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Coral reefs are important ecosystems in terms of their biodiversity and ecosystem functions. Particu-
larly at local scales, coral reefs are vulnerable to natural and anthropogenic disturbances, leading to
the degradation of reef health. Here, we employed two different methods to monitor reef health. First,
we conducted line transect surveys to record the benthic community structure to infer ecological
reef health. Secondly, trace metal concentrations in sediment samples and a bioindicator sponge
species, Haliclona fascigera, were compared among sites to detect cryptic degradation and unknown
sources of pollution. The study area comprised six reefs situated along the coast of Zanzibar's
main agglomeration, Stone Town, and subject to different types of disturbances and conservation
management schemes. Overall, coral reef health was found to decrease with increasing proximity
to Stone Town, with living hard coral cover being particularly low on reefs closest to Stone Town,
which coincided with greater fishing, tourism, and pollution pressures. Reef assessments based on trace
metal analyses differed from the community structure surveys. All sites showed high levels of arsenic

and cadmium contamination, with some samples revealing concerning levels of chromium, copper
and zinc. The reefs differed significantly between each other in terms of trace metal concentration
for both sediments (p = 0.031, PERMANOVA) and sponge samples (p = 0.001, PERMANOVA). Trace
metal concentrations were not correlated with distance to Stone Town, highlighting the downstream
effects of industrial and urban sewage on even remote reefs. Coral reef health assessment was found
to be dependent on the survey method employed, which is why we recommend the combination of

complementary methods.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Coral reefs are marine habitats of critical ecological impor-
tance present in tropical and sub-tropical shallow coastal waters
ranging between 25°S and 25°N (Hoegh-Guldberg, 1999). They
can encompass thousands of species, making them one of the
most diverse ecosystems in the marine environment (Paulay,
1997).

Coral reefs have also been identified as one of the ecosystems
with the highest monetary value to humans (Costanza et al,,
1997; Alongi, 2012). Over 450 million people from 109 different
countries live in the vicinity of coral reef ecosystems (Pandolfi
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et al,, 2011), with many communities benefiting directly from
ecosystem services, such as shoreline protection, food supply,
tourism, and extraction of materials (Burke et al., 2011).

The ecological balance in these complex systems is vulnera-
ble to disturbances at local scales that can be due to biological
interactions, such as competition or predation (Sammarco, 1980;
McCook et al., 2001), or due to anthropogenic pressure (Hodgson,
1999), such as pollution (Thompson et al., 2004; Moynihan et al.,
2012), fisheries (Jennings and Kaiser, 1998), intensive agriculture
(Folke and Kautsky, 1992; Fabricius, 2005) and tourism (Mak and
Moncur, 1995; Hall, 2001).

With so many threats, the effective conservation of coral reefs
is of paramount importance. Their protection should ensure that
the reef is able to retain its ecosystem functions, whilst providing
some of its resources to humans. Finding a balance between these
two factors is difficult and exploiting the ecosystem past the
threshold point could eventually lead to an ecological collapse

2352-4855/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://doi.org/10.1016/j.rsma.2021.102014
http://www.elsevier.com/locate/rsma
http://www.elsevier.com/locate/rsma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rsma.2021.102014&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:henrique.bravo@rug.nl
https://doi.org/10.1016/j.rsma.2021.102014
http://creativecommons.org/licenses/by/4.0/

H. Bravo, S. Cannicci, F. Huyghe et al.

(Hardin, 1968; Hilderbrand et al., 2005; Marten, 2001). This has
been observed on coral reefs that were unable to recover follow-
ing a high disturbance event of either natural or anthropogenic
nature (Rogers and Miller, 2006; Norstrém et al., 2009).

In order to evaluate the current state of a reef, several reef
surveying techniques can be employed, depending on availability
of resources, ease of access to sites or suitability for the scope of
the project (Hill and Wilkinson, 2004). Different properties of the
reef can be measured, and they usually fall within two categories:
biological parameters and physical parameters. The biological
ones tend to rely on simpler ecological surveys using transects
and quadrats to infer the quality and quantity of substrate cover
and the associated fauna, whereas to measure physical param-
eters more complex approaches or specialised equipment are
usually required (Hill and Wilkinson, 2004). These can involve
the use of stable isotopes (Heikoop et al., 2000; Moynihan et al.,
2012), trace metal analyses of sediments or tissue samples of
bioindicators (Guzman and Jiménez, 1992; Rayment and Barry,
2000; Cooper et al., 2009), sedimentation traps (Storlazzi et al.,
2011), hydrometer, refractometer, and secchi discs (English et al.,
1997; Hill and Wilkinson, 2004).

Marine bioindicators can be a powerful tool in the monitoring
of reefs, because they have the ability to provide early warning
signals, in contrast to a benthic census that is only able to identify
changes in present compared to past coral cover (Cairns and
van der Schalie, 1980; Linton and Warner, 2003). Bioindicators
can detect pollution and/or degradation in the environment and
their use could help avoid further damages to the ecosystem
(Rainbow and Phillips, 1993). A good marine bioindicator species
should be sessile, filter-feeding, easily identifiable in the field,
long-living, abundant, widely distributed, large and tolerant to
physical and chemical oscillations (Rainbow and Phillips, 1993;
Batista et al., 2014).

Marine sediments have also been reported to be an indicator
of pollution mainly originating from dumping of solid and liquid
waste, burning of diesel and sewage (Negri et al., 2006). They
could provide another useful tool for the monitoring of cryptic
degradation in reef ecosystems.

The main objective of this study was to assess the ecosystem
health of several reefs along the western coastline of Zanzibar’s
main island, Unguja, by using a combination of different ap-
proaches. A traditional visual census survey investigating the
benthic composition of the reefs was employed, as was the mea-
surement of trace metals in a bioindicator species and in sedi-
ments located in the same reefs. The sponge Haliclona fascigera
was the species chosen as a bioindicator due to possessing all
of the characteristics of reliable bioindicator organisms and since
there have been studies that used species of the same genus
successfully (Rao et al., 2009; Aly et al., 2013).

Coral reefs in Zanzibar face several threats, such as over-
exploitation of coastal resources, poor land use practices result-
ing in sediment and nutrient run-off, tourism related activities,
coral bleaching and pollution from land and maritime transport
(Salm et al,, 1998; McClanahan et al., 2000). Chemical and bio-
logical coastal pollution raises a serious concern regarding the
health of marine ecosystems around Zanzibar, including coral
reefs (Moynihan et al,, 2012; Nyanda et al., 2016).

To date, most studies conducted in East Africa have focused on
the potential effects of chemical pollutants on mangrove ecosys-
tems (De Wolf and Rashid, 2008; Kruitwagen et al., 2008; Ru-
misha et al, 2012, 2017a,b), and while there is an apparent
deterioration of coral reefs, only a limited number of studies have
focused on the health of coral reef ecosystems around the island
of Unguja (Lokrantz et al., 2010; Muzuka et al., 2010; Herran et al.,
2017).

We hypothesised that (a) there is a higher percentage of living
hard coral cover at sites located farther away from Stone Town
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(largest city of Zanzibar archipelago) than those closest to it and
(b) the levels of trace metals follow the trend of hard coral cover,
with highest levels at sites closest to Stone Town.

2. Materials and methods
2.1. Study site

Six fringing reefs, out of the known approximately 10 reef
patches, located next to small islands or sandbanks were chosen
near the West coast of Unguja Island (Zanzibar, Tanzania) to
carry out this study (Fig. 1). The reefs were chosen based on
their distance to Stone Town (6°09'47.5”S, 39°11'08.4"E), because
it is the most populated area of Unguja and where the port
is also located. When possible the sites were sampled on the
Northeast side of the island or sandbank. In order of farthest to
closest, the selected study sites were the following: Chumbe (12.9
km: 6°16'42.7”S, 39°10'28.6"E), Nyange (11.3 km: 6°15'36.8"S,
39°07’44.9"”E), Murogo (6.4 km: 6°11'05.3”S, 39°07’55.5"E), Bawe
(5.9 km: 6°09'14.0”S, 39°07'58.3"E), Pange (4.5 km: 6°10'58.8"S,
39°08’59.4”E) and Chapwani (4.3 km: 6°07/32.9”S, 39°11'38.2"E)
(Fig. 1).

2.2. Ecological surveys of benthic community structure

The surveys were conducted throughout a period of four
weeks between February and March 2015, at low tide and whilst
snorkelling. To assess the community structure of the six different
sites, four replicate transects of 20 m each were selected parallel
and close to the reef crest, on the reef flat at depths ranging from
three to four metres at low tide. The method used was the Line
Intercept Transect (LIT) (Loya, 1978; English et al., 1997), which
consists of laying a 20 m tape in a random location and recording
the length of each different type of substrate and organism
beneath the tape to the nearest centimetre. Corals were identified
to genus level: Acropora spp., Fungia spp., Lobophyllia spp., Porites
spp. and Turbinaria spp. Other benthic sessile organisms (as well
as sea urchins) and substrates were grouped into categories:
algal cover, anemone, dead coral, dying Acropora spp., giant clam,
mussel, rocky substrate, rubble, sand, sea urchin, sponge, and soft
coral (Table 2). Sea urchin density was also measured for the
different reefs (Table S1).

2.3. Trace metal sampling and analysis

Samples of sediments and of the bioindicator species Haliclona
fascigera for trace metal analysis were collected randomly at high
tide in the vicinity of the transects and during the same period as
the ecological surveys, using SCUBA at a depth ranging from 7-12
m. Sediment samples were collected from a depth of 10 cm below
the seafloor to avoid the surface layer. Bioindicator samples were
collected from all sites, except for Chapwani, where H. fascigera
was absent. After collection, the samples of both sediments and
sponges were kept frozen at temperatures below —20 °C for a
period of 7-12 days before being dried at 55 °C for a minimum
of 48 h. Sediment and biological samples were ground with a
pestle and mortar until fine grains were obtained. Three to four
replicates were used per site.

Trace metals were analysed following the method by Rumisha
et al. (2012). Approximately 0.2 g of each sample was weighed
and placed in Teflon vessels for digestion with the CEM Mars
5 microwave. For the digestion of sediments, 6 ml of highly
purified concentrated hydrochloric acid (HCI; 30%) and 2 ml of
nitric acid (HNOs; 65%) were added to the vessels and placed
in the microwave. The samples were digested at 180 °C (ramp
time 15 min and hold time 15 min) and 200 psi of maximum
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Fig. 1. Location of the study sites in Zanzibar off the west coast of Unguja island. Stacked bars represent the percentage of each benthic category at each site.
Dendrogram and multi-dimensional scaling (MDS) plots depict the similarity between the replicates at the different sites.

pressure, and then left to cool down. A similar procedure was
followed for the digestion of the sample of the bioindicator,
where 5 ml of highly purified concentrated nitric acid (HNOs;
65%) and 1 ml hydrogen peroxide (H,0,; 30%) were added to
0.2 g of the sample in the Teflon vessel. After digestion, 40 ml
of deionised water was added to the samples and the samples
were transferred to polyethylene (PE) bottles. After all samples
had been processed, these were diluted once more with deionised
water before analysis (dilution factor 10) and placed in test tubes
for the concentration of trace metals to be measured with a
High Resolution Inductively Coupled Plasma Mass Spectrome-
ter (HR-ICP-MS) (Element II; Thermo Fisher Scientific, Bremen,
Germany). Each digestion set contained at least one blank and
one certified reference material (CRM). Dogfish (Squalus acan-
thias) liver DOLT-3 (National Research Council, Canada) and River
clay sediment LGC 6139 (Laboratory of the Government Chemist,
United Kingdom) were used as CRM. The results from the controls
and reference materials confirmed that the measurements were
reliable. Recoveries for all elements (Aluminium (Al), Arsenic (As),
Cadmium (Cd), Cobalt (Co), Chromium (Cr), Copper (Cu), Iron
(Fe), Manganese (Mn), Nickel (Ni), Lead (Pb), Vanadium (V) and
Zinc (Zn)) were within 10% of the certified values. Precision,
determined as the percentage coefficient of variation, for replicate
analysis of the CRM ranged from 1 to 10%.

2.4. Data analyses

Similarity between sites and transects of each site were vi-
sualised through a non-metric multi-dimensional scaling (MDS)
plot and hierarchical cluster analysis (Fig. 1). Differences in
community structure, trace metals in sediment and bioaccumu-
lation were analysed using multivariate methods. The original
data matrix was log transformed, after a preliminary PERMDISP
test using medians, the equivalent of a Levene’s test (Anderson

et al.,, 2008), found significant heterogeneity of variances within
the tested groups.

A one-way permutational multivariate analysis of variance
(PERMANOVA) was carried out to test for differences in commu-
nity structure, Enrichment Factor (EF) and Biota-Sediment Accu-
mulation Factor (BSAF) across sites. All analyses were performed
using PRIMER (version 7.0.13; Plymouth Routines In Multivariate
Ecological Research; PRIMER-E Ltd.; Clarke and Warwick, 2001).

The EF of trace metals was calculated for sediment samples,
and the BSAF was estimated for the bioindicator samples. The
EF determines whether the levels of trace metals present in the
sediments are from natural or anthropogenic sources Eq. (1). This
was done by calculating the ratio of a chosen metal and the
concentration of aluminium (Al) in a given sample. The ratio
between a given trace metal and the concentration of Al in the
background was also estimated. This was achieved by using the
concentration values of the trace metals in the upper Earth’s crust
(Wedepohl, 1995). The EF was finally obtained by calculating
the ratio between the two previously described ratios. This is
demonstrated with the following equation:

™
CAl

& (background)

(sample)

(1)

The results obtained were compared with the different cate-
gories of EF already established in the literature (Table 1) (Suther-
land, 2000; Yongming et al., 2006).

The BSAF allowed inferring whether an organism is accumu-
lating trace metals based on the concentration of these metals
in the sediments collected from the same site Eq. (2). BSAF
was estimated with the ratio between the concentration of trace
metals in the bioindicator and the concentration of the same trace
metal in the sediments. Results above the value of 1.0 are usually
considered to represent bioaccumulation of trace metals in the
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Table 1
Enrichment categories based on Enrichment Factor (EF) values.
EF Category
<2 Depletion to minimal enrichment
2-5 Moderate enrichment
5-20 Significant enrichment
20-40 Very highly enriched
>40 Extremely enriched

bioindicator (Rumisha et al., 2012). In the following equation CM
represents the concentration of the chosen metal:
CM (Tissue
BSAF = # (2)
CM(Sediments)
A nonlinear asymptotic model was also conducted in order to
infer the interaction between community structure and distance
from Stone Town. The model was calculated using the following
equation:

P=C—ke % (3)

where P stands for the percentage of hard coral, C the asymptotic
hard coral cover, k the linear coefficient of coral reef shrink-
ing due to proximity to Stone Town, q the exponential rate of
shrinking and D the distance to Stone Town.

Further regressions were carried out to test the relationship
between trace metal levels in sediments and bioindicator in re-
lation to distance from Stone Town and from shore. All analy-
ses were computed with R software (R Core Team, 2019) using
the following packages: ggplot2 (Wickham, 2016), ggpubr (Kas-
sambara, 2020), minpack.Im (Elzhov et al., 2010), RColorBrewer
(Neuwirth, 2014) and vegan (Oksanen et al., 2020).

3. Results
3.1. Community structure

The nonlinear asymptotic model showed a clear positive trend
between hard coral cover and distance from Stone Town until
it reaches a plateau of 59.2% of hard coral cover (Fig. 2). Hard
coral cover was the only statistically significant parameter to be
determined (p < 0.001; Table S2). Chapwani was characterised
by the lowest hard coral cover, displaying an average of 20.8%
of hard coral out of the total benthic cover and Chumbe by the
highest at 75.5% of its benthic cover being hard coral (Table 2).
Whilst most sites depicted a steady increase in hard coral cover as

Table 2
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distance increased, Murogo showed disparities with some parts
of its reef reaching values as high as those of Chumbe (89.5%)
and some as low as in Chapwani (11%). The patterns of benthic
cover significantly varied among the six different sites (pseudo-
F = 5.21,df =5, p = 0.001, PERMANOVA test). A significant
difference was detected for 12 out of the 15 pairwise comparisons
(p < 0.05, PERMANOVA post-hoc test). Only the following com-
parisons proved to be not significantly different: Bawe vs Nyange,
Bawe vs Murogo, and Nyange vs Murogo. The substrate categories
mostly responsible for the above significant differences amongst
sites were Fungia spp. corals, Acropora spp. corals, dead coral
(abundant in Chumbe and Bawe), rubble (dominating in Murogo
and Nyange) and sand and rocky substrate, which dominated
Pange (15.3% and 22.6%, respectively) and Chapwani (14.3% and
46%, respectively). The latter two were the poorest sites in terms
of abundance of hard coral and were also the closest sites to
Stone Town (Figs. 1 and 2; Table 2). Nyange and Bawe displayed
very similar benthic cover results, particularly for the following
categories: sea urchins (4.9% and 4.4%, respectively), Acropora spp.
corals (23.3% and 23.6%, respectively), and dead coral (14.1% and
16 %, respectively).

3.2. Trace metal analyses

3.2.1. Sediments

The average concentration of trace metals in sediments shows
a high concentration of most metals for Chumbe and Murogo,
when compared to the other sites (Table 3). However, the cal-
culation of enrichment factors for the different metals revealed
some other underlying patterns, particularly that As, Cd, and Cr,
showed signs of high enrichment in sediments across all sites
(EF > 5; Table 4). Conversely, other trace metals showed values
that suggested no enrichment had taken place, such as Co, Fe
and Mn (EF < 2; Table 4). Enrichment levels differed significantly
among sites (pseudo-F = 1.62, df = 5, p = 0.031, PERMANOVA
test), although post-hoc tests revealed that only the comparisons
between Pange vs Chumbe, Pange vs Bawe and Pange vs Murogo
were statistically significant (p < 0.05, PERMANOVA post-hoc
test).

3.2.2. Bioindicator

The average concentration of trace metals in the bioindicator
shows again high concentration of many trace metals for Chumbe
when compared to the other sites (Table 5). The further calcula-
tion of the BSAF for the different trace metals revealed that As,
Cd, Cu, and Zn were bioaccumulated by the bioindicator across all

Mean (+SE) per cent contribution of the different substrate types to the total benthic cover at each reef, obtained from 20 m
transects. *Algae cover comprises turf algae and crustose coralline algae. **Sea urchin density at the different sites can be found in

Table S1.
Substrate type (%) Chapwani Pange Bawe Murogo Nyange Chumbe
Acropora spp. 13 (£1.7) 30 (£3.7) 23.6 (£5.3) 6.5 (£0.9) 23.3 (£5.6) 62.6 (£7.3)
Fungia spp. 1} 0 0.5 (+£0.4) 0.4 (+£0.2) 1.8 (£1.2) 0.1 (£0.1)
Lobophyllia spp. 0] 0.5 (£0.5) 0 0] 0 0.3 (£0.3)
Porites spp. 7.8 (£4.1) 13.9 (+4.4) 27.8 (£8.6) 48.6 (+£17.3) 18.5 (£13) 9.9 (+4.9)
Turbinaria spp. 0 0 1(£1) 0 5.5 (+4.9) 2.6 (£2.6)
Algae cover* 0 4.9 (£1.9) 1.8 (£1.6) 1(£0.7) 0 0.9 (£0.5)
Anemone 0.4 (+£0.4) 0.5 (£0.5) 1.6 (£0.7) 0.4 (+£0.4) 0.1 (£0.1) 0
Clam 0.1 (£0.1) 0 0 0 0 0.1 (£0.1)
Mussel 0 0.1 (£0.1) 0 0 0 0
Sea urchin** 5.3 (£0.5) 34 (+2) 44 (£1.3) 2 (£1.4) 49 (£1.4) 0
Sponge 0 0.4 (+0.2) 0 0 0 0
Soft coral (Sarcophyton spp.) 0.9 (£0.5) 1.6 (£1.1) 4.9 (+4.2) 0 9.5 (+4.9) 0.9 (40.6)
Dead coral 12.4 (£7.9) 1.3 (£0.8) 16 (£6.1) 44 (£2.5) 14.1 (£8) 19.5 (+7.6)
Dying Acropora spp. 0 0 11 (£6.4) 1.3 (£0.8) 3 (£2) 2.9 (£2.9)
Rubble 0 5.6 (£1.8) 4.4 (+4) 23.4 (+8.4) 13.8 (+2.8) 0
Sand 46 (£10.3) 226 (£3.1) 2.5 (£1.2) 11.9 (£7.9) 2.5 (+1.9) 0.1 (£0.1)
Rocky substrate 14.3 (+6.6) 15.3 (£6.3) 0.6 (+0.6) 0.3 (£0.3) 3.1 (£2.8) 0.1 (£0.1)




H. Bravo, S. Cannicci, F. Huyghe et al.

Regional Studies in Marine Science 48 (2021) 102014

L]
L
75-
o v Site
g Chapwani
® ¢ Pange
8 50- : ¥ Bawe
g L ® Murogo
T Nyange
Chumbe
25- v
L
4 6 8 10 12

Distance (km)

Fig. 2. Percentage of hard coral as a function of distance from Stone Town. Black line depicts the non-linear asymptotic model line.

Table 3
Average concentration (pl/g dry weight) of trace metals in coral reef sediments
across the west coast of Unguja Island (Zanzibar, Tanzania).

Table 6
Biota-sediment bioaccumulation factor (BSAF) for trace metals for Haliclona
fascigera (bioindicator) samples at Unguja Island (Zanzibar, Tanzania).

Site Al As Cd Co Cr Cu Fe Mn Ni Pb V Zn Site Al As Cd Co Cr Cu Fe Mn Ni Pb V Zn
Chumbe 2055.1 0.7 0.1 03 0.7 68 12106 168 2.0 0.7 3.0 3.1 Chumbe 0.1 58 * 541 *04 54 *01010105 07 01148 *
Nyange 4894 06 0.1 0.1 2.1 22 3221 48 0.7 07 10 39 Nyange 14 * 3.1 * 280 *35* 15 *04 0404 37 *23* 0485

Bawe 7293 05 0.0 0.1 04 26 4185 64 0.7 04 12 10 Bawe 03 6.1 * 980 *12* 62 *020203 16 *24* 02 302 *
Pange 3770 06 0.0 01 0.1 25 2097 5.0 05 03 1.0 07 Pange 0.6 35 * 441 *46* 214 *030603 19 * 78 * 04 688 *
Murogo 11427 06 0.1 02 03 39 7003 154 16 04 18 1.7 Murogo 04 54 * 442 *1.1* 90 *02020.108 43* 02226°*

Chapwani 7044 09 0.0 0.1 03 28 460.1 70 09 05 13 1.8

Table 4
Sediment enrichment factor for trace metals normalised by Al for coral reef
samples at Unguja Island (Zanzibar, Tanzania).

Site As Cd Co Cr Cu Fe Mn Ni PbV Zn
Chumbe 14.0* 222 * 1108 179 * 1512 41 16 2122
Nyange 45.9 *** 87.9 *** 1.0 9.7 * 245 ** 1.7 1.4 6.1 * 6.9 * 2.8 120 *
Bawe 239 ** 278 ™ 1112 193* 1413 41 24 2320
Pange 59.2 ** 604 *** 1.1 0.7 358 * 1419 54* 34 3926
Murogo 19.1* 376 * 1107 184 * 1520 58 * 1.7 2422
Chapwani 47.8 *** 32.3 ** 09 09 219 * 16 1.5 53 * 3.1 2.7 38

* Significant enrichment.
** Very high enrichment.
*** Extremely high enrichment.

Table 5
Average concentration (pl/g dry weight) of trace metals in Haliclona fascigera
(bioindicator) across the west coast of Unguja Island (Zanzibar, Tanzania).

Site Al As Cd Co Cr Cu Fe Mn Ni Pb V Zn

Chumbe 1300 43 32 0.1 38 04 1248 16 09 05 02 457
Nyange 6959 18 16 03 3.1 08 1179 17 26 17 04 334
Bawe 2229 27 26 01 25 05 1024 19 11 09 03 296
Pange 2411 20 13 03 27 08 1280 17 09 22 04 46.1
Murogo 4359 3.0 25 02 3.1 08 1305 14 12 18 04 386

sites (BSAF > 1; Table 6). Other trace metals, such as Co, Ni and Pb,
also revealed a high degree of bioaccumulation for all sites with
the exception of Chumbe and Murogo for Ni. Metals such as Al, Cr,
Fe, Mn and V showed no or very little signs of bioaccumulation
across all sites (BSAF < 1; Table 6).

Further statistical analyses showed that the levels of trace
metals present in the bioindicator differed significantly among
the sites (pseudo-F = 21.28, df = 5, p = 0.001, PERMANOVA
test), with post-hoc tests revealing that all comparisons were sig-
nificant (p < 0.05, PERMANOVA post-hoc test), with the exception
of Bawe vs Murogo.

* Bioaccumulation.

3.3. Relationship

There was no clear trend observed between the levels of trace
metals present in sediments (EF) and in the bioindicator (BSAF),
with the levels increasing linearly in both factors for some of the
trace metals, particularly Cd, as well as Zn, and As to a lesser
extent.

Conversely, there were no significant relationships between
BSAF and distance from Stone Town, BSAF and distance from
shore, EF and distance from Stone Town or EF and distance from
shore.

4. Discussion
4.1. Community Structure

Coral reefs in Zanzibar provide a major economic benefit to
local populations (Lange and Jiddawi, 2009) and the degradation
of this fragile ecosystem could have serious implications not only
for the environment, but also for the livelihoods of people that
depend on it for sustenance (Staehr et al., 2018).

The present study showed that the reefs in question have a
clear quality gradient on the west coast of Unguja island, with
hard coral cover decreasing as proximity to Stone Town increases
(Fig. 2), confirming the initial hypothesis, thus suggesting human
impact as the most likely explanation for such pattern. The results
of the benthic composition survey revealed similar trends to stud-
ies already conducted in the area (Lokrantz et al., 2010; Muzuka
et al., 2010; Herran et al., 2017) and was able to add baseline
information for a new reef site (Murogo).

The higher hard coral cover at Chumbe, when compared to
other sites, was to be expected because of its status as a Marine
Protected Area (MPA; McClanahan et al, 1999) and the con-
servation practices enforced there (Nordlund et al,, 2013). The
high percentage of dead or dying Acropora spp. in this reef area
are, however, slightly concerning. The absence of rubble or algal
growth suggests that this was a recent event, also corroborated
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by results from previous studies where the percentage of dead
or dying coral was considerably lower than those found here
(Lokrantz et al.,, 2010; Muzuka et al., 2010). This could have
been the result of the 2014 bleaching event (Eakin et al., 2019).
Acropora spp. are known to be less resistant to coral bleaching
(Baird and Marshall, 2002) and the Acropora colonies at Chumbe
have been heavily impacted in the past by some of these events
(Mohammed et al., 2000; McClanahan et al., 2007). With Chumbe
having some of the highest percentage cover of Acropora spp.
out of all the studied reefs (Fig. 2), this would be one of the
sites most affected by bleaching and hence why the percentage
of dying corals were lower in most other reefs. Chapwani, the
closest site to Stone Town in this study, had the poorest benthic
cover out of all surveyed sites. The scarce presence of hard coral
was interspersed with large areas of sand, rocky substrate and
sea urchins, suggesting an advanced state of reef degradation
(Norstrom et al., 2009). Chapwani is a popular reef for snorkelling
and fishing trips, because of its proximity to Stone Town. There
is regular boat traffic as well as some destructive fishing taking
place here (i.e. dynamite fishing in the past, and seine netting,
drag netting and basket fishing currently), potentially adding to
sediment resuspension and reef degradation (Johnstone et al.,
1998; Lokrantz et al., 2010; Herran et al., 2017). Pange, being the
second site closest to Stone Town and located almost at the same
distance as Chapwani, is also targeted by tourism and fishing,
which are the two main sources of income for local communi-
ties that depend on marine ecosystem services for sustenance
(Lange and Jiddawi, 2009). Bawe is located slightly farther away
and perhaps showed an increase in coral cover because of that.
However, because of the intense, but mostly artisanal, fishing
pressure that occurs in these localities the sites are missing many
fish species, particularly large herbivores and predatory species
(Lokrantz et al., 2010). Without the presence of these species,
an increase in either the algal growth or sea urchin density is
expected, and consequently, a decline in hard coral cover, which
can already be observed in Bawe, due to either a macroalgal
dominance or high levels of bioerosion leading to a macroalgae
dominated community or sea urchin barren state (Bellwood et al.,
2004; Norstrom et al., 2009; Lokrantz et al., 2010). As the tourism
business in Zanzibar grows, Bawe is also starting to see an in-
crease in number of visitors in recent years. Murogo and Nyange
are located farther away and are therefore less exposed to fishing
or tourism pressure. The fishing pressure of Nyange has been
reported as less than half of that of Pange or Bawe (Lokrantz et al.,
2010). The type of fishing that occurs in Nyange and in areas
outside of Chumbe is also less destructive than what occurs in
those sites closest to Stone Town (Lokrantz et al., 2010), resorting
more to hand lines and traps instead of gill nets or beach seine
nets, potentially also influencing the coral cover and its associated
fauna.

With a joint average hard coral cover of 49.6%, the sites cov-
ered in this study are slightly above the reported average for
Tanzania (~45%) and considerably above the mean for nine coun-
tries (30%) across the Western Indian Ocean (WIO) for which
there is data available. In most Eastern African countries, coral
cover has either declined over the years or has remained stable,
mostly as a consequence of climate change and lack of conser-
vation practices (Obura et al., 2017). Whilst the results found in
hard coral cover in this study are encouraging, they also serve
to highlight that reefs that are exposed to bigger anthropogenic
pressures (e.g. fishing, even if artisanal; coastal development;
coastal erosion; heavy transport use, tourism) such as Chap-
wani and Pange, are still at risk of degradation and collapse, as
observed in other locations across the WIO (Obura et al., 2017).
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4.2. Trace metals

Analyses on the levels of trace metals revealed high levels of
both enrichment and bioaccumulation particularly for As and Cd
across all sites, suggesting that these are of anthropogenic source,
and the affected sites are polluted to a certain degree. The source
for enrichment and bioaccumulation for these metals could be
the same, but the lack of an apparent relation suggests there are
other unknown factors at play. In addition, there were also high
levels of Cr across all sediment samples and Cu and Zn for all
bioindicator samples.

Whilst there was no clear trend of sites being more affected
because of their proximity to Stone Town, the results matched
those found in studies that took place in other coastal ecosystems
around Zanzibar and in Dar es Salaam (Rumisha et al., 2012; Pant,
2013), where most sites also had signs of enrichment from As
and Cd. These sites can be suffering from the impact of industrial
or domestic discharges and fertiliser runoff from nearby fields
(Rumisha et al., 2017b). In addition, the minimal sewage system
has been shown to directly contribute to the enrichment of trace
metals in both the water and reefs close to the island’s shore
(Moynihan et al., 2012). This suggests that the deterioration of
reefs is not a consequence of the levels of trace metals found and
that other anthropogenic factors must be playing a role in coral
reef deterioration.

Since these reefs are located at comparable distances to Un-
guja’s coastline, there is also no clear pattern when looking at
distance to shore as a variable to explain the differences in EF
or BSAF found in the studied sites. The proximity to major cities
from mainland Tanzania (e.g. Dar es Salaam, Bagamoyo) could be
a factor at play. The strong currents from the Zanzibar channel
that during certain periods of the year have a predominantly
northwards direction (Harvey, 1977), potentially bringing pollu-
tants from the busiest port city in Tanzania and in sub-Saharan
Africa, Dar es Salaam (Honke and Cuesta-Fernandez, 2017), could
be another factor. The maritime route used by ferries and trans-
port ships connecting Stone Town to Dar es Salaam goes past
Nyange, Pange and Chumbe and could potentially have an impact
on the levels of trace metals being accumulated in sediments or
in filter feeding species. This could be particularly impactful if
the marine vessels release ballast waters in those areas as ballast
waters have been reported to have increased levels of Cu and
Cd that can change the chemical quality of marine environments
(Dobaradaran et al., 2018).

Whilst most values of trace metals found in the reefs were rel-
atively low compared to those found in the literature for similar
areas (Muzuka, 2007; Sheikh et al., 2007; Rumisha et al., 2012;
Pant, 2013), it is still worth noting that the absolute values of
Cd in sediments are higher than those found on the coast of Dar
es Salaam (Rumisha et al.,, 2012). The same is true for values of
As that were higher than in the port of Dar es Salaam (Muzuka,
2007), two areas that would be expected to have higher values
than the reefs in Zanzibar.

When looking at BSAF in other filter feeding species our results
were also higher for many of the trace metals (e.g. As, Cd, Pb
and Zn) (Rumisha et al., 2012, 2017b). It has been shown that
some species of sponges require some trace metals (e.g. Zn) in
high quantities in order to catalyse chemical reactions (Melawaty
et al., 2014), but the difference in values across the sites suggests
that there is clear bioaccumulation of harmful trace metals since
these cannot be completely attributed to the requirements of the
bioindicator. This could be concerning because the species re-
ported in other studies are being caught for consumption, whilst
the bioindicator species reported in this study will be consumed
by herbivore fish species, which in turn will be consumed by
humans or other fish (Dunlap and Pawlik, 1996; Bosch et al.,
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2015; Wulff, 2017). This accumulation of trace metals across the
food web (Bri et al., 2018) can be detrimental to human health,
as it has been shown from the consumption of other fish species
at the top of the food web (e.g. tunas) (Storelli et al., 2010; Bosch
et al,, 2015). In this study, we found that the levels of Cd and Pb
in the bioindicator species are considerably above the maximum
allowed levels for human consumption (EC, 2011; PRC, 2012).
Future work should focus on the levels of trace metals present in
the different fish species consumed in Zanzibar to assess whether
those levels are also of concern to human health.

4.3. Management and conservation

Many households in Tanzania depend directly on the exploita-
tion of marine resources (Silva, 2006). There are over 43,000
fishermen in Tanzania, with 23,000 of them living in the Zanz-
ibar Archipelago (Jiddawi and Ohman, 2002), making fishing an
activity of utmost importance in Zanzibar (Silva, 2006; Lange
and Jiddawi, 2009), and deeming it necessary to have constant
measurements of fish stocks and pollution levels in sites where
fish are consistently caught.

Coral reefs located in the vicinity of Stone Town, as seen in
this study, are being more heavily impacted by anthropogenic
pressure resulting in decreased coral cover and less abundance
of fish (Lokrantz et al., 2010). Conversely, Chumbe, which is the
farthest site to Stone Town and is to date the only strict no-take
zone in Zanzibar, has the highest percentage of coral cover found
in the present study and other studies conducted in the area
(Herran et al.,, 2017). Chumbe is home to nearly 90% of coral reef
species found in East Africa and over 400 fish species (Nordlund
et al, 2013), suggesting that nearby reefs could reach similar
levels with appropriate conservation strategies.

If restoration projects or MPAs were to be implemented in any
of the studied sites, Bawe and Nyange would be good candidates,
alongside Murogo, as they do not display high levels of deteri-
oration. These three sites have in fact been suggested as good
potential Marine Conservation Areas (MCAs) in 2005 and 2012
(Ruitenbeek et al., 2005; McLean et al., 2012), but their status, to
the authors’ knowledge, has not yet changed.

Fishing frequency and methods should be managed carefully
in order not to overexploit the current available resources, but
also to maintain the livelihoods of people who depend on them.
Quotas for both the amounts of fish allowed to be caught and
for the fishermen permitted to be involved should be considered
to ensure a sustainable practice. The studied reefs are devoid of
large fish, including Chumbe, revealing an overfishing pressure
(Lokrantz et al., 2010), and as aforementioned, the absence of
certain species can negatively impact the reef because of the
lack of herbivorous species to help avoid algal overgrowth or
the spread of sea urchins for example. The same is true for
marine recreational tourism, where big numbers of tourists could
prove harmful due to the unawareness and unintended damaging
impacts people can have on coral reefs (Barker and Roberts, 2004;
Gil et al., 2015). Whilst the impacts are considered to be less
than that of fishing, people can still damage corals or pollute the
environment (Hall, 2001; Wilson and Verlis, 2017).

Sewage treatment in Zanzibar remains minimal and due to its
recent high growth in both population and area, the areas adja-
cent to the city are expected to be the most impacted by pollution
(Moynihan et al., 2012; Nyanda et al., 2016), putting at risk the
local biodiversity as well as consumers of fish and seafood caught
in such places. Since there was no clear trend of trace metal
pollution, with similar values across all sites, the sources of this
enrichment and bioaccumulation have to be looked into further
before commercially exploited species start showing higher levels
of bioaccumulation that could prove harmful to humans.
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5. Conclusions

The quality of reefs along Unguja’s west coast was found to
be related to the distance of these reefs to Stone Town, the
main agglomeration of people on Unguja Island. This correla-
tion indicated that human impact was the most likely cause for
the degradation of reefs, but the lack of a pattern in the trace
metal analyses enables us to rule out this as a possible factor
for reef deterioration found on reefs close to Stone Town. Other
anthropogenic impacts such as fishing pressure, tourism or other
contaminants could be related to the reef degradation that was
observed, highlighting the need for further studies. The reports on
the resurfacing of dynamite fishing and other destructive fishing
is also a reason for concern and should be monitored (Obura et al.,
2017).

Levels of As and Cd were present however in high levels in
all sites for both sediment and bioindicator samples, reflecting a
potential impact from industrial and domestic discharges directly
into the water column. The bioaccumulation levels for Cd and
Pb were also above the maximum allowed levels for human
consumption so further work looking into other bioindicators, to
corroborate these findings, and commercially caught fish species
should be carried out.

Three further MCAs have been proposed around Zanzibar
(McLean et al.,, 2012), including one that covers Pange, Bawe
and Murogo. It is expected that there will be an increase in
fish abundance and biomass and stricter tourism regulations, but
the effectiveness of these newly proposed areas will have to be
further investigated. It is worth noting that the status of MCA
does not confer a physical barrier to threats in the water column.
Management plans for these conservation areas that consider
environmental parameters, and the mitigation of trace metals and
other types of pollution, should be given priority.
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