauge 
was used (Seemann Sub; precision: 40 cm). The exact 
local time was logged simultaneously. The m easured 
depth  was corrected with tide level records of the tide 
gauge 'H elgoland Südhafen' (Water and Shipping 
Authority, Tönning, Germany) as had been  done by 
Liming (1970). To locate the present transects, the 
diver signaled the diving boat by tugging a cord con­
necting him and a surface m arker buoy every 25 to 
35 m. The diving boat approached the buoy as close as 
possible and took a GPS reading (M agellan GPS 320, 
M agellan Corporation; precision: 25 m). These read ­
ings w ere used to locate transects on a digital map 
(ArcGIS 9.1). Interm ediate points w ithout GPS read ­
ings w ere calculated in Arclnfo 9.1.

2.2. Estimation of dominant brown seaweeds and 
definition of vegetation zones

Presence/absence and percentage cover classes of 
the dom inant brown seaw eeds Desmarestia aculeata 
(only transect T2), Fucus serratus, Sargassum m u ti­
cum, Laminaria digitata, L. hyperborea  and Saccharina 
latissima w ere noted along a 3 to 5 m broad corridor 
(H. Kautsky pers. comm.) in increm ents of 5 m along 
T1 and T2. L. digitata and L. hyperborea  w ere differ­
entiated by their stipe morphology: adult L. digitata 
have flexible, flattened and smooth stipes w ith no or 
just few epiphytes w hereas L. hyperborea  have stiff, 
round and rough stipes w ith m any epiphytes. L. digi­
tata thalli lie near the substrate while L. hyperborea  
thalli are upright. A lthough these characteristics are 
distinct, m isidentification in a few cases cannot be d is­
counted. Cover estimation of the dom inant brown sea­
w eeds followed a modified sem i-quantitative scale 
(Braun-Blanquet 1951, modified) w ith 6 cover classes 
(Table 1). At the beginning of each 5 m interval, para-

T able  1. S em i-quan tita tive  cover c lasses (B raun-B lanquet 
1951, m odified)

C lass % C over D escrip tion

0 0 N ot p re sen t

5 1 -1 0 O ne or few  ind iv iduals p re se n t w ith  
sp a rse  g ro u n d  coverage

25 11 -4 0 C learly  < 50%  of g ro u n d  covered , 
b u t spec ies com m on

50 4 1 -6 0 C o verage  -5 0 %

75 6 1 -9 0 C over clearly  >50 %, b u t <100 %

100 91-100 D ense coverage, only few  a n d  sm all 
gaps in  canopy  p re sen t

m eters such as depth, time, substratum  (red sandstone, 
shell limestone, chalk) and topography (solid rock, 
boulders, stones, gravel and shell) w ere recorded in 
addition to presence/absence and cover data. The total 
num ber of 5 m intervals investigated along T1 and T2 
w ere 272 and 235, respectively.

From the data obtained, vegetation zones w ere 
defined. As Liming (1970) did not define his 'pure ' and 
'm ixed' vegetation stands precisely, we used the fol­
lowing criteria: (1) 'pure ' vegetation stands, nam ed 
after the dom inant brown seaw eed species, are those 
dom inated by just one brow n algal species w ith cover 
of 41 to 100%, or w ith cover <41 % but without other 
co-occurring brown seaweeds; (2) 'm ixed' stands or 
transition zones, nam ed after the co-occurring dom i­
nant brow n seaweeds, are comprised of 2 brow n algal 
species in variable abundances betw een  11 and 90%; 
and (3) 'red  algal zones' have only foliose and filam en­
tous red  algae present. In total, 9 zones w ere defined 
(Table 2).

2.3. Percentage cover of macrophytes

In each vegetation zone, the percentage cover and 
'rooted' local frequency (cf. Greig-Smith 1983) of all 
noncrustose m acrophytes and all epiphytes in 3 ran ­
dom samples (6 in pure Laminaria hyperborea  stand; 
see Table 2) w ere quantified w ith the help of a 1 m 2 
quadrat w ith 16 subdivisions. Each zone was divided 
into 5 m intervals (based on the diving segments) and 
num bered using GIS. Random sites w ere chosen by 
picking random  num bers from these intervals. Their

T able  2. V eg eta tio n  zones of T ransects T1 a n d  T2 ad o p ted  
from  L ün ing  (1970). LAI: lea f a re a  index; ID: iden tification  

le tte r  for th e  re sp ec tiv e  zone, see  Fig. 4

Z one D escrip tion T ransect ID

Fser P u re  F ucus serra tus  s tands T1 A

Fser-L dig M ixed  F. serra tus  an d  
Lam inaria digitata  s tands

T1 B

Ldig P u re  L. digitata  s tands T I, T2 C

Ldig-Lhyp M ixed  L. digitata  an d  
L. h yperborea  s tands

T I, T2 D

Lhyp P u re  L. h yperborea  s tands T I, T2 E

Lhyp-Slat M ixed  L. h yperborea  an d  
Saccharina latissim a  s tan d s

T2 -

Slat P ure  S. latissim a  s tan d s T2 -
L h yp-park P ure  L. h yperborea  s tan d  

w ith  LAI < 1
T1 F

R ed a lgae R ed a lga l zone w ithout 
d o m inan t b ro w n  seaw eed s

T1 G
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coordinates w ere determ ined and the diving boat was 
positioned at each of these locations in the field. At 
each location, a diver dived straight down and posi­
tioned the quadrat on the bottom. In each quadrat, p e r­
centage cover over ground of each species and the p e r­
centage of free substrate w ere estim ated. Local time 
and depth  w ere also noted (see above).

2.4. Biomass survey

All Laminaría individuals w ere quantitatively h a r­
vested from 3 random  1 m2 quadrats at each of 6 depths 
(0.5, 2, 4, 6, 8 and 10 m below m ean low w ater spring 
tide [MLWS]) along T l. All other foliose and filam en­
tous algae w ithin a 0.25 m2 subquadrat (central 4 of 16 
subdivisions) of each 1 m 2 quadrat w ere harvested. To 
locate the random  quadrats at each depth, a 20 m rope 
was placed perpendicular to the transect. The rope 
was num bered at every m eter and the 3 collecting sites 
w ere randomly chosen beforehand. Fresh weights 
(FW) of species w ere determ ined with a Sartorius 1574 
MP 8-2 (Data W eighing Systems; precision: ±0.01 g) 
after removal of epiphytes and shaking off excess 
w ater twice. Dry weights (DW) w ere determ ined after 
drying individual specim ens at 100°C for 24 h. With 
longer drying time, no further significant w eight loss 
was attained. Stipe lengths of Laminaría w ere m ea­
sured before drying. The leaf area  index (LAI) was 
determ ined by taking size-calibrated digital photo­
graphs (Olympus C-8080 WZ, Olympus) of each Lami­
naria b lade (FW > 100 g). The blade area was then  cal­
culated w ith an im age analysis program  (WinFOLIA 
2001a, Régent Instruments).

the vegetation zones was investigated by nonpara- 
metric multidimensional scaling (n-MDS; Bray-Curtis 
similarity index, square-root transform ation of percen t­
age cover data; Primer 5.1).

3. RESULTS

3.1. Vertical distribution of dominant brown 
seaweeds

The relative presence (RP) of Laminaria hyperborea, 
L. digitata, Saccharina latissima, Desmarestia aculeata 
(only in T2), Fucus serratus and Sargassum m uticum  in 
different cover classes (%) norm alised to all investi­
gated  5 m intervals per transect is shown in Table 3. 
L. hyperborea  dom inated T l and T2 with respective 
RPs of 77 and 71 % followed by L. digitata w ith 31 and 
16%. In T l, S. latissima only occurred in 12% of the 
5 m intervals, w ith low densities (1 to 10%; cover 
class 5) and young thalli. In T2, it was present in 69% 
of the 5 m intervals w ith percentage cover (PC) values 
mostly betw een 1 to 40% (cover classes 5 and 25) and 
occasionally up to 91 to 100% (cover class 100). D. 
aculeata, which was only activly searched for in T2, 
occurred in nearly half of the investigated 5 m in ter­
vals, mostly w ith low coverages but sometimes with 
PC of up to 91 to 100%. F. serratus was mainly present 
in the middle and lower eulittoral zone of T l w ith low 
PC of 1 to 10%. S. m uticum  w as only present in T l in 
5%  of the intervals, also w ith low PC of 1 to 10%.

The vertical distribution of vegetation zones along 
both transects is shown in Fig. 2. Pure stands of Fucus 
serratus, Saccharina latissima, Laminaria digitata and

2.5. Data analysis

Quantitative data w ere tested for 
hom ogeneity of variance (Cochran's 
C-test). ANOVA was perform ed on 
hom ogeneous data or a Kruskal-Wallis 
ANOVA on heterogeneous data. Post 
hoc tests (Tukey's honestly significant 
difference [HSD] or multiple com par­
isons of m ean ranks of all groups) w ere 
perform ed to discriminate differences 
betw een groups (Statistica 5.0, 6.0 and 
8.0). To com pare 2005 and 1969 data 
(Liming 1969), effect size was calculated 
(Underwood 1997). A negative or a posi­
tive value of the effect size, with a Cl not 
crossing the x-axis, indicates a signifi­
cant decrease or increase in the tested 
variable, respectively. The similarity of

T ab le  3. R elative p re sen c e  (num ber of 5 m  in te rv a ls  w ith  occu rren ce  of re sp e c ­
tive  spec ies in  d ifferen t cover c lasses p e r  to ta l n u m b er of in v es tig a te d  5 m  in te r­
vals) of dom inan t b ro w n  seaw eed s  in  T ransects T l  a n d  T2 (see Fig. 1). C over 

c lasses d esc rib ed  in  T able  1. no  d a ta

Species T ransect R elative p re sen c e  p e r cover class (%' Z R elative
5 25 50 75 100 p re sen c e  (%)

Lam inaria T l 7.8 12.1 9.3 22.2 25.7 77.0
hyperborea T2 13.7 13.7 14.1 13.3 16.1 71.0

Lam inaria T l 4.7 3.1 6.6 8.1 8.1 30.6
digitata T2 5.1 5.1 3.5 1.2 1.2 16.1

Saccharina T l 11.6 0.4 0 0 0 12.0
latissim a T2 27.4 25.1 12.2 5.9 0.8 68.6

D esm arestia T l - - - - - -

aculeata T2 21.6 14.5 6.3 6.3 0.8 49.4
Fucus T l 5.8 1.6 1.6 0.4 0 9.3

serratus T2 0 0 0 0 0 0
Sargassum T l 5.0 0 0 0 0 5.0

m u ticu m T2 0 0 0 0 0 0.0
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Fig. 2. R elative p re sen ce  of v eg eta tio n  zones d o m inated  b y  sin ­
gle an d /o r m ixed  b ro w n  seaw eeds at (A) tran sec t T l (2005) and  
(B,C) tran sec t T2 (2006). A b b rev ia tio n s of com m unities a re  
exp la ined  in  Table 2. For direct com parison to L üning (1970; his 
Fig. 7) exact d e p th  v a lu es of occu ren ce  w e re  tran sfo rm ed  in to  
d e p th  c lasses (1 m  a b o v e -3 .8  m  b e lo w  MLWS: 30 cm  classes; 
4 .5 -1 3 .5  m  b e lo w  MLWS: 1 m  classes). MLWS is d es ig n a ted  

as d e p th  0. E xact v a lu es a re  g iv en  in  Section  3.1

L. hyperborea  a lternated  with mixed stands. In T l (Fig. 
2A)r pure F. serratus stands (Fser) only grew  in the 
intertidal at 1 m above MLWS. Pure L. digitata stands 
(Ldig) w ere common at a depth  range of 0.7 m above 
MLWS and 0.9 m below MLWS and pure L. hyperborea  
(Lhyp) betw een 0.2 to 10.6 m below MLWS (data 
shown only down to 6 m below MLWS). Among these

zones w ere mixed stands of F. serratus/L. digitata 
(Fser-Ldig; 0.9 m above to 0.1 m below MLWS) and L. 
digitata/L. hyperborea  (Ldig-Lhyp; 0 to 1 m below 
MLWS). S. latissima did not form pure stands along 
transect T l and was only present at 2 m below MLWS 
in low quantities and in co-existence with L. hyper­
borea (Lhyp-Slat). Desmarestia aculeata was also p re ­
sent but not m onitored or quantified in this transect.

Along T2 (Fig. 2BrC)r Fucus serratus was absent b e ­
cause the entire transect was below MLWS except one 
point. Pure Laminaria digitata stands (Ldig) occurred 
betw een 0.3 and 0.6 m below MLWS, pure L. hyper­
borea stands (Lhyp) betw een 0.1 and 5.1 m below 
MLWS and pure Saccharina latissima (Slat) stands b e ­
tw een 1.7 and 5.5 m below MLWS (Fig. 2B). The RP of 
pure S. latissima stands increased betw een 3.8 and
5.5 m below MLWS w hereas the RP of pure L. hyper­
borea stands decreased at this depth  range. Moreover, 
the RP of mixed L. hyperborea/S. latissima stands 
(Lhyp-Slat; Fig. 2C) at this depth  range was also low. 
Pure stands of Desmarestia aculeata occurred betw een
1.5 and 5.5 m below MLWS, and mixed stands with 
Laminaria species betw een 1.3 and 5.4 m below MLWS. 
The RP of pure and mixed stands (maximum of 62 and 
40%, respectively) increased betw een 4 and 5.5 m b e ­
low MLWS (not shown). Transect T2 was never deeper 
than 5.5 m below MLWS.

3.2. Vertical distribution of all macroalgal species

Table 4 combines presence/absence data (epiphytic 
and/or epilithic occurrence) along the depth  gradient 
and depth  limits observed by analysing the 1 m 2 
quadrats (n = 24) set along the vegetation zones and 
the 18 quadrats harvested along different depth  levels 
for the biomass survey. Data w ere com pared to the 
algal depth  limits of Liming (1970). In 2005, a total of 
36 noncrustose algal species w ere recorded (4 Chloro­
phyta, 7 Phaeophyta, 25 Rhodophyta). A few species 
w ere only found as epiphytes (Ceramium deslong­
champsii, Cladophora sericea, Porphyropsis coccinea) 
and 2 species (Cladophora sericea and Sargassum  
m uticum ) w ere not recorded by Liming (1970). The 
num ber of recorded species per depth  level was quite 
constant (17 to 21 species), except at 4 and 12 m below 
MLWS (13 species).

E ighteen out of 36 species (50%) w ere recorded at 
depths g reater by 1.9 to 8.3 m and 16 out of 36 species 
(44 %) w ere observed at approxim ately the same depth 
range (±1.5 m) as those reported  by Liming (1970). 
One exception w as Rhodochorton purpureum , a small 
filamentous red  alga that is easily overlooked. Liming 
(1970) reported  R. purpureum  at 8.0 m below MLWS, 
but it was found only at 0.4 m above MLWS in the p re ­
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T able  4. O ccu rren ce  a n d  low er d e p th  lim its of m ac ro a lg ae  at T ransect T l. C om parison  of re ce n t (2005 data) a n d  prev ious 
(1966-1968 data) d e p th  lim its is g iv en  as AD (difference in  d e p th  d istribution); -: no t p re sen t; *: no  com parab le  data ; L: epilithic,

P: ep iphytic  on Lam inaria  species

Species

0 2

VJ tip 111 [111 DtLLUW iVlJ_,VVOJ

4 6 8 10 12

L.UWC1 u.t:pui milii»
(m b e low  MLWS) 

1966-1968a 2005b AD

A h n fe ltia  plicata L L _ _ _ _ _ 2.7 2.0 -0 .7
B onnem aison ia  ham iferac - - - L L L L 12.0 12.5 0.5
B rongniartella  bysso ides - - L L L L L 11.2 12.5 1.3
Bryopsis p lu m o sa - - - - L L - 10.6 10.0 -0 .6
C eram ium  d eslongcham psii - P - - - - - 0.0 2.0 2.0
C eram ium  virga tum L P L P L L - L 3.2 11.5 8.3
C haetom orpha  m e la g o n iu m P L P LP - - L - 7.3 9.6 2.3
C hondrus crispus L L P L - - L - 2.4 9.6 7.2
C ladophora rupestris L - - - - - - 1.3 1.6 0.3
C ladophora sericea P P - - - - - - 2.0 *
C occotylus trunca tus - - - - L L - 7.4 10.0 2.6
Corallina officinalis L L - - - - - 4.7 2.8 -1 .9
C ystoclon ium  p u p u re u m - - - L L L L 3.2 11.5 8.3
D elesseria sangu inea L L P LP LP LP L L 10.6 12.5 1.9
D esm arestia  aculeata L L L L - L L 6.0 11.5 5.5
D esm arestia  viridis - - - L - L - 7.4 9.3 1.9
E rythroderm is traillii - L - L - L L 13.8 12.5 -1 .3
Fucus serratus L - - - - - - 1.2 1.6 0.4
H alarachnion ligu la tum - - - - - L L 7.0 12.5 5.5
Lam inaria digitata L L - - - - - 1.9 2.5 0.6
Lam inaria hyperborea L L L L L L Ld 8.3 10 .5e 2.2e
Lom entaria  clavellosa - - - L L L L 7.0 12.5 5.5
Lom entaria  orcadensis - - - L LP L L 8.3 12.5 4.2
M em branop tera  alata L P L P LP LP LP - - 5.9 8.0 2.1
P hycodrys ru b en s - L - L - - - 7.5 6.0 -1 .5
Phyllophora pseu d o cera n o id es L L P L L L - - 8.2 9.3 1.1
P locam ium  cartilag ineum L L LP LP L L L 9.0 11.5 2.5
P olyides ro tu n d u s - L - - - - - 3.2 1.9 -1 .3
P olysiphonia stricta P L P LP LP LP L L 9.6 12.5 2.9
Porphyropsis coccinea - - P - P - - 8.6 9.3 0.7
P tero tham nion  p lu m u la - - - L P L - 7.0 9.6 2.6
R hodochorton p u rp u reu m - - - - - - - 8.0 + 0.4 -8 .4
R hodom ela  con fervo ides L - - - L L - 7.3 10.2 2.9
Saccharina latissim a - P - - - - - 2.9 2.0 -0 .9
Sarg a ssu m  m u ticu m L L - - - - - - 2.4 *
Ulva sp. L P L P P P - L - 9.0 9.6 0.6

Total n u m b er of species

aD ata  ex trac ted  from  L im ing (1970)

20 21 

bth is study;

13 18 17

c Trailliella in tri c a ta- p h  ase; d

20 13 

y o u n g  individuals; ead u lt p lan ts

sent study. A nother exception was Corallina officinalis, 
an easily identifiable conspicuous alga, w hich was 
only found 1.9 m shallower than in 1966-1968 (Liming 
1970). A few red  algae (Ceramium virgatum, Chon­
drus crispus, Cystoclonium purpureum , Halarachnion 
ligulatum, Lomentaria clavellosa) and the brown alga 
Desmarestia aculeata occurred even 5.5 to 8.3 m 
deeper than in 1966-1968. The upper and lower limits 
of the dom inant brow n seaw eeds Fucus serratus, Lam ­
inaria digitata and Saccharina latissima did not 
change, but adult L. hyperborea  occurred 2.2 m deeper 
and 1 m shallower than  in 1966-1968, thereby w iden­
ing its zone of occurrence. Young thalli of the latter 
w ere found down to a depth  of 12.5 m.

3.3. Biomass parameters of Laminaria spp. along the 
depth gradient

Biomass, LAI and stipe length of Laminaria spp. 
along the depth  gradient are p resen ted  in Tables 5 & 6. 
All biomass param eters of Laminaria plants w ere high 
betw een 0.5 and 4 m below MLWS and significantly 
decreased betw een 6 and 8 m below MLWS. In con­
trast, the biomass of epilithic, understory, noncrustose 
algae showed a drastic but insignificant increase 
below 4 m (Table 5), decreasing again at 10 m below 
MLWS (data not shown).

The LAI of Laminaria digitata and L. hyperborea  
showed the same trend  as their biomass: high values of
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Table 5. Laminaria hyperborea. B iomass (kg n r 2; to ta l understory: g  n r 2) a long  a  d ep th  g rad ien t b e tw ee n  0.5 an d  8 m  be low  MLWS 
(m ean of m ean s ± SD, n  = 3) an d  com parison of recen t (2005; th is study) an d  p rev ious (Lüning 1969) data. 2005 m eans follow ed by  
d ifferent letters (a,b,c or com bination of these) a re  significantly d ifferent (p < 0.05). F resh  w e igh t d a ta  from  1969 partially  ex tracted  
from  figures of L üning (1969). Ldig: L. digitata ; Lhyp: L. hyperborea-, FW: fresh  w eight; DW: dry w eight; nd: no  data; (-) no t included  
in  statistical analyses. Total u ndersto ry  FW  an d  m ean  b lad e  DW: no significant differences (partially due  to h ig h  SDs a t 6 an d  8 m)

Biom ass Y ear

1969
2005

0.5 
Ldig 

L dig + Lhyp

0.5
n d

Lhypb

. L ' t i p U . l  ^111 D tU U V V  iV lJ _ ,V V O j

2 4 
Lhyp Lhyp 
Lhyp Lhyp

6a
Lhyp
Lhyp

8
n d

Lhyp

W hole p lan t FW 1969 5.6 ± 0.9 n d 11.1 ± 1.8 4.8 ± 1.5 0.1 n d
2005 6.6 ± 0.3 3.4 ± 2.1 6.4 ± 2.4 9.9 ± 2.6 3.2 ± 0.8 0.8 ± 0.6

ae - ae a be b

W hole p lan t DW 2005 1.6 ± 0.3 0.9 ± 0.6 1.8 ± 0.4 1.9 ± 0.4 0.7 ± 0.2 0.2 ± 0.0
a - a a b b c

B lade FW 1969 4.7 n d 7.1 n d n d n d
2005 5.3 ± 0.5 2.5 ± 1.5 3.8 ± 1.1 5.7 ± 1.8 1.6 ± 0.3 0.6 ± 0.5

a - ae a be b

Single b lad e  FW 1969 n d n d 0.260 ± 0.053 0.292 ± 0.091 n d n d
2005 0.138 ± 0.047 0.313 ± 0 .028 0.232 ± 0.028 0.255 ± 0.244 0.117 ± 0.025 0.116 ± 0.021

B lade DW 1969 n d n d 1.4 n d n d n d
2005 1.3 ± 0.2 0.8 ± 0.5 1.2 ± 0.3 1.2 ± 0.3 0.4 ± 0.1 0.2 ± 0.0

a - a a b b

Stipe FW 1969 0.9 ± 0.2 n d 4.0 ± 1.3 1.9 ± 0.4 <0.1 n d
2005 1.4 ± 0.4 0.9 ± 0.6 2.6 ± 1.3 4.1 ± 1.0 1.6 ± 0.5 0.3 ± 0.2

be - ae a be b

Stipe DW 2005 0.3 ± 0.1 0.2 ± 0.1 0.6 ± 0.2 0.7 ± 0.1 0.3 ± 0.1 0.1 ± 0.0
be - ae a be b

Total u n d e rs to ry  FW 2005 84.6 ± 51.0 n d 88.3 ± 17.3 223.0 ± 85.0 577.0 ± 283.0 906.9 ± 544.6

aL üning  (1969) re fe rs  to 5.5 m  b e lo w  MLWS; bLhyp d a ta  a t 0.5 m  a re  p a r t of L dig + Lhyp d a ta at 0.5 m; cn  = 2

T ab le  6. Lam inaria hyperborea . P o p u la tio n  d en sity  (ind. n r 2) a n d  m o rphom etric  p a ram e te rs  a lo n g  a  d e p th  g ra d ie n t b e tw e e n  0.5 
a n d  8 m  b e lo w  MLWS (m ean  of m ean s ± SD, n  = 3). C om parison  of re c e n t (2005; th is study) a n d  p rev io u s (L üning 1969) data. 
D a ta  from  1969 p a rtia lly  ex trac ted  from  fig u res of L ün ing  (1969). 2005 m ean s fo llow ed  by  d iffe ren t le tte rs  (a, b, c, or co m b in a ­
tio n  of th ese) a re  sign ifican tly  d ifferen t (p < 0.05). Ldig: L. digitata, Lhyp: L. h yp erborea , nd: no  da ta . S tipe len g th : no  sign ifican t

d ifferen ces d u e  to h ig h  SDs at 2 m

Biom ass Y ear ------------------------------------------------D ep th  (m b e low  M LW S)-------------------------------------------
0.5 0.5 2 3 4 6 8

1969 Ldig - Lhyp Lhyp Lhyp Lhyp n d
2005 L dig ± Lhyp L hypa Lhyp n d Lhyp Lhyp Lhyp

D ensity  (ind. > 20 cm) 1969 n d n d 27 ± 5.7 13 ± 6.7 10 ± 1.4 0.9 n d

D ensity  (ind. stipe 2005 25.7 ± 6.4 6.3 ± 7.5 31.0 ± 21.1 n d 35.3 ± 7.2 15.3 ± 6.0 3.7 ± 4.0
len g th  > 1 0  cmb) ab - ab n d a ab b

Leaf a re a  in d ex 1969 4.7 ± 0.8 n d 4.1 ± 0.3 2.3 1.6 ± 0.5 n d n d
2005 5.3 ± 0.9 2.6 ± 1.5 3.3 ± 1.1 n d 4.4 ± 0.9 1.3 ± 0.5 0.3 ± 0.3

a - ae n d a bc b

Stipe len g th  (cm) 2005 31.6 ± 4 .9 46.1 ± 6.0 54.5 ± 52.1 n d 33.6 ± 0.8 29.9 ± 10.8 16.4 ± 12.7

aLhyp d a ta  at 0.5 m  are  p a r t  of L dig + Lhyp d a ta  a t 0.5 m
bAs w e  d id  no t m easu re  to ta l len g th  of ind iv iduals (unlike L üning  1969), b u t m ea su re d  stipe  len g th  a n d  lea f a re a  index , w e  

assu m ed  th a t ind iv iduals w ith  stipe  len g th  > 10 cm  w e re  com parab le  to those  w ith  a  to ta l len g th  > 20 cm
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3.3 to 5.5 occurred betw een 0.5 and 4 m below MLWS 
and significantly lower values of 1.3 and 0.3 w ere 
encountered at 6 and 8 m below MLWS, respectively 
(Table 6).

Maximum stipe lengths of up to 123 cm w ere present 
at 2 m below MLWS and then  decreased  with increas­
ing depth  (not shown). However, differences in m ean 
stipe lengths at different depths w ere not significant 
(Table 6), although maximum stipe lengths indicated 
such a trend. In contrast, stipe biomass of Laminaría 
hyperborea  was significantly higher at 4 m below 
MLWS than at 0.5, 6 and 8 m below MLWS (Table 5).

The m ean population density of Laminaria hyper­
borea w ith stipe lengths >10 cm showed an insignifi­
cant increase from 25.7 ind. n r 2 at 0.5 m below MLWS 
(here together with L. digitata) to 31.0 ind. n r 2 at 2 m 
below MLWS and a maximum of 35.3 ind. n r 2 at 4 m 
below MLWS. Below this depth, the m ean density 
decreased to 15.3 ind. n r 2 at 6 m and significantly to 
3.7 ind. n r 2 at 8 m below MLWS (Table 6). A lthough no 
L. hyperborea  was found in the random  quadrats at 
10 m depth, they w ere observed at this depth.

The LAI, density and biomass (kg FW n r 2) of Lami­
naria species differed betw een 1969 and 2005 
(Tables 5 & 6; Fig. 3). LAI at 4 m and density at 4 and 
6 m below MLWS w ere significantly higher in 2005 
than in 1969, w hereas no significant differences w ere 
obvious at 0.5 and 2 m below MLWS. Similarly, bio­
mass significantly increased at 0.5, 4 and 6 m below 
MLWS in 2005 com pared to 1969, but significantly 
decreased at 2 m below MLWS.

Ci 1
/  A 1

Ü
¡t=
LU

-1 J

f

0.5
<>

Depth (m below MLWS)

Fig. 3. Lam inaria hyperborea . Effect size of ( ) LAI (leaf a rea  
index), (■) density  of ind iv iduals (ind. rrT2) a n d  (❖) b iom ass 
(kg FW r r r 2) in  re la tio n  to  d e p th  b e low  MLWS (m ean  ± 95 % 
CI, n  = 3). Positive v a lu es in d ica te  an  in crease , n e g a tiv e  v a l­
u es a  d ecrease , of th e  m ea su re d  p a ram e te r co m p ared  to those  
from  L üning  (1969). S ignificance is in d ica ted  w h e n  w hiskers 

of th e  C l do no t cross th e  x-axis

4. DISCUSSION

The data presented reveal that the depth  distribution 
of seaw eeds and the biomass and structure of the kelp 
beds off Helgoland have significantly changed b e ­
tw een 1966-1968 and 2005-2006. The most im portant 
changes are (1) -2  to 8 m increase in the lower depth 
limits in 50%  of the recorded noncrustose algal spe­
cies, (2) a shift in the biomass maximum of Laminaria 
hyperborea  from 2 to 4 m below MLWS, (3) significant 
increases in biomass, leaf area index and density of L. 
hyperborea  at 0.5, 4 and 6 m below MLWS and ex ten­
sion of the dense L. hyperborea  forest (LAI >1) towards 
shallower and deeper areas; and (4) a change in the 
community structure of the kelp bed  evident in the 
drastic decrease of the relative presence and abun­
dance of the sugar kelp Saccharina latissima in the 
northern transect T l, the increase in its depth  distribu­
tion in Transect T2, the w idening of the L. hyperborea  
zone and invasion of the Sargasso w eed Sargassum  
m uticum .

4.1. Change in lower depth limits

The described -2  to 8 m increase in the depth  distri­
bution ranges of sublittoral seaw eed species around 
the island of H elgoland appears to reflect the in ­
creased w ater transparency reported for Helgoland. 
M ean yearly Secchi depths increased by 1 m betw een 
1975 and 2001 (Wiltshire et al. 2008), increasing 
steadily over time. However, given that low yearly 
m ean Secchi depths (< 3 m) w ere recorded only prior to 
1984, there might have been  a more rapid increase in 
w ater transparency since then. Although Secchi 
depths have been  recorded every w eekday since 1975, 
these have not yet been  analysed by season, thus p re ­
cluding more detailed analysis. The situation at H el­
goland runs parallel to the general situation in the 
North Sea w hich has becom e less turbid in recent 
years (M cQuatters-Gallop et al. 2007). Generally, the 
depth  range of seaw eeds corresponds to irradiance 
levels w hich are a function of w ater depth  and Jerlov 
w ater types. At Helgoland, the w ater body is dom i­
nated  by coastal Jerlov Water Type 7 (irradiance trans­
m ittance <65% , maximal transm ittance in green  light 
betw een -480 and 580 nm; Liming 1981) during the 
main grow th period from April to September. The total 
annual light received at the lower kelp limit corre­
sponds to 0.7 % of the surface irradiance at Helgoland 
and is generally set at -1 % of the surface irradiance for 
kelps and at 0.05 to 0.1 % for other multicellular algae 
(Liming & Dring 1979). The relationship betw een  Sec­
chi depths and underw ater irradiance availability has 
been  determ ined only once at Helgoland (Dring &
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Liming 1994). Two points have to be taken  into account 
here: (1) Under conditions of identical light attenuation 
in the w ater column, the same Secchi depth  may 
reflect different underw ater irradiance regim es in 
summer than in w inter as (2) there is considerable vari­
ability due to seasonal variation in incident light. This 
may result in Secchi depths w ith opposing trends 
betw een seasons, as has been observed in the southern 
North Sea (Cadée & H egem an 2002). This certainly is 
also the case for Helgoland w here underw ater light is 
strongly reduced during w inter months (Lüning & 
Dring 1979). However, correlation betw een seasonal 
Secchi depth  changes and active grow th periods of 
seaw eeds is still missing. As turbidity is not only con­
nected to eutrophication but also to w ind stress and 
irradiance changes, the proportion of de-eutrophica- 
tion and climate change effects that am eliorate under­
w ater irradiance at Helgoland is yet unclear.

A decrease in depth  limits has been  variously 
reported (e.g. Pedersen & Snoeijs 2001) to be an indi­
rect consequence of eutrophication that has degraded 
the light climate. However, depth  limits for Fucus vesi­
culosus at some selected Baltic sites have recently in ­
creased (Torn et al. 2006). Secchi depths also ex ­
plained most of the variation in the depth  limits, but 
the observed trends in all investigated districts did not 
clearly follow reported  changes in nutrient or light lev­
els and are thus not attributable to de-eutrophication 
alone (Torn et al. 2006). Five red  and one brow n algal 
species at H elgoland shifted their maximum depths of 
occurrence by 5.5 to 8.3 m which exceeds the reported 
Secchi depth  increase of 1 m as well as the m ethod­
ological differences (number of transects, accuracy of 
depth  gauge of both investigations) which could only 
account for ~1 m. Thus, the depth  changes at H elgo­
land do not merely follow m ean Secchi depths. Dif­
ferences betw een species in algal depth  changes have 
also been observed elsew here (Pedersen & Snoeijs 
2001). Species-specific seasonal grow th patterns and 
different low-light acclimation potentials (e.g. Wiencke 
1990) may interact in a still unknow n m anner with 
seasonal and long-term  light availability.

A variety of species that w ere present betw een 10 
and 13.5 m below MLWS in 2005 w ere not recorded by 
Liming (1970) at these depths. Previously, crustose 
species and the small red  algae Erythrodermis traillii 
and Colaconema m em branaceum  dom inated at >10 m 
below MLWS (Liming 1970), while another 11 algal 
species w ere recorded at this level in the present 
study. These include Bonnemaisonia hamifera  (Trail- 
liella-phase), Brongniartella byssoides, Delesseria san­
guinea, Halarachnion ligulatum, Lomentaria clavel­
losa and L. orcadenis, most of them  typical deep w ater 
species. The depth  limit for crustose species had  been 
15 m below MLWS in 1966-1968 (Liming 1970) with

occasional records at 21 m below MLWS (K. Liming 
pers. comm.). This corresponds to observations of de 
Kluijver (1997) who reported crustose algae at 23 m 
below MLWS. In 2005 and 2006, this limit was not 
investigated.

In a few cases, obvious changes of upper depth  lim­
its w ere also observed. Most prom inent is that of the 
deep red  alga Halarachnion ligulatum. This species 
was only recorded betw een 9.6 and 12.5 m below 
MLWS in 2005 (Table 4), while it was restricted to 4.5 
to 8.5 m below MLWS in 1966-1968 (Liming 1970). 
This could either be a sam pling artefact due to the 
reduced num ber of investigated quadrats in 2005 or 
may indicate susceptibility to higher irradiance. Pang 
et al. (2001) reported  that UV radiation may limit the 
upper distribution of the deepw ater species Delesseria 
sanguinea.

4.2. Change in the structure of the kelp bed

For comparative purposes, Liining's concept of vege­
tation zones was adopted. Although it is generally 
accepted that there is zonation of dom inant brown 
algae along the depth  gradient in the sublittoral similar 
to the zonation of Fucales in the intertidal (Liming 
1990), there is some debate w hether these zones rep re ­
sent distinct floristic communities or a continuum  (see 
discussion in Kent & Coker 1992). The similarity analy­
sis of quantitative percentage cover values of quadrats 
taken  along the depth  gradient and pre-classified to 
vegetation zones (see Table 2) revealed that these 
zones can only be partially separated  (Fig. 4). Species 
composition and abundance in the mixed Fucus serra- 
tus/Laminaria digitata zone, the pure L. digitata zone 
and the mixed L. digitata/L. hyperborea  zone are 
indistinguishable. The pure F. serratus zone is similar 
to this cluster, but separated. The pure L. hyperborea  
zone is clearly distinct from all other zones, while the L. 
hyperborea-park  vegetation and red  algal zone form a 
cline following the depth  of occurrence. Thus, while 
these vegetation zones are only partially discrete en ti­
ties, the w idths and depths of occurrence of the dom i­
nant brow n seaw eeds nevertheless provide a good 
indication of stability or change within the kelp bed.

Although the num ber of investigated depths and 5 m 
intervals differed betw een the present study and that 
of Liming (2005-2006: 2 transects; 607 5 m intervals, 
0.9 m above to 13.5 m below MLWS vs. 1966-1968: 
5 transects, 537 5 m intervals, 0.2 to 8.3 m below 
MLWS), major changes in zonation patterns and depth 
distribution w ere detected: the pure vegetation of 
Fucus serratus and Laminaria digitata was shifted into 
shallower areas around 1 m below MLWS in 2005. Fur­
therm ore, pure Saccharina latissima  stands w ere no
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stress: 0.11
Lhyp2 to 5 m

Fser-Ldig + Ldig + 
Ldig-Lhyp

°-5d
0.5 B A 'o .S

Lhyp-park0.5

0.5 C.

-0 .5 0.5

Fser Red algae

-0.5 to 1 m 9 to 13 m

Fig. 4. Reseilts of n-M D S analyses of quan titative  p e rcen tag e  cover d a ta  (square 
root transform ed) a long  Transect T l  w ith  zone an d  d ep th  classification. Letters 
re fer to th e  p red efin ed  b ro w n  algal zones (see Table 2; also for abbreviations) and  

nu m bers b esid e  letters ind ica te  d ep th  be low  MLWS

longer present in T l in 2005, and had  shifted to g reater 
depths in T2 (in 2006). In 1966-1968, L. digitata and S. 
latissima together w ere the most im portant species of 
the upper sublittoral (0.4 to 1.3 m below MLWS), while 
presently this zone is mostly occupied by L. digitata 
alone. The mixed L. digitata/L. hyperborea  vegetation 
did not exist previously and the pure L. hyperborea  
forest extended both shallower (at 1.3 m below MLWS 
in 2005 vs. 2.5 m below MLWS in Fig. 7 of Liming 1970) 
and deeper (park vegetation at 10.5 m below MLWS in 
2005 vs. 8 to 9 m below MLWS in 1966-1968). These 
distributional changes and the changes in biomass, 
density and LAI indicate that the L. hyperborea  forest 
extended its range upw ards and downwards; upw ards 
most probably at the expense of S. latissima and L. d ig­
itata stands. Although pure S. latissima stands still 
occur at T2 north of Dune Island (Fig. 2), vegetation 
structure also changed here. Today, most pure S. latis­
sima stands occur betw een 3.5 and 5.5 m below MLWS 
and therefore much deeper than  reported  in 1966- 
1968 (1.1 to 2 m below MLWS; Fig. 7 in Liming 1970). 
Furtherm ore, mixed S. latissima/L. hyperborea  stands 
which w ere not present in the late 1960s (Liming 1970) 
presently occur betw een 0.5 and 5.5 m below MLWS. 
Old reports from H elgoland m entioned 4 m long thalli 
of S. latissima (Hallier 1863, Kuckuck 1897, N ienburg 
1925, Liming 1970) and noted the ubiquity of this spe­
cies, w hich formed a closed girdle in the infralittoral 
zone around the entire island (Hallier 1863, Kuckuck

1894, N ienburg 1925). This situation 
has completely changed. At least since 
1999 (I. Bartsch pers. obs.), no infralit­
toral fringe of S. latissima has been 
reported  from the northern part of the 
island; mostly small and young individ­
uals w ere found along T l during the 
present investigation, but adult plants 
w ere still present in low quantities 
along T2. Similar drastic population 
losses of S. latissima have been 
reported  from Norway (Moy et al. 2003) 
and France (Givernaud et al. 1991, Cos- 
son 1999), for reasons that are still 
unknown.

The increased w ater clarity and 
therefore increased depth  penetration 
of UV radiation and photosynthetically 
active radiation (PAR) may have af­
fected the kelp population at H elgo­
land. Kelp zoospore photosynthesis is 
adapted to low irradiation conditions 
and in Helgoland, Laminaria hyper­
borea and Saccharina latissima zoo­
spores are clearly more sensitive to 
higher photon flux rates than  L. digitata 

zoospores (Roleda et al. 2005). Young S. latissima 
sporophytes are more susceptible to UV radiation than 
those of L. hyperborea  and L. digitata (Dring et al. 
1996), but germ ination of zoospores of Helgolandic S. 
latissima and L. digitata have not been affected by 
UVA (Roleda et al. 2005). Arctic S. latissima zoospores 
are also more sensitive to UV radiation com pared to 3 
other Arctic kelp species (Roleda et al. 2006). These 
findings may partially explain the presently deeper 
distribution of S. latissima at H elgoland but does not 
explain the extension of L. hyperborea  towards the 
w ater surface. Thus, the structural changes cannot be 
accounted for by im provem ent of w ater clarity alone. 
Another factor acting in the shallow sublittoral is wave 
exposure which is dependent on wind stress. S. latis­
sima prefers more wave protected sites com pared to L. 
digitata and L. hyperborea  (Kain 1962). The increase in 
storm activity and extrem e wave height over the south­
ern  North Sea betw een 1958 and 2001 (e.g. Weisse et 
al. 2005) may have affected the kelp population at 
Helgoland.

Finally, tem perature increases affect the distribution 
of kelp species (Breeman 1988). M ean summer surface 
w ater tem peratures at H elgoland w ere reported  to be 
~18°C (Liming 1990) w ith maxima at 20°C but have 
been  higher in recent years (K. H. Wiltshire unpubl. 
data); m ean summer surface tem perature has in ­
creased by 1.33°C in the last 40 yr (Wiltshire et al. 
2008). Peak summer surface tem peratures are close to
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the survival limit of Helgolandic Laminaria hyper­
borea, L. digitata and Saccharina latissima (Fortes & 
Liming 1980, tom Dieck 1992). Uppermost L. digitata 
in Helgoland (I. Bartsch pers. obs.) and L. hyperborea  
in N orthern Spain (J. Rico pers. comm.) may suffer 
after hot summers, and spore germ ination of L. digitata 
is ham pered even during 'norm al' summers (J. S. Vogt 
& I. Bartsch pers. comm.). Evidence of negative effects 
of hot summers on the life cycle of S. latissima is yet 
missing. N evertheless, m igration of kelp species into 
deeper and som ewhat cooler w ater is probable if w ater 
tem peratures increase.

4.3. Change in biomass, LAI and population density

The biomass of Laminaria in general (overview in 
Bartsch et al. 2008) and specifically of L. hyperborea  
have been previously investigated (e.g. Liming 1969, 
Gunnarsson 1991, Sjotun et al. 2004). As biomass val­
ues are dependent on density of stands, season and la t­
itude, the num bers available in the literature are diffi­
cult to compare. The biomasses of L. hyperborea  and L. 
digitata stands vary betw een 5 to 40 kg FW n r 2 (see 
Liming 1969, G unnarsson 1991, Sjotun et al. 2004). 
With a maximum of 9.9 ± 2.6 kg FW L. hyperborea  n r 2 
recorded w ithin a dense undisturbed stand in August 
(the time period of its maximum blade size, Liming 
1979) (Table 5), Helgoland may thus be regarded  as a 
m ean to low production site.

Comparison of present and previous biomass, LAI- 
and population density data from Helgoland confirm 
the trend in depth  shift described above for the algal 
depth  limits. A lthough the kelp biomass rem ained 
nearly constant at 0.5 and 2 m below MLWS, the spe­
cies composition changed: in 1966-1968, Saccharina 
latissima was present at this depth, but it is partially 
replaced by Laminaria hyperborea  today. The present- 
day 55% biomass increase from 2 to 4 below MLWS 
contrasts w ith a 57 % biomass decrease from 2 to 4 m 
below MLWS in 1966-1968. This may be explained by 
natural variability of population density and the sam ­
ple size in this study. Two of the 3 quadrats at 2 m 
below MLWS showed relatively low biomass but high 
density values, being composed of relatively young 
specimens (<1 to 3 yr, only 9-27 % of individuals older 
than 3 yr), while one quadrat showed the opposite (few 
old and heavy plants, 6 to 7 yr old; data not shown) and 
thus had  com parable data as that of Liming (1969). 
Due to this age variance of the algae in the investi­
gated  quadrats at 2 m below MLWS, the SD of all 
investigated param eters at this depth  was very high, 
resulting in insignificant differences, although clear 
trends w ere visible. Com paring the SDs at 2 and 4 m 
below MLWS, it is also apparent that the Laminaria

forest is more stable at 4 m than at 2 m below MLWS. 
Hence, the extent of sam pling should be increased in 
future studies. Despite the depth  shift of 2 m, m axi­
mum biomass rem ained rather constant over time, as 
2005 biomass data at 4, 6 and 8 m below MLWS corre­
sponded to values at 2, 4 and 6 m below MLWS in 1969. 
However, total kelp biomass increased due to the 
expansion of the L. hyperborea  forest.

In conclusion, this study shows that significant 
changes have occurred in the depth  limits, community 
structure, and biomass of dom inant brown seaw eeds at 
H elgoland betw een 1966-1968 and 2005-2006. Most 
of these changes are probably attributable to the 
observed increase in w ater clarity, but changes in tem ­
perature and storminess may also have had  an effect. 
As the reported  increase in w ater transparency is 
accom panied by a decrease in phosphate concentra­
tion of 40%  (Wiltshire et al. 2008), the observed 
changes in depth  distribution and biomass of seaw eeds 
may also reflect de-eutrophication. However, Wiltshire 
et al. (2008) assum e that this situation reflects a hydro- 
graphic shift to more m arine conditions at Helgoland 
correlated w ith increased southwesterly wind events. 
The same paper cites unpublished data  by Stockmann 
and colleagues who showed a shift to a less coastally 
dom inated system for Helgoland. D e-eutrophication is 
normally correlated with a decrease in prim ary pro­
duction and biomass (e.g. Cadée & H egem an 2002) 
which has not been observed here and in phytoplank­
ton systems in the North Sea (M cQuatters-Gallop et al. 
2007, Wiltshire et al. 2008). The probability of an 
altered  circulation pattern  w ith more inflow of clear 
Atlantic w ater during a positive phase of the North 
Atlantic Oscillation has been discussed in several 
papers (e.g. O ttersen et al. 2001, Edwards et al. 2002, 
M cQuatters-Gallop et al. 2007). This and the observed 
changes in w ater clarity should be taken  into consider­
ation for the southern North Sea and Helgoland.
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