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Abstract
The effect of fully and partially protected marine reserves on coral reef fish
populations in Zanzibar, Tanzania Elizabeth Tyler, Linacre College, D. Phil thesis,
Michaelmas Term 2005

Marine reserves, areas in which fishing is prohibited or regulated, have become a popular
way of managing coral reef fisheries and conserving fish species. This is important as
coral reef ecosystems and the livelihoods of fishermen continue to be threatened by
overfishing. Evidence suggests that fully protected marine reserves fulfill these aims by
increasing fish populations inside them. However, there are still major gaps in our
knowledge. (1) Few studies have provided evidence for spillover (net emigration of
adult fish from marine reserves to surrounding fisheries). (2) Partially protected marine
reserves, where fishing is allowed but regulated, have been poorly assessed. (3) No
studies have measured the effect of fully protected marine reserves on total fish species
richness from all coral reef fish families. This thesis helps to fill these knowledge gaps.
(1) Measuring gradients across the boundaries of a fully protected marine reserve,
estimating emigration of adult fish using tag and recapture and interviewing fishermen,
suggest that spillover is occurring, but only benefiting fisheries within 1 km of a reserve.
(2) Only commercial species richness was greater by 61% at multiple sites within, than
outside a partially protected marine reserve. (3) The total number of fish species per
sample was greater by four species in fully protected marine reserves, but only at shallow
depths, where fishermen primarily operate.

These results support the use of fully

protected marine reserves in protecting commercial fish stocks and fish species richness
and suggest that partially protected reserves may have a role in conserving fish species
richness. However, more work is required to assess the effects of partially protected
marine reserves.
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1 Introduction
1.1 Coral Reefs

Coral reefs are habitats occurring in shallow tropical marine waters. These habitats are
characterised by topographically complex skeletons of calcium carbonate which are
produced by colonies of coral polyps (Order Scleractinia (hard corals), Phylum Cnidaria).
In many species of coral, the polyps form symbioses with photosynthetic single-celled
algae, called zooxanthellae, that live in corals, sea anemones, molluscs and other taxa
(Muller-Parker & D'Elia 1997). Most corals therefore require bright sunlight and clear
water for growth and primarily occur in nutrient poor water of less than 30 m depth
(Richmond 1997).

Although hard corals comprise the majority of the reef structure, coralline algae
containing calcium carbonate in their cell walls (Chamberlain 1997) also contribute to
building the reef structure and sponges, turf algae and sea anemones grown on it. The
reef structure is in a constant state of deposition (by hard corals) and erosion [e.g. by fish
and sea urchins (Peyrot et al. 2000)]. Micro-habitats of coral rubble, sand and fleshy
algae exist within the reef habitat because coral recruits (unless they are free-living
corals) cannot establish on sand and corals compete directly with fleshy algae for light
and space (Adjeroud 1997). Direct damage and a variety of other stressors may increase
the proportion of these micro-habitats relative to hard coral, and percentage cover of hard
coral is therefore often used to indicate the state of reef health, e.g. (Wilkinson 2004b).
On a larger scale, coral reefs are linked to other habitats in the coral reef ecosystem,
including mangrove, sea grass and sand habitats, and this is illustrated by the movement
of reef fishes between these habitats (Ogden 1997, Nagelkerken et al. 2001).
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Coral reefs are diverse habitats. Over 4000 species of fish are associated with reefs
(representing 18% of extant fishes (Choat & Bellwood 1991)), in addition to over 700
species of coral, making more than one million species of plants and animals altogether
(Cesar et al. 2003). Coral reefs have the highest fish diversity on an area-specific basis
(Jennings et al. 2001). The vast majority of reef fish belong to the Order Perciformes,
which is the largest vertebrate order (7800 species in 150 families) (Choat & Bellwood
1991). Coral reef fish are characterized by being diurnally active, visually oriented,
small (the majority have maximum lengths of less than 30 cm) and sedentary (Sale
1991).

The reef fish community is predominantly comprised (in terms of diversity and
abundance) of herbivores, planktivores and invertivores. Nearly every major coral reef
fish family contains species that are specialised planktivores (Hobson 1991). The main
herbivorous families include the Acanthuridae, Scaridae and Siganidae (Russ 2003) (see
Appendix for common names), which often occur in dense aggregations and maintain
algae at an early successional stage (Hixon 1997). A high biomass of herbivores is
supported by the high productivity (but low biomass) of turf algae (Russ 2003). There is
increasing evidence that species of these herbivorous families feed on detritus within the
turf algal matrix (Wilson et al. 2003).

Reef fish are characterised by having great morphological diversity within and between
feeding guilds (Choat & Bellwood 1991). The Scaridae are a prime example of such
diversification, exhibiting three types of feeding strategy: Excavators (removing pieces
of the substratum), Scrapers (biting and nonexcavating on the substratum) and browsers
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(using teeth to remove epilithic algae, macroalgae or seagrass). Scaridae are major
agents of bioerosion on coral reefs (Streelman et al. 2002).

Although reefs have a long history in the fossil record, in the early Tertiary they
underwent major reorganisation and expansion. This reorganisation included the rise to
prominence of Scleractininan corals (hard corals), which dominate modern reefs (Choat
& Bellwood 1991). At the same time, a dramatic radiation in coral reef perciform
teleosts occurred (Sale 1991). The increase in Scleractinian corals is likely to be linked
to the radiation in coral reef fish due to increasing predation pressure by fish and other
groups on fleshy algae. Scleractinian corals are able to regenerate from predation but
compete poorly with fleshy algae (Wood 1998).

1.2 Human use and degradation of coral reefs

Coral reefs are an important source of food and income in the countries in which they
occur. Approximately two fifths of the world’s population lives within 100 km of the
coast, and most of this proportion in developing countries (Cesar et al. 2003). A third of
the world’s tropical coastlines are made of coral reef (Birkeland 1997). The importance
of coral reefs and their accessibility and proximity to land have resulted in their
degradation. It is estimated that 20% of the world’s coral reefs have lost 90% of corals
and are unlikely to recover soon and a further 24% have lost 50% to 90% of corals
(Wilkinson 2004a). These figures are indicative of the current state of the world’s coral
reefs (there are insufficient monitoring data to make definitive statements) (Wilkinson
2004a). The ten major global stresses to coral reefs (Table 1) can be divided in to three
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categories (Wilkinson 2004a):

Global change, direct human pressures and indirect

human activities.

Table 1 The ten greatest threats to the world’s coral reefs [from Wilkinson (2004a)].

Category

Threat

Example/cause

Coral bleaching

Increasing sea surface temperature

Rising levels of CO2

Increased CO2 concentration leads to

Global change

decreasing calcification rates
Diseases, plagues and

Ballast water introducing species

invasions

Coral diseases increase when corals stressed

Over-fishing

Fishing beyond the maximum sustainable
yield and destructive fishing practices

Direct human

Sediments

Caused by deforestation or dredging

pressure

Pollution

Increased nutrients from sewage, chemicals
and heavy metals

Coastal development

Land reclamation, modification, coral mining

Populations

Rising poverty, increasing population and

Indirect human
activity

alienation from land
Management capacity

Poor capacity and lack of resources

Politics

Lack of political will and governance

These factors are interacting (e.g. rising levels of CO2 causes increasing sea surface
temperature and therefore, coral bleaching, as well as acidification), their relative
importance is area-specific and their global importance is likely to change with time (e.g.
coral bleaching and rising levels of CO2 are likely to become increasingly important).
However, fishing has preceded all other human factors in terms of ecological disturbance
to coastal ecosystems (Jackson et al. 2001) and over-exploitation of marine resources,
including destructive fishing practices, currently threatens the largest percentage of reef
area globally (Bryant et al. 1998).
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Overfishing causes declines in coral reef fish populations and degradation of reef habitat.
Habitat degradation occurs not only through physical destruction by fishing gears, but
also via ecological shifts due to the removal of key functional groups. Overfishing
contributes to increased poverty because sustainable fisheries mean food security (ISRS
2003). In many countries, especially developing countries, fishing represents the greatest
threat to coral reefs. Tanzania is representative of this situation. In Tanga (Tanzania),
destructive gears and migrant fishing were rated highest among the possible threats to
coral reefs (Obura et al. 2004). The effects of fishing and the management of fisheries in
Tanzania are the focus of this thesis.

1.3 Coral reef fisheries and their impacts

Reefs have been exploited for thousands of years and their fisheries are still
predominantly non-industrial, using traditional methods of fishing commonly referred to
as artisanal (Emmerson 1980).

Reefs do not lend themselves to exploitation by

mechanised fishing methods due to their shallow nature and structural complexity
(McClanahan 1995). In addition, coastal populations in the tropics are generally poor
and have no access to improved gear. Reef fisheries are generally used by the landless
poor as a source of food and income, so there are no economic brakes when catches fall
(ISRS 2003). In Kenya, fishermen say they fish ‘until they get enough’ (McClanahan et
al. 2001). A variety of methods are employed including nets, traps, hook and line
(Chapter 2). Catch diversity is high, reflecting the variety of gears and diversity of fish,
and catches are landed at numerous and disparate landing sites (ISRS 2003). In Kenya,
around 20% of the catch is kept by fishermen for food and the rest is sold (McClanahan
& Kaunda-Arara 1996).
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Despite the use of traditional fishing methods, coral reef fisheries have significantly
altered coral reef fish communities. These alterations have been particularly detected in
species or families that are frequently caught and have high value for subsistence and
sale (many species are not caught by fishermen; those that are caught, whether for
subsistence or sale are commonly referred to as commercially important species
throughout this thesis). Fishing reduces the density, biomass, mean length and species
richness of commercially important species.

It can also alter populations of non-

commercial reef fish through indirect effects (discussed below). In addition to this, coral
reef fisheries have direct and indirect impacts on the reef habitat.

Evidence for the effects of fishing has primarily come from comparing areas closed to
fishing (marine reserves), with those open to fishing. Results therefore refer both to the
effects of marine reserves and to the effects of fishing. Such studies are likely to
underestimate the impacts of fishing on coral reef fish communities, since the length of
time over which marine reserves have been enforced is typically trivial in comparison to
the time over which fishing has been conducted. However, they illustrate the effects of
fishing relative to an already altered (modern) state of coral reefs.

1.3.1 Density
Measurements of reef fish populations are usually conducted in samples of a fixed area.
Density (the number of individuals per unit area) is therefore used to refer to abundance
throughout this thesis. Changes in density at a site represent changes in the population of
a species at that site. This can be due to removal by fishing, changes in fish distribution
which may also be caused by fishing or recruitment. Some species of fish continue to
aggregate in large shoals even after population depletion, and so continue to yield high
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catches (Jennings et al. 2001) and may therefore also continue to show high densities at
some sites. However, their range should become more restricted, indicating reduction in
total population size.

A number of studies have documented greater density of fish inside marine reserves
(McClanahan 1994, Watson & Ormond 1994, Watson et al. 1996, Wantiez et al. 1997,
McClanahan et al. 1999, McClanahan & Arthur 2001), as have reviews and metaanalyses (Dugan & Davis 1993, Cote et al. 2001, Gell & Roberts 2003a, Gell & Roberts
2003b, Halpern 2003). Most studies focus on the effects of fishing on commercially
important species or families, and indeed, in a meta-analysis of 19 studies Cote et al.
(2001) find that density is significantly greater in marine reserves only when
commercially targeted species are extracted from the data. Studies do not necessarily
find increases in all commercially important species and families, e.g. approximately half
of target species respond to protection in the Caribbean (Polunin & Roberts 1993).
Species most responding to protection are often the largest and those that feed on other
fish and invertebrates, especially Lethrinidae, Serranidae and Lutjanidae (see Appendix)
(Watson & Ormond 1994, Letourneur 1996).

Effects of marine reserve protection on the density of commercial fish can be discernible
within two to five years (Dugan & Davis 1993, Gell & Roberts 2003a). Reviews of
marine reserve studies find a doubling or tripling (Gell & Roberts 2003a), doubling
(Halpern 2003), or 28% increase (Cote et al. 2001) in density due to protection. Greater
effects have been found in reserves protected for longer, e.g. a seven fold increase in
large predatory fish over 11 years in the Philippines (Russ & Alcala 1996b) and a 42 fold
increase in a commercially important species in a park protected since 1964 in South
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Africa (Gell & Roberts 2003a). Reviews averaging out effects of a number of reserves
with differing ages and enforcement, are therefore likely to produce underestimates of the
potential effect of protection from fishing (Gell & Roberts 2003b).

1.3.2 Biomass
Biomass refers to the wet weight of fish. It better represents the magnitude and therefore
trophic requirements of a population (Bellwood & Alcala 1988). In addition, fish catches
are measured in kg, rather than numbers of individuals, so estimates of biomass
underwater can be used to assess standing stocks (Bellwood & Alcala 1988). Biomass is
calculated as a function of density and length, using length-weight relationships for each
species (Chapter 2).

Many studies have found greater biomass in marine reserves (Watson & Ormond 1994,
Roberts 1995, Roberts & Hawkins 1997, McClanahan et al. 1999). Results generally
follow the same patterns as those for density (Watson & Ormond 1994, Wantiez et al.
1997), e.g. greater biomass does not occur in all species, families or trophic groups
(Polunin & Roberts 1993, Jennings et al. 1995, Jennings & Polunin 1996a). However,
there are indications that biomass is more strongly affected by protection than density.
Halpern (2003) finds biomass triples compared to a doubling in density in a review of 89
studies. Effects of fishing on biomass occur in more families, or in total commercial
populations, where effects on density are not detectable (Letourneur 1996, Roberts &
Hawkins 1997, Russ & Alcala 1998). This is because biomass takes in to account the
length of fish, which is generally a better indicator of fishing pressure than density.
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1.3.3 Length
Fishing gears are generally size selective because smaller fish can escape through the
meshes of traps or nets (Jennings et al. 2001). Larger fish tend to be older, so both the
size and age structure of populations are changed by fishing.

This has important

implications for reproductive output. Fecundity (i.e. egg production) in fish is related to
volume, so a doubling in fish length causes an eight fold increase in egg production
(King 1995).

Additionally, fish consistently mature at 65-80% of their maximum

attainable size and invest more energy in reproduction as their life span progresses
(Jennings et al. 2001). A population with a given biomass might be composed of few
large individuals or many small individuals, but this has implications for reproductive
output (Jennings et al. 2001) and the value of catch to fishermen. Length is usually
represented by the mean length of all individuals in a given population (e.g species,
family or group). Few studies cite the effects of fishing on mean length, even though
length is required to calculate biomass. Some cite a decrease in the density of large fish,
implying a decrease in mean length in a given population (e.g. Russ & Alcala 1996b,
Dulvy et al. 2004). Halpern (2003) finds a 20-30% average increase in mean length
across 89 marine reserve studies. This is lower than the effect on density (doubling) or
biomass (tripling). This difference is to be expected since length can only change in
proportion to the length range in a species and the size selectivity of gears. As the
majority of coral reef fish have maximum lengths of less than 30 cm, length range is
generally small.

1.3.4 Species richness
Alpha diversity [(the diversity of species within a community or habitat, (Whittaker
1972)] has two components, species richness and relative abundance (Magurran 1991).
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Species richness refers to the total number of species present. Diversity indices provide a
summary of species richness and relative abundance, but may be biased towards one of
these components (Henderson 2003). Most studies of the effects of fishing use species
richness to describe diversity. Although many studies find greater fish species richness
in marine reserves, most only cite this difference within particular families (e.g.
McClanahan 1994, Jennings et al. 1996b, Letourneur 1996, Wantiez et al. 1997,
Chiappone et al. 2000, McClanahan & Arthur 2001). Increases in species richness across
all families sampled have been shown in reviews of marine reserve studies (Cote et al.
2001, Gell & Roberts 2003b, Halpern 2003) and by Jennings et al. (1996b), with average
increases of 11% (Cote et al. 2001) and 20 to 30% (Halpern 2003) due to protection.
However, virtually no studies have measured the effects of fishing on total fish species
richness, i.e. the number of fish species present from the entire coral reef fish
community, including all families. This is done in Chapter 6.

Fishing affects species richness by reducing populations so that species become rare or
locally extinct at different spatial scales, e.g. Bolbometopon muricatum (see Appendix
for common names of species, listed by family; species are followed by their family
name throughout this thesis) is globally rare and extinct in six islands in Fiji due to
overfishing (Dulvy & Polunin 2004).

Although links between diversity and ecosystem stability are virtually unstudied in the
marine environment, fishing effects have been most dramatic in ecosystems where few
species fulfill key functional roles (Jennings et al. 2001). Species richness is considered
to be important for the ability of an ecosystem to buffer disturbance and maintain
functions (Nystrom & Folke 2001).
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1.3.5 Non-commercial fish
Fishing not only causes changes to commercial fish populations, but can also impact noncommercial species and families via indirect effects. Increases in the density of smaller
size classes or species have been found due to fishing (McClanahan et al. 1999,
Chiappone et al. 2000, Graham et al. 2003, Dulvy et al. 2004). A reduction in predation
on these smaller size classes or species due to the removal of predators by fishing
(Graham et al. 2003, Dulvy et al. 2004) is the major reason cited for this effect and the
most convincing (Russ 1991).
1.3.6 Habitat
Fishing directly affects coral reef habitat by physical damage from fishing boats and
gears. Boats grounding on the reef, the use of anchors and the use of poles to maneouvre
boats in shallow water can damage hard coral.

Some fishing gears are renowned for being particularly destructive. Dynamite fishing
can reduce areas of hard coral to rubble (Guard & Masaiganah 1997, Riegl 2001) and
Kojani fishing involves scaring fish in to nets by pounding sticks on the reef (Horrill
1992). Other gears have impacts. Fishermen use corals to weigh down basket traps and
often leave these over-turned when hauling traps (pers. obs.) and monofilament fishing
line impacts the survival of coral colonies due to entanglement (Asoh et al. 2004).

Fishing also indirectly affects coral reef habitat. In the Caribbean, the collapse of coral
reefs was caused by overfishing as well as an input of sediments and nutrients (Bellwood
et al. 2004). By the 1950s, fish stocks had been reduced such that a single species of
urchin was the prime grazer on fleshy algae (Bellwood et al. 2004). By the 1970s, there
were more than ten urchins per square metre. An outbreak of disease in 1983 reduced
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urchin populations by two orders of magnitude, causing blooms of fleshy algae that still
persist (Bellwood et al. 2004). This was responsible for significant declines in Caribbean
coral cover in the 1980s, although before this, increases in fleshy algae were facilitated
by coral mortality from white band disease and hurricanes (Gardner et al. 2003).

The most common transition in coral reef habitat is from coral dominance to fleshy algae
dominance. Overfishing of herbivores is one of the major factors implicated in this
(Bellwood et al. 2004). It is not yet known how stable these alternate ecological states
are and whether reefs can fully recover (Bellwood et al. 2004). The impacts of climate
change are likely to depend on the extent to which reefs have been degraded by other
factors (Pandolfi et al. 2005). Indirect effects on habitat, combined with the direct
impacts of destructive fishing gears, explain why fishing is one of the major threats to
coral reefs in many parts of the world, including Tanzania.

1.4 Coral reef fisheries management

Based on the above, there is obviously an urgent need for the management of both gear
and fishing effort in coral reef fisheries. Some traditional fisheries management has and
still exists in tropical countries. In Fiji, specific villages have exclusive fishing rights to
fishing grounds and take responsibility for their protection (Jennings & Polunin 1996b).
Control over visiting fishermen, gears and areas occurred in the Fumba peninsula,
Zanzibar until the 1990s (Horrill 1992) and in southern Kenya two landing sites have
stopped pull seiners from landing their catch for over 20 years (McClanahan et al. 1997).
However, not only has traditional management often been superseded by centralised
control by the government (McClanahan et al. 1997) or influence from other cultures,

Introduction – 13
______________________________________________________________________________________

e.g. Islam in southern Kenya (McClanahan et al. 1997), but population growth (Horrill
1992), a switch from primitive to market economies and increasing urbanisation
(Jennings & Polunin 1996b) have presented major challenges to traditional management.

Three main types of management control are recognised: Catch control (limits catches),
effort control (limits number of fishermen) and technical control (control via mesh sizes,
closures or seasons) (Jennings et al. 2001). The first two are difficult to implement in
tropical reef fisheries; catch control because of the diversity and disparity of landings and
effort control because of the unethical implications of preventing people from fishing
who have no alternative livelihoods and depend on fishing as a source of food (Russ
2002). Closed areas, or marine reserves, have been advocated as the best solution for
managing coral reef fisheries because they have minimal data requirements, and are
simple and relatively cheap to enforce compared to quotas, minimum sizes or gears
(King 1995, Jennings et al. 2001, Rudd et al. 2003). This is particularly useful in
developing countries where there are few resources to implement complicated
management strategies (Jennings et al. 2001). Many NTAs were originally established
for biodiversity conservation or the protection of particular habitats, but are now being
advocated as fisheries management tools.

The application of marine reserves to all fisheries, including temperate fisheries, has
recently been gaining support. Marine reserves have been advocated as precautionary
fisheries management tools (Clark 1996, Lauck et al. 1998) due to the difficulties of
assessing changes in stock size and setting quotas. Marine reserves can protect habitats
and species that are particularly sensitive to fishing e.g. the common skate (Roberts et al.
2005), maintain genetic diversity (Dugan & Davis 1993) and provide undisturbed areas
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as controls for studies on the effects of fishing (Clark 1996), although some factors (e.g.
recruitment and fish movement) may vary over larger scales than the areas protected
inside marine reserves and therefore will not be fully controlled for.
1.4.1 Marine reserves as fisheries management tools

Marine reserves can be referred to as No-Take Areas (NTAs), Marine Protected Areas
(MPAs) or marine refugia. Names can indicate the level of protection offered by a
marine reserve, but mostly these names refer to fully protected marine reserves where no
resource extraction is allowed. This type of marine reserve is most commonly referred to
as a No-Take Area (NTA). Assessment of the fisheries benefits of NTAs is critical since
they represent a loss of fishing ground to fishermen. Work has focused on comparing
NTAs with unprotected areas to assess the benefits of protection from fishing. Although
this work has shown increases in fish populations (see 1.3), there are still gaps in our
knowledge.

Russ (2002) points out seven basic expectations of a marine reserve:
Inside reserves there should be
1. significantly lower fishing mortality than in fished areas;
2. significantly higher density of target species;
3. significantly higher mean size/age of target species;
4. significantly higher biomass of target species;
5. significantly higher production of propagules (eggs/larvae) of target species per unit
area.
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Outside reserves there should be
6. net export of adult (post-settlement) fish (the spillover effect) and
7. net export of eggs and/or larvae (the recruitment effect).

Substantial evidence exists for significantly higher density, size and biomass inside
reserves (expectations 2, 3 and 4) (see 1.3). However, very few studies measure fishing
effort inside and outside reserves (expectation 1) (see Chapter 2) and very little evidence
exists for significantly higher production of eggs and larvae inside reserves (expectation
5) or the net export of eggs, larvae or adult fish to surrounding fishing grounds
(expectations 6 and 7).

Protection from fishing increases the mean length and age of fish inside reserves and
should increase egg production (see 1.3 Coral reef fisheries and their impacts). However,
this is difficult to measure owing to the small size, large number and high dispersal rate
of eggs and larvae. For this reason, little evidence also exists for net export of eggs and
larvae from marine reserves (the recruitment effect). Measuring net export of any life
stage is difficult because it requires estimates of immigration into and emigration from a
reserve and therefore the tagging and identifying of large numbers of individuals.
Evidence for the recruitment effect is ‘non-existent’ (Russ 2002) and to demonstrate it
unequivocally ‘may be almost impossible’ (Russ 2002). Even though adult fish are
easier to tag, track and identify, there is also little evidence for net export of adult fish
from marine reserves (spillover effect).

Evidence for the spillover effect and the

recruitment effect is important because these effects determine to what extent a marine
reserve can benefit local fisheries.
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Although obtaining estimates of both emigration and immigration is difficult, several
studies have attempted to measure rates of emigration of adult fish from reserves.
Movement patterns differ between species and individuals, with some individuals
travelling distances of over 30 km (Kaunda-Arara & Rose 2004a), especially under
specific circumstances (e.g. for spawning). However, generally reef fish are found to be
strongly site attached, with most species and individuals moving less than 1 km and often
not outside marine reserve boundaries (Holland et al. 1993, Attwood & Bennett 1994,
Holland et al. 1996, Watson 1996, Zeller & Russ 1998, Chapman & Kramer 2000, Meyer
et al. 2000, Kaunda-Arara & Rose 2004b). In a review, Roberts and Polunin (1991)
conclude that the generally limited movements of reef fish mean that significant
enhancement of fisheries by spillover can be expected to be within 1 km of a reserve.

The fisheries benefits of fully protected marine reserves are not yet conclusive, but have
been the focus of substantial attention. In contrast, marine reserves where some form of
resource extraction is allowed (termed partially protected marine reserves in this thesis),
are virtually unstudied.

Partially protected marine reserves are becoming popular

fisheries management tools owing to their greater acceptance by local fishermen and
hence, their ability to cover larger areas of marine habitat. If such reserves are to replace
No-Take Areas, assessment of their potential fisheries and conservation benefits is
critical.

Finally, the biodiversity and conservation benefits of marine reserves (especially NTAs)
are more readily accepted than their fisheries benefits, but few studies have assessed the
effect of protection on full coral reef biodiversity or even total reef fish diversity (see
1.3.4). Whilst many studies have shown greater species richness in certain families
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(mostly commercially important ones) in marine reserves, it is not clear whether this will
necessarily lead to greater overall fish species richness, due to possible indirect effects or
interactions.

To formulate regional management plans that are socially and politically acceptable and
incorporate the need to conserve biodiversity and manage fisheries, more information is
required on the contribution of all types of marine reserves to fisheries and conservation.
This thesis aims to contribute to this information. In Chapter 3, I attempt to gain
additional indirect evidence of spillover from a No-Take Area. This is substantiated by
interviewing local fishermen on fish catches near the No-Take Area and their opinions of
the NTA (Chapter 4). Having established that spillover is likely to be occurring, but is
also likely to be limited in magnitude and extent, I assess the fisheries and conservation
benefits of a large, partially protected marine reserve which regulates fishing gears
(Chapter 5). Consistently greater commercial fish species richness in both types of
reserve and the lack of assessment of fish diversity in marine reserves, lead to an
examination of the effects of NTAs on total fish species richness (Chapter 6). The issues
of using fully and partially protected marine reserves for fisheries management and
conservation are discussed in the light of these findings and current knowledge.

This study was conducted in Zanzibar, Tanzania, East Africa. East Africa lies in an area
of relatively high biodiversity (Western Indian Ocean) and, in comparison to other
regions (e.g. Caribbean and Red Sea) is under-studied. Most work in East Africa has
been carried out in Kenya, with Tanzania being particularly under-represented. Issues of
resource management and access by local people are important in Tanzania. Tanzania is
one of the poorest countries in the world with a high dependence on natural resources.
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Agriculture accounted for 46% of the Gross Domestic Product (GDP) in 1999
(Economist 2000). Coastal Tanzania has an average annual population growth rate of
4% (1988 census) (Horrill et al. 2000). Zanzibar is a small archipelago of islands and
islets off the coast of Tanzania with a high dependence on reef fisheries for protein.
Tanzania has a younger history of marine protection than Kenya and has readily adopted
different forms of marine reserve, including both fully and partially protected reserves,
funded by the private sector or international donors (see Chapter 2).
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2 Study site and methods

2.1 Study site

2.1.1 Location and general background

Zanzibar consists of two islands, Unguja and Pemba (and several islets), 35 km from
the mainland of East Africa (Fig. 1). It has a total land area of 2,460 km2 (Economist
2000). Unguja Island lies within the continental shelf and was part of the mainland
during glacial times (Horrill 1992). The western side of Unguja therefore has an
extensive continental shelf joining the mainland. However, the eastern side has a very
narrow shelf, not more than 3 km wide (Ngoile 1990). Pemba is an oceanic island,
separated from the continental shelf by the Pemba Channel, over 800 m in depth
(Spalding et al. 2001) (Fig. 1).
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Fig. 1 Map of East Africa, showing the location of the islands of Pemba and Unguja which make
up Zanzibar.

Zanzibar is ruled as part of the United Republic of Tanzania, but has its own government
and president who deal with internal matters.

The islands’ administrative capital,

Zanzibar Town (Stone town) is on Unguja.
2.1.2 Biogeography

Zanzibar lies within the Western Indian Ocean, a region encompassing the coasts of
Somalia, Kenya, Tanzania, Mozambique, South Africa and the islands of Madagascar,
Seychelles, Mauritius and Comoros (Richmond 1997). The Western Indian Ocean is part
of the Indian Ocean, one of three major sub-divisions of the tropical Indo-Pacific, the
world’s largest biogeographic province (Sheppard 2000).

The Indian Ocean is the

second most species rich region of the Indo-Pacific (the first being the West Pacific and
the last, the Pacific Plate) (Lieske & Myers 2001).
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2.1.3 Climate and reef structure

Zanzibar has two main seasons. The Southeast monsoon (Kusi) from April to September
when the wind comes from the southeast and the Northeast monsoon (Kaskazi) from
November to March when the wind comes from the northeast. The Northeast monsoon is
characterised by higher air temperatures and weaker winds (Jiddawi & Ohman 2002).
There are two rainy seasons, the short rains in November and December and the long
rains from March to June (Ngoile 1990).

The oceanic waters off Zanzibar have a

permanent northbound current, known as the East African Coastal Current. This is
stronger during the Southeast monsoon, reaching a maximum of 4.5 knots. Currents in
nearshore waters are mainly generated by the tidal cycle (Ngoile 1990). All research was
carried out in the Northeast monsoon when conditions are most calm.

Zanzibari reefs are typically offshore patch reefs circumscribing rock islands and
sandbanks. However, the east coast of Unguja is dominated by fringing reefs 100 to
200m from shore, similar to reefs on the Kenyan coast.

2.1.4 Fisheries and Management

Tourism in Zanzibar expanded during the 1990s to become an extremely important
source of income, whereas the agricultural sector has been in decline since the 1980s
(Economist 2000). The contribution of marine fisheries to the GDP of Zanzibar varied
from 2.2 to 10.4% between 1992 and 2002 (Jiddawi & Ohman 2002), although it was
probably more often near the former value being 2.5% in 1999 (Wilson 2004) They
employ 23,000 fishermen, out of a population of 825,000 (estimated in 1998) (Economist
2000) and provide 60% of protein consumed by local communities (Cesar et al. 2003).
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Ninety-five percent of the total marine catch in Tanzania comes from small-scale
artisanal fisheries which operate in inshore shallow waters using traditional gears
(Jiddawi & Ohman 2002). Gears used in the reef fisheries of Zanzibar include basket
traps, hook and line, gill nets, seine nets, fish trapping fences, spear gun and dynamite.
Dynamite fishing is not as common in Zanzibar as along the Tanzanian mainland coast,
but does occur in Pemba (pers. obs.).

There is some indigenous management of fisheries in Unguja.

However, this has

weakened since the Revolution of 1964, when all natural resources of Zanzibar,
including fisheries, were put under state ownership (Horrill et al. 2000, Sichone 2000).
Several fisheries laws have since been passed including the Fisheries Policy 1985 and the
Fisheries Act 1988. Fisheries Principal Regulations declared certain gears (bottom seine
nets, dynamite and poisons) to be illegal in 1993 (Sichone 2000).

2.1.5 Marine Reserves

Zanzibar has four marine reserves: Chumbe Island Coral Park, Menai Bay Conservation
Area, Mnemba Island and Misali Island Conservation Area (Fig. 2).
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Fig. 2 Map of Unguja and Pemba with the location of the four marine reserves. 1, Chumbe
Island Coral Park; 2, Menai Bay Conservation Area; 3, Mnemba Island; 4, Misali Island
Conservation Area. Red squares represent reserves located around single islands; the purple line
indicates the boundary of the large Menai Bay Conservation Area.
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Chumbe Island Coral Park (CHICOP)

The Chumbe Reef Sanctuary was gazetted in 1994 under the Zanzibar Fisheries Act of
1988. It is a No-Take Area, covering approximately 0.5 km2 of reef on the west side of
Chumbe Island, which is located 8 km from the southwest coast of Unguja (Fig. 2). The
No-Take Area extends from the shoreline to 300 m off shore, and encompasses all the
coral reef on the west side of the island. The east side of the island is unprotected and
faces a large, shallow lagoon. Here the reef is more fragmented, consisting of small coral
bommies. Chumbe Island is covered by coral rag forest and has no source of fresh water.
It would normally be uninhabitable but was formerly used by visiting fishermen (Ngoile
1990).

A company was created in 1992, Chumbe Island Coral Park Ltd. (CHICOP) (Muthiga et
al. 2000). The aim of the Chumbe project is to provide non-impact eco-tourism to
provide funds to protect the reef and forest habitat of the island. No fishing, anchoring,
mooring or diving are allowed in the reef sanctuary.

Menai Bay Conservation Area (MBCA)

MBCA was officially gazetted by an order published in the legal supplement (Part II) of
the Zanzibar Government Gazette Vol. CVI No. 5755 of August 9th 1997 (Sichone
2000). MBCA is a partially protected area, covering 470 km2, comprising the southern
end of Unguja Island (Fig. 2). It does not contain any No-Take Areas. Menai Bay
contains coral reef, seagrass and mangrove habitats.

It is supported by WWF

Switzerland. MBCA aims to ‘conserve over 10 years the biological diversity, ecological
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processes and productivity of the MBCA and associated ecosystems to ensure resources
are sufficient for local people to maintain their livelihoods' (Ngaga et al. 1999).

Horrill (1992) states that there was informal traditional fisheries management in the
Fumba region (Menai Bay), which included the closure of areas and the control of fishing
gears and visiting fishermen.

Apparently this broke down with the influx of large

numbers of visiting fishermen. Between 1989 and 1992, villagers claimed that the
number of visiting fishermen, their length of stay and their use of small mesh seine nets
had dramatically increased (Horrill 1992). The Menai Bay project was initiated by the
local communities who were concerned about the increase in destructive fishing
techniques. The patrol boats for the project are based in Kizimkazi, on the eastern side of
the bay.

Mnemba Island

Mnemba Island is a small island situated on Mnemba atoll, off the northeast coast of
Unguja (Fig. 2). Mnemba Island was leased to private hotel investors in 1992 from the
Zanzibar government. The lease includes a 200 m protected zone around the island in
which no fishing or mooring is allowed, and is therefore a No-Take Area. This includes
a patch reef of less than 1 km2 on the west of the island, known as the ‘house reef’. The
house reef has been quite well protected for the last ten years (Siebert, pers. comm.
2004), but has a patchy history of enforcement. In 2001, fishermen were attempting to
use the house reef approximately every three days, but this was said to be improving
(Moneger pers. comm 2001).
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In addition, Mnemba Island Marine Conservation Area was gazetted by an order
published in the legal supplement (Part II) to the Zanzibar Government Gazette (No.
CX1 5974) of 22nd November 2002. This order prohibits destructive fishing on the
whole of Mnemba atoll and prohibits fishing or mooring within the ‘special area’, (the
house reef of Mnemba Island). Patrolling of the conservation area started in June 2003
but was primarily to collect funds from tourists, rather than to approach fishing boats
(Siebert pers. comm. 2004). Illegal fishing is occurring on the atoll (Siebert pers. comm.
2004). At the time of studies on the atoll (Chapters 5 and 6), there was no form of
protection on sites outside the house reef (Mnemba south and Kichwani). These can
therefore be classified as unprotected sites.

Misali Island Conservation Area (MICA)

MICA was gazetted on 22nd May 1998 by the Government of Zanzibar. It is a multiple
use marine reserve of 21.58 km2 including a No-Take Area (called the core zone) of 1.4
km2 (Richmond & Mohammed 2000). The conservation area surrounds Misali Island,
which is located approximately 8 km from the west coast of Pemba (Fig. 2). The project
had been discussed with fishermen as early as 1996 (Misali rangers pers. comm. 2004).
Rangers started to live on Misali Island in December 1998 (after the area was gazetted in
May of that year), but there was no core zone. Rangers started to prevent fishermen
using the core zone at the end of 2000 and beginning of 2001, and even then, it was hard
to prevent fishing (Misali rangers pers. comm. 2004). The rangers on Misali say that as
of 2004, fishermen know where the core zone is and are ‘scared to go in it’. This
suggests that, at the time of studying this marine reserve (Chapter 6), effective
enforcement of the core zone had been in place for three years.
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2.2 Experimental design

2.2.1 Study design

Russ (2002) sets out a six point plan for measuring the effect of marine reserves:

1. Use a 'Before-After-Control-Impact-Pair' (BACIP) design. Data on all variables
of interest should be collected before and after establishment, and in sufficiently
replicated pairs of reserve and fished locations, ideally selecting locations so that
benthic habitats are as similar as possible.
2. Factor out confounding effects of habitat and larval supply differences between
reserve and fished sites.
3. Use replicate sites inside the reserve and in fished locations, as well as replicate
sampling units.
4. Measure fishing mortality (F) in the reserve and fished area before and after
establishment to find out if F is significantly reduced in the reserve.
5. Carry out this experiment on a timescale of five to 20 years.
6. Replicate it regionally to ensure generality.

A study including all of these points would provide conclusive evidence of the effects of
marine reserve protection, but no study has as yet managed to do this (Russ 2002). The
requirements of some of these points were logistically and temporally outside the scope
of this study. Measuring variables before reserve establishment (1) requires advanced
knowledge of reserve establishment and a timescale large enough to capture before,
during the process of establishment and once effective enforcement is in place. Fish
communities take at least two years to respond to protection (Chapter 1), and indeed Russ
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(2002) recommends this experiment is carried out over five to 20 years (5), not feasible
within the timescale of a Ph.D. Replicating a study regionally (6) would also be outside
the scope of a Ph.D. Measuring fishing mortality (F) inside reserves (4) would require
almost constant surveillance of poaching or the determination of age structure through
some form of destructive sampling, which would be difficult to justify (Russ 2002). In
this study, qualitative, indirect assessments of F were acquired through the literature and
informal interviews with park rangers and project managers (see 2.1.5 Marine Protected
Areas).

Replication of reserve and fished locations (1) is dependent on reserve availability, but in
this study all available marine reserves and control sites in Zanzibar were utilised to their
maximum within the logistical constraints of each individual study, e.g. in Chapter 5
fourteen sites, including all three marine reserves around Unguja, were surveyed. In this
study, sites and sample locations were also selected to be as similar as possible in benthic
habitat (1) using manta tows (see 2.2.4 Habitat) and habitat was measured (2.2.3) and
factored out during statistical analysis (2). This is further than many marine reserve
studies go. Russ (2002) finds that of 25 studies, only five of these (20%) statistically
partitioned out habitat, even though habitat variables were measured for nearly all of
them (84%). In this study replicate sites within reserves were also used when the size of
the reserve allowed this (Chapter 5) (3).

2.2.2 Sample design

Sampling is common in biology, especially in ecology, since it is rarely possible to count
or measure all the individuals in a population (Waite 2000). There are three main
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considerations in developing a sampling scheme: (1) The nature of the sampling unit, (2)
the amount of replication (number of sampling units) and (3) the placement of samples
(Waite 2000).

The size of a sample unit should be determined by the density of individuals in the
population to be measured. If small sampling units are used for populations with low
densities, a large number of zero counts will be obtained (Waite 2000). As this study
focused on the effects of marine reserve protection on commercially important fish,
which generally occur at low densities due to their size, diet and sensitivity to fishing,
relatively large sampling units were used (see 2.2.3 Fish).

The number of treatment units (i.e. protected sites) was limited by the number of marine
reserves in Zanzibar. There are few studies assessing the number of samples required to
detect changes in coral reef fish density or biomass due to fishing. Indeed, this is likely
to differ between species. In Chapter 6, the number of samples required to estimate
species richness was calculated by plotting species accumulation curves of increasing
number of species with effort. Generally, the amount of replication is limited by time in
the field and there are often wide confidence limits in estimates in ecology (Henderson
2003). In this study, to take account of similarities between samples within a site and
hence avoid pseudoreplication, site means were used in analyses or site was blocked for
in models. Unprotected and protected sites were generally paired by location, but when
this could not be done (e.g. Chapter 5), the exact spatial distribution of sites was
explicitly taken in to account using Mantel’s tests (see 2.3 Data analysis).
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The number of samples is not the only factor in a sampling design. Samples should be
placed so that the whole study area is adequately represented. There are three types of
sample placement: Random, regular or stratified random (Waite 2000).

Different

sampling strategies were used depending on the objectives of each study. In Chapter 3,
samples were placed at regular intervals across the reserve in order to measure gradients
in fish populations across reserve boundaries.

Random sampling was considered

inappropriate in Chapters 5 and 6 due to the need to sample similar benthic habitat at
each site (see 2.2.1 Study design) and the variation in benthic composition within sites.
In Chapter 5, the large size of the sampling units meant that nearly all appropriate reef
habitat at a site was sampled. In Chapter 6, sampling units were smaller and so to ensure
adequate representation of a site, a stratified random sampling design was used where
appropriate areas of reef habitat within each site were divided in to sections and samples
assigned randomly within each section. Stratified random sampling designs are better
than random designs because they ensure that samples are not clustered by chance and
are representative of the study site (Waite 2000).
2.2.3 Fish

Densities of Lethrinidae, Serranidae and Lutjanidae have been reported to be
significantly depleted in fished compared to reserve areas (Watson & Ormond 1994,
Letourneur 1996, Russ & Alcala 1996b, Chiappone et al. 2000) (Chapter 1). Balistidae
are not commonly sold or eaten, but were included in this study because they
aggressively take hook and line (pers. obs.), are depleted in fished areas (McClanahan
2000) and are major predators of sea urchins thereby fulfilling an important functional
role in the reef ecosystem (Chapter 1).
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The density, length and identity of all species in these families were consistently
recorded. Extensive training in Indo-Pacific fish species identification took place at fish
markets, landing sites (Chapter 4), during tagging and whilst piloting methods (Chapter
3). Fishbase (www.fishbase.org) and Lieske and Myers (2001) were used as the primary
references for species identification.

Fish length was represented by total length (TL), representing the distance from the tip of
the snout to the posterior tip of the caudal fin (Bellwood & Alcala 1988). TL is easier to
estimate underwater than fork length (FL) because the two lobes of the caudal fin can
often be folded together whilst a fish is swimming (pers. obs.), making estimates of FL
difficult. Length was estimated to the nearest cm (Chapter 3) or 5 cm (Chapter 5), to
increase the efficiency of recording. Observers were trained in fish length estimation
using a method similar to Polunin and Roberts (1993). Wooden pieces were cut to 1 cm
intervals with their lengths written on the side.

Seventeen pieces were randomly

selected, strung along a line in a random order and weighted underwater. Observers were
allowed to look at the lengths of the first two pieces as a reference and then estimated the
lengths of the remaining fifteen to the nearest cm or 5 cm.

They then noted the

differences between the real and estimated lengths. Using reference pieces is likely to
have reduced errors in size estimation, but was consistently done in all tests. Tests were
conducted at least three times during each study.

Levels of accuracy (outlined in

Chapters 3 and 5) were achieved so that correction factors did not need to be applied to
length estimates.

In Chapter 3, only fish with estimated minimum lengths of 15 cm were included in
surveys and in Chapter 5, only fish of 5 cm minimum length were included. The

Study site and methods – 32
______________________________________________________________________________________

majority of fish caught in the artisanal fishery are between 10 and 30 cm (Richmond
1997). Fifteen centimetres meant that fish were generally adults, were commercially
viable, and matched the minimum length for tagged fish (Chapter 3). A five centimetre
minimum length allowed detection of indirect effects of partial protection on juvenile and
non-commercial fish (Chapter 5).

Underwater visual census (UVC) has become the accepted method of estimating reef fish
density non-destructively (Cheal & Thompson 1997) and was used throughout this thesis.
Inconspicuous species, both in terms of visibility and behaviour, are likely to be
underestimated by UVC. Conspicuousness can be related to age and sex as well as
species (Perrow et al. 1996). Jennings and Polunin (1995) find that UVC detects less
than 20% of the actual yield of Lethrinus species (Lethrinidae) in the Fijian fishery. This
is probably because these species range over sandy areas and are caught on reefs using
baited lines, but do not stay on reefs for extended periods (Jennings & Polunin 1995).
Compared to sampling with rotenone (a powder used to poison fish), the density and
species richness of small, benthic or cryptic fishes is underestimated by UVC (Brock
1982, Willis 2001) by as much as 91% (Willis 2001). However, rotenone is just as likely
to underestimate large, mobile fish (unless applied instantaneously over a large reef area)
and kills fish, making it infeasible for sampling in protected areas. Although snorkelling
can be used for UVC at shallow depths (less than three to four metres) (Perrow et al.
1996), SCUBA was primarily used in this study to allow observers to get close to fish
and habitat, increasing sampling accuracy.

Two common methods of UVC are belt transects (Chapters 3 and 5) and point-count
surveys (Chapter 6). Both have been used to assess the effects of marine reserves on
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coral reef fish populations, although belt transects seem to be more popular. A third
method recently proposed by (Schmitt et al. 2002) is the roving diver survey. The roving
diver survey consists of a diver freely swimming over the reef and has only been used to
estimate species richness. Although the roving diver method records a higher number of
species than the transect method, capturing cryptic species and those found in grooves
and reef edges (Schmitt et al. 2002), this may just be because more time is spent
surveying, than laying transect lines (Schmitt et al. 2002). This method does not allow
individual independent sampling units to be taken and so was not used in this thesis (see
Chapter 6). Belt transects and point-count surveys were used in this thesis.

Belt transects consist of an observer swimming along a tape laid on the substrate,
recording fish within a given distance either side of the tape (Perrow et al. 1996). Pointcount sampling involves a stationary observer recording fish within a certain radius.
Distance sampling can be used with both these methods. Distance sampling involves
estimating or measuring the distance of each animal from the transect route. It allows
calculation of densities taking in to account the detectability of each species, whereas
fixed width transects assume equal detectability across the transect width (Rosenstock et
al. 2002). Kulbicki and Sarramegna (1999) find distance estimates have greater power
than fixed width transects in detecting differences in density of Chaetodontidae and
Pomacanthidae between stations. This depends on the number of individuals sighted, so
for rare species, distance sampling might not provide much advantage (Kulbicki &
Sarramegna 1999). In addition, distance sampling may not be practical at high densities
(Bibby et al. 2000) because it is time-consuming and costly. If habitat is being measured,
the advantage of fixed width transects is that all the fish counted are within the habitat
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described (Bibby et al. 2000). This is important if habitat effects on fish communities are
being factored out of analyses (see 2.2.4).

For fixed width transects, Samoilys and Carlos (2000) recommend dimensions of 50 m x
5 m after assessing them against transects of 50 m x 10 m. They find a trend for
increasing density of smaller sedentary species with a smaller census area. Cheal and
Thompson (1997) also find that density estimates from wider transects (10 m) are
significantly lower than narrower transects (5 m) for all species except Siganus spp.
(Siganidae). Studies finding no differences in density between different transect widths
have involved very low numbers of species (McCormick & Choat 1987). For pointcounts, Samoilys and Carlos (2000) find no differences in density estimates for Scaridae
and Lethrinidae with different point-count radii, but higher estimated densities for
sedentary Acanthuridae, roving Lutjanidae and sedentary Serranidae in smaller radii.
They recommend a point-count radius of 7 m.

Both belt transect and point-count

methods have low power and only detect large differences in density, but point- counts
can detect smaller differences, are more efficient and have a tendency for greater
precision (Samoilys & Carlos 2000).

It is likely that different methods will be more appropriate for different species or groups
of species (above), so a method that is appropriate for the majority of species needs to be
chosen.

As this thesis focuses on commercially important fish, belt transects were

primarily used (Chapters 3 and 5), because they are better at detecting diver-shy
predatory fish with large flight distances, which are often the target of fishermen
(McClanahan & Kaunda-Arara 1996). Belt transects allow the observer to look ahead
and observe species that may leave the transect when they see the observer approach

Study site and methods – 35
______________________________________________________________________________________

(Perrow et al. 1996). Belt transects are also the only method feasible for conducting
snorkel surveys (Chapter 3) (the point-count method requires the observer to be
stationary and remain on the bottom). Belt transects of 50 m x 5 m were initially used
(Chapter 3) based on recommendations in the literature (Cheal & Thompson 1997,
Samoilys & Carlos 2000). However, the low densities and large numbers of zero counts
obtained with this sampling design (see 2.2.1 Design) meant that this was increased to
100 m x 10 m (Chapter 5).

However, when sampling the entire fish community, including cryptic, benthic species,
the point-count method was used (Chapter 6). The observer being stationary increased
the ability to detect cryptic species. The large number of species being sampled also
meant that a smaller census area was more appropriate (see 2.2.1 Design and Chapter 6).
A detailed description of the point-count method is available in Chapter 6.

McClanahan (1997a) uses a form of discrete group censusing in belt transects, originally
proposed by Greene and Alevizon (1989). McClanahan (1997a) surveys different groups
of families in each of several passes of the transect to measure density and species
richness in eight fish families. However, four of the families measured (Chaetodontidae,
Pomacanthidae, Labridae and Pomacentridae) are primarily non-commercial and speciesrich with high densities. In Chapter 3, as nine commercial families were surveyed, a
single pass of the transect was adequate to assess the community. In Chapter 5, because
of the addition of two non-commercial families, a form of discrete group censusing
(Greene & Alevizon 1989) was applied, where a single pass was made, but with families
split between two observers.

Study site and methods – 36
______________________________________________________________________________________

2.2.4 Habitat

Habitat is often a confounding factor in marine reserve studies (see 2.2.1). Not only
should sites that are similar in reef habitat be compared, but habitat should also be
measured and factored out of analyses (2.2.1). This is because habitat composition and
structure is often correlated with the distribution (Jennings et al. 1996a), density, biomass
or species richness of coral reef fish. Many studies find a positive effect of hard coral
cover on fish density and species richness (e.g. Bell & Galzin 1984, Lewis 1997,
McClanahan & Arthur 2001). The surface area or topographic complexity of the reef,
termed rugosity by Luckhurst and Luckhurst (1978), is also positively associated with
fish density, biomass or species richness (Risk 1972, Luckhurst & Luckhurst 1978,
Chapman & Kramer 1999, Friedlander et al. 2003). Turf algae and sea urchins are found
to be negatively correlated with species richness (McClanahan & Arthur 2001). There
have been some contradictory findings of reef fish habitat associations, e.g. Roberts and
Ormond (1987) and Syms (1998) find no effect of hard coral on density or species
richness. However, results of fish-habitat associations are likely to be influenced by the
fish species measured, the amount of variation in habitat variables and the scale over
which habitat is surveyed.

The generally sedentary nature of reef fish and the

dependence between certain fish species and habitat variables, either for food, shelter or
spawning, make the existence of strong associations between reef fish and habitat very
likely. Habitat therefore needs to be accounted for when comparing sites with respect to
other factors (e.g. protection) (Russ 2002).

In this study, although all sites were selected to contain coral reef, there is substantial
variation within reefs due to the mosaic of benthic substrates (e.g. seagrass, sand and
rubble) (see Chapter 1). To further minimise differences in habitat between sites, sample
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locations at each site were selected by manta towing. An observer was towed behind a
small boat along the reef crest, holding on to a board with a slate attached. The boat was
driven at a constant, slow speed for two minutes and then stopped whilst the observer
estimated the percentage of live hard coral and sand within the section of reef passed. A
GPS fix was taken at the start and end of each tow so that locations could be re-visited.
A criterion of at least 20% hard coral was applied to transect locations.

The composition and complexity of the reef habitat was additionally measured within
each UVC sample. Fourteen habitat variables were measured in this thesis, representing
the most dominant components of the reef habitat and those likely to be associated with
fish communities (hard coral, soft coral, coralline algae, calcareous algae, turf algae,
fleshy algae, rubble, rock, sand, seagrass, sponge, zooanthids, sea urchins and rugosity,
Table 1). Only one study included all these variables at once (Chapter 5). Richmond
(1997) and Allen and Steene (1999) were primarily used for identification of reef
organisms (e.g. algae).

Table 1 Habitat variables and abbreviated codes used throughout the thesis, their importance, criteria used for identification and examples.
Habitat
Hard coral

Code
HC

Soft coral

SC

Coralline
algae
Calcareous
algae
Turf algae

CA

Fleshy
algae

FA

Large macroscopic seaweeds
(non-vascular plants)

Rubble
Rock

R
Rck

Fragments of dead coral
Underlying reef structure

Sand

S

Fine yellow grains

Seagrass

SG

Sponge

SP

Vascular angiosperm
(flowering) plants anchored on
sea bed in shallow water
Phylum Porifera

Zoo anthids

ZO

Order Corallimorpharia

Sea urchins

U

Rugosity

Rug

Phylum Echinoderms, Class
Echinoidea
Surface area or structural
complexity

CCA
TA

Description
Phylum Cnidaria, Class
Anthozoa, Subclass
Hexacorallia, Order
Scleractinia
Phylum Cnidaria, Class
Anthozoa, Subclass
Octocorallia
Encrusting, rigid form of algae,
within the red seaweeds
Form of seaweed with calcified
segments
Early successional stage algae

Importance
Dominant part of healthy reef habitat,
provides bulk of reef structure; shelter
for reef fish, food for corallivores

Identification criteria
Rigid calcareous skeleton,
variety of structures and
colours

Common species
Acropora spp.
Porites spp.

Dominant on current exposed reefs

Pale grey, brown, yellow or
blue soft, firm tissues with
embedded polyps
Red or pink smooth crusts on
dead coral
Green plants with discoid
calcareous segments
Soft, fine, short covering of
green algae on substrate
Red, brown and green algae

Sarcophyton spp.

Fragments of dead coral
NA

NA
NA

NA

NA

Grass-like plants with
creeping rhizome

Cymodocea serrulata
Thalassodendron
ciliatum
Stylotella aurantium
Liosina paradoxa

Contributes to reef structure and
stabilises coral rubble
Contributes to marine sediments and
sand production
Important for herbivorous reef fish,
dominant on hard substrates
Compete with hard coral for light and
space, indicators of pollution and
overfishing
Indication of reef degradation
Provides substrate for coral recruits and
turf algae
Feeding substrate for fish, esp.
invertivores
Sea grass beds used as nursery grounds
by fish
Compete with hard corals for space.
Stressed/polluted reefs have higher
sponge biomass (Aerts 1998)
Can be dominant on reefs, forming
carpets
Competitors of herbivorous fish;
indicators of fishing pressure
Dictates amount of living space and
shelter

Spongy tissue with osicle
(large opening for filter
feeding), variety of colours
Solitary or colonial
anemone-like animals
Spherical, spined, solitary
organisms
Measured as described in this
chapter

Neogoniolithon
brassica-florida
Halimeda opuntia
Mixture of early
stage algal species
Sargassum spp.
Ulva spp.

Discosoma spp.
Palythoa natalensis
Diadema setosum
Echinothrix diadema
NA
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In Chapter 3, the Line Intercept Transect method (LIT) was used to measure habitat, as
recommended by English et al. (1997) and used in many studies (e.g. McClanahan
1997a, McClanahan et al. 1999). An observer moves slowly along a ten metre long
transect, recording habitat types lying under the transect tape. At each point where the
habitat type changes, the habitat and the transition point (to the nearest cm) is recorded.
Only habitat types of 3 cm or longer were recorded (McClanahan & Arthur 2001,
McClanahan et al. 2001).

Although accurate, this method was found to be time-

consuming, and so an adaption of the ICCE method (Weinberg 1981) was subsequently
used (Chapters 5 and 6). Amongst seven reef habitat survey methods, the ICCE method
is the most practical, versatile and reliable (Weinberg 1981). It consists of counting
individual colonies and estimating the relative percentage coverage of species within 1m2
quadrats (Weinberg 1981). One m2 frames were divided into 100 squares using nylon
rope. The percentage cover of each habitat type in the quadrat was measured to the
nearest 0.5% by counting the number of squares occupied by that habitat type to the
nearest half square. The placement of LITs and quadrats within the sample area is
outlined in Chapters 3 and 5.

Rugosity was measured using a method adapted from McClanahan (1997a) and
originally proposed by Risk (1972). A fine link chain was draped over the reef contours
following the transect tape and its straight distance measured using a stretched tape
measure. The straight distance was divided by the draped distance to get an index of
rugosity. This index had a value of between 0 and 1, with 1 indicating no difference
between the stretched and draped distance (low topographic complexity).
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2.3 Data Analysis

The principal aim of data analysis was to detect the effects of marine reserve protection
on fish communities. Other factors such as habitat, oceanographic conditions, depth and
location also affect the composition of reef fish communities, with habitat probably being
the strongest of these. Chapman and Kramer (1999) note that if habitat differs between
reserve and non-reserve areas, collinearity between reserve status and habitat variables
could result in spurious significant effects of reserve status. Some studies measure and
test for differences in habitat before testing the effect of protection e.g. Polunin and
Roberts (1993).

However, if the effects of habitat and protection are individually

analysed, it is harder to quantify their relative effects since habitat can covary with
protection. Fishing is likely to affect habitat through physical damage and habitat type
may determine which fishing gears can be used (see 2.1.4 Fisheries and Management).
The importance of any one variable can only be assessed if interrelationships between
variables are accounted for. This study therefore included habitat and other predictor
variables in analyses with protection, so that the relative contribution of predictor
variables could be ascertained and habitat could be ‘factored out’ (see 2.2.1 Study
design).

To fulfil this aim, two main types of analysis were employed. The first consisted of
reduction and classification techniques. These were used to reduce large numbers of
habitat variables so that habitat could be included as a single predictor in models
including marine reserve protection. In Chapter 3, Two Way Indicator Species Analysis
(TWINSPAN) was used to reduce nine continuous habitat variables in to three discrete
groups, producing a single categorical habitat variable for use in a Generalised Linear
Model (GLM).

In Chapter 5, Principal Components Analysis (PCA) (see 2.3.2
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Ordinations) was used to reduce nine habitat variables in to two synthetic habitat axes
that were used in a Mantel’s test.

The second type of analysis was a group of statistical techniques to relate response
variables to environmental predictors. These included analysis of variance (ANOVA),
linear regression, GLMs, Generalised Linear Mixed Models (GLMMs), analysis of
similarities (ANOSIM), multinomial logistic regression and canonical correspondence
analysis (CCA). Some of these techniques analysed the effects of only one predictor on
the response variables, e.g. in Chapter 3, a simple ANOVA was used to determine the
difference between fish density inside and outside a No-Take Area and in Chapter 4,
ANOSIM was used to determine differences in fish type composition between fishing
gears. However, the most commonly used techniques (GLMs) determined the relative
contribution of several predictors (e.g. habitat and protection).

One of the challenges of analysing ecological data is the presence of multiple response,
as well as multiple predictor variables. Analysing each response variable separately
would vastly increase the number of tests required, increasing the likelihood of a type I
error. Chapman and Kramer (1999) note that the patchy distributions and low densities
of many exploited fish species in the Caribbean reduce the accuracy and power of
statistical comparisons for individual species between reserve and non-reserve areas.
The Indian Ocean is an order of magnitude richer in fish species than the Western
Atlantic (Caribbean), exacerbating this problem. Effects of fishing and protection on
individual species are of interest ecologically. However, fishermen do not commonly
identify fish to species level (pers. obs.) and are more concerned with the total biomass of
catch. Species were generally aggregated and analysed at the population or functional
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group level. Where species composition was of interest, species were summarised in to
single values using indices or analysed using multivariate statistics to increase the power
of statistical analyses (see 2.3.2 Ordinations).

Conventionally, a cut-off level of significance of 0.05 is applied scientific studies. This
is based on Fisher’s recommendations in 1935 (Barker Bausell & Yu-Fang 2002) and
represents the maximum risk taken in rejecting a true null hypothesis (5%)
(Diamantopoulos & Schlegelmilch 2000).

The p-value represents the strength of

evidence and is therefore affected by the size of an experiment (i.e. the number of
samples). It does not represent the magnitude of effect (Grafen & Hails 2002). A
conventional cut-off significance level of 0.05 was applied throughout this thesis.
However, marine reserve studies are generally limited in sample size due to the
availability of protected and control sites, limiting the power to detect effects. P-values
below 0.1 (representing a risk of 10%) were therefore considered as indicative of
potential effects and referred to as trends.

Total commercial fish density, biomass and mean length and species richness were
primarily compared between protected and unprotected sites. Biomass was calculated
from length and density estimates, using coefficients from length-weight relationships
obtained from Fishbase (www.fishbase.org). Where multiple coefficients existed for a
species, the one with the median exponent (b) was selected. If two coefficients were
available, one was selected on the basis of appropriate length ranges, a large sample size
and a locality close to East Africa. If coefficients were not available, they were taken
from a species in the same family (and preferably the same genus), with similar
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morphology (body shape and maximum length). This had to be done for approximately
30% of species.

When fitting models (e.g. GLMs) to the density, biomass, mean length and species
richness of fish populations, Gaussian (normal) error structures were used and density,
biomass and mean length were log (x + 1) transformed due to the non-normal distribution
of residuals in the models and the frequent occurrence of zero values. A Poisson error
structure was used for species richness in Chapter 6.

When species composition was of interest, Bray-curtis and Sorensen’s indices were used
to calculate measures of dissimilarity between samples. In Chapter 5, the Bray-curtis
index was used to calculate differences in species composition and relative density
between all pairs of sites and in Chapter 4, Sorensen’s index was used to calculate a
measure of dissimilarity between fishermen based on the presence or absence of fish
types in their catches.

Alternatively, multivariate statistics were employed which

allowed the effects of multiple environmental variables to be analysed on lots of species
simultaneously (Palmer 2002).

In Chapter 4, Canonical Correspondence Analysis

(CCA), was used to detect associations between fish families and habitat variables and in
Chapter 5, Principal Components Analysis (PCA), was used to check for potential effects
of temporal change on species composition and relative density. CCA and PCA are both
ordinations. Two statistical techniques commonly used in this study are GLMs and
ordinations. An explanation of the procedure used in these analyses is outlined (2.3.1
and 2.3.2).
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2.3.1 Generalised Linear Models and Generalised Linear Mixed Models

Generalised Linear Models (GLMs) and Generalised Linear Mixed Models (GLMMs)
were primarily used to determine the effect of protection on the response variables,
relative to other predictors (such as habitat). To find the minimal model (i.e. a model
including only the significant factors), a full model was first fitted including all the
predictors and all possible two way interactions among them. Predictors were then
removed using a backward stepwise approach, starting from the predictor that explained
the least amount of variance. The significance of dropping each predictor was estimated
by comparing the amount of variance explained by a model that included the predictor
and by a similar model that did not include it (tested using an F or a χ2 test, depending on
the error structure of the model). The significance of models with a Gaussian error
structure were assessed with an F test, and those with a Poisson error structure with a χ2
test. The minimal model was therefore defined as the model including all the predictors
which if dropped from the model, would cause a significant decrease in explained
variance. When building the full model, only continuous variables that had a correlation
coefficient less then 0.3 were included. When two predictors were highly correlated,
only one was included (generally the variable that for biological reasons was likely to be
more meaningful).

2.3.2 Ordinations

Ordinations are multivariate analyses which arrange samples in relation to each other in
terms of their similarity in species composition (ter Braak 1995). Species composition is
the relative abundance or biomass of species in a sample (ter Braak 1995). Ordinations
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employ redundancy, which comes from the tendency for species to share similar
distributions, to enhance statistical power (Palmer 2002).

Ordination techniques fall into either classification or ordination. Classification groups
species or samples and ordination arranges species or samples along gradients (Palmer
2002). The classification technique, TWINSPAN was used in Chapter 3 and ordination
techniques, PCA and CCA were used throughout this thesis. Ordination techniques can
be indirect or direct. Indirect ordinations construct theoretical variables which explain
the pattern in species or sample composition (ter Braak 1995). The hypothetical variable
that gives the best fit to the data is the first ordination axis. Therefore, a single variable is
provided that best fits the data. Indirect methods were used to summarise habitat
variables (see 2.3 Data Analysis) or to detect patterns in fish species composition
(Chapter 5). PCA is the oldest and most frequently used indirect ordination method and
is more appropriate for full quantitative data in comparison to other techniques
(Henderson 2003).

CCA is the only direct ordination technique and has been extensively applied and
become the method of choice for many ecologists (Waite 2000). In a CCA, multiple
environmental factors are regressed with the species data (ter Braak 1995). CCA was
used to determine the degree of association between multiple habitat variables and fish
families (Chapter 4).
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The following procedures were used when applying ordinations:

(1) Rare species, outliers or deviant sites were removed from the data sets.

Rare

variables should not be included in ordinations, and descriptors’ distributions should be
reasonably unskewed (Legendre & Legendre 1998).

Descriptors’ distributions were

visually checked for normality.

(2) Ordinations were repeated using different transformations (e.g. square root
transformation) and methods (e.g. PCA and TWINSPAN) and the results were compared
(Waite 2000). A method was chosen that gave the clearest and most interpretable picture
(Henderson 2003).

2.3.3 Software

PCA and TWINSPAN were applied with Community Analysis Package (CAP) v. 3.0 and
CCA was applied with Ecological Community Analysis (ECOM) v. 2.0 (Pisces
Conservation Ltd.). Chao estimators and species accumulation curves (Chapter 6), were
produced with Species Richness and Diversity v. 3.03 (Pisces Conservation Ltd.). SPSS
v. 6 and R v. 1.9.0 (R Development Core Team 2004) were used for general analysis
(e.g. GLMs, ANOVAs) and R was used for the Mantel’s tests (Chapter 5). ArcView 3.2a
was used for drawing maps, measuring distances between GPS coordinates (Chapters 3
and 4), and calculating reef area (Chapter 6).
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3 Gradients in commercial reef fish populations across a No-Take
Area and the potential for spillover to local fisheries
Abstract

This study aimed to determine whether a small No-Take Area, Chumbe Island Coral
Park, had the ability to benefit local fisheries via net export of adult fish (known as
spillover). Indirect evidence for spillover was obtained by measuring fish densities
across the boundaries of the reserve and testing whether fish could relocate to fishing
grounds by tag and recapture. Significant declines in biomass and mean length of
commercial fish occurred from the centre of the reserve to 690 m outside it, even after
correcting for habitat, which was very different inside and outside the reserve. This
suggests that fishing outside the reserve is creating a gradient, providing indirect
evidence for spillover. Four percent of the commercial fish population was estimated to
emigrate from the reserve over eight months and tagged fish were capable of relocating
to fishing grounds up to 3 km away.

3.1 Introduction

One of the seven basic expectations of a marine reserve (No-Take Area, NTA) is that it
produces a net export of adult (post-settlement) fish, known as the spillover effect (Russ
2002) (Chapter 1). The spillover effect is important because it is one of only two ways in
which a reserve can benefit fisheries, the other being net export of eggs and larvae (the
recruitment effect) (Chapter 1). Of the two it is the more tangible to local fishermen.
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There is now convincing evidence that NTAs increase fish density, biomass, length and
diversity inside them (Gell & Roberts 2003a, Halpern 2003) (Chapter 1). Higher density
and biomass inside a NTA favours the occurrence of spillover. It is important to know to
what extent NTAs benefit local fisheries via spillover because the creation of NTAs
reduces total fishing area. For the first ten years this can lead to a decrease in total catch
whilst biomass is building up inside the NTA (McClanahan & Mangi 2001).
Governments, NGOs and the fisheries sector often demand evidence that NTAs benefit
fisheries before supporting their creation and such evidence may also determine the level
of compliance by local fishermen.

Direct evidence of spillover can only be obtained by measuring net export of adult fish
from a reserve.

Indirect evidence can be obtained by measuring gradients in fish

populations across reserve boundaries or changes in catch outside a reserve. A gradient
of gradually decreasing catches or population densities from the centre of a reserve to
outside fishing grounds suggests net flux from the reserve (Rakitin & Kramer 1996).
Some indirect evidence exists to support the spillover effect. Wet mass and length of fish
decrease with distance from the boundary of Mombasa Marine National Park in Kenya
(McClanahan & Mangi 2000). Chapman and Kramer (1999) find a significant negative
correlation of distance from the centre of the Barbados Marine Reserve with density and
mean length of trappable fish. Over time, the biomass of Acanthuridae and Carangidae
increased significantly closer to (200-250 m), than further from (250-500 m) the
boundary of Apo Island in the Philippines (Russ et al. 2004). The total catch of these
families was also significantly higher after reserve establishment (Russ et al. 2004).
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However, little or no direct evidence exists to support the spillover effect (Chapter 1).
This is because measuring spillover requires estimating immigration and emigration rates
which involves tagging or acoustic tracking of fish which is logistically difficult and
expensive. Movement patterns in reef fishes are under-studied for this reason and Sale et
al.(2005) identify this as a critical gap in our ability to effectively design marine reserves.
Measuring spillover also requires powerful sampling designs involving tagging large
numbers of individuals with high detection effort (Zeller et al. 2003).

The aims of this study are to obtain indirect evidence of the spillover effect and the
extent of fish emigration from a small NTA, Chumbe Island Coral Park (CHICOP)
(Chapter 2), referred to as the reserve. Measuring net emigration is beyond the scope of
this study because of the additional effort of estimating immigration. However the
following three questions ask whether the reserve has the potential to produce spillover
and therefore benefit local fisheries:

1. Does the reserve have higher density and biomass of commercial fish within, than
outside its boundaries, favouring spillover?
2. Are there gradients in commercial fish density and biomass across reserve
boundaries?
3. Is there emigration of fish from the reserve to local fishing grounds?

The first question will be answered by comparing fish populations within and outside the
boundaries of the reserve (the protection effect), the second by measuring the gradient in
fish populations from the centre of the reserve to adjacent fishing grounds (the distance
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effect), the third by estimating emigration from the reserve by tagging fish inside the
reserve and recapturing and resighting them outside it.

The species composition and mean length of emigrating fish, their distance travelled,
their movement inside the reserve and their differences in movement across the two
boundaries will also be examined to further understanding of movement patterns in reef
fish.

3.2 Methods

3.2.1 Underwater Visual Census

To measure both the effect of protection inside the reserve and gradients across the
boundaries, sites were spaced at 216 m intervals across the reserve. This spacing allowed
six replicate sites to be accommodated inside the reserve, which was only 1.6 km long,
but also meant sites were likely to be far enough apart to detect changes in the fish
community. Sites continued with the same spacing outside the reserve, with three sites
outside each boundary (the furthest 690 m from each boundary) (Fig. 1).
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Fig. 1 ArcView map of Chumbe Island showing the positions of survey sites and individual
transects (red lines) and trap locations (North, North-mid, South-mid and South). Dashed lines
indicate the boundaries of the reserve.
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At each site, one sample was taken at each of four depths: 2 m, 4 m, 6 m and 8 m, giving
a total of 48 samples (Fig. 1). All samples in one depth category were finished before the
next depth category, but the order of depth categories was randomised. Within each
depth category, sites were sampled in a random order so that protection and distance
were not confounded with time.

Each sample consisted of a 50 m x 5 m transect, along which fish communities and
habitat were measured by two observers using SCUBA (snorkel for 2 m depth). A
transect tape was laid along the depth contour and observers waited 5 minutes before
returning along the tape to survey the fish community. One observer was responsible for
measuring the fish community and swam in the middle of the 5 m band, using the
transect tape to mark one edge of this band, whilst the other observer followed behind.

Fish from nine commercially important coral reef fish families: Acanthuridae, Balistidae,
Haemulidae, Lethrinidae, Lutjanidae, Mullidae, Scaridae, Siganidae, Serranidae (Tribe
Epinephelini) were identified to species level, and their number and length estimated
(Chapter 2). Total length (TL) was estimated to the nearest cm and only fish of ≥ 15 cm
TL were included (Chapter 2). An accuracy of ± 7.3% of the actual length was achieved
in tests of length estimation (Chapter 2) and as there was no consistency in the direction
of error, lengths were not corrected.

Habitat and rugosity measurements were divided between both observers. Nine habitat
variables (hard coral, soft coral, coralline algae, calcareous algae, turf algae, fleshy algae,
sand, seagrass and sponge) were measured within each transect along four, 10 m line
intercept transects (LITs) (Chapter 2). The same transect tape was used as for fish
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(above) and LITs covered the same intervals along each transect (0 to 10 m, 12.5 to 22.5
m, 25 to 35 m and 37.5 to 47.5m). An index of rugosity was obtained by draping a 10 m
fine link chain over the reef contours along each LIT and measuring its straight distance
using a stretched tape measure. By this method, smaller straight distances equalled
greater rugosity. To simplify interpretation, this value was subtracted from ten so that
greater values equalled greater rugosity. The four LITs were used to calculate a mean
rugosity for each transect.

3.2.2 Tagging

Fish were tagged at four sites inside the reserve: Two sites close to the boundaries
(termed north and south) and two close to the middle of the reserve (termed North-mid
and South-mid) (Fig. 1). One hundred tags were assigned to each site.

Fish were marked with external tags so that they could be resighted underwater and
identified by fishermen. Floy anchor tags for medium size fish (type FD-68B, Floy Tag
Mfg. Inc.) were chosen. These consist of a T-shaped anchor and monofilament, to which
a coloured vinyl tube (approx. 4 cm long) is attached. Of seven types of external tag
tested on Atlantic herring (Clupea harengus), anchor tags have the best performance
overall in terms of tagging rate, recovery rate and persistence in the tagged population
(Nakashima & Winters 1984).

Anchor tags were also judged (against eight other

external tags) to be the most effective for rainbow trout maintained in raceways
(McAllister et al. 1992). Tags were colour-coded by site, using combinations of orange
or pink, with white. Willis and Babcock (1998) find that orange implanted elastomer
tags are significantly easier to detect underwater than red, green or yellow. In this study
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pink was chosen as an alternative that would have similar detectability. Tags were
numbered from 1 to 400. Information on tagged fish was recorded against tag numbers
so that recaptured fish could be identified by tagging date, species and length. This
enabled a detailed description of the emigrating population.

Traps were chosen as the capture and recapture gear because they capture a wide range of
species (Richmond 1997) and it was believed they would cause less injury and mortality
than using hook and line. Traps in East Africa are hexagonally shaped with a coneshaped, one-way entrance.

They are made from wooden strips woven together,

supported by a frame of sticks. Six new large-size fish traps were bought from local
fishermen. The two extra traps were allocated to sites dependent on catch rate, so that
tagging was finished at all sites at approximately the same time. Traps were moved
every day within a site to maximise fish capture. Tagging was conducted over 14 days
from 12.02.02 to 28.02.02 in order to minimise changes in fish movement that could
occur over time.

Setting and hauling of traps was done by snorkelling and therefore carried out at low tide
for ease and every 24 hours to minimise stress and mortality to fish. Traps were visited
in the same order each day. Traps were baited with a mixture of crushed sea urchins
(Echinometra mathaei and Tripneustes gratilla) and fleshy algae. This closely resembled
bait used by local fishermen, was easily available and could attract different trophic
groups such as herbivores, invertivores and piscivores. The proportions of the bait
mixture varied, but all traps received the same mixture on any day. Only fish ≥15 cm
were tagged as specified for the FD-68B anchor tags. Fish from the nine commercial
families measured in UVC transects and two non-commercial families (Labridae and
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Monacanthidae) were tagged. These non-commercial families were chosen because they
were frequently caught during tagging.

Traps were emptied into large plastic tubs filled with seawater. All fish were measured
(TL) and identified to species. Those suitable for tagging also had their tag number and
colour recorded.

Handling time was minimised as it significantly increases initial

mortalities due to tagging (Nakashima & Winters 1984). A tagging gun with a hollow
needle (Mark III regular pistol grip with regular needle, Floy Tag Mfg. Inc.) was used to
insert tags on the left side of a fish’s body, just below the dorsal fin. On removal of the
needle, a twisting motion was applied so that the T-bar anchored between the dorsal
interneural bones. Correct insertion meant that the vinyl tubing was flush with the skin.
Tagging had been previously practised on dead Lethrinus lentjan (Lethrinidae), with
dissection allowing correctly positioned tags to be identified.

Tagged fish were resighted during UVC inside and outside the reserve at the transect
locations (Fig. 1). Fishermen from villages that were known to use the Chumbe area
were informed of the tagging program during meetings and whilst recording fishing
intensity around the reserve (Chapter 4). Fishermen were asked to return tags to the
beach recorders (members of the village employed by the Fisheries Department to record
fish catches) who recorded the following for each tag: Fisherman’s name, type of fish,
time fished, fishing gear used, date of capture, location of capture, tag number and
colour. Information was collected in Swahili by the beach recorders using local names
for fish and fishing grounds and then translated into the English equivalent (names) or
the approximate distance and direction from Chumbe island (fishing grounds). One
thousand Tanzanian shillings (approx US$1) was given for each tag returned. This
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amount was unlikely to have altered the behaviour of fishermen in order to maximise tag
captures, but compensated them for returning tags.

3.2.3 Data Analysis

3.2.3.1 Underwater Visual Census

The total density, biomass, mean length and number of species of commercial fish was
calculated for each transect and transects were used as the units of analysis. A log + 1
transformation was applied to density, biomass and mean length in all analyses due to the
non-normal distribution of residuals in the models and the frequent occurrence of zero
values (Chapter 2).

Simple analyses were first undertaken to test whether there was an effect of protection on
fish populations. A one-way ANOVA was used to test whether density, biomass, mean
length and species richness differed inside and outside the reserve. To test for gradients
across the reserve, a simple linear regression of distance from the centre of the reserve
against the response variables was undertaken. This was illustrated by scatter plots
(using the untransformed response variables for density, biomass and mean length).

More complete models were then applied to take other factors, particularly habitat, in to
account. A general linear mixed model (GLMM) was fitted with protection, distance,
habitat, site and depth to assess the relative contribution of these factors in explaining the
response variables, with site as a random factor to avoid pseudoreplication (Chapter 2).
In the model, distance, depth and all the response variables were continuous and
protection, habitat and site were categorical.
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DENSITY = HABITAT + DISTANCE + PROTECTION + DEPTH + SITE

There were too many habitat variables (n = 9) for their individual inclusion in the model.
Reducing the number of variables is ideally done by identifying pairs of highly correlated
variables and removing one from each pair. However, multiple correlations between
variables precluded this strategy. Instead, multiple correlations were used to define
habitat types. Two Way Indicator Species Analysis (TWINSPAN) defined habitat types
by the presence and relative abundance of the variables. Habitat variables and rugosity
were converted to proportions so their values were in the same range and therefore could
be analysed together in the TWINSPAN (Chapter 2). Rugosity was divided by 10 and
the total length of each habitat variable was divided by the total length of the LITs.
Calcareous algae were removed since they only occurred in two samples. Other rare
variables (coralline algae, soft coral and sponge) produced small outlying groups in the
TWINSPAN, and were also removed. Six variables (hard coral, fleshy algae, sand,
seagrass, turf algae and rugosity) were therefore included in the final TWINSPAN.
Habitat types functioned as categories of a single habitat predictor in the GLMM.

Site (the random factor in the GLMM) was found to be non-significant, and so a General
Linear Model (GLM), with a Gaussian error structure (Chapter 2) was fitted with the
remaining four predictors:

DENSITY = HABITAT + DISTANCE + PROTECTION + DEPTH

To obtain a conservative estimate of the effect of distance and protection, these
predictors were only included after the effect of habitat had first been accounted for.
This allowed measurement of the net effect of distance and protection under the
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assumption that better habitat inside the reserve was already present when the reserve
was established. When a simple GLM containing only habitat was fitted to each of the
response variables, habitat was always found to be a very significant predictor. Habitat
was therefore forced to stay in the model while searching for a minimal model by a
backwards stepwise approach (Chapter 2), starting from the full model above.
Scatterplots were used to illustrate gradients with distance, corrected for habitat.

3.2.3.2 Tagging

Minimum distances moved by fish resighted underwater were calculated by measuring
the distance between tag locations and transect locations (Fig. 1) using ArcView. The
number of fish recaptured outside the reserve was small and represented by a variety of
species. To increase the power of the comparison between the tagged and recaptured
populations, species were aggregated into families. Fisher’s exact and Chi-square tests
were used to compare the frequencies of families and tag locations in the two populations
respectively. The mean lengths of fish that were recaptured and those that were tagged
but not recaptured were compared using a two-way ANOVA, with species as a fixed
factor. This allowed analysis by species to account for inter-specific length differences
and was more powerful than applying separate t-tests to each species.
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3.3 Results

3.3.1 UVC

Density (F1,46 = 12.503, p = 0.001), biomass (F1,46 = 16.726, p <0.001), mean length (F1,46
= 11.215, p = 0.001) and species richness (F1,46 = 19.976, p <0.001) were all significantly
higher inside than outside the reserve (Fig. 2), with twice the density (increase of 14.3
individuals per 250 m2), six times the biomass (increase of 19.3 kg), twice the mean
length (increase of 13.5 cm) and three times the number of species (increase of 5.9
species) (Fig. 2).
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Fig. 2 Means (+SE) of (a) density, (b) biomass, (c) mean length and (d) species richness outside
(white) and inside (grey) the reserve (*** p ≤ 0.001).

All variables showed significant negative correlations with distance from the centre of
the reserve (Fig. 3): Log density = 1.53 + -0.001 distance (F1,46 = 14.17, p < 0.001). Log
biomass = 4.55 + -0.002 distance (F1,46 = 17.94, p < 0.001). Log length = 1.59 + -0.001
distance (F1,46 = 12.96, p = 0.001) and species richness = 11.28 + -0.007 distance (F1,46 =
24.32, p < 0.001) (Fig. 2). Distance explained 24% of the variance in density, 28% in
biomass, 22% in length and 35% in species richness.
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Fig. 3 Relationship between distance from the centre of the reserve on fish (a) density (b)
biomass (c) mean length and (d) species richness. Dashed line indicates boundary of the reserve,
the solid line represents the best fit from regression analysis.

A TWINSPAN of the habitat variables produced three groups (Fig. 4). Group 1 (reef)
was defined by hard coral, rugosity and fleshy algae; Group 2 (seagrass) by seagrass and
Group 3 (rubble) by seagrass and turf algae. These groupings matched qualitative habitat
descriptions at each transect. These habitat groups were used to code samples in the
GLM.
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Fig. 4 Representation of the TWINSPAN of six habitat variables, showing three major habitat
types: Sea grass, rubble and reef and the number of samples in each. Variables: FA, fleshy algae;
HC, hard coral (2 abundance levels); Rug, Rugosity; SG, seagrass; TA, turf algae.

In the GLM, all response variables were significantly affected by habitat (p < 0.001,
Table 1). After correcting for habitat there was no longer a significant effect of distance
on density (Table 1, Fig. 5a). However, biomass, mean length and species richness were
still significantly affected by distance (Table 1, Fig 5b, c and d). Distance now explained
6.3% of the variance in length, 5.4% of the variance in biomass and 3.4% of the variance
in species richness whereas habitat explained 19.2%, 31.2% and 48.1% of the variance in
these variables respectively. There was no evidence of an effect of depth on any of the
response variables (Table 1).
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Table 1 GLM on the effect of habitat, depth, distance and protection on fish density, biomass,
mean length and species richness.

Density
(log +1)

Biomass
(log + 1)

Length
(log + 1)

Species
richness

Predictors
Habitat
Depth
Distance
Protection
Habitat
Depth
Distance
Protection
Habitat
Depth
Distance
Protection
Habitat
Depth
Distance
Protection

Df
2,44
1,43
1,43
1,43
2,43

1,42
1,43
1,42
2,43
1,42
1,43
1,42
2,43

1,42
1,43
1,42

F
11.7
0.3
2.4
2.8
12.7
<0.1
4.8
1.0
7.0
0.2
4.7
0.4
23.9
1.26
4.1
0.43

P-value
<0.001
0.567
0.131
0.104
<0.001
0.913
0.034
0.315
0.002
0.676
0.035
0.542
<0.001
0.267
0.050
0.517
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Fig. 5 Relationship between distance from the centre of the reserve and (a) density (b) biomass
(c) mean length and (d) species richness (corrected for habitat). Dashed line indicates boundaries
of the reserve.

3.3.2 Tagging

Three hundred and sixty five fish were tagged in total (North = 71; North-mid = 99;
South-mid = 98 and South = 97). Less than 100 fish were tagged at each site due to tag
loss during tagging. The tagged population comprised 40 species from the 11 families.
Eleven per cent of the tagged population was non-commercial (Labridae and
Monocanthidae).
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Thirteen fish were resighted underwater, comprising eight species from five families
(Scaridae, Mullidae, Haemulidae, Labridae and Acanthuridae) (Table 2). All fish were
resighted inside the reserve, on the same side of the reserve as they had been tagged
(Table 2 and Fig. 1). This suggests little movement was occurring in these species within
the interval between tagging and UVC (min. 18 days and max. 42 days). No fish were
resighted outside the reserve in transects.

Exact times and distances between tagging and resighting could not be calculated
because tag numbers were not identifiable underwater so fish could not be matched to
individuals. However, minimum times at large were calculated between resight dates
and the final day of tagging (Table 2) and minimum distance travelled was calculated
between resight transects and tag locations (which were identifiable by colour-coding),
rather than individual traps (Table 2). Exact times and distances are given (in bold) for
fish which were identifiable because there was only one of their species in the tagged
population or at their tag location (Table 2). The mean time at large was 25.6 days
(standard deviation, 6.6) and the mean distance moved was 118.5 m (standard deviation,
119.2).
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Table 2 Characteristics of resighted tagged fish (bold represents actual rather than minimum
days at large and distance moved)
Species

Family

Tag
location

Transect
location

Scarus ghobban
Scarus psittacus
Coris formosa
Scarus psittacus
Calotomus carolinus
Ctenochaetus binotatus
Plectorhinchus gaterinus
Plectorhinchus gaterinus
Scarus psittacus
Parupeneus barberinus
Parupeneus barberinus
Naso brevirostris
Plectorhinchus gaterinus

Scaridae
Scaridae
Labridae
Scaridae
Scaridae
Acanthuridae
Haemulidae
Haemulidae
Scaridae
Mullidae
Mullidae
Acanthuridae
Haemulidae

North
North
North mid
North
South
South mid
South mid
North mid
South
South
South
South mid
South mid

4
4
4
5
10
8
8
9
9
9
9
8
8

Min. time
at large
(days)
16
16
18
16
25
31
28
29
30
30
30
33
31

Min.
distance
moved (m)
80
60
390
230
310
30
60
150
70
70
70
10
10

Eleven fish were recaptured outside the reserve, representing 3.0% of the tagged
population (3.4% of the tagged commercial population). The recaptures consisted of five
species from three families, all of which were commercially important (Table 3). One
fisherman, Ramadhan Uledi, was responsible for eight recaptures, all caught by trap in
the same fishing location (3 km south of Chumbe), but on different dates. Eight of the
recaptured fish had been tagged close to the boundaries. The mean time at large was 107
days (standard deviation, 78.26).
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Table 3 Characteristics of fish recaptured outside the reserve
Species

Family

Tag
location

Approx. capture
location

Calotomus carolinus
Calotomus carolinus
Calotomus carolinus
Scarus ghobban
Scarus ghobban
Scarus ghobban
Scarus ghobban
Lethrinus mahsena
Lethrinus mahsena
Lethrinus mahsenoides
Naso brevirostris

Scaridae
Scaridae
Scaridae
Scaridae
Scaridae
Scaridae
Scaridae
Lethrinidae
Lethrinidae
Lethrinidae
Acanthuridae

South
South
South- mid
South
South-mid
North
North
South
South
South-mid
South

3 km south
3 km south
3 km south
3 km south
350 m northwest
3 km south
4 km north
unknown km west
3 km south
3 km south
3 km south

Time at
large
(days)
14
14
264
74
95
110
30
134
126
104
212

Gear

Trap
Trap
Trap
Trap
Spear gun
Trap
Spear gun
Trap
Trap
Line
Trap

The combined proportion of Scaridae and Lethrinidae in the recapture population was
significantly higher than their proportion in the tagged population (10 out of 11 vs. 203
out of 365, Fisher’s exact test, p = 0.029), and Scaridae were particularly dominant (n =
7) (Table 4). Acanthuridae were only represented by one individual and so were not
included in the analysis.
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Table 4 Comparison of the proportions of families in the tagged and recaptured
populations
Family

Proportion in
tagged popn.

Proportion in
recaptured popn.

Scaridae
Lethrinidae
Acanthuridae

38% (n = 140)
17% (n = 63)
10% (n = 35)

64% (n = 7)
27% (n = 3)
9% (n = 1)

A two-way ANOVA revealed no significant difference between the lengths of fish that
were tagged but not recaptured and those that were recaptured (F1,149 = 0.241, p = 0.624)
(Table 5), providing no evidence that differences in length influenced the tendency for
movement out of the reserve.

Table 5 Mean length of species tagged but not recaptured and those that were recaptured.
Species
Scarus ghobban
Calotomus carolinus
Lethrinus mahsena
Lethrinus mahsenoides
Naso brevirostris

Mean length of fish tagged but not
recaptured /cm
26.58 (n = 12)
26.33 (n = 57)
27.02 (n = 25)
19.22 (n = 33)
24.82 (n = 22)

Mean length of recaptured
fish/cm
27.15 (n = 4)
21.1 (n = 3)
27.25 (n = 2)
19.6 (n = 1)
25.5 (n = 1)

There was no evidence to suggest that fish tagged close to the boundaries were more
likely to emigrate (8 out of 11 captured fish were tagged close to the boundary vs. 168
out of 365 in the tagged population, 21 = 2.08, p = 0.149). Most recaptured fish had
been tagged on the south side of the reserve (9 out of 11) and were recaptured south of
the reserve (8 out of 11) (Table 3).

This suggests tagging location may influence

recapture location but could not be tested because of lack of variation in the data.
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3.4 Discussion

Differences in habitat are likely to be the most important reason for the significant
gradients and difference in fish populations inside and outside the reserve. By the way
the boundaries are placed, the majority of coral habitat is located inside the reserve with
sea grass and sand tending to lie outside it. Marine reserves and their boundaries tend not
to be randomly placed and so habitat differences should be accounted for. Chapman and
Kramer (1999) find that after statistically controlling for the effects of habitat, the
difference in total density between reserve and non-reserve sites does decrease
quantitatively, but remains significant.

Not correcting for habitat is likely to

overestimate the effect of protection (although it represents the actual situation inside the
boundaries). This is particularly true in this study where habitat differences inside and
outside the reserve were particularly great. However, the reserve is also likely to have
enhanced these habitat differences by protecting hard coral from anchoring and
destructive fishing, which does occur outside it (Chapter 4). Fully correcting for habitat
is therefore likely to underestimate the effect of protection. The real effect of protection
therefore lies between the estimates produced with and without correcting for habitat.

The significantly higher density, biomass, mean length and number of species of
commercially important fish inside Chumbe Island Coral Park is likely to be attributable
mostly to habitat differences rather than protective effects. Commercial fish biomass was
six times greater, there were three times the number of species and double the density
and mean length inside the reserve. These are higher than the average effects of marine
reserves found in a review of 89 studies where biomass was found to triple, density
double and length and diversity increase by 20-30% due to full protection (Halpern
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2003). The effect of protection by itself could not be estimated, but it is likely to be
partly responsible for this effect. These large values make it very likely that spillover is
occurring. Teasing apart the effects of habitat and protection would be more easily done
by comparing the reserve to unprotected sites with similar habitat (see Chapter 5).

Distance, however, was a better predictor of commercial fish populations than whether a
site was inside or outside the reserve. There was an exponential and significant decline
in density, biomass and length from the centre of the reserve to 690 m outside. Most of
the decline occurred within the reserve. Gradients in fish populations from the centre of
NTAs have also been found by Ashworth and Ormond (2005) and Chapman and Kramer
(1999). After correcting for habitat, this pattern still existed for biomass and length,
suggesting that fishing outside the reserve is causing this decline. Fishing pressure
outside a reserve is expected to cause reductions inside the reserve near the boundaries
(Kramer & Chapman 1999). This suggests that commercial fish are more susceptible to
exploitation nearer boundaries and therefore that leakage of fish from the reserve is
occurring.

However, populations still declined outside the boundaries meaning that there were
higher values closer to the reserve in fishing grounds. This pattern is also found by
McClanahan and Mangi (2000) and Russ et al. (2004), the latter associating it with
increased catches outside the reserve. Higher values close to the reserve provide indirect
evidence for spillover and would benefit catches close to the reserve. Russ (2002) notes
that significant enhancement of fisheries by net export of adult biomass would be
expected to be over distances of less than 1 km. The decline in biomass and mean length
outside the reserve over only 690 m supports this expectation.
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Biomass and mean length were most affected by protection, with species richness less so,
and density potentially so (given that correcting for habitat underestimates the effect of
protection). In a series of natural fishing experiments in two marine reserves in the
Philippines between 1983 to 1993, fishing intensity (15% and 25% of biomass removed
per year at Sumilon and Apo, respectively) was high enough to significantly affect total
community biomass but not density. This suggests that biomass is a more sensitive
indicator of fishing than density. Halpern (2003) finds biomass triples compared to a
doubling in density in a review of 89 studies. Other studies find that effects of fishing on
biomass occur in more families, or in total commercial populations, where effects on
density are not detectable (e.g. Letourneur 1996, Roberts & Hawkins 1997, Russ &
Alcala 1998) (Chapter 1).

Protection also had an effect on mean fish length. Fishing gears are generally size
selective (Jennings et al. 2001) (Chapter 1). Doubling in fish length causes an eight fold
increase in egg production (King 1995) (Chapter 1). An increase in mean length due to
protection is therefore likely to increase the larval production inside the reserve,
favouring net export of larvae to fished areas (the recruitment effect).

Fish were recaptured outside the reserve, but no fish were resighted outside the reserve.
The timescale and spatial extent of UVC surveys may have been insufficient for this.
There was a maximum of 48 days between tagging and resighting, which may have
limited detection of movement from the reserve (only three of the eleven fish recaptured
were caught within 48 days of release). Fish seemed to preferentially relocate to other
reef areas, and lack of reef adjacent to the reserve may have biased against this. Even
though total resight effort was equal inside and outside the reserve, the density of effort
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was unequal. Replicating the same density of resight effort outside the reserve would be
beyond the scope of most studies. This illustrates the critical role of recaptures from
fishermen when estimating emigration.

Fish tagged inside the reserve were capable of moving to fishing grounds more than 3 km
away, demonstrating the potential for the reserve to benefit local fisheries. Tagging fish
in the middle of the reserve did not affect their chance of being caught outside it, which
is consistent with this scale of movement. It was possible to verify information given by
fishermen by cross-checking the number on the returned tag with that recorded during
tagging. The type of fish reported by fishermen was always correct, creating confidence
in their reports of capture method and location which could not be verified.

Scaridae and Lethrinidae comprised the majority of the recapture population. This could
be interpreted as a greater tendency for emigration in these families and therefore of
contribution to spillover, if this is occurring. Scaridae and Lethrinidae are commercially
important, supporting the idea that the reserve can benefit local fisheries. These families
show propensity for movement in other studies. Munro (2000) finds that of 48 species
tagged within Discovery Bay Fishery Reserve in Jamaica, species of Scaridae are
particularly mobile. Of eight species occurring in recaptures outside two marine parks in
Kenya (from a tagged population of 25 species), more than half (n = 5) were species of
Lethrinidae or Scaridae (Kaunda-Arara & Rose 2004b). There was no evidence to
suggest that length within species was an important predictor of movement, although the
power of this analysis was low due to small sample sizes. Kramer and Chapman (1999)
show that home range size is positively correlated with fish size amongst 29 different
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coral reef species, but there is equivocal evidence of such a relationship within species
(Samoilys 1997, Meyer et al. 2000, Lowe et al. 2003).

Interpreting these characteristics of the recapture population as predictors of the tendency
for emigration assumes: (1) that fishing gears outside the reserve were not selecting for
different families or length classes than those inside the reserve and (2) that fishermen
were not biased towards detecting or reporting tags from certain families or length
classes. It is unlikely that fishermen were biased by species or length when reporting
tags. Tags would have been equally detectable on all fish as they were the same size and
coloured irrespective of fish identity or length. The predominant recapture gear was
traps, which should select similar families, species and lengths as those used for tagging.
The only way to control for differences in recapture would be to conduct experimental
recaptures outside the reserve, but creating the same area coverage and effort as local
fishermen would be beyond the scope of most studies (see above)

Three percent of tagged fish were caught outside the reserve. Kaunda-Arara and Rose
(2004a) found similar proportions of recaptures from two marine parks in Kenya (2.4%
and 4.15%) from much larger samples of tagged fish (1653 and 1605 respectively), over
one year. Two to 4% could therefore be a realistic measure of emigration from NTAs in
E. Africa. Kaunda-Arara and Rose (2004a) also use Floy anchor tags, probably resulting
in similar tag-induced mortality and tag loss, and the same recapture system
(collaborating with local fishermen), which could account for the similarity. Although
the similar proportion of recaptures found by Kaunda and Rose (2004b) support this
estimate of emigration, the sample size of tagged fish was relatively small in this study (n
= 365). In addition, only eleven fish were resighted inside the reserve, despite having a
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relatively high density of survey effort where tagged fish were released. Recaptures
outside the reserve are therefore also likely to represent an underestimate of the number
of fish moving out of the reserve.

Tag loss, tag-induced mortality, unsuccessful recapture of tagged fish and non-reporting
of tagged fish need to be taken in to account in order to estimate the real proportion of
commercial fish moving out of the reserve. There was evidence that mortality and tag
loss occurred. Two tagged Leptoscarus vaigiensis were found dead inside the reserve
(three and 38 days after tagging) and one Cheilinus trilobatus lost its tag after four days
(noticed on recapture). This represents 0.82% of the tagged population. Whitelaw and
Sainsbury (1986) find Floy anchor tags (FD-67) cause 30.3% extra mortality (relative to
controls) over eight days in captive Lutjanus carponotatus. Combined with a tag loss of
6.1%, this comes to more than a third of all fish tagged (36.9%). Such high proportions
are likely to be influenced by captivity post-tagging and the relatively small size of the
fish tagged in that study (16 cm mean FL, compared to 25.2 cm mean TL in this study).
Stobo et al. (1992) find that fish length is the most important predictor of mortality. This
therefore represents a maximum estimate of mortality and tag loss and 0.82% a
minimum. Tag loss or tag-induced mortality was therefore likely to be between 0.82%
and 36.9%. There was a minimum non-reporting of two fish, because at one landing site
two fish with tags still attached had been bought directly from fishermen. Maximum
possible non-reporting and unsuccessful recaptures can not be estimated. Using available
minimum and maximum estimates, corrected estimates of emigration are between 3.05%
and 4.80%. These figures are still similar to that measured (3.0%).
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Spillover to the local fishery is measured by net emigration, which is likely to be smaller
than these estimates, because it accounts for immigration (McGarvey 2004). Therefore,
although spillover is likely to be occurring, it represents a small fraction of the
commercial fish population inside the reserve. One way of measuring the contribution of
Chumbe Island Coral Park to local fisheries would be to monitor changes in catch over
time outside the park, akin to Russ et al. (2004). However data collected over several
years, particularly before the enforcement of a marine reserve, are rare.
3.5 Conclusions

Chumbe Island Coral Park has the potential to benefit local fisheries via spillover. This
is supported by the following results: 1) Density and biomass were higher inside the
reserve, favouring the occurrence of spillover; 2) there were significant gradients in
density and biomass across reserve boundaries and 3) commercially important fish were
capable of moving out of the reserve to fishing grounds. Habitat inside the reserve
contributed to this effect, but when the effect of habitat was removed, there was still a
significant gradient in biomass, mean length and species richness. This study therefore
contributes to indirect evidence that NTAs produce spillover and provides one of the few
estimates of fish emigration. The actual benefit to the fishery could not be measured, but
is discussed in relation to the views of fishermen around the reserve (Chapter 4).
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4 Behaviour, knowledge and opinions of fishermen surrounding a
No-Take Area

Abstract

Forty fishermen from five landing sites near Chumbe Island Coral Park were interviewed
for information on fisheries in the area, their perceptions of the benefits of the Park and
their knowledge of fish ecology. Independent data were also collected on the fishery and
fishermen’s behaviour. Fishermen volunteered a large amount of detailed information
which generally gave a truthful and accurate account of the fishery and their behaviour.
Their understanding of fish ecology and movement was supported by ecological data,
indicating the potential for using their knowledge in research. Fishermen recognised
benefits of the Park to fish catches, but were more vocal about issues regarding Park
management and their primary concerns were destructive and illegal fishing in the area.

4.1 Introduction

It is becoming common for fishermen’s opinions to be sought when assessing the success
of marine reserves (Russ & Alcala 1996a, Webb et al. 2004). Fishermen’s opinions of a
reserve are shaped by their perceptions of its purpose and benefits, and are important
because they may determine how much fishermen comply with reserve regulations.
Sumilon reserve in the Philippines was established in 1973, involving discussions with
local communities (Russ & Alcala 1999). However, in 1976 it was found that fishermen
were unclear about the purpose of the reserve. This was one factor used by local mayors
to influence fishermen against the reserve, resulting in fishing violations from 1980 to
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1987 (Russ & Alcala 1999). Specific management measures can be adopted to improve
fishermen's perceptions but only if these perceptions are known. Interviewing fishermen
provides this information and may engender support for a reserve by allowing fishermen
to become part of the management process.

Whilst seeking fishermen’s opinions on marine reserves, their knowledge about the local
marine environment can also be obtained.

This is known as Traditional or Local

Ecological Knowledge (TEK/LEK) (but will be referred to here simply as local
knowledge). Local knowledge can be acquired through extensive observation of an area
or a species (Huntington 2000). Fishermen are likely to possess knowledge that is
unknown to science because they have observed their local marine environment over
their life times and accumulated knowledge over generations (Johannes 1997). Local
knowledge may provide up-to-date and area-specific information that is unavailable in
the literature.

Fishermen’s local knowledge has been used by marine scientists to gain important
information, such as seasonal variation in fisheries (Johannes et al. 2000), or information
that is otherwise unobtainable, such as historical catch in artisanal fisheries (Dulvy &
Polunin 2004). In addition, correspondence between scientific data and local knowledge
implies that local knowledge could be used to contribute to scientific data collection.
Poizat et al. (1997) find good correspondence between local knowledge on seasonal
variation in fish species abundance in an estuary in Guinea, West Africa and the results
of sampling with nets. They propose that local knowledge can be used to help design
sampling systems.
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Collecting data sufficient for the management of reef fisheries is challenging because of
their complexity due to the high diversity of catch and the disparate nature of landings
(Chapter 1). In addition, most reef fisheries are in developing countries, where little
money is available for data collection. Collection of interview data is less expensive than
collection of biological data (Huhmarniemi & Salmi 1999), therefore the application of
local knowledge could be particularly useful in the study and management of reef
fisheries.

Local knowledge is not being used as much as the above advantages imply it should,
although it is likely that it has been used far more than formally acknowledged e.g.
through the hiring of local field assistants (Huntington 2000). In East Africa, some local
knowledge has been collected with respect to opinions on marine reserves in Kenya
(McClanahan et al. 1997, McClanahan et al. 2005), but little on marine ecology and none
on the correspondence between local knowledge and scientific data. This study aims to
obtain basic information about the local fishery (fisheries profile), assess fishermen’s
perceptions of Chumbe Island Coral Park (CHICOP), and test the extent to which
fishermen’s accounts of the fishery and fish ecology correspond with independently
collected scientific information. Local knowledge was collected on the characteristics of
the fishery adjacent to CHICOP, perceptions of the benefits of the Park on catches, and
ecological and oceanographic factors affecting fish catches.

Local knowledge can be affected by people’s beliefs and opinions, therefore it is
desirable to verify this knowledge where possible (Johannes et al. 2000). Independent
data were collected on fish catches and fishing intensity to check the quality of the
information given by fishermen. Fish catch data was used to quantify catch composition
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and to verify the types of fish caught and the relationship between gear and catch. The
position of fishing boats around the Park was recorded using GPS to quantify fishing
intensity and provide an independent assessment of fishermen’s behaviour. Salas et al.
(2004) stress the importance of understanding fishers' behavior when developing
appropriate management policies. Importance was placed on the amount of congruency
between interview data and scientific data because this indicates the extent to which local
knowledge reflects the true situation and can be relied upon as a source of information.
The amount of consensus between fishermen may also indicate truthfulness of answers.
This applies to factual answers more than perceptions, since perceptions are likely to be
affected by culture, which due to the relatively small sample size, was likely to be the
same throughout the landing sites where interviews took place.

4.2 Methods

4.2.1 Interviews

Questionnaires were selected as the most appropriate interview method because they
allowed responses to be quantified, they simplified comparisons between respondents as
all respondents were asked the same questions (Huntington 2000) and they allowed for
limited linguistic skills, as the interviews were carried out without the use of a translator.

The four main methods for obtaining local knowledge are participant observation,
participatory rural appraisal, semi-structured interviews and questionnaires (Bentley &
Baker 2002). Participant observation involves living in a community for a year or more,
sharing the lives of local people. It is the most powerful and objective way of getting
qualitative information about local people (Bentley & Baker 2002), but was outside the
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timeframe of this study. Participatory rural appraisal (PRA) was fashionable from the
1970s to 1990s and involves staying in a village for several days, primarily listening to
villagers and asking them to draw pictures and charts.

However, it takes up local

people’s time and does not always elicit the same quality of information that can come
from perceptive statements, as local people generally have highly developed language,
but little artistic experience (Bentley & Baker 2002). Semi-structured interviews take the
form of discussions covering the topics of interest but remaining open to additional ideas
and information. They are often taped and later transcribed. It was thought that these
would be too linguistically challenging.

Additionally, eight hours are required to

transcribe one hour of taped recording (Bentley & Baker 2002). It was believed that
using a tape recorder may have made fishermen uncomfortable and affect the quality of
the interview. Note-taking does not normally put interviewees off (Bentley & Baker
2002).

The questionnaire consisted of twenty-six questions divided in to three categories: (1)
fisheries profile (2) perceptions of the benefits of the Park and (3) fish ecology. The
interview was started with the fisherman’s name and simple questions on the
demographics of the fishery to make the fisherman feel comfortable. Fishermen were
then asked about their opinions and perceptions of the Park before being asked about
their knowledge of fish ecology. Opinions should be sought at the beginning of an
interview, so that they are not changed as a result of the interview process. Additional
statements were often provided by respondents because questionnaires were conducted in
the form of informal interviews with one person asking questions and listening fully
whilst the other took notes (Bentley & Baker 2002). The Kiswahili wording was initially
developed with the help of Omar Amir (Fisheries Department and Institute of Marine
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Sciences), who assisted with the interviews. Methods and questions were piloted on four
rangers from Chumbe Island Coral Park (CHICOP) and Khamis Khalfan (CHICOP)
helped to rephrase the questions using language that would be easily understood by the
fishermen.

It was politically desirable to go through the local authorities when conducting
interviews. Permission was sought from the Fisheries Department in Zanzibar, which
sent letters to the Shehas (chiefs) of each village.

Five principal landing sites for

fishermen using the Chumbe area were recommended by the Fisheries Department (Fig.
1). At each landing site, a meeting was organised by the district fisheries officer (Heri
Mchumi), at which fishermen were told whom the researcher was, the purpose of their
research and who was paying for it, as recommended by Bentley (2002). Johannes
(2000) suggests that older, experienced fishermen should be purposely selected if
information on catch histories is needed, but it would have been politically inappropriate
to seek out fishermen independently. Following consultation with Fisheries Department
representatives, it was decided that fishermen should be allowed to come forward after
meetings, thus providing a self-selected set of respondents.

Fishermen were therefore

asked how long they had been fishing so their experience could be taken in to account.

Questions were designed to be as neutral as possible, so fishermen were not led into
giving a particular answer, e.g. fishermen were asked whether fish catches had stayed the
same and not whether they had increased or decreased (Question 13, Table 1). Questions
were deliberately inserted to verify interview responses with independent data on fish
catches and fishing intensity.

Fishermen were also asked where they saw other

fishermen fishing, as well as being asked where they themselves fished (Qus. 8 and 16,
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Table 1). Inconsistencies between these two responses in relation to the Park might
indicate that fishermen were not telling the truth about their location of fishing (a
sensitive issue when dealing with fishing close to No-Take Areas). Where fishermen
said they fished ‘very close’ to the Park, this was taken as being 50 m or less from the
boundaries.
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Table 1 Questionnaire used for interviewing local fishermen together with justifications for each
question (the English is the direct translation from Kiswahili).

Fisheries profile

Justifications for questions

1. For how many years have you been a fisherman?
2. What type of gear do you use?
3. What time of day do you fish?
4. What types of fish do you catch?
5. What types of fish do you catch most?
6. Which landing site do you use?
7. Which fishing grounds do you most use?
Perceptions of the Park and adjacent fisheries
8. Which fishing grounds do you use near Chumbe
island?
9. For how long have you been fishing near Chumbe
island (x years)?
10. What distance and in what direction do you fish
from Chumbe island?
11. Why do you like to fish in this area?
12. In which season do you fish near Chumbe island?
13. Are the numbers and types of fish you catch near
Chumbe now the same as they were x years ago?
14. Are the sizes of fish you catch near Chumbe now
the same as they were x years ago?
15. Is the number of fishermen you see near Chumbe
the same as x years ago?
16. In which fishing grounds near Chumbe do you see
fishermen?
17. Do you think that fish that live in the Chumbe
protected area leave and can be caught outside the
protected area?
18. Would you like to say anything about Chumbe
Island protected area?
Local knowledge
19. Are the types of fish you catch in coral, the same
as those you catch in sea grass or sand?
20. Are the numbers and types of fish you catch the
same on cloudy and non-cloudy days?
21. Are the numbers and types of fish you catch the
same when the sea is rough as when it is calm?
22. Are the numbers and types of fish you catch the
same during spring tide and neap tide?
23. Are the numbers and types of fish you catch the
same on high tide and low tide?
24. Are the numbers and types of fish you catch the
same in areas of current as areas without current?
25. Are the numbers and types of fish you catch the
same during the Northeast and Southeast monsoon?
26. Is there anything else which you think affects fish?

Do years of fishing experience affect knowledge?
Does gear influence fish catch?
Background information
Background information
Background information
Background information
Most frequently used fishing grounds
Where is fishing pressure highest around Chumbe?
Does years of fishing experience influence
perceptions of catches or opinions of the Park?
How is fishing pressure distributed around the
Park?
Are reasons for fishing related to the Park?
Does fishing pressure alter with seasons?
Evidence of effects of the Park on fish catches
Evidence of effects of the Park on fish catches
Changes in fishing effort may offset or reflect
benefits of the Park
Fishermen may not want to say where they fish, but
be happy to say where other fishermen fish.
Do fishermen think that fish emigration can occur?
What are fishermen's views of the Park?

What is the correspondence between local
knowledge of fish ecology and UVC data?
Testing correspondence between local knowledge
of oceanographic factors and scientific data
As above
As above
As above
As above
As above
Other important factors affecting catches
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Forty fishermen were interviewed from the five landing sites: Malindi (3), Mazizini (8),
Buyu (9), Chukwani (6) and Nyamanzi (14) (Fig. 1) from 21.01.02 to 06.02.02. Data
from all landing sites was pooled together for analysis.

A large proportion of questions produced the same response from the majority of
fishermen (70-90%). There was therefore not enough variation in responses to look for
relationships between responses and predictors, such as the effect of years of fishing
experience on perceptions of catches.

The proportion of responses was simply

summarised for each question. Fishermen not answering a question were not counted, so
the total number of respondents was provided for each question in the form of a fraction
(e.g. 15 out of 23 respondents: 15/23). Additional comments were also reported. Where
the answer involved giving a name or object, (e.g. a fishing ground, Qu. 7), the frequency
with which an object was named was given. Objects named only once were not included
because these provided little information about the fishery in general.

However, questions which produced lists of species i.e. the associations between fish
catch and gear (Qu.s 2 and 4) and fish catch and habitat (Qu. 19) were analysed to test
the amount of congruence between fishermen and provide information on the effects of
gear on catch and local knowledge of fish ecology. Fishermen gave the local Kiswahili
names for fish. These names referred to species, groups of species, families or groups of
families. Local names were used directly in analysis and referred to as fish types.
Samples that could not be assigned to groups because fishermen had given mixed
responses (e.g. two types of gear or habitat) were removed (n = 5).

Analysis of

similarities (ANOSIM) was used to test whether the composition of fish types was
significantly more dissimilar between groups (gears or habitats), than within groups. A
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matrix of dissimilarity values between all pairs of fishermen (Legendre & Legendre
1998) was calculated from the presence and absence of fish types, using Sorensen’s
index.

ANOSIM ranks the dissimilarity values and compares the ranks within and

between groups. Ranked dissimilarities were plotted for each group and between groups
(gear and habitat type), using boxplots.

Contrary to the data on gears, visual inspection of the habitat dataset failed to reveal clear
indicator fish types for each habitat. Multinomial logistic regression was used to identify
which fish types were significantly associated with each habitat. Multinomial logistic
regression allows the assignment of a sample to one of several categories (in this case
habitat) based on a set of predictor variables (fish types). Fishermen tended to list fewer
fish types for habitats than for gears, so there was little overlap between their lists. To
increase the power of the analysis, fish types were translated into their Latin names and
aggregated into families (where possible). Only families occurring in more than five
samples were included (Lethrinidae, Serranidae (Epinephelini), Chaetodontidae,
Scaridae, Siganidae, Acanthuridae and Mullidae). A minimal model was found using a
backwards stepwise approach which involved starting with a fully saturated model and
progressively removing individual families (Chapter 2). ‘Remove one cross-validation’
(Cawley & Talbot 2004) was used to determine how robust the minimal model was by
trying to assign each case to the correct habitat based on a model fitted using all cases but
the one of interest. A log-likelihood ratio test was used to test the significance of the
model by comparing it to a null model containing only the intercept.
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4.2.2 Fish catch at landing sites
Two landing sites known to be frequented by fishermen using the Chumbe area were
visited: Chukwani (06.02.02) and Mazizini (07.02.02) (Fig 1). Beach recorders (Chapter
3) advised when fishermen would be returning to the landing site and helped to ask
fishermen’s permission to analyse the total catch from boats as soon as they arrived. The
landing site, fisherman’s name (often the boat captain), gear used, fishing ground(s)
visited and number of people on the boat were recorded for each boat.

All fish in each catch were counted, identified to species and their fork length measured.
Fish of similar size and often the same species are put in bundles (called mtungu), which
facilitated measurements. If there were four or more individuals of a species within a
catch, a random selection of three was measured and an average length calculated. The
relative abundance and biomass of families in the catch from the two landing sites was
summarised and discussed in relation to gear type. Biomass was calculated according to
the methods outlined in Chapter 2.

4.2.3 Fishing intensity around Chumbe Island Coral Park

The distribution and intensity of fishing activity around Chumbe Island was measured
over 20 days (09.02.02 to 28.02.02). The position of all fishing boats up to 3 km from
the island was recorded during a single trip around the island by boat each day. This was
done at low tide because fishermen using traps and lines tend to set off just before low
tide, fish at low tide and return on high tide (Amir and Nyange, pers. comm. 2002).
Although fishermen like to fish at low tide, they also prefer to fish in the morning as this
allows buyers to take fish directly to market. Measurements were therefore taken at the

Fishermen knowledge – 87
______________________________________________________________________________________

time of low tide (Zanzibar Harbours Authority tide tables), but when low tide occurred
later than 11.30 am, measurements were taken at 11.30 am until low tide returned once
more to 8 am or later in the morning. This timing structure attempted to record fishing
intensity during its peak. Only fishing boats that had arrived at their fishing site were
included for accurate fishing distribution. An approximate distance and direction from
Chumbe Island was estimated for each boat. Boats were approached and fishermen were
greeted, informed of the tagging program in the Park (Chapter 3) and asked which
landing site they had come from. Fishing gear, the number of fishermen and a GPS fix
were recorded for each boat. GPS coordinates were entered into ArcView, alongside a
track log of the island, to produce a map of fishing intensity around the Park. The
distance of each boat to the Island was measured on this map and a mean distance of all
boats to the Island was calculated. The total area used by all fishing boats was calculated
using a minimum convex polygon in ArcView and the mean density of fishermen and
boats per day calculated in this area.

4.2.4 Oceanographic factors

Oceanographic factors were measured to compare their effect on the fish community
with fishermen’s perceptions (Qu.s 20 to 25, Table 1). Sea state, cloud cover, current
speed and tide were measured just before each UVC transect (Chapter 3). Sea state was
assigned to one of five categories, modified from the Beaufort scale (Table 2) and cloud
cover was estimated as the number of eighths of the celestial dome covered by cloud (a
value of 0 to 8) (English et al. 1997). Surface current speed was measured by drifting
and holding a GPS. Speed was measured 15 seconds after the recorder started drifting,
for consistency and recorded in knots. Tidal state was recorded as high (if less than three
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hours from high tide) or low (if more than three hours from high tide). Tide was
assigned as spring or neap depending on whether the date was nearer the date of peak
spring or peak neap tide (Zanzibar Harbours Authority tide tables).

Table 2 Five categories used to describe sea state, modified from the Beaufort scale
(English et al. 1997).

Categories

Sea criteria

1

Mirror-like, to small ripples

2

Large wavelets, crests begin to break

3

Small waves becoming longer

4

Many white caps forming

5

Large waves, extensive white caps

The total biomass of commercial fish for each transect was used as the response variable
since this is most likely to correspond to fishermen’s perceptions of catch. Transects
were used as the units of analysis and a log + 1 transformation was applied to biomass
due to the non-normal distribution of residuals and the frequent occurrence of zero values
(Chapter 2).

A general linear model (GLM) was fitted to assess the effect of

oceanographic factors on fish biomass (below). As the height of high or low tide is
affected by whether it is spring or neap tide, tidal state and tide were combined in to one
variable called tide, with four categories (spring-high, spring-low, neap-high and neaplow). Habitat and distance from the centre of the Park were included because they were
previously found to be important predictors of fish biomass (Chapter 3). Habitat was
represented by three habitat categories (from a TWINSPAN of nine habitat variables in
each transect, Chapter 3).

BIOMASS = HABITAT + DISTANCE + DEPTH + SEASTATE + CLOUD +
CURRENT + TIDE
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4.2.5 Fish-habitat associations

A Canonical Correspondence Analysis (CCA) was applied to fish density and habitat
within and outside Chumbe Island Coral Park (Chapter 3). This was compared to local
knowledge of fish catch in different habitats (Qu. 19). Families were used since fish
types had been aggregated into families in the multinomial logistic regression of the
interview data (4.2.1 Interviews). The total density of each family was calculated per
transect. Twelve samples were removed because they had zero densities and Lutjanidae
were removed because they were rare (occurred in < 5 samples). Rare habitat variables
(soft coral, coralline algae, calcareous algae and sponge) were also removed (see Chapter
3) and percentage habitat data were converted to proportions and arcsin square root
transformed. Six habitat variables were included in the CCA (rugosity, hard coral, fleshy
algae, turf algae, sand and seagrass). To test the significance of the associations between
fish and habitat, a Monte Carlo test was applied with 1000 randomisations.

4.3 Results
4.3.1 Interviews
4.3.1.1 Fisheries Profile

The number of years spent fishing ranged from 3 to 52 years with a median of 15 and a
mean of 17.4 (Qu. 1, Table 1).

Fifty four different fishing grounds were used by

fishermen (Qu.7). Those mentioned by more than a quarter of fishermen (10) included
Tele (25), Chumbe (25), Ukombe (21), Kwale (15) and Pungume (13) (Fig. 1). These
fishing grounds are all located south of Stone Town (Fig. 1).
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Fig. 1 Map of southwest Unguja showing the five landing sites at which fishermen were
interviewed, the fishing grounds mentioned in the text and Chumbe Island. Landing sites: A,
Malindi; B, Mazizini; C, Chukwani; D, Buyu; E, Nyamanzi. Fishing grounds: 1, Bawe; 2,
Mwamba Mtama; 3, Pwakuu; 4, Mkirwa; 5, Fungu ya Chumbe; 6, Ukombe; 7, Chumbe; 8, Tele;
9, Chawacha; 10, Kwale; 11, Pungume.

Most fishermen said they fished in the morning (24), with the afternoon (8) and the night
(2) being far less common (fishermen giving a combination of times were removed).
Three fishermen said the exact time of fishing depended on the tide, and one stated that
he only fished at low tide. There was no obvious seasonal preference for fishing near
Chumbe (15 and 13 said they fished during the Southeast and Northeast monsoon
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respectively). Only three gears were used by fishermen, and the most common was traps
(15), followed by lines (12) and nets (5).

The most commonly mentioned fish in catches were Lethrinidae (21), Siganidae (20) and
Scaridae (16) (Qu. 4, Table 1). Forty five fish types were mentioned overall but most
were rare (30 types were mentioned by three fishermen or less).

Gears differed

significantly in their catch composition (ANOSIM R = 0.4623, p < 0.001) (Fig. 2). Traps
had the most similar catches, followed by nets, then lines (Fig. 2). Traps had the highest
diversity of catch (31 fish types, 11 of which were exclusive to traps), followed by lines
(21 and five exclusive fish types), then nets (ten and four) (Table 2). Relative catch
diversity should be treated with caution since gears had unequal sample sizes.
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Fig. 2 Boxplot of ANOSIM results showing the relative dissimilarity in pairs of fish catches
within and between gears as listed by 40 fishermen (the box represents the inter-quartile range
and the horizontal line within the box represents the median rank value).
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Table 2 Fish types exclusive to three gears from catches listed by fishermen (see Appendix for
common names).

Traps

Lines

Nets

Chaetodontidae

Belonidae

Rhinobatidae

Nemipteridae

Sphyraenidae

Ariidae

Acanthuridae

Lethrinidae

Sharks

Scaridae

Rachycentridae

Taeniura lymma
Haemulidae
Muraenidae
Lutjanidae

4.3.1.2 Perception of the Park and adjacent fisheries

The number of years spent fishing around Chumbe ranged from 7 months to 40 years,
with an average of 11 years 8 months and a median of 7 and a half years. Fishermen
listed 23 fishing grounds that they used near Chumbe (Qu.16) with Chawacha and Tele
being the most common (ten and seven respectively) (Fig. 1). The mean distance that
fishermen said they fished from Chumbe was 0.94 km (standard deviation, 1.24, n = 31),
with the majority (n = 21) fishing 750 m or less from the Park (Qu. 18). This was similar
to the mean distance at which they saw other fishermen fishing, 0.62 km (standard
deviation, 0.95, n = 9) (Qu. 24). The two most common directions in which to fish from
Chumbe were south and east (18) (Qu. 18) and again the most commonly mentioned
areas where other fishermen were seen were Chawacha (eight), south (seven) and east
(seven) (Qu. 24). One fisherman stated that most people fished to the south of Chumbe
since the Park had been declared to the west of the island.

The most frequent reason for liking a fishing location was due to catch, either the amount
(n = 17), or type (n = 11) (Qu. 11). Fishermen mostly mentioned species they were
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looking for, however one mentioned fish size and another variety. Other reasons (in
descending order) were: Distance or access to the fishing ground (four), the fact that it
was a reef area (four), sea conditions in the area (e.g. currents or protection from wind)
(three) and familiarity or tradition (two). One fisherman mentioned that he fished 50 m
from Chumbe since fish were easy to catch because they came out of the Park. Another
who fished between 100 and 300 m from Chumbe said that he got a high variety of fish
because it was a Park.

Ninety four percent (34/36) of fishermen thought that fish inside the Park could come out
and be caught. One said he knew fish came out because when he fished close to the
Park, he got more fish. Another commented: ‘Lots come out, fish are not like cattle’.
Two fishermen mentioned the following fishing grounds (with their distance and
direction from Chumbe) as places they thought fish could re-locate to: Chawacha (3 km
southeast), Mkirwa (500 m northwest), Fungu ya Chumbe (100 to 200 m north), Kwale
(16 km southeast) and Pungume (21 km southeast) (see Fig. 1). Seventy nine percent
(22/28) of fishermen named species of Lethrinidae as fish that came out of the Park,
followed by Siganidae (68%, 19), Scaridae and Mulllidae (32%, nine). Sphyraenidae,
Acanthuridae (subfamily Nasinae), rays (all families), Loliginidae, prawns, Octopodidae,
Scomberomorus commersoni (Scombridae) and Caranx melampygus (Carangidae) were
mentioned between two and four times. Three fishermen alluded to currents as the
means by which fish moved.

Eighty six percent of fishermen (30/35) said that the numbers of fish had decreased in the
fishing grounds around Chumbe since they first started fishing there.

Only three

fishermen thought fish populations had increased. However one of these had only been
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fishing near Chumbe for one year. Unfortunately it was not possible to analyse effects of
the extent of fishing experience on these perceptions. All fishermen who mentioned
types of fish (15/35) said that these had not changed. Fishermen were not as unanimous
that fish sizes had decreased, although the majority did think this (60%, 21/35). Of
fishermen who thought sizes had decreased, one added that there were no large sharks,
Carangoides fulvoguttatus or Caranx tille (Carangidae) now and another, that fish had
less chance of getting large now because there were more fishermen. Eleven fishermen
believed sizes had not changed. Two of these commented that size was dependent on
gear, and one that there had only been a change in the population of fish and that this was
due to kojani fishing (a destructive method of fishing whereby coral is hit by sticks to
scare fish into nets).

Seventy four percent (26/35) of fishermen thought that the numbers of fishermen around
Chumbe had increased in the years they had been fishing there. Three attributed the
increase to (i) unemployment causing lots of young people to enter fishing, (ii) people
from other villages who didn’t originally use the area coming in and (iii) the number of
line fishermen increasing due to comments that Lethrinidae had increased in size and
number in the area. Only four thought numbers of fishermen had decreased and three
that they had stayed the same.

Twenty nine fishermen were asked if they wanted to say anything about Chumbe Island
protected area (Qu. 18, Table 1). Just over half of the fishermen wanted to comment
(15/29). Comments were subjectively classified as positive when fishermen expressed
direct benefits from the Park or support for protection in general; and negative, when
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they expressed dissatisfaction with any aspect of the Park or lack of understanding as to
the purpose of the Park.

Positive

1. ‘The area around Chumbe is attractive to fishermen because fish that live in the
Park come out’
2. ‘The Park should stay for a long time. I notice some benefit from the Park and if
it is there for a short time, we won’t benefit much.’
3. ‘I’m happy with the Park. My other job is as a school teacher and I have taken
students to Chumbe. The Park does help fishermen once fish grow.’
4. ‘The Park should include other areas such as Jibuli reef, 3 km Northeast of
Chumbe.

I think it is a nursery ground, but it is used by fishermen with

surrounding nets.’
5. ‘Illegal methods shouldn’t be allowed. They kill fish and destroy habitat. Illegal
fishermen sometimes come at night.’
6. ‘Please put more effort in to reducing illegal fishing near the Park.’
7. ‘The Park helps and I agree with it, we get more fish. Thanks to the management
for help during problems. But there is a misunderstanding about the boundary in
the south. During Kaskazi (Northeast monsoon), we used to use this area, but
now we are not allowed. Maybe they found that this area is a reef and they
expanded the Park to include it.’
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Negative

1. ‘When the weather is rough, we have to use poles or paddles to be safe, but the
Park management doesn’t allow poles, so we have to use paddles.’
2. ‘I would like to fish in all areas of Chumbe. We can fish 300 m out on the west
side but it is deep water.’
3. ‘It is not possible to get fish in the Park.’
4. ‘I don’t know why the boundary has changed. It used to be on the end of the
island. Six months ago we were told it is by the small islands.’
5. ‘Why aren’t we allowed to fish by the small islands? We were there before. We
get more rabbitfish in this area.’
6. ‘In the early stages of the Park, fishermen, especially myself, were confused as to
how the Park will help us. I have heard from Chumbe that the Park helps us. I’ll
be happy to hear the results of the study.’
7. ‘The Park has already been declared. I want to see how it helps us.’
8. ‘Since the Park was declared, they put some marks down, but I don’t see them. It
would be better to put a mark there otherwise fishermen can't recognize where the
Park is.’
9. One fishermen who did not fish near Chumbe commented that ‘The Park doesn't
benefit fishermen who are local and small-scale. Few types of fish migrate and
they don't go far. For those using the area (around Chumbe), they should be
going direct in to Chumbe and getting access to all types of fish. If you declare a
Park, there is no access to other species, except for the few that come out.’

More than half of the positive comments (4/7) were attributable to a perceived benefit of
the Park on catches and the remaining ones on extending protection to illegal fishing
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outside the Park.

Negative comments were dominated by specific issues with

management (e.g. boundaries, 4/9) followed by confusion as to how the Park helped (2),
dissatisfaction with the fact that fishing was not allowed (2) and the perception that the
Park did not benefit fisheries (1).

4.3.1.3 Local knowledge of fish ecology

Ninety three percent (37/40) of fishermen believed different fish were caught in different
habitats (Qu. 19, Table 1).

Even though three habitats (coral, seagrass and sand) were

included in the question, fishermen did not always mention all three habitats in their
answer. Coral was mentioned by 35 fishermen, seagrass by 28 and sand by 16. Fortythree fish types were listed by fishermen overall, with the majority attributable to coral
habitat (34/43), then sand (20/43), then seagrass (19/43).

There was significantly more variance in fish type composition between habitats than
within them (R = 0.129, p < 0.001). Coral and seagrass habitats were responsible for the
significant effect as the sample size for sand was small and the lists of fish types highly
variable (Fig. 3). In the boxplot, all four bars (Fig. 3) had different distributions but the
same median rank value and the ANOSIM R value (R = 0.129) was much lower than that
for fish catch by gear (R = 0.462). This suggests that habitats were perceived to have
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Fig. 3 Boxplot of ANOSIM results showing the relative dissimilarity in fish catches within and
between habitats from the views of 40 fishermen.

The minimal model from the multinomial logistic regression was highly significant at
classifying habitats by fish families (χ210 = 50.46, p < 0.001) (Table 3). This model did
not include two families which were not informative: Lethrinidae, which occurred in
similar proportions in all habitats, and Chaetodontidae, which were rare. Removing
individual cases and trying to re-assign them proved the model to be robust, only
decreasing the number of correctly assigned cases by one (from 46 to 45 out of 64).
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Table 3 Fish families significantly associated with three habitat types (based on the coefficients
of a multinomial logistic regression), from the views of 37 fishermen.

Fish family

Habitat association

Serranidae (Epinephelini)

Coral

Scaridae

Coral and seagrass

Siganidae

Coral and seagrass

Acanthuridae

Coral and sand

Mullidae

Sand and seagrass

Ninety seven percent (31/32) of fishermen agreed that their catch was affected by rough
seas (Qu. 21, Table 1), with the great majority believing that catch was worse in rough
sea (28/31). Five fishermen mentioned not being able to fish or it being hard to fish as
reasons for decreased catch.

Ninety two percent (36/39) of fishermen believed that

spring tides influenced fish catch (Qu. 22). Most (23/36) believed catch decreased during
spring tide. Four fishermen attributed this to faster water movement, one pointing out
that this caused nets to stretch so fish did not get caught up in them. Eighty percent
(24/30) of fishermen thought that tidal state affected catch, with a slight majority (15 vs.
9) saying they caught more at high tide (Qu. 23).

Ninety two percent (35/38) thought currents affected catch (Qu. 24, Table 1), but their
view of the effect differed. Slightly more fishermen thought catches decreased, rather
than increased, in areas with currents (19 vs. 12). Two fishermen mentioned that catch
increased in current but only if the current was not too strong. This was backed-up by
three others who mentioned strong currents or fast moving water as the reasons for
decreases in catch. Four mentioned that in currents, fish are ‘passing through’ and
therefore not going into traps or other gear. Six fishermen thought that different types of
fish occurred in areas of current, four specifying that in currents they got sardines, larger
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fish, Lethrinidae, Caranx melampygus (Carangidae) and Gerreidae and two that they
caught Siganidae in areas without current.

Ninety percent of fishermen (36/39) said that seasons affected catch (Qu. 25, Table 1).
Half of these fishermen said they caught more fish during the Southeast monsoon and a
quarter that they caught more during the Northeast monsoon. Five fishermen mentioned
the weather as the reason for the change in catch with season. Two said there was more
cloud cover and stronger currents in the Southeast monsoon, which decreased catch.
This was backed up by another who said that he got more fish during the Northeast
monsoon because it was calm. Nine fishermen specified which fish types they caught in
each season: Lethrinidae were caught in the Southeast monsoon (four fishermen), and
Mullidae (three), Nemipteridae (three) and Thunninae (Scombridae) (two) in the
Northeast monsoon.

Eighty five percent (33/39) of fishermen agreed that fish catch was affected by cloud
cover (Qu. 9), but only slightly more than 50% thought catches decreased in the presence
of cloud (18 vs. 15). This seemed to be due to a link between cloud cover and an
increase in water movement. One fisherman said that strong water movement meant
traps didn’t stay in position. Two fishermen mentioned a link between cloud cover and
cooler temperatures, one stating that catches were improved if it was calm and cold.

Twenty-five of the fishermen were asked whether anything else affected catch (Qu. 26,
Table 1). Twenty different factors were given (some fishermen named more than one
factor) and so factors were combined into categories. Three quarters of the factors were
human-related, even though the question was asked in the context of weather conditions.
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Nets were the primary reason for decreases in catch (mentioned 20 times: Seine nets =
nine, small meshed nets = 10), and were said to affect catches by taking juveniles, small
fish or destroying habitat. One fisherman said that small meshed nets destroyed habitat
by uprooting sea grass and damaging coral. Illegal fishing was mentioned 14 times
(explosives were mentioned twice specifically), sea conditions three times (temperature,
current and sea state) and the number of fishermen, twice.

4.3.2 Landing Sites

At the landing sites, ten boats had used traps and four had used lines. Fishing grounds
visited by more than one boat included Bawe (14 km north of Chumbe) (5 boats),
Mwamba Mtama, (15 to 20 km west of Chumbe) (2) and Pwakuu (12 km northwest of
Chumbe) (2) (Fig. 1). All boats had two or three fishermen on board.

The total catch from the 14 boats consisted of 831 individuals from more than 48 species
(Siganidae could not be identified to species level) and 16 families. The three families
contributing most to the catch in terms of numbers of individuals and biomass were the
Nemipteridae, Lethrinidae and Siganidae (Table 4). Of the 16 families, ten represented
less than 4% of the catch. Most species in the catch were also rare. Thirty species
(62.5%), were represented by three or fewer individuals. The most common species
were: Nemipterus bipunctatus (Nemipteridae) (238), Lethrinus borbonicus (Lethrinidae)
(163), Scolopsis bimaculatus (Nemipteridae) (88) and Siganus spp. (Siganidae) (62).
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Table 4 Families contributing more than 4% of the catch at landing sites in terms of numbers of
individuals and biomass

Family

Percentage of catch by

Percentage of catch by

number of individuals

biomass (and rank)

(in descending order)
Nemipteridae

39.5

22.4 (2)

Lethrinidae

32.3

16.5 (3)

Siganidae

7.5

24.4 (1)

Mullidae

5.5

7.1 (5)

Scaridae

4.9

11.9 (4)

Lutjanidae

4.2

Platycephalidae

4.1 (6)

Thirty species were caught exclusively by traps and 12 by lines. Only six species were
caught by both traps and lines [Lethrinus borbonicus (Lethrinidae), Scolopsis
bimaculatus (Nemipteridae), Lethrinus lentjan (Lethrinidae), Novaculicthys taeniourus
(Labridae), Parupeneus macronema (Mullidae) and Gerres oyena (Gerreidae)]. Families
exclusive to traps (in descending order of abundance) were Siganidae, Scaridae,
Acanthuridae, Platycephalidae, and Rachycentridae. Families exclusive to lines were
only represented by one individual and so are not stated.

4.3.3 Fishing intensity

Seventy boats were recorded around the island over 20 days (3.5 boats per day) (Fig. 4).
GPS fixes were taken for 55 of these boats and the mean distance from the island was
1.02 km (standard deviation 0.668, n = 55) (Fig. 4). The average number of fishermen
per boat was 3.2 (± 0.51) and the area covered by all fishing boats was 5.05 km2. This
gives a density of 0.69 boats per km2 per day and an average density of 0.63 fishermen
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per km2 per day. The majority fished southeast of the island or east of the island (Fig. 4).
The most common gear was lines (25 boats), closely followed by traps (21), then spear
guns (15). Only five landing sites out of seven contributed more than one boat to the
area. These were Nyamanzi (19 boats in total), Buyu (15), Chukwani (14), Malindi (12)
and Mazizini (7) (Fig. 1). These were the same five landing sites at which fishermen
were interviewed.
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Fig. 4 ArcView map of Chumbe Island, showing the distribution and total area covered by
fishing boats (individual boats are shown) and the contour of the reef crest (all recorded by GPS).
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4.3.4 Oceanographic factors (UVC data)

In the GLM of factors affecting fish biomass, including oceanographic factors, habitat
and distance from the centre of the Park (the latter two included because they were
previously found to be important, Chapter 3), habitat had a significant effect on fish
biomass (p<0.001), and distance from the centre of the Park was very close to having a
significant effect (p = 0.052, Table 5) but there was no evidence of an effect of any of the
oceanographic factors (Table 5).

Table 5 The results of a GLM on the effect of habitat, distance, depth and oceanographic factors
on fish biomass.

Biomass
(log + 1)

Predictors
Habitat
Distance
Depth
Sea state
Cloud cover
Current speed
Tide

Df

2,48
1,44
1,44
3,48
1,48
1,48
3,48

F
8.294
4.00
0.05
1.19
0.51
1.89
0.17

P-value
<0.001
0.052
0.824
0.327
0.481
0.176
0.918

4.3.5 Fish-habitat associations
The first axis of the CCA was significantly informative (p = 0.004). In the CCA, the
relative position of a family with respect to the habitat vectors shows to what extent that
habitat variable influences that family (Fig. 5). Additionally, the rank plot in an
ordination shows each vector’s relationship to all families. The position of a family
along the vector in the direction of the arrow indicates how influenced it is by that
variable. Relative positions in the CCA ordination (Fig. 5) and in the rank plots
indicated that Haemulidae were most influenced by fleshy algae, and Serranidae,
Acanthuridae and Balistidae by hard coral. Fleshy algae and rugosity were associated
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with coral (see Chapter 3) and therefore influenced families similarly. Balistidae and
Serranidae were also influenced by sand. Lethrinidae and Mullidae were associated with
both sand and seagrass and Siganidae were strongly associated with seagrass. Turf algae
influenced fish families similarly to seagrass. Scaridae lay in the middle of the
ordination plot and were therefore ubiquitous with respect to habitat variables, but were
slightly more influenced by seagrass and turf algae than the other variables (Fig. 5).
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Fig. 5 CCA of six habitat variables and eight fish families showing the associations between families and habitats around Chumbe Island
Coral Park (FA, fleshy algae; HC, hard coral; S, sand; SG, seagrass; TA, turf algae).

Fishermen knowledge – 109
______________________________________________________________________________________

4.4 Discussion

4.4.1 Fisheries profile

Chumbe was a popular fishing ground amongst fishermen along the southwest coast of
Unguja. Near Chumbe, Chawacha (southeast of Chumbe), was the most popular fishing
ground and this corresponds with maps of fishing distribution. Fishermen’s accounts and
measured distributions were congruent and showed that fishing occurred on average 1
km from the island to the southeast or east. Fishermen said they were choosing their
location of fishing based on catch, based on this, it is therefore possible that these areas
do have better catches. The majority of tagged fish (8/11) were recaptured southeast of
Chumbe (Chapter 3), therefore commercial fish are capable of moving from the Park to
the most popular fishing ground. High fishing intensity in this area was likely to have
improved chances of recapture and high catch in this area could be independent of the
presence of the Park. However, it is possible that this area benefits from spillover from
the Park to a greater extent than other areas around Chumbe. Reef within the Park is
practically continuous with this fishing ground. Kaunda-Arara and Rose (2004b) find a
greater emigration rate from a marine park located on a continuous fringing reef than a
park located on a patch reef and suggest that fish may be unwilling to cross sand and
deep water, further supporting this idea.

A fishing intensity of 0.63 fishermen per km2 per day is likely to be a reasonable estimate
of daytime intensity because measurements were taken in the morning, when most
fishermen said they fished. It is also likely to be representative of the intensity all year as
fishermen expressed no clear seasonal preference for fishing near Chumbe. Although
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actual fishing intensity is probably higher as night-time fishing was not measured, this
fishing intensity still appears to be relatively light. McClanahan and Arthur (2001) note
aerial fishermen densities of between 2.5 and 4.5 per km2 in Tanzania, (lower than Kenya
of between 7 and 13 per km2). The apparently low fishing density around Chumbe has
positive implications for fisheries management in the area.

Traps and lines were the most common gears in the area and are also the most common
gears in Tanzania (Jiddawi & Ohman 2002). The dominance of traps and lines explains
why nets were frequently mentioned as a factor affecting fish catches. Nets are generally
more competitive than traps and lines, as well as being more destructive (McClanahan &
Mangi 2001). Gear type did influence catch and provided evidence that fishermen were
giving accurate accounts of their catch and gear. Siganids, scarids and acanthurids were
exclusively caught in traps both at the landing sites and in interview data. Traps had the
highest diversity of catch, supporting this justification for their use for capture and
recapture during tagging (Chapter 3). A high diversity in catch is likely to mean that
traps are the least destructive to fish communities of the three gears as they do not target
a restricted range of fish types.

Lethrinidae, Siganidae and Scaridae were most commonly mentioned in catches and
were consistently in the top five out of 16 families in terms of abundance and biomass at
landing sites. This suggests these are the most important families in the local fishery.
Lethrinus borbonicus (Lethrinidae) was the most abundant species at landing sites.
Gaudian et al. (1995) find this species making up 64% of the abundance and 44% of the
biomass in catches at Kizimkazi (southern Unguja) and Watson (1996) also finds this to
be the most dominant lethrinid species in Kenya.
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The same five landing sites that were selected by the Fisheries Department for interviews
were those that contributed more than one boat each to the Chumbe area. Interviews
were therefore targeted correctly by the department, highlighting the practicality of going
through the local authorities. Nyamanzi landing site contributed the largest number of
boats to the Chumbe area and produced the largest sample of respondents, indicating its
importance to the fisheries around Chumbe.

4.4.2 Perceptions of the Park

In addition to being the most important families in the local fishery, Lethrinidae,
Siganidae and Scaridae were also the most commonly mentioned fish types that could
come out of the Park. Fish that were tagged and recaptured outside the Park came almost
entirely from two of these families (Lethrinidae and Scaridae, Chapter 3). This could
indicate that fishermen have a good understanding of the movement capabilities of
different fish. It could also be that fishermen simply named the most prominent fish in
their catches when asked about fish emigration. Irrespective of the actual reason, it is
important for the Park that fishermen believed that emigration consisted of commercially
important fish.

Although the majority of fishermen thought that fish were coming out of the Park and
five mentioned some benefit of the Park for catches, fishermen unanimously agreed that
the numbers of fish had decreased and most that the size of fish had decreased around
Chumbe. Fishermen also thought that their own numbers had increased. CHICOP has
the potential to benefit local fisheries via spillover (Chapter 3). However, the exact
contribution to the local fishery was not measured. It is likely that benefits to fish
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catches are localised (within 1 km from the Park) (Chapter 3 and comments from
fishermen, above). The perception that catches had decreased may therefore be because
the amount of spillover is too small to make an impact in the wider area around Chumbe
and/or because any benefits are being shared by an increasing number of fishermen. The
increase in the number of fishermen could also be due to perceived or actual benefits of
the Park to catches. Fishermen specifically mentioned the use of nets and illegal fishing
practices as reasons for decreases in catch (Qu. 26).

No fishermen thought that the types of fish had changed over the years they had been
fishing around Chumbe. The ability to detect local extinctions or significant reductions
in species might not be great amongst fishermen because many fish are not identified to
species level (pers. obs.). However this result suggests that there have not been dramatic
changes in catch composition at the family level.

Only half of the fishermen wanted to comment on the Park. Although it is possible that
fishermen were not comfortable in giving their opinions, this lack of response is
parsimonious with a negative or neutral attitude towards the Park. Of those fishermen
that did answer, half were positive and half were negative. The overall attitude was
therefore neutral. McClanahan et al. (2005) find that the overall perceived benefit of
three closed areas in Kenya is low amongst fishermen.

However, there is good

compliance with the closed-area legislation and McClanahan et al. (2005) believe this is
probably due to the length of time over which the closed areas have existed (since the
1970s). Neutral or negative views may therefore not necessarily lead to non-compliance.
Most of the negative comments focused on specific issues with management (4/8), rather
than dissatisfaction with the Park as a concept (2/8). This indicates that dealing with
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specific management issues could improve relationships with fishermen. Other evidence
(above), including fishermen’s own comments and their fishing behaviour suggest that
they recognise some benefit of the Park to fish catches.

4.4.3 Fish Ecology

Often, fishermen did not mention all three habitats when asked about the differences in
catch between coral, sand and seagrass. If a habitat is not mentioned, this could imply
that the habitat is not important for fishing. Coral habitat was mentioned by nearly all
fishermen, whereas sand was mentioned by less than half. Coral may therefore be
perceived as the most productive habitat of the three. Coral cover has been found by
many authors to significantly explain density and diversity in reef fish communities (e.g.
Bell & Galzin 1984, Chabanet et al. 1997, Lewis 1997) (Chapter 2).

At least one of the habitats significantly associated with a fish family by fishermen was
also found to influence that family in the CCA of UVC data (Mullidae with sand,
Siganidae with seagrass, Scaridae with seagrass, Serranidae with coral and Acanthuridae
with coral). Fishermen therefore seem to be able to perceive fish-habitat associations for
fish in their catches, at the family level.

There was no effect of any of the oceanographic factors on fish biomass. However, there
was little power to detect an effect because each set of oceanographic factors was
measured at a different location.

However, none of the factors could have had an

overwhelming effect on fish biomass otherwise an effect would have been detected. This
corresponds with fishermen’s views that although all oceanographic factors did affect

Fishermen knowledge – 114
______________________________________________________________________________________

catches, the nature of the effects were not obvious, i.e. fishermen were split as to whether
catches increased or decreased in the presence of clouds, currents and different tidal
states. Unless sea conditions are extreme, i.e. making fishing impossible, oceanographic
factors are therefore likely to have subtle effects on fish communities.

This study collected a large amount of information, but the sample size of fishermen
from which this was collected was relatively small (n = 40). In addition, catches at
landing sites were only measured on one occasion at each of two landing sites.
Therefore, although information was congruent with scientific data, generalisation of the
results of this study to fisheries in southwest Unguja should be made with some caution.

4.5 Conclusions

Where local knowledge was compared to scientific data, the results were found to be
congruent. Local knowledge was generally given at a coarser scale than data measured
using scientific methods (e.g. identification of fish to family rather than species level).
However, where coarser data is acceptable, local knowledge could substitute for
scientific data in some instances. For example, fishermen can give accurate accounts of
their catches, which could be used to assess changes in catch composition over time at
the family level, potentially useful for monitoring for fisheries management. Local
knowledge could also be used to gain initial information on a study area, to aid in survey
design and to discover the most important fisheries issues. For example, there were some
positive indications of the state of the fishery and of the potential for the Park to benefit
catches, but fishermen’s main concerns were illegal and destructive fishing practices
outside the Park, and this may be the biggest fisheries problem currently in the area.
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Efforts have been made to reduce illegal fishing and these are assessed in Chapter 5.
Local knowledge can be used to gain current perceptions of management and why these
perceptions are held. Although a neutral attitude was found towards the Park, fishermen
mentioned specific issues which could be dealt with to improve relationships with the
Park.

There is scope for the development of methods to obtain local knowledge,

determine its accuracy and integrate it with scientific data.

Partial protection – 116
______________________________________________________________________________________

5 Does partial protection benefit coral reef fish communities?

Abstract

The marine reserve literature has focused on assessing the effects of No-Take Areas,
where fishing is completely banned. However partially protected marine reserves, where
fishing is allowed, but regulated, are becoming popular coral reef fisheries management
tools. The fisheries and biodiversity benefits of a large partially protected marine reserve
in which a ban on destructive, illegal fishing gears is enforced were assessed. Five sites
inside and outside the reserve were compared at the levels of the total commercial fish
population, the population of five trophic groups, non-commercial populations and
species composition. Partial protection only increased commercial species richness and
the biomass of one trophic group. The reasons for this and the problems of enforcing
partially protected areas are discussed.

5.1 Introduction

Although No-Take Areas are generally accepted as being beneficial to coral reef fish
communities (Gell & Roberts 2003a, Halpern 2003) (Chapters 1 and 3), there are several
problems associated with their design and implementation. They have minimal fisheries
benefits in their initial stages and can suffer from lack of compliance by fishermen
(McClanahan & Mangi 2001).

The International Society of Reef Studies, although

supporting NTAs, have pointed out that 'on their own, No-Take Zones will not be
sufficient to halt reef declines. Reductions in effort and elimination of destructive fishing
are also needed' (ISRS 2003). Sale et al. (2005) and Roberts et al. (2005) also agree that
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such measures are necessary to complement the protection offered by NTAs. Fishermen
around Chumbe Island Coral Park considered destructive fishing practices to be a
principal problem in the area (Chapter 4).

In the 1990s a new paradigm for protected areas emerged attempting to integrate the
conservation of biodiversity with sustainable resource use (Kremen et al. 1994). In the
field of marine conservation, this meant an increase in protected areas that incorporated
local fishing communities. Such areas allow fishing, but afford some protection to fish
stocks by regulating gears (e.g. by banning destructive or commercial fishing) and/or
reducing fishing effort (by restricting access to local communities or to single usergroups, such as recreational fishermen). These areas will be referred to as partially
protected areas (PPAs). PPAs can form part of a multiple-use area or marine park, e.g.
the Great Barrier Reef Marine Park has six zones, with increasing restriction on fishing
gears until ‘Preservation Zone’ status is reached, where no extraction is allowed. This
aims to protect the Great Barrier Reef while allowing ‘reasonable human use’ (Day
2002). Because PPAs allow some fishing, they are more acceptable to local communities
and can be applied over larger areas of marine habitat than NTAs.

Large-scale

management has been proposed as more suitable for the ‘open nature of the marine
ecosystem’ (Horrill et al. 1996).

In 1975, seven NTAs were gazetted in Tanzania under the Fisheries Act of 1970. Their
failure was due to not accounting for the needs of users and lack of manpower and
financial resources for enforcement (McClanahan 1999). This, in addition to the trend of
the time (above), may have prompted the use of PPAs, which are now the dominant
marine management strategy in Tanzania. Currently five PPAs exist in Tanzania: Menai
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Bay Conservation Area (MBCA), Mafia Island Marine Park (MIMP), Misali Island
Conservation Area (MICA), Mnazi Bay-Ruvuma Estuary Marine Park and Tanga Coastal
Zone Conservation and Development Programme (TCZDP). Their common goals are
protecting biodiversity, sustaining coral reef fisheries and securing the livelihoods of
local communities. Some of these projects include, or intend to include NTAs within
them (MIMP, MICA, TCZDP).

However, despite their growing popularity for fisheries management and conservation,
there has been little assessment of the potential benefits of PPAs to fisheries and
biodiversity (McClanahan 1999). Only a few studies have done this (Francour 1994,
Vacchi et al. 1998, Francour et al. 2001, Denny & Babcock 2004) and none in coral reef
ecosystems.

Denny and Babcock (2004) conclude that PPAs are ‘ineffective as

conservation tools’ because in the Mimiwhangata Marine Park, New Zealand (closed to
commercial fishing, but open to recreational fishing), the majority of species do not
significantly differ in density in comparison to nearby unprotected areas and snapper are
actually fewer and smaller. Denny and Babcock (2004) concede that this may be because
fishing pressure is actually higher within the park because of the perception by
recreational fishermen that fish are larger and more abundant due to the absence of
commercial fishing.

As PPAs become popular marine management tools, we need to understand how and to
what extent they benefit coral reef fish communities. How do their effects compare to
those of NTAs and what could their respective roles be in the large-scale management of
coral reef ecosystems? Can PPAs replace NTAs and should they dominate in terms of
number and area-coverage?
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This study aims to contribute to answering these questions. Menai Bay Conservation
Area (MBCA) is a PPA in Unguja, Zanzibar (Chapter 2). Because so little research has
been done on PPAs, the effects of MBCA will be examined at different levels.

1. The total density, size, biomass and species richness of commercially important
coral reef fish (as in Chapter 3), by comparing multiple sites inside and outside
MBCA.
2. The total density, biomass and mean length of different trophic groups. Mean
trophic level of fish landings has decreased by 0.1 per decade in recent decades
(Pauly et al. 1998), suggesting that trophic level is sensitive to fishing.
Analysing by trophic group is likely to reveal fishing effects better than analysing
by family, as fish respond to gears based on their diets, which can vary within
taxonomic groups.
3. Species composition and the relative density, biomass and length of species
(referred to as species density, species biomass and species length). This will
examine the effects of partial protection on the overall fish assemblage.
4. Total density, species richness and species density of non-commercial fish, for
possible indirect effects of partial protection.

Two NTAs in Unguja: Chumbe Island Coral Park and Mnemba Island (Chapter 2) will
also be assessed to obtain further evidence of the effect of full protection on commercial
fish density, biomass, mean length and species richness (Chapter 3).
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5.2 Methods

5.2.1 Sites and sampling

MBCA was gazetted in 1997 (Sichone 2000) and covers 470 km2, comprising the
southern end of Unguja island (Fig. 1). Destructive fishing techniques, e.g. beach seines,
dynamite, spear-guns and poisons are prohibited following Fisheries Principal
Regulations, which declared these gears illegal in 1993 (Sichone 2000) (Chapter 2).
Camping by visiting fishermen on islets in the bay is also banned (Sichone 2000).

Fourteen sites around Unguja Island were surveyed: Five sites within MBCA, seven
unprotected sites outside MBCA and two NTAs (Fig. 1) (sites within MBCA will be
referred to as partially protected, no-take sites as protected and others as unprotected).
Sites were selected on the basis that they contained reef and were within reach of shore
by boat.
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Fig. 1 Map of Unguja island, Zanzibar, showing the location of the 14 reef sites surveyed and
Menai Bay Conservation Area. NTAs are red squares, PPAs are purple triangles and unprotected
sites are blue circles. Sites: 1, Changuu; 2, Bawe; 3, Pange; 4, Chumbe; 5, Chawacha; 6, Tele; 7,
Kwale; 8, Pungume; 9, Vundwe; 10, Kizimkazi; 11, Paje; 12 Mnemba; 13 Mnemba south; 14,
Kichwani. Purple line indicates boundary of Menai Bay Conservation Area.

Five of the unprotected sites (Bawe, Changuu, Pange, Chawacha and Paje, Fig. 1) served
as control sites for the five sites within MBCA. Paje, a site on the east coast of Unguja,
was included as a control for partially protected sites on the eastern side of MBCA (e.g.
Kizimkazi), due to changing conditions moving from the west to the east side of Unguja.
The other two unprotected sites, (Kichwani and Mnemba south, Fig. 1), served as control
sites for Mnemba, a fully protected site. Mnemba, Mnemba south and Kichwani are all
located on Mnemba atoll, a large atoll separated from the northeast tip of Unguja by a
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deep (approx. 600m) channel and have different oceanographic conditions to the other
sites surveyed.

In Chapter 3, sites were located independent of habitat in a gradient across the reserve.
Coral, seagrass and sand habitats were all surveyed and habitat was a major source of
variation in fish communities. In this study, only coral reef habitat was surveyed at each
site to reduce variation in the effect of habitat on the response variables (Chapter 3) and
make it easier to determine the effect of protection. Reef habitat was chosen because it is
considered by fishermen to be the most productive for catches (Chapter 4) and contains
the largest numbers, biomass and species of fish (Chapter 2). Manta towing (Chapter 2)
was used to select areas for sampling within each site on the basis that they contained at
least 20% hard coral.

Four to ten samples (mode of 8) were surveyed at each site with the number of samples
reflecting differences in reef size.

Samples were allocated randomly within areas

previously selected by manta towing, and GPS fixes were taken at the start and end
points of transects so that transect locations were not repeated.

Due to logistical constraints, all transects within one site were surveyed within a few
days of each other before moving to the next site. However all sites were surveyed
within one season (Northeast monsoon, October 2002 to March 2003), so that seasonal
effects on the fish community were not confounded with site. To measure temporal
change within season, three of the first sites surveyed (two unprotected and one protected
site: Bawe, Changuu, Chumbe respectively), were repeated at the end of the season
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(March 2003). Transects at the protected site (Chumbe) were repeated twice more within
the same week to check for short-term variability in fish communities.

Each sample consisted of a 100 m x 10 m transect, in which fish communities and habitat
were measured by two observers using SCUBA. Transects were larger than those used in
Chapter 3, to decrease the likelihood of zero values, and increase the likelihood of
detecting large predatory fish in heavily fished sites (Chapter 2). One hundred metre by
10 m transects are also used by Ashworth and Ormond (2005) and Watson and Ormond
(1994). Transects were set just below the reef crest at 5 metre depth in all sites. Due to
the large number of sites, it was not possible to survey at different depths. Five metre
depth was chosen because it is shallow enough to experience fishing effects, but allows
surveys to be carried out independent of tidal state. Fish were assessed first, while laying
the transect tape, to minimize disturbance to the fish community. Habitat and rugosity
were then measured in the same transect.

5.2.2 Fish measurements

Fish from nine commercially important coral reef fish families (Jiddawi & Ohman 2002)
(Chapters 2 and 3) and two non-commercially important families (Chaetodontidae and
Pomacanthidae), were identified to species level, and their number and length estimated
(Table 1). The two non-commercial families were included to assess potential indirect
effects of partial protection on the reef fish community. Due to the larger number of
families being assessed (compared to Chapter 3), fish were split in to two groups based
on an appropriate search method determined by the ecology and behaviour of the
families, adapted from Greene and Alevizon (1989) (Table 1). Adaptions of this method
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are also used by Ashworth and Ormond (2005) and Watson and Ormond (1994). Group
one consisted of families known to be shy of divers (usually those targeted by spear
fishermen), cryptic and benthic e.g. Lethrinidae and Serranidae (Table 1). Group two
consisted of shoaling families, those higher in the water column e.g. Acanthuridae and
Scaridae and non-commercial families (Table 1). The group one observer swam slightly
in front of, and below the group two observer and both observers swam along the midline
of the transect. A 10 m tape measure was laid across the beginning of each transect to
aid observers in estimating a 5 m width either side. Both observers were experienced at
conducting transects with 5 m widths.

Table 1 Fish families included in the study, showing the split between the two observers.
Observer 1
Balistidae
Haemulidae
Lethrinidae
Lutjanidae
Serranidae

Observer 2
Acanthuridae
Mullidae
Scaridae
Siganidae
Chaetodontidae
Pomacanthidae

Fish size (total length, TL) was estimated to the nearest 5 cm and the minimum size
category was 5 cm. In tests of length estimation, an accuracy of 73% was achieved in
assigning samples to the correct 5 cm length category, without any direction bias, and
length estimates were not corrected.

5.2.3 Habitat measurements

Percentage cover of 12 habitat variables (hard coral, soft coral, coralline algae,
calcareous algae, turf algae, fleshy algae, rubble, rock, sand, seagrass, sponge and
zooanthids) was measured (Chapter 2) and the number of urchins counted, in 10 1m2
quadrats, (divided into 100 squares) within each transect. Quadrats were placed next to
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the transect line at ten metre intervals. The number of habitat variables was increased
(cf. Chapter 3) due to expectations of greater variability around the whole of Unguja
Island. Urchins appear to be an indicator of fishing pressure, e.g. McClanahan (1997b)
and McClanahan (1997a) find large increases in the number of urchins in unprotected
areas in Kenya. All species of urchins were included and the total number counted in
each quadrat. An index of mean rugosity was obtained by draping a fine link chain over
the reef contours (Risk 1972) (Chapter 3), covering 20 m of horizontal distance.

5.2.4 Data Analysis

Principal Components Analysis (PCA) was used to determine whether there was any
temporal change within season on the fish community. The total density of each species
was calculated for all transects, including those repeated at the end of the season.
Species occurring in less than 45 transects (out of 161 in total) were removed due to the
high percentage of zero values. Densities were square root transformed (Chapter 2). The
PCA of species density revealed that location was more important than temporal changes
over the season or within one week in influencing species composition and relative
density (see 5.3 Results). Data from repeated transects was therefore not included in
analyses.

The total density and biomass of each species was calculated per transect and the mean
length of each species per site.

Biomass was calculated according to the methods

outlined in Chapter 2. Only fish in size classes of 15 cm and above were included in
biomass calculations to represent ‘fishable biomass’. Density, biomass and size were log
(x+1) transformed in all analyses (Chapter 2). To take account of similarity between
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transects at the same site and avoid pseudoreplication (Chapter 1), site means were used
in analyses or nested ANOVAs (with site as a nested factor) were applied.

Mean

percentage cover of the twelve habitat variables per transect was calculated from the ten
quadrats. PCA was used to reduce the number of dimensions needed to describe the
habitat so habitat could be included in analyses and corrected for (Chapter 2).

5.2.4.1 Partial protection

To investigate the effect of partial protection on trophic groups, detailed dietary
information for each commercial species was obtained from the literature and Fishbase
(www.fishbase.org). Commercial species were assigned to one of five major trophic
categories, evident from the range of diets:

Herbivore (algae, seagrass, plankton),

Detritivore (detritus obtained from scraping substrate), Nektonivore (mainly or
exclusively fish and cephalopods), Nektonivore/Invertivore (a combination of fish,
cephalopods and other invertebrates) and Benthic invertivore (exclusively benthic
invertebrates, e.g. urchins and crustaceans). Only three species were strict planktivores,
and were therefore placed in the herbivore category (see Appendix for the trophic
categories assigned to species in this study).

Five sites within MBCA were compared to five unprotected sites outside it: Bawe,
Changuu, Pange, Chawacha and Paje (Fig. 1). Because the distribution of partially
protected and unprotected sites was non-random, with partially protected sites occurring
close to each other (Fig. 1), a technique that could account for the spatial structure of the
sites was used. Mantel’s tests (Mantel 1967) assess the degree of similarity between sites
based on distance matrices. Each distance matrix comprises the distances between all
pairs of sites with respect to a variable. Distances can either be real geographic
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distances, or a form of dissimilarity score. The hypothesis of the Mantel’s test is that the
distances among sites in matrix Y are not (linearly) correlated with the corresponding
distances in X (Legendre & Legendre 1998). The Mantel’s statistic is equivalent to a
Pearson’s r correlation coefficient. A positive Mantel correlation r between two
dissimilarity matrices therefore implies that the two variables used to build these matrices
are associated across all sites. The significance of the Mantel r was tested with a
permutation approach (Legendre & Legendre 1998), using 10000 runs per test. A onetailed test was applied to test for similarity in sites within groups (partially protected or
unprotected). A significant p-value with a positive r coefficient therefore suggested there
was more similarity in the variable of interest within groups than between groups.

Path diagrams were used to illustrate the results of the Mantel’s tests by representing the
relationships between variables. They were also used to state hypotheses about causality
between variables using arrows (Legendre & Legendre 1998).

Only significant

correlations or trends were included in the path diagrams. As only one relationship
between each pair of variables could be represented, only direct relationships were shown
in the path diagram, without correcting for other variables. Arrow thickness was used to
indicate the relative strength of correlations within each group and the direction of the
arrows indicated likely causality. The direction and magnitude of the effect of partial
protection was visualised by plotting bar graphs. Bar graphs were plotted for commercial
density, biomass, mean length and species richness, and for significant results at the noncommercial and trophic group level.

Site means were used in the analysis. A matrix of marine distance between all pairs of
sites was built, defined as the minimum nautical distance between two sites.

This
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measure was deemed more meaningful than straight geographic distances based on
longitude and latitude, due to dispersal of fish and larvae. This was tested against
dissimilarity matrices for all the response variables, e.g. commercial, trophic group, noncommercial and species composition variables and predictors, e.g. habitat and partial
protection. Dissimilarity matrices were calculated using Euclidean distances between
each pair of sites. The Bray-Curtis index was used to calculate differences in species
density, biomass and length as these variables consisted of multiple species and needed
to be reduced to a single value. A dissimilarity matrix for partial protection was built by
assigning a value of 0 to comparisons between sites with the same protection and 1 to
comparisons between sites with different protection.

To include habitat in the mantel’s tests, a PCA was applied to the site means of the
habitat variables. Variables measured as percentage cover (habitat) and proportions
(rugosity) were arcsin square root transformed (Krebs 1999). Urchin densities were
square root transformed to bring them in to the same range of values as the other habitat
variables.

After transformation, variables were visually checked for normality.

Variables with a mean percentage cover over all sites of less than 5%, (most of which
also remained negatively skewed after transformation), were removed since rare
variables should not be included in ordinations, and descriptors’ distributions should be
reasonably unskewed (Legendre & Legendre 1998) (Chapter 2). Eight variables (hard
coral, fleshy algae, rubble, sand, soft coral, turf algae, urchins and rugosity) were
included in the PCA.

The PCA explained 79.7% of the variation in habitat in the first two axes (cumulative
variance: 1st axis = 59.7%; 1st and 2nd axes = 79.7%). The first axis was dominated by
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hard coral and the second by soft coral (Fig. 2). Sites on the south and east side of
Unguja were dominated by soft coral, turf algae and urchins and sites on the west coast
by hard coral and fleshy algae (see Figs. 1 and 2). This confirmed that Paje on the east
coast was a suitable control site for Kizimkazi in MBCA (Fig. 2).
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Each site has a score for each axis. The Euclidean distances between each pair of sites
with respect to the scores for the first two axes were used to build a habitat
dissimilarity matrix to represent habitat in the mantel’s tests.

Since several variables were shown to be spatially auto correlated (i.e. sites that were
close together were significantly more similar than sites that were far apart), it was
necessary to correct for distance between sites (hereto referred to as marine distance),
when investigating the effect of partial protection. This was achieved using partial
Mantel’s tests, which assess the correlation between two variables while correcting for
the effect of a third one (in this case, marine distance). However, this approach does
not account for the effect of similarity in habitat among sites, which might also be due
to location. Ideally, both marine distance and habitat should be accounted for. This
was achieved using second-order partial Mantel correlations. These two approaches
can be seen as two extremes, since it is likely that partial protection has an effect on
habitat (Chapter 3). The real effect of partial protection will therefore lie in-between
these two estimates.

The actual effect size of partial protection could only be

estimated by randomly assigning protection to reefs in a controlled manipulation.
However, such a study would be logistically difficult and more importantly, outside
the timescale available.

5.2.4.2 Protection

The two NTAs were compared to all seven unprotected sites (Fig. 1). NTAs were
placed on opposite sides of the island with matching control sites at each location
(Fig. 1). Sites with the same protection were therefore not grouped together (as the
case for partially protected sites), so the spatial structure of sites did not need to be
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accounted for. A nested ANOVA was applied to total commercial density, mean
length, fishable biomass and species richness, with transects as the units of analysis
(protected = 19, unprotected = 51). In the ANOVA, site was nested in protection to
account for similarity between transects within sites.

A PCA of habitat variables at each transect was used to reduce the number of
variables so that habitat could be included in the ANOVA. Variables with a mean
percentage cover over all sites of less than 5% were removed, since rare variables
should not be included in ordinations (see above). Seven variables (hard coral, fleshy
algae, rubble, sand, soft coral, turf algae and urchins) were included in the PCA.
Percentage cover variables were arcsin square root transformed (2001) and urchins
were square root transformed. The PCA (not shown) explained 80.7% of the variation
in the first axis, which was dominated by urchins. Scores from the first axis (one
score corresponding to each transect) made up a single habitat variable that was
included in the nested ANOVA.

DENSITY = HABITAT + PROTECTION + SITE (PROTECTION)

5.3 Results

The PCA of species composition and relative density at all transects showed that
original and repeated transects clustered by site (Fig. 3). Location therefore had a
stronger influence than time on fish communities, both within and between sites.
Transects repeated four times at Chumbe (once at the beginning of the season and
three times within one week at the end of the season) also clustered together (Fig. 3),
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indicating little variability in species composition and relative density over both short
and long timescales.
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5.3.1 Partial protection

There was a positive trend (r = 0.179, p = 0.097) in the correlation between marine
distance and partial protection. This highlighted the non-random location of the sites,
with sites of the same protection tending to be closer together than sites with different
protection. The path diagrams in Fig. 4 illustrate the direction and strength of the
relationships between the predictor variables (for a full explanation of path diagrams see
5.2.4.1). This confirmed that marine distance should be corrected for when assessing the
effect of partial protection. Marine distance was linked to habitat (r = 0.414, p = 0.011)
(Fig. 2), but habitat and partial protection were not linked (r = 0.029, p = 0.331) (Fig. 4).

5.3.1.1 Total commercial variables

Commercial species richness was the only variable positively affected by partial
protection (Table 2). Partially protected sites had 61% more species than unprotected
sites (Figure 5d), representing nine more species per 1000 m2. This relationship was
significant even after correcting for marine distance and habitat (r = 0.409, p = 0.009)
(Table 2). Marine distance had no effect on species richness, but habitat did have a
strong effect (Fig 4b, Table 2).

Habitat had a significant effect on total density (Table 2, Fig. 4a), but partial protection
and marine distance had no effect (Table 2). None of the predictor variables significantly
affected biomass or mean length (Table 2).
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Table 2 Results of Mantel’s tests on the correlation between marine distance, habitat and partial
protection on total commercial fish density, biomass, mean length and species richness.
1

A

2

B

3

A~B

Density
Habitat
Partial
protection

4 A or B
~ distance
-0.050
(P = 0.508)

0.380
(P = 0.018)
0.002
(P = 0.342)

Biomass

5 A~B
+ distance

6 A ~ B + B’
+ distance

0.442
(P = 0.007)
0.011
(P = 0.345)

0.028
(P = 0.306)

0.063
(P = 0.283)
0.184
(P = 0.122)

0.185
(P = 0.141)

-0.022
(P = 0.494)
-0.188
(P = 0.985)

-0.182
(P = 0.977)

0.453
(P = 0.012)
0.350
(P = 0.012)

0.409
(P = 0.009)

-0.025
(P = 0.488)
Habitat
Partial
protection

0.144
(P = 0.323)
0.176
(P = 0.144)

Mean length

0.188
(P = 0.111)
Habitat
Partial
protection

0.059
(P = 0.295)
-0.148
(P = 0.870)
0.099
(P = 0.279)

Species
richness
Habitat

0.440
(P = 0.009)
Partial
0.360
protection
(P = 0.014)
Cell entries are Mantel’s r coefficients and P-values

Third column: (A ~ B) implies regression of an explanatory variable, B (e.g. habitat) on the
response variable, A (e.g. density).
Fourth column is a regression of marine distance on the response variable (e.g. density).
Fifth column is a regression of the explanatory variables on the response variable, controlling for
marine distance (e.g. the effect of partial protection on density, controlling for marine distance).
Sixth column is a regression of partial protection on the response variable, controlling for both
habitat and marine distance.
The real effect of partial protection is likely to lie between the results of the fifth and sixth
columns (with and without correcting for habitat, see 5.2.4.1).
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a
Habitat
Marine
distance

Density

Protection

b
Habitat
Marine
distance

Species
richness

Protection

Fig. 4 Path diagrams illustrating the results of the Mantel’s tests on the effects of partial
protection, marine distance and habitat on (a) density and (b) species richness. Only significant
relationships (p < 0.05) and trends (p < 0.1) are shown.

Arrow direction indicates likely

causality. Relative thickness of the arrow corresponds to strength of the correlation and trends (p
< 0.1) are dashed.
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Fig. 5 Means and standard errors of commercial fish (a) density, (b) biomass (c) mean length and
(d) species richness, between unprotected (white) and partially protected (grey) sites (** p<0.01).

5.3.1.2 Trophic groups

Partial protection had a significant effect on detritivore biomass (Table 3), with a 57%
greater biomass (4 kg per 1000m2) in partially protected sites (Fig. 6). No other trophic
groups were affected by partial protection.
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Table 3 Results of partial Mantel’s tests on the correlation between partial protection and the
total density, biomass and mean length of different trophic groups, correcting for marine distance
only and correcting for marine distance and habitat.

Density

A~B
+ distance
A ~ B + B’
+ distance

Biomass

A~B
+ distance
A ~ B + B’
+ distance

Length

A~B
+ distance
A ~ B + B’
+ distance

Detritivore

Herbivore

Invertivore

Nektonivore

0.009
(P = 0.391)

Nekton/
Invertivore
-0.161
(P = 0.941)

-0.039
(P = 0.519)

-0.106
(P = 0.880)

-0.027
(P = 0.536)

-0.103
(P = 0.858)

0.049
(P = 0.311)

-0.127
(P = 0.843)

-0.179
(P = 0.877)

0.356
(P = 0.027)

0.056
(P = 0.263)

0.008
(P = 0.370)

-0.074
(P = 0.653)

-0.058
(P = 0.748)

0.360
(P = 0.027)

0.049
(P = 0.275)

0.035
(P = 0.348)

-0.050
(P = 0.638)

-0.046
(P = 0.721)

-0.095
(P = 0.833)

0.006
(P = 0.336)

0.194
(P = 0.081)

-0.212
(P = 0.972)

-0.179
(P = 0.921)

-0.096
(P = 0.830)

0.001
(P = 0.357)

0.202
(P = 0.071)

-0.202
(P = 0.966)

-0.135
(P = 0.855)

-0.245
(P = 0.959)

Cell entries are Mantel’s r coefficients and P-values
First row (A ~ B + distance) is a regression of partial protection (B) on the response variable, (A),
controlling for marine distance.
Second row (A ~ B + B’ + distance) is a regression of partial protection (B) on the response
variable (A), controlling for both habitat (B’) and marine distance.

Partial protection – 140
______________________________________________________________________________________

12

*
Biomass (kg 1000m-2)

10
8
6
4
2
0

Fig. 6 Means and standard errors of commercial detritivore biomass in unprotected (white) and
partially protected (grey) sites (* p<0.05).

5.3.1.3 Species Composition
Species composition and relative density, biomass and mean length were all significantly
affected by marine distance and habitat (Table 4). The effect of marine distance on
species density was apparent in Fig. 3, where sites were distributed in the PCA relative to
their geographic position (Fig. 1). All three variables having similar results suggest that
species composition (i.e. the presence or absence of species) is the dominant factor in
these variables rather than relative density, biomass or length. There was no evidence for
greater similarity in species composition and relative density, biomass or length in
partially protected than in unprotected sites (Table 4).
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Table 4 Results of simple and partial Mantel’s tests on the correlation between marine distance,
habitat and protection on commercial species density, biomass and length composition.
1

A

2

B

3

A~B

Species density
Habitat
Partial
Protection

4 A or B
~ distance
0.747
(P < 0.001)

0.618
(P < 0.001)
0.193
(P = 0.082)

Species
biomass

5 A~B
+ distance

6 A ~ B + B’
+ distance

0.510
(P = 0.003)
0.091
(P = 0.212)

0.154
(P = 0.129)

0.396
(P < 0.019)
0.034
(P = 0.355)

0.080
(P = 0.263)

0.314
(P = 0.034)
0.031
(P = 0.410)

0.071
(P = 0.280)

0.707
(P < 0.001)
Habitat
Partial
Protection

0.548
(P < 0.001)
0.150
(P = 0.074)

Species length

0.707
(P < 0.001)
Habitat

0.495
(P = 0.001)
Partial
0.148
Protection
(P = 0.065)
Cell entries are Mantel’s r coefficients and P-values

Third column: (A ~ B) implies regression of an explanatory variable, B (e.g. habitat) on the
response variable, A (e.g. density).
Fourth column is a regression of marine distance on the response variable.
Fifth column is a regression of the explanatory variables on the response variable, controlling for
marine distance.
Sixth column is a regression of partial protection on the response variable, controlling for both
habitat and marine distance.
The real effect of partial protection is likely to lie between the results of the fifth and sixth
columns (with and without correcting for habitat, see 5.2.4.1).

5.3.1.4 Non-commercial variables

Non-commercial species composition and relative density was also affected by marine
distance and habitat, with no evidence of an effect of partial protection (Table 5). Total
non-commercial density and species richness were not affected by any of the predictors
(Table 5).
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Table 5 Results of simple and partial Mantel’s tests on the correlation between marine distance,
habitat and protection on total non-commercial density, species richness and species density.
1

A

2

B

3

A~B

Total density
Habitat
Protection

4 A or B
~ distance
-0.095
(P = 0.664)

-0.002
(P = 0.433)
-0.116
(P = 0.812 )

Species richness

5 A~B
+ distance

6 A ~ B + B’
+ distance

0.041
(P = 0.380)
-0.101
(P = 0.751)

-0.103
(P = 0.750)

-0.110
(P = 0.731)
0.036
(P = 0.333)

0.034
(P = 0.322)

0.343
(P = 0.027)
-0.015
(P = 0.505)

0.027
(P =0.411)

0.064
(P = 0.349 )
Habitat
Protection

-0.074
(P = 0.656)
0.047
(P = 0.258)

Species density

0.705
(P < 0.001 )
Habitat

0.514
(P = 0.003)
Protection
0.116
(P = 0.200)
Cell entries are Mantel’s r coefficients and P-values

Third column: (A ~ B) implies regression of an explanatory variable, B (e.g. habitat) on the
response variable, A (e.g. density).
Fourth column is a regression of marine distance on the response variable.
Fifth column is a regression of the explanatory variables on the response variable, controlling for
marine distance.
Sixth column is a regression of partial protection on the response variable, controlling for both
habitat and marine distance.
The real effect of partial protection is likely to lie between the results of the fifth and sixth
columns (with and without correcting for habitat, see 5.2.4.1).

5.3.2 Fully protected sites

Full protection had a significant effect on biomass and the total number of commercial
species, even after correcting for habitat (Table 6). Biomass was 43% greater and there
were 35% more species in protected sites (Fig. 7b and 7d). This corresponded to an extra
8 kg of biomass and 6 more species per 1000m2. Mean length tended to be higher in

Partial protection – 143
______________________________________________________________________________________

fully protected sites (Table 6 and Fig. 7c) but there was no evidence of an effect on
density.

Table 6 Nested ANOVA (site within protection), of the effect of full protection on total
commercial fish density, mean length, biomass and species richness, after correcting for habitat.

Density (log + 1)
Biomass (log +1)
Mean length (log+1)
Species richness

Df
1,58
1,58
1,58
1,58

F
1.287
7.571
3.084
32.704

P-value
0.261
0.008
0.084
<0.001
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Fig. 7 Means and standard errors of total commercial (a) density, (b) biomass (c) mean length
and (d) species richness, between unprotected (white) and fully protected (grey) sites (* p<0.05).

5.4 Discussion

5.4.1 Partial Protection

Sites that were closer together had more similar species assemblages. McClanahan and
Arthur (2001) find a small, but highly significant relationship between inter-reef distance
and similarity in fish communities in 22 sites along the East African coast. Floeter et al.
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(2001) find that sites group by geographical location with respect to fish species
composition along the Brazilian coast and that in offshore sites, species composition is
correlated with distance to the mainland. On reef patches in a lagoon in Moorea, French
Polynesia, Holbrook et al. (2002) find that fish species composition is influenced by the
distance of reef patches to deep water and their degree of isolation. Correlations between
species composition and inter-island distance have also been found in woody plants
(Kadmon & Pulliam 1993) and birds (Power 1975). Reef sites that are close together
should have similar species composition due to migration of adult fish and the sharing of
similar sources of recruits. Power (1975) comments that this relationship would be
predicted by common sense, but that quantitative analyses are ‘surprisingly few’.
Changes in species composition with distance have implications for the design of marine
reserve networks, especially the spacing between reserves. It is therefore advisable to
include distance in a model comparing the reserve effect across different sites. The
Mantel’s test is ideal for this, since it can also cope with small sample sizes, common in
marine reserve studies. Most marine applications of the Mantel’s test have been in the
study of genetics (e.g. Riginos & Nachman 2001, Parker et al. 2002).

Despite its

widespread use in terrestrial ecology (e.g. Wu et al. 1996, Seabloom & Van der Valk
2003), it has rarely been used in marine ecology, and only once in the assessment of
marine reserves (Garcia & Perez 1999).

Habitat had a significant effect on commercial fish density, commercial species richness
and overall species composition. Controlling for habitat also improved the significance
of the effect of partial protection on commercial species richness and detritivore biomass.
The composition and structure of reef habitat are known to be important predictors of
coral reef fish communities and should be corrected for when determining the effect of
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marine reserves (Chapters 2 and 3). Habitat had a significant spatial structure, with
different variables being dominant around different sides of the island. This is likely to
be related to physical conditions as sites gradually become more exposed going from the
west to the east side of the island. Habitat and partial protection were not significantly
linked, therefore it is reasonable to suggest that partial protection did not have an
overwhelming effect on coral reef habitat. Although habitat and the distance between
sites was corrected for, there could be other location-specific effects which were not
accounted for.

Commercial species richness was greater by two thirds in partially protected sites. It is
not clear why species richness should respond to partial protection over density, biomass
or mean length. However, McClanahan and Mangi (2004) find that beach seines, one of
the principal gears banned from MBCA, catch more fish species than five other gears
(large and small traps, hand lines, spears and gill nets) in Kenya. An increase in species
richness could therefore be the most detectable effect of gear regulations. This has
implications for the use of Partially Protected Areas in maintaining biodiversity.
However there was minimal evidence for a fisheries effect of partial protection.
Commercial density, mean length and biomass appeared to be unchanged by partial
protection.

The biomass of detritivores was greater in partially protected sites.

Detritivores came exclusively from the acanthurid and scarid families, but made-up less
than half the species in these families (the remaining species were herbivores, see
Appendix). There appeared to be no attributes of the detritivore species that would make
them more susceptible to fishing than other species in these families. This result may
have come about through chance because detritivores represented only one out of five
trophic groups affected by partial protection. In addition, detritivores are not known to
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be particularly sensitive to fishing, e.g. Jennings et al. (1995) find that piscivore,
piscivore/invertivore and herbivore biomass are significantly higher at unfished and
lightly fished sites in the Seychelles, but that the biomass of detritivores, corallivores,
omnivores and invertivores is not correlated with fishing intensity. In Fiji, Jennings and
Polunin (1996a) again find no effect of fishing intensity on detritivore biomass, but an
effect on invertivore and piscivore/invertivore biomass and suggest that carnivorous and
piscivorous species are particularly good indicators of fishing pressure (Chapter 1).

The effects of MBCA correspond to the findings of Denny and Babcock (2004), in that
commercial fish density and size was unchanged and there was no difference in overall
fish assemblages as a result of partial protection. However, Denny and Babcock (2004)
also mention that snapper (the most heavily targeted fish species) were one of the few
species the park was not designed to protect. This lack of a protective effect is explained
by higher fishing pressure in the park, due to easy access for recreational fishermen and
the attraction of marine park status (Denny & Babcock 2004).

It is unlikely there is higher fishing pressure within MBCA than outside (pers. obs), and
there is some evidence for a protective effect of the project. Illegal camping by visiting
fishermen has decreased by almost 90% and the use of illegal fishing gears is more than
50% lower than at other sites in Unguja (Jiddawi, pers. comm. 2004). Evaluation reports
of the project by WWF also claim that destructive fishing inside the reserve has been
significantly reduced since implementation of the reserve (Curran 2000, Sichone 2000,
Malpas et al. 2002). This supports the greater commercial species richness inside the
reserve. However, this protective effect has not been enough to cause greater total
density, biomass or length of commercially important fish inside the reserve. This could
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be because the elimination of destructive fishing is not enough, MBCA is not enforced
well, or a combination of these factors.

There is some evidence of lack of full

enforcement in MBCA. Malpas et al (2002) state that the two patrol boats ‘have been
insufficient to cover the entire 470 km2 of the Bay' and that patrols were concentrated in
the southern part of the bay, ‘souring relationships with other communities to the north of
the bay’.

Jennings and Polunin (1996a) note that the biomass of fish in a poorly

managed reserve may not be significantly higher than in adjacent fished areas, which is
parsimonious with this lack of enforcement. Enforcement of regulations is likely to be
more difficult in PPAs than NTAs for two reasons: The effort required to adequately
enforce any marine reserve is likely to be a function of its total area, and PPAs are an
order of magnitude larger than NTAs in Tanzania. In addition, the effort for any given
area is likely to be greater in a PPA because it is harder to detect whether a fishermen or
their gear are legal, than it is to detect whether they are present. However, even with full
enforcement of existing regulations, these may not be enough to elicit a fisheries benefit.
McClanahan and Mangi ( 2001) point out that exclusion of destructive gears (beach
seines) in Kenya does not equal a decrease in fishing effort and that catches can still fall
if other legal gears increase. They propose elimination of destructive gears combined
with a reduction or at least stabilization of fishing effort for sustainability of the fishery.

5.4.2 Full protection

In Chapter 3 there were significant gradients in commercial biomass, mean length and
species richness from the centre to outside the reserve after correcting for habitat. In this
study, stronger evidence was obtained for the effects of full protection by comparing two
protected and multiple unprotected sites with similar habitat and correcting for habitat.
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Here, there was significantly greater commercial fish biomass and species richness inside
the two NTAs. This suggests that the effects of full protection on biomass and species
richness are robust.

Interestingly, commercial species richness was greater in both partially protected and
fully protected sites, suggesting that this is a generally robust effect of all levels of
protection. It could be that species richness is the most sensitive indicator of fishing in
this area. Full protection provided greater fisheries benefits than partial protection by
increasing total commercial biomass, rather than the biomass of only one trophic group.
Comparing the effect size of full and partial protection on species richness is problematic
however, due to the use of different control sites in each analysis.

5.5 Conclusions

An in-depth assessment of a Partially Protected Area revealed a positive biodiversity
effect, but a limited or non-existent fisheries effect. Two NTAs, on the other hand,
exhibited both fisheries and biodiversity effects. The effects of PPAs are expected to be
less than NTAs due to the reduced level of protection. However, if PPAs aim to secure
fisheries livelihoods as well as conserving diversity, then they should show measurable
fisheries benefits. The lack of a fisheries benefit could be due to inadequate enforcement
of existing regulations and/or the nature of the regulations themselves. Assessment of
more Partially Protected Areas with different levels of enforcement and regulations is
required. These results should be included in a meta-analysis for stronger evidence of the
effects of partial protection. However, based on the results of this study and that of
Denny and Babcock (2004), PPAs provide minimal fisheries benefits. Where PPAs are
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set up for fisheries purposes, we must therefore be careful that they do not, in the words
of Denny and Babcock (2004), ‘give a false impression that a conservation outcome has
been achieved'.
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6 Do No-Take Areas increase total coral reef fish species richness?

Abstract

The consistent effect of full and partial protection on commercial species richness found
in the previous chapters suggests there is a robust effect of protection from fishing.
However, the work presented so far in this thesis and most other marine reserve studies
sample species richness from a small proportion of the available fish families. This
chapter investigated the effect of full protection on total fish species richness, sampling
species from all coral reef fish families. Three No-Take Areas were compared to five
unprotected sites with respect to the total number of species in each sample and the total
number of species at each site. No-Take Areas had higher species richness per sample,
particularly in commercial species, but only at shallow depths, where artisanal fishermen
primarily operate. This provides strong evidence that fishing negatively impacts fish
diversity.

6.1 Introduction

The Parties to the Convention on Biological Diversity (CBD) committed themselves to
significantly reducing the current rate of biodiversity loss at the global, regional and
national level by 2010 (http://www.biodiv.org/2010-target/default.asp). Global protected
area coverage was identified as one of eight indicators for monitoring progress towards
this goal (Balmford et al. 2005). Marine protected areas commonly state the protection
or enhancement of biodiversity as a management goal, but achievements of this goal are
rarely assessed.
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Reef fishes are the most diverse of any vertebrate community and are therefore likely to
contain more rare species than other vertebrate communities (Jones et al. 2002). In
addition, recent evidence suggests that some coral reef fish have restricted ranges and are
more susceptible to local, regional and global extinctions than previously thought
(Roberts & Hawkins 1999, Dulvy et al. 2003). Although there are no known global
extinctions of reef fish, local extinctions include the loss of Scarus guacamaia (Scaridae)
from parts of the Caribbean, Bolbometopon muricatum (Scaridae) from some Pacific
Islands and Cheilinus undulatus (Labridae) from parts of Fiji and Hong Kong (Dulvy et
al. 2003). The loss of even one species can have major impacts on reef health, e.g.
Bolbometopon muricatum is a major bioerodor and consumer of live coral, clearing
substrate for the establishment of coral recruits (Bellwood et al. 2003). The loss of many
species, particularly within the same functional group, could have wider impacts for reef
health and fisheries. For this reason, Dulvy et al. (2003) call for improved methods for
detecting extinctions at different spatial scales.

There is evidence that marine protected areas have greater fish species richness. Fully
and Partially Protected Areas have greater species richness in nine commercially
important fish families (Chapters 3 and 5). Halpern (2003) finds reserves raise fish
diversity by 20-30% on average (in a review of 89 studies) and Cote et al. (2001) find
they increase fish species richness by 11% (in a meta-analysis of 19 studies) (Chapter 1).
Other studies finding greater species richness in protected areas include Russ and Alcala
(1989), Friedlander et al. (2003), McClanahan et al. (1999), Jennings et al. (1995) and
Wantiez et al. (1997).
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However, these studies (including those in Chapters 3 and 5), only measure diversity
within a small selection of available fish families, usually containing the largest and most
commercially important species. Species with small body sizes are likely to have more
restricted ranges and be more prone to extinction than larger-bodied species. However
such species are also likely to be non-commercial and are generally overlooked by
studies assessing marine reserves. This study aims to measure the effects of No-Take
Areas on full species richness so that indirect effects of protection on non-commercial
fish species can be investigated.

Species inventories are desirable for conservation management, but a complete census of
all species within a diverse group is unfeasible, therefore species richness must be
estimated through sampling (Henderson 2003). Alpha diversity [(the diversity of species
within a community or habitat, (Whittaker 1972)] has two components, species richness
and relative abundance (Magurran 1991). The demands of detecting and accurately
identifying all fish species in Indo-Pacific sites make it highly unlikely that both species
richness and abundance can be measured simultaneously. Only presence-absence data
were therefore collected in this study, representing species richness (i.e. the total number
of species) and not any other measure of diversity.

Due to the lack of studies on the effects of NTAs on total fish species richness, there
have been no efforts to sample total coral reef fish species richness in the Indo-Pacific
region and no assessment of a method for doing this. Nemeth et al. (2003) measure total
coral reef fish species richness in the Caribbean (Western Atlantic region), using only
one roving diver survey per site and reach a maximum of only 160 species in any island
group of sites. The Western Atlantic region is estimated to contain 750 species of coral
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reef-associated inshore fishes, whereas the Indo-Pacific region contains over 4,000
species (Lieske & Myers 2001). Over half of these Indo-Pacific species (2,400 species)
occur in the Indian Ocean (1999). Spalding (1999) samples all but six families in the
Chagos Archipelago (Indian Ocean), but reaches only a total of 201 species over 11 sites.
Due to the lack of previous attempts to sample complete Indo-Pacific fish diversity, a
pilot study was also conducted to assess the most appropriate method, sample area,
sample duration and number of samples required per site to obtain reasonable estimates
of Indo-Pacific coral reef fish species richness.

6.2 Method

6.2.1 Pilot Study

Multiple samples at a site allow for statistical analysis as well as estimation of the total
number of species at that site (see 6.2.3.2), and are therefore preferable to conducting a
species inventory. The Roving diver survey method (Schmitt et al. 2002) (Chapter 2) is
suitable for species inventories but unsuitable for sampling because area cannot be
controlled and samples are not independent. Belt transects and point-count methods are
the only other method of UVC available (Chapter 2) and were therefore chosen as
reasonable methods for this study. Three factors needed to be considered in light of these
methods: The area of the sample, the duration of the sample and the number of samples
per site.

A positive relationship between species richness and area sampled has been observed in a
variety of taxa (Schmitt et al. 2002). Time spent sampling is also likely to influence the
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number of species recorded, therefore area and time should be controlled when
comparing sampling methods. Both the area of the sample and the duration of the
sample should balance two conflicting requirements. The first is that the number of
species recorded should be as close as possible to the actual number present, i.e. all
species are detected in the sample. This should favour the use of small sample areas, to
increase the likelihood of detecting all species due to the smaller area in which to search.
The second requirement is that the sample adequately represents the species assemblage.
This should favour sample areas large enough to capture the movement and behaviours
of a wide variety of species.

To adequately represent the species assemblage, the ecology and behaviour of larger
species should be taken in to account. The most important factor is flight distance, which
affects the sample area chosen. Larger species and those targeted by fishermen tend to
have relatively large flight distances. Although transect widths of 5 m (giving a distance
between observer and fish of only 2.5 m) are favoured in the literature (Chapter 2), in
Chapter 5, a transect width of 10 m (giving a maximum fish-observer distance of 5 m)
was used due to observations of the flight distances of commercially important species.
Commonly used point-count radii for assessing commercially important fish are 5 m and
7 m, which give a maximum of these distances between fish and observers. These radii
and transect widths were therefore deemed adequate to represent the species assemblage.

To approach the actual number of species in a given sample, sample area should not be
larger than necessary (above). Maximising sample duration should therefore ensure
accuracy for any given area by allowing all species in that area to be detected. However,
two factors suggest that sample duration should be optimised rather than maximised. As
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sample duration increases, an observer is likely to become less efficient at detecting new
(rare) species because they keep encountering common species they have already
recorded. Additionally, the total number of species in a given area is never constant, due
to the arrival of migrants (Henderson 2003), so even indefinite sample time would not
allow an observer to detect a ‘final’ number of species. Sample duration should also not
preclude taking enough samples per site within the given study time. A relatively large
number of samples are required for estimating total species richness accurately from
presence-absence data. By fitting in two samples per dive, a much larger number of
samples can be taken than in prevous chapters (3 and 5), within the available study time,
therefore this consideration was valued highly. A sampling time of between 5 minutes
and 15 minutes was taken as a starting point as this would allow two samples to be
completed per dive (accounting for measuring habitat and establishing sample locations).

Belt transects were pre-tested but found not to be suitable because the time taken to lay
and take up transect lines would decrease sampling speed. Belt transects also typically
cover large areas (a common size is 50 m x 5 m, giving a census area of 250 m2).
Reducing transect area creates widths (e.g. 2 to 4 m) that are unsuitable for the
measurement of species with large flight distances (pers. obs.). However, point-count
surveys (Chapter 2), generally have smaller census areas but maintain relatively large
observer-fish distances, e.g. a point-count of radius 7 m has a census area of 154 m2. The
point-count method was therefore chosen as the most suitable method for sampling coral
reef species richness. Spalding (1999) uses a 5 m point-count radius for assessing almost
complete fish species richness in the Chagos archipelago. Samoilys and Carlos (2000)
recommend a point-count radius of 7 m for estimating the densities of commercially
important reef fish. Five and 7 m radii are commonly used in the assessment of coral
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reef fish communities (Chapter 2), therefore these radii were selected as suitable for
assessment.

In this pilot study, four factors were therefore tested. Point-count radius (5 m or 7 m),
sample duration (from 5 to 15 minutes), the number of samples required per site and
differences between the two observers. The radius that detected the largest number of
species for a given sample duration was chosen. Pre-testing revealed that only the most
common species could be detected in five minutes in a 5 m radius, but that ten minutes
allowed rarer species to be included. After the first five minutes, additional species were
therefore recorded by the minute in which they were observed (to a maximum of 15
minutes), to test the cumulative effect of time. The number of samples required to reach
an asymptote in a species accumulation curve was tested with a maximum of 20 samples,
which represented a significantly higher number of samples than commonly employed in
fish species richness studies, but meant a site could be completed in five days (two
observers doing two samples per dive). Finally, differences between the two observers
were tested to ensure that unequal sampling by observers would not affect species
richness estimates.

Observers were already experienced in Indo-Pacific reef fish identification. Further
training was conducted from 24.11.03 to 28.11.03 using digital underwater cameras with
Lieske and Myers (2001) and Fishbase (www.fishbase.org) for reference. The pilot study
was conducted from 29.11.03 to 14.12.03 in Chumbe Island Coral Park (CHICOP) for
logistical reasons and because it appeared to have high fish species richness (pers. obs.).
This would increase the power of the comparison between tested areas and times.
Ideally, the pilot study would be repeated at three different sites, to see if the same
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relationships held on different reefs (Cheal & Thompson 1997), however, because the
purpose of the pilot study was simply to detect the optimum method for another study,
testing on one reef was deemed adequate.

Within the Park, a stratified random sampling approach was used (Henderson 2003), so
that natural variation across the Park was represented. The Park was divided in to a north
and south region, and each region in to five sections. Within each section, the reef was
divided into three zones: Reef flat, reef crest and reef slope, creating 30 possible sites.
Ten sites were generated by randomly selecting from each of these attributes (region,
section and reef zone). At each site, two point-count locations were established using
half-filled delayed surface marker buoys (SMBs). Each observer sampled each location
with a 5 m and a 7 m radius and two dives were required to sample one site. In the first
dive, one of the sample locations was randomly assigned a radius and an observer. The
other location automatically received the other radius and observer. Observers then
swapped over, maintaining the same radius previously allocated to that location. On the
second dive, different radii were applied to the locations, and the two observers again
sampled and then swapped over.

Observers randomly selected a centre point for the sample, estimated the perimeter of the
sample area and recorded any large fish that moved out of the area as they approached.
A half-filled SMB was tied to the centre of the sample area as a reference point. All fish
species present or entering a 5 or 7 m radius around this centre point during a 15 minute
period were included. Observers stayed in the centre of the point-count for the first five
minutes, rotating 360º, and recording the most visible species.

They then actively

searched the entire area for the remaining ten minutes, also recording the minute in which
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a new species was observed. Observers alternately searched for cryptic demersal species
by looking behind, under, and in to coral colonies, and for pelagic species by looking up
and around the water column. Some species, e.g. those inside the structure of the reef,
were unlikely to have been sampled by this non-destructive method, however, due to
intensive searching, the majority of fish species were detected in the sample area.

Accuracy in perimeter estimation was ensured by training and testing. Testing was
carried out twice during the study. During a test observers stationed themselves on the
reef and chose an underwater landmark estimated to be 5 m or 7 m away. They then
measured the real distance to the landmark, repeating this five times for each distance.
The mean estimate for 5 m was 5.12 m (standard deviation, 0.506, n = 20), and the mean
estimate for 7 m was 7.33 m (standard deviation, 0.610, n = 20). A one-way ANOVA
revealed no significant difference between the actual and estimated distances for 5 m
(F1,18 = 0.048, p = 0.828) or 7 m (F1,18 = 0.9 p = 0.355).

6.2.1.2 Pilot study data analysis and results

The total number of species per sample was calculated. A Generalised Linear Model
(GLM) was built with the number of species as the response variable, observer and radius
as fixed factors and sample location blocked, as a random factor.

The interaction

between observer and radius was tested.

SPECIES = OBSERVER + RADIUS + (LOCATION) + OBSERVER*RADIUS
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There was a significant effect of radius on species richness (Table 1), with 7.6 more
species detected on average in 7 m radii, an increase of 16.2%. There was no significant
difference between observers. A 7 m radius was therefore selected for the main study.

Table 1 The results of a GLM on the effect of observer, radius and the interaction between
observer and radius on the total number of species per sample.

Observer
Radius
Observer*Radius

Df
1,57
1,57
1,57

F value
0.039
36.239
0.127

P value
0.844
<0.001
0.723

Species accumulation curves are plots of the cumulative number of species discovered,
within a defined area, as a function of some measure of effort (Henderson 2003). It is
unlikely that an asymptote in a species accumulation curve over time can be achieved
because of new or rare species migrating in from other habitats (Henderson 2003).
However, a declining rate of accumulation suggests that sufficient effort has been
expended to record the majority of species present (Henderson 2003). The average
number of accumulated species in each minute after 5 minutes was plotted for all
samples. This curve showed a decreasing rate of accumulation with time in both radii,
although the rate of decline was greater in 5 m than 7 m radii (Fig. 1). This suggests that
the majority of species were recorded in the 15 minutes. However, as the curve was still
rising (Fig. 1), 15 minutes was chosen as the sample time in the main study to capture the
maximum possible number of species.
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Fig 1 The average species accumulation curve with time in a 7m (purple line) and 5m (blue line)
point-count radius.

A species accumulation curve of the number of samples at the site was plotted for both
radii using the results of one observer.

The order of samples in the curve was

randomised 20 times to decrease random error associated with the difference in richness
among samples and the order in which they are surveyed. The 7 m curve was several
species (approx. ten), above the 5 m curve, but the slopes of the curves were nearly
identical (Fig. 2). The rate of accumulation decreased with the number of samples,
however the gradient of the slope was still relatively steep after 20 samples (Fig. 2). For
this reason, more than 20 samples (n = 24), were allocated per site in the main study.

Species richness – 162
______________________________________________________________________________________

200

Mean species number

180
160
140
120
100
80
60
40
20
0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

Sample number

Fig. 2 The average species accumulation curves from 20 randomisations of 7 m (red) and 5 m
(blue) point-count radii.

6.2.2 Main study

Species richness was sampled in three fully protected and five unprotected sites in a
matched pair design from 20.12.03 to 23.02.04 (Fig. 3). Control sites of similar total reef
area, habitat and depth were selected close to, but independent of each protected site.
Even after careful selection of control sites, habitat and depth were measured and total
reef area was calculated for each site. As the three protected sites were relatively far
apart (Figs. 3 and 4), unprotected sites close to each protected site minimised distance
effects (Chapter 5). Two control sites were sampled for each protected site to increase
the power of the comparison between protected and unprotected sites. Each protected
site and its’ control sites were referred to as groups (Unguja group = Chumbe, Bawe and
Pange; Unguja atoll group = Mnemba and Mnemba south and Pemba group = Misali core
zone, Misali fished zone and Utalimani) (Figs. 3 and 4). The Unguja atoll group
contained only one control site as this was the only suitable site on the atoll (Fig. 3).
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Fig. 3 Map of Unguja Island, Zanzibar, showing the location of the Unguja group and Unguja
atoll group of sites. Fully protected sites are red squares and unprotected sites are blue circles.
Unguja group: 1, Bawe; 2, Pange; 3, Chumbe; Unguja atoll group: 4, Mnemba; 5, Mnemba south.
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Fig. 4 Map of Pemba Island, Zanzibar, showing the location of the Pemba group. Fully
protected sites are red squares and unprotected sites are blue circles. Pemba group: 7, Misali core
zone; 8, Utalimani; 9, Misali fished zone.

Only coral reef habitat was surveyed at each site (as in Chapter 5) to minimise variation
in habitat between sites. Twenty-four samples were taken at each site (see pilot study),
giving a total of 192 samples. Due to logistical constraints, all samples in a group were
surveyed before moving to the next group. However, protected and unprotected samples
were randomised within group, so that protection was not confounded with time. All
available reef zones at a site were sampled (to a maximum of 15 m) and the range of
depths at a site depended on its topography. Depth was recorded to the nearest 0.5 m.
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Following the stratified random sampling design in the pilot study, each reef area was
divided into sections, and these sections were sampled in a random order. Two sections
were sampled per day. Reef slope was sampled in the first section and reef crest or flat in
the second. Two observers entered the water together and swam for 15 fin kicks in
opposite directions to allocate the first sample. The second sample was allocated by
swimming a further 15 fin kicks in the same direction along the depth contour. All fish
species present in a 7 m radius were recorded for 15 minutes (see pilot study), followed
by habitat measurements in the sample area.

The percentage cover of live hard coral and turf algae was measured (Chapter 2) and the
number of urchins counted, in three randomly placed 1m2 quadrats (divided in to 100
squares), within each sample. The number of habitat variables was reduced (cf. Chapters
3 and 5) to increase sampling efficiency. Many habitat variables previously recorded
were too rare to include in analyses (calcareous algae, coralline algae, rock, sponge and
zooanthids) or explained little of the variation between sites (sand and rugosity),
(Chapters 3 and 5). Live hard coral, turf algae and urchins have been linked to fish
species richness in a number of studies, including Nemeth et al. (2003), McClanahan and
Arthur (2001), Bell and Galzin (1984) and Friedlander et al. (2003) (see Chapter 2).
Principal Components Analysis (PCA) scores or habitat categories containing these three
variables were also significantly associated with commercial fish species richness and
composition (Chapters 3 and 5).

The rugosity index using the chain and tape method explained little of the variation
between sites (Chapters 3 and 5) and was time-consuming. However, to account for the
presence of massive corals which provide shelter for large predators, an index of 1 to 10
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was assigned to each sample area based on the number and height of massive corals; one
indicating low rugosity and 10 indicating high rugosity.

6.2.3 Data analysis
6.2.3.1 Species-area relationships

Reef area was calculated by consulting maps of reef sites and by entering GPS
coordinates from manta tows and transect locations into ArcView and creating polygons
of reef area. Because of the relatively large distance between sites (usually several km),
and the distance over which fish appear to move (Chapter 3), individual reefs were
defined as being separated by at least 1 km of non-reef habitat. Simple linear regressions
of log area on log observed and estimated species richness were carried out. A scatter
plot of log area against log observed species was used to illustrate the relationship for
both observed and estimated species richness.

Because no relationship was found

between reef area and total species richness, area was not included in subsequent
analyses.

6.2.3.2 Total species richness

The total number of species recorded was calculated for each site. Species accumulation
curves were plotted for each group of sites and for all sites combined. An estimate of
complete species richness can be taken directly from a species accumulation curve, but
only if that curve has reached an asymptote. If it hasn’t reached an asymptote, statistics
are required to extrapolate from the curve or complete species richness can be estimated
using the original data. Complete species richness was estimated using the Chao index
for presence-absence data. This is a non-parametric estimation method, which bases its
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estimate on the distribution of species among the samples (Colwell & Coddington 1994).
Compared to other methods, it produces an accurate estimation of species richness with
relatively few samples (Begon et al. 1996).

S = S (obs) + H/2b

S = estimated total number of species
H = the square root of the number of species represented by a single individual
b = the number of species represented by two individuals
S (obs) = the observed number of species

The order of samples was randomised 20 times to decrease random error associated with
the differences in richness among samples and the order in which they are surveyed (see
6.2.1 Pilot study). Plots of the change in the Chao estimate with increasing sample size
were used to illustrate the stability of the estimate at each site.

Chao estimates of total commercial and non-commercial species richness were also
calculated for each site. Species were divided in to commercial and non-commercial
categories, using designations in Fishbase (www.fishbase.org).

Fishbase assigns

different levels of commerciality (e.g. subsistence to highly commercial), based on FAO
catch data (see Appendix for levels of commerciality assigned to species in this chapter).
All levels of commerciality were combined into one commercial category in analysis.
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6.2.3.3 Sample species richness

To look at the effect of protection on species richness of samples, the total number of
species, total number of commercial species and total number of non-commercial species
were calculated for each sample (using commercial designations for species as above). A
Generalised Linear Mixed Model (GLMM) with a Poisson error structure was applied to
the total number of all species, commercial species and non-commercial species and the
predictors (depth, hard coral, urchins and protection). Average percentage cover of hard
coral and turf algae and average urchin density were calculated for each sample.
Rugosity could not be included in the model because it was positively correlated with
hard coral and depth, and turf algae could not be included because it was negatively
correlated with hard coral. Site (e.g. Chumbe) was included as a random effect, and
group (e.g. Unguja) as a fixed effect. A minimal model was found using a backwards
stepwise approach (Chapter 2) on the full model (below) including all second level
interactions.

SPECIES = DEPTH + HARD CORAL + URCHINS + PROTECTION + GROUP +
SITE

6.3 Results

A total of 405 species from 53 families were recorded. Fifty eight species (14.3%) were
common to all sites. An average of 12.9 species (3.2%) were unique to any one site and
53.7 species (13.3%) to any group of sites (Table 2). There was no particular pattern of
level of uniqueness with protection.
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Table 2 The number of species unique to each group of sites and each site from all species
sampled in the study (protected sites in bold).
Groups
Unguja group
Pemba group
Unguja atoll group
Sites
Pange
Bawe
Chumbe
Misali fished
Utalimani
Misali core
Mnemba south
Mnemba

No. unique species
74
56
31
16
14
13
8
14
11
14
13

6.3.1 Species-area relationships
There was no evidence for a relationship between either observed or estimated species
richness and area (Fig. 6): Log species observed = 2.313 + 0.044X (F1,6 = 2.606, p =
0.158) and log species estimated = 2.422 + 0.061X (F1,6 = 0.903, p = 0.379). This
suggests that difference in reef size was not a major factor influencing fish species
richness in this study. Reef area was therefore not accounted for when assessing the
effect of protection. However, the graph indicates a possible relationship between reef
area and species richness amongst protected sites only (Fig. 6).

It is possible that

unprotected sites have more variable species richness due to fishing, masking the
relationship between area and species richness.
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Fig. 6 Graph showing the relationship between log total number of species observed and log area
(unprotected sites filled, protected sites unfilled).

6.3.2 Total species richness

None of the species accumulation curves reached an asymptote after 24 samples (Fig. 4 b
to d), nor after 192 samples for all sites combined (Fig. 4a). However, all curves showed
a decreasing rate in accumulation with increasing samples, suggesting that the majority
of species at each site had been recorded (Fig. 4a to d).
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Fig. 4 The average species accumulation curves from 20 randomisations of (a) all sites, (b)
Unguja group, (c) Unguja atoll group and (d) Pemba group. In each group protected sites are
represented by red lines and unprotected sites by blue and black lines.

The number of species recorded was higher in protected sites than unprotected sites for
two of the groups (Unguja and Pemba) (Table 4). In the Unguja atoll group however, the
unprotected site (Mnemba south) had seven more species than the protected site
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(Mnemba) (Table 4). Only one protected site (Chumbe) had higher estimated total
species richness than its control sites (Table 4 and Fig. 5b). Chao estimates of total
species richness became relatively stable after 24 samples at all sites apart from Chumbe
(Fig. 5b), and the standard deviations all lay within 10 to 20% of these estimates (Table
4). Twenty-four samples captured an average of 79.5% of the species at a site, with only
62.5% of species being captured on Chumbe (Table 4).

Table 4 Total reef area, number of species recorded, Chao estimate of complete species richness
(with standard deviation) and percentage of Chao estimate recorded, for each site and all sites
combined (protected sites in bold).
Group

Unguja

Pemba
Unguja
atoll

Site

All sites
Pange
Bawe
Chumbe
Misali fished
Utalimani
Misali core
Mnemba south
Mnemba

Reef
area
(km2)
0.394
1.106
0.567
0.875
0.375
0.875
0.226
0.059

Total
species

Chao
estimate

Standard
deviation

405
176
194
220
206
203
214
190
183

495.3
214.3
259.8
352
248
224.9
245.1
266.5
216.3

21.86
12.66
19.56
33.51
13.66
8.12
10.52
22.42
11.34

% of Chao
estimate
recorded
81.77
82.13
74.67
62.5
83.06
90.26
87.31
71.29
84.60

There was also no pattern with protection in estimates of total commercial or noncommercial species richness (Table 5). Chumbe was again the only site that had higher
estimated commercial and non-commercial species richness than its control sites (Table
5). Chao estimates were also relatively stable for estimates of commercial and noncommercial species richness, but are not shown.
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Table 5 Chao estimates of total commercial and non-commercial species richness at each site
(with standard deviations).
Group

Unguja

Pemba
Unguja
atoll

Site

Pange
Bawe
Chumbe
Misali fished
Utalimani
Misali core
Mnemba south
Mnemba

Chao
estimate
commercial
111.4
124.4
164.7
141
142.1
139.7
153.7
111.5

Standard
deviation

Chao estimate
non-commercial

Standard
deviation

8.60
12.90
16.45
7.96
8.93
6.00
16.45
4.62

103
135.4
207
113.1
85.38
109.6
113.3
117.8

9.33
14.74
37.15
14.42
2.60
10.93
15.55
16.44
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Fig. 5 Plots of Chao estimation of total species richness with increasing sample size from 20
randomisations of (a) all sites, (b) Unguja group, (c) Unguja atoll group and (d) Pemba group. In
each group protected sites are represented by red lines and unprotected sites by blue and black
lines.
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6.3.3 Sample species richness

To assess the effect of protection on species richness within samples, taking account of
habitat, a GLMM was applied to sample species richness.

Rugosity was highly

correlated with both hard coral (r=0.27, p<0.001) and depth (r=0.28, p<0.001), and was
not included in the model. Hard coral and depth were not correlated (r=0.07, p=0.37).
Turf algae and hard coral were strongly negatively correlated (r=-0.54, p<0.001) and
hard coral was kept in the model because its effects were easier to interpret.

Depth and protection had a significant interaction on total species richness (p = 0.032)
and a highly significant interaction on commercial species richness (p < 0.001) (Tables
5a and 5b), but no effect on non-commercial species richness (Table 5c). There was no
evidence of an effect of hard coral or urchins.

Predictors involved in significant

interactions cannot easily be interpreted on their own; therefore plots were used to
interpret the combined effect of depth and protection on species richness (Fig. 7).
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Table 5 The results of a GLMM on the effect of depth, protection, hard coral and urchins on the
total number of (a) all fish species, (b) commercial fish species and (c) non-commercial fish
species.

a
Depth*Protection
Hard coral
Urchins

Df
1,182
1,181
1,181

F value
4.678
0.077
1.212

P value
0.032
0.782
0.273

Depth*Protection
Hard coral
Urchins

Df
1,182
1,181
1,181

F value
11.869
2.075
1.967

P value
<0.001
0.151
0.162

Protection
Depth
Hard coral
Urchins

Df
1,6
1,183
1,183
1,183

F value
0.116
0.848
0.003
0.496

P value
0.745
0.358
0.953
0.482

b

c

In protected sites, there was a decrease in total and commercial species richness with
depth (Fig. 7a and b). In unprotected sites, however, total species richness remained
relatively constant with depth (Fig. 7a), but commercial species richness increased with
depth (Fig. 7b). In the first four metres, protection increased the number of species by
6.7% (3.9 species per 154m2) and the number of commercial species by 15.1% (4.7
species per 154m2). Deeper than this, the standard errors of the relationships increased
(because there were fewer samples at deeper depths), making the estimate of an effect
size of protection unreliable.
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Fig. 7 The effect of depth and protection on (a) total fish species richness and (b) commercial
fish species richness, corrected for habitat. Red lines indicate protected samples, blue lines
indicate unprotected samples. Dashed lines represent standard errors.
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6.4 Discussion

In protected sites, there was a decrease in species richness with depth for all species and
for commercial species. This is a well-known phenomenon in aquatic environments
(Begon et al. 1996). In unprotected sites, total species richness showed no particular
pattern with depth and was much reduced.

Commercial species richness was also

reduced in unprotected sites, but there was a significant increase in commercial species
richness with depth in unprotected sites, the reverse trend of that in protected sites.
Therefore, although unprotected sites started off with lower commercial species richness
than protected sites, both types of site had similar commercial species richness at greater
depths (below 6 m).

In shallow depths, protected sites had four more species per 154m2 than unprotected sites.
This effect was greater in commercially important species and is therefore almost
certainly caused by fishing. This effect is parsimonious with artisanal fishing methods in
Zanzibar, which primarily consist of basket traps and hook and line (Chapter 4). Basket
traps are set and hauled by skin-diving and are therefore depth-limited. Few studies have
noticed an interaction between fishing and depth in coral reef fish communities. Bell
(1983) measures fish communities at two depths inside and outside a Mediterranean
reserve, and finds an effect of depth on the abundance of several species, but does not
look at the interaction between protection and depth. However, Ashworth and Ormond
(2005) find that at depths of less than ten metres, six families of reef fish show significant
declines in abundance with distance from the centre of an NTA, but that at ten metres,
two families actually increase in abundance with distance.
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There was no effect of protection on non-commercial species richness, suggesting that
fishing is having minimal indirect effects due to the removal of predators. Increases in
the density of smaller size classes or particular species have been found due to fishing
(McClanahan et al. 1999, Chiappone et al. 2000, Graham et al. 2003, Dulvy et al. 2004)
(Chapter 1), however Jennings and Polunin (1997) find no relationship between the
biomass of piscivores and the diversity of their potential prey across sites with different
fishing intensities. Normally, predators are thought to maintain diversity by selecting
abundant species, but Almany and Webster (2004) show that generalist reef predators
have more effect on less abundant species, reducing local species richness. However, no
evidence for such a relationship was found in this study.

Protection appeared to have little effect on the total number of species at a site, with
recorded and estimated total richness only being consistently higher in one protected
area.

Separating this in to commercial or non-commercial species richness did not

change this result, with these values only being higher again, in one protected area.
However, this protected area (Chumbe) is one of the oldest and best enforced of the three
NTAs (Chapter 2). This is suggestive, but not strong evidence for an effect of protection
on total species richness.

Protection had a more obvious effect on sample species

richness. Fishing is therefore likely to be reducing individual populations so that species
become rare, thereby decreasing the number of species in any one sample, but not
causing the complete removal of species from a site. It is possible that species are being
protected from local extinction by the depth limitation of artisanal fishing methods.

There was no evidence for an effect of reef area on fish species richness. This suggests
that reef area can be discounted as a major influence on species richness in this study.
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There is evidence that reef area influences species richness at different scales, e.g.
Chittaro (2002) finds a significant positive association between fish species richness and
reef area, with a maximum area of 200m2 and Galzin et al. (1994) find a significant
relationship between atoll perimeter and fish species richness, with perimeters ranging
from 13 to 78 km. The lack of relationship in this study could be because sites were too
similar in size to detect a relationship with species richness (control sites were
deliberately chosen to be similar in habitat and reef area to protected sites) or because
fishing affected this relationship.

There was some indication of a relationship for

protected reefs but the small number of protected reefs precluded confirmation of this.
Relationships between reef area and fish species richness have implications for reserve
design and so should be the focus of further study.

Only 3% of species in Zanzibar were unique to any one site and this did not appear to be
influenced by protection. However, 13% (54 species) were unique to a group of sites.
The average nautical distance between groups of sites was approximately 100 km.
Changes in species composition are therefore relatively high on this spatial scale within
the Zanzibar archipelago. As NTAs appear to prevent rarity in coral reef fish species,
having one NTA per group of sites on at least this spatial scale would appear desirable
for the conservation of fish species richness.

Twenty-four samples captured on average, 80% of the species at a site and produced
declining species accumulation curves and stable Chao estimates, apart from at one site
(Chumbe), which also had the highest estimated species richness. Increasing the number
of samples per site may have decreased the standard deviation of the chao estimates, but
would not have affected the rank order of sites. After fifteen minutes of sampling, the
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rate of species accumulation was stable and appeared to be asymptotic, although this was
not clear. Longer sample durations may have allowed detection of more species and
therefore given more power to detect differences between sites. However, a 15 minute
sample duration detected significant differences in commercial species richness between
protected sites. It is unclear whether increasing sample duration would have influenced
the results on non-commercial species richness.

Although there may be an upper

saturation in sampling i.e. a maximum number of species an observer can detect in a
given sample area or duration, there is unlikely to have been a lower saturation. If a site
had very low species richness, this would have been detected. Finally, a different sample
area is unlikely to have affected the results. Larger sample areas would have made
sampling less efficient and wouldn’t necessarily have increased power. Seven metre
radii are the largest radii used in the literature. Spalding (1999) obtained a maximum of
201 species in the Chagos archiplego using a 5 m radius for 20 minutes at 10 sites, taking
6 samples per site. Although 6 families were not included in sampling, this doesn’t
account for the 50% difference in total species recorded between the two studies. It is
likely that the slightly shorter sample duration used in this study was compensated for by
a larger radius and much larger number of samples per site.

Inconspicuous species, both in terms of visibility and behaviour, are likely to be
underestimated by UVC, and this can be related to age and sex as well as species (Perrow
et al. 1996). Compared to sampling with rotenone (a powder used to poison fish), the
density and species richness of small, benthic or cryptic fishes is underestimated by UVC
(Brock 1982, Willis 2001) by as much as 91% (Willis 2001) (Chapter 2). This may have
represented the largest source of limitation in detecting differences in non-commercial
species richness between protected and unprotected sites.
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The Indian Ocean is the second richest sub-region of the Indo-Pacific with respect to
coral reef fishes (the first being the West Pacific and the last, the Pacific Plate) (Lieske &
Myers 2001). The effort required to monitor changes in fish diversity in this study may
therefore be a good approximation of the effort required at any Indo-Pacific site. Chao
estimates (and their standard deviations) produced by monitoring could be used to detect
significant declines or increases in total species richness at a site, providing assessment
of management goals relating to biodiversity. Such data could contribute to assessing the
goals of the Convention on Biological Diversity.

6.5 Conclusions

Artisanal fishing methods and fishing intensity in Zanzibar do not appear to be affecting
species richness of non-commercial reef fish. However, fishing appears to be increasing
rarity in commercially important fish species at shallow depths and there is evidence that
it is causing local extinctions (by reducing the total number of species at a site) at the
level of individual reef sites.

However, more studies of fish species richness in

effectively enforced protected areas are required to support this. The relatively high
uniqueness in species composition between groups of sites suggests that to protect full
species richness in Zanzibar, NTAs should be applied at least at the current spatial
frequency.
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7 Discussion

7.1 Summary
The biomass, mean length and species richness of commercial fish and the total number
of fish species was consistently greater in No-Take Areas relative to fished areas. This
evidence came from comparing one NTA with adjacent fishing grounds (Chapter 3),
comparing two NTAs with multiple fished sites (Chapter 5) and comparing three NTAs
with multiple fished sites (Chapter 6), all whilst factoring out effects of habitat. These
findings are supported by other studies, in addition to reviews and meta-analyses (Gell &
Roberts 2003a, Halpern 2003). Density was not greater in NTAs once habitat was taken
in to account. This could be related to the level of fishing pressure in Zanzibar and the
age of the marine reserves studied (see 7.2 Limitations).

There was indirect evidence of spillover (net emigration of adult fish) from an NTA.
Gradients showed decreasing fish populations from the centre of the NTA to adjacent
fishing grounds.

These results are supported by other studies of gradients in fish

populations across NTA boundaries (Chapman & Kramer 1999, McClanahan & Mangi
2000).

The rapid decrease in fish populations after only 690 m from the reserve

boundaries and indications from fishermen that catches were good close to the reserve,
but were falling in fishing grounds further away, are consistent with suggestions that
spillover only significantly enhances fisheries within 1 km from NTA boundaries
(Roberts & Polunin 1991).

Only 3% of fish were recaptured outside the NTA, consistent with other estimates of
emigration from NTAs (Kaunda-Arara & Rose 2004b). Emigration was limited to only
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three families (out of eleven tagged). These were all commercially important and have
shown tendency for large-scale movement in other studies (Munro 2000, Kaunda-Arara
& Rose 2004b). Fish were recaptured in fishing grounds up to 4 km away. Although
other studies have found larger-scale movements in coral reef fish, e.g. of 30 km
(Kaunda-Arara & Rose 2004b), these represent a small proportion of fish moving out of
marine reserves. These results, combined with other studies of the potential fisheries
benefits of NTAs, suggest that if spillover occurs it is likely to be limited in magnitude
and spatial extent.

Interviews with local fishermen provided detailed information on the fishery and fish
ecology (Chapter 4). Their ecological knowledge was supported by surveys of fish
populations and habitat around the NTA. Fishermen provided indirect evidence for
spillover from their comments on catches outside the Park and fish emigration. They
also highlighted the issue of illegal and destructive fishing in the area, indicating the need
to assess Partially Protected Areas, which aim to reduce this form of fishing.

The same methods used to show greater biomass, mean length and species richness
inside NTAs only detected higher commercial species richness in a Partially Protected
Area (Chapter 5). As so little work has been done on PPAs, it is difficult to say whether
this is due to partial protection or confounding effects of habitat and location (even
though these were factored out in analyses). There are indications that beach seines, one
of the gears banned in Menai Bay Conservation Area, catch significantly higher numbers
of species than other gears (McClanahan & Mangi 2004), therefore increased species
richness could be the most detectable effect of gear restrictions. This is supported by
consistent findings of greater commercial species richness in NTAs in this thesis and
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other studies. The lack of any further effect of partial protection is likely to be caused in
part by insufficient enforcement of existing regulations, but could also be because fishing
effort is not controlled. However, even well enforced PPAs with stricter regulations are
likely to show lesser effects than NTAs. More work is needed to assess the relative
magnitude and extent of effects of different PPA regulations.

A greater number of commercial species in both forms of marine reserve was the most
robust finding of this thesis. This supports the use of marine reserves in the conservation
of fish diversity. NTAs had greater total fish species richness, with this effect being
strongest in commercial species. Higher commercial species richness in NTAs is well
supported by other studies, even though these measure a limited number of commercial
families (e.g. McClanahan 1994, Jennings et al. 1996b, Letourneur 1996, Wantiez et al.
1997, Chiappone et al. 2000, McClanahan & Arthur 2001).
7.2 Limitations

This thesis did not look extensively at non-commercial fish communities and therefore
the potential indirect effects of fishing. However, the results of Chapters 5 and 6 suggest
that indirect effects are minimal and that fishing is primarily removing commercial fish,
and not causing major indirect shifts in coral reef fish communities.

These results also do not represent the maximum possible differences in commercial fish
populations between marine reserves and fished areas. Most marine reserve studies
underestimate the effects of full protection from fishing because marine reserves are
established on reefs already significantly altered by fishing and have usually been
protected for relatively short periods of time.

Discussion – 188
______________________________________________________________________________________

Millions of large fishes, sharks, sea turtles, and manatees were removed from the
Caribbean in the 17th to 19th centuries, before modern ecological investigations began
(Jackson 2001). In Zanzibar, no reef sharks were seen in approximately 235 hours
underwater, at depths of between 2 and 15 m and in the most protected reefs in the area.
Many species of shark inhabit shallow tropical reefs, e.g. Carcharhinus melanopterus
(Carcharhinidae), Stegastoma fasciatum (Stegostomatidae) and Nebrius ferrugineus
(Ginglymostomatidae) (Lieske & Myers 2001).

Rare sightings have occurred in

Zanzibar of some of these species, indicating that their range includes this area. Such
high rarity of reef sharks indicates ecological changes caused by fishing that are likely to
pre-date the establishment of any of the reserves studied. There is increasing evidence
that coral reef habitat and fish communities take in the order of decades to recover from
fishing effects. McClanahan (2000) estimates that Balistapus undulatus will take more
than 30 years to recover in marine parks in Kenya and Russ and Alcala (2004) conclude
that full recovery of predatory fish populations in two NTAs in the Philippines will take
15 and 40 years respectively. The average age of marine reserve enforcement in this
thesis was seven years. Although this is enough to show increases in fish populations
(Chapter 1), it is likely that the results of this thesis represent underestimates of the
potential effects of marine reserve protection. In areas where fishing intensity is higher
and reserves have been enforced longer, there could be greater differences in fish
populations and/or indirect effects of fishing on non-commercial species.

The study design used in this thesis (comparing locations, rather than before and after
reserve establishment), does not produce conclusive evidence of the effect of protection,
and few studies are able to do this. However, good evidence of the effect of protection
has come from synthesising the results of many studies (e.g. Roberts & Polunin 1991,
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Dugan & Davis 1993, Russ 2002, Gell & Roberts 2003a) and from meta-analyses (Cote
et al. 2001, Halpern 2003). Myers and Mertz (1998) point out that meta-analyses are
especially useful for addressing uncertainty in fisheries management due to a lack of long
time series data. Individual studies therefore have value in contributing to such analyses.
Syntheses and meta-analyses of marine reserve effects probably represent the best
evidence we currently have for making decisions about the application of marine reserves
to coral reef fisheries management.

7.3 Management Implications

7.3.1 Use of No-Take Areas as fisheries management tools

This study supports two of Russ’ seven expectations of marine reserves (Russ 2002):
That they contain significantly higher mean size and significantly higher biomass of
target species. This supports the use of NTAs as spatial protection for fish stocks
(Bohnsack 1998), which is thought to provide protection against stock collapse
(Bohnsack 1998, Lauck et al. 1998, Guenette & Pitcher 1999). Significantly larger fish
inside reserves should mean that egg production is greater inside marine reserves, making
the recruitment effect (Chapter 1) likely.

Depending on the level of exploitation, models suggest that at least 30% (Hughes et al.
2003), and up to 40 to 50% (Russ 2002) of the world’s coral reefs should be NTAs for
long term protection and maximum sustainable yield of exploited stocks (Hughes et al.
2003). At the moment only 0.01% of the ocean surface is protected from fishing (Pauly
& Watson 2003).
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This thesis provided some evidence to support fisheries benefits occurring close to
reserve boundaries (within 1 km) (Chapters 3 and 4). Two factors arise if fishermen are
to realise localised benefits from NTAs. Firstly, NTAs might have to be more numerous
so that enough benefits are realised. Secondly, fishermen should be allowed and even
encouraged to fish close to reserve boundaries. This may be especially important in
NTAs funded by tourism (see below), as tourists often do not like to witness fishing
occurring (pers. obs.).

This thesis supports numerous studies showing greater commercial fish species richness
inside NTAs. NTAs are therefore likely to be valuable for conserving fish species
richness and preventing local extinctions. Large changes in fish community composition
over relatively small spatial scales (Chapter 6) and the strong relationship between interreef distance and species composition (Chapter 5), support the use of numerous NTAs to
conserve regional and local species richness.

Many authors have advocated the use of networks of NTAs, e.g. Hughes et al. (2003)
state that 'the clear implication is that NTAs must be substantially more numerous and
closer together than they are currently to protect species with limited dispersal
capabilities'. However, this study also revealed negative or neutral attitudes towards
NTAs by fishermen, especially with regards to management. Other studies have also
revealed low attitudes towards NTAs amongst fishermen (Scholz et al. 2004,
McClanahan et al. 2005).

It is widely acknowledged that successful implementation of NTA regulations relies on
cooperation with local fishermen (Kremen et al. 1994, Moffat et al. 1998, Jentoft 2000).
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Jennings et al. (2001) support the recognition of the history and traditions of local fishing
communities for effective management, particularly in isolated areas where there is little
funding for external policing.

Participation of fishermen in NTA design and

implementation may be relatively quick and cheap. In this study, fishermen were very
willing to volunteer information and opinions (Chapter 4).

There is scope for the

development of methods for interviewing and involving fishermen in reserve
management and for the use of fishermen’s ecological knowledge.

Changing the management process may elicit more cooperation from fishermen.
However, there are still problems associated with the initial loss of fishing ground and
whether NTAs can compensate for this loss. The establishment of Mombasa Marine
Park in Kenya resulted in a decrease in total catch due to loss of fishing ground. An
increased catch was witnessed in a small area (1 to 2 km from the park edge) but could
not compensate for the lost fishing area (McClanahan & Kaunda-Arara 1996,
McClanahan & Mangi 2000). However, McClanahan and Mangi (2000) admit that this
is in the early stage of reserve establishment. Russ et al. (2004) show that the total catch
of Carangidae and Acanthuridae at Apo Island in the Philippines, where 10% of the
fishing area is an NTA, was significantly higher after (1985/2001), than before (1981),
reserve establishment. Even if NTAs can eventually compensate for the loss of fishing
area and even increase total catch, the loss of fishing ground still presents problems. If
numbers of fishermen remain the same, but a proportion of fishing ground is protected,
the density of fishermen increases in remaining fishing grounds. Negative impacts of
fishing, such as habitat damage, may therefore be concentrated, limiting reef recovery in
these areas.
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Numbers of fishermen may change on establishment of an NTA. McClanahan and
Kaunda-Arara (1996) find that when approximately 65% of a landing site's fishing
grounds were protected with the creation of Mombasa Marine Park, 65% of the fishers
left this landing site, leaving nearly the same density of fishers in the remaining area.
Although this solves the problem of local fishing intensity, if fishermen move to other
landing sites, the problem is simply shifted. If they are forced to leave the fishery
altogether, then they have lost their livelihoods.

Both these raise the issue of

compensation. During the first few years of NTA establishment total fish catches are
likely to fall and although catches may increase in succeeding years, compensation is still
an issue in these first years. Marine reserves may therefore act to remove livelihoods,
even though this is one of the purported advantages in comparison to other methods of
fisheries management (Chapter 1).

7.3.2 Use of Partially Protected Areas as fisheries management tools

None of Russ’ expectations (Russ 2002) were met by the Partially Protected Area
assessed in this study. The PPA did not contain greater biomass, mean length or density
of commercially important fish. It only had higher commercial species richness. PPA
effects are not necessarily expected to be the same as NTA effects in magnitude and
extent due to the lower level of protection, but if PPAs aim to benefit fisheries, then some
effects on commercially important species should be detectable.

There are very few studies assessing the effects of PPAs, so it is difficult to discuss the
implications of these findings. However, based on the results of this study, PPAs don’t
provide spatial protection for fish stocks.

However, they can contribute to the
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conservation of commercial fish species richness. This suggests that to benefit fisheries,
PPA should be used in combination with other fisheries management measures. If such
large proportions of marine area are recommended for NTAs for the protection of fish
stocks, (see 7.3.1), it is unlikely that PPAs can replace NTAs. PPAs could have a role in
regional marine management systems because they protect fish diversity and can provide
this protection over larger areas of marine habitat than NTAs.

Attitudes of fishermen towards MBCA where not researched in this thesis. However, it
is likely that PPAs are more acceptable than NTAs to fishermen because they allow
fishing. This may work in their favour in terms of implementation and management.
PPAs may therefore represent a best-case scenario in regions where political will for
NTAs is weaker and/or fishermen are strongly opposed to NTAs. They could also act as
a first-step in the implementation of NTAs. More research on attitudes towards PPAs is
needed.

More evidence is required to establish the benefits of partial protection on coral reef fish
communities. PPAs may offer greater protective effects if they have stricter and betterenforced regulations. However, there are two potential disadvantages of PPAs over
NTAs.

By allowing fishing, PPAs carry an element of uncertainty in fisheries

management. In discussing the relative merits of marine reserves as opposed to other
forms of fisheries management, Lauck et al. (1998) say 'others have asserted that
reducing catch or effort levels would have the same effect as a reserve. This claim is
erroneous and can only arise from a misunderstanding of the role of uncertainty and
uncontrollability in fisheries management'.
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In addition, enforcement of PPAs is also likely to be more difficult than NTAs, not only
because of their larger size, but also because of the difficulties of determining legal
fishing gears or status of fishermen from patrol boats (Chapter 5). Jennings et al. (1996b)
state that 'practical experience suggests that reserves which are sufficiently large to be
self-sustaining would be impossible to manage effectively in a small island developing
state such as Seychelles'.

7.3.3 General application of marine reserves to fisheries management

Although much work needs to be done to demonstrate the benefits of NTAs and PPAs to
fisheries unequivocally and to refine their design and implementation, it is unlikely that
many of these studies can ever be done or in a timescale to shape present policy needs.
Many authors agree that 'marine reserves should not be rejected, nor [..] delayed, because
definitive experiments have not shown us the optimal design of reserves to ensure
recruitment supply to fisheries' (Russ 2002). This view is compatible with the idea of
adaptive management (Sale et al. 2005), defined by Wells and Mangubhai (2005) as
‘adjusting management actions on the basis of lessons learned over time’. Existing and
proposed NTAs and PPAs can be used to run experiments where management is
manipulated and the results fed back to improve future management (Sale, pers. comm.
2005). An adaptive management model highlights the need for ecologists working in
collaboration with marine reserve managers.

The assessment of marine reserves in an adaptive management scenario could also make
use of the views and knowledge of fishermen as a source of data. Regular interviews
seeking fishermen’s opinions would allow a reserve to continuously address the needs of
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fishermen and increase stakeholder participation so that fishermen are fully utilised and
included in marine reserve management.

However, both forms of marine reserve (NTA and PPA) do not tackle population growth
and concurrent increasing fishing effort. NTAs may just act to displace fishermen and
PPAs only regulate fishing gear or displace effort by excluding certain groups of
fishermen. Lundberg and Jonzen (1999) point out that 'although the effect of increased
harvesting is an increased proportion of the (fish) population in the reserve, the total
population size obviously decreases with increasing h (harvest rate). Consequently,
marine reserves will not necessarily ensure complete protection against over-exploitation
by unlimited harvesting outside them'.

This thesis shows the potential of marine reserves to act as spatial protection for fish
stocks, but cooperation with and management of fisheries outside them is likely to play a
key role in this. Their use as conservation tools is well justified by the findings in this
thesis.
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Appendix
Table of all species (by family, in alphabetical order) mentioned or recorded in this thesis, with
their common name [from Lieske and Myers (2001)], their trophic group (if assigned in Chapter
5) and their commercial status (if assigned in Chapter 6). Trophic groups: D, Detritivore; H,
Herbivore; I, Invertivore; N, Nektonivore; PI, Piscivore/Invertivore.

Family/Species

Common name

Acanthuridae

Surgeonfishes and
Unicornfishes

Acanthurus blochii
Acanthurus dussumieri
Acanthurus leucosternon
Acanthurus lineatus
Acanthurus mata
Acanthurus nigricauda
Acanthurus nigrofuscus
Acanthurus tennenti
Acanthurus thompsonii
Acanthurus triostegus
Acanthurus xanthopterus
Ctenochaetus binotatus
Ctenochaetus striatus
Ctenochaetus strigosus
Naso annulatus
Naso brachycentron
Naso brevrostris
Naso hexacanthus
Naso lituratus
Naso minor
Naso thynnoides
Naso unicornis
Naso vlamingii
Paracanthurus hepatus
Zebrasoma desjardini
Zebrasoma scopas

Ringtail surgeonfish
Eyestripe surgeonfish
Powder-blue surgeonfish
Striped surgeonfish
Elongate surgeonfish
Blackstreak surgeonfish
Dusky surgeonfish
Lietenant surgeonfish
Thompson's surgeonfish
Convict surgeonfish
Yellowfin surgeonfish
Twospot bristletooth
Striped bristletooth
Goldring bristletooth
Whitemargin unicornfish
Humpback unicornfish
Spotted unicornfish
Blacktongue unicornfish
Orangespine unicornfish
Little unicornfish
Singlespine unicornfish
Bluespine unicornfish
Bignose unicornfish
Palette surgeonfish
Desjardin's sailfin tang
Brushtail tang

Apogonidae

Cardinalfishes

Apogon apogonides
Apogon aureus
Apogon caudicintus
Apogon cyanosoma
Apogon exostigma
Apogon fuscus
Apogon kallopterus

Goldbelly cardinalfish
Ring-tailed cardinalfish
Yellow-striped cardinalfish
Eyeshadow cardinalfish
Gray cardinalfish
Iridescent cardinalfish

Trophic Commercial
group
status

D
H
H
D
H

H
D
D
D
D
H
H
H
H

H
H
H
H
H

commercial
minor commercial
minor commercial
commercial
none
commercial
commercial
commercial
none
commercial
minor commercial
none
commercial
none
none
none
commercial
commercial
none
none
commercial
commercial
none
none
commercial
none
none
minor commercial
none
none
none
none
none
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Apogon sangiensis
Archamia fucata
Archamia mozambiquensis
Cheilodipterus arabicus
Cheilodipterus artus
Cheilodipterus macrodon
Cheilodipterus quinquelineatus

Bluestreak, threadfin
cardinalfish
Sangi cardinalfish
Orange-lined cardinalfish
Mozambique cardinalfish
Dogtooth cardinalfish
Lined cardinalfish
Large-toothed cardinalfish
Five-lined cardinalfish

Arridae
Atherinidae

Sea catfishes
Silversides

Atherinomorus lacunosus

Hardyhead silverside

Aulostomidae

Trumpetfishes

Aulostomus chinensis

Trumpetfish

Balistidae

Triggerfishes

Balistapus undulatus
Balistoides viridescens
Melichthys indicus
Melichthys niger
Sufflamen bursa
Sufflamen chrysopterus
Sufflamen fraenatus

Orangestriped triggerfish
Moustache triggerfish
Indian triggerfish
Black triggerfish
Scythe triggerfish
Halfmoon triggerfish
Bridled triggerfish

Blennidae

Blennies

Cirripectes castaneus
Cirripectes stigmaticus
Meiacanthus mossambicus
Plagiotremus rhinorhyncus
Plagiotremus tapeinosoma

Chestnut blenny
Redstreaked blenny
Mozambique fangblenny
Bluestriped fangblenny
Scale-eating fangblenny

Caesonidae

Fusiliers

Caesio caerulaurea
Caesio lunaris
Caesio teres
Caesio xanthonota
Pterocaesio capricornis
Pterocaesio chrysozona
Pterocaesio marri
Pterocaesio pisang
Pterocaesio tile

Scissor-tailed fusilier
Lunar fusilier
Yellowback fusilier
Yellowtop fusilier
Southern fusilier
Goldband fusilier
Twinstripe fusilier
Ruddy fusilier
Bluestreak fusilier

Carangidae

Jacks and Trevallys

Carangoides fulvoguttatus
Caranx ignobilis
Caranx melampygus
Caranx tille
Elagatis bipinnulata
Gnathodon speciosus

Yellow-dotted trevally
Giant trevally
Bluefin trevally
Tille trevally
Rainbow runner
Golden trevally

Carcharhinidae

Requiem Sharks

Carcharhinus melanopterus

Reef blacktip shark

Apogon leptacanthus

Centriscidae

Shrimpfishes

Aeoliscus strigatus

Shrimpfish

Chaetodontidae

Butterflyfish

Chaetodon auriga

Threadfin butterflyfish

none
none
none
none
none
none
none
minor commercial

commercial
minor commercial
PI
I
H
H
I
I
I

commercial
commercial
none
minor commercial
minor commercial
minor commercial
minor commercial
none
none
none
none
none
commercial
minor commercial
minor commercial
minor commercial
subsistence
commercial
minor commercial
commercial
commercial

commercial
commercial
highly commercial
minor commercial

none
minor commercial
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Chaetodon bennetti
Chaetodon falcula
Chaetodon guttatissimus
Chaetodon kleinii
Chaetodon lineolatus
Chaetodon lunula
Chaetodon madagaskariensis
Chaetodon melannotus
Chaetodon meyeri
Chaetodon trifascialis
Chaetodon trifasciatus
Chaetodon unimaculatus
Chaetodon vagabundus
Chaetodon xanthocephalus
Chaetodon zanzibariensis
Forcipiger longirostris
Hemitaurichthys zoster
Heniochus acuminatus
Heniochus monoceros

Bennett's butterflyfish
Saddleback butterflyfish
Spotted butterflyfish
Klein's butterflyfish
Lined butterflyfish
Racoon butterflyfish
Madagascar butterflyfish
Black-backed butterflyfish
Meyer's butterflyfish
Chevroned butterflyfish
Redfin butterflyfish
Teardrop butterflyfish
Vagabond butterflyfish
Yellowhead butterflyfish
Zanzibar butterflyfish
Big long-nosed butterflyfish
Black pyramid butterflyfish
Longfin bannerfish
Masked bannerfish

Cirrihitidae

Hawkfishes

Cirrihitichthys oxycephalus
Paracirrhites arcatus
Paracirrhites forsteri

Pixy hawkfish
Arc-eye hawkfish
Freckled hawkfish

Clupeidae

Herrings, Sprats and
Sardines

Herklotsichthys quadrimaculatus
Spratelloides delicatulus

Gold spot herring
Blue sprat

Congridae

Conger and Garden Eels

Heteroconger hassi

Spotted garden eel

Dasyatidae

Stingrays

Taeniura lymma

Bluespotted ribbontail ray

Diodontidae

Porcupinefishes

Diodon histrix
Diodon liturosus

Porcupinefish
Black blotched porcupinefish

Ephippidae

Spadefishes

Platax orbicularis

Circular spadefish

Fistulariidae

Cornetfishes

Fistularia commersonii

Cornetfish

Gerreidae

Mojarras

Gerres oyena

Blacktip mojarra

Ginglymostomatidae

Nurse sharks

Nebrius ferrugineus

Nurse shark

Gobiescosidae

Clingfishes

Diademichthys lineatus

Urchin clingfish

Gobiidae

Gobies

Amblyeleotris steinitzi
Amblyeleotris sungami
Amblygobius semicinctus
Cryptocentrus strigilliceps
Ctenogobiops feroculus
Exyrias bellissimus
Fusigobius neophytus

Steinitz' prawn-goby
Magnus' prawn-goby
Target prawn-goby
Sandy prawn-goby
Mud reef-goby
Sand goby

minor commercial
none
none
subsistence
minor commercial
none
none
none
none
none
minor commercial
minor commercial
minor commercial
none
none
minor commercial
none
minor commercial
none
none
none
minor commercial

minor commercial
minor commercial
none
commercial
none
none
minor commercial
minor commercial
commercial

none
none
none
none
none
none
none
none
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Gobiodon citrinus
Istiogobius decoratus
Paragobiodon xanthosomus

Citron goby
Decorated goby
Yellowskin goby

Haemulidae

Sweetlips and Grunts

Diagramma pictum
Plectorhincus albovittatus
Plectorhincus flavomaculatus
Plectorhincus gaterinus
Plectorhincus gibbosus
Plectorhincus orientalis
Plectorhincus plagiodesmus
Plectorhincus schotaf

Slatey sweetlips
Giant sweetlips
Gold-spotted sweetlips
Blackspotted sweetlips
Gibbus sweetlips
Oriental sweetlips
Red-lined sweetlips
Somber sweetlips

Hemirhamphidae

Halfbeaks

Hyporhamphus dussumieri

Dussumier's halfbeak

Holocentridae

Soldierfishes and
Squirrelfishes

Myripristis adusta
Myripristis hexagona
Myripristis kuntee?
Myripristis murdjan
Myripristis violacea
Neonoiphon sammara
Sargocentron caudimaculatum
Sargocentron diadema
Sargocentron melanospilos
Sargocentron spiniferum
Sargocentron tieroides

Bronze soldierfish
Doubletooth soldierfish
Pearly soldierfish
Red soldierfish
Violet soldierfish
Bloodspot squirrelfish
Tailspot squirrelfish
Crown squirrelfish
Blackspot squirrelfish
Long-jawed squirrelfish
Pink squirrelfish

Kyphosidae

Rudderfishes

Kyphosus cinerascens

Highfin rudderfish

Labridae

Wrasse

Anampses caeruleopunctatus
Anampses lineatus
Anampses melanurus
Anampses meleagrides
Anampses twistii
Bodianus anthioides
Bodianus axillaris
Bodianus diana
Cheilinus chlororus
Cheilinus fasciatus
Cheilinus oxycephalus
Cheilinus trilobatus
Cheilinus undulatus
Cheilio inermis
Cirrhilabrus exquisitus
Coris aygula?
Coris batuensis
Coris caudimacula
Coris cuvieri
Coris formosa
Epibulus insidiator
Gomphosus caeruleus
Halichoeres cosmetus

Blue-spotted wrasse
Lined wrasse
White-spotted wrasse
Yellowtail wrasse
Yellowbreasted wrasse
Lyretail hogfish
Axilspot hogfish
Diana's hogfish
Floral wrasse
Red-banded wrasse
Snooty wrasse
Tripletail wrasse
Humphead wrasse
Cigar wrasse
Exquisite wrasse
Clown coris
Batu coris
Spottail coris
African coris
Queen coris
Slingjaw wrasse
Indian Ocean Bird wrasse
Adorned wrasse

none
none
none
I
PI
PI

PI
PI

commercial
none
commercial
commercial
commercial
commercial
commercial
commercial

minor commercial
minor commercial
minor commercial
minor commercial
minor commercial
minor commercial
minor commercial
none
none
minor commercial
none
minor commercial
minor commercial
none
none
minor commercial
minor commercial
none
minor commercial
minor commercial
minor commercial
minor commercial
minor commercial
minor commercial
minor commercial
minor commercial
none
minor commercial
minor commercial
none
minor commercial
minor commercial
minor commercial
minor commercial
none
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Halichoeres hortulanus
Halichoeres marginatus
Halichoeres nebulosus
Halichoeres scapularis
Halichoeres zeylonicus
Hemigymnus fasciatus
Hemigymnus melapterus
Hologymnosus annulatus
Hologymnosus doliatus
Labrichthys unilineatus
Labriodes dimidiatus
Labroides bicolor
Labropsis xanthonota
Macropharyngodon bipartitus
bipartitus
Novaculichthys taeniourus
Oxycheilinus bimaculatus
Oxycheilinus digrammus
Oxycheilinus mentalis
Pseudocheilinus evanidus
Pseudocheilinus hexataenia
Pseudocoris yamashiroi
Stethojulis albovittatus
Stethojulis interrupta
Thalassoma amblycephalum
Thalassoma hardwicke
Thalassoma hebraicum
Thalassoma lunare
Thalassoma trilobatum

Checkerboard wrasse
Dusky wrasse
Nebulous wrasse
Zigzag wrasse
Goldstripe wrasse
Barred thicklip wrasse
Blackedge thicklip wrasse
Ring wrasse
Longface wrasse
Tubelip wrasse
Bluestreak cleaner wrasse
Bicolor cleaner wrasse
Wedge-tailed wrasse

minor commercial
minor commercial
none
minor commercial
none
minor commercial
minor commercial
minor commercial
minor commercial
minor commercial
none
none
none

Vermiculate wrasse
Rockmover wrasse
Twospot wrasse
Bandcheek wrasse
Mental wrasse
Striated wrasse
Sixline wrasse
Yamashiro's wrasse
Bluelined wrasse
Cutribbon wrasse
Twotone wrasse
Sixbar wrasse
Goldbar wrasse
Crescent wrasse
Christmas wrasse

none
minor commercial
subsistence
minor commercial
none
none
none
none
none
none
none
minor commercial
subsistence
minor commercial
minor commercial

Lethrinidae

Emperors

Gnathodentex aurolineatus
Lehtrinus rubrioperculatus
Lethrinus borbonicus
Lethrinus erythracanthus
Lethrinus erythropterus
Lethrinus harak
Lethrinus lentjan
Lethrinus mahsena
Lethrinus microdon
Lethrinus nebulosus
Lethrinus obsoletus
Lethrinus olivaceus
Lethrinus xanthochilus
Monotaxis granducolis

Yellowspot emperor
Redgill emperor
Snubnose emperor
Orange-fin emperor
Longfin emperor
Blackspot emperor
Pink-ear emperor
Sky emperor
Smalltooth emperor
Spangled emperor
Orange-stripe emperor
Longface emperor
Yellowlip emperor
Bigeye emperor

Loliginidae
Lutjanidae

Squid
Snappers

Aphareus furca
Aprion virescens
Lutjanus argentimaculatus
Lutjanus bohar
Lutjanus fulviflamma
Lutjanus fulvus
Lutjanus gibbus
Lutjanus kasmira

Smalltooth jobfish
Green jobfish
River snapper
Twinspot snapper
Black-spot snapper
Flametail snapper
Humpback snapper
Bluelined snapper

I
PI
N
PI
PI
N
I
PI
PI
I

N
PI
N
I
I
PI
PI

commercial
highly commercial
minor commercial
commercial
minor commercial
commercial
highly commercial
highly commercial

minor commercial
commercial
commercial

commercial
highly commercial
commercial
commercial
commercial
commercial
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Lutjanus monostigma
Lutjanus rivulatus
Macolor niger

Onespot snapper
Scribbled snapper
Black snapper

Microdesmidae

Dartfishes and Wormfishes

Nemateleotris magnifica
Ptereleotris evides

Fire dartfish
Blackfin dartfish

Monacanthidae

Filefishes and
Leatherjackets

Amanses scopas
Oxymonacanthus longirostris
Pervagor janthinosoma

Broom filefish
Longnose filefish
Blackbar filefish

Muraenidae

Moray Eels

Echidna nebulosa
Gymnothorax favagineus
Gymnothorax meleagris
Siderea grisea
Siderea picta

Snowflake moray
Honeycomb moray
Whitemouth moray
Geometric moray
Peppered moray

Mullidae

Goatfishes

Mulloides flavolineatus
Mulloides vanicolensis
Parupeneus barberinus
Parupeneus bifasciatus
Parupeneus ciliatus
Parupeneus cyclostomus
Parupeneus indicus
Parupeneus macronema
Parupeneus pleurostigma
Parupeneus triasciatus
Upeneus tragula

Yellowstripe goatfish
Yellowfin goatfish
Dash-and-dot goatfish
Two-barred goatfish
White-lined goatfish
Yellowsaddle goatfish
Indian goatfish
Longbarbel goatfish
Sidespot goatfish
Two-barred goatfish
Blackstriped goatfish

Nemipteridae

Monocle breams and
Spinecheeks

Nemipterus bipunctatus
Scolopsis bimaculatus
Scolopsis frenatus
Scolopsis ghanam

Delagoa threadfin bream
Thumbprint spinecheek
Bridled spinecheek
Arabian spinecheek

Octopodidae
Ophichthidae

Octopus
Snake eels

Myrichthys maculosus

Spotted snake eel

Ostraciidae

Trunkfishes

Ostracion cubicus
Ostracion meleagris

Yellow boxfish
Spotted trunkfish

Plotosidae

Eel Catfishes

Plotosus lineatus

Striped catfish

Pomacanthidae

Angelfish

Apomelicthys trimaculatus
Centropyge acanthops
Centropyge bispinosas
Centropyge multispinis
Pomacanthus chrysurus
Pomacanthus imperator
Pomacanthus maculosus
Pomacanthus semicirculatus

Three-spot angelfish
African pygmy angelfish
Two-spined angelfish
Many-spined angelfish
Ear-spot angelfish
Emperor angelfish
Yellowbar angelfish
Semicircle angelfish

PI
PI

commercial
commercial
commercial
none
none

none
none
none
minor commercial
minor commercial
minor commercial
none
minor commercial
I
I
PI
I
N
I
I
I
I

commercial
commercial
commercial
commercial
commercial
commercial
minor commercial
commercial
commercial

minor commercial
subsistence
subsistence

none
none
none
commercial
none
none
subsistence
none
none
minor commercial
commercial
minor commercial
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Pygoplites diacanthus

Regal angelfish

Pomacentridae

Damselfish

Abudefduf sexfaciatus
Abudefduf sparoides
Abudefdus vaigiensis
Amblyglyphidon leucogaster
Amphprion akallopisos
Amphprion allardi
Chromis atripectoralis
Chromis dimidiata
Chromis lepidolepis
Chromis nigrura
Chromis opercularis
Chromis ternatensis
Chromis weberi
Chromis xutha
Dascyllus aruanus
Dascyllus carneus
Dascyllus trimaculatus
Neoglyphidodon melas
Neopomacentrus azysron
Neopomacentrus cyanomos
Plectorglyphidodon johnstonianus
Plectorglyphidodon lacrymatus
Plectroglyphidodon dickii
Pomacentrus baenschi
Pomacentrus caeruleopunctatus
Pomacentrus caeruleus
Pomacentrus pavo
Pomacentrus sulfureus
Pomacentrus trichourus
Pomacentrus trilineatus
Stegastes nigricans

Scissor-tail sergeant
False-eye sergeant
Indo-Pacific sergeant
White-belly damsel
Skunk anemonefish
Allard's anemonefish
Blue-green chromis
Twotone chromis
Scaly chromis
Blacktail chromis
Doublebar chromis
Ternate chromis
Weber's chromis
Buff chromis
Humbug dascyllus
Indian dascyllus
Three-spot dascyllus
Black damsel
Yellowtail demoiselle
Regal demoiselle
Johnston damsel
Jewel damsel
Dick's damsel
Baensch's damsel
no common name
Caerulean damsel
Blue damsel
Sulphur damsel
Slender damsel
Threeline damsel
Dusky gregory

Pempheridae

Sweepers

Pempheris oualensis
Pempheris vanicolensis

Copper sweeper
Vanikoro sweeper

Pinguipedidae

Sandperches

Parapercis hexophtyhalma

Speckled sandperch

Platycephalidae

Flatheads

Papilloculiceps longiceps
Thysanophrys otaitensis

Indian Ocean crocodilefish
Fringelip flathead

Priacanthidae

Bigeyes

Heteropriacanthus cruentatus
Priacanthus hamrur

Glasseye
Goggle-eye

Pseudochromidae

Dottybacks and Eel
Blennies

Chlidichthys johnvoelckeri

Cerise dottyback

Rachycentridae
Rhinobatidae
Scaridae

Cobia
Guitarfishes
Parrotfishes

Bolbometopon muricatum
Calotomus carolinus
Cetoscarus bicolor

Bumphead parrotfish
Stareye parrotfish
Bicolor parrotfish

minor commercial
minor commercial
none
subsistence
minor commercial
none
none
subsistence
none
none
none
none
none
none
none
none
none
minor commercial
none
none
none
none
none
minor commercial
none
none
none
minor commercial
none
none
none
minor commercial
minor commercial
none
minor commercial
subsistence
subsistence
minor commercial
minor commercial

none

H
D
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commercial
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Chlororus capistroides

Leptoscarus vaigiensis
Scarus caudofasciatus
Scarus frenatus
Scarus ghobban
Scarus globiceps
Scarus niger
Scarus prasiognathus
Scarus psittacus
Scarus rubroviolaceus
Scarus russelli
Scarus scaber
Scarus tricolor
Scarus viridifucatus

Pale bullethead parrotfish
Indian Ocean steephead
parrotfish
Bullethead parrotfish
Indian Ocean Longnose
parrotfish
Seagrass parrotfish
Tail-barred parrotfish
Bridled parrotfish
Bluebarred parrotfish
Violet-lined parrotfish
Swarthy parrotfish
Greenthroat parrotfish
Palenose parrotfish
Redlip parrotfish
Russell's parrotfish
Dusky-capped parrotfish
Tricolor parrotfish
Greenlip parrotfish

Scombridae

Tunas and Mackerels

Euthynnus affinis
Grammatocynos bilineatus
Rastrelliger kanagurta
Scomberomorus commerson

Kawakawa
Double-lined mackerel
Striped mackerel
Narrow-barred king mackerel

Scorpaenidae

Scorpionfishes

Pterois miles
Pterois radiata
Scorpaenopsis diabolus
Scorpaenopsis oxycephala
Scorpaenopsis venosa
Sebastapistes cyanostigma

Lionfish
Clearfin lionfish
Devil scorpionfish
Tassled scorpionfish
Raggy scorpionfish
Yellowspotted scorpionfish

Serranidae

Groupers

Epinephelus ongus
Aethaloperca rogaa
Anyperdon leucogramicus
Belonoperca chabanaudi
Cephalopholis argus
Cephalopholis boenak
Cephalopholis leopardus
Cephalopholis miniata
Cephalopholis spiloparea
Cephalopholis urodeta
Epinephelus caeruleopunctatus
Epinephelus fasciatus
Epinephelus fuscoguttatus
Epinephelus spilotoceps
Gracila albomarginata
Grammistes sexlineatus
Nemanthias carberryi
Plectropomus areolatus
Plectropomus laevis
Plectropomus punctatus
Pseudanthias evansi
Pseudanthias squamipinnis

Specklefin grouper
Redmouth grouper
Slender grouper
Arrowhead soapfish
Peacock grouper
Chocolate hind
Leopard hind
Coral hind
Strawberry grouper
Darkfin hind
Whitespotted grouper
Blacktip grouper
Brown-marbled grouper
Foursaddle grouper
Slenderspine grouper
Sixstripe soapfish
Threadfin anthias
Squaretail coralgrouper
Saddleback coralgrouper
Marbled coralgrouper
Yellowback anthias
Goldie anthias

Chlororus strongylocephalus
Chlorurus sordidus
Hipposcarus harid

H
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H
D
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H
H
H
D
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D
D
H
H
H
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Siganidae

Rabbitfishes

Siganus canaliculatus
Siganus stellatus
Siganus sutor
Siganus argenteus
Siganus luridus

Whitespotted rabbitfish
Stellate rabbitfish
African whitespotted rabbitfish
Forktail rabbitfish
Squaretail rabbitfish

Sphyraenidae

Barracudas

Sphyraena acutipinnis
Sphyraena barracuda

Sharpfin barracuda
Great barracuda

Stegostomatidae

Zebra shark

Stegastoma fasciatum

Leopard shark

Syngnathidae

Seahorses and Pipefishes

Corythoichthys amplexus
Corythoichthys flavofasciatus

Brown-banded pipefish
Network pipefish

Synodontidae

Lizardfishes

Sauridus gracilis
Synodus variegatus

Graceful lizardfish
Variegated lizardfish

Tetradontidae

Puffers

Arothoron meleagris
Arothoron nigropunctatus

Guineafowl puffer
Blackspotted puffer

none
none

Arothron mappa
Arothron stellatus
Canthigaster bennetti
Canthigaster smithae
Canthigaster solandri
Canthigaster valentini

Map puffer
Star puffer
Bennett's toby
Bicolored toby
Spotted toby
Black-saddled toby

none
none
none
none
none
none

Zanclidae

Moorish Idol

Zanclus cornutus

Moorish Idol

H
H

commercial
commercial
commercial

H
H
commercial
minor commercial

none
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commercial

subsistence

