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Abstract

Since it was introduced to Zanzibar (Tanzania), seaweed farming has significantly contributed to local, socio-economic
development. However, several investigations have shown impacts on the coastal environment near where the farms are located. As
many seaweed farms are located on seagrass beds, there is a risk that seaweed farming could affect seagrass beds, and thereby disturb
important ecosystem functions and the flow of ecological goods and services. This study compares characteristics of macrophytes
(focusing on seagrasses), benthic macrofauna and sediment in seagrass beds, with and without seaweed farms, and a sand bank
without vegetation in Chwaka Bay, Zanzibar. The results showed that seagrass beds underneath seaweed farms generally had less
seagrass and macroalgae, finer sediment, lower sediment organic matter content and a reduced abundance and biomass of
macrofauna, than seagrass beds without seaweed farms. Further, the macrofaunal community structure in seaweed farms showed
more similarities to that on the sand bank than in the unfarmed seagrass beds. Most of the dissimilarity was attributable to
Lucinidae (suspension-feeding bivalves), which were almost absent in the seaweed farms, resulting in the large difference in biomass
between the seaweed farms and the unfarmed seagrass beds. When interpreted together with information from farmers, the observed
pattern is believed to be caused by the seaweed farming activities. This indicates that more research is needed to establish the effects
of seaweed farming on seagrass beds, and that more attention should be given to the location of farms and the choice of farming
methods.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Open-water seaweed farming was introduced to
Unguja Island (Zanzibar, Tanzania) around 1990 and
mainly two species of red algae, Eucheuma denticulatum
(formerly E. spinosum) and Kappaphycus alvarezii
(formerly E. cottonii), are grown and harvested for
extraction of hydrocolloid carrageenans (Petterson-
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Lofquist, 1995). Unlike other, more destructive and
resource-inefficient aquaculture methods (e.g. semi-in-
tensive shrimp and salmon farming), seaweed farming
does not require any inputs of fertilisers or pesticides,
and is considered not to alter the physical environment
in any major way (Johnstone and Olafsson, 1995;
Bryceson, 2002). Further, living standards have in-
creased in many villages following the introduction of
seaweed farming (Msuya, 1993; Petterson-Lo6fquist,
1995; Jiddawi and Ngazy, 2000) This has lead to
a common perception that seaweed farming is a highly
sustainable aquaculture practice (e.g. Saleh, 1998;
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McKnight Foundation, 2002). However, several studies
have shown that seaweed farming affects components of
ecosystems in which such farms are located, e.g.
meiobenthos (Olafsson et al., 1995), benthic microbial
production (Johnstone and Olafsson, 1995), fish as-
semblages (Bergman et al., 2001), epifauna and macro-
phytes (Msuya, unpublished data; Semesi, 2002), and
the water column around the algae (Collén et al., 1995).
These findings indicate that more research on the subject
is needed (e.g. Olafsson et al., 1995; Bryceson, 2002;
Zemke-White, in press).

In Zanzibar, the seaweed farms are located in shallow
lagoons, and the dominant farming-method is the “fixed
off-bottom™ or “tie-tie” method, where fronds of the
algae are tied to ropes stretched between wooden sticks
fixed to the bottom, and harvested every 2—4 weeks
during low water spring tides (Petterson-Lofquist,
1995). Seaweed farms are often sited on bottoms with
seagrass, and farmers often regard the presence of
seagrass as being a good indicator of a suitable
environment (de la Torre Castro and Rénnbéck, 2004).

Seagrass bed ecosystems have for a long time been
more or less neglected in coastal zone management but,
due to the growing consensus about their importance
(e.g. Duarte, 2000; Gullstrom et al., 2002), this is
currently changing. Seagrass beds are important con-
tributors to primary production in global oceans
(Duarte and Chiscano, 1999), their canopy acts as
a hydrodynamic barrier in near shore areas (Koch,
1996) and their roots and rhizomes stabilise bottom
sediments (Fonseca, 1989).

Perhaps most important, seagrass beds provide
habitats for other organisms. A large number of studies
have shown that seagrass beds host more diverse and
abundant animal communities than unvegetated areas,
both in the temperate (e.g. Pihl, 1986; Bostrém and
Bonsdorff, 1997) and tropical zones (e.g. Coles et al.,
1993; Arrivillaga and Balz, 1999). The major factors
attributed to this pattern are refuge from predation
(Hindell et al., 2000; Salita et al., 2003) and the presence
of food (Connolly, 1994; Bologna and Heck, 1999).
Many of the animals residing in seagrass beds (e.g. fish
and macroinvertebrates) are directly utilised by humans,
and are thus of economic importance (de Boer and
Longamane, 1996; Lynne et al., 2000; Jackson et al.,
2001).

Because of their importance to society, seagrass/algal
beds have been estimated to generate gross financial
benefits amounting to US$19000 ha~' year™', this being
the third highest value of the 16 biomes investigated
(Costanza et al., 1997). In addition, there is growing
concern about the worldwide decline of seagrass beds
(e.g. Fortes, 1988; Short and Wyllie-Echeverria, 1996;
Hall et al., 1999; Duarte, 2002). Since seaweed farming
has been shown to impact components of the ecosystems
in which such farms are placed there is a risk that

seaweed farming could also affect seagrass beds and the
associated communities, thereby disturbing important
ecosystem functions.

The aim of this study was to investigate seagrass beds
with seaweed farms in relation to unfarmed seagrass
beds in the seagrass-dominated Chwaka Bay. This was
done by comparing seagrass beds with and without
seaweed farms and one unvegetated sand bank, using
characteristics of three important components of sea-
grass bed ecosystems — the macrophytes (secagrass and
macroalgae), sediment and benthic macrofauna. Be-
cause habitat provision is one of the most important
functions attributed to seagrass beds, the relationship
between macrofauna and environmental variables was
also investigated.

The differences between seaweed farms and unfarmed
seagrass beds are discussed in terms of the effects of
seaweed farming, the implications this might have on
ecosystem function, and suggestions regarding future
research and management of seaweed farming.

2. Material and methods
2.1. Study area

The study was conducted in Chwaka Bay, an
intertidal lagoon located on the east coast of Unguja
Island, Zanzibar (6°13—25" S and 39°37—58" E; Fig. 1).
Its mean water depth is 3.2 m, and the area of the bay
covered with water fluctuates between 50 km? at high-
water spring tide and 20 km? at low-water spring tide
(Cederlof et al., 1995). The centre part of the bay is
dominated by tidal flats and channels, covered with
mixed and monotypic stands of seagrasses and sea-
weeds. The dominant seagrass species are Thalassia
hemprichii, Cymodocea serrulata, Cymodocea rotundata,
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Fig. 1. Map of (A) Africa, (B) Unguja Island (Zanzibar) and (C)
Chwaka Bay with the six sampling sites. B, seaweed farm; @, seagrass
bed; A, sand bank. Black areas represent mangroves.
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Enhalus  acoroides and  Thalassodendron  ciliatum
(Mohammed and Jiddawi, 1999).

Seaweed farming was introduced into the bay around
1990 (Mohammed and Jiddawi, 1999), and currently
there are five seaweed farming sites, covering a total area
of approximately 2.5 km?, or approximately 10% to 5%
of the total bay area at low and high tides, respectively.
All the farms are located on seagrass beds, close to the
main villages around the bay.

A total of six sites were included in this study: three
seagrass beds, two seaweed farms and one sand bank,
designated as follows: T, Thalassia hemprichii-bed; TC,
Thalassia hemprichii/ Cymodocea serrulata-bed; E, Enha-
lus acoroides-bed; FC, seaweed farm Chwaka; FM,
seaweed farm Marumbi; S, sand bank. The sand bank
was included as a reference site without vegetation for
the macrofaunal and sediment comparisons.

All sampling was conducted during daytime at low-
water spring tide (LWST) during November and
December 2002. Water salinity was on average 25.5
(ranging from 21 to 28), surface water temperature on
average 36.3 °C (ranging from 32 to 39 °C) and water
depth on average 0.12 m (ranging from 0 to 0.3 m).

2.2. Field sampling and laboratory analyses

At each of the six sites, 20 seagrass sampling points
were randomly chosen within a 150 X 200-m area. This
meant that sampling points within farm sites could be
located underneath or between farm plots.

In terms of seagrass species composition, the
dominant species in decreasing order were noted for
each of the five vegetated sites as follows. At each
sampling point seagrass shoot density was established
by counting and collecting all shoots within two
randomly placed 0.0625-m> steel frames. Seagrass
canopy height was measured following the method of
Short and Coles (2001) at eight places surrounding each
of the two steel frames. The percent cover of seagrass,
macroalgae and sand was estimated in four randomly
placed 0.25-m? steel frames (to the nearest 10%). The
cover of the green calcareous algae, Halimeda spp., was
noted separately due to the dominance of this taxon and
its importance in maintaining the sediment structure
(Bjork et al., 1995; Muzuka et al., 2001).

In the laboratory, all the collected seagrass shoots
were cleaned in fresh water and the above-ground
biomass (DW) was determined after drying at 80 °C for
72 h. All measured values from each sampling point
were averaged to derive single replicate values (which
were used in the statistical analyses). The sand bank was
not included in the macrophyte statistical analysis, since
no seagrass occurred naturally at this site.

Sediment (n=7) and macrofaunal samples (n=7)
were randomly taken within a 30 X 30-m area (located
within the 150 X 200-m area). Samples for benthic

macrofauna were sampled using a PVC-tube (inside
diameter: 12 cm; depth: 10 cm). In the lab, the samples
were roughly cleaned (removing all plant material),
rinsed through a 0.5 mm sieve and fixed in 10% borax-
buffered formalin. All animals were then coloured using
RoseBengal stain and sorted using a stereo microscope
(16 X magnification). Crustaceans were identified to
order/suborder, polychaetes and molluscs to family, and
other miscellaneous taxa to phylum. All taxa were
classified into one of the following functional groups,
based on the literature (Day, 1967; Fauchald and
Jumars, 1979; Holdich and Jones, 1983; Richmond,
1997): carnivores (C), herbivores (H), omnivores (O),
suspension feeders (S), surface deposit feeders (SD) and
burrowing deposit feeders (BD). Biomass (g DW) of
each taxonomic group was determined after drying at
60 °C for 96 h. Molluscs were dried and weighed
including shells.

The sediment samples for grain size determination
were taken adjacent to the macrofauna samples, using
a standard core (inside diameter: 6 cm; depth: 10 cm). In
the laboratory, the samples were cleaned in fresh water
(to remove organic material), dried at 80 °C for 72 h and
sieved to obtain the following fractions: >2, >1, >0.5,
>0.25, >0.125, >0.063 and <0.063 mm. Each fraction
was weighed separately and calculated as percentage of
total sample weight (Morgans, 1956). Standard sedi-
ment parameters (mean grain size, sorting, skewness and
kurtosis) were calculated using the mathematical meth-
ods of moments (as described in Boggs, 2001). Mean
grain size was expressed in mm, and sorting, skewness
and kurtosis by ¢ according to the Udden—Wentworth
scale (9= — log,d, where d = grain diameter in mm). The
proportion silt/clay (<0.063 mm), sand (0.063—2 mm)
and coarse sand (>2 mm) was also calculated for
each site.

Samples for sediment organic matter (SOM) content
analysis were collected next to the grain size sampling
site using a modified plastic syringe (inside diameter:
3 cm; depth: 5 cm). The samples were stored air-sealed
and in the dark at —10 °C. After determining their dry
weight, the samples were incinerated (500 °C for 5 h)
and weighed again (AFDW). The organic matter
content was expressed as proportion (%) of the initial
dry weight.

2.3. Statistical analysis

Differences in seagrass, macrofauna and sediment
between sites were investigated by one-way analysis of
variance (ANOVA). Paired a posteriori comparisons
were made using Tukey’s HSD test. Prior to the
analysis, Cochran’s C-test was used to test for the
assumption of homogeneity between variances. When
assumptions were not met, data were transformed
(arcsin and log; () or the non-parametric Kruskal—Wallis
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Median test was used. A posteriori comparisons were
then made using pair-wise Mann—Whitney U-tests (with
the significance level adjusted according to the sequential
Bonferroni-method, with «=0.05/10=0.005; Holm,
1979). Otherwise, the significance level was set at
«=0.05. All univariate analyses were performed using
STATISTICA v. 5.5°99 ed. (Microsoft).

Differences and similarities in macrofaunal commu-
nity structure (biomass of taxonomic and functional
groups) within and between sites were described using
non-metrical multidimensional scaling (MDS) ordina-
tion (Clarke, 1993). To examine differences between sites
in the similarity matrix, the one-way analysis of
similarities (ANOSIM) randomisation test was used
(Clarke, 1988). To analyse which taxa or functional
groups contributed to the dissimilarity between sites
(expressed as ¢,), the similarity percentage (SIMPER)
program was used (Warwick and Clarke, 1990). To
investigate which variables were important for habitat
function in the seagrass beds, the relationship between
macrofaunal abundance and ten environmental varia-
bles (seagrass shoot density, biomass, cover and canopy
height; macroalgal cover and of Halimeda spp. alone;
total cover of vegetation; cover of sand, mean sediment
grain size and SOM) was analysed using the BIO-ENV
routine. This program calculates which set of environ-
mental variables best explain variation in the macro-
fauna data matrix using the Spearman coefficient p.
Since the seagrass, sediment and macrophyte variables
were not sampled at exactly the same points at the sites,
the calculated means (per site) were used as input data
for these variables. This causes a loss of resolution, but
was regarded as adequate for the analysis. All the
analyses were run on fourth-root transformed data and
the Bray—Curtis coefficient of similarity (Clarke, 1993),
using the software package PRIMER (Plymouth
Routines In Marine Ecological Research) for Windows
v. 5.2.9.

3. Results
3.1. Seagrass and macroalgae

In terms of seagrass species composition, site T was
dominated by Thalassia hemprichii, with patches of
Cymodocea serrulata (Table 1). At site TC, the same two
species (7. hemprichii and C. serrulata) were encoun-
tered, with roughly equal coverage. At site E, large
Enhalus acoroides were dominant, but small and
concentrated patches of T. hemprichii were also encoun-
tered. At the seaweed farm FC, the species composition
was more mixed, with 7. hemprichii and C. serrulata
dominant and small patches of E. acoroides (found
between farm plots and at farm edges) as well as
Halophila sp. At the last site, seaweed farm FM,

Table 1
Description of the six sampling sites in Chwaka Bay, Zanzibar

Site name Site type Dominating seagrass species

T Seagrass bed Thalassia hemprichii,
Cymodocea serrulata

TC Seagrass bed Thalassia hemprichii,
Cymodocea serrulata

E Seagrass bed Enhalus acoroides,
Thalassia hemprichii

FC Seaweed farm Thalassia hemprichii,
Cymodocea serrulata, Enhalus
acoroides, Halodule uninervis

FM Seaweed farm Thalassia hemprichii,
Enhalus acoroides

S Sand bank -

T, Thalassia hemprichii-bed; TC, Thalassia hemprichii/ Cymodocea
serrulata-bed; E, Enhalus acoroides-bed; FC; seaweed farm Chwaka;
FM, seaweed farm Marumbi; S, sand bank.

T. hemprichii was dominant but small patches of
E. acoroides were encountered between the farm plots.

The mean secagrass shoot density varied greatly
between and within the five sites (sand bank ex-
cluded), ranging from 123 shoots m™2 (site FM) to
1210 shoots m~2 (site T; Fig. 2A). There were clear
differences between the five sites (Kruskal—Wallis
Median test; P<0.0001), as the seaweed farms (site
FC and FM) had lower shoot densities than the seagrass
beds (P <0.005 for all comparisons), except for site FC
that did not differ from site E (P=0.055). When
comparing the seagrass beds, shoot density was higher
at site T than both other seagrass beds (P<0.005 for
both comparisons), followed by TC, which was higher
than E (P <0.005). No difference was found between the
two seaweed farms (P=0.016).

In terms of seagrass biomass, there were also differ-
ences between the five sites (Kruskal—Wallis Median
test; P=0.0001) (Fig. 2B). The biomass was lower in
secaweed farm FM than in all three secagrass beds
(P<0.005, respectively), and lower than in seaweed
farm FC (P <0.005). However, there were no differences
between seaweed farm FC and the seagrass beds
(P=0.59—0.89), nor between the three seagrass beds
(P=0.21-0.78).

Cover of seagrass differed between the sites
(ANOVA: P<0.001; F=117.14), and was lower in both
seaweed farms than in all three seagrass beds (P <0.05
for all comparisons; Fig. 2C). Further, seagrass bed T
had higher cover than both TC and E (P<0.05,
respectively). Again, there was no difference between
the two seaweed farms (P=0.28).

Also with canopy height there were clear differences
between the sites (Kruskal—Wallis Median test:
P<0.0001), and canopy height was lower in both
scaweed farms than in the three seagrass beds
(P<0.005 for all comparisons; Fig. 2D). Further, the
canopy was higher in seagrass bed E, being dominated
by the tall Enhalus acoroides, than in both other beds
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Fig. 2. Seagrass characteristics of the five sites in Chwaka Bay, Zanzibar (n=20; central squares, means; boxes, S.E.; whiskers, S.D.) showing seagrass
(A) shoot density, (B) biomass, (C) cover and (D) canopy height. The sites were: T, Thalassia hemprichii-bed; TC, Thalassia hemprichii/ Cymodocea
serrulata-bed; E, Enhalus acoroides-bed; FC, seaweed farm Chwaka; FM, seaweed farm Marumbi.

(site T and TC; P<0.005, respectively), and higher at
site TC than site E (P <0.005). No difference was found
between the two seaweed farms (P=10.06).

In terms of other macrophytes, the cover of macro-
algae differed between the sites (ANOVA: P=0.03;
F=15.98), with lower cover in the seaweed farms (site
FC and FM) than in the three seagrass beds (site T, TC
and E; P<0.05, respectively; Table 1). No difference
was found between the two seaweed farms (P=0.06).
Among the macroalgae encountered, Halimeda spp.
(H. discoidea, H. macroloba and H. opuntia) were
dominant and were therefore analysed separately (as
Halimeda spp. in Table 1). The results showed that the
cover of Halimeda spp. differed between the sites
(ANOVA: P=0.01; F=17.04), and was lower in the
seaweed farms (site FC and FM) than in the three
seagrass beds (site T, TC and E; P<0.05, respectively).
No difference was encountered in cover between the two
seaweed farms (P=0.83).

3.2. Macrofauna

In total, 9510 animals belonging to 53 taxa were
collected at the study sites. Their mean contribution to
abundance and biomass and assignment to functional
groups is given in Table 2. The dominant groups

(in terms of abundance) were crustaceans (13 taxa),
polychaetes (21 families) and molluscs (11 families, one
class).

Their mean abundance ranged from 1111 m~? (site S)
to 41 800 individuals m~? (site T; Fig. 3A), these values
being within the range of those found in other studies in
tropical soft-sediment bottoms (Ndaro and Olafsson,
1999; Dittman, 2002).

Macrofaunal abundance differed markedly between
the sites (ANOVA; P<0.001; F=25.6). It was lower in
seaweed farm FC than in seagrass bed T (P <0.05), but
not lower than at site TC (P=0.12) or site E (P=0.89).
The other seaweed farm (site FM), however, had a lower
macrofaunal abundance than all three seagrass beds
(P<0.05 for all comparisons) and site FC (P <0.05).
There were also differences between the seagrass beds,
with a higher abundance at site T than site E (P <0.05).
Finally, on the sand bank, abundance was lower than at
all the other sites (P <0.05 for all comparisons), except
site FM (P=0.81).

When comparing the biomass between sites, large
differences were detected (ANOVA: P<0.001, F=31.3).
The biomass was lower in both seaweed farms than in
the seagrass beds (P <0.05 for all comparisons; Fig. 3B),
but no differences were detected between the two
seaweed farms (P=0.98). Finally, the biomass on the



Table 2

Mean contribution of 53 major macrofauna taxa to abundance (N/m?) and biomass (g. DW/m?) in six investigated sites in Chwaka Bay, Zanzibar

(n=1, except for site S where n=206)

Taxon Type T TC E FC FM S

N/m? g/m? N/m? g/m? N/m? g/m> N/m? g/m? N/m? g/m? N/m? g/m>
Crustacea
Copepoda SD/S 4041 <0.1 206 <0.1 245 <0.1 193 <0.1 13 <0.1 — -
Ostracoda SD 2445 <0.1 1030 <0.1 1248 0.2 399 <0.1 26 <0.1 - —
Gammaridea (0] 13115 0.9 7104 0.8 5444 0.4 7220 0.5 1236 <0.1 135 <0.1
Caprellidea C — — 13 <0.1 - - 77 <0.1 — — — -
Tanaidacea BD 4234 0.18 5032 0.2 4299 0.2 3642 0.5 13 <0.1 — -
Asellota H 6332 <0.1 2265 <0.1 1081 <0.1 219 <0.1 914 <0.1 30 <0.1
Flabellifera C 2008 0.5 412 0.2 425 0.2 64 0.1 3423 0.1 270 <0.1
Anthuridea C 180 <0.1 129 <0.1 206 0.1 219 <0.1 39 0.2 - -
Cumacea S/SD 77 <0.1 1519 0.1 618 <0.1 1776 0.1 77 <0.1 345 <0.1
Mysidacea (@) 13 <0.1 26 <0.1 13 — 13 <0.1 26 <0.1 — -
Brachyura C 39 2.18 64 4.8 64 35 13 0.1 - - - -
Stomatopoda C — — - - - 2.4 — — — — — -
Leptostraca S — — - - - - 283 <0.1 - — — -
Polychaeta
Aphroditidae C — — 13 <0.1 - - - - — — — -
Polynoidae C — — - 0.0 26 <0.1 13 <0.1 - — — -
Amphinomidae C 450 <0.1 309 <0.1 232 <0.1 51 <0.1 — — — -
Phyllodocidae C 51 - 219 <0.1 103 <0.1 51 <0.1 - - 15 <0.1
Hesionidae C/H 154 <0.1 322 0.1 167 0.2 39 <0.1 51 <0.1 — —
Syllidae C 3166 0.26 3591 0.2 2072 0.2 746 0.1 90 <0.1 30 <0.1
Nereididae C 13 <0.1 64 0.3 51 <0.1 438 <0.1 - - — —
Glyceridae C 116 0.9 64 0.4 39 0.3 90 0.1 S1 <0.1 75 0.2
Eunicidae C 579 0.1 682 4.3 257 0.8 103 0.1 26 <0.1 - —
Lumbrineridae C 13 <0.1 26 <0.1 103 0.4 13 — 26 <0.1 15 <0.1
Oenonidae C 64 <0.1 13 <0.1 13 <0.1 39 <0.1 - — — -
Spioinidae SD 39 <0.1 309 <0.1 142 <0.1 206 <0.1 26 <0.1 — -
Cirratulidae SD - - 39 <0.1 64 <0.1 116 <0.1 - - - -
Paraonidae BD — — 528 <0.1 206 0.1 515 <0.1 - - — -
Opheliidae BD 51 <0.1 51 <0.1 116 <0.1 13 <0.1 — - — -
Capitellidae BD 438 <0.1 1030 0.1 644 0.1 386 <0.1 90 <0.1 30 <0.1
Maldanidae BD 528 0.2 438 <0.1 502 0.1 129 0.2 26 0.2 — -
Oweniidae S 13 <0.1 51 <0.1 39 1.3 - - - - - <0.1
Ampharetidae SD — — 13 0.1 64 <0.1 26 <0.1 13 29 - —
Terebellidae SD 360 0.1 232 0.5 270 0.1 154 0.1 - - - =
Dorvellidae C 13 <0.1 142 <0.1 206 0.1 26 — - - — —
Polych. Unid. - - 0.8 - <0.1 - 0.2 - 0.1 - <0.1 - —
Bivalvia
Lucunidae S 399 251 1634 998 1158 1055 77 11.2 — — — -
Mytilidae S 39 1.2 - - 26 0.1 13 0.2 13 9.7 - -
Pinnidae S — — 26 29 — — — — - - — -
Mactridae S 90 17 77 0.3 116 0.1 77 0.4 64 <0.1 - -
Cardiidae S — — 51 0.2 — — — — — — — -
Gastropoda
Ovulidae H 26 0.2 13 0.2 13 0.3 - - - - - -
Olividae H — - 39 <0.1 77 <0.1 51 0.1 - - — —
Trochidae H 26 <0.1 26 <0.1 - - - - - - - -
Terebellidae H - — 13 0.1 26 0.7 — — - - — -
Potamididae H — — - - 13 0.1 — — — - — -
Other taxa
Polyplacophora H — <0.1 - - 13 0.1 — — - - — -
Ophiuroidea C 412 <0.1 - - 283 0.1 39 <0.1 - - 45 <0.1
Oligochaeta BD 373 <0.1 644 <0.1 734 <0.1 425 <0.1 51 <0.1 45 <0.1
Chironomidae SD 219 <0.1 - - 13 <0.1 13 <0.1 - - — -
Pycnogonida C 26 <0.1 — - — - 39 - - - - -
Sipunculida BD 759 0.4 553 <0.1 386 <0.1 116 <0.1 39 0.2 - —
Nematoda BD 978 <0.1 1145 <0.1 1866 <0.1 1081 <0.1 39 <0.1 75 <0.1
Branchiostoma S — - 13 <0.1 — — 129 <0.1 13 <0.1 - —
Total 41879 275.9 30167 1041.3 23681 1067.0 19331 14.2 6383 13.6 1111 0.2

Type is functional group, with the following abbreviations: C, carnivores; H, herbivores; O, omnivores; S, suspension feeders; SD, surface deposit
feeders; BD, burrowing deposit feeders. Sites are: T, Thalassia hemprichii-bed; TC, Thalassia hemprichii/Cymodocea serrulata-bed; E, Enhalus
acoroides-bed; FC; seaweed farm Chwaka; FM, seaweed farm Marumbi; S, sand bank.



J.S. Eklof et al. | Estuarine, Coastal and Shelf Science 63 (2005) 385—396 391

60 A
50

S ThT
1

20

w T

Abundance (# x 103 m2)

Site

B _
3 = — —J

==
| ==
-1 =

-2

Biomass (log,, g DW m-2)

T TC E FC FM S
Site

Fig. 3. Macrofaunal (A) abundance and (B) biomass at the six sites in Chwaka Bay, Zanzibar (n="7, except site S where n=06; central squares, means;
boxes, S.E.; whiskers, S.D.). The sites were: T, Thalassia hemprichii-bed; TC, Thalassia hemprichii/Cymodocea serrulata-bed; E, Enhalus acoroides-
bed; FC, seaweed farm Chwaka; FM, seaweed farm Marumbi; S, sand bank.

sand bank (site S) was lower than at all the other sites
(P<0.05 for all comparisons).

The analysis of macrofaunal community structure
based on taxonomic groups (53 taxa) showed clear
differences between the sites (ANOSIM, r=0.538,
P=0.001). The resulting MDS-plot (stress=0.16) is
presented in Fig. 4A. Both seaweed farms (FC and FM)
were separated from the three seagrass beds (site T, TC
and E; r=0.549-0.877, P=0.001—0.002). Further, the
seaweed farms were themselves separated (r=0.582,
P=0.001). The sand bank (site S) was separated from all
three seagrass beds (r=0.861—0.877, P=0.001—0.002)
and from seaweed farm FC (r=0.847, P=0.004), but
not from seaweed farm FM (r=0.443, P=0.003). The
SIMPER analysis showed that the differences between
the seagrass beds (T, TC and E) and the seaweed farms
and the sand bank (FC, FM and S) were mostly
attributable to a higher biomass of Lucinidae (Bivalvia)
(6;=16—32%) in the seagrass beds. The difference be-
tween the seaweed farms was caused by a higher bio-
mass of Tanaidacea (Crustacea) at site FC (6;=6,4%),
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which also separated this site from the sand bank
(0;=17,3%).

The analysis using functional groups (six trophic
groups) interestingly revealed a similar pattern
(ANOSIM, r=0.533, P=0.001). The resulting MDS
plot (stress=0.07) is presented in Fig. 4B. Both seaweed
farms (FC and FM) were largely separated from all
three seagrass beds (site T, TC and E; r=0.586—0.966,
P=0.001—0.004), the exception being site T which did
not separate from FC (r=0.485, P=0.004). In terms
of functional groups, the seaweed farms were similar
(r=0.219, P=0.012), contrary to the analysis on the tax-
onomical groups. The sand bank (site S) was separated
from all three seagrass beds (r=0.906—0.991, P=0.001)
and from seaweed farm FC (r=0.646, P=0.002), but
not from seaweed farm FM (r=0.443, P=0.003). The
SIMPER analysis showed that the differences between
the seagrass beds (T, TC and E) and the seaweed farms
and the sand bank (FC, FM and S) were mostly
attributable to suspension feeders (6;=48—71%) with
a higher biomass than the seagrass beds. The same
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Fig. 4. MDS plots of macrofaunal community structure based on biomass of (A) taxonomic groups and (B) functional groups at six sites in Chwaka
bay, Zanzibar (n=7, except for site S where n=06). Site markers are: A, T (Thalassia hemprichii-bed); ¥, TC (Thalassia hemprichii/ Cymodocea
serrulata-bed); B, E (Enhalus acoroides-bed); (1, FC (seaweed farm Chwaka); O, FM (seaweed farm Marumbi); +, S (sand bank).
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Table 3

Sediment variables from the six investigated sites in Chwaka Bay, Zanzibar (n="7; mean+S.D.)

Site T TC E FC FM S

Coarse sand (%) 23.74 £+ 4.56 13.41 £ 6.34 20.10 £ 5.50 6.19 + 2.05 291 £4.70 0.36 + 0.19
Sand (%) 72.07 £ 1.28 82.23 £ 7.60 75.50 £ 4.52 89.76 + 2.71 96.77 £ 4.58 99.50 £ 0.53
Silt/clay (%) 419 +£1.28 4.35 +2.08 439 +1.93 4.05+1.23 0.31 +£4.58 0.14 £ 0.36
Mean grain size (um) 0.73 £ 0.12 0.42 + 0.08 0.56 + 0.11 0.35 4+ 0.03 0.29 £ 0.10 0.26 £ 0.01
Sorting (phi) 1.70 £+ 0.08 1.62 +0.14 1.77 £ 0.08 1.43 £ 0.10 091 £+ 0.19 0.75 + 0.05
Skewness (phi) 0.65 £ 0.19 —0.16 £ 0.22 0.24 £ 0.14 —0.20 £ 0.16 —0.86 + 0.28 —1.08 = 0.16
Kurtosis (phi) 2.53 £0.35 227+ 0.18 1.99 £ 0.10 272 £ 0.18 5.05 + 1.40 4.65 +0.53
Organic matter (%) 5.12 £ 0.58 4.06 + 0.35 4.42 +0.39 3.42 + 044 3.10 £ 0.14 2.95 £ 0.05

Sites: T, Thalassia hemprichii-bed; TC, Thalassia hemprichii/Cymodocea serrulata-bed; E, Enhalus acoroides-bed; FC; seaweed farm Chwaka; FM,

seaweed farm Marumbi; S, Sand bank.

functional group contributed to most of the dissimilarity
between seaweed farm FC and the sand bank (6;=26%).

3.3. Sediment

All sites were dominated by sand (0.063—2 mm),
with varying proportions of coarse sand and silt/clay
(Table 3). The mean grain size differed between the sites
(ANOVA: P<0.001; F=31.6). The mean grain size was
larger at site T than all the other sites (P<0.05 for all
comparisons; Fig. 5SA). The grain size at site E was also
larger than in both seaweed farms (P <0.05 for both FC
and FM), but not larger than in the third seagrass bed
(site TC; P=0.06). Further, there was no difference
between seagrass bed TC and the seaweed farms
(P=0.063 for FC, P=0.054 for FM), or between the
seaweed farms (P>0.72). Finally, the mean grain size on
the sand bank (site S) was smaller than in the seagrass
beds (P <0.05 for all comparisons), but was no different
to the seaweed farms (P=0.36 for FC, P=0.99 for FM).

Analysis for skewness in the grain size distribution at
the six sites showed that the sediment sizes in both
seaweed farms and on the sand bank are strongly
negatively skewed (Table 3). This indicates that the
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sediments lack the normal proportion of smaller grain
size fractions in proportion to the grain size distribution.

SOM differed between the sites (ANOVA: P<0.001,
F=5.73X107°), with a lower content in the seaweed
farms and on the sand bank than in the seagrass beds
(P<0.05 for all comparisons; Fig. 5B). Further, there
were differences between the seagrass beds, with site T
having a higher content than both sites TC and E
(P<0.05). No differences were encountered between
the two seaweed farms (P=0.59), nor between the
seaweed farms and the sand bank (P=0.19 for FC,
P=0.97 for FM).

3.4. Relationship between macrofaunal abundance
and environmental variables

Three of the variables investigated, viz. sediment
grain size, cover of Halimeda spp., seagrass cover, were
correlated with other variables and were thus removed
from the dataset prior to analysis. The BIO-ENV
procedure revealed that, of the remaining six variables,
the combination of % vegetation cover (seagrass and
macroalgae) and SOM had the highest correlation
to macrofaunal abundance (p=0.996). Separate cor-
relations between macrofaunal abundance and these two
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Fig. 5. Sediment (A) mean grain size and (B) organic matter content at the six sites in Chwaka Bay, Zanzibar (n=7; central squares, means; boxes,
S.E.; whiskers, S.D.). The sites were: T, Thalassia hemprichii-bed; TC, Thalassia hemprichii/ Cymodocea serrulata-bed; E, Enhalus acoroides-bed; FC,

seaweed farm Chwaka; FM, seaweed farm Marumbi; S, sand bank.
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Fig. 6. Relationship between macrofaunal abundance, vegetation cover
(%) and SOM (%) at six sites in Chwaka Bay, Zanzibar. Values
presented are means per site. The sites were: T, Thalassia hemprichii-
bed; TC, Thalassia hemprichii/Cymodocea serrulata-bed; E, Enhalus
acoroides-bed; FC, seaweed farm Chwaka; FM, seaweed farm
Marumbi; S: sand bank.

variables yielded similar results (SOM: r=0.938,
P=0.006, n=06; vegetation cover: r=0.933, P=0.007,
n=6). The relationship between the three variables is
presented in Fig. 6.

4. Discussion
4.1. Seagrass and macroalgae

Seagrass shoot density, biomass, cover and canopy
height were, in most cases, lower in the two seaweed
farms than in the three scagrass beds. The cover of
macroalgae was also lower in the seaweed farms than in
the seagrass beds. Exceptions were high seagrass bio-
mass in farm FC (Fig. 2B), caused by the presence of the
conspicuous Enhalus acoroides in four of the samples
(reflected by the large S.D.). These were sampled
between farm plots in the outer parts of the seaweed
farming area. The low shoot density at site E was also
possibly explained by the presence of E. acoroides which
has quite large individual plants. The variability found
between the three seagrass beds (three different seagrass
assemblages were deliberately chosen) reflects the spatial
heterogeneity in the bay.

As the four investigated seagrass variables are more
or less dependent on each other (reflecting the un-
derlying characteristics of the seagrass), the results
together form the picture that seaweed farming might
affect underlying seagrasses, causing a thinning of the

meadows. This corresponds well with information
obtained from interviews in another study, where
seaweed farmers explain that, when a seaweed plot is
set up, the seagrass underneath the algae starts to
decrease in cover, and sometimes even disappears after
a few months (de la Torre Castro and Rénnbick, 2004).
The lower content of SOM also support this, as its
major part originates from decaying fragments of
seagrass and macroalgae (e.g. Hemminga and Duarte,
2000).

The actual reasons why seaweed farming should have
a negative effect on seagrass and macroalgae has not
been investigated, but possible factors can be suggested:
shading and competition for nutrients in the water
(Collén et al., 1995) might reduce seagrass primary
production and growth rates; mechanical abrasion by
the algae fronds, trampling and deliberate removal of
shoots by farmers (de la Torre Castro and Rénnbick,
2004) might reduce shoot density; and excretion of
hydrogen peroxide and halogenated toxic substances by
the algae (Mtolera et al., 1995, 1996) could stress
seagrass. None of the suggested factors are mutually
exclusive; instead, the observed patterns could be caused
by their synergistic action.

4.2. Macrofauna

In terms of macrofauna, the lower abundance and
biomass in the farmed seagrass beds compared to
unfarmed beds is most likely to be caused by the
differences in seagrass and algae at these sites, as
macrofaunal abundance was closely correlated to
SOM (which originates mostly from decaying macro-
phytes, i.e. seagrass and algae) and vegetation cover (%
seagrass and algae). This is supported by results from
other studies identifying macrophytes (e.g. seagrass) and
SOM as being important for macrofaunal abundance
(e.g. Paula et al.,, 2001). The extreme differences in
macrofaunal biomass (more than two orders of magni-
tude) were caused by the almost complete absence of
bivalves at the farm sites, these being encountered in
numbers ranging from 600 to 1800 individuals m~2 in
the seagrass beds, constituting 91—99% to the total
biomass. The family Lucinidae, which contributed most
of the biomass, are filter-feeding bivalves normally
found buried in sand/gravel sediments (Richmond,
1997). Thus, the results suggest that seaweed farming
over seagrass indirectly affects the habitat function of
the seagrass beds (e.g. by reducing shelter function and/
or food availability), lowering the abundance and
biomass of macrofauna as observed in this study.

The multivariate analyses of macrofaunal community
structure also separated the seagrass beds with and
without seaweed farms, and showed that the seaweed
farm community at site FM was more similar to that on
the sand bank. This is interesting, since this seaweed
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farm is located on a seagrass bed where there still is
seagrass, and it therefore would be expected to differ
from the vegetation-free sand bank. Again the taxon
and functional group responsible for most of the
dissimilarity in the analyses was the Lucinidae (func-
tional group: suspension feeders). Bivalves in general are
known to benefit from seagrass for shelter (Blundon and
Kennedy, 1982; Peterson, 1982; Coen and Heck, 1991),
and a low seagrass cover in farms probably results in
low availability of shelter, high predation rates and
finally the lower macrofaunal abundance and biomass
observed. In addition, seaweed farmers might remove
bivalves manually.

4.3. Sediment

It has been suggested that sediments within farms lose
finer particles because of the mechanical abrasion from
the frondose algae (Olafsson et al., 1995) and the same
effect has been observed in seagrass beds when sediment-
binding seagrasses are mechanically removed (e.g.
Daby, 2003). The results of the present study revealed
the opposite pattern, i.e. finer sediment was found in
seaweed farms, which could suggest that (1) the differ-
ences may not be caused by the impacts of farming, but
instead reflect spatial differences in bay hydrodynamics,
or (2) the differences are due to an effect of seaweed
farming, causing a reduction of coarser grain fractions
in the seaweed farms. Most probably, the coarser grain
size in the two seagrass beds (sites T and E) is caused by
the higher cover of Halimeda algae in these sites
(14.4—15.5% cover in the seagrass beds, and
1.6—2.6% in the seaweed farms). Halimeda spp. are
calcareous, encrusting, sand-producing algae common
in the western part of Chwaka Bay, and have been
shown to contribute a high proportion of sand grains in
the coarser sediment fractions (Bjork et al.,, 1995;
Muzuka et al., 2001). Although the differences in mean
grain size did not correlate with any effects of seaweed
farming (in terms of loss of finer sediments), other
sediment parameters may be more useful for the
detection of small changes. The sediment analyses at
the six sites revealed that, in both seaweed farms and on
the sand bank, the grain size distribution was strongly
negatively skewed (Table 2). This means that, in relation
to the calculated mean grain size and the shape of the
distribution curve, the sediments lack a high proportion
of finer particles at these sites. This could be caused by
the lower seagrass cover, and/or mechanical abrasion by
frondose algae in the farms, but remains to be
experimentally tested.

4.4. Implications for ecosystem function

Seagrass forms both the energetic and structural base
of seagrass beds, suggesting that an effect of seaweed

farming on seagrass is likely to affect ecosystem
structure and function. If macrophyte (seagrass and
algae) biomass and primary production are decreased by
farming, and a major component (the farmed algae) is
removed by harvesting, less energy could be channelled
through the food web. The effects would be transferred
to higher trophic levels, here perhaps illustrated by the
lower abundance and biomass of macrofauna in the
seaweed farms.

The lower abundance of macrofauna could itself have
substantial effects at the system level, as benthic macro-
fauna perform a number of important functions in
seagrass beds, e.g. detritivory and filtration (Snelgrove,
1998; Levin et al., 2001). An example is suspension-
feeding bivalves (nearly absent in the seaweed farms),
which have been shown to benefit from seagrass for
shelter, while simultaneously increasing sediment nutri-
ent levels and benefiting seagrasses in a mutualistic
relationship (e.g. Peterson and Heck, 2001). This implies
that the lower abundance of bivalves encountered could
have a negative feed-back effect on the seagrass, further
decreasing the primary production and causing even
more thinning of the seagrass beds.

Further, many meio- and macrofaunal taxa consti-
tute important food for benthic fish in seagrass beds
(e.g. Ndaro and Olafsson, 1995), implying that a reduced
abundance and biomass of macrofauna (in combination
with the changed habitat provided by the algae) could
result in an altered fish community residing in the
seagrass beds under seaweed farms. This is supported by
results from Bergman et al. (2001), who found lower
abundances of benthic fish in seaweed farms compared
to control areas with only seagrass.

The results of this study suggest that seaweed farming
affects key functional groups in seagrass beds (e.g.
primary producers and filter feeders), which could result
in changes in ecosystem function. This could cause a loss
of ecological resilience, or the ability to withstand
disturbance without going through a phase shift (sensu
Holling, 1973) in seagrass beds under farms. However,
considering the current farm sizes in the bay, it is
uncertain whether these adverse effects could result in
any dramatic ecosystem change (e.g. a complete seagrass
die-off) as seagrasses are still present in farms more than
a decade after the introduction of seaweed farming.
Nevertheless, as the global demand for carrageenan
products is estimated to increase by 3—5% year~' over
the next decade (Taylor, 2000), the demand for cultured
seaweeds will probably increase and result in more and
intensified farming. Together with the expected overall
increase in other anthropogenic (e.g. over-harvesting of
organisms, agricultural runoff and mechanical damage)
and natural disturbances (e.g. storms and disease; Short
and Wyllie-Echeverria, 1996; Green and Short, 2003) to
seagrass beds, unregulated seaweed farming may con-
tribute to a further decline in seagrasses.
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4.5. Conclusion

The results of this study suggest that seaweed farming
in Chwaka Bay affects the underlying seagrass beds by
decreasing the cover of seagrass and macroalgae, SOM
and macrofaunal biomass and abundance, and altering
the macrofaunal community structure. This indicates
that seaweed farming may not, contrary to what has
been suggested, be a fully environmentally sustainable
activity. Therefore, researchers and coastal zone man-
agers need to address the environmental aspects of
seaweed farming, e.g. by further investigating the actual
causes of adverse effects; the possibilities of trade-offs
between seaweed farming and the flow of other
ecological goods and services from seagrass beds; the
underlying driving forces causing secaweed farming
expansion; and the management and institutional
arrangements of other activities in the coastal zone.
The results should be used to assess the carrying
capacities of seaweed farms, and evaluate and perhaps
modify current farming methods and/or locations to
increase the overall sustainability of the activity.
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