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Abstract
Farming of Eucheuma denticulatum is a major activity in Zanzibar affecting seagrass ecosystems primarily through shading and
trampling. The aim of this study was to test the impacts of shading and trampling during seaweed farming on seagrass meadows
composed by Halophila stipulacea and Thalassia hemprichii and their associated benthic macroalgae. Areas covered by these
species were selected for the building of seaweed farms in three treatments: seaweed farm plots (with shading and trampling
effects), trampling plots (with trampling effects only), and control plots (with no shading or trampling effects). Reduction of light
within the plots was recorded over 9 weeks. Percentage cover of seagrasses and macroalgae and shoot density of seagrasses were
measured over 12 weeks to assess the impact of shading and trampling by seaweed farming activities. Light was significantly
reduced in the seaweed farm plots by 75 to 90% by the end of a seaweed growth cycle.H. stipulacea, despite its capacity for rapid
growth, was significantly affected by the combination of shading and trampling under the seaweed farm treatment, while the
climax seagrass species T. hemprichiiwas unaffected. Due to the decline inH. stipulacea, benthic macroalgae cover increased in
the seaweed farm treatment, suggesting a change in seagrass community dynamics. In contrast, trampling had a negative effect on
the benthic macroalgae as an isolated disturbance, which suggests that seagrasses are more resistant to trampling thanmacroalgae
and would likely dominate the benthic macrophyte community under these conditions.

Keywords Thalassia hemprichii .Halophila stipulacea . Eucheuma denticulatum . Shading . Trampling

Introduction

Farming of red macroalgae of the genus Eucheuma is a major
economic activity in Asian countries including the Philippines
and Indonesia (Hurtado et al. 2014). In 2016, the total produc-
tion of Eucheuma worldwide was around 10,519 thousand
tons of live weight (FAO 2018), of which 214 thousand tons
were from the species Eucheuma denticulatum. The value of
this seaweed comes from its carrageenan, a substance used for
its gelling, thickening, emulsifying, and water holding prop-
erties (Juanich 1988).

The success of seaweed farming stems from its low cost
and simple infrastructure needs relative to its high economic
benefit. Seaweed farming introduction has been promoted in
coastal communities of developing countries as an alternative
livelihood to fishing (Smith 1979). In Zanzibar, Tanzania, the
adoption of seaweed farming was highly successful
(Crawford et al. 2002), improving the household economy
in comparison to previous situations in which seaweed farm-
ing was not practiced (Msuya 2006). Several villages in
Zanzibar adopted the farming of the red macroalgae
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Eucheuma denticulatum around 1989 (Pettersson-Löfquist
1995; Msuya 2011), with a production of 12,000 metric tons
of dry weight of this seaweed in 2010 (de San 2012). By 2008,
seaweed became a leading contributor to the economy of
Zanzibar as the largest marine export product from Tanzania
(Eklöf et al. 2012).

The most popular cultivation method in Zanzibar is the
off-bottom monoline deployed in the intertidal area. Most
of the farms are located on sandy bottoms or seagrass
meadows following the recommendations from the Food
and Agriculture Organization of the United Nations
(Juanich 1988), in which it is encouraged to choose sites
where marine plants are already growing. Seaweed farm-
ing is considered a sustainable and environmentally
friendly aquaculture activity as no chemicals or fertilizers
are used and no waste is produced (Bryceson 2002).
Nevertheless, the expansion of farming along the coasts
of tropical countries combined with weak or non-existent
regulations (de la Torre-Castro 2012; Hedberg et al. 2018)
makes it necessary to assess more closely the potential
environmental impacts it may have on natural coastal hab-
itats. Seagrass meadows, in particular, occupy the same
physical space as seaweed farms due to the FAO recom-
mendations and convenience for the seaweed farmers (de
la Torre-Castro and Rönnbäck 2004; Hedberg et al. 2018).

Seagrass are angiosperms that grow in the marine environ-
ment. They are one of the most important coastal ecosystems
due to a number of ecosystem services they provide (Costanza
et al. 1997), such as climate regulation (Duarte and Chiscano
1999), nutrient filtering (Hemminga et al. 1991), and habitat
provision (Orth et al. 1984). Effects of seaweed farming on
seagrass ecosystems include lower seagrass shoot density,
cover, biomass and canopy height, and indirect effects on
macrofauna biomass relative to unfarmed areas (Eklöf et al.
2005). More specifically, the biomass of the seagrass species
Thalassia hemprichii was shown to be lower in areas with
seaweed farms than without seaweed farms (Lyimo et al.
2006). Another study in Zanzibar (Eklöf et al. 2006) showed
that a larger climax species like Enhalus acoroides is more
negatively affected than the smaller climax species
T. hemprichii with greater impacts on above-ground biomass,
shoot density, and length. Seaweed farming was also recently
reported to be one of the leading causes for the decrease in
seagrass cover in Indonesia (Unsworth et al. 2018). Apart
from the effects of shading, trampling has been reported to
negatively impact seagrass meadows, algae dominated com-
munities, and macrobenthos (Eckrich and Holmquist 2000;
Milazzo et al. 2004; Alexandre et al. 2005). A study testing
the effects of trampling in combination with shading in sea-
weed farms on seagrass ecosystems showed that shading was
mainly responsible for negative effects on climax seagrass
species, while trampling had inconsistent effects
(Blankenhorn 2007).

These studies challenge the notion that seaweed farm-
ing activities are sustainable and harmless to the natural
seagrass habitat and lead to further questions as to the
main driver of seagrass decline under extensive seaweed
farming. The studies so far have focused uniquely on
the effects of seaweed farming on climax species. Less
research, however, has been done on seagrass commu-
nity dynamics, which may also shift under seaweed
farming pressure. In particular, changes in abundance
of opportunistic and ephemeral species, such as
Halophila stipulacea, may lead to changes in ecosystem
function, as has been shown in bioregions where it is
invasive and has successfully displaced native species
(Ruiz and Ballantine 2004; Willette and Ambrose
2009; Willette and Ambrose 2012; Viana et al. 2019).
H. stipulacea is native in East Africa (Lipkin 1975); it
is therefore necessary to study if H. stipulacea could
displace climax species where they are growing together
under intense seaweed farming pressure.

For these reasons, we tested the effects of seaweed
farming on a climax seagrass species (T. hemprichii), an
opportunistic seagrass species (H. stipulacea) and their
associated benthic macroalgae. We focused on the im-
pacts of seaweed farms through their combined effects
of shading and trampling, and on the impact of tram-
pling alone as an isolated stressor. Additionally, we
were interested in studying the temporal trend in rela-
tive abundance of these organisms under seaweed farm-
ing pressure as few studies have tested this disturbance
over time. To test these effects, we built a seaweed
farm plot, a trampling plot, and a control plot in three
replicate experimental blocks within an extended area
dominated by T. hemprichii, but also with the presence
of H. stipulacea and benthic algae in Chwaka Bay
(Zanzibar, Tanzania). The seaweed farm plots exerted
both shading and trampling pressure, the trampling plots
exerted only trampling pressure, and the control plots
exerted no disturbances. To measure the effects of the
treatments on these organisms across time, we sampled
the abundance of seagrass and total macroalgae approx-
imately every 15 days for a total experimental duration
of 96 days (25.11.2015–29.02.2016). We also sampled
light reduction under seaweed farm plots relative to
unfarmed plots to measure the magnitude of the shading
by the farms.

We hypothesized that T. hemprichii would show a
negative trend under seaweed farming and trampling
pressure, while benthic macroalgae and H. stipulacea
would be less affected. This could, therefore, lead to a
shift from a seagrass community dominated by a climax
seagrass species to opportunistic seagrass and benthic
macroalgae species, which may radically change the
ecosystem structure and function.
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Materials and methods

Study site

Chwaka Bay (Fig. 1a) is located in the east coast of Zanzibar.
It is surrounded by mangroves in the south and sandy beaches
and coral rubble on the west and east sides. Several channels
run from the mangrove area to the mouth of the bay. Extensive
seagrass meadows mixed with macroalgae cover the bay, to-
gether with bare carbonate sand and coral rock and rubble.

The seagrass meadows in the selected site (− 6.1489°,
39.4528°) were dominated by Thalassia hemprichii
(Ehrenberg) Ascherson 1871, mixed with Halophila
stipulacea (Forsskål) Ascherson in Anon. 1868. The
macroalgae Valonia sp. C.Agardh 1823, Halimeda sp.
J.V.Lamouroux 1812, nom. et typ. cons., and Caulerpa sp.
J.V.Lamouroux 1809were also present in the study site mixed
with the seagrass.

Chwaka Bay is surrounded by several villages which de-
pend on fishing as their main economic activity, with seaweed

Fig. 1 a Map of the study area along the east coast of Unguja Island,
Zanzibar (small box with inset of Chwaka Bay blown up). Chwaka Bay is
surrounded by several villages, Chwaka being the biggest one in the area.
Several hotels are present between Chwaka and Marumbi, the two

villages closest to the study area where the seaweed farm experimental
plots were built. Map generated with Quatum GIS (Version 2.18.3). b
Schematic representation of the treatment plots in the experiment.
Figure produced with InkScape (Version 0.92.2)
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farming as a secondary source of income. Seaweed farms are
present in the west coast of the bay, in shallowwaters, and close
to the coastal areas, mainly over seagrass meadows but also on
sandy bottoms. During the experimental time, the temperature
of the seawater was 1.9 ± 0.3 °C, the conductivity 52.9 ±
0.3 μS/m, and the pH 8.46 ± 0.1 (averages ± standard errors).

Seaweed farm experimental plots

Two local seaweed farmers provided the material and
instructed on how to build the farms in the same method as
they do in Chwaka Bay. We delimited three blocks (A, B, and
C, separated by approximately 50 m) in an area dominated by
T. hemprichii with presence of H. stipulacea and a mixed
macroalgae community. We built three treatment plots (each
3 m wide and 4 m long, with an area of 12 m2) nested within
each block: one seaweed farm plot, one trampling plot, and
one control plot (each separated by 3–5 m within a block, Fig.
1b), resulting in a total of three replicate plots per treatment.

The seaweed farm consisted of four seaweed lines (ropes)
tied to eight wooden pegs (two for each line), as is done in the
off-bottom method. In each of the ropes, twelve
E. denticulatum seedlings were attached by using the “tie-
tie”method with a total of 48 seedlings per farm. The seedling
size was standardized based on typical farming practices for
E. denticulatum used at the beginning of the harvesting cycle.
The trampling plot consisted of the same line structure as the
seaweed farm plot, but without E. denticulatum attached to the
ropes. The control plot consisted of four wooden pegs pressed
into the sediment within the seagrass meadow, delimiting an
area of the same size as the seaweed farm plot.

The experiment ran for 96 days (25.11.2015–29.02.2016)
and was sampled approximately every 15 days for a total of
seven sampling times (days 0, 15, 34, 49, 63, 81, and 96). The
experiment was carried out during the Kaskazi season, which
is generally considered unfavorable for seaweed growth
(Hassan and Othman 2019). Nevertheless, the seaweeds grew
uniformly and no die-off or problems with seaweed growth
were detected (personal observation). The seaweed was not
harvested until the end of the experiment. In every sampling,
the seaweed and the seaweed farm ropes were cleaned from
epiphytes, debris, and sediment by carefully shaking the algae
to remove sediment and loose epiphytes and hand picking any
epiphytic algae and anemones growing on the algae or on the
ropes. Loose epiphytes were then flushed by the tidal current
or directly thrown out of the plots.

Trampling pressure was exerted by one scientist walking
between the lines in the seaweed farm and trampling plots
during the sampling and cleaning time. The total time in which
trampling was exerted in each seaweed farm and trampling
plot was of about 40 min per sampling campaign. There was
no trampling between samplings in order to reproduce the
same effect that actual seaweed farmers would have on their

farms. At the end of the experiment, a total of 4 h and 40 min
of trampling was exerted in each seaweed farm and trampling
plot by one person. With this design, shading and trampling
were applied in the seaweed farm plots, trampling on the
trampling plots, and no-disturbance on the control plots.

Seagrass and benthic macroalgae variables

Percentage cover and shoot density of seagrasses were mea-
sured taking three random points in each plot at each sampling
time with 0.25 m2 and 0.01 m2 quadrats, respectively.
Percentage cover was included as the only variable for the
measurement of benthic macroalgae as macroalgae could not
be assessed by shoot density. The Braun-Blanquet scale was
used for the cover measurements (Mueller-Dombios and
Ellenberg 1974), consisting of a scale of 8 numbers each
one referring to an interval of percentage cover. The scale goes
as follows: 0.1 = < 5% solitary, 0.5 = < 5% sparse, 1 = < 5%
numerous, 2 = cover ≥ 5% - ≤ 25%, 3 = cover > 25% - ≤ 50%,
4 = cover > 50 - ≤ 75%, and 5 = cover > 75%. The cover
categories were transformed into the midpoint cover range
(Braun-Blanquet 1964). The percentage cover was then divid-
ed by 100, to obtain proportions between 0 and 1. Shoot den-
sity was measured counting the individual shoots of the two
seagrass species within the 0.01 m2 quadrat.

Light reduction

A Li-Cor 1500 with a PAR (photosynthetically active radia-
tion) sensor was used to measure the degree of shading by the
seaweed growing over the seagrass meadow at each sampling
time. Three random points were chosen within the seaweed
farm plots and outside the farmed plots. The underwater PAR
sensor (μmol photons m−2 s−1) was placed just below the water
surface and at the seagrass canopy, while recording also the
water depth at the canopy. Light reduction was calculated as
the percent difference in surface and bottom PAR irradiance for
the seaweed farm plots and the control plots. The worksheets
with PAR data in three samplings were unfortunately lost (days
49, 81, and 96); therefore, we present only the data from the
days 0, 15, 24, and 63 (up to 9 weeks of the experiment).
Nevertheless, as the typical harvesting cycle in Zanzibar is
between 35 and 45 days (Hurtado et al. 2017), these values
are representative of the light reduction experienced by
seagrass and its associated community due to seaweed farming.

Statistical analysis

Statistical software R (R Core Team 2016) was used for the
statistical analysis. Graphs were plotted in R using the pack-
age “ggplot2” (Wickham 2016) and “ggpubr” (Kassambara
2020). Aesthetical editing of the figures was done using
InkScape (Version 0.92.2).
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To test whether there was a change in shoot density and
cover in time due to shading and/or trampling, the slopes of
regression models were compared. Time, treatment, and their
interaction (slope) were tested as fixed effects. Due to the use
of the experimental block design, block and its interaction
with both sampling time and treatment were included as fixed
effects. Due to the added complication of including extra in-
teractions with block, analysis of deviance tests and likelihood
ratio tests were used to simplify the models if the interactions
with block did not add explanatory power. Both treatment and
sampling and their interaction were never dropped from the
model as they were part of the hypothesis testing. Block was
never dropped from the model to avoid pseudoreplication (see
Supplemental Material for further details).

The differences in light reduction inside and outside of the
seaweed farms (introduced in the model as “area”) at each
sampling time were analyzed using a linear model. Block
and its interaction with the sampling area (outside or inside
the seaweed farms) were added as a covariate to avoid
pseudoreplication. Analysis of deviance test was used for
model comparison and simplification. The significance in
the differences in light reduction inside and outside the sea-
weed farms was obtained with analysis of variance (Type II

test). Another linear model was used for the analysis of the
differences in light reduction within an area (inside or outside
seaweed farms) among the sampling times. Block and its in-
teraction with sampling area were included in the model as
fixed effects. The significance in the differences in light re-
duction within a sampling area in time was obtained with
analysis of variance (Type II test). Post hoc pairwise compar-
isons were tested by using permutations in the models.

Results

Light reduction

In seaweed farm plots, the range of light reaching the seagrass
canopy was between 31 and 1117 μmol of photons m−2 s−1

with a mean of 237 μmol of photons m−2 s−1. Outside the
farmed plots, the range was between 437 and 1674 μmol of
photons m−2 s−1, with a mean of 951 μmol of photons m−2 s−1.
Although there was a small reduction in light outside the
farmed plots, 15–25%, light reduction was significantly great-
er inside the seaweed farm plots at every sampling time, sta-
bilizing between 75 and 90% from day 15 onwards (Fig. 2,

Fig. 2 Light reduction (%) inside (circles) and outside (triangles) the seaweed farms during the experiment. The colors represent the different blocks A,
B, and C
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Table 1). Block was a significant factor affecting light levels
on day 0 and 63, and its interaction with the sampling area was
significant on days 34 and 63 (Table 1). These results suggest
that the light reduction, despite being always greater inside
seaweed farm plots, was also dependent on the block in the
experimental design, and therefore not completely uniform
within seaweed farms and outside of the seaweed farms.
Overall, light reduction within seaweed farm plots significant-
ly increased during the sampling time (F (3, 24) = 72.854,
p=3.382∙10−12) in which every sampling time was significant-
ly higher than day zero (day 0 – day 15: t = 8.800, p =
5.61∙10−9; day 0 – day 34: t = 8.191, p = 2.07∙10−8; day 0 –
day 63: t = 9.531, p = 1.25∙10−9).

Shoot density of T. hemprichii and H. stipulacea

In general, shoot density of T. hemprichii was higher in all
plots compared toH. stipulacea and differed in its response to
seaweed farming treatment (Fig. 3a–c, g–i, Table 2). As
shown by the negative slopes of the regressions over time,
shoot density of T. hemprichii and H. stipulacea decreased
in the seaweed farm treatment (β = − 0.0004 ± 0.002; β = −
0.006 ± 0.006). In contrast, the slopes of the regressions were
positive for both the control (β = 0.0034 ± 0.001; β = 0.0072 ±
0.004) and the trampling treatments (β = 0.0014 ± 0.002; β =
0.0191 ± 0.010). These differences were not significantly dif-
ferent for T. hemprichii (χ2 = 3.1402, df = 2, p = 0.208), while
they were for H. stipulacea (χ2 = 7.1823, df = 2, p = 0.027).
The slopes of the regression of the control and trampling treat-
ments for H. stipulacea were significantly higher in compar-
ison to the slope of the seaweed farm treatment (z = − 2.11, p =
0.034; z = − 2.35, p = 0.018). There were no differences be-
tween control and trampling plots (z = 1.16, p = 0.243).

For H. stipulacea, the interaction between block and treat-
ment was significant when tested as fixed effects, showing
that the response was variable between the replicates
(Table 2). Treatment as a categorical fixed effect was signifi-
cant for the two variables, indicating that the response was
dependent on treatment overall, but variable in time, resulting
in small differences between slopes of the regressions.

Cover

Variability was high in the response of seagrass cover across
the treatments over time (Fig. 3d–f, j–l, Table 2). Treatment as
a fixed effect was significant for all the variables, and block
was significant for all except H. stipulacea (Table 2). This
result showed that, despite differences in responses between
treatments, the variability over time translated into small dif-
ferences in slopes overall.

Benthic macroalgae cover showed significant differences
between slopes (Fig. 3m–o;χ2 = 8.622, df = 2, p = 0.012). The
trampling treatment had a negative slope (β = − 0.007 ±
0.004), while both control and seaweed farm treatments
showed a positive slope (β = 0.0009 ± 0.003; β = 0.005 ±
0.004). This slope difference was only significant between the
seaweed farm and the trampling treatment (z = − 2.903, p =
0.003). These trends resulted in an increase of macroalgae
cover from 22.1 to 31.4% in seaweed farms and a decrease
from 47.5 to 25.9% in the trampling treatment.

Discussion

The effect of seaweed farming due to shading and
trampling on seagrass meadows and its associated
benthic macroalgae

The effect of seaweed farming resulted in a loss of shoots of
H. stipulacea. However, with the exception of the negative
slope in shoot density of T. hemprichii, no clear effect of
seaweed farming on this species was found. Our initial hy-
pothesis was, therefore, partially rejected. Our results show
that H. stipulacea was more sensitive to seaweed farming
than T. hemprichii in the short term. Our findings are in
agreement with an earlier study from Eklöf et al. (2006),
in which T. hemprichii biomass and shoot density were un-
affected after 11 weeks of seaweed farming. Nevertheless,
in permanent seaweed farms, shoot density of T. hemprichii
has been shown to be lower than in seagrass beds without
seaweed farms (Eklöf et al. 2005; Lyimo et al. 2006). This
suggests that over a longer period of time, T. hemprichii can
be negatively affected by seaweed farming if conditions
persist. In the case of H. stipulacea, there was no previous
literature addressing its response to seaweed farming. The
shading levels measured in this study inside and outside of

Table 1 Results of the ANOVA comparisons of light reduction inside
and outside the seaweed farms. Light reduction was analyzed at all the
sampling times using a linear model with an identity function. The
covariates column specifies the fixed effects included in the models
after model simplification and selection. F = F-value; df = degrees of
freedom; * = significant explanatory variable in the model (in p value
column)

Sampling time Variable F df p value

Day 0 Area 24.305 1, 14 0.000*

Block 34.458 2, 14 0.000*

Day 15 Area 465.680 1, 16 0.000*

Day 34 Area 1101.624 1, 12 0.000*

Block 3.839 2, 12 0.051

Interaction Area*Block 7.371 2, 12 0.008*

Day 63 Area 1796.931 1, 12 0.000*

Block 6.835 2, 12 0.010*

Interaction Area*Block 4.427 2, 12 0.036*
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seaweed farms were within the range of light irradiance of
survival for both H. stipulacea (Sharon et al. 2011; Winters
et al. 2020) and T. hemprichii (Collier et al. 2012), without
showing negative effects on their physiology, morphology,
or density. This indicates that it is the additional stress of
trampling combined with shading that is likely responsible
for the response of H. stipulacea. This is also supported by
Blankenhorn (2007) who showed that trampling had nega-
tive effects on E. acoroides only in combination with shad-
ing and unfavorable seasonality, but had no impact as an
isolated effect. The higher resistance of T. hemprichii was
probably due to its higher carbohydrate reserve in the rhi-
zome (Alcoverro et al. 2001; Longstaff and Dennison 1999)
that are often lacking in opportunistic species like
H. stipulacea. The higher energy reserves of T. hemprichii
may be explained by this species investment in below-
ground tissues, which also makes it more robust in structure
and resistant to physical damage. H. stipulacea, in contrast,
has a very fragile morphology (small and thin leaves, thin
rhizome, and short roots) that can be easily damaged and
uprooted. The combination of the lack of energy reserves
and its fragility may explain the loss of this species over
time (a decrease in shoot density by half during the experi-
ment), suggesting that this species could be displaced in the
long term.

Cover is a visual indicator measured in a coarse scale, which
was less accurate a measure than shoot counts and was not able
to capture a change in a small quantity of shoots over time.
Despite the proved usefulness of cover as a tool to assess
seagrass abundance over larger spatial scales, we would not
recommend cover as a measurement to capture small changes
in seagrass densities over shorter temporal scales. Benthic
macroalgae abundance was measured only as cover, and its
slope in the seaweed farm treatment was positive and did not
differ from the control. Taking into account that the shoot den-
sity of H. stipulacea was reduced in the seaweed farm treat-
ments, macroalgae may be able out-compete seagrass under
seaweed farming. This result partially agrees with our initial
hypothesis, suggesting that benthic macroalgae can out-
compete H. stipulacea under seaweed farms, but not
T. hemprichii. It is important to point out the limitations of this
result as well. As we did not identify all the components of the
benthic macroalgae community, this shift cannot be extrapolat-
ed, as the change in the community is contingent on the algae
species present in the area. Importantly, the loss of seagrass in
the long term may also negatively affect macroalgae, as it has
been reported that the cover of macroalgae is lower in seaweed
farms compared to non-seaweed farm beds (Eklöf et al. 2005).
The loss of seagrass may lead to a lower chance of macroalgae
settling in the carbonate sand substrate and, therefore, not allow

Table 2 Results of the regression
models for all the variables. They
are grouped in shoot density and
cover. The model column
specifies the distribution and link
function used, and the covariates
specify the fixed effects included
in the model after model
simplification. χ2 = chi-squared;
df = degrees of freedom; * = sig-
nificant covariate in the model (in
p value column)

Variable Model Covariate χ2 df p
value

Shoot
den-
sity

T. hemprichii GLM Poisson distribution (Log) Time 2.7977 1 0.094

Treatment 27.6695 2 0.000*

Block 0.3664 2 0.832

Time*Treatment 3.1402 2 0.208

Treatment*Block 31.1763 4 0.000*

H. stipulacea Zero-inflated Poisson (log/logit) Time 1.416 1 0.234

Treatment 7.0381 2 0.296

Block 10.6069 2 0.004*

Time*Treatment 7.1823 2 0.027*

Treatment*Block 10.4552 4 0.033*

Cover T. hemprichii Beta regression (Logit) Time 5.1418 1 0.023*

Treatment 15.6702 2 0.000*

Block 17.5702 2 0.000*

Time*Treatment 1.0112 2 0.603

H. stipulacea Zero-One-Inflated Beta
regression
(LogLog/Log/Logit)

Time 0.082 1 0.685

Treatment 10.554 2 0.000*

Block 0.549 2 0.577

Time*Treatment 1.097 2 0.334

Benthic
macroalg-
ae

Beta regression (Logit) Time 0.0173 1 0.895

Treatment 8.6024 2 0.013*

Block 28.0228 2 0.000*

Time*Treatment 8.6226 2 0.012*

Treatment*Block 16.3136 4 0.002*
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for the formation of a permanent community. Ultimately, there
was no shift in the dominant macrophyte in the seagrass and
macroalgae community. This indicates that, in the short term,

there is no concern with the permanent loss of climax seagrass
species. However, the loss of seagrass biodiversity due to the
displacement of H. stipulacea can have unexpected

Fig. 3 a–o Shoot density and cover regression plots for the three
treatments and the three blocks for all the variables. For shoot density
plots, the y axis is the number of shoots in a 0.1 m2 quadrat. For cover
plots, the y axis is the cover between 0 and 1, 0 meaning absence and 1

meaning complete cover, or 100%. The x axis is the time (days) that the
experiment was running. Each of the columns represents one treatment,
and each row represents the macrophyte tested. The colors represent the
blocks and the regression line for each of the replicates
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consequences in ecosystem functioning (Somerfield et al.
2002; Duffy 2006).

The effect of trampling

The trampling treatment had similar results as the control treat-
ment for the seagrass shoot density, showing that low-intensity
trampling as an isolated disturbance had no effects on seagrass.
On the other hand, the cover of benthic macroalgae decreased.
The pattern that macroalgae followed in the trampling treatment
differed from that of the seaweed farm plots where it increased.
The reason behind the loss of macroalgae could be that, as there
is no loss of seagrass due to the lack of shading, it cannot out-
compete seagrass for space. This is further confirmed by the
fact that the slope of the regression of benthic macroalgae cover
is only significantly lower in the trampling treatment when
compared to the seaweed farm treatment. This agrees with a
similar experiment (Blankenhorn 2007), which showed that
trampling had no effects on seagrass as an isolated disturbance.
We therefore reject the initial hypothesis that trampling as a
disturbance could change the dominant macrophyte in the area.

The interpretation of these results regarding seagrass shoot
density should be, however, conservative. The opposite result
is normally reported: increased trampling results in the loss of
seagrass biomass (Eckrich and Holmquist 2000) and cover and
reduction of blade length (Travaille et al. 2015). Trampling
may also affect seagrass-associated fauna. Other studies
showed that epifauna were affected by intense trampling of
seagrass in the past (Eckrich and Holmquist 2000; Skilleter
et al. 2006). In other ecosystems like mudflats, the diversity
and abundance of sessile organisms changed (Rossi et al.
2007). Apart from the direct physical effect on the benthos,
trampling has the side effect of increasing the suspended sedi-
ment in the water column. This effect was considered of little
importance due to fast flushing of the sediment by tidal currents
in the area (Personal observation). Reports in the literature
show that suspended sediment inputs over decadal timescales
can reduce benthic macroalgae species richness (Shepherd
et al. 2009), while their composition and abundance depend
more on algae reproductive traits in the short term (Eriksson
and Johansson 2005). Nevertheless, this is not the case for this
experiment and for the practice of seaweed farming, in general,
as sediment input is not continuous or persistent. We can make
a conservative assumption that sediment suspension and tur-
bidity are not driving factors affecting seagrass and benthic
macroalgae communities under seaweed farming.

Even though we found no negative effects of trampling on
seagrass during the experiment, this response may be subject-
ed to the frequency of the trampling. The frequency at which
the experimental seaweed farm and trampling plots were sam-
pled was low, and, therefore, did not negatively affect the
seagrass. As farmers tend to work also in the low spring tide
due to the lack of swimming training (Farmers of Chwaka

Bay, personal communication), trampling frequency and the
associated impact on seagrass would likely also beminimized.
Nevertheless, if the trampling frequency or the number of
people trampling on the plot increased, this result could lead
to higher impacts on the seagrass ecosystem.

Management recommendations and current state of
seaweed farming in Zanzibar

To date, the scientific literature on the effects of seaweed farms
on seagrass meadows generally concludes with a similar mes-
sage that despite the recorded negative effects of farming on
seagrass meadows, it is generally a preferable aquaculture ac-
tivity when compared with more destructive ones, like shrimp
farming (Eklöf et al. 2006). Here we argue the contrary that, as
any activity developed in the natural environment, it should be
managed in order to minimize its negative effects. These man-
agement recommendations should take into account the social
and economic context of this activity in the region. First, sea-
weed farming has decreased in the last years in Chwaka Bay
(seaweed farmers, personal communication) due to the low
revenue obtained from this activity. The commercial viability
of seaweed in Zanzibar is threatened by several key points,
including low price of the seaweed, low organization among
farmers, and low institutional support. A comprehensive work
by Songwe et al. (2016) explains in detail each of these prob-
lems. As a consequence, there is little incentive for the profes-
sionalization and proper management of seaweed farming.
Management recommendations such as a shift from the off-
bottommethod to the floating long-line, which does not disturb
seagrass but requires more equipment and investment, may not
be adopted if the activity does not also bring economic revenue.

In the last policy briefs produced by The Revolutionary
Government of Zanzibar (2014) and the Ministry of
Livestock and Fisheries Development of the United Republic
of the Tanzania (2014), the promotion of seaweed farming by
value addition techniques and the implementation of coastal
management for seaweed farming were highlighted as being
necessary to professionalize seaweed farming and reduce envi-
ronmental impacts. From our findings, there are two main rec-
ommendations that could avoid negative long-lasting effects of
seaweed farming on seagrass meadows: (1) rotating crops and
(2) targeting of bare sediment areas for seaweed farms. The first
recommendation was suggested by Eklöf et al. (2006) and
Blankenhorn (2007), and we agree that it would decrease the
potential impacts of long-term seaweed farming on seagrass
ecosystems. The second recommendation contradicts the rec-
ommendations of the FAO (Juanich 1988) for the site selection.
Although we agree that farmers should locate their farms in
areas where macrophytes already grow as a proof that environ-
mental conditions are suitable for photosynthetic organisms,
they should avoid the placing of farms directly on top of
seagrass meadows. Another potential solution is to locate the
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lines further apart from each other to allow for more light
reaching the seagrass canopy. These recommendations could
be easily implemented, do not require extra investment, and
would also protect other livelihoods such as fishing, which is
tightly linked to the health of seagrass ecosystems.

Conclusions

This study shows that seaweed farming, through the combined
effects of trampling and shading, can negatively affect the
ephemeral species H. stipulacea despite its capacity for rapid
growth. On the other hand, T. hemprichiiwasmainly unaffected
in the short term. Due to the decline in H. stipulacea, benthic
macroalgae cover increased in the seaweed farm treatment, sug-
gesting a possible change in the seagrass and macroalgae com-
munity under the impact of seaweed farming. Trampling as an
isolated disturbance had only a negative effect on the benthic
macroalgae, which suggests that, under this isolated disturbance,
seagrass can out-compete the benthic macroalgae community.

This study further contributes to the analysis of the effects
of seaweed farms, raising awareness about possible long term
effects over the seagrass and benthic macroalgae communities
if seaweed farming is not properly managed. The question of
the sustainability of seaweed farming should not only be ad-
dressed from an ecological point of view, but jointly with
social and economic considerations under a climate change
scenario. Efforts in the professionalization and organization
of seaweed farming would help the farmers to bring extra
value to their activity, together with a stronger capacity for
the negotiation and bargain of the price of their product, while
supporting coastal efforts to make it more sustainable.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s10113-020-01742-2.
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