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Abstract

The macrobenthic (coral, algae, and sea urchins) and fish communities in 15 back-reef sites on the patch and rock-island reefs of
southern Kenya and northern Tanzania (~250 km of coastline) were studied in order to (1) test an overfishing model developed in
Kenya’s fringing reef (McClanahan, 1995a, A coral reef ecosystem-fisheries model: impacts of fishing intensity and catch selection
on reef structure and processes. Ecol. Model. 80, 1-19.), (2) develop a baseline of information on Tanzanian coral reef ecosystems,
and (3) determine if some of the government gazetted but unprotected marine reserves were still deserving of protective manage-
ment. The overfishing model was tested by comparing five sites in two fully protected reefs—one in southern Kenya (Kisite Marine
National Park) and the other in Zanzibar (Chumbe Island Coral Park)—with 10 sites in eight fished reefs, and by comparing coral
surveys conducted in reefs off of Dar es Salaam in 1974 with present-day studies. These comparisons suggest that fishing is pri-
marily reducing the abundance of angelfish, butterflyfish, parrotfish, scavengers, surgeonfish, and triggerfish groups while some
species of small-bodied damselfish and wrasse appear to have benefited. The total fish wet weight estimate was 3.5 times higher in
protected than unprotected sites. Sea urchin abundance was six times higher, and predation rates on tethered sea urchin Echino-
metra mathaei were two times lower, in unprotected compared to protected sites. This is largely attributable to the reduction of the
red-lined triggerfish Balistapus undulatus and other sea urchin predators by fishing. Loss of coral cover and changes in coral generic
composition had occurred in four of the five sites visited in the Dar es Salaam area after the 22-year period. There was no evidence for
species losses. One site appeared to be severely damaged over this time. Some reefs were dominated by fleshy brown algae, such as
Sargassum and Dictyota, which may result from a loss of grazers and coral cover. Reduced fishing effort, elimination of destructive
gear (dynamite and beach seines), protection of vulnerable species and, in some cases, sea urchin reductions could rectify the problems
of overfishing. Despite the damage, the gazetted but unprotected reefs of Mbudya and Bongoyo still have high potential as marine
protected areas due to the persistence of species and reef structure. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction Watson and Ormond, 1994; Jennings and Polunin,

1995, 1996a; Jennings et al., 1995, 1996; McClanahan

Coral reef biologists and geologists agree that fishing
is one of the biggest human-induced factors affecting the
ecology and diversity of coral reefs (Ginsburg, 1993;
Polunin and Roberts, 1996; Birkeland, 1997). The spe-
cific effects that fishing has on coral-reef ecology has
been the focus of a number of recent studies (Koslow et
al., 1988; Samoilys, 1988; Russ and Alcala, 1989;
McClanahan and Shafir, 1990; Russ, 1991; Polunin and
Roberts, 1993; Grigg, 1994; Russ and Alcala, 1994;
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and Obura, 1995; Roberts, 1995; McClanahan and
Kaunda-Arara, 1996; Watson et al., 1996; 1997; Ohman
et al. 1997). Fishing may have little effect on the fish
community other than to reduce overall numbers and
wet weights of target species but other studies implicate
fishing in dramatic shifts in the ecological structure of
the reef community (Hughes, 1994; McClanahan,
1995a) as well as localized species losses (Russ and
Alcala, 1989; McClanahan, 1994; McClanahan and
Obura, 1996; Jennings et al., 1995, 1996). The environ-
mental and habitat factors that affect fish populations
are also of considerable debate and critical to predicting
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population changes under different types of manage-
ment (Sale, 1991). Studies from different regions, habi-
tats, gear uses, and levels of effort are required in order
to determine how these factors interact and change the
ecology of fishing grounds (Jennings and Lock, 1996).

A general conceptual and simulation model of over-
fishing effects has been developed for East African reefs
(McClanahan, 1995a; McClanahan and Obura, 1995;
Jennings and Lock, 1996). This model is based on com-
parisons between protected and unprotected areas of
Kenya’s fringing reef (McClanahan and Muthiga, 1989;
McClanahan and Shafir, 1990; McClanahan, 1994;
1995a), the recovery of a heavily fished reef (McClanahan
and Mutere, 1994; McClanahan and Obura, 1995) and
large-scale sea urchin reduction experiments (McClana-
han et al., 1994; 1996). Model and field studies suggest
that reefs can move between various ecological states
dependent on the numbers and choices of fishermen
(Hughes, 1994; McClanahan, 1995a; Jennings and
Polunin, 1996b). For example, in Kenya, harvesting of
fishes, which prey on invertebrates, is predicted to cause
increases in invertebrate populations such as sea urchins
that can result in losses of some grazing fishes and other
feeding groups, and number of fish species. This change
is attributable to direct effects of fishing and indirect
effects of competition with sea urchins (McClanahan et
al., 1994, 1996). Coral can also be damaged by certain
fishing techniques (McClanahan et al., 1996). In some
cases, when sea urchins either die from diseases or have
poor recruitment into the area, reefs can become domi-
nated by fleshy algae that can outcompete hard corals
for light and space in the absence of fish grazers
(Hughes, 1994; McClanahan et al., 1996). Changes in
the dominant grazers are also associated with changes in
ecological processes such as the calcium carbonate bal-
ance of coral reefs (Birkeland, 1988; McClanahan,
1995a). High sea urchin abundance is associated with a
high erosion rate of coral reef substratum and low
topographic complexity of reefs (McClanahan and
Shafir, 1990; Eakin, 1996) and, therefore, high sea
urchin abundance may have long-term detrimental
effects on the structure and ecology of these reefs and
eventually fisheries production (McClanahan and
Obura, 1995; Jennings and Polunin, 1996b).

In East Africa, field studies of fishing and its direct
and indirect ecological consequences have largely been
confined to Kenya’s fringing reefs (Samoilys, 1988;
McClanahan and Shafir, 1990; McClanahan and
Obura, 1995; Watson et al., 1996; 1997) with some
recent work completed on the patch reefs of southern
Kenya (Watson and Ormond, 1994; Watson et al.,
1997). Reports of the status of Tanzanian fisheries and
coral reefs are largely anecdotal but grim as fishing
effort has doubled in <20 years (Fig. 1) and a number
of destructive methods are commonly used. Previous
reports imply that many of Tanzanian reefs have been
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Fig. 1. Changes in fishing pressure as (a) existing data on the changes
in the numbers of fishermen and vessels in mainland Tanzania (1975 to
1993) and (b) the fishing effort—yield relationships over this period.
Effort—yield relationships based on the estimated area of the major
fishery as 4500 km? (an 800 km coastline with fishing to 5 km from
shore). Data from the Tanzanian Fisheries Department.

extensively damaged by dynamite fishing (UNEP, 1989;
Bryceson et al.,, 1990). Further, fisheries yields are
beyond their maximum sustainable limits (Ngoile et al.,
1988). These reports are difficult to confirm or rigor-
ously test because of the lack of long-term data on coral
reefs and the existence of multiple unfished reefs
required for comparison. A more recent compilation of
fisheries data (Fig. 1) does not, however, suggest fishing
beyond maximum sustained yields but, rather, a tem-
porary drop in catches during the early 1980s and a very
variable catch over time. The Tanzanian government
established eight marine protected areas in 1975 but
none has received protective management. They have
been heavily used as fishing grounds, and it has been
suggested that they are no longer worthy of attempts at
protective management (UNEP, 1989; Gaudian et al.,
1995).

Because of the lack of quantitative data on many
Tanzanian reefs this study was undertaken to test the
overfishing model developed in Kenya’s fringing reef on
Tanzanian patch reefs. This was acheived by (a) com-
paring two protected reefs in southern Kenya (Kisite
Marine National Park) and northern Tanzania
[Chumbe Island Coral Park (CHICOP)] with a number
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of fished patch reefs in northern Tanzania, and (b)
comparing coral surveys conducted in reefs off of Dar es
Salaam in 1974 (Hamilton, 1975; Hamilton and Brakel,
1984) with present-day studies. Secondly, we wanted to
acquire a baseline of information on coral reefs of
northern Tanzanian to determine their ecological status.
Thirdly, we wished to determine if some of the pre-
viously gazetted but unprotected marine protected areas
are in sufficiently good ecological condition to recover
quickly and be retained as marine protected areas.
Below we present results of studies on the macrobenthic
and fish fauna from 15 sites in southern Kenya and
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northern Tanzania in which five sites were fully pro-
tected while 10 experienced unregulated use (Fig. 2).

2. Methods
2.1. Study sites

Coral reefs in offshore waters of southern-most

Kenya and northern Tanzania have a complicated
structure where living reefs circumscribe rock islands
and submerged patch reefs (Fig. 2). Although there are
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Fig. 2. Map of the coral reefs in the East African region and the studied reefs. Crosses denote the location of the study sites.
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five functioning marine protected areas along the East
African coastal waters only two exist on patch-reef for-
mations—Kisite Marine National Park (MNP) on the
Kenyan-Tanzanian border and Chumbe Island Coral
Park (CHICOP) on Zanzibar island. Both parks are
regularly patrolled to exclude fishing, Kisite MNP since
1974 and CHICOP since 1991. The Kisite park area is
ca. 10 km? while the CHICOP area is a stretch of reef ca
500 m long. Within Kisite MNP we studied three sites
and in CHICOP two sites chosen to maximize the full
spatial variability of these protected areas. The fished
sites in northern Tanzania included four patch reefs in
the Tanga-Pangani region, four back-reef sites in the
Mbudya and Bongoyo patch-reef islands, and two sites
in Changuu and Chapwani patch reef islands situated
off Zanzibar town.

Two of the fished sites Mbudya and Bongoyo were
surveyed by Hamilton (1975) in 1974 and were estab-
lished as marine reserves in 1975. Another marine
reserve and survey site of Hamilton (1975), Fungu
Yasini, was visited but no data were collected from this
site. All sites consisted of areas with corals of ca. 100
mx30 m in which transects were randomly placed. Sites
were shallow (0.5-2.5 m deep) and located in the calm
back-reef areas.

2.2. Field measurements

2.2.1. Benthic substrate

Measurements included quantitative studies of the
cover benthic macrobiota populations, sea urchin
populations, and fish communities. Attached benthic
communities were studied by the line-intercept method
using seven to 24 (but usually nine) 10 m line transects
per site. Cover of benthic marcrobiota under the line
> 3 cm in length were classified into nine categories
(hard coral, soft coral, algal turf, coralline algae, cal-
careous algae, fleshy algae, seagrass, sand, and sponge)
and their lengths were measured to the nearest centi-
metre (McClanahan and Shafir, 1990). Hard coral and
fleshy algae were further identified to the genus with the
exception that branching and massive Porites and
Galaxea fascicularis and G. clavus were distinguished.
These groups were distinguished because they are dif-
ferent ecologically—massive Porites and G. clavus being
major reef builders while branching Porites (mostly P.
nigrescens) and G. fascicularis are early-successional
species. From these measurements the percentage cover
of the various categories was calculated for each reef. A
diversity index was calculated for corals and sea urchins
using the following form of the Simpson’s Index
(D=1-Xp?) such that diversity increases with
increasing D (Magurran, 1988).

In order to determine the number of coral genera, on
a scale larger than permitted by line transects, a search-
sampling technique (McClanahan and Muthiga, 1992)

was completed at the studied reefs. The observer swam
haphazardly along the shallow reef sites for 20 min and
recorded the time taken to observe the first individual of
a coral genera. This was repeated five times at each reef.
From these data cumulative genera-search plots were
created to estimate the number of genera in each reef.

2.2.2. Sea urchins

Sea urchins were identified to species and counted in
nine haphazardly placed 10 m? plots per site. The wet
weight of each species was estimated by multiplying the
population densities by an average wet weight per spe-
cies from specimens collected off the Mbudya and Bon-
goyo reefs (Appendix). Total sea urchin wet weight was
estimated by summing the wet weights of each species.

A tethering experiment measuring predation on the
rock-boring sea urchin Echinometra mathaei was com-
pleted in each site (McClanahan and Muthiga, 1989).
To initiate the predation experiment, 30 E. mathaei were
pierced with a hypodermic needle, a monofilament line
was threaded through their body and tied to a nylon
lines fastened to the bottom at each site. Broken tests or
body walls indicated death by a predator (McClanahan
and Muthiga, 1989; McClanahan, 1995b). The number
of surviving E. mathaei was recorded each day for three
days and the average survival was calculated for each
site and normalized to a 0 to 1 scale—O0 corresponding
to no predation-induced mortality and 1 with all pre-
dation-induced mortality occurring on the first day.
Animals dying from causes other than predation were
eliminated from the analysis.

2.2.3. Fish

Fish communities were quantified using two methods
in two 5 m x 100 m belt transects per site (McClana-
han, 1994; McClanahan and Kaunda-Arrara, 1996).
The first method was used to estimate the wet weight of
fish while the second method was used to determine the
numbers of species. Wet-weight estimates were made by
classifying each individual encountered in the transect
to the family, estimating its length, and placing it into
10 cm size-class intervals. No individuals < 3 cm in
length were recorded. The three closely related families
of Haemulidae, Lethrinidae and Lutjanidae were pooled
into a single group named scavengers. Wet weights per
family were estimated from length—weight correlations
established from measurements of the common species
in each family (McClanahan et al., 1996). This method
was not accurate for the small and cryptic species but
obtains reasonable estimates of fish wet weights because
the larger and more exposed species make up, by far,
the largest fraction of the total fish weight.

A second, more accurate, method used a discrete-
group sampling (DGS) method where one to three
families were sampled with each pass through the belt
transect and the line is passed four times to sample eight
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families (angelfish=Pomacanthidae, butterflyfish=
Chaetodontidae, damselfish=Pomacentridae, parrot-
fish = Scaridae, pufferfish=Diodontidae, surgeonfish=
Acanthuridae, triggerfish=Balistidae and wrasse-
s=Labridae; these groups are among the families with
the most species of typical coral-reef fishes, see McCla-
nahan, 1994 for more details). Using this method, the
number of individuals per species and the number of
species per transect were calculated and species—area
relationships were determined by combining line—trans-
ect data.

Data are presented for each site and a one-way
ANOVA statistical comparisons made for differences
between protected and unprotected sites based on site
averages (i.e. five protected and 10 unprotected repli-
cates). Data were tested for normality and homogeneity
of variance. Data were normally distributed but in some
cases variances were not equal. In these instances we
used Welch’s ANOVA, which does not assume homo-
geneity of variance, and also the nonparametric Wil-
coxon test if the Welch’s test produced marginal
significance levels (i.e. 0.04 < p < 0.10) (Sall and Leh-
man, 1996). We also performed cluster analyses using
the centroid method on the faunal assemblage data of
corals, fleshy macroalgae, sea urchins and fish (Sall and
Lehman, 1996). We make only qualitative comparisons
with the coral surveys of Hamilton (1975) in Fungu
Yasini, Mbudya and Bongoyo, as he did not complete
quantitative line transects but rather diagrammed the
cover and species of coral on each reef profile. Hamilton
(1975) presented very accurate maps of his locations
and, therefore, our quantitative transects were placed
very close to his qualitative profiles.

3. Results
3.1. The benthic community

Hard coral cover (37%) and algal turf cover (35%)
were the dominant benthic cover types in all reefs fol-
lowed by fleshy algae, sand, soft coral, coralline algae,
and sponge [Table 1(a)]. Calcareous algae Halimeda
spp. and the usually common seagrasses such as Tha-
lassia hemprichii and Thalassadendron ciliatum were very
uncommon in these shallow back-reef crest habitats.
Although coral cover was 20% lower in unprotected
than protected reefs there were no statistically sig-
nificant differences found between protected and
unprotected sites with the exception of there being more
sand cover in protected sites. There were, however, large
differences in the dominance and composition of coral
genera at the studied sites [Table Al(b)]. Some sites
were dominated by Galaxea clavus, others by foliaceous
Montipora, branching and massive Porites (mostly P.
nigrescens and P. lutea respectively), Pavona and Acro-

pora. The sites in Bongoyo were unique in having a high
dominance of Galaxea fascicularis at one site and Fun-
gia at another.

Most sites had high diversity, but a few sites, with a
high dominance of one of the above genera, had lower
diversity [Table Al(b)], but dominance and diversity
were not clearly related to management [Fig. 3(a)]. Pro-
tected reefs did cluster together along with three unpro-
tected sites which all had moderate abundance of
Galaxea clavus, Acropora spp. and Porites nigrescens
[Fig. 3(a), Table Al(b)]. There were similarities in the
number of genera encountered among regions by the
search-sampling method for up to 100 min of searching
(Fig. 4). Each region had between 30 and 35 genera of
coral in these shallow-water sites. Kisite MNP sites may
have had slightly higher within-site genera diversity (at
20 min of sampling) but this small difference was not
maintained at greater levels of sampling.

Fleshy algae were also highly variable among sites
[Table 1(b) and Al(c)]. The fleshy brown algae Sargas-
sum, Turbinaria and Dictyota were the most abundant
genera but very uncommon in the Dar es Salaam and
Zanzibar town islands area. Two protected sites, Kisite
1 and Chumbe 1, had a high abundance of Sargassum as
did a number of sites in the Tanga region and these sites
clustered as outliers to a central cluster of sites with low
fleshy macroalgal cover [Fig. 3(b)]. High variability
among regions produced high levels of variance for
comparisons between protected and unprotected reefs
such that none of the differences were statistically sig-
nificant—despite there being about twice as much Sar-
gassum in unprotected than protected reefs. The
relationship between hard coral and fleshy algae cover
was also highly variable and suggests some limitations
of coral abundance by algal abundance but a highly
variable relationship (Fig. 5).

3.2. Comparison with Hamilton’s 1974 reef profile studies

Five sites described by Hamilton in 1974 were visited
in 1996 and at four of these sites we completed quanti-
tative transects (Mbudya and Bongoyo 1 and 2).
Hamilton’s descriptions are qualitative profile diagrams
showing the zonation patterns of corals and includes a
series of black and white photographs of corals in the
field. Diagrams and photographs give a good descrip-
tion that allows us to compare our quantitative data
with fair accuracy.

Hamilton describes the Fungu Mkadya reef as having
a fore reef dominated by Acropora hyacinthus which was
“not profusely developed” in 1974 and leeward slope
dominated by Galaxea clavus with Echinopora lamellosa
and Acropora hyacinthus colonies at the base of the
slope. Despite extensive searching we found very low
cover by coral (< 10%) but a high cover of algal turf
(> 85%) growing on consolidated rubble, and large
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numbers of Echinothrix diadema and Diadema savignyi
sea urchins grazing on the turf and consolidated rubble.
Because coral cover was low there was little clear evi-
dence of zonation but the dead skeletons of Galaxea
clavus were common on the leeward side and live Acro-
pora was sparsely distributed on the fore reef.
Comparison of the Mbudya sites indicates the least
change since Hamilton’s survey but there were notable
differences in the back reef crests he described (Profiles 6
and 7) and photographed (Plates 3.1 and 3.2). He
described one reef crest (Profile 6) as having a ‘“very
dense coverage of cespitose colonies of Acropora of
several species” and his photographs suggest coral cover
> 70% and a low population density of sea urchins
(none observed in the two photographs). In 1996, at the
same site, we measured 28% hard coral cover and found
that Montipora was the dominant genus with Acropora
contributing only 30% of this hard coral cover. We
recorded sea urchin wet weights of 5500 kg/ha in 1996
(it would have been extremely difficult to photograph
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this reef without a sea urchin in the picture). Our second
site in Mbudya 2 had a very high coral cover (70%) and
seemed to be similar to the descriptions provided by
Hamilton.

Comparison of the three Bongoyo reef profiles
(Hamilton, 1975: Profiles 9, 10 and 11 and photographs
8.1, 8.2, 9.1 and 9.2) with our transect studies suggest
large changes in the coral community since 1974. The
1974 study describes a very high cover (> 70%) of
Acropora hyacinthus and A. formosa on the reef crest,
few sea urchins (none in four pictures), and, in the reef
slopes, dominance by either Galaxea clavus or Acropora
formosa. Our 1996 survey shows only 28-36% hard
coral cover on the reef crest and a much lower dom-
inance of Acropora than found in 1974. Galaxea clavus,
which was and still is dominant on the reef slope, was
also very common on the reef crest as were Galaxea
fascicularis and species of Fungia. Sea urchins were very
abundant—ranging from 5730 to 6610 kg/ha [Tables
1(c) and A1(d)].

(b) Fleshy macroalgae
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Fig. 3. Cluster analyses of the study sites for the assemblages of (a) hard coral (to the genus), (b) fleshy algae (to the genus) (c) sea urchins (to the

species) and (d) fish (to the species).
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Fig. 4. Cumulative number of coral genera found as a function of the
time spent searching in each of the four regions.
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Fig. 5. Relationship between fleshy brown and red algae and the
abundance of hard coral in the 15 studied sites.
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Fig. 6. Relationships between predation intensity and (a) total sea
urchin abundance and (b) the three most common species (Diadema
savignyi, Diadema setosum and Echinothrix diadema) and the rock-
boring sea urchin Echinometra mathaei.

3.3. The sea urchin assemblage and predation

Sea urchin wet-weight estimates on these reefs varied
greatly from 78 to 6609 kg/ha [Tables 1(c) and A1(d)].
Wet-weight estimates in the protected sites were about
one sixth (613 kg/ha) those of the unprotected sites
(3528 kg/ha) while species diversity and predation rates
were about two times higher in protected than unpro-
tected reefs (p < 0.01). Predation was very uniform
among the three protected sites in Kisite MNP—ran-
ging from 0.82 to 0.88, and to a lesser extent in the
newer and smaller CHICOP reef (0.38-0.52), while
highly variable in unprotected sites—ranging from 0.05
to 0.56. The two dominant species and the total sea
urchin abundance were statistically more abundant in
unprotected than protected reefs [Table 1(c)].

The relationship between predation intensity and sea
urchin wet weight was negative but highly variable [Fig.
6a]. Scatter plots of the relation between the predation
index and the abundance of the dominant predator,
Balistapus undulatus, indicate low abundance and var-
iance in sea urchin abundance at high levels of pre-
dators and predation but very high variance at the low
levels of predators and predation (Fig. 7). Despite high
variation in the abundance of sea urchins the predation
index was closely correlated with the abundance of B.
undulatus [Fig. 7a].
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Fig. 7. The relationship between red-lined triggerfish Balistapus undu-
latus and (a) the predation index and (b) the abundance of sea urchins
in the 15 studied reefs.
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The dominant sea urchin species in these reefs were
Diadema savignyi and Echinothrix diadema while most
other species were patchily distributed and not abun-
dant [Table 1(c); Fig. 6(b)]. Sites clustered by the degree
of dominance of the common species at the study sites
with sites of high abundance clustering as outliers on a
central cluster of sites with few sea urchins [Fig. 3(c)].
Echinothrix diadema appears to have a negative expo-
nential relationship with predation while D. savignyi has
a scattered or, perhaps, hump-shaped relationship with
predation. Echinometra mathaei, which is usually the
most dominant sea urchin species in Kenya’s fringing
reef and closely correlated with predation rates in those
reefs (McClanahan and Shafir, 1990),was uncommon in
the subtidal patch reefs we studied and showed no rela-
tionship with our measure of predation.

3.4. The fish fauna

Estimates of fish wet weights in these reefs varied
from 167 to 1091 kg/ha with protected sites having
around 3.5 times more fish biomass than the unpro-
tected reefs [p < 0.01; Table 1(d)]. By wet weight esti-
mates, the most abundant groups in the protected reefs
were the herbivorous parrotfishes and surgeonfishes
(~247 and 161 kg/ha respectively) and scavengers (~190
kg/ha; includes Lethrinidae, Lutjanidae, and Haemuli-
dae). The wet weights of these groups along with the

Table 2

triggerfish, angelfish and butterflyfish were significantly
lower (p < 0.05) in unprotected compared to protected
sites. Wrasses, goatfish, damselfish and rabbitfish did
not display differences in wet weights by this sampling
method. The more accurate DGS sampling method for
calculating numbers of individuals and species shows,
however, that there were 77% more individual damsel-
fishes and 11% more wrasses in the unprotected com-
pared to protected reefs (Table 2).

A comparison of the density of individual species
between protected and unprotected reefs sampled by the
DGS method showed statistically significant differences
(» < 0.07) in 27 of the 134 sampled species, distributed
in all families. Differences were highly significant
(p < 0.01) for Scarus sordidus, Naso annulatus, Chae-
toodon guttatissimus, Balistapus undulatus, and Suflamen
chrysopterus. Twenty seven of these significant differ-
ences were losses, and the only gain was for Plec-
troglyphidodon lacrymatus (Table 3). There was,
however, no distinct clustering of the fish fauna based
on management except that these sites were outliers to a
central cluster of sites dominated by damselfish and
wrasses and a lower abundance of the commercial spe-
cies [Fig. 3(d)].

The density and cumulative numbers of species also
reflected similar changes in the fish fauna. There were
34-95% reductions in the numbers of species per trans-
ect in unprotected compared to protected sites among

Number of individuals and species per 500 m? belt transects determined from the discrete-group sampling method. Data summarized by protection
and region. The F-value and level of significance from the ANOVA comparison of differences among regions and protection are given®

Protected Unprotected Difference ANOVA
Kisite Chumbe  Dar es Salaam  Tanga-Pangani  Zanzibar-Town
X SD. «x SD «x S.D. X S.D. X S.D % F-value Significance

Species/500 m?
Acanthuridae 6.8 2.1 55 24 23 1.2 3.4 2.3 0.8 1.0 —65.5 13.51 *
Balistidae 20 1.0 08 05 0.1 0.4 0.3 0.5 0.0 0.0 —90.9 692 +
Chaetodontidae 34 14 35 1.0 26 1.9 1.6 0.9 2.5 1.0 —34.5 8.44  +
Diodontidae 02 04 0.0 00 0.0 0.0 0.1 0.4 0.0 0.0 —55.6 0.35 NS
Labridae 109 3.1 135 1.9 126 24 14.8 3.2 10.3 3.9 2.9 0.03 N.S.
Pomacanthidae 08 04 25 1.7 03 0.5 1.3 0.9 0.5 0.6 -59.0 1.59 NS
Pomacentridae 98 39 158 22 148 2.9 12.5 4.1 10.5 3.9 -1.3 0.00 N.S.
Scaridae 65 14 83 1.0 25 1.5 3.6 2.4 3.0 2.0 —58.8 31.20 *
Total 40.1 9.4 498 5.7 351 5.2 38.6 12.4 27.5 9.9 —24.9 4.03 N.S.
Density, number/500m?>
Acanthuridae 75.5 256 163 93 108 9.3 304 207 1.0 1.4 —69.4 1.66  N.S.
Balistidae 5.1 43 08 05 0.1 0.4 0.3 0.5 0.0 0.0 -95.7 298 NS
Chaetodontidae 79 33 193132 99 9.9 3.5 2.1 4.5 4.4 —56.1 236  NS.
Diodontidae 03 07 0.0 00 0.0 0.0 0.1 0.4 0.0 0.0 -73.3 0.80  N.S.
Labridae 87.0 36.1 70.0 6.0 112.8 57.8 115.4 54.3 353 223 11.8 0.07 NS.
Pomacanthidae 26 2.6 45 06 04 0.7 6.1 5.8 0.5 0.6 -33.9 0.22 NS
Pomacentridae 136.8 1359 317.3 98.5 609.0 268.6 4179 2294 179.8 1159 77.2 1.02 N.S.
Scaridae (Adult) 355 122 345124 73 7.5 350 429 6.3 7.2 —53.8 240 NS
Scaridae (Juveniles) 0.0 0.0 0.0 00 0.0 0.0 30.3 41.1 0.0 0.0 0.60 N.S.

2 N.S.=not significant, + = p < 0.07, * = p < 0.05, *x = p < 0.01.
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Table 3
Population densities (no. per 500 m?) of the studied fish species in the three regions. The F-value and level of significance from the one-way ANOVA
comparison of differences among protection are given

Species Protected Unprotected Difference ANOVA
%

Mean s.e.m. Mean s.e.m. F-value Significance
Acanthuridae
Ctenochaetus striatus 10.83 4.17 8.72 3.55 —19.49 0.14 N.S.
Acanthurus nigrofuscus 13.75 5.80 3.17 2.65 —-76.97 3.66 +
Naso annulatus 13.10 4.61 0.11 0.11 -99.15 15.25 wox
Zebrasoma scopas 4.17 1.61 3.17 1.48 —24.00 0.19 N.S.
Ctenochaetus strigosus 4.07 1.79 1.33 0.71 —67.21 2.86 N.S.
Acanthurus leucosternon 2.27 0.84 0.56 0.28 —75.49 5.70 *
Acanthurus tennenti 1.77 0.94 0.00 0.00 —100.00 6.84 *
Acanthurus triostegus 1.68 1.34 0.00 0.00 —100.00 3.04 N.S.
Zebrasoma veliferum 0.58 0.36 0.39 0.12 —33.33 0.36 N.S.
Paracanthurus hepatus 0.63 0.63 0.00 0.17 —100.00 1.93 N.S.
Acanthurus dussumieri 0.35 0.35 0.06 0.06 —84.13 1.25 N.S.
Acanthurus nigricauda 0.08 0.05 0.17 0.17 100.00 0.13 N.S.
Naso lituratus 0.25 0.16 0.00 0.00 —100.00 4.82 *
Acanthurus xanthopterus 0.05 0.05 0.17 0.60 233.33 0.50 N.S.
Naso unicornis 0.03 0.03 0.00 0.00 —100.00 1.93 N.S.
Balistidae
Sufflamen chrysopterus 1.65 0.73 0.00 0.17 —100.00 9.81 **
Balistapus undulatus 1.18 0.37 0.17 0.08 —85.92 12.57 K
Rhinecanthus aculeatus 0.33 0.33 0.00 0.00 —100.00 1.93 N.S.
Pseudobalistes fuscus 0.13 0.13 0.00 0.00 —100.00 1.93 N.S.
Balistoides viridescens 0.03 0.03 0.00 0.00 —100.00 1.93 N.S.
Chaetodontidae
Chaetodon trifasciatus 7.37 3.58 2.60 1.28 —64.71 2.44 N.S.
Chaetodon trifascialis 4.22 2.44 1.05 0.45 =75.10 3.18 +
Chaetodon auriga 1.37 0.49 1.25 0.54 —8.54 0.02 N.S.
Chaetodon kleinii 0.20 0.20 0.65 0.37 225.00 0.68 N.S.
Chaetodon guttatissimus 0.83 0.35 0.00 0.10 —100.00 12.60 *E
Chaetodon zanzibarensis 0.27 0.19 0.30 0.20 12.50 0.01 N.S.
Chaetodon lunula 0.05 0.05 0.40 0.21 700.00 1.34 N.S.
Chaetodon xanthocephalus 0.38 0.16 0.05 0.07 —86.96 6.44 *
Chaetodon falcula 0.33 0.19 0.00 0.00 —100.00 6.67 *
Chaetodon melannotus 0.03 0.03 0.15 0.13 350.00 0.56 N.S.
Diodontidae
Diodon hystrix 0.13 0.13 0.00 0.00 —100.00 2.17 N.S.
Diodon liturosus 0.03 0.03 0.05 0.05 50.00 0.05 N.S.
Labridae
Thalassoma amblycephalum 38.13 14.97 23.70 7.54 —37.85 0.94 N.S.
Thalassoma hebraicum 13.52 3.50 21.35 4.19 57.95 1.79 N.S.
Gomphosus caeruleus 8.43 1.64 10.80 2.12 28.06 0.54 N.S.
Labroides dimidiatus 6.58 2.27 11.70 2.23 77.72 2.57 N.S.
Thalassoma hardwicke 6.40 1.76 6.00 3.33 —6.25 0.01 N.S.
Stethojulis albovittata 5.88 1.48 4.30 1.02 —26.91 0.85 N.S.
Labrichthys unilineatus 4.75 2.71 2.65 1.34 —44.21 0.62 N.S.
Halichoeres hortulanus 2.68 1.06 3.75 1.59 39.75 0.21 N.S.
Pseudocheilinus hexataenia 4.02 1.61 2.40 0.81 —40.25 1.19 N.S.
Hemigymnus melapterus 0.60 0.36 1.65 0.75 175.00 0.95 N.S.
Anampses meleagrides 1.55 0.78 0.65 0.33 —58.06 1.88 N.S.
Thalassoma lunare 0.20 0.12 1.95 1.31 875.00 0.85 N.S.
Cheilinus oxycephalus 0.00 0.00 1.45 0.55 2.48 N.S.
Anampses twistii 0.40 0.10 1.00 0.31 150.00 1.39 N.S.
Anampses caeruleopunctatus 0.77 0.28 0.45 0.27 —41.30 0.53 N.S.
Cheilinus trilobatus 0.10 0.10 1.05 0.40 950.00 2.62 N.S.
Cheilio inermis 0.18 0.15 0.90 0.53 390.91 0.88 N.S.

(Continued on next page)
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Species Protected Unprotected Difference ANOVA
%
Mean s.e.m. Mean s.e.m. F-value Significance

Coris caudimacula 0.15 0.10 0.90 0.50 500.00 1.08 N.S.
Bodianus axillaris 0.67 0.24 0.35 0.17 —47.50 1.18 N.S.
Hemigymnus fasciatus 0.58 0.20 0.20 0.15 —65.71 4.53 +
Coris formosa 0.27 0.17 0.40 0.21 50.00 0.17 N.S.
Labroides bicolor 0.37 0.10 0.30 1.43 —18.18 0.08 N.S.
Halichoeres marginatus 0.00 0.00 0.55 0.45 0.72 N.S.
Cheilinus fasciatus 0.00 0.00 0.50 0.24 2.17 N.S.
Halichoeres scapularis 0.30 0.30 0.20 0.15 —33.33 0.11 N.S.
Stethojulis strigiventer 0.00 0.00 0.45 0.36 1.07 N.S.
Novaculichthys taeniourus 0.10 0.10 0.30 0.26 200.00 0.75 N.S.
Epibulus insidiator 0.05 0.05 0.30 0.25 500.00 0.48 N.S.
Coris gaimard africana 0.22 0.12 0.05 0.05 —76.92 2.29 N.S.
Cirrhalabrus exquisitus 0.00 0.00 0.15 0.15 0.48 N.S.
Halichoeres nebulosus 0.00 0.00 0.10 0.10 0.48 N.S.
Hologymnosus doliatus 0.10 0.07 0.00 0.00 —100.00 4.88 *
Coris aygula 0.07 0.07 0.00 0.05 —100.00 2.17 N.S.
Hologymnosus annulatus 0.00 0.00 0.05 0.15 0.48 N.S.
Cheilinus diagrammus 0.00 0.00 0.00 0.00 0.00 N.S.
Cheilinus mentalis 0.00 0.00 0.00 0.45 0.00 N.S.
Pomacanthidae

Centropyge multispinis 2.80 0.34 2.10 1.27 —25.00 0.15 N.S.
Pomacanthus semicirculatus 0.20 0.12 0.75 0.59 275.00 0.41 N.S.
Pygoplites diacanthus 0.10 0.10 0.15 0.11 50.00 0.09 N.S.
Pomacanthus chrysurus 0.10 0.10 0.00 0.00 —100.00 2.17 N.S.
Pomacentridae

Chromis viridis 97.55 66.72 69.35 26.76 —28.91 0.22 N.S.
Pomacentrus sulfureus 87.53 60.28 14.35 4.97 —83.61 3.11 N.S.
Neopomacentrus azysron 26.00 16.00 74.85 53.49 187.88 0.40 N.S.
Plectroglyphidodon lacrymatus 16.65 2.67 83.75 23.29 403.00 3.96 +
Chromis dimidiata 40.83 21.29 28.30 19.63 —30.69 0.16 N.S.
Dascyllus aruanus 2.30 2.18 47.65 31.61 1971.74 0.99 N.S.
Stegastes nigricans 13.70 13.33 34.50 22.57 151.82 0.38 N.S.
Chrysiptera unimaculata 11.62 7.62 34.25 9.73 194.84 2.20 N.S.
Chromis ternatensis 33.55 23.80 7.50 6.67 —77.65 1.92 N.S.
Chromis nigrura 26.97 12.59 7.80 4.81 —71.08 3.04 N.S.
Abudefduf sexfasciatus 18.67 17.09 8.20 2.18 —56.07 0.76 N.S.
Plectroglyphidodon dickii 16.33 5.49 7.60 3.49 —53.47 2.00 N.S.
Dascyllus trimaculatus 2.40 1.94 19.45 11.62 710.42 1.04 N.S.
Abudefduf vaigiensis 8.40 8.28 6.60 3.92 —21.43 0.05 N.S.
Pomacentrus caeruleus 3.17 1.66 11.50 9.85 263.16 0.35 N.S.
Amphiprion akallopisos 3.97 3.04 7.40 2.89 86.55 0.56 N.S.
Chromis weberi 1.15 0.80 9.75 5.85 747.83 1.04 N.S.
Abudefduf sparoides 4.03 3.99 4.30 1.98 6.61 0.00 N.S.
Pomacentrus pavo 2.00 2.00 4.60 3.07 130.00 0.32 N.S.
Amphiprion allardi 0.93 0.31 4.60 3.80 392.86 0.86 N.S.
Stegastes lividus 0.00 0.00 4.50 2.99 1.07 N.S.
Neoglyphidodon melas 1.60 1.12 2.50 1.03 56.25 0.32 N.S.
Dascyllus carneus 0.13 0.13 2.75 0.15 1962.50 0.49 N.S.
Pomacentrus baenschi 1.27 0.94 0.65 0.47 —48.68 0.58 N.S.
Amblyglyphidodon leucogaster 0.65 0.53 1.10 1.22 69.23 0.16 N.S.
Plectroglyphidodon johnstonianus 1.00 0.65 0.10 15.39 —90.00 3.94 +
Chrysiptera biocellata 0.63 0.45 0.00 0.05 —100.00 4.21 +
Pomacentrus pulcherrimus 0.33 0.19 0.00 1.40 —100.00 6.67 *
Dascyllus reticulatus 0.27 0.27 0.00 0.70 —100.00 2.17 N.S.
Stegastes fasciolatus 0.00 0.00 0.25 0.25 0.48 N.S.
Abudefduf melanopus 0.13 0.10 0.00 0.00 —100.00 4.08 +
Chrysiptera leucopoma 0.10 0.10 0.00 5.40 —100.00 2.17 N.S.
Chrysiptera glauca 0.00 0.00 0.05 0.00 0.48 N.S.

(Continued on next page)
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Table 3 (Continued)

Species Protected Unprotected Difference ANOVA
%
Mean s.e.m. Mean s.e.m. F-value Significance

Scaridae

Scarus sordidus 17.38 2.38 2.83 0.82 —83.70 50.48 wok
Scarus frenatus 4.80 1.23 1.50 0.52 —68.75 8.26 *
Scarus niger 3.48 1.73 1.28 0.62 —63.32 2.18 N.S.
Scarus ghobban 1.23 0.95 1.17 0.88 —5.41 0.00 N.S.
Scarus russelii 1.87 0.97 0.11 0.07 —94.05 6.18 *
Scarus scaber 0.90 0.68 0.89 0.89 —1.23 0.00 N.S.
Scarus rubroviolaceus 1.45 0.72 0.22 0.22 —84.67 4.15 +
Calotomus carolinus 0.35 0.23 1.17 0.61 233.33 0.93 N.S.
Scarus gibbus 1.18 0.55 0.33 0.22 —71.83 2.93 N.S.
Hipposcarus harid 0.92 0.38 0.06 0.06 —93.94 9.19 *
Scarus falcipinnis 0.67 0.26 0.17 0.12 —75.00 4.04 +
Cetoscarus bicolor 0.42 0.20 0.17 0.12 —60.00 1.31 N.S.
Scarus viridifucatus 0.40 0.29 0.00 0.00 —100.00 3.63 +
Scarus atrilunula 0.37 0.26 0.00 0.00 —100.00 3.83 +
Scarus tricolor 0.13 0.13 0.11 0.11 —16.67 0.02 N.S.
Leptoscarus vaigiensis 0.00 0.00 0.06 0.06 0.54 N.S.

N.S.=not significant, + = p < 0.07, * = p < 0.05, *x = p < 0.01. The percentage difference between protected and unprotected reefs is also given

the butterfly, parrot, surgeon, and triggerfishes but 12—
77% increases for the more species-rich and small-bod-
ied damselfish and wrasse families (Table 2). Conse-
quently, overall there was a statistically insignificant
25% decrease in species density between protected and
unprotected reefs at the scale of 500 m?. Plots of cumu-
lative numbers of species, combining sites into the pro-
tected and unprotected categories further reflect these
differences at the small scale but many of these differ-
ences in species numbers were not evident at the larger
scale of 1 ha (Fig. 8).

4. Discussion
4.1. Fishing effects on East African patch reefs

The role of fishing on patch-reef ecology was studied
by (1) comparing the macrobenthic and fish commu-
nities in 10 fished sites with five sites in two marine
parks, and (2) by comparing five heavily fished reefs
after a 22-year period in an area where fishing effort has
approximately doubled over this time (Fig. 1). Both of
these methods of study present some difficulties in
making firm conclusions about the effects of fishing on
reef ecology but we believe that the combination of
spatial and temporal comparisons, even with their indi-
vidual shortcomings, produces a reasonable picture of
the ecological changes associated with moderate fishing.
The best comparison of protected and unprotected
areas should include several protected areas in order to
reduce errors associated with pseudoreplication
(Underwood, 1994). In the case of East African patch or

island reefs, only two fully protected marine park exists
which made additional replication of protected areas
impossible. In order to reduce possible pseudoreplica-
tion errors we sampled a large amount of the existing
variability in the two marine protected areas. This does
not, however, suffice if there are some unique properties
about these two reefs as a whole that would produce
unfair comparisons. There are, however, notable physi-
cal differences between Kisite and CHICOP which make
this possibility less likely. The comparison of five Dar es
Salaam reef sites over time is weakened by a lack of
quantitative data from the 1974 study as well as the
limited focus on corals. We relied on map locations, reef
profile diagrams, black and white photographs, and the
authors description for comparisons. This is probably
sufficient to document the most obvious changes. Below
are some of the effects that we suggest are supported by
these temporal and spatial comparisons as well as com-
parisons with the better-studied fringing reefs of Kenya.

Fishing, in this study, as in many other recent coral-
reef studies has reduced the total wet weight of fish on
fished reefs but the effects were not the same for all
groups and some of the effects may not be due to the
direct effects of fishing. The direct effects of fishing are
probably most responsible for the lowered abundance
of angelfish, scavengers, surgeonfish, and triggerfish in
unprotected reefs. Lower abundance of some species of
parrotfishes, and perhaps some surgeonfish species, may
be the direct effect of fishing itself combined with the
indirect effect of competition with sea urchins (Hay and
Taylor, 1985; McClanahan et al., 1994, 1996). Other
studies have shown decreases, no change and increases
in herbivorous fish with increased fishing intensity
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Fig. 8. Species-area relationships for the studied fish families and total sampled fauna comparing protected and unprotected reefs.

(Koslow et al., 1988; Russ and Alcala, 1989; Jennings et
al., 1995; Roberts, 1995; Jennings and Polunin, 1996a).
Where sea urchins are not abundant or controlled by
fish predators, a number of responses are possible
depending on the level of fishing and choices of the
fisherfolk (for example see McClanahan, 1995a). There
is also evidence from sea urchin reduction studies that
snappers (Lutjanidae) and emperors (Lethrinidae) can
be reduced by high sea urchin abundance but the cause
is not well understood (McClanahan et al., 1996).
Increases in the numbers of individuals and species of
damselfishes and wrasses in unprotected reefs is likely to
be an indirect effect of fishing. A number of studies
including this one have found increases in some small-
bodied wrasses with increased fishing (Russ and Alcala,
1989; McClanahan, 1994; Jennings and Lock, 1996).
These families of fish contain species with small body
sizes that may experience ecological release with the loss
of larger and more fishing-susceptible predators and,

perhaps, competitors. Russ and Alcala (1989) attribute
an increase in wrasse numbers in fished reefs to greater
rubble in their fished sites while McClanahan (1994)
suggests that it is the fusiform species that can escape
through nets that show population increases.

The loss of triggerfish, particularly Balistapus undula-
tus, reduced rates of predation on sea urchins; increased
sea urchin abundance appears to be one of the major
consequences of fishing in East Africa—occurring in
both fringing and patch reefs (McClanahan and Shafir,
1990; Watson and Ormond, 1994), but with some
unique characteristics in each environment. Evidence to
support this conclusion include the more abundant B.
undulatus, higher predation rates on tethered sea urch-
ins, and fewer sea urchins in the protected compared to
unprotected reefs as well as direct observation on pre-
dation in the marine protected areas (McClanahan,
1995b). There was also evidence for increased sea urchin
abundance in the Dar es Salaam reefs since 1974 asso-
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ciated with a doubling in fishing intensity The relation-
ship between B. undulatus and predation on tethered sea
urchins was, however, much stronger than with sea
urchin abundance, particularly at the low levels of pre-
dators and predation. This suggests that, at low levels of
predators, factors other than predation and B. undulatus
abundance are controlling sea urchin abundance. Pre-
vious field studies suggest that B. wundulatus is an
aggressive species that can dominate baited sites and
may, therefore, be a species very susceptible to fishing
(McClanahan, 1995b; unpublished data). In the absence
of B. undulatus some wrasses (species in the genus Coris
and Cheilinus) and emperors (Lethrinus mahensa, L.
xanthochilus and others) may occupy the sea urchin
predator niche (McClanahan, 1995b) but these species
appear less effective at controlling sea urchin popula-
tions.

In the studied patch reefs the sea urchins Diadema
savignyi, D. setosum, and Echinothrix diadema were
highest in unprotected reefs. This contrasts with Ken-
ya’s fringing reef where Echinometra mathaei is the
dominant sea urchin and closely controlled by predation
(McClanahan and Shafir, 1990). Differences in dom-
inance between habitats is not clear but the larger bod-
ied Diadema and Echinothrix may be more tolerant than
the small-bodied E. mathaei to physical disturbances
and open substrate that are probably greater in patch
than fringing reefs, but this explanation remains spec-
ulative.

In general, the model of coral reef degradation devel-
oped in Kenya’s fringing reefs has some predictive
power for patch and rock-island reefs, as described
above, except that there appears to be more species and
population variability in the patch than fringing reefs
which produces less predictable clustering of sites based
on management when using species or genera-level
groupings (Fig. 3). This may be attributable to either
lowered levels of fishing in these patch compared to
fringing reefs, and therefore fewer differences between
reefs based on management, or, perhaps, that the smal-
ler size of these reefs causes them to be more influenced
by stochastic recruitment rather than biological interac-
tions. Ault and Johnson (1998) studied the population
dynamics of damselfish on small patch and continuous
reefs and found higher population variability in the
patch than the fringing reef environment and attributed
this to differences in the size and connectivity of habi-
tats. The factors of fishing intensity and reef size are
difficult to tease apart as smaller and sparsely dis-
tributed reefs can spread out fishing effort while fringing
reefs compress fishing into the calm lagoons behind
fringing reefs and encourages fisherfolk without large or
seaworthy boats.

Losses of coral abundance and diversity were not
evident from the comparison of protected and unpro-
tected reefs but there was evidence for losses and com-

positional changes in the Dar es Salaam reefs over the
past 22 years. The difference in findings may reflect the
different initial conditions of the reefs and the effects of
physical disturbance on coral abundance. The Mbudya
and Bongoyo sites were the most protected from physi-
cal disturbances and probably have a higher potential
for maximum coral cover because of low wave dis-
turbance. There is evidence, however, that disturbance
directly by fishing, and perhaps by sea urchins and ter-
ritorial damselfish has reduced the abundance and
changed the generic composition of corals in four of the
five visited sites—the least changed site (Mbudya 2)
being the most wave-protected site. The most wave-
exposed site visited in the Dar es Salaam area, Fungu
Mkadya, has lost most live hard coral cover and the
remaining calcium carbonate skeletons are now being
grazed and eroded by sea urchins. These observations
suggest that the damaging effects of fishing can be diffi-
cult to distinguish from natural physical disturbances
like waves. Moreover, the effect of high physical dis-
turbance combined with fishing may produce an addi-
tive or interactive force that can damage corals,
associated species, and retard recovery.

A few of the reefs in the Tanga-Pangani area had a
high cover of fleshy algae that may reflect reduced
grazing intensity on these reefs. Sea urchin abundance
was variable among these reefs and the relationship
between fleshy algae and sea urchin abundance was not
strong. One site in particular, Funguni, had both high
sea urchin and fleshy algae abundance, but low coral
cover. This may be attributable to the high bottom
contour complexity of this site. High complexity may
provide sufficient space for sea urchins and their grazing
lawns, while fleshy algae dominates in sites where sea
urchins cannot or do not graze. Competition with fleshy
algae, grazing sea urchins, and damage from dynamite
or fishing nets probably kept coral cover low at this site.
The interactions between physical disturbance, fleshy
algae, coral, and sea urchins is complex and requires
additional experimental and field studies before they
will be better understood.

4.2. Ecological status and conservation of northern
Tanzanian coral reefs and protected areas

Fishing appears to be having some predictable and
detrimental changes in the ecology of studied patch
reefs but the damage on most of the visited reefs was
not so severe that species of coral and fish were lost.
Reef damage by fishing is most evident for the total
abundance of fish and for some important grazing and
invertebrate-feeding species. Corals appears to be least
effected by fishing although there appeared to be some
loss of coral cover and species composition changes in
Mbudya 1, Bongoyo I, Fungu Mkadya, and Funguni.
This result is surprising in that unregulated dynamite
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fishing and pull seines, and their damage to coral has
been the focus of past conservation concerns (UNEP,
1989). Dynamite fishing is, however, expensive, unac-
ceptable in some fishing communities, and therefore
used frugally and often secretively. Dynamite fishing is
often focused on abundant and schooling fishes in off-
shore waters or reefs where detection or competition
with other fishing methods is reduced. Nonetheless,
dynamite damage was evident at some visited reefs by
the existence of circular craters of 1 to 2 m radius
among living coral and explosives may be largely
responsible for the poor condition of Fungu Mkadya
and Funguni reefs. Overall, however, these craters were
rarely so common at our study sites that coral was
eliminated over large areas (Fungu Mkadya and Fun-
guni being exceptions). Fished reefs were in poor
enough condition that they could benefit from fisheries
management but not so poor that they could not
recover if given some protective management. Conse-
quently, we would encourage both increased fisheries
management to reduce effort and destructive methods,

the revitalization of the marine protected areas, and
efforts to reduce the harvest of B. undulatus and some of
the most affected species, such as in the genus Scarus.
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Appendix A

Table 4
Summary statistics of the mean (S.D.) values of the (a) percent gross substrate categories, (b) relative abundance of hard coral cover, (c) dominant algal genera (cm/10 m), (d) sea urchin parameters
of density (no. per 10m?) and wet weight (kg/ha) and (e) fish wet weights (kg/ha) for each of the 15 studied sites

(a) Gross substrate categories

Reef sites Hard Turf Fleshy Coralline Sand Soft Seagrass Sponge Calcareous
Coral algae algae algae coral algae

Protected Reef

Kisite 1 22.10 44.64 14.00 5.67 10.03 3.44 0.00 0.13 0.00
(n=20) (15.24) (14.16) (9.32) (5.44) (10.12) (4.06) (0.00) (0.40) (0.00)
Kisite 2 31.66 41.57 0.65 3.21 14.16 8.74 0.00 0.00 0.00
(n=24) (28.99) (30.03) (1.28) (4.12) (17.83) (8.02) (0.00) (0.00) (0.00)
Kisite 3 19.41 51.80 0.98 1.86 18.44 7.51 0.00 0.00 0.00
(n=24) (24.70) (21.99) (1.30) (2.33) (15.35) (7.83) (0.00) (0.00) (0.00)
Chumbe 1 51.61 16.06 13.94 7.53 11.31 0.32 0.00 0.42 0.07
n=9) (20.34) (13.67) (21.38) (4.44) (9.09) (0.64) (0.00) (0.68) (0.22)
Chumbe 2 73.94 9.53 0.61 7.00 6.53 1.28 0.00 0.24 1.03
n=9) (9.02) (6.40) (1.10) (3.66) (5.49) (2.55) (0.00) (0.30) (2.06)
Unprotected reefs
Tanga-Pangani area
Funguni 5.03 36.82 40.30 7.18 1.61 2.11 6.62 0.34 0.00
n=9) (4.95) (13.72) (8.57) (3.55) (1.81) (2.42) (8.06) (0.53) (0.00)
Makome 28.61 33.08 28.06 6.86 0.00 3.26 0.00 0.00 0.13
n=9) (27.21) (17.17) (16.72) (4.94) (0.00) (5.01) (0.00) (0.00) (0.38)
Taa 21.32 45.93 17.01 2.03 8.37 291 1.84 0.52 0.07
n=9) (11.02) (7.47) (9.05) (2.11) (8.00) (3.00) (3.19) (1.03) (0.22)
Changale 40.68 25.20 22.24 4.25 0.98 6.38 0.00 0.27 0.00
(n=17) (11.38) (11.43) (13.16) (2.82) (1.69) (5.16) (0.00) (0.72) (0.00)
Dar es Salaam—Kunduchi
Mbudya 1 27.75 45.19 0.89 24.87 0.00 0.92 0.22 0.00 0.17
(n=11) (10.30) (17.35) (1.19) (19.15) (0.00) (1.13) (0.73) (0.00) (0.56)
Mbudya 2 77.77 10.64 0.00 7.73 0.16 0.32 3.16 0.21 0.00
S.D. (19.07) (15.15) (0.00) 9.61) (0.51) (0.70) (9.98) (0.48) (0.00)
Bongoyo 1 36.00 51.84 0.60 8.17 0.55 2.33 0.00 0.50 0.00
(n=10) (14.06) (14.14) (1.13) (5.40) (1.25) (2.31) (0.00) (0.81) (0.00)
Bongoyo 2 28.78 43.48 0.00 11.15 7.67 7.82 0.81 0.29 0.00
(14.95) (16.14) (0.00) (16.28) (9.67) (8.87) (2.57) (0.72) (0.00)
Zanzibar—town islands
Changuu 44.69 40.64 0.05 5.10 5.22 4.30 0.00 0.00 0.00
n=9) (21.94) (18.47) (0.15) (6.82) (7.71) (4.45) (0.00) (0.00) (0.00)
Chapwani 52.32 31.21 1.36 7.89 2.33 4.68 0.00 0.56 0.00
n=9) (8.93) (8.46) (1.27) (3.65) (3.51) (7.35) (0.00) (0.85) (0.00)

T8I-191 (6661) 68 UOIDALISUOD [PIIF0I0IG | [P 10 UDYPUDIDII "Y' L

LLT



00 (187 00 00 00 00 LTl 09 0891 BEL

(€9) (0°0) (0°0) (00) (1'8) (0°0) (o1 #9) (Lesn) (6=u)

I'c 00 00 00 8Y 00 €9 LE 8'€ST QWONEN

(0°0) (oD (0°0) (0°0) #9) (CYAY (816) (CR39) 8511 (6=u)

00 €0 00 00 a4 9 £7e L09 6°00¢ unguny 1wesued-edue],

sfaa.1 pajdajo.adu)

©0) ©0) ©0) ©0) ©0) ©0) ©0) ©6) #P) (6=1)

00 00 00 00 00 00 00 0¢ [ ¢ _qunysy

00 00 (00 00 (00 00 61D (CFD) (s119) 6=

00 00 00 00 00 00 88 0°¢ 0vel [ equnyd

00 00 (00 00 (00 00 (00 (440! (CD) (=1

00 00 00 00 00 00 00 9°¢ IS € ST

(X)) 00 (00 00 00 (00 (00 (€9) () ye=u

00 00 00 00 00 00 00 v'e 80 T oSy

00 00 (0'0) 00 (0'0) (00 (00 (98D (€con (oz=u)

~ 00 00 00 00 00 00 00 S'Ic VLel [ sty

x Jooy pairajoaqg
,

W pAq3udg puipp g D]]21342020 uojA1dyv gy prLydsod101q voud{py 1041017 DLIDUIGAN ], wnssp3ing SIS Jooy

M snuad Aq se3[eoroew Aysdq (9)
M
B
E
S

S 0 0 0 0 0 1’0 4 0 L0 0 Sl 0 81 14 9ce uemdey)

w 0 0 €0 0 S0 0 0 L0 L'l 0 134 €0 C 9°01 L'SE nnguey)

3 IDQIZUDZ

Wo 0 0 [ 70 ¥0 €1 ¥0 L0 9°6C 4! L0 I'c I [« 1'¢¢ T oko3uog

.nm ST 1’0 ¢o 0 ¥0 €1 90 € % I'ee L'e I'6 LT [ e | 0ko3uog

W 4% [ 0 0 0 ¥ 0 €T 8¢ €1 [ I'ey 99 §ec 0 [ eApnqIN

5 woopps §2 ADq

g 0 [ ¥'S 0 6'Y [ 6'S S'1 0 6'¢ 6'1 I'ey I'vl 8¢ 0 s[esueyD

;m 0] 8T (43 0 80 L0 ¥'9 [ €0 0 1L 60 9% 91 €1 eEL

= 0 0 0 0 4 0 0 €1 0 0 0 0 L I 06 SQUWIONBN

2 0 8 L'l 0 8L 0 9 £7Cl 0 0 €¢I 0¢ L1 I'é6 L9 ungung

= WpIung-v3un | pardajoadup)

& ¥0 1’0 0 0 9°0 0 6¢C 90 0 0 6°S1 9 181 I'ey 4 ¢ equnys

= 0 0 o €0 0 0 ST 0 (43 0 6 o ¥'9 §'s9 4 [ 2quInys

0 80 €0 1Y S0 Se 0 Sl 8’1 70 I L'e 76l I'e €LS € ST

0 o 0 [4 L0 S I 90 L0 0 ¥0 8¢l S'19 43 6 T oSy

0 91 I'l L [ 91 60 |3 70 €1 eyl 9¢ 6'0% 9°¢l 9¢ [ sy

§foa4 paydaroad

SLDINIIISD)  SAISSBWL Suryouriq DIDILISD
puoang saj1an,]  vUd34w)g  vaodoipriag  vioydoupdpy  piodourydy vaodajpy  viodojjroog  DISUN] vaxppy  ‘sajuod  piodiguo ‘sajnog  viodoady paxpprn  sa10ads/eIoudn)

178

1J9 03 YSLI WOl JuepuUNqe JSBI] 0} ISOW WOLJ PAIAPIQ 'S[EI0d pIey A} JO 19400 oFejudorad se pojussald erouasqns pue eIoudS [BI100 oY) JO 10400 Jueuro( (q)

(ponutiuoD) ¢ S1qe L,



179

T.R. McClanahan et al.|Biological Conservation 89 (1999) 161-182

81651 96 00 00 00 00 80€ST ¥ST I'ov
(a0 0 00 00 00 00 (81 (To) (S0
8¢°0 14 800 €I 10 00 00 00 00 801 10 €0 7 equny)
891§ 00 00 00 00 00 €'SSH S 19 00
(1e) 0°0) 0°0) 00 00 00 (19 t0) 00
50 4 0 e 00 00 00 00 00 e 4] 00 [ dquny)
8L 00 A 8'LT 6t 00 00 8°0¢ vEl
9°9) (00 9°9) 00) 00) 00) 0°0) (+°0) (s0)
88°0 S 880 9T 00 90 L0 10 00 00 10 10 € oysry|
v6ht 00 9T 00 00 00 00 000t 89p
(€¢) 00 871 00 00 00 00 (¢ (L0
98°0 € 090 6T 00 'l 00 00 00 00 A ¥0 T AsIy
9°0¢t 00 | LT v 00 00 8°0€T LEET
9°2) 00 (e o1 00) 00) (0°0) (€0) (L0)
780 S wo 8l 00 88 01 10 00 00 80 'l T sty
Joau pardajodqd
0°001 ST L'y 0S1 S9¥T Iyl 6'9LT €0CI (3) 1ySrom 1om [enprarpuy
Xopur  SSouyoLl = sumjoIn snjoapd N2 lovy vt SLIDWDIDI DjvLS wnsojas DuapYIP 14ugns
uonepalq soadg  AjIs1oAl(q v sawsnoudoxoy — snydaajsourydsy — pjoWOUIYds  XLyjounydqg  Sapsnoudil]  vwdppiq  XLYIOUWOsg  DuapnIq SIS

JOLI9 JO djewW]sd

ue jnoyim ‘(ey/3y) sarewnss 1ysom 1om oY) pue (;w(| Jod ou) Ayisudp uonendod axe san[eA 1ovyIvuwl p4jOUIOUIYIH PIISYID) UO Xdpul uonepard Y3 pue AJSIOAIP J10Y) ‘soroads £q uryoin eag (p)

00) 00 00 00) 00) Ty (0°0) (0°0) (00 (6=u)
00 00 00 00 00 el 00 00 00 wemder)
00) (CH)) 0°0) 00) 0°0) 0°0) (0°0) (0°0) (00 (6=1)
00 S0 00 00 00 00 00 00 00 nnuey)
@3&3\,& FSQN\REQ.NNQGN

00 00 0 00 00 0 00 00 0°0) (o1=u)
00 00 00 00 00 00 00 00 00 7 oko3uog
00) 00) 00 00 00 (€€n (82 00 0°0) (or=u)
00 00 00 00 00 19 60 00 00 [ ofo3uog
00 00 0 00 00 0 00 00 0°0) O1=u)
00 00 00 00 00 00 00 00 00 T eApnqQI
00) 00) 0 (Tin (szn 0 00 tv) 00 (Tr=u)
00 00 00 99 LS 00 00 9y 00 1 eApnqI
.NF\QSEEKVN\R\GSQW S0 A0

00) (00) +'8) 00) 00) L6 (6€€) 0°9) 'Ly1) (L=u)
00 00 (%4 00 00 e L'LE L1 Tyl s[esuey)
00) (9 00) 00) 00) 00) @8zn 6L (s°L6) (6=u)
pdq3udy puipng D]]2132020 uoj1dyv gy vrydsod1onq voudd{p v1od101q DLIDUIGAN ] wnssp3ing SIS Jooy

(panuzjuoD) ¢ 91qe L,



9°¢v9¥ 00 00 00 00 00 L89St $'19 vEl
(€81 0°0) 00 0°0) 0°0) 00 (0°81) t0) (€0
970 € 00 LTE 00 00 00 00 00 €T 0 10 wemder)
00962 00 00 S'81 00 00 6'129¢ €6 TLTT
(691) (00 00 o1 0°0) 0°0) (991) (9] ()]
¥T°0 4 €0 Tt 00 00 70 00 00 981 €0 6’1 nnguey)
Mﬁmﬁ\& tnéAQN\xQQNNth
o T0ELS 00 00 00 00 00 L'€16 1'9%9 Y OLIY
~ (T0o0) (0°0) (0°0) (0°0) (0°0) (0°0) 0y o) (ren
3 €70 € Yo SEh 00 00 00 00 00 $9 €T L¥€ 7 ofo3uog
= 96099 00 S0 00 009 00 1'S0p 0°€26 0°122s
2 (s ov) (0°0) (8°0) (0°0) (L0) (0°0) (€) ((S(9)] (s ov)
Z wo S ST0  TOS 00 4 00 0 00 6'C €€ vy [ ofoguog
5 8'€0ET 00 00 00 00 00 881 86T 99201
IS 01D 00 0°0) 00 00 00 (0 (€1 (ain
IS LTO € 020 96 00 00 00 00 00 10 60 S8 T eApnqn
m 0'81¢S 00 90 00 0°SL T8 00 L'661¢ $°00T
g S+D) (00 (9°0) 0°0) (6°0) 0°9) (00 (€1 81
© ST°0 S Pro  0'1C 00 €0 00 S0 v'e 00 49! LT [ eApnqN
W DD 1Yonpuny—unvips So A0
g 9486 00 00 00 00 00 00 9't8¢ 00
& (€0 (00 (0°0) 0°0) 0°0) (0°0) (00 (€0 (00
< LEO I 000 1T 00 00 00 00 00 00 1 00 s[esuey)
5 €9LYT v ¥91 $'81 00 €'LT I'Ly 68 ToErl
S (Cxqy) () ¥©) (5°0) (0°0) (€0) (€0 () LD
S 95°0 L €90  0°€C 70 99 70 00 10 €0 [ 611 BRl
E 0861 00 00 00 00 00 00 9481 vEl
2 n (00 (00 0°0) 0°0) 0°0) (00 (L (€0
M. 0S°0 4 ST0 80 00 00 00 00 00 00 L0 10 SWoyeN
m. S 09%S 00 v'6 6°¢l 0°0S 00 L'ST T8ELT TEE9T
(c1D (00 (s (s0) (s0) 00) (€0 (8¢ (851
500 9 §S0  £9¢ 00 8¢ €0 €0 00 10 66 6'1C ungun,g
DaUD 1UDSUDJ -D3UD [ —S[22.4 pa122j04dup)
XOpul  SSQUYOLI = sulgoin snjoapd sLmjow 190y 10U SLDUDIDD p)jIDLS uinsoyas pupvIp 14u3ps
uonepaiq soadg  AjsoaIq IV saisnoudoxoy  snydoajsounydsq — vjawiowyssy — XLyjouysq — sapsnoudil]  pwoppiq  XLYounydq  puapniq SIS

180

(ponunuoD) ¢ 21qe],



181

T.R. McClanahan et al.|Biological Conservation 89 (1999) 161-182

10 (€) (0°0) (€91) 0°ze) 00) (00 00) Lo €1 (00 0°0)
0991 679 00 79T 6€9 00 00 00 YL 9 00 00 wendey)
(Ts1o (8D S+) (0°LED) 0€n 00) 00 (s¢e) @n 02 00 ')
1'81¢ $'9¢ e $601 6vL TL 00 L€t 8'8¢ 891 00 8L nnguey)
(SQ.NN:BN
(rze) won 00 (19 0+0) 00 (€0 00 (LD (9] (00 Fon
€8l L6l 00 $91 8°¢6 00 €0 00 9°6¢ €L 00 6 7 ofo3uog
(s9) (ren 00 9) (Ton 00 (10 Lo (%) (€9 00 ((X4))
0291 L6l 00 L9 v'LS v'C €0 SS1 01¢ 9 00 L'LT | ofo3uog
(1'¢€0) (59 (8°0) (8) &1 00 (10 Lo %) (6s1) 00 ©on
I'v€T S'L 90 8¢l yEet 00 00 S0 LS 6'ST 00 L9T T eApnqIN
(S50 (€2 on (€€n 070 00 00 (€8 (18 ¢ 00 (233
6°€61 9°6¢ I'1 €Ll €65 00 00 6L 3 6 00 ey 1 eApnqN
boip .:\.QS.EQ:M\SSQNEMA 5o xGQ
(9°6%) (rzn (L¢) 9 (89) (s8) (6°6) @y Lon (8¢) 00 (8'82)
1'LIT v'6 L€ STl 8°9L 09 'L €Y 081 86 00 S6¥ sresuey)
(o) (6°8%) (€2 (59 (T0) 1 (€0 (Trsn (Iv) 99) (€1 e
6'67¢ €L 8 v 'YL Sy 0 01¢ LLE $9 60 I'vL eel
67¢) ((S4))] o 05 (67¢) @9 (€0 (6¢) 00) (6°0) 00 8%)
$'981 0LT 10 891 9°GL 0 60 L€ L'ST $9 00 Tse swoye
(819) (€L2) (80) (1s¢) (T6) (s9) (9on (9] Lo (8¢) 00 &'
6°L0€E S8 ST (1Y TLY S¢S S8 6l SyL 911 00 T09 ungunyn
BAIR [uedueJ-edue |,
sfoa. paydajoadiug)
(90L) (TLen (00°0) (t°0) (CX99) (692) 00 00 0¢h) (Te6) 00 (s9)
L1601 A3 74 000 [WARS 8¢l L'Ly 00 89 969 SSL S8 TSSI 7 squny)
(st (861 (£0'6) 0+01) 091) (6°9) 09 (s €0 11 (8¢) 09 081
6068 L6y 8¢9 6'1SS $'89 791 €Te vTe L6¥y LSy T €T [ squny)
©1c) (19 0 (6°8¢) (882) Lon t0) o) (8 (T9) (I+) @ne
¥'79¢ vLT €0 7601 €65 S1I 'l Lt 86 011 S6l 88 € yIsI3|
ey (@Ly) S+) (129 (TL 0°6) (91) (sz9) (0°02) 0°0) (90 9°52)
91001 €TS1 [ €001 I'101 6 L1l $'98¢ 96T v 8°GI 9°0LI T ousry
) (ren t0) (L 00 (€) (89) (€0 Ot) ITe (8°8) (€61) LD
€€89 T6S S0 L9ST v'8t 1L 60 99L1 LTy I's1 8¢ Tl [ sy
h\mm.\ NGmNumNanN
JepLn JepIyl Jepnu epLI
o], SIYI0 Jepruesig QBPLIBOS -UddBWOJ -ueoRwWoq JRPINAL oeprueing JepLiqe| -0pojary) aepnsijeq -nyuedy $9)IS

Ajrurey £q (ey/3Y) 1ySiom 1M ysiq (3)

(ponuzjuoD) 4 d1qe ],



182 T.R. McClanahan et al.|Biological Conservation 89 (1999) 161-182

References

Ault, T.R., Johnson, C.R., 1998. Spatially and temporally predictable
fish communities on coral reefs. Ecol. Monogr. 68, 25-50.

Birkeland, C., 1988. The influence of echinoderms on coral-reef com-
munities. Echin. Stud. 3, 1-79.

Birkeland, C., 1997. Life and Death of Coral Reefs Chapman Hall,
New York p.536.

Bryceson, 1., De Souza F., Jehangeer, 1., Ngoile, M.A.K., Wynter, P.,
1990. State of the marine environment in the Eastern African
region. UNEP Regional Seas Program Reports (Report # 113).
UNEP, Nairobi, Kenya.

Eakin, C.M., 1996. Where have all the carbonates gone? A model
comparison of calcium carbonate budgets before and after the
1982-1983 EI Nino at Uva Island in the eastern Pacific. Coral Reef
15, 109-119.

Gaudian, G., Koyo, A., Wells, S., 1995. Marine Region 12: East
Africa. In: Kelleher, G., Bleakley, C., Wells, S. (Eds.), A Global
Representative System of Marine Protected Areas. The World
Bank, Washington, DC, pp. 71-105.

Ginsburg, N.R., 1993. Global Aspects of Coral Reefs: Health,
Hazards and History Rosenstiel School of Marine and Atmospheric
Science, University of Miami, Miami.

Grigg, R.'W., 1994. Effects of sewage discharge, fishing pressure and
habitat complexity on coral ecosystems and reef fishes in Hawaii.
Mar. Ecol. Prog. Ser. 103, 25-34.

Hamilton, H.G.H., 1975. A description of the coral fauna of the East
African Coast. Vols. 1 & 2, MSc Thesis. University of Dar-es-Sal-
aam, Dar es Salaam, Tanzania.

Hamilton, H.G.H., Brakel, W.H., 1984. Structure and coral fauna of
East African reefs. Bull. Mar. Sci. 34, 248-266.

Hay, M.E., Taylor, P.R., 1985. Competition between herbivorous
fishes and urchins on Caribbean reefs. Oecologia 65, 591-598.

Hughes, T.P., 1994. Catastrophes, phase shifts, and large-scale degra-
dation of a Caribbean coral reef. Science 265, 1547-1551.

Jennings, S., Grandcourt, E.M., Polunin, N.V.C., 1995. The effects of
fishing on the diversity, biomass and trophic structure of Seychelles’
reef fish communities. Coral Reefs 14, 225-235.

Jennings, S., Lock, J.M., 1996. Population and ecosystem effects of
fishing. In: Polunin, N.V.C., Roberts, C.M. (Eds.), Tropical Reef
Fisheries. Chapman and Hall, London, pp. 193-218.

Jennings, S., Marshall, S.S., Polunin, N.V.C., 1996. Seychelles’ marine
protected areas: comparative structure and status of reef fish com-
munities. Biol. Conserv. 75, 201-209.

Jennings, S., Polunin, N.V.C., 1995. Comparative size and composi-
tion of yield from six Fijian reef fisheries. J. Fish. Biol. 46, 28-46.
Jennings, S, .Polunin, N.V.C., 1996. Effects of fishing effort and catch
rate upon the structure and biomass of Fijian reef fish communities.

J. Appl. Ecol. 33, 400-412.

Jennings, S., Polunin, N.V.C., 1996. Impacts of fishing on tropical reef
ecosystems. Ambio 25, 44-49.

Koslow, J.A., Hanley, F., Wicklund, R., 1988. Effects of fishing on
reef fish communities at Pedro Bank and Port Royal Cays, Jamaica.
Mar. Ecol. Prog. Ser. 43, 201-212.

Magurran, A.E., 1988. Ecological diversity and its measurement
Cambrige University Press, Cambridge.

McClanahan, T.R., 1994. Kenyan coral reef lagoon fish: effects of
fishing, substrate complexity, and sea urchins. Coral Reefs 13, 231—
241.

McClanahan, T.R., 1995a. A coral reef ecosystem-fisheries model:
impacts of fishing intensity and catch selection on reef structure and
processes. Ecol. Model. 80, 1-19.

McClanahan, T.R., 1995b. Fish predators and scavengers of the sea
urchin Echinometra mathaei in Kenyan coral-reef marine parks.
Enviro. Biol. Fish 43, 187-193.

McClanahan, T.R., Obura, D. 1996. Coral reefs and nearshore fish-
eries. In: McClanahan, T.R., Young, T.P. (Eds.), East African
Ecosystems and their Conservation. Oxford University Press, NY,
pp. 67-99.

McClanahan, T.R., Kamukuru, A.T., Muthiga, N.A., Gilagabher
Yebio, M., Obura, D., 1996. Effect of sea urchin reductions on
algae, coral and fish populations. Conserv. Biol. 10, 136-154.

McClanahan, T.R., Kaunda-Arara, B., 1996. Creation of a coral-reef
marine park: Recovery of fishes and its effect on the adjacent fish-
ery. Conserv. Biol. 10, 1187-1199.

McClanahan, T.R., Mutere, J.C., 1994. Coral and sea urchin assem-
blage structure and interrelationships in Kenyan reef lagoons.
Hydrobiologia 286, 109—124.

McClanahan, T.R., Muthiga, N.A., 1989. Patterns of predation on a
sea urchin, Echinometra mathaei (de Blainville), on Kenyan coral
reefs. J. Exp. Mar. Biol. Ecol. 126, 77-94.

McClanahan, T.R., Muthiga, N.A., 1992. Comparative sampling of
epibenthic subtidal gastropods. J. Exp. Mar. Biol. Ecol. 164, 87—
101.

McClanahan, T.R., Nugues, M., Mwachireya, S., 1994. Fish and
sea urchin herbivory and competition in Kenyan coral reef lagoons:
the role of reef management. J. Exp. Mar. Biol. Ecol. 184, 237—
254.

McClanahan, T.R., Obura, D., 1995. Status of Kenyan coral reefs.
Coast. Manag. 23, 57-76.

McClanahan, T.R., Shafir, S.H., 1990. Causes and consequences of
sea urchin abundance and diversity in Kenyan coral reef lagoons.
Oecologia 83, 362-370.

Ngoile, M.A.K., Bwathondi, P.O.J., Makwaia, E.S., 1988. Trends in
the exploitation of marine fisheries resources in Tanzania. In:
Mainoya, J.R. (Ed.), Ecology and Bioproductivity of the Marine
and Coastal Waters of East Africa. University of Dar es Salaam,
Dar es Salaam, pp. 93-100.

Ohman, M.C., Rajasuriya, A., Olafsson, E., 1997. Reef fish assem-
blages in north-western Sri Lanka: distribution patterns and influ-
ences of fishing practices. Environ. Biol. Fish 49, 45-61.

Polunin, N.V.C., Roberts, C.M., 1993. Greater biomass and value of
target coral-reef fishes in two small Caribbean marine reserves. Mar.
Ecol. Prog. Ser. 100, 167-176.

Polunin, N.V.C., Robert, C.M., 1996. Reef Fisheries Chapman &
Hall, London p.477.

Roberts, C.M., 1995. Rapid build-up of fish biomass in a Caribbean
Marine Reserve. Conserv. Biol. 9, 815-826.

Russ, G.R., 1991. Coral reef fisheries: effects and yields. In: Sale, P.F.
(Ed.), The Ecology of Fishes on Coral Reefs. Academic Press, San
Diego, pp. 601-635.

Russ, G.R., Alcala, A.C., 1989. Effects of intense fishing pressure
on an assemblage of coral reef fishes. Mar. Ecol. Prog. Ser. 56, 13—
27.

Russ, G.R., Alcala, A.C., 1994. Sumilon Island Reserve: 20 years of
hopes and frustrations. Naga 17, 8-12.

Sale, P.F., 1991. The Ecology of Fishes on Coral Reefs Academic
Press, San Diego.

Sall, J., Lehman, A., 1996. JMP Start Statistics Duxbury Press, Bel-
mont, CA.

Samoilys, M.A., 1988. Abundance and species richness of coral reef
fish on the Kenyan Coast: The effects of protective management and
fishing. Proc. Int.Coral Reef Symp. 2, 261-266.

Underwood, A.J., 1994. On beyond BACI: Sampling designs that
might reliably detect environmental disturbances. Ecological Appli-
cations 4, 3-15.

UNEP, 1989. Coastal and marine environmental problems of the
United Republic of Tanzania. UNEP Regional Seas Reports
(Report # 106 and Annexes). UNEP, Nairobi, Kenya.

Watson, M., Ormond, R.F.G., 1994. Effect of an artisanal fishery on
the fish and urchin populations of a Kenyan coral reef. Mar. Ecol.
Prog. Ser. 109, 115-129.

Watson, M., Ormond, R.F.G., Holliday, L., 1997. The role of Kenya’s
marine protected areas in artisanal fisheries management. Proc. 8th
Int. Coral Reef Symp., Panama City, Panama.

Watson, M., Righton, D.A., Austin, T.J., Ormond, R.F.G., 1996. The
effects of fishing on coral reef fish abundance and diversity. J. Mar.
Biol. Assoc. U.K. 76, 229-233.



