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ABSTRACT 

 

Coral reefs are among the most diverse and productive ecosystems on earth, and are 

critical to the survival of tropical marine ecosystems and sustenance of local human 

populations. However, coral reefs are quite vulnerable to disturbances, both natural 

and anthropogenic. This thesis looks at how coral reef communities have responded 

to climactic disturbances, particularly the 1997-98 El Niño Southern Oscillation 

(ENSO) and subsequent coral bleaching and mortality that affected much of the 

Indian Ocean, including the coastal waters of Tanzania, where the study was 

conducted. In particular, it investigates the effects of coral bleaching, habitat 

degradation and reef spatial arrangement on reef fish assemblages.  

Habitat structural complexity and spatial arrangement of reefs had an effect on reef 

fish communities. Fish communities showed patterns in distribution among habitats 

and between patch and continuous reefs. Fishes preferred live to bleached/dead or 

eroded coral, but trophic groups reacted differently to patch and continuous reefs. 

There were slight changes in fish abundance and significant changes in fish diversity 

on experimental, bleached branching Acropora coral plots over a period of one year. 

While fish abundance on one site increased shortly after a bleaching event, 6 years 

later fish abundance had decreased significantly. Conversely, coral reef communities 

in northern Tanzania had changed little over an 8-year period, with minor changes 

associated with the 1997-98 ENSO and the presence or absence of fisheries 

management. The coral reefs in the region were found to show high variability in 

community structure and responses of associated fish and invertebrate communities. 

The findings of this thesis indicate the importance of habitat structure and spatial 

arrangement of reefs, the detrimental effects of coral bleaching, and the possibility 

that some reefs and some (generalist) reef fish taxa may exhibit resilience to climate 

change. 
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INTRODUCTION 

Coral reefs 

Coral reefs play an important role for a range of organisms. Their intricate physical structure 

provides an ideal setting for a system of complex ecological interactions, thus making coral 

reefs a good source of food and shelter. Coral reefs comprise a high diversity of organisms 

including hard and soft corals of various sizes and morphologies, their symbiotic 

dinoflagellate microalgae (zooxanthellae), coralline and other macroalgae, invertebrates and 

fish. The structure and position of coral reefs along tropical coastlines protect these coasts 

from storms, flooding and erosion, at the same time enabling formation of associated 

seagrass and mangrove ecosystems (Hoegh-Guldberg 1999). Coral reefs are a source of 

resources for many coastal communities. For instance, calcified corals are mined and 

processed to produce building blocks and lime for construction. Coral reefs are also major 

tourist attractions (Hawkins and Roberts 1994, Wilhelmsson et al. 1998), with coral reef 

tourism alone generating billions of dollars (Hoegh-Guldberg 1999). Coral reef fisheries are 

even more important (Russ 1991), yielding at least 6 million metric tonnes of fish catches 

worldwide annually (Munro 1996). In Tanzania, for example, over 90% of the marine 

fisheries are artisanal, focusing on coral reef fish (Jiddawi and Öhman 2002). Besides finfish, 

coral reefs are fishing grounds for cephalopods, gastropods, echinoderms and bivalves. 
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Climate change and bleaching of corals 

Despite being very productive coral reefs are also one of the most vulnerable marine 

ecosystems (Hoegh-Guldberg 1999). One aspect of this sensitivity is that reef structure is 

affected by coral bleaching. When corals and other zooxanthellate invertebrates (i.e. 

invertebrates that live with symbiotic dinoflagellates or zooxanthellae in their tissues) are 

physiologically stressed, the critical balance that maintains their symbiotic relationship with 

zooxanthellae is lost (Hoegh-Guldberg 1999, Reaser et al. 2000). This leads to expulsion of 

zooxanthellae and/or a fall in the concentration of photosynthetic pigments within the 

zooxanthellae (Kleppel et al. 1989, Hoegh-Guldberg and Smith 1989, Booth and Beretta 

2002). Stresses causing this loss of colour (i.e. bleaching) in corals and other invertebrate 

hosts include reduced salinity (Goreau, 1964), reduction or increase in light (Hoegh-

Guldberg and Smith 1989, Lesser et al. 1990), sudden and extended changes in temperature 

(Coles and Jokiel 1978, Hoegh-Guldberg and Smith 1989, Jokiel and Coles 1999), pollution 

from heavy metals such as copper (Jones 1997) and agricultural chemicals and biological 

factors such as bacteria (Kushmaro et al. 1996, Hoegh-Guldberg 1999). However, most mass 

coral bleaching events are caused by environmental extremes such as high temperature or 

irradiance (Glynn 1993, Baker et al. 2008). Studies point to an association between elevated 

sea temperatures and mass coral bleaching events. This connection was reported about two 

decades ago (Glynn 1984, 1988) and studies since then have supported this view, more so 

after the severe 1997/98 El Ninŏ Southern Oscillation (ENSO) and subsequent coral 

bleaching events (e.g. Goreau et al. 1993, Jones 1997, Pratchett et al. 2006). 
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Bleached corals commonly lose 60-90% of their zooxanthellae individuals and each 

remaining zooxanthellae may lose 50-80% of its photosynthetic pigments (Glynn 1996). 

After expulsion of these symbiotic dinoflagellates the coral is usually white (bleached), and 

has reduced growth, calcification rate and repair capability (Goreau and Macfarlane 1990, 

Glynn 1993). As the rate of photosynthetic productivity decreases (Coles and Jokiel 1977) 

and this is the major source of energy for calcification (Muscatine 1990) the coral will be 

weakened in its ability to grow and compete for space with other organisms such as 

macroalgae (Hoegh-Guldberg 1999). 

 

Since 1979, there have been six major bleaching events, mainly caused by higher seawater 

temperatures associated with global climate change and El Niño/La Niña events, and with 

possible synergistic effects of elevated ultraviolet and visible light (Hoegh-Guldberg 1999, 

Hoegh-Guldberg et al. 2005). In 1997/1998 the El Niño Southern Oscillation (ENSO) was 

unprecedented, with raising seawater temperatures worldwide (McPhaden 1999), resulting in 

up to 90% coral mortality in some places (Wilkinson 2000). The frequency and severity of 

bleaching incidences are likely to increase in the future (Hoegh-Guldberg 1999). Thus, there 

is a need to study how bleaching affects the extended coral reef community. Bleaching and 

natural disasters in general are unprecedented events, thus the number of studies on effects of 

fish communities has been relatively few. Furthermore, it has been difficult to carry out field 

experiments to investigate such phenomena. Typically, disturbance effects have been limited 

to a single site and pre-disturbance data and/or undisturbed reference sites have been missing. 



 

Habitat structure, degradation and management effects on coral reef fish communities 

 

~ 12 ~ 

 

 

Related to this is another phenomenon of increasing concern – ocean acidification. Higher 

CO2 levels and sea surface temperatures will lead to increased frequency and severity of the 

bleaching process. Increasing CO2 levels may contribute to dissolution of coral skeletons 

(after bleaching and/or mortality) and reduction in rates of reef calcification. Additionally, 

impacts on other physiological processes (such as calcium carbonate accretion and 

reproductive potential) in coral reefs and other reef-building species are likely, but little is 

known about these responses and their biotic consequences (Hoegh-Guldberg 1999, Hoegh-

Guldberg et al. 2007, Anthony et al. 2008). 

  

Herbivory and reef resilience 

 A diverse assemblage of abundant herbivorous species exists on coral reefs (Randall 1967) 

where they are responsible for removal of a large portion of the plant biomass; consequently 

herbivory is one of the major processes structuring benthic coral reef communities (Hay 

1991).  Herbivores on reefs have been implicated in three fundamental processes (Choat 

1991). They are a link for the flow of energy between primary producers and carnivorous 

consumers. Secondly, herbivores influence the production, distribution, size and internal 

composition of reef flora (Hay 1991). Lastly, interactions among territorial herbivorous 

fishes have been instrumental in the development of demographic and behavioural models 

for reef fishes in general. Other major reef herbivores such as the sea urchins are also main 

consumers of algal production and they may show overlap in resource use with herbivorous 

fishes (Bruggemann et al. 1994). 
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Human disturbances and natural stressors have had increasingly significant adverse effects 

on coral reefs in recent times. As a result, many reefs have undergone rapid changes in the 

dominant biota leading to alternate phases (Hughes et al. 2007). Bleaching and other 

disturbances may cause corals to die and/or ultimately to lose the battle with macroalgae on 

the reef. Moreover, removal of herbivores by overfishing may cause algae to proliferate. The 

result is a change from coral dominance to macroalgae dominated communities, reported as 

the coral-macroalgal phase shift (Norström et al. 2009). Overgrowth of macroalgae can 

hinder coral growth and smother coral recruits. Grazing by herbivores can clear substrates for 

coral recruitment after disturbance (Hay 1997), hence halting or reversing alternate shifts 

(Green and Bellwood 2009) and promoting reef resilience. Resilience has been defined as the 

ability of an ecosystem to absorb shocks, resist phase shifts and regenerate after natural and 

human-induced disturbances (Nyström et al. 2000). The understanding of the role of various 

herbivores on reefs, and their role in reef resilience is thus of paramount importance. 

 

Reefs as fish habitat 

The fish community is a conspicuous part of the coral reef ecosystem with more than 4,000 

species recorded worldwide (Sale 1980). How reef fish and other demersal fish populations 

are regulated has been debated extensively among fish ecologists. Various hypotheses have 

proposed to define the most important factor that regulates reef-fish communities. These 

hypotheses have concerned various processes in fish population dynamics including 

competition (Smith and Tyler 1972), recruitment (Doherty 1982), settlement (Sale 1974), 
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predation (Hixon 1991) and disturbance (Talbot et al. 1978). To date, ecologists have not 

reached a consensus on how reef-fish communities are regulated but these single-factor 

models are largely being replaced by a multifactorial approach where the composition of a 

given fish assemblage is the result of a variety of processes that influence fish numbers and 

composition (Jones 1991, Caley et al. 1996).  

 

In a coral reef unique fish assemblages may be associated with broad zones spanning 

hundreds of meters (Letourneur 1996, Munday et al. 1997, Öhman et al. 1997, 1998b, Ault 

and Johnson 1998) or smaller patches such as monospecific stands of coral beds (Meekan et 

al. 1995), or even on the microhabitat scale with a specific type of coral colony (Ormond et 

al. 1996, Munday et al. 1997, Öhman et al. 1998a). These fish assemblages are very diverse 

and may harbour up to thousands of species (Ebeling and Hixon 1991). How this high diversity 

is maintained has been explained by four major theories, namely the competition model, the 

lottery hypothesis, the predation-disturbance model, and the recruitment-limitation model. 

The competition model maintains that the high diversity is the result of strong competitive 

interactions leading to high levels of specialization, resulting in narrower ecological niches 

(Smith and Tyler 1972, Smith 1978). The lottery hypothesis on the other hand, holds the view 

that chance recruitment of fishes to the reef and persistence determines species composition on 

the reef (Sale 1974, 1978, 1991; Sale and Dybdahl 1975). The predation-disturbance model 

suggests that postsettlement mortality of juveniles and adults from predation and various 

disturbances keeps fish populations below the level at which resources become limiting 

(Talbot et al. 1978, Hixon 1991, Hixon and Beets 1993). The recruitment-limitation model, 
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perhaps the most widely accepted model, argues that larval supply is never adequate for the 

adult population size to reach its full potential, thus resources on the reef are not limiting 

(Williams 1980, Victor 1983, Doherty and Williams 1988). 

 

The reef habitat is an important component regulating fish communities, and correlations 

between fish numbers and different reef-habitat features have been described (e.g. Jennings 

et al. 1996, Chabanet et al. 1997, Öhman and Rajasuriya 1998, Öhman et al. 1998b). Habitat 

structure may mediate the operation of the above-mentioned processes such as recruitment, 

competition and predation (Jones and Syms 1998). If fish communities are influenced by 

habitat structure, then a change in habitat structure would be expected to alter fish 

community composition. Hence, changes in the reef environment would have an effect on the 

interaction between fish and reef habitat structure.  

 

The effect of coral reef structure on fish communities has been an area of interest for a long 

time, with studies reaching conflicting conclusions. Studies have shown that habitat 

complexity has an effect on fish abundance and species richness. Habitat complexity can be 

examined on different levels including topographic complexity (Risk 1972, Luckhurst and 

Luckhurst 1978, Chabanet et al. 1997, Öhman and Rajasuriya 1998), substratum diversity 

(Öhman and Rajasuriya 1998), relief (Luckhurst and Luckhurst 1978, Wilhelmsson et al. 

2006) and live cover (Carpenter et al. 1981, Sano et al. 1984). Apart from a positive 

correlation with rugosity (topographic complexity), the relationship between species richness 

and the other habitat variables has been inconsistent (Gratwicke and Speight 2005). Positive 
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correlations between fish density and live coral cover have been reported (Bell and Galzin 

1984, Bouchon-Navaro and Bouchon 1989, Chabanet et al. 1997, Öhman and Rajasuriya 

1998). Live coral also contributes to overall reef structure, thus influencing habitat 

complexity. Moreover, fish species diversity has been reported to show a positive correlation 

with structural complexity of coral habitat (Luckhurst and Luckhurst 1978, McClanahan, 

1994; McCormick, 1994). Some studies, however, indicate little or no correlation between 

fish and coral growth (McManus et al. 1981, Bell et al. 1985). This variability in results 

indicates that it is difficult to draw any general conclusions, as investigators have used a wide 

variety of methods for assessing habitat complexity (Gratwicke and Speight 2005) as well as 

its effect on reef-fish communities. 

 

OBJECTIVES 

This thesis presents five studies generally focusing on effects of changes in habitat structure 

on reef fish communities. The first study examined long-term responses of fish communities 

in experimental coral habitats, subjected to a natural catastrophic disturbance in the form of 

severe coral bleaching. The second study was an experimental field study where bleaching 

was simulated and the resultant effects on fish assemblages examined. In the third study, fish 

assemblages on reefs of different quality and structure were described and assessed. The 

fourth study examined dynamics of the major herbivores on coral reefs in Mafia and 

Zanzibar (Tanzania), namely herbivorous fishes and sea urchins, with respect to habitat 

condition. The fifth study looked at coral reef fish communities in the Northern Tanzania, 
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eight years after a major bleaching event, and with respect to increased management of reefs 

in the area. In brief, the objectives of the studies were: 

Paper I To assess the long-term effects of habitat alteration caused by coral bleaching 

on reef fish communities. 

Paper II To assess the immediate and short-term effects of habitat alteration caused by 

coral bleaching on reef fish assemblages. 

Paper III To assess the effects of quality, structure and spatial configuration of coral 

reefs on reef fish assemblages. 

Paper IV To investigate the relationship between sea urchins, herbivorous fishes and 

habitat variables on coral reefs. 

Paper V To  investigate the effect of climatic disturbance and management of reefs on 

coral reef communities.  

 

STUDY SITES 

Study sites extended over three regions on the Tanzanian coastline (Fig. 1). The first study 

region comprises Mafia and Zanzibar islands, off the mainland coast. Mafia Island Marine 

Park (MIMP) is located in southern Tanzania (Papers I–III). The park is situated about 120 

km south of Dar es Salaam and 20 km offshore from the Rufiji Delta. It was gazetted in 1995 

and covers an area of 822 km
2
. Kitutia reef (Papers I–III) and Chole Bay (Paper III) are reef 

areas located within the non-extractive zone of MIMP, and are thus protected from fishing. 

Bawe (Papers III and IV), Murogo (Paper III), Changuu (Papers IV and V) and Chapwani 
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(Paper V) reefs lie off Zanzibar town (Unguja Island), which in turn lies 40 km from the 

Tanzanian mainland. These sites currently experience moderate levels of fishing and dive 

tourism. The fifth site in Zanzibar, Chumbe Island Coral Park (CHICOP, Papers IV and V) is 

also located off Zanzibar town. CHICOP has actively managed its reef system since it was 

established in 1991, prohibiting all extractive activities. The second study region was situated 

in the area of Dar es Salaam, more specifically in Mbudya and Bongoyo, two islands within 

the Dar es Salaam Marine Reserves (Paper V). The reserves have been effectively managed 

since 2002 and allow restricted gear use. The northern Tanzanian reefs near Tanga 

municipality comprise the third study region (Paper V). The final (fourth) region was the 

reefs in Kisite Marine National Park in Kenya (Paper V), which  were considered 

geographically associated with Tanga in terms of close distance, coral morphology and coral 

taxonomic composition (McClanahan et al. 2007). Tanga reefs have been managed in 

collaboration with the community since 1994. This management has involved enforcement of 

laws against destructive fishing, and the establishment of small and temporary closures 

(Horrill et al. 2000, Wells et al. 2007) 
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Fig. 1. Map of Tanzanian coastline showing the study area. 
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Depth of all reefs surveyed ranged from 4 to 10 m at low tide. The mean tidal range was 3.3 

m with a maximum of about 4 m. The entire study area is influenced by monsoon weather 

patterns, with southerly winds and rough seas during the south-east monsoon (April to 

September), and higher air temperatures and weaker winds during the north-east monsoon 

(November to February) (McClanahan 1988, Jiddawi and Öhman 2002). 

 

In 1997/1998, a coral bleaching event, the most geographically extensive and severe on 

record (Strong et al. 1998, Hoegh-Guldberg 1999, Wilkinson et al. 1999), caused extensive 

coral mortality on the four study sites of this thesis as well as many other sites in the region 

(Wilkinson et al. 1999). 

 

FIELD METHODS 

Methods used in the different studies are described here in summarized form. More 

comprehensive descriptions of experimental design and methods are given in the individual 

papers. 

 

Coral transplantation 

Studies in papers I and II were experimental field surveys using transplanted colonies of the 

staghorn coral Acropora muricata (formerly A. formosa). In Study I, A. muricata colonies 

were transplanted in 1995 to 32 quadrate plots measuring 2.5 x 2.5 m each (Lindahl 1998). 
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These coral colonies were placed loosely in the plots or tied together with string for increased 

stability. The coral fragments were collected from naturally growing thickets close to the 

study site. Sixteen experimental plots were positioned in each of the two sites situated 200 m 

apart. 

 

In Study II, colonies of A. muricata were transplanted from a nearby coral reef to a rubble-

dominated experimental area (approximately 2000 m
2
). Branches of corals from natural 

thickets growing in the area were carefully stripped of algae before they were transplanted to 

the experimental site, where they were tied to reinforcement bars buried in the seafloor. Half 

of the branches were transported straight from the source to the experimental site, while the 

remainder half were first exposed to sunlight above the water surface until they were 

bleached. Quadrate plots in this study were of the size 0.5 x 0.5 m. The final, balanced design 

had a total of 60 coral plots in three treatments, including live coral (n = 2 x 12), bleached 

coral (n = 2 x 12) and eroded coral rubble (n = 12). 

 

Although Study III investigated fish assemblages on branching Acropora, it was not based on 

transplanted coral plots but was a study describing distribution patterns. Study IV and V, 

however, were more concerned with whole reef systems, rather than monospecific coral 

stands. 
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Fish surveys 

In the studies of this thesis, fish were surveyed using various methodologies including 

stationary visual census technique (Papers I and II), roving diver technique (Paper III) and 

belt transects (Papers IV and V). In the stationary visual census technique fishes were 

identified and counted by a SCUBA diver using a method modified from Bohnsack and 

Bannerot (1986). Specifically, a diver slowly approached a plot and stopped at a distance of 2 

m away from the plot to count all fish observed for two minutes. The diver then moved closer 

and recorded any unseen cryptic species for an additional two minutes. This period of time 

was considered sufficient for contemporary plot size, and minimized the risk of multiple 

counts of individuals. Only fish occurring up to 1.5 m above the plots were recorded. Density 

and diversity of fish on the plots was then monitored. In Paper I fish were surveyed six 

months before, six months after and six years after the 1997/98 El Niño and its subsequent 

coral bleaching event. For Study II, initial fish counts were carried out in December 2004, 

within 24 hours after the plots were in place, and then repeated daily for three consecutive 

days. The sampling procedure was carried out another three times over the next 13 months. 

 

A modified roving diver technique (Schmitt and Sullivan 1996) was adopted in Study III. 

Using this technique, the diver sampled the first appropriately-sized (3 m
2
) Acropora patch 

encountered, and identified and counted all fish on the plot and then continued swimming for 

a minimum of two minutes before sampling the next available coral patch. The sampling 

design of Study III was therefore, to some extent, determined by availability of these 

branching Acropora plots. This was not aided by the fact that there has been a great reduction 
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in the coverage of Acropora in the region (Lindahl et al. 2001, Garpe and Öhman 2003, 

2007). 

 

 The benthic community composition of reefs in Study IV was assessed by placing random 

20 m-line transects (following the line intercept method by English et al. 1997) where all 

substrate directly under the draped line was measured and recorded using SCUBA. Hard 

corals were identified to genus level while other organisms were pooled into crustose 

coralline algae, soft corals, sponges, algal assemblages, macroalgae, turf algae, seagrass, 

zoanthids and corallimorpharians. However, for analyses, we considered cover of scleratinian 

corals and their health (whether live, bleached or eroded) as well as the cover of some 

functionally different algal groups including macroalgae, turf algae and crustose coralline 

algae. 

 

Two belt transect methods were used in Study V. The first one, the discrete group sampling 

(DGS) method, involved sampling of a limited number of species and families of fish, each 

during a single pass of the transect (McClanahan 1994). Four passes were made and groups 

were counted as follows: 1 – Scaridae and Acanthuridae; 2 – Balistidae, Chaetodontidae, 

Diodontidae and Pomacanthidae; 3 – Labridae; and 4 – Pomacentridae. In the second method 

a single pass of the belt was made, where fish were recorded and categorized into family 

groups and size classes.  
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Trophic groups considered in Study II and III were corallivores, herbivores, planktivores, 

invertivores, omnivores and piscivores. It is sometimes difficult to distinguish whether fish 

attachment to habitat is for the purpose of feeding or for other reasons, especially in coral 

reef ecosystems. In Paper I fishes have been grouped into more specialised categories 

according to both their feeding habits and affiliation with habitats. 

 

Habitat and reef characteristics 

In Papers I and II, coral fragments were transplanted onto plots of known size. The nature of 

the substratum was determined by point-sampling on projections of slide photographs taken 

at several random positions in each plot. Substratum was classified into live coral, dead coral, 

coral rubble and sand. Coral relief was estimated by taking 10 readings of the highest 

branches in each plot lying under two transect tapes. The average of these readings 

represented the relief of each plot. Coral transplant plots in Paper II were of relatively 

uniform size and volume. Unlike in Papers I and II, plot sizes in Paper III corresponded to 

the size of the transplants (i.e. coral cover was higher than 90%), thus there was no need for 

estimations of coral cover in this study. Sixteen randomly placed 20 m transects were laid in 

Paper IV for estimations of substrate cover. Nine randomly placed 10 m transects were laid 

in the fifth study (Paper V), and all benthic organisms 3 cm or larger were encountered and 

size-measured using the line intercept method. Substratum types recorded were classified as 

coral and frondose algae (to genus level), turf algae, sponge and soft coral.  
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Other investigations 

Study V also looked at corals, algae and sea urchins (besides fish) using two ecological 

process assays: herbivory on seagrass and predation on sea urchins. For herbivory assays 30 

blades of the seagrass Thalassia hemprichii were clipped to a nylon line at 2 m intervals 

(according to Hay 1981, McClanahan et al. 1994) and left for 24 h before retrieving to record 

bite rates, amounts and whether bitten by fish or sea urchins. Sea urchins were sampled in 

nine random 10 m
2
 circular quadrates at each site, and all individuals were identified to 

species level and counted. Wet weights of twenty urchins of each species were measured for 

converting population densities to biomass estimates. Predation on sea urchins was estimated 

by threading 30 individual Echinometra mathaei to monofilament lines randomly placed on 

the reef and left for 24h, after which mortality from predation was recorded and a predation 

index calculated.  

 

Data analyses 

Variations in time, habitat (Paper II), location (Paper V), and the interactions of these factors 

were analysed using repeated measures ANOVA models. In Paper II, two-way ANOVA 

models were used to compare fish data among sites (4 levels) and among habitats (3 levels), 

using both variables as fixed factors. Reef types were assessed using one-factor ANOVA 

models. A hierarchical cluster analysis using Ward similarity was performed on the coral 

genera data to investigate similarities in coral community distribution patterns (Paper V). 

Additionally, cumulative numbers of coral genera and fish species were plotted against the 

sampling effort. 
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Mann-Whitney U-tests were used to compare site differences within sampling occasions 

(Paper I) and between protected and unprotected sites (Paper IV). In Paper I, t-tests for 

matched pairs and Wilcoxon signed ranks were utilised in comparing between sampling 

occasions. The data in Paper IV did not approximate homogeneity and normality, thus fish 

abundances, biomass and diversity as well as sea urchin biomass were tested for variation 

between sites using the Kruskal-Wallis test. A posteriori multiple mean comparisons were 

performed with Bonferroni corrected Mann-Whitney U-tests. Relationships between 

components of the benthic community were analysed using Spearman’s correlation 

coefficient. 

  

The multivariate non-metric multi-dimensional scaling (nMDS) ordinations (Papers I–IV) 

gave graphic visualizations of fish assemblage patterns, which were based on the Bray-Curtis 

similarity measure and density data (Clarke 1993). Using this multivariate technique, each 

point within an ordination denotes the assemblage structure in a sample in comparison to 

other samples. Thus, the proximity of points indicates the similarity in structure of their 

associated assemblages. A stress value indicates how precise the configuration of points is. 

Analysis of similarity (ANOSIM; Clarke and Green 1988) was used to analyse differences in 

fish assemblage structure among sites, habitats, reef-types and time periods, respectively 

(Papers I–III). ANOSIM confirms differences observed in nMDS ordinations, giving a 

measure and test of level of separation between samples. Where nMDS and ANOSIM 

indicated that there were differences in fish assemblages between sites and sampling periods, 
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the similarity percentage of analysis (SIMPER) procedure was used to identify the 

proportional contribution of individual species to among-sample dissimilarity (Clarke 1993). 

In other words, SIMPER identified taxa whose change in abundance had the most significant 

effect on the fish assemblage structure. 

 

 

RESULTS AND DISCUSSION 

This thesis includes studies focusing on fish response to changes in habitat, specifically 

bleaching and degradation of coral reefs. Of particular emphasis were the short- (Paper II) 

and long-term (Papers I and V) effects on coral reef communities of the El Niño Southern 

Oscillation (ENSO) of 1997/98. This event caused elevated temperatures worldwide and led 

to coral bleaching and mortality of up to 90% in East African reefs (Linden and Sporrong 

1999, Linden et al. 2002). The first study (Paper I) examined whole fish assemblages in plots 

of transplanted coral in Mafia Island Marine Park, Tanzania, before and after the 1997/1998 

bleaching episode. In Paper III, the effects of habitat quality, habitat structure and spatial 

arrangement of reefs on fish assemblages were investigated, while Paper IV focused on how 

aspects of herbivory differed between fished reefs and reefs within closures. 

 

Bleaching effects: the influence of structural complexity 

The long- (Paper I) and short-term (Paper II) effects of bleaching on reef fish communities 

were investigated by studying fish assemblages on transplanted coral plots with habitat types 
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representing a simple bleaching gradient from live coral to bleached (dead) and 

eroded/degraded coral (Paper II). The transplants were examined shortly before, 6 months 

after and 6 years after the major bleaching episode of 1997/98. The results revealed no 

observed differences between fish abundances on live corals and freshly bleached corals, 

while they both had greater fish densities than eroded corals (Paper II). This suggests that the 

coral bleaching itself did not generate any corresponding changes in fish assemblage 

structure. However, with time bleaching may lead to death of corals. This in turn weakens the 

corals and makes them more vulnerable to environmental forces and ultimately the coral 

structure breaks down. The effects of coral bleaching may not always be instantly evident, as, 

for example, the reduction in availability of coral polyps for fish species that feed on corals 

may lead to significant but sub-lethal effects on the fishes (Kokita and Nakazono 2001, 

Pratchett et al. 2004, Berumen et al. 2005). In fact the effect of coral bleaching may 

sometimes be an increase in fish densities, such as found by Lindahl et al. (2001). In Paper I, 

six months after coral death, the total abundance and taxonomic richness had increased at one 

of the two sites, whereas six years later the two measures had decreased significantly at both 

sites. Such responses would be expected as turf algae colonize the dead coral substrates, 

possibly resulting in increase in herbivores on the reef. With subsequent degradation of the 

dead corals and lowering of habitat structural complexity the fish abundance and diversity 

would drop again. 

 

Fish diversity was lower in eroded plots than in plots of live and bleached coral. This is an 

indication of a positive relationship between fish diversity and habitat complexity (Papers I–
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III). Some fish species are generalists and associated with corals during some parts of their 

life cycle (Wilson et al. 2010), while others are specialists strictly dependent on corals for 

food (e.g. Pratchett et al. 2006) and/or shelter only when threatened (Holbrook et al. 2002). 

Specialists are more likely to be affected by coral loss than are generalists. Other factors 

affecting fish diversity are the extent of original coral cover, magnitude of disturbance and 

the strength of the relationship between fish and corals at the time of disturbance (Paper I). 

  

Among-sample variability increased with disturbance and was most apparent following 

substrate erosion (Papers I and II, Fig 2). Functional groups with documented habitat-

associations were also significantly influenced by habitat alteration. For instance, the 

abundance of coral dwellers decreased following coral death and erosion. All herbivores 

increased as an immediate response to bleaching, but were subsequently uncommon in 

eroded plots. Although coral feeders were rare throughout the study, they were – as predicted 

– absent from the eroded reefs. 
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Fig 2. Mean number of fish per plot at live, bleached and eroded coral habitat types, recorded 

on four occasions over a period of one year. Error bars denote standard error.  

 

In the second study (Paper II), there was a clear effect of structural complexity and relief on 

fish abundance and diversity, as evidenced by the differences in fish composition on eroded 
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coral (rubble) plots compared to the live and bleached coral treatments. Differences between 

live and bleached habitats were less obvious and not statistically significant. After the first 

survey (December 2004), time influenced fish diversity but not abundance. When 

assemblage patterns were examined, however, a shift with habitat structure and time was 

shown. Planktivores and corallivores showed preferences for living corals. Planktivores and 

invertivores dominated the fish assemblages initially, but their influence decreased with time. 

There was no significant difference in fish diversity between live and bleached coral habitats, 

but the eroded coral plots had significantly lower fish diversity and abundance when 

compared to live and bleached coral plots. This is in contrast to study III where bleached and 

eroded plots did not differ in fish abundance or diversity. The contrasting results in study III 

may partly be due to different spatial configurations of the reefs studied. The combined effect 

of habitat quality and spatial arrangement on fish-habitat relationships is not yet well 

understood (Moore et al. 2011). Studies II and III were similar considering the interaction of 

fish trophic groups and reef habitat. 

 

The importance of structural complexity implies that long-term impacts of bleaching might 

be more dramatic to fish assemblages than the initial loss of live coral cover, as dead coral 

typically erodes to rubble. This was illustrated by the higher resilience of fish assemblages in 

the short-term study (Paper II), when compared to the response on fish community-level six 

years after a major bleaching event (Paper I). Similarly, in Paper I the assemblage structure 

of fish on the four plots that survived the 1997/1998 bleaching event eventually became 

similar to that of the dead plots as the corals gradually bleached and died. Species with close 
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association to the substrate were most affected by bleaching in both studies (i.e. Papers I and 

II), especially fish that feed exclusively on corals (i.e. corallivores). Obligate corallivores are 

especially vulnerable to loss of live coral (Munday 2004, Wilson et al. 2006, Pratchett et al. 

2008) and have been identified as the most vulnerable functional group to climate 

disturbances (Graham et al 2011a). Another group similarly affected was the planktivores, 

but only in the second study (Paper II). This effect on planktivores may be explained by the 

large number of juveniles recorded as some non-coral specializing fish species have been 

reported to show strong associations with live coral as juveniles (Booth and Beretta 1994, 

Feary et al. 2007b). 

 

Effect of management and protection of reefs 

Management of reefs in Tanzania has been carried out by means of Marine Protected Areas 

(Papers II, IV and V). The most common method of enforcement is the introduction of no-

take areas, i.e. closures from fishing and other extractive activities. Increased abundance of 

fish as a result of management may have consequences for coral reef communities. A return 

of larger-bodied fish to the reefs (which are targeted by fishers) can lead to better grazed 

reefs with higher coral cover and less frondose algae cover (Paper IV, V, McClanahan and 

Arthur 2001). High densities of sea urchins in fished reefs such as Changuu, attributed to a 

decline of sea urchin predators (McClanahan 2000), was contrasted in protected reefs where 

sea urchin predators and grazing competitors were found to increase in numbers. Patch reefs 

in the protected Chole Bay (Mafia Island Marine Park) had the highest abundance and 

diversity of patch and continuous reefs in four areas in Tanzania (Paper III). Ecological 
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theory predicts that populations of specialist species are likely to be constrained by the 

abundance of specific resources. Under protection therefore, the increase in available 

resources should favour abundance of both generalist and specialist fish species. With time, 

protection may therefore lead to pronounced differences in fish assemblage structure on coral 

reefs (Paper IV, V, Fig 3). 

 

 

Fig. 3. Non-metric multidimensional scaling (MDS) ordinations of fish assemblage structure 

on 2 protected (dark symbols) and 2 fished reefs. 

 

Although in the long term crustose coralline algae is expected to thrive where sea urchin 

numbers are low (O’Leary and McClanahan 2011), we found abundance of the two to be 

positively correlated. Neither was there a strong negative relationship between herbivore 
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abundance and that of the other two functional groups of algae, the macroalgae and turf 

algae. In addition, algal abundance was highest in the fisheries closures. This departure from 

the traditional view of macroalgal-reef herbivore dynamics and could be due to the influence 

of several factors operating over different spatial scales (Hoey and Bellwood, 2010). Possibly 

the effect of habitat is a factor in the complex herbivore dynamics, as well as are the 

presence/absence of a few key fish species (Cheal et al. 2011) and the influence of bottom-up 

processes. 

 

CONCLUDING REMARKS 

Despite methodological differences, the results from these five studies indicate some general 

patterns and conclusions. Structural complexity was shown to influence coral reef fish 

diversity and abundance. The effects of a disturbance event such as bleaching are more 

apparent in the long term (years) than in the short term (weeks to months). This is because 

the physical framework of the reef remains intact in the short term. With time, however, the 

reef erodes and the structural complexity is lost, with severe consequences for associated fish 

assemblages. The ‘slow’ response of fish assemblages to bleaching of corals could indicate 

that reef fish are more resilient than previously thought. Many species did not discriminate 

between live and bleached or partially degraded colonies. This could signify that settlement 

patterns are resilient to the initial stages of declining coral health (Feary et al. 2007; Paper II). 

Generalist fish species in general are more resilient to habitat degradation than coral 

specialists (see Pratchett et al. 2004, 2008). Similarly, the general stability of reefs in the 

Western Indian Ocean 6 years after the massive ENSO of 1997/98 indicates that some coral 
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reefs are relatively ecologically stable and resilient to climate change, and possibly of 

regional or global conservation importance (Paper V, West and Salm 2003). A better 

understanding of the driving role of processes, structural complexity and diversity on 

recovery is needed (Graham et al 2011b). At local level, at least, priorities should include 

identification and management of these high-diversity, resilient reefs (Mclanahan et al. 2011) 

so as to minimise effects of future climate change impacts. This discovery of stable, fairly 

intact reefs indicates that descriptive and monitoring studies are essential, despite the current 

shift towards experimental studies of coral reefs. Patch reefs (even small ones) have the 

potential to support juvenile fish and should not be sidelined in management plans. While the 

role of herbivory is significant in maintaining reef resilience, the specific roles of individual 

herbivorous species remain uncertain. In addition, reefs have different biological and 

oceanographic conditions, and hence explanations of community structure should be taken in 

context. Those and other aspects described in this thesis deserve further investigation. 
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