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ABSTRACT: Attached Sargassum muticum (Yendo) Fensholt was first observed in the westernmost
part of Limfjorden (Denmark) in 1984, and it has since colonized Limfjorden from west to east at a rate
of 15 to 17 km yr‘l. By 1997, S. muticum had become the most dominant macroalga, covering more
than 6 % of the bottom between 0 and 6 m depth, corresponding to ca 35% cover of the hard sub-
strate. In 1990, the cover of S. muticum was strongly correlated with distance from the original source
area in the westernmost part of the estuary, suggesting that colonization was still in progress. By
1997, the cover of S. muticum was less correlated with distance from the original source area and
more strongly correlated with the amount of hard substrate, indicating that colonization was reach-
ing its climax. The absence of S. muticum from certain parts of Limfjorden by 1997 is therefore best
explained by lack of hard substrate in these areas, and not by insufficient colonization time. The
increased abundance of S. muticum between 1990 and 1997 affected species richness and diversity
of the macroalgal community only marginally. However, multivariate community analysis revealed
significant changes in the macroalgal community structure that were closely related to the increased
abundance of S. muticum. Not only did the dominance of S. muticum increase significantly from 1990
to 1997, but the cover of several indigenous species belonging to the genera Laminaria, Fucus, and
Codium decreased during the same period, indicating competitive displacement through competition
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for hard substrate and light.
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INTRODUCTION

The introduction of alien plants and animals into
new areas may affect the community structure through
competitive displacement or even exclusion of indige-
nous species (Elton 1958, Mooney & Drake 1986,
Pieterse & Murphy 1990, Berman et al. 1992, Vermeij
1996). The success of an invasive species depends on
its mode of reproduction, growth rate and dis persive
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potential (Elton 1958, Mooney & Drake 1986), but not
all introduced species are aggressive, as introductions
with little or no impact on the native communities have
been reported, especially from marine and estuarine
areas (Williamson & Brown 1986, Berman et al. 1992,
Vermeij 1996, Ruiz et al. 1997). Sargassum muticum
(Yendo) Fensholt originates from Asia and was intro-
duced to North America in the 1940s and to Europe in
the early 1970s (Critchley 1983) and has subsequently
spread along the Atlantic coast of western Europe from
Portugal in the south to Scandinavia in the north (Rue-
ness 1989, Karlsson & Loo 1999). S. muticum was first
observed in Denmark in the western part of Limfjorden
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in 1984 (Christensen 1984) and has since successfully
colonized most of this estuary and is now spreading
further into the Danish inland waters (Wernberg-
Mpller et al. 1998b).

The capacity of Sargassum muticum to spread and
invade new areas seems to rely on a high reproductive
potential and its ability to drift. S. muticum is mono-
ecious, self-fertile and highly fecund (Norton 1977),
and possesses vesicles that allow the annually pro-
duced fronds to drift when broken off. Although these
drifting fronds do not reattach, they are able to survive
and become fertile as they drift (Fletcher & Fletcher
1975, Norton 1977, 1992), thus increasing the potential
for long-range dispersal and colonization of new lo-
cations far from the source populations (Deysher &
Norton 1982).

Once established in a new area, Sargassum muticum
can accumulate high biomass and may therefore be a
strong competitor for space and light (e.g. Critchley et
al. 1990). Experiments have indicated that successful
settlement and initial development of germlings de-
pend on the availability of cleared substrate with low
or no competition from other algae (Deysher & Norton
1982, de Wreede 1983, Critchley et al. 1987, Andrew &
Viejo 1998). When first established, however, S. muti-
cum may efficiently prevent settling and development
of other algae due to high recruit densities and fast
growth (Ambrose & Nelson 1982, De Wreede 1983,
Critchley et al. 1990). Critchley et al. showed that the
irradiance was reduced by 95 % within the uppermost
5 cm of a dense S. muticum surface canopy, thus pre-
venting understory algae to develop and thrive.

The ecological consequences of the Sargassum muti-
cum invasions in North America and Europe are vir-
tually unknown. Although several authors have sug-
gested that the invasion of S. muticum may have had a
significant impact on the structure of indigenous algal
communities through competitive displacement and/or
exclusion (e.g. Fletcher & Fletcher 1975, Rueness 1989,
Walker & Kendrick 1998), observational and experi-
mental evidence is still rather scarce (see however,
Ambrose & Nelson 1982, de Wreede 1983, Critchley et
al. 1987, Viejo 1997).

Since 1989, the Danish Environmental Authorities
have monitored 24 transects in Limfjorden, a shallow
Danish estuary, and data from these transects provide
a unique opportunity to test the possible effect of invad-
ing Sargassum muticum on the indigenous algal com-
munity. The objective of this study was to describe the
temporal and spatial invasion patterns of S. muticum in
Limfjorden from 1984 to 1997, with special emphasis
on the period from 1990 to 1997, for which reliable
survey data are available. The potential effect of in-
creasing abundance of S. muticum on species richness,
diversity and structure of the macroalgal community in

Limfjorden is analyzed. We test the hypothesis that
areas of Limfjorden which have experienced a marked
increase in S. muticum cover show changes in commu-
nity structure through modifications in species diver-
sity and composition of dominant algal species.

MATERIALS AND METHODS

Study site. Limfjorden (Fig. 1) connects the North Sea
with Kattegat and covers an area of about 1500 km?.
The average depth is 4.9 m, with a maximum depth
of 28 m. The tidal range in Limfjorden is only about
+10 cm, but wind-induced variations can be larger.
Salinity ranges from ca 32 %o in the western part of the
estuary to ca 24 %o in the eastern part. Sand and mud
with scattered stones and boulders make up the bot-
tom of Limfjorden. The amount of hard substrate (i.e.
stones larger than 10 cm in diameter) tends to be high-
est in the western and central regions of the estuary.

Invasion patterns. The study is based on data ob-
tained from the Danish Monitoring Program under the
Action Plan for the Aquatic Environment (MPAPAE).
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Fig. 1. Distribution of Sargassum muticum in Limfjorden in

1984, 1990 and 1997. 1: 0.1 to 1% cover; 2: 1 to 10% cover;

3: 10 to 30% cover; 4: >30% cover. Numbers 1-24: sample
transects under MPAPAE program
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Table 1. Interval scale used in SCUBA surveys for ranking
macroalgal cover and its conversion to numeric scale used
in data analysis

Rank Interval scale (%) Numeric scale (%)
0 No registration 0.0
1 <2 1.0
2 2-25 13.5
3 25-50 37.5
4 50-75 62.5
5 75-100 87.5

Twenty-four sites (transects) in Limfjorden, each di-
vided into 9 depth strata, were surveyed visually by
the same SCUBA diver each summer from 1989 to 1997
(Limfjordsovervagningen 1997). The positions of the
transects were identified by reference points on land
and by geographic coordinates of landward and sea-
ward positions by GPS. Within each depth stratum, the
diver visually estimated species-specific cover of macro-
algae on hard substrate using a modification of the
Braun-Blanquet scale (Bullock 1996) presented in
Table 1. Each depth interval was examined in a corri-
dor of approximately 4 m width in the swimming direc-
tion. The diver estimated the proportion of bottom cov-
ered by hard substrate suitable for growth of perennial
macroalgae (i.e. stones larger than ~5 to 10 cm in dia-
meter) and the percent cover of each macroalgal
species by visually projecting the outline of the algal
surface perpendicularly to the substrate. Algal species
which could not be identified in situ were identified in
the laboratory. Algal cover was expressed as percent
cover of suitable (i.e. hard) substrate within each depth
stratum. Depth strata below 6 m were practically
devoid of macroalgae throughout the entire estuary, so
only data from the 5 uppermost strata (i.e. 0 to 6 m)
were used in the analysis. The ranks were transformed
to a numerical scale and the total cover of each species
per transect was then computed from data on substrate
type and length of transects in each depth stratum. The
cover of each species per unit hard substrate was
finally computed for each entire transect.

Visual observations contain a subjective element
and are less precise than more quantitative methods,
but are often preferred when very large areas must be
surveyed at relatively low cost (e.g. Meese & Tomich
1992, Bullock 1996). Subjective methods have the
potential problem that variability among divers may
comprise a significant source of variation (Meese &
Tomich 1992, Middelboe et al. 1997). A comparison
among different divers investigating the same transect
showed that estimates of algal cover often diverged by
+1 rank order (corresponding to +2 to 25 % depending
on abundance), while cover estimates of substrate type

varied from +0.75 to +0.1 coefficient of variation
(Middelboe et al. 1997). Such possible error in the Lim-
fjord data is minimal since the same person performed
all surveys between 1989 and 1997.

We illustrated the spatio-temporal invasion pattern
of Sargassum muticum by mapping its abundance at
each study site in 1984, 1990 and 1997. Temporal
changes in total cover (averaged across all 24 tran-
sects, each year from 1990 to 1997) were tested by non-
parametric ANOVA (Friedman's test for repeated mea-
sures: Zar 1996) and a simple time-series analysis of
cover was performed using Spearman's rank correla-
tion coefficient, rs. Possible relationships between the
total cover of S. muticum on each transect and envi-
ronmental variables such as salinity (summer means),
distance from original source area (Transect 1; Fig. 1),
amount of hard substrate, and physical disturbance
(weighted effective fetch, WEF) were tested by Spear-
man's rank-correlation analysis for each year. The
fetch was determined for 8 compass bearings (N, NW,
W, SW, S, SE, E, NE) and WEF was calculated accord-
ing to Duarte & Kalff (1986) as:

8
S Fxwh
i=1

WEF =

where F; is the fetch for Compass Bearing i, and wf;
is the wind frequency for Bearing i. This expression
takes into account both the morphometry of the estu-
ary and the particular wind regime of the area studied.
Data on wind directions and frequencies for 3 yr (1994
to 1997) were obtained from the Danish Meteorologi-
cal Institute and averaged before being used in the
WEF model.

Macroalgal community analysis. The possible impact
of colonizing Sargassum muticum on the indigenous
algal community was evaluated from changes in spe-
cies richness, species diversity and community struc-
ture at 10 appointed transects from 1990 to 1997. These
transects were selected a priori according to the fol-
lowing criteria: (1) transects should have a high per-
manent or increasing cover of S. muticum between
1990 and 1997%; (2) the transects should have a consid-
erable amount of hard substrate (i.e. >20 % of the total
substrate). According to these criteria Transects 1, 2, 4,
6, 7, 10, 12, 14, 15 and 16 (Fig. 1) were included in the
analysis.

Species richness (S) and diversity (H) were estimated
for each year and each transect. Diversity was calcu-
lated as the Shannon-Wiener index (H'):

H' = =% p;xIn(p)

where p; is the proportion of total macroalgal cover of
the jth species.

Temporal changes in community structure were
analyzed using non-parametric multivariate statistical
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analysis according to the guidelines provided by
Clarke (1993). Non-parametric multi-dimensional scal-
ing (nMDS) was used to illustrate the distance (i.e. dis-
similarity) between community samples based on the
Bray-Curtis similarity measure. One-way analysis of
similarity (ANOSIM,; Clarke & Warwick 1994) was sub-
sequently used to test whether the community struc-
ture differed significantly between years. The similar-
ity percentages procedure (SIMPER) was then used to
identify species that contributed most to the observed
dissimilarity between years and also identified species
that contributed most to the overall similarity among
transects within each of the years (Clarke & Warwick
1994). The multivariate analyses were performed using
the PC software PRIMER (Plymouth Marine Laborato-
ries, UK) on square-root transformed data.

Temporal changes in cover of functional groups or spe-
cific species of macroalgae were analyzed by non-para-
metric ANOVA (Friedman's test for repeated measures:
Zar 1996) while correlation between cover of these
groups or species and time or cover of Sargassum
muticum were tested by Spearman'’s rank-correlation.
For part of this analysis, species were grouped according
to the functional-form model of Littler et al. (1983), with
the modification that the original 6 groups were reduced
to 5 by combining encrusting and calcareous algae.

RESULTS
Distribution

Sargassum muticum was first observed near Tran-
sect 1 in the western part of Limfjorden in 1984 (Chris-
tensen 1984), and colonization progressed eastwards,
giving rise to small scattered populations in the east-
ernmost part of the estuary in 1997 (Fig. 1). In 1990,
S. muticum covered 3 % of the total substrate between
0 and 6 m depth, and the cover progressively increased
to 6% in 1997 (Fig. 2).

From the observations between 1984 and 1997 we
have estimated an average dispersal rate of 15 to 17 km
yr L. Despite this rate of dispersal, some areas were left
with very little or no Sargassum muticum in 1997 (e.g.
Transects 8, 9, 11, 13, and 24; Fig. 1). The cover of S.
muticum was strongly correlated with distance from the
original source area, i.e. Transect 1 (rs = -0.730,
p =0.001; Table 2) in 1990, but the strength of this cor-
relation decreased with time. In contrast, the correla-
tion between cover of S. muticum and the amount of
hard substrate increased from 0.533 (p = 0.009) in 1990
to 0.746 (p < 0.0001) in 1997. The cover of S. muticum
was modestly and just significantly positively corre-
lated with both salinity and WEF between 1990 and
1997 (Table 2).
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Fig. 2. Sargassum muticum. Temporal changes in average
(1 SE, n = 24) percent cover across all 24 transects in
Limfjorden from 1990 to 1997

The vertical distribution of Sargassum muticum was
unimodal, with highest cover between 1 and 4 m depth
(examples from 1990, 1993 and 1997 are shown in
Fig. 3). The average cover of S. muticum increased sig-
nificantly (Friedman's test, p < 0.05) in the depth inter-
val 1 to 4 m from 1990 to 1997, but remained constantly
low in the depth intervals 0 to 0.5 and 4 to 6 m. Corre-
lation analysis revealed that amount of hard substrate
was the only important regulating factor in both shal-
low (0 to 2 m) and deep (2 to 6 m) waters (rs = 0.569,
p <0.001, and rs = 0.627, p < 0.001, respectively).

Community analysis

The average cover of Sargassum muticum on hard
substrate (Fig. 4A) on the 10 transects selected for com-
munity analysis increased almost linearly from 16 % in
1990 to 32% in 1993, resulting in a weak but signifi-
cant correlation between cover of S. muticum and time

Table 2. Spearman's rank-correlation coefficients describing

relationships between cover of Sargassum muticum and dis-

tance from source area, proportion of hard substrate on tran-

sects, salinity, and weighted effective fetch (WEF) in 1990,

1993 and 1997. Probability values are given in parentheses,
n = 24 in all cases

Year, parameter  Distance Hard Salinity WEF
substrate
1990, S. muticum  -0.730 0.533 0.455 0.459
cover vs (<0.001)  (0.009) (0.026) (0.024)
1993, S. muticum -0.717 0.567 0.410 0.333
cover vs (<0.001)  (0.004) (0.047) (0.112)
1997, S. muticum -0.678 0.746 0.443 0.481
cover vs (<0.001) (<0.001) (0.035) (0.017)
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data for S. muticum were removed from
the data set, suggesting that community
structure was affected both by the in-
creasing abundance of S. muticum and by
changes in the remaining community.

The species contributing most to the
observed net dissimilarity between 1990
and 1997 were identified by the SIMPER
procedure (Table 4). Sargassum muticum
contributed most (8.0%) to the observed
dissimilarity due to its marked increase in
cover. Other species, such as Ralfsia ver-
rucosa (6.2 %), Phymatolithon lenormandii
(56.4%), Chondrus crispus (4.4%) and
Corallina officinalis (3.8 %) did, however,

1997

Fig. 3. Sargassum muticum. Vertical distribution (average +1 SE, n = 24)
in Limfjorden in 1990, 1993 and 1997, based on data from all 24 transects

(rs = 0.313, p = 0.005). Average species richness (S)
remained constant at about 16 species from 1990 to
1997 (rs = -0.141, p = 0.804, Fig. 4B), while species
diversity (H') tended to decrease slightly with time
(rs=-0.212, p = 0.059, Fig. 4C).

The observed increase in cover of Sargassum muti-
cum was followed by a change in average community
structure across the 10 transects (Fig. 5A). The ordina-
tion of individual transects (Fig. 5B) shows that the
community structure tended to cluster over time (i.e.
variation among transects decreased), suggesting that
the 10 transects became more similar in species com-
position as S. muticum increased in importance. The
change in community structure between 1990 and
1997 was confirmed by the ANOSIM (overall p < 0.001;
Table 3). Year-to-year changes in community structure
were small, and significant changes appeared only
when community structure was compared over time

Table 3. Summary (probability values) of 1-way analysis of
similarities (ANOSIM) comparing community structure be-
tween 1990 and 1997. Overall probability (p) was <0.001

Year 1991 1992 1993 1994 1995 1996 1997

1990 0.634 0.379 0.275 0.072 0.007 0.001 <0.001
1991 0.513 0.275 0.039 0.014 0.015 <0.001
1992 0.388 0.012 0.016 0.003 <0.001
1993 0.284 0.201 0.010 0.015
1994 0.207 0.001 0.004
1995 0.095 0.024
1996 0.004

also contribute to the observed change in
community structure through increased
average abundance and/or evenness
between 1990 and 1997. The contributions
by Laminaria saccharina (5.2 %), Dictyota dichotoma
(4.9%), Ceramium rubrum (4.4%), Fucus serratus
(4.1%), F. vesiculosus (3.5%), Codium fragile (3.2 %)
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Fig. 4. (A) Changes in cover of Sargassum muticum (per unit
hard substrate); (B) species richness (S); (C) species diversity
(H'") from 1990 to 1997, based on data from 10 transects select-
ed for community analysis. All data are average =1 SE (n = 10)
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Fig. 5. nMDS (non-parametric multi-dimensional scaling) plots

showing (A) temporal changes in average community struc-

ture (across 10 transects) from 1990 to 1997 (stress = 0.06) and

(B) net changes in community structure at each of the tran-

sects from 1990 (O) to 1997 (@) (stress = 0.17). Sizes of circles

in (A) reflect amount of average cover of Sargassum muticum
on the 10 transects

Table 4. Relative species contribution to net dissimilarity in community structure
between 1990 and 1997 determined by SIMPER analysis. Only the 14 most im-
portant species (accounting for >60 % of observed dissimilarity) are included for
simplicity. Assignment of each species to functional groups are in parentheses
(Ca = calcareous/crustose, CB = coarsely branched, Fi = filamentous, Fo = foliose,

Table 5. Relative species contribution (%) to overall similarity
between transects within 3 yr: 1990, 1993 and 1997, determined
using SIMPER analysis. Assignment of each species to func-
tional groups is in parentheses (Ca = calcareous/crustose, CB =
coarsely branched, Fi = filamentous, Fo =foliose, L =1leathery)

Species 1990 1993 1997
Sargassum muticum (L) 11.8 23.8 27.3
Laminaria saccharina (L) 13.6 7.1 <1.0
Ralfsia verrucosa (Ca) 1.2 3.7 8.4
Dictyota dichotomy (Fo) 2.3 3.3 1.2
Ceramium strictum (Fi) <1.0 3.0 <1.0
Chorda filum (CB) 1.5 <1.0 1.9
Phymatolithon lenormandii (Ca) <1.0 3.7 8.4
Chondrus crispus (CB) 15.8 10.0 10.6
Halidrys siliquosa (L) 2.8 1.4 2.5
Ceramium rubrum (Fi) 3.8 8.7 6.4
Fucus serratus (L) 3.8 4.9 34
Codium fragile (CB) 6.9 3.0 3.8
Ectocarpus siliculosus (Fi) <1.0 <1.0 2.0
Fucus vesiculosus (L) 6.4 6.1 2.4
Corallina officinalis (Ca) 6.8 12.9 8.1
Overall similarity 33.4 46.7 50.5

and Halidrys siliquosa (3.1 %) were driven by a signifi-
cant decrease in average cover and/or evenness of
these species over the same period.

The contribution of each species to the similarity
among the 10 transects in 1990, 1993 and 1997, is given
in Table 5. Chondrus crispus (15.8 %), Laminaria sac-
charina (13.6 %) and Sargassum muticum (11.8 %) con-
tributed most to overall similarity (33.4) between
transects in 1990. By 1997, the similarity among tran-
sects had increased to 50.5, and S.
muticum (27.3%) had become the
most abundant and evenly distributed
species, thus adding much more to
the overall similarity than any other

L = leathery) species. The only types of algae that
tended to decrease consistently over
Species Avg. % cover Percent contribution Cumu- the same period were members of the
1990 1997 to dissimilarity  lative % coarsely branched and thick leathery
] algae.
Sargassum muticum (L) 13.4 32.0 8.0 8.0 Th f tf t 1-f

Ralfsia verrucosa (Ca) 46 108 6.2 14.2 € cover of most lunctionai-torm
Phymatolithon lenormandii (Ca) 5.2 6.9 5.4 19.6 groups changed considerably as the
Laminaria saccharina (L) 9.2 0.7 5.2 24.8 cover of Sargassum muticum increased
Dictyota dichotomy (Fo) 88 49 4.9 29.7 from 1990 to 1997 (Fig. 6). The cover of
Chondrus crispus (CB) 10.7 12.3 4.4 34.1 most aroups increased from 1990 to

Ceramium rubrum (Fi) 6.5 4.7 4.4 38.5 group .
Fucus serratus (L) 56 4.3 41 42.6 1991/1992, but then tended to decline
Corallina officinalis (Ca) 45 7.1 3.8 46.4 again. At stations dominated by S. mu-
Ig neus, ViijC“]‘(’sclg)(L) gg g? gg ‘5122 ticum, the cover of coarsely branched
orda filum . . . . _ _ : B
Cladophora serica (Fi) 23 48 3.3 56.5 (rs=-0.283, p = 0.011) and thick leath
Codium fragile (CB) 48 1.3 3.2 59.7 ery algae (rs=-0.488, p < 0.001) was
Halidrys siliquosa (L) 33 1.8 3.1 62.8 negatively correlated with time over
Overall dissimilarity 64.9 the entire period 1990 to 1997 while
no such decline was observed at sta-
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Fig. 6. Temporal changes in average cover (per unit hard sub-

strate) of functional-form groups from 1990 to 1997. (@) Data

from 10 stations selected for community analysis (average

+1 SE, n = 10); (O) data from remaining 14 stations with little
or no Sargassum muticum (average =1 SE, n = 14)

tions without or with very little S. muticum (Fig. 6). The
cover of filamentous algae was not correlated to time
between 1990 and 1997 (Table 6) but was negatively
correlated to time between 1992 and 1997 (rg=-0.286,
p = 0.027). The decline in cover of filamentous algae
from 1992 to 1997 was, however, also evident at sta-
tions without or with very little S. muticum (Fig. 6),
inferring that the decline was not caused by competi-

Table 6. Spearman's rank-correlation coefficients (rs) describ-
ing relationships between cover of functional-form groups of
algae Sargassum muticum, Laminaria saccharina, Codium
fragile, Halidrys siliquosa, Fucus serratus and F. vesiculosus
and time or S. muticum cover. Based on data from 10 transects
selected for community analysis, n = 80 (1990 to 1997) in

all cases

Parameter Is P

Foliose vs Time -0.193 0.086
Filamentous vs Time -0.214 0.057
Coarsely branched vs Time -0.283 0.011
Thick leathery vs Time -0.488 <0.001
Crustose/calcareous vs Time 0.195 0.084
Sargassum muticum vs Time 0.313 0.005
Laminaria saccharina vs Time -0.750 <0.001
Codium fragile vs Time -0.338 0.006
Halidrys siliquosa vs Time -0.326 0.038
Fucus serratus vs Time -0.063 0.646
Fucus vesiculosus vs Time -0.284 0.016
L. saccharina vs S. muticum -0.286 0.023
C. fragile vs S. muticum -0.255 0.044
H. siliquosa vs S. muticum 0.230 0.154
F. serratus vs S. muticum -0.353 0.008
F. vesiculosus vs S. muticum -0.411 <0.001

tion from S. muticum. The cover of foliose and crus-
tose/calcareous algae was not correlated with time
(Fig. 6, Table 6).

The reduced cover of coarsely branched and thick
leathery algae resulted mainly from a significant
decline among Laminaria saccharina, Codium fragile,
Halidrys siliquosa and Fucus vesiculosus (Fig. 7,
Table 6). It is noteworthy that these species did not
undergo a similar decline at stations without or with
very little Sargassum muticum (Fig. 7). The cover of L.
saccharina, C. fragile, F. vesiculosus and F. serratus
were further inversely correlated with the cover of S.
muticum during the same period, thus indicating com-
petitive interaction between S. muticum and these
species (Table 6).

DISCUSSION

Sargassum muticum has successfully colonized most
suitable areas of Limfjorden since it was first observed
in 1984. It is unclear how S. muticum was first intro-
duced, but transplantation of live oysters for maricul-
ture is often mentioned as a likely dispersal vector (e.g.
Critchley & Dijkema 1984). Oysters (Ostrea edulis and
Crassostrea gigas) were imported from France and
transplanted in Limfjorden during the early 1980s,
concomitant with the first observations of S. muticum.
However, S. muticum had also been introduced to the
southwestern parts of Sweden and Norway by the end
of the 1980s (Rueness 1989, Karlsson & Loo 1999), and
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Fig. 7. Temporal changes in average cover (per unit hard
substrate) of 5 thick, slow-growing species from 1990 to 1997.
(@) Data from the 10 stations selected for community analysis,
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with little or no Sargassum muticum (average +1 SE, (n = 14)
(stations without S. muticum had no Halidrys siliquosa)

neither of these localities received live oysters for
transplantation as far as we are informed. The sites in
Scandinavia where S. muticum was initially observed
are located directly on the hydrographical path lead-
ing from the populations in the Channel area and the
Netherlands, and S. muticum has often been found
washed up on the islands of the Frisian Wadden Sea
(Schories et al. 1997). Thus, introduction by way of
drifting fronds being carried along the west coast of

Jutland from the Channel area cannot be ruled out, as
drifting is considered important in the long-range dis-
persal of S. muticum (Deysher & Norton 1982).

Drift of fertile fronds is also considered important
for dispersal and establishment of Sargassum muticum
populations on the regional scale (e.g. Farnham et al.
1981, Critchley & Dijkema 1984). Farnham et al. re-
ported that S. muticum colonized new areas with a
speed of ca 30 km yr!, which is in the same order of
magnitude as in the present study (15 to 17 km yr?).
The fast colonization of S. muticum in Limfjorden does
indicate that the prime mode of dispersal was by de-
tached fronds floating along the predominantly east-
ward winds and currents, because the dispersal range
of propagules from attached specimens of Sargassum
spp. is limited to a few metres only (Deysher & Norton
1982, Kendrick & Walker 1991). Although S. muticum
has spread from west to east in Limfjorden within
13 yr, some areas were still devoid of S. muticum in
1997. The observed speed of dispersal show, however,
that S. muticum must have had sufficient time to
become established in all parts of Limfjorden, and
today's absence of S. muticum from certain areas is,
therefore, most likely a result of physico-chemical
and/or biological barriers, rather than insufficient colo-
nization time.

The strong inverse correlation between cover of Sar-
gassum muticum and distance from the original source
area in 1990 suggests that the establishment and de-
velopment of the S. muticum populations in Limfjor-
den were still in progress during the early 1990s. The
strength of this correlation decreased, however, from
1990 to 1997, indicating that the invasion had been
completed by the late 1990s and that other factors then
became more important for the distribution pattern.

The distribution pattern of Sargassum muticum in
Limfjorden by the late 1990s may have been deter-
mined by lack of hard substrate, low salinity and/or
high physical disturbance due to wave action. The
increasing strength of the correlation between cover of
S. muticum and the amount of hard substrate between
1990 and 1997 suggest that lack of hard substrate plays
an important role. S. muticum prefers hard substrate to
settle and develop, and Wernberg-Magller et al. (1998a)
showed that the abundance of S. muticum in Limfjor-
den was significantly related to substrate composed by
stones with a diameter larger than ca 10 cm, whereas
smaller stones, gravel and sand were unsuitable sub-
strate for grown specimens. The increase in cover of S.
muticum leveled off in 1995, indicating that the carry-
ing capacity had been reached. The strong correlation
between cover and amount of hard substrate in 1997
suggests, therefore, that lack of available substrate
limits further expansion of S. muticum in Limfjorden.
Clearing experiments (Deysher & Norton 1982, de
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Wreede 1983, Viejo 1997) have shown, however, that
S. muticum can benefit from catastrophic events where-
by hard substrates are cleared of other algae by physi-
cal disturbance, because it can regenerate fast from its
basal part and because its recruits seem to be superior
competitors compared to recruits of most other species.
S. muticum may, therefore, be able to affect the re-
establishment of other species after future distur-
bances (de Wreede 1983, Critchley et al. 1987) and
thus increase its abundance further.

Grown Sargassum muticum populations cannot be
sustained for prolonged periods at salinities below 15 %o,
since reproduction becomes impaired (Kjeldsen &
Pinney 1972, Steen 1992). Although weak salinity gra-
dients do exist in Limfjorden, the salinities recorded
were always above 24 %o, and salinity does therefore
not seem to restrict today's distribution of S. muticum.
Physical disturbance by waves may also restrict growth
and survival of S. muticum on exposed shores (Viejo et
al. 1995, Andrew & Viejo 1998). The effective fetch in
Limfjorden is, however, rather short compared to that of
the Atlantic coast, and wave exposure does therefore not
seem to restrict the distribution of S. muticum in Lim-
fjorden. Instead, the cover of S. muticum was weakly and
positively correlated with exposure (WEF) in Limfjorden.
In summary, the amount of hard substrate available
seems to be the most important controlling factor for the
present-day distribution of S. muticum.

The western and central parts of Limfjorden experi-
enced the most marked increase in cover of Sargassum
muticum between 1990 and 1997, but species number
and diversity of the macroalgal community were only
marginally affected. The continuous increase in cover
of S. muticum from 1990 to 1997 caused diversity (H')
to decrease slightly, partly because S. muticum be-
came more dominant, partly because the cover of cer-
tain other species declined during the same period.
The ANOSIM confirmed that changes in community
structure took place between 1990 and 1997 and the
SIMPER analysis (Table 4) identified S. muticum as
being mainly responsible for the observed net dissimi-
larity and, thus, for the change in community structure
in general. The change in community structure could
have been driven by the increased dominance of S.
muticum alone, but the SIMPER analysis showed that
the dominance patterns of other macroalgae changed
too. Hence, as S. muticum increased its contribution to
the similarity among transects between 1990 and 1997
(Table 5), the contribution of Laminaria saccharina,
Codium fragile, Fucus vesiculosus and other species
decreased, indicating a potential interaction between
S. muticum and those species.

In accordance with the results of the community
analysis, we found that the cover of coarsely branched
and thick leathery algae decreased from the early

1990s to 1997 after Sargassum muticum had reached
maximum cover. The reduced cover of thick, slow-
growing algae was mainly driven by a significant
decline in Laminaria saccharina, Codium fragile, Hali-
drys siliquosa, Fucus vesiculosus and other algal spe-
cies. These findings suggest that the invasion and
establishment of S. muticum in Limfjorden have af-
fected the local algal community through competitive
interactions between S. muticum and several slow-
growing algae. This interpretation is further supported
by the negative correlation between cover of S.
muticum and many of these algae (Table 6).

Our results are comparable to those of Viejo (1997),
who found that invading Sargassum muticum reduced
the presence of leathery and foliose algae in tidepools
along the Atlantic coast of northern Spain. Other stud-
ies have indicated strong competitive interactions be-
tween S. muticum and other algae. Deysher & Norton
(1982) found that dense populations of naturally occur-
ring algae prevented settlement and development of S.
muticum, thus indicating that juvenile S. muticum is a
poor competitor relative to grown specimens of other
algae. On the other hand, Ambrose & Nelson (1982)
and de Wreede (1983) found that dense populations of
adult S. muticum could restrict settlement and early
development of leathery and filamentous algae such
as Macrocystis pyrifera and Rhodomela larix, respec-
tively, indicating that, as competitors, grown speci-
mens of S. muticum are superior to juveniles of many
other algae. We also found a weak decline in the cover
of foliose and filamentous algae between 1992 and
1997, indicating competitive interference between S.
muticum and these groups. However, these declines
were probably not caused by the invasion of S.
muticum, since similar declines were observed at
stations with very little or no S. muticum.

We conclude that the invasion of Sargassum muti-
cum in Limfjorden has affected the local algal commu-
nity through competition with members of the thick
leathery and coarsely branched algae. The reproduc-
tion strategy and canopy structure of S. muticum indi-
cates that competition must be mainly for space and
light, as also suggested by Viejo (1997). We are aware
that our conclusion is based mainly on correlative evi-
dence, which does not necessarily infer causal rela-
tionships, and experimental evidence is needed to con-
firm the existence of competitive interaction between
S. muticum and other species of macroalgae and to
identify the resources for which they compete.
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