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ABSTRACT 

In 2000, Fiji suffered an extensive coral bleaching disturbance caused by elevated sea 

temperatures that resulted in mass mortalities of corals around the country. From 

2000 to 2013, temporal changes in reef community, sea temperatures and relevant 

parameters from different sites in Fiji were analyzed to document changes. Coral 

composition and recovery varied among sites and years suggesting that one site may 

not be representative of all sites across Fiji’s exclusive economic zone of 10, 550, 

000 km2. Localized disturbances such as tropical cyclones, heavy rainfall events,

ENSO and human causes, influence the reef systems.  Geographically, sites located 

near each other were similar having likely recruited corals from the same area. The 

dominance of a benthic category such as Acropora in earlier years for several sites 

shifted in later years to other coral benthic forms including submassive corals due to 

disturbances that halted survival and growth of Acropora.

Satellite sea surface temperature observations (SST) for the Coral Reef Watch Beqa 

virtual station were well correlated with in-situ temperature measurements from 3 Fiji 

sites: Suva, Vatu-i-Ra, and Taveuni.  The r2 value of the correlations was between

0.87 and 0.93 for all 3 locations. The study demonstrates that the satellite 

measurements provide a reasonably accurate ongoing database for resource 

managers. Satellite temperature observations could be made more robust through the 

establishment of more virtual stations in Fiji with the assistance of the NOAA Coral 

Reef Watch. The increased number of virtual stations would decrease sampling 

uncertainties and thus enable more confident application of the measurements. 

Finally, although sea temperature was important, it was not the only factor causing 

the breakdown of reef ecosystems. For instance, the Acanthaster planci outbreak at 

Suva’s Fish Patch in 2007 resulted in slow growth in Acropora species after the 

2007-2008 Crown-of-Thorns outbreak. Acropora at Mount Mutiny in Vatu-i-Ra may 

have been affected by Tropical Cyclone Evan in 2012, but insufficient time has 

elapsed for a robust time series analysis.  
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Chapter 1 INTRODUCTION 
 

Study Locality 
The Fiji Islands archipelago comprises 320 islands and over 500 islets and cays with an 

overall land area of 18,270 km2 (Chin et al. 2011).  Fiji is situated in the western South 

Pacific between 177°E-178°W and 16°S-20°S (Australian Bureau of Meteorology & 

CSIRO 2011) with a marine area of 10,550,000 km2 and reef area approximately 6,704 

km2 (Chin et al. 2011) situated around the country. In Fiji, 40% coral cover is regarded 

as the average level for many reefs, and those exceeding 50% are considered as having 

high coral cover (Sykes 2007).  The approximate area of Marine Managed Areas in the 

country is 10,880 km2 with a total number of 217 Locally Marine Managed Areas (Chin 

et al. 2011). In 2000 and 2002, coral cover decreased significantly in Fiji after two 

temperature-related mass bleaching events (Sykes & Lovell 2008).   

History of Disturbances to Fiji Coral Reefs 
Between 1997 and 2007 monitoring displayed a variety of coral covers, reflecting how 

diverse Fiji’s reefs were between sites and changes over time as a result of episodic 

events (Sykes & Morris 2009). In 2000, 64% of all scleractinian coral colonies surveyed 

were bleached (partially or fully, or recently dead from bleaching) (Cumming et al. 

2000a).  Seawater temperatures surpassed the expected summertime maxima for 5 

months and peaked at 30-30.5°C between early March and early April 2000; estimations 

showed that 10-40% of coral colonies had died from bleaching within four months of the 

onset of bleaching (Cumming et al. 2000a). Fiji’s coral reefs have also been susceptible 

to other disturbances including tropical cyclones, predation and disease (Acanthaster 

planci or Crown-of-Thorns starfish outbreaks (COTs) and Drupella snail predation), 

siltation due to deforestation, removal of coastal mangroves and river runoffs, 

overfishing and pollution (Sykes & Lovell 2008). The percentage of threatened reefs due 

to localized and thermal stresses as of 2011 was ~80% (Chin et al. 2011).  

Statement of the Problem 
Coral bleaching has become an increasing problem and more frequent in recent years in 

many parts of the world and is likely to become more intense in the future with global 



 

2 
 

climate change and variability (Rohwer & Youle 2010). Sustained elevated seawater 

temperatures above 29°C in combination with strong light intensity can cause a 

breakdown in the symbiotic relationship between the host coral polyps and 

photosynthesizing zooxanthallae microalgae, resulting in the expulsion of the latter 

(causing the bleaching) and eventually the death of the affected coral. In terms of future 

projections, by 2050, between 30-90% of coral populations globally will likely decline 

(Hoegh-Guldberg 1999) as bleaching could occur annually or biannually for most coral 

reefs in the world in the next 30–50 years (Donner et al. 2005). 

Globally, the ocean’s temperature is highest close to the sea surface, where most of the 

coral reefs are located. A warming of ~0.11°C every 10 years from 1971 to 2010 was 

experienced in the upper 75m of the ocean (IPCC 2013). As sea surface temperature 

(SST) increases, reefs will continue to lose coral cover and may eventually go through 

an ecosystem shift from a coral-dominated to a macroalgae-dominated state (Rohwer & 

Youle 2010) as noticed in the Caribbean. Indeed, a macroalgae-dominated shift is 

already happening under present-day temperature and bleaching events, which are 

causing changes in the species composition and structure of coral communities 

(Pratchett et al., 2008). 

Although rising temperature is a major factor threatening coral reef ecosystems, other 

factors may also locally influence the recovery of corals after a bleaching event. Such 

factors include: Crown-of-Thorns outbreaks, physical damage, increased rainfall, 

salinity, turbidity, ocean acidification and other biological effects. Human factors also 

affect reef communities through coastal development, overfishing and marine pollution. 

Throughout their existence, coral reefs globally have been subjected to natural events 

and when undisturbed by human activities, these ecosystems usually persist and recover 

(Pandolfi et al. 2006).   However, the inclusion of anthropogenic changes to the reef 

environment may potentially result in the reduced capacity for it to overcome 

disturbance (Pandolfi et al. 2003; Hughes et al. 2010).  

 

Disturbances to ecosystems can be categorized as either chronic or acute (Connell 1997). 

Chronic disturbances to coral reefs such as sedimentation and nutrient input from 
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catchment land-use practices are slow to change and exert continuous pressure on the 

system (Fabricius 2005). An acute disturbance such as a bleaching event can force the 

system into a new state, where reinforcing feedback mechanisms can prevent coral 

recovery (Hughes et al. 2010). Additionally coral acclimation is an important aspect to 

consider in reef recovery and resilience. Oliver and Palumbi (2011) studies in American 

Samoa suggested that previous exposure to an environmentally variable microhabitat 

adds significantly to coral-algal thermal tolerance, beyond what is provided by heat-

resistant symbionts alone. 

This study quantitatively analyzes the long term trends and recovery of hard coral cover 

types since the 2000 bleaching event in Fiji quantitatively and qualitatively analyzes the 

effect of sea temperatures and other parameters on coral groups. There are critical gaps 

in the knowledge of how reefs can recover or bounce back from disturbances such as a 

bleaching event and retain a coral-dominated state in the face of multiple disturbances 

(Hughes et al. 2010; Wilson et al. 2010). Therefore, more research is required to gain 

critical information in this area. 

Background  
Monitoring the changes in coral composition and life-form categories since this 2000 

bleaching episode is important to help understand what the reef systems look like after 

13 years, what types of disturbances took place within that period of time, and what 

disturbances reefs are most vulnerable to. From the findings of a country report by Sykes 

and Morris (2009), it was evident that the continuity of long-term monitoring of coral 

bleaching events in Fiji is vital in order to clearly understand patterns of the reefs. The 

authors mentioned that six years of monitoring coral reefs in Fiji would not be able show 

the entire picture; however 10-15 years of data collection will help make regular cycles 

more apparent. Projects that observe a few years of monitoring allow people to gain a 

fair idea of the health of reefs; however without long term monitoring these are merely 

disconnected data spots (Sykes & Morris 2009). A long term monitoring program 

supported by the Australian Institute of Marine Science (AIMS) have carried out surveys 

along the Great Barrier Reef since 1985 which include recording estimates of coral 

cover. The program also captures the effects or disturbances to the reefs such as coral 
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bleaching events, crown-of-thorns outbreaks and tropical cyclones providing 

information of the issues of concern to reef managers (Australian Institute of Marine 

Science 2014).   

Project Purpose 
This study focuses on comparing three coral reef areas in Fiji (Taveuni, Vatu-i-Ra and 

Suva Harbour) with sampling done at a total of five sites. Analysis of trends over a 13 

year period were carried out focusing on benthic coral composition and coral recovery 

after the climate induced bleaching event of 2000. Thus, data (where available), 

including pre-bleaching, post-bleaching and recovery of benthic categories, were 

analyzed. Other parameters such as tropical cyclones, rainfall, salinity as well as 

disturbances such as Crown-of-Thorns outbreaks, were considered where data is 

available.  Ocean acidification, though given its importance towards corals, was only 

mentioned briefly in the thesis as there has been very little previous information based 

on acidification for Fiji’s reefs. Comparisons were made to examine whether there was 

correlation or similarity between satellite sea surface temperatures and seawater 

temperatures (retrieved from in-situ temperature loggers). If correlations are significant 

and closer to in-situ temperature measurements, satellite sea surface temperatures would 

be better used to observe constant and longer term temperatures. This research therefore 

attempts to address the following gaps in the current knowledge for Fiji: 

- To identify changes in coral cover and composition over time and how the 

changes vary across 3 coral reef locations in Fiji.  

- To investigate whether satellite sea surface temperature could be used with 

confidence to extrapolate over unsampled areas and longer time periods.  

- To understand the relative impact of heat stress on coral reef health and 

abundance for selected sites in Fiji.  
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Chapter 2 LITERATURE REVIEW 
 

Biology of Corals 
Across millions of square miles in the tropical regions of the world, coral reefs dominate 

the shallow inshore waters that frequently define the tropical marine environment limits 

(Nybakken & Bertness 2005). The estimated area that reefs take up is around 600,000 

square miles of the Earth’s surface equating to around 0.17% of the planet’s total area 

(Nybakken & Bertness 2005). 

About 50% of the Earth’s oceans’ calcium each year is consumed and bound into reefs 

in the form of calcium carbonate (CaCO3). Since each calcium atom that is bound needs 

the incorporation of one molecule of carbon dioxide (CO2), reefs play a vital role in 

removing up to 700 billion kilograms of carbon annually, contributing to marine health 

and climate regulation (Nybakken & Bertness 2005). Coral reefs are essentially calcium 

carbonate deposits mainly produced by corals which are part of the Cnidaria phylum, 

along with fewer additions from sponges, mollusks, segmented worms and calcareous 

algae (Nybakken & Bertness 2005). 

There are two types of corals: ahermatypic and hermatypic. Ahermatypic corals do not 

produce reefs and are distributed all over the world. Hermatypic corals in contrast, form 

reefs and are only situated in the tropics. Furthermore, hermatypic corals contain 

dinoflagellate zooxanthallae, symbiotic algal cells that live in their tissue (Nybakken & 

Bertness 2005). The role of the zooxanthallae is to enhance the hermatypic corals’ 

growth as well as to secrete their CaCO3 skeletons, hence they are very important for 

reef development (Nybakken & Bertness 2005). These corals are either colonial or 

solitary however most colonial containing polyps (coral animals) are occupying 

corallites in the massive skeleton. Coral polyps divide asexually on the skeleton’s 

surface, creating a sheet of genetically identical polyps which secrete the colony’s 

skeleton at their base (Nybakken & Bertness 2005).  

Each corallite of the skeleton consists of, and is secreted by, one polyp. It has a series of 

sharp sclerosepta that provides structural protection from its base. Each polyp in the 
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coral has a series of tentacles around its mouth containing stinging cells known as 

nematocysts that the organisms use to capture their zooplankton food (Nybakken & 

Bertness 2005).  

What Happens When Corals Bleach? 
Corals become bleached when their zooxanthallae are expelled due to stress or 

unfavourable living conditions. Following expulsion, corals turn white because the 

zooxanthallae are coloured while the host polyp is white. Corals will die if the 

zooxanthallae are not present for a significant period of time, for example during a long 

period of increased water temperatures. Reports of bleaching in the Indo-Pacific and 

Caribbean have been recorded to affect most but not all coral species (Nybakken & 

Bertness 2005). According to Hoegh-Guldberg (1999), the delicate balance between host 

and symbiont is at risk as ocean temperatures are increasing at an approximate rate of 1-

2°C per century.  

Bleaching causes are not straightforward but many scientists relate it to coral stress, and 

as mentioned earlier bleaching is stress induced by increased sea water temperatures of 

about 30°C or above in particular (Nybakken & Bertness 2005). Bleaching events are 

becoming more predominant and concerns have been raised that such events are 

attributed to global warming. If such bleaching events continue to rise, reefs may be 

unable to recover and marine life along with food security may become threatened.  

There is growing evidence that the structure and ecological functions of coral reefs are 

undergoing a number of major changes due to local as well as global stressors. Corals 

are known to bleach in response to a number of environmental stresses such as unusually 

high or low sea water temperatures, low salinity or pollution (Lough & van Oppen 

2009). Recent studies show that coral reefs are losing their dominant hard coral 

populations at about 1–2% per year globally (Bell et al. 2011). 

In earlier years, bleaching occurrences were only observed on small spatial scales in 

responses to localised stresses localised (Lough & van Oppen 2009). What is different 

now, and undoubtedly associated to global warming caused by the enhanced greenhouse 

effect, is a rise in the frequency of large-scale mass coral bleaching events resulting in 
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whole reefs being affected (Lough & van Oppen 2009). Coral-bleaching events signify 

acute disturbances that are large-scaled, often resulting in extensive coral deaths. This 

bleaching is followed by on-going degradation of the framework of the reef (Garpe et al. 

2006). By taking into consideration different time-scales, immediate coral bleaching 

effects may become distinguishable and linked with live coral tissue reduction or loss (< 

3 years) from medium-term physical and biological reef habitat structural changes (3-10 

years) and extrapolating the time-scales to give a longer term (>10 year) projection for 

the fate of these ecosystems (Pratchett et al. 2009).  

While continuing effects of such species shifts are unknown, it was suggested that they 

may have damaging consequences for the coral reefs’ ability to maintain pace with an 

increase in sea levels as well as temperatures, as many opportunistic species are 

extremely vulnerable to shifts in temperature and storm damage (Knowlton 2001). 

“Extremely severe and/or large-scale bleaching events will have longer term 

effects on coral reef ecosystems (Graham et al. 2007); especially given that the 

frequency and intensity of mass coral bleaching are expected to increase 

(Donner et al. 2005) and recovery at some locations may be very slow” 

(Knowlton 2001). 

A substantial number of studies have explored the connection between bleaching events 

and environmental factors (Berkelmans 2009). Whilst bleaching on a localized scale can 

have many causes (Dove & Hoegh-Guldberg 2006) such as cyanide fishing, disease and 

salinity changes (Marshall & Schuttenberg 2006), widespread bleaching events have, 

almost without fail, been discernibly related to unusually warm ocean temperatures often 

in combination with more light. As mentioned earlier, the elevated ocean temperatures 

in conjunction with intense light can therefore cause a breakdown in the symbiotic 

relationship, leading to the expulsion of zooxanthallae (causing the bleaching) and 

eventually the death of the affected coral. The bleaching of corals is most likely to occur 

when sea surface temperatures rise by 1-2°C exceeding the maximum mean temperature 

for about 4-8 consecutive weeks under clear skies for a particular place (Wilkinson & 

Brodie 2011).  
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In the early months of 2002, satellites from the U.S. NOAA detected high sea surface 

temperature anomalies that developed in the western Coral Sea along the Great Barrier 

Reef, along the East coast of Australia. The increased sea surface temperature anomalies 

led to one of the most mass coral bleaching events to be recorded (Wilkinson 2002).  

 

Similarly in 1997-1998, an unprecedented coral bleaching event swept across the reefs 

of the Indo-Pacific (Colin 2009). The Indo-Pacific event resulted in high mortality of 

coral colonies in many areas. For example, despite its remoteness, Palau was not spared, 

as bleaching began in late June/early July of 1998 and persisting through to November, 

and for five months, water temperatures reached 30°C and above (Colin 2009). The 

extent of bleaching differed, largely depending on various factors such as habitats and 

genera/species of coral affected; species of Acropora were hit particularly hard and large 

areas covered by this genus had nearly total mortality (Colin 2009). Immediately after 

the bleaching, concerns were raised that certain species of Acropora may have become 

locally extinct, due to living examples not easily being found. Fortunately local 

extinction was not seen to be true as all of the bleached species had subsequently been 

found (Colin 2009).  

Fiji’s Coral Reefs  
Fiji’s mass coral bleaching threshold temperature for the Beqa Virtual Station, which is 

one of Fiji’s grid cells, has been identified at 29.1°C (NOAA 2014). In 2000, when Fiji’s 

mean daily in-water sea temperature was recorded above 29°C for over 90 consecutive 

days, a mass bleaching mortality occurred, during which Fiji lost between 40 and 80% 

of the hard coral across the country within depths of <5m (Cumming et al. 2000b).   

There was no previous mass bleaching event on record for Fiji, however minor 

bleaching (including a small proportion of colonies and/or a high proportion of partial 

bleaching) occurred in 1998 and 1999 (Cumming et al. 2000b).  

Degree Heating Weeks (DHWs) reached 7-8 (February–April 1999) around south-

eastern Viti Levu, and major bleaching of Acropora and Platygyra colonies occurred in 

Suva Harbour. Bleaching did take place again in 2001 but was minor at most sites 

(Cumming et al. 2000b). 
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The Degree Heating Weeks is a product that shows accumulated thermal stress when sea 

surface temperatures are above the maximum summertime average by over 1°C (NOAA 

Satellite and Information Service 2014). Measured by HotSpots, the DHW values are 

good indicators for coral bleaching (NOAA Satellite and Information Service 2014). The 

product is related to the timing and how intense the coral bleaching is. Significant 

bleaching can be expected from 4°C weeks however, when DHW values exceed 8°C 

weeks widespread bleaching and coral death is usually expected (NOAA Satellite and 

Information Service 2014).  

For the Suva Barrier Reef and Taveuni (Vuna Point) sites, the year 2000 recorded one of 

the two hottest years, remaining above the 29°C for 3.5 months and peaking at 30-

30.5°C (Cumming et al. 2000a). The other hot year recorded was in 1989 at Suva and 

1996 at Taveuni. These different years therefore suggest that the north and south of Fiji 

are influenced by different water masses (Cumming et al. 2000b).  It must be noted 

however, that temperature anomalies are of greater significance when referring to severe 

heat stress.  

Multiple Disturbances Linked to Climate Variability and Change 
In addition to increased ocean temperatures that have visible consequences for coral 

reefs, coral reef environments are also susceptible to multiple disturbances linked to 

climate change such as more intense tropical cyclones, rainfall patterns and ocean 

acidification. This makes it difficult to identify and quantify the role or importance of 

any one factor on coral reefs (Jones et al. 2004). Different types of disturbances may 

have a number of impacts; however most of these are harmful to corals. Other aspects of 

projected climate change and variability that will additionally impact coral reefs include: 

a) Greater intensity of tropical cyclones 

The impact of cyclones last for a short period of time which could potentially influence 

the localized dispersal patterns as well as the probability of survival for coral reef larvae, 

but which are improbable to affect dispersal at most other times or places (Munday et al. 

2009). Tropical storms have been correlated to strong recruitment pulses of certain 

marine organisms (Shenker et al. 1993) however whether stronger, more severe cyclones 

have similar positive effects as weaker tropical storms and cyclones remains to be 
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confirmed. A more likely consequence of stronger cyclones is greater physical 

disturbance to coral reefs (Dollar 1982), which could compound the impacts of ocean 

acidification and bleaching, resulting in greater loss of habitats and fragmentation of 

coral reef communities (Munday et al. 2009). 

Muko et al. (2013) investigated the coral communities in two sites at Iriomote Island in 

Japan. They monitored one exposed and one protected site from 2005 to 2008. During 

the study period, one cyclone and thermal stress were examined. It was confirmed that 

the tropical cyclone caused physical damage and led to the highest mortality in 

arborescent and digitate corals at the exposed site (Muko et al. 2013). Lowered growth 

rate and delayed mortality were likely due to the damage caused by the cyclone. The 

authors concluded that the cyclones which caused physical damage to coral reefs had a 

greater impact on fragile corals than initially expected. In Fiji, Littler and Littler (1999) 

found a sudden bloom of green filamentous algae on exposed broken carbonate surfaces 

following extensive damage to a coral reef by cyclone Gavin, which paralleled similar 

phenomenon on physically damaged reefs elsewhere. An ecosystem shift towards algal 

dominance could further delay recovery of damaged reefs. This could suggest that the 

more intense cyclones become, the greater the potential to damage reefs, especially the 

branched and tabular coral fauna. 

Tropical cyclone development mostly occurs during the warm-wet season or summer 

months from November to April in the South Pacific, where peak months are generally 

during the January, February and March period, based on historical information 

(Salinger & Lefale 2005). Countries within this region that are mostly at risk include 

Fiji, Vanuatu, Tonga, Niue and New Caledonia. An average of 9 cyclones can develop 

within the warm-wet season however frequency can range from as low as 3, to as many 

as 17 which was believed to be the case during the 1997/1998 during the last strong El 

Niño episode (Salinger & Lefale 2005). In recent years though, several studies have now 

proposed that fewer tropical cyclones are likely to eventuate in a changing climate, 

however those that do develop are expected to become more intense (Meehl et al. 2007) 

and evidence shows that the damaging potential of tropical cyclones has increased in 

recent decades (Emanuel 2005) - for instance, Category 4 Cyclone Evan passing through 



 

11 
 

Samoa and Fiji, a Category 5 Typhoon Haiyan in Palau and then going on to cause 

extensive damage in the Philippines. 

 

b) Regional rainfall pattern changes 

More dangerous droughts and flooding could affect temporal patterns of the connectivity 

of coral reefs close to shore, mainly if differences in such events impact the dispersal 

patterns and survivability of larvae, or planktonic food production that larvae need 

throughout their pelagic phase. For instance, changes in the availability of nutrients in 

association with runoff can lead to algal blooms, eutrophication of coastal areas and alter 

the composition of plankton communities that are food for larvae (McKinnon et al. 

2007). Salinity variations can alter the direction of currents or cause larvae to modify 

their vertical position in the water column (Paris et al. 2002).  

 

A strong La Niña event that occurred in early 2011 led to widespread flooding at the 

Fitzroy catchment in central Queensland and created an extensive freshwater plume 

within the Great Barrier Reef lagoon leading to major scleractinian coral mortalities on 

the reef situated at Great Keppel Island, less than 50 kilometres from the mouth of the 

river (Tan et al. 2012). The authors found that the annual per capita deaths among 

colonies that were tagged was at a very low rate of 1.1%. However, 100% mortality was 

seen among 60 tagged Acropora millepora colonies following an episode of flooding, 

indicating a high vulnerability to heavy rainfall for colonies in that locality.  

 

c) Inter-annual (ENSO events) and multi-decadal climate variability  

The El Niño Southern Oscillation (ENSO) is significant to coral reefs as it is a major 

source of short-term climate variability. There are two phases of ENSO, El Niño and La 

Niña. These phases are usually associated with distinct anomalies of the tropical 

atmospheric and oceanic climate (McPhaden 2004). Maximum SSTs are likely to be 

significantly warmer than usual across the equatorial Pacific during El Niño events and 

significantly cooler during La Niña events in many areas of the tropical Pacific (Lough 

et al. 2011). At present it is not clear how ENSO amplitude and frequency will be 

affected by the changing climate, though it has been suggested according to global 
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climate models that a more El Niño-like Pacific climate may be experienced in a warmer 

world (Meehl et al. 2007) and very likely that ENSO will not disappear in the future 

(Wang et al. 2012). In 1998, a severe ENSO event took place that caused high 

temperatures resulting in significant bleaching in corals in the tropics (Cumming et al. 

2000a). Surprisingly, reefs in the south-west Pacific including Fiji were for the most part 

unaffected during the strong 1998 El Niño however suffered in 2000 from an intense La 

Niña (Cumming et al. 2000a).  

Coral bleaching also occurred in 1983 as a result of the 1982/1983 El Niño Southern 

Oscillation event along the shallow reefs of the Java Sea in Indonesia. Oceanographers 

described this event as the strongest warming that the equatorial Pacific had experienced 

in the 20th century (Halpern et al. 1983; Kerr 1983). The average ocean temperatures 

increased by 2-3°C over a period of 6 months with values reaching more than 33°C 

recorded between 1200-1500 hours (Brown & Suharsono 1990). According to Brown 

and Suharsono (1990) mortalities of up to 80-90% corals occurred on the reef flats at the 

study sites, with massive losses in branching coral species such as Acropora and 

Pocillopora. 

Records of instrumental SST as well as sea surface salinity (SSS) since 1975 show that 

strong South Pacific Convergence Zone (SPCZ) migrations are associated to ENSO 

episodes. The southern limit of the SPCZ is situated close to Fiji. It moves towards the 

north during an El Niño year resulting in lower rainfall (drought seasons) and down 

south during a La Niña causing increased rainfall (Juillet-Leclerc et al. 2006) thus 

changing sea surface temperatures. According to in situ observations, the Southwestern 

Pacific displays the effect ENSO has on regional SST (Gouriou & Delcroix 2002).  

d) Ocean chemistry  

An insidious effect of enhanced greenhouse gas (GHG) concentrations to coral reef 

ecosystems is a progressive change in the chemistry of oceans. An estimation of 

approximately 30% of excess carbon dioxide (CO2) released into the atmosphere had 

been absorbed by the oceans in the past 250 years (Sabine et al. 2004), leading to the 

acidification of the oceans. The quantification of ocean acidification is measured by 
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declines in pH (IPCC 2013). The pH is lowered when the amount of CO2 dissolved in 

the oceans increases and this also results in a decline in carbonate ion availability used 

by calcifying organisms to form shells and skeletons (Kleypas et al. 1999). There is high 

confidence that the pH of the ocean’s surface has dropped by 0.1 since the start of the 

industrial era which corresponds to an increase of 26% in hydrogen ion concentration 

(IPCC 2013). There is also very high confidence that anthropogenic carbon dioxide 

ocean uptake will continue under all the Representative Concentration Pathways (RCPs) 

to the year 2100 (IPCC 2013).  

Other Disturbances 
 

a) Crown-of-Thorns (Acanthaster planci) Outbreaks and Predation 

A major cause of the degradation of coral reefs throughout the Pacific Ocean is the 

Acanthaster planci, the corallivorous Crown-of-Thorns starfish (COTs). Population 

outbreaks of these starfish are one of the leading causes of coral mortality in the Pacific. 

COTs usually occur at very low densities (less than 1% starfish ha-1); however are 

known for their pronounced and rapid abundance increases. When outbreaks occur, 

Acanthaster planci are capable of killing up to 80% of corals across large areas of reefs 

(Baird et al. 2013). There have been a number of factors that suggest how COTs 

outbreaks are initiated and these include concentration of nutrients in near-shore waters 

(Fabricius et al. 2010) as well as overfishing of fish species that feed on COTs (Dulvy et 

al. 2004; Sweatman 2008).  

Colgan (1987) provided evidence of reef degradation as a result of the Crown-of-Thorns 

starfish in Guam. The author investigated a coral-eating Acanthaster planci population 

explosion which devastated the coral community at Tanguisson Reef from 1968 to 1969. 

There were drastic reductions of species richness, density and cover with an alteration of 

the composition of species. Less than 1% of coral cover remained in two of the three 

zones that were studied and due to the magnitude of this event, long recovery times were 

predicted as reefs were mature, stable communities.  

The threat of reef degradation to coastal fisheries and food security is evident and 

measures need to be adopted in order to control the scale and frequency of outbreaks 
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(Rivera-Posada et al. 2011). Furthermore, it is critical to enhance resilience of reef 

ecosystems to disturbances in the future, mainly climate change (Baird et al. 2013).  

On the Suva reef, Acanthaster populations are sporadic and migrate in well-defined 

groups or ‘herds’ along the reef face (Lovell E, personal communication). The long-

effects of these organisms are not clear for the Suva reef, as consistent studies are 

lacking. While COT outbreaks can be devastating and/or lethal for isolated reefs far 

from sources of larval recruitment, on larger reefs their long-term effects are less 

pronounced; they could act as a natural selection factor to remove unhealthy or less 

resistant coral colonies, thereby increasing species diversity (Aalbersberg W, personal 

communication). What is clear however is that very large COT outbreaks caused by 

likely anthropogenic factors are definitely harmful. Other predators of corals include the 

corallivorous snails of the genus Drupella, which feed on large amounts of live coral and 

are capable of reaching high population densities from time to time (Chin et al. 2011) 

b) Salinity 

Temperature and seawater salinity have for a long time been recognised as limiting 

environmental factors for coral reef growth (Vaughan 1914). Thresholds for temperature 

have been studied frequently particularly in recent decades as a result of increasing 

research efforts in understanding climate change effects (Berkelmans et al. 2012).  In 

contrast, salinity thresholds have been studied significantly less. Identifying thresholds 

for salinity is relevant for mapping and modelling the impact of flood plumes due to 

runoff of rivers on coral reefs (Berkelmans et al. 2012). 

When evaporation dominates in regions where salinity is high, these places become 

more saline, whilst low salinity areas where precipitation is dominant have become more 

fresh since the 1950s (IPCC 2013). For instance, Singh & Aung (2008) collected salinity 

information within the Suva lagoonal zone (surrounded by Suva’s urban centre), and 

measured 24.8 practical salinity units (PSU) during the summer months when rainfall 

was high, while 33.7 PSU was recorded during the drier winter months. According to 

models, there is medium confidence in ocean salinity projections in relation to regional 
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trends providing evidence of changes in precipitation and evaporation over oceans 

(IPCC 2013).  

c) Anthropogenic Disturbances 

 Sedimentation from Coastal Development 

Sedimentation has a major effect on marine environments and can come from a number 

of sources. Construction and other coastal development cause bottom materials to be 

returned into the water column, or sediment re-suspension, which are then transported 

and deposition may occur elsewhere (Colin 2009). They can be carried by rivers or 

streams and then deposited into the sea.  How much of these sediments that are able to 

be transported is dependent upon the river/stream’s source area, the total rainfall in the 

catchment, the state of the land within the area, and the rate of flow of the stream or 

river from source to ocean. Sediments lower the amount of light that reaches the bottom 

and therefore the process of photosynthesis cannot effectively be performed (Colin 

2009). The removal of natural coastal barriers and sediment traps such as mangroves and 

seagrass beds further allows particulate matter from land runoffs to reach coral reefs 

choking coral polyps and other marine organisms.  

Overfishing  

Greater fishing activity can lead to a decrease in herbivorous fishes thus allowing more 

growth of algal populations. Without fish such as surgeonfishes, rabbitfishes and 

parrotfishes keeping the reef system in check algae are likely to grow out of control, 

quickly becoming dominant in the ecosystem making it very difficult for other marine 

organisms to establish themselves (Colin 2009, Rasher & Hay 2010).  Inshore fish in Fiji 

are in close proximity to areas of higher population density, leading to around 23,253 

tonnes of inshore fisheries are harvested yearly, most of which is used for subsistence 

purposes (Ellison & Fiu 2010).  
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Destructive fishing methods  

Some of the destructive fishing methods that affect coral reefs include cyanide fishing 

and dynamite fishing.  In cyanide fishing, fishermen release sodium cyanide into the 

water stunning fish without killing them, making them an easy catch. Cyanide fishing is 

a technique that began in the 1960s in order to supply the international aquarium trade 

however, in the 1980s a bigger business developed where live reef fish were supplied to 

restaurants in Hong Kong, China and Singapore – for every fish caught through the use 

of cyanide, one square metre of their coral reef home was killed by the sodium cyanide 

mixture that is sprayed on reefs (Colin 2009).  

Another destructive fishing technique that has been used widely is dynamite fishing. 

Dynamite or other explosives are set off under water, killing fish and leaving them to 

float up to the surface to catch.  This allows fishermen to catch many fish in a short 

timeframe. The method, commonly practiced in localities such as Wallis Island and Fiji, 

completely damages the ecosystems underwater turning it into a rubble environment 

(N’Yeurt & Payri 2004; Colin 2009). 

How Can Corals and Coral Reefs Recover? 
Estimates of recovery time for corals and coral reefs are widely varied and are 

dependent on a number of factors including the extent of the initial disturbance, the 

nearness of a source of larvae for re-colonization, favourable weather currents and 

conditions for larval establishment, the time between major disturbances and biological 

interactions (Nybakken & Bertness 2005). Some reefs may recover at a slower rate 

because of predation or persistent grazing by large sea urchin numbers or by the mats of 

algae and soft corals, which take over the dead coral skeletons, rendering them 

unsuitable re-colonization substrates. Baker et al. (2008) stated that there have been no 

strong patterns to indicate the recovery process in the eastern and central-southern-

western Pacific where a few reefs recover and other reefs do not.   

West and Salm (2003) investigated the aspects of incorporating resilience and resistance 

concepts (assisting in the recovery of coral reefs) to coral bleaching (and other 

environmental issues where applicable) in a Marine Protected Area (MPA) design.  The 
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authors felt it relevant to identify areas of low or negligible bleaching during the 1998 

event (finding sites of resilience). They discovered that sites where water was relatively 

turbid did better; possibly as a result of the water column protecting them from high 

sunlight exposure (turbid water naturally filters out light).  

Differences in Sensitivity of Different Coral Groups 
Species of coral differ according to their susceptibility to bleaching and subsequent 

mortality rates, and understanding susceptibility patterns is important for accurate 

predictions of reef communities in the future (Marshall & Baird 2000). Differences in 

susceptibility to bleaching among species of coral have been attributed to depth, colony 

size, or habitat type (Glynn 1990; Marshall & Baird 2000; McClanahan 2004).  In 

several studies (Brown & Suharsono 1990; Hoeksema 1991; Glynn 1993), the most 

vulnerable corals were identified to be those residing in shallow water. This was mainly 

due to higher rates of heating by solar irradiation. Corals were also prone to bleaching if 

they were fast-growing such as Acropora and Pocillopora (Marshall & Baird 2000) 

whereas the slow-growing genera, that include Favia, Porites and Fungia, will not be as 

severely affected (Hoeksema 1991; Glynn 1993; Marshall & Baird 2000). Paradoxically, 

corals living in stagnant inner lagoons as well as in shallow reef areas may, possibly 

through genetic adaptations at the population level to extreme conditions, be less prone 

to bleaching and thermal stress in comparison with conspecifics living in cooler places 

offshore or at greater depths (Hoeksema 1991; Oliver & Palumbi 2009). 

In addition to being susceptible to thermal stress, Acropora corals are vulnerable to 

disturbances of physical nature such as storms or tropical cyclones, particularly those 

with branching morphology (Knowlton et al. 1981; Woodley et al. 1981). The fragile 

branches of these corals break off as storms bring in strong waves, surges and torrential 

rain, thus putting them at risk of degradation in the future.  

There has been clear establishment that various species of coral have different thermal 

stress susceptibilities; however it is not so clear what mechanisms (either physical or 

biological) allow the resistance of thermal stress among certain corals and the bleaching 

or death in others (Wooldridge 2013). A common generalization for resisting thermal 
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bleaching is attributed to skeletal growth form where coral growth forms of branched 

and corymbose in nature including Acropora, Stylophora, Pocillopora and Seriatopora, 

are in general more vulnerable to temperature stress than corals with encrusting and 

massive forms of growth such as Porites and Favia (Loya et al. 2001; van Woesik et al. 

2012; Darling et al. 2012). 

Factors that Influence Coral Recovery  
A few of the most notable examples of coral mortalities following a bleaching event 

were documented within the 1997-1998 global mass bleaching. Beginning in late 1997 

in the eastern Pacific, mass coral bleaching spread through most coral reefs around the 

world by the end of 1998. While some reefs experienced only mild effects of bleaching 

and recovered their color within a few months of the return of cool temperatures, other 

reefs did not. In these cases (e.g., the Seychelles, Maldives, Okinawa and Palau), severe 

bleaching eventually led to significant coral mortalities of about 80% of all of the corals 

on these reef systems (Wilkinson & Hodgson 1999).  

Graham et al. (2011) quantitatively assessed coral reef ecosystems that recovered from 

acute disturbances and concluded that the slowest recovery occurred in the eastern 

Pacific, the fastest recovery in the western Pacific and faster recovery in the Indian 

Ocean compared to that of the eastern Pacific. Significant differences in functional 

diversity of coral and fish species were noticed among the three regions where the 

Pacific contains the highest diversity; the Indian Ocean is intermediate while the lowest 

is found in the eastern Pacific and Caribbean (Bellwood et al. 2004; Allen 2008). A 

scarcity of Acropora corals may limit recovery rates in the eastern Pacific (Guzman & 

Cortes 2007; Baker et al. 2008). Furthermore, reefs in the eastern Pacific are 

geographically isolated and are separated by a 5000-8000km wide open ocean area 

between the eastern Pacific reefs and reefs of the western Pacific known as the east 

Pacific filter bridge, thus are heavily dependent on self-seeding. 

Graham et al. (2011) also suggested that, there was little variance in the rates of coral 

recovery between “biological” and “physical” disturbances. Biological disturbances such 

as coral bleaching and Crown-of-Thorns outbreaks causes a loss of coral tissue leaving 

behind its skeleton thus keeps the structural complexity of the reef intact (Wilson et al. 
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2006). Physical disturbances on the other hand (tropical cyclones and destructive fishing 

methods for instance) result in coral cover loss as well as a loss in structural complexity 

(Wilson et al. 2006). The study also revealed that rates of recovery were slower within 

fully protected areas in comparison to sites with open access, gear restrictions and mixed 

management. Several studies proved that there were larger coral cover declines in areas 

that were protected compared with fishing sites adjacent to them. Post-disturbance coral 

cover were very similar in percentage between site types, however a greater percentage 

was lost in protected areas due to initial pre-disturbance cover being higher at this site 

(McClanahan 2008; Darling et al. 2010).    

Protected areas are often small, and assessing what roles they play in the promotion of 

reef recovery from acute disturbances is challenging (Graham et al. 2011). As 

disturbances are taking place more often, it is essential to consider complementary 

management actions in order to build resilience in sites that are being fished (Graham et 

al. 2011). 

A few factors essential to coral reef recovery on sites are: having high levels of coral 

recruitment in order to replenish degraded locations (Hughes et al. 2010), a right 

substrate for the settlement and survivability of corals (Victor 2008), and little macro-

algal cover, which if high in abundance could harm corals, inhibit the settlement of 

corals, trap sediment and control benthic space (Smith et al. 2006; Mumby et al. 2007). 

Minimal human impacts on reefs (Sandin et al. 2008) and reefs with high levels of coral 

and fish diversity (Mora et al. 2011) are the two top-ranked parameters expected to show 

great resilience (McClanahan et al. 2012). 

Situated in the central Pacific (French Polynesia), Tiahura reef has displayed the ability 

to recuperate from recurrent and severe disturbances (Connell 1997), and supports the 

hypothesis that rather than collapse abruptly, a number of reefs will undergo changes 

gradually in terms of structure within their communities in response to major stresses 

(Loya et al. 2001; Hughes et al. 2003; Wakeford et al. 2008). According to Berumen 

and Pratchett (2006), the Tiahura reef experienced an Acanthaster planci or Crown-of-

Thorns outbreak in 1980-1981. The outbreak led to significant decreases in the number 



 

20 
 

of scleractinian (stony) corals and butterfly fishes. By the year 2003, the butterfly fish 

count returned to normal however, coral species composition and butterfly fish 

assemblages varied considerably from those recorded in 1979. Following the outbreak, 

more disturbances over the years such as tropical cyclones, coral bleaching and further 

Crown-of-Thorns starfish outbreaks took place and as a result appeared to have 

prevented many important coral species recovery (particularly, Acropora), which had 

impacts on the community structure of butterfly fishes. The importance of coral cover 

recovery and looking at all aspects as a whole will ensure a healthier ecosystem. 

Future Outlook on Coral Reefs 
Global climate models have projected that the Earth’s climate could warm by 2-4°C by 

the year 2100, without substantial effort to reduce GHG emissions far below current 

levels (IPCC 2007).  This continued climate warming may cause a serious threat to the 

health of the coral reef ecosystems in the long-term (Hughes et al. 2003).  

The projection for bleaching episodes is that they will become more frequent and tissue-

loss diseases may become even more widespread (Rogers & Muller 2012). It is possible 

that Acropora corals will have less ability to deal with bleaching as they do not have 

better adapted zooxanthallae clades (Stat & Gates 2011).  For future projections in 

countries such as the Solomon Islands, Vanuatu and Papua New Guinea, the proportion 

of reefs threatened may be up to 90% by the year 2030 as a result of thermal stress and 

ocean acidification (Burke et al. 2011).  

A study by Gardner et al. (2003) indicated that given current projections of increased 

human activity in the Caribbean, the growing threat of climate change on coral deaths 

and reef framework building, and the potential synergy between these threats (Hughes & 

Connell 1999; Rogers 2000), the situation for Caribbean coral reefs seems unlikely to 

improve in either the short or the long-term.  

Continued monitoring efforts are vital for further assessing the relationship between the 

severity of coral bleaching and PIRATA SST anomalies and improve the use of 

PIRATA SST dataset for making future regional bleaching predictions. In a study 

conducted by Ferreira et al. (2012), it was observed that SST anomalies, which were 

calculated from both NOAA satellite and PIRATA measurements, had high correlation 
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with bleaching events. This suggested that the real-time distribution of PIRATA data can 

be used as a first-order indicator of coral reef stress. Climate-related bleaching cannot be 

avoided by local management policies, but environmental quality improvement may 

have a positive effect on post-bleaching resilience.  

It is now generally acknowledged that coral reefs are among the most threatened global 

ecosystems and among the most vital (Costanza 1997) and future projections foresee a 

30-90% loss of coral populations by the year 2050 (Hoegh-Guldberg 1999; Hoegh-

Guldberg et al. 2007; Hoeke et al. 2011). Reefs provide food for a substantial portion of 

the Pacific Island population, serve as the principal coastal protection structures for most 

tropical islands, and contribute major income and foreign exchange earnings from 

tourism (Costanza 1997; Salm et al. 2001; Wells et al. 2001). The value of living 

resources (such as fisheries) and services (such as tourism returns and coastal protection) 

provided by reefs has been estimated at about $375 billion annually (Costanza 1997). In 

addition, coral reefs provide habitat for some of the greatest biological diversity in the 

world (Ray 1988). Therefore identifying and effectively conserving local areas of high 

coral cover are critical, which could play a significant role as refugia and as a larval 

supply source for degraded sites (Edmunds 2002).  
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Chapter 3 METHODOLOGY 
 
 
Research Design/Methods 

Chapter three of this study focuses on the methodology outlining four key sections: (i) 

Description of the field sites selected, (ii) Data collection throughout the 13 year period, 

(iii) Field methods used such as the Point Intercept Transects (PIT) and (iv) Analyses of 

data examining its statistical significance through R, PRIMER v6 and Microsoft Excel.   

The quantitative aspect of the research displayed and calculated life-form cover, the 13 

year recovery of reefs, association of major groups as well as the association among 

satellite sea surface temperature, sea water temperature using temperature loggers and 

high precision in-situ measurements. Such temperature measurements were calculated 

using operations in R and graphically presented using Microsoft Excel. Similarities and 

dissimilarities of benthic cover among the selected study sites and among years using the 

non-metric multidimensional scaling (MDS), Principal Coordinate Ordination analyses 

(PCO) and PERMANOVA were performed in PRIMER v6.  

The qualitative component was based on observations from the researcher, what had 

previously been published in the literature and what information was lacking. Aside 

from sea temperature, the section mainly consisted of investigating the physical, 

biological and human disturbances that posed a threat to coral reefs.  

Limitations that were expected from this study were that, not every year had been 

monitored, leaving a few gaps in the analysis, and that in a few years not all datasets 

were recorded by the same diver. Since this study was based on previous years’ 

information it had therefore, no control over such limitations. As a quantitative study, 

another limitation was to record information accurately.  The research worked with the 

data recorded for most years and record data as accurately as possible and to the best of 

the principal researcher’s individual abilities. 
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Classification of Major Coral Categories in Fiji 
The identification of benthic cover was vital in order to understand which coral cover 

categories are vulnerable, dominant or resilient to episodic events particularly over the 

longer term period. Therefore, before going into further detail with this research, it was 

important to first identify and classify some of the major life-form categories found in 

Fiji waters.  

The Acropora genus in general consists of branching colonies and shows the greatest 

diversity in growth-forms (Veron 2000). Acropora are capable of growing much faster 

in comparison to massive boulder corals for instance (National Oceanic and 

Atmospheric Administration 2013) and have a distinctive feature at the tip of their 

branches known as an axial corallite. The most common Acropora type corals found in 

Fiji’s reefs and the ones most commonly monitored throughout the years include: 

i. Branching Acropora: (or arborescent) these colonies consist of tree-like branches 

(Figure 3: 1). 

 

 

Figure 3: 1 Acropora Branching (ACB) - Acropora grandis 

(Source: Andra Whiteside) 

 

ii. Tabulate Acropora: (or plate-like) flat colonies that are attached to the substrate. 

Most table Acropora corals are corymbose, comprising horizontal branches and 

short upright branchlets (Figure 3: 2). 
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Figure 3: 2 Acropora Tabulate (ACT) – Acropora hyacinthus 

(Source: Andra Whiteside) 

iii. Digitate Acropora: colonies consist of short, non-dividing, finger-like projections 
(Figure 3: 3). 

 

Figure 3: 3 Acropora Digitate (ACD) - Acropora digitifera 

(Source: Andra Whiteside) 

 

Submassive or columnar corals have knobs, columns or wedges protruding from an 

encrusting base (National Oceanic and Atmospheric Administration 2013). These corals 

are finger-like or in clumps and lack secondary branches (Figure 3: 4). 
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Figure 3: 4 Acropora Submassive Coral - Acropora cuneata 

(Source: Andra Whiteside) 

 

Massive corals are boulder-like ranging from very small to very big and generally grow 

slowly (Figure 3: 5 and Figure 3: 6). The rate at which they grow can increase between 

0.5-2cm annually (National Oceanic and Atmospheric Administration 2013).  Under 

favorable conditions however such as stable temperatures and moderate wave action, 

some species are capable of growing at a rate of 4.5cm a year (National Oceanic and 

Atmospheric Administration 2013).  

 

Figure 3: 5 Coral Massive (CM) - Porites lobata 

(Source: Andra Whiteside) 
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Figure 3: 6 Coral Massive (CM) – Diploastrea heliopora 

(Source: Andra Whiteside) 

 

Foliose corals are broad plated, with a growth pattern similar to petals of a flower 

(Figure 3: 7). They are important to the marine ecosystem as their structure provides 

shelter to invertebrates and fish species.   

 

(Source: Andra Whiteside) 
 Figure 3: 7 Coral Foliose (CF) 
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Encrusting corals lay flat against the substrate that grows greater in diameter as opposed 

to growing in an upward direction like many other life-form categories (Figure 3: 8). 

Encrusting species are therefore much less affected by storms and cyclones as there is no 

breakage unlike branched corals (National Ocean Service 2008). 

 

Figure 3: 8 Coral Encrusting (CE) 

(Source: Andra Whiteside) 

Soft Corals as the name suggests, are soft-bodied comprising a large number of polyps 

connected by fleshy tissue (CRC Reef Research Centre 2004b). In addition, soft corals 

lack the hard external skeletal structure that hard corals possess. Common examples of 

soft corals found on reefs include Sinularia (Figure 3: 9), Heliopora (blue coral; 

although not technically a soft coral, this was put in the soft coral group during- data 

collection) and Tubipora (red organ-pipe coral). 

Algae are important contributors to the reef environment; microalgae such as 

phytoplankton form the basis of the food chain in marine ecosystems as primary 

producers (CRC Reef Research Centre 2004a).  Macroalgae (fleshy algae) however also 

compete with corals for light or space, and a proliferation of macroalgae is normally 

associated with a lower number of herbivorous fish within an area (usually because of 

overfishing) and a high availability of nutrients (McCook et al. 2001) derived from land-

based sources (including sewage, domestic and industrial effluent and fertilisers). There 

is also recent evidence that some macroalgae actively compete for space with corals by 
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producing allelophatic chemicals on contact, thereby causing necrosis and mortality in 

the corals (Rasher & Hay 2010).    

 

 

Figure 3: 9 Soft Coral (SC) - Sinularia sp. 

(Source: Andra Whiteside) 

 

The main types of algae are brown, red, green and blue-green algae. In the tropics, the 

common brown algal genera are Sargassum, Padina (Figure 3: 10) and Turbinara which 

are usually found on inshore reefs (CRC Reef Research Centre 2004a). Common green 

algae include the ubiquitous tropical calcified genus Halimeda (an important contributor 

to carbonate sediments) as well as the edible genera Ulva and Caulerpa. The most 

common red algae are the calcareous encrusting coralline algae (Figure 3: 11). Due to 

the red algae’s form of calcium carbonate which is stronger and less brittle than the one 

of corals, this type of algae is essential for cementing coral colonies together and 

strengthening and constructing the framework of the reef. Blue-green algae include 

cyanobacteria which are important for fixing atmospheric nitrogen and making it 

accessible to organisms within the food web (CRC Reef Research Centre 2004a).    
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Figure 3: 10 Brown Algae – Sargassum sp. (left) and Padina spp. (right) 
(Source: Andra Whiteside) 

 

     

   

 

 

 

 

(Source: Andra Whiteside) 

Study Sites 
Five sites were selected to examine the changes in coral composition and 

ecomorphotypes in the benthic communities. The sites were chosen based on their 

geographical locations, level of exposure to disturbances and the length of time they had 

been monitored (Figure 3: 12).  

The Fish Patch site on the south east coast of Fiji (18o09’33’S, 178o24’00’E) is a barrier 

reef (Sykes & Morris, 2009) located ~2.53 km off Suva. It is situated on the outer reef 

slope adjacent to the Suva Harbour entrance (Quinn & Kojis 2008). Surveys carried out 

at this site were done at 5 and 10 m depths. The Fish Patch site is exposed to numerous 

anthropogenic disturbances including coastal development, pollution, sedimentation and 

overfishing.  

Figure 3: 11 Coralline algae 
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Sites E6 (17o20.093’S, 178o35.819’E) and Mount Mutiny (17o20.859’S, 178o31.538’E) 

in the central division are sea mount type reefs located in the Vatu-i-Ra Passage (Sykes 

& Morris, 2009). Distances from the shore are approximately 31.21 km and 23.41 km, 

respectively and the sites are hence isolated from many human influences. These reefs 

were surveyed from 7m depths from 1999 to 2013. 

The Great White Wall (16o47.150’S, 179o50.159’E) and Waitabu (16o48.704’S, 

179o50.835’W) sites are located in the northern division of the Fiji Group. The Great 

White Wall site is a barrier reef that lies within the Taveuni Somosomo Strait region. 

Annual surveys at this site were conducted at a depth of 10 m. The Waitabu site is a 

fringing reef situated east of Taveuni.  It was declared a marine park (no fishing zone) in 

1998 (Sykes & Morris 2009). Surveys conducted in Waitabu began in 1998 at a depth of 

5 m.  

Data Collection 
Reef Check coral composition data, seawater temperature and Crown-of-Thorns 

outbreak information dating as far back as 1998 up to 2013, were obtained from Helen 

Sykes (Fiji Coral Reef Monitoring Network Coordinator). Cherie Morris from the 

Institute of Marine Resources based at the University of the South Pacific also provided 

additional information on sea water temperature and reef check data. Recent in-situ 

seawater temperature data (December 2012 to August 2013) for Fish Patch and a 

number of other sites in Fiji (Yasawa, Batiki, Moon Reef) were provided by Dr. Antoine 

De Ramon N’Yeurt as part of an ongoing seawater temperature monitoring project 

undertaken by PaCE-SD. 

Sea surface temperature for Fiji was retrieved from satellite virtual stations from the 

National Oceanic and Atmospheric Administration (NOAA) Coral Reef Watch website.  

Salinity and turbidity data was gathered from Dr Awnesh Singh of PaCE-SD to assist in 

the discussion of these parameters and from the Climate and Oceans Support Program in 

the Pacific (COSPPac). 



31
F

ig
ur

e 
3:

 1
2

M
ap

 o
f s

tu
dy

 si
te

s s
ur

ve
ye

d 
in

 F
iji



 

32 
 

Field Methods 
Benthic data for 2013 were collected and observed using the Point Intercept Transect 

(PIT) technique (20 m x 4) for the Suva and Taveuni sites while (20 m x 3) Point 

Intercept Transects were used for the two sites in Vatu-i-Ra, with the benthic attributes 

recorded as coral life-form categories. These techniques were the same methods used by 

Lovell and Sykes (2008) for the assessment of hard coral cover from 1997-2007 under 

the Fiji Coral Reef Monitoring Network. A Point Intercept Transect is a randomization 

technique used to identify coral cover categories every 0.5 metre along a 20 metres 

transect line. These methods were conducted at both 5 m and 10 m depths at the Fish 

Patch in Suva, from 7-18 m depths at E6 and Mount Mutiny in Vatu-i-Ra, 10 m at Great 

White Wall and 5 m at Waitabu in Taveuni. The comparisons made between sites are 

informative however need to be taken with caution since surveys were conducted at 

different depths. Some degree of sampling error was likely due to the difficultly in 

replicating the sample in what is a variable environment. When several transects at the 

same place and time were present, standard deviation was calculated and shown as error 

bars in graphs in parts of the Results section. When information for transects at the same 

place and time were unavailable, error bars were absent. Since the error bars were 

relatively high, the values should be taken with caution however it does significantly 

change the trend shown on the graphs. 

Additionally, monitoring and identification of bleached coral along transects as well as 

coral disease, other physical damage and presence of fishing lines or nets were noted.  

Vatu-i-Ra 

Point Intercept Transects (PITs) (20 m x 2) were laid out along 7 m depths and 20 m x 1 

(PIT) completed from 5-18 m down the coral pinnacles of E6 and Mount Mutiny. A 

temperature logger was retrieved at Mount Mutiny on the 29th June, 2013 which 

contained 2 years of seawater temperature data and which was later entered into a 

computer after the dives. The logger gave the research team a general idea of what ocean 

temperatures were like within the Vatu-i-Ra Passage from 2011 to the time of retrieval. 
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Taveuni 

The PIT data was collected by Helen Sykes for the two sites in Taveuni, Great White 

Wall and Waitabu in February 2013. Data collected was re-assessed by the research 

team with appropriate editions made.  

Data Processing and Statistical Analysis 
Statistical analysis of information was done by using Microsoft Excel, “R” 

Programming and PRIMER v6. “R” is a language designed for statistical computing and 

graphics. It provides a range of statistical (including time-series analysis, linear and 

nonlinear modeling, classical statistical tests and clustering) and graphical methods, and 

is vastly extensible (Venables et al. 2014). PRIMER 6 is an ecological statistical 

package that consists mainly of a wide variety of univariate, graphical and multivariate 

routines for studying arrays of species-by-samples data from community ecology 

(Clarke & Gorley 2006). Characteristically, data are of abundance, biomass and 

percentage area (or line) cover, where they are measured in biological monitoring of 

environmental impact and more fundamental studies (Clarke & Gorley 2006).  

Coral composition, sea temperatures and other parameters (tropical cyclones, rainfall, 

sunshine hours, and COTs outbreaks) were plotted on a time series graph using 

Microsoft Excel software. In addition, paired t-tests were carried out for calculating 

significant differences of each coral cover category between years within each site using 

R. A synthesis of data identifying overlaps and possible correlations between the 

different parameters and benthic data percent cover were compared and graphed where 

data was available using Microsoft Excel. Graphs were constructed for visually 

identifying possible trends of short and long term benthic cover among sites for the 13 

year period, comparing the relationships between sea temperatures, and changes in 

major groups as a result of disturbances such as tropical cyclones, rainfall and 

Acanthaster planci outbreaks. A two-way factor ANOVA significance tests were 

performed comparing Acropora levels using percentage cover per transect between two 

sites during the years in common. 
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Non-metric multi-dimensional scaling (MDS) using Bray-Curtis Similarity on square 

root transformed data observed site percentage cover means and graphically represented 

site differences in two dimensions as well as displayed the similarities and dissimilarities 

of benthic cover among selected sites and among years. The purpose of MDS is to 

represent the samples as points and are in the same order in terms of rank as the relative 

dissimilarities (or distances) of the samples, as measured by a few appropriate 

resemblance matrix calculated on the (possibly transformed) data matrix (Clarke & 

Gorley 2006). Interpreting a MDS is therefore straightforward: points that are close 

together represent samples that are very similar in community composition and points 

that are further apart correspond to very different values of a variable set (Clarke & 

Gorley 2006). A Principle Coordinate Ordination (PCO) was performed to examine the 

structure of the reef substratum among sites and years and was optimized with vector 

overlays of Spearman rank correlations. A Permutational Multivariate Analysis of 

Variance (PERMANOVA) was then calculated to explore any significant differences 

between sites.  

Sea temperature comparisons were measured using Pearson’s Correlation coefficient in 

“R”. Pearson’s Correlation was used to determine possible associations between major 

groups for all sites, in-situ sea temperature and satellite sea surface temperature, as well 

as observe relationships between benthic cover and the consecutive number of days 

temperatures were above 29°C.    
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Chapter 4 RESULTS 
 

Part One: Coral Composition between Sites/Changes in Composition 

Part One of the Results Section examines the changes over a 13 year period, correlation 

between major benthic groups, similarities or differences between sites and years, and if 

there are significant differences found in the major category, Acropora, between sites.  

Short and Long Term Benthic Cover among Sites 
Major categories of benthic cover are graphically represented at 4 study sites: Fish Patch 

at 5m (FP.5m) and 10m (FP.10m) off the Suva Barrier Reef, Mount Mutiny (MM) in 

Vatu-i-Ra, E6 (E6) in Vatu-i-Ra and Waitabu (WA) in Taveuni (Figure 4: 1). Three 

results were analyzed for three different years: 2002 (2 years after a mass bleaching 

event), 2004 (4 years later) and 2013 (13 years later, over a longer term period). These 

years were chosen due to the availability of data for all sites. In most sites, the genus 

Acropora was the main coral group represented. Raw data for the construction of these 

graphs were obtained from Helen Sykes (Fiji Coral Reef Monitoring Network 

Coordinator). 

Two years after the bleaching event, rock and rubble were the two major benthic cover 

categories (Figure 4: 1 (a)). Prior to 2000 rock and rubble at Mount Mutiny, E6 and 

Waitabu (where pre-bleaching data was available) were all lower in percentage 

compared to post 2000, one or two years following the disturbance.  Rock abundance 

was evident particularly in the Fish Patch at both 5m and 10m depths (51% and 64%, 

respectively), and rubble was dominant (52%) at E6 (Figure 4: 1 (a)). Acropora corals 

declined drastically on E6 (from 17% at pre-bleaching levels to 2% in 2002) and 

Waitabu (from 13% in 1998 to 2% in 2002) failing to recover as quickly in comparison 

to other sites, while massive corals did not grow well at the Fish Patch. The Fish Patch 

(5m) had 7% of massive coral types in 2000, however 2002 had no recording of this type 

(Figure 4: 1 (a)). In 2004, Acropora corals increased at all sites four years after 

bleaching (Figure 4: 1 (b)). The Fish Patch at 5m recorded the highest cover by 

Acropora species (48%) followed by the same site at 10m depths indicating faster 

recovery due to improved conditions compared to other groups.  E6 in Vatu-i-Ra 
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showed little rise in Acropora indicating slow recovery.  Soft corals increased at several 

sites while rubble declined in all areas compared to 2002 (Figure 4: 1 (b)). Significant 

changes were seen in coral cover 13 years after the 2000 bleaching event with a slightly 

more even distribution of cover categories (less dominance on one category) across the 

sites compared to 2002 and 2004 (Figure 4: 1 (c)).  The percentage of Acropora cover at 

Waitabu rose by almost 20% since 2004. Waitabu also displayed the highest percentage 

of Acropora among all sites, a contrast to what was experienced in 2002 and 2004 where 

some areas mainly the Fish Patch and Mount Mutiny recorded some of the highest 

Acropora cover rates.  

A slight shift in composition with submassive corals (22% in the Fish Patch at 5m) and 

coralline algae (18%) increasing, making Acropora less dominant in places such as the 

Fish Patch. Increased competition and growth of other groups may have restricted 

Acropora corals from recovering quicker or from allowing them to dominate. Increases 

in coralline algae over the years are beneficial to the reef community as they would be a 

food source to a number of marine organisms, contribute to reef structure and provide 

invertebrates with shelter to protect themselves from fish predators. Previous years 

showed no record of dead coral, however in 2013 a small percentage of dead coral was 

found along the surveyed transects (Figure 4: 1(c)).Sykes & Morris (2009) observed that 

by 2006, coral cover on a number of individual reefs around Fiji reached 80% 

suggesting recovery within five years and resilience to bleaching. Although this may 

have been true during that period, by 2013 hard coral cover at the 5 sites recorded only 

between 21 and 59% which could indicate lower resilience to not only higher sea 

temperatures but also to other disturbances. The standard error bars for most benthic 

categories were relatively large thus these results need to be taken with caution; 

however, Acropora and massive coral abundance in Suva and Vatu-i-Ra sites indicated 

differences between the two sites. Suva recorded lower abundance in both categories 

compared to Vatu-i-Ra which may be a result of high exposure of multiple disturbances 

including urban pollution and coastal development. There have been no other major 

significant differences for benthic categories according to standard error bars for this 

period.  
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Figure 4: 1 Percentages of major benthic cover categories at the study sites Fish Patch at 5m (FP.5m), 
Fish Patch at 10m (FP.10m), Mount Mutiny (MM), E6 (E6) and Waitabu (WA) in (a) 2002, (b) 2004 and 
(c) 2013. Due to the unavailability of data, it was not possible to calculate the standard deviation for 2002 
and 2004.  
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Recovery and Abundance Changes of Major Benthic Categories over 13 Years 

A time-series at all sites for major benthic groups including Acropora (branching, 

digitate, tabular), massive coral, submassive coral, algae (turf, macro-algae, algal 

assemblages) and coralline algae was produced to analyze their changes and trends up 

until 2013. Coralline algae were included as they play an important role in the 

construction of reefs, acting as a cement to bind the reef structure together. Percentage 

means and standard deviations were calculated for years where data was available 

(mainly from 2005 or 2006, excluding the early years). Standard deviation was 

measured using the number of observations in each benthic category among the 4 

different transects at a particular site. Furthermore, paired t-tests were carried out for 

calculating significant differences of each coral cover category between years within 

each site. Raw data for the construction of these graphs were obtained from Helen 

Sykes, the Fiji Coral Reef Monitoring Network Coordinator. 

At the Fish Patch (10m), Acropora cover increased after 2000 peaking in 2004. In 2008, 

Acropora cover decreased however with no significant difference as a result of a major 

Crown-of-Thorns outbreak and struggled to grow since that time (Figure 4: 2(a)). 

Significant differences in Acropora were seen in 2009 (Mean = 0, SD ± 0; p-value = 

0.01922) however slight recovery was seen in 2013 (SD ± 5; p-value = 0.07233) since 

the 2008 period but not since 2007 (p-value = 0.0051). Massive corals faced a similar 

trend where percentage cover increased until 2007 then decreased.  A slight negative 

trend was found but was not significant (p-value = 0.2394) between 2007 (Mean = 3.75; 

SD ± 3.2274) and 2008 (Mean = 0.625; SD ± 1.25) (Figure 4: 2(b)). Submassive corals 

increased over time since the mass bleaching event in 2000 (Figure 4: 2(c)) with the 

exception of 2008 (Mean = 0.625; SD ± 1.25) but no major change was experienced 

between this period and 2013 with p-value = 0.391). The time series also showed a 

consistent level in algal cover (turf algae, fleshy algae and algal assemblages) over the 

13 year period. Algal percentage peaked in 2009 but decreased by 2013 (Figure 4: 2(d)) 

however with no significant difference (p-value = 0.1343). Coralline algae experienced 

an increasing trend with a major rise between the year 2007 and 2013 (p-value = 

0.02215) (Figure 4: 2(e)).  
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Fish Patch 10m 
 

  

 

 

Figure 4: 2 Percentages of major benthic cover categories in the Fish Patch at 10m from 2002-2013. (a) 
Acropora (b) Massive Coral (c) Submassive Coral (d) Algae and; (e) Coralline Algae. Note: no 
measurements were taken for 2000-2002, 2005 and 2010-2012. Due to the unavailability of data, it was 
not possible to calculate the standard deviation from 2002 to 2006.  
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Fish Patch 5m 
 

 

 

 

Figure 4: 3 Percentages of some of the major benthic cover categories in the Fish Patch at 5m from 2000-
2013. (a) Acropora (b) Massive Coral (c) Submassive Coral (d) Algae and; (e) Coralline Algae. Note: no 
measurements were taken for 2001, 2005-07 and 2010-2012. Due to the unavailability of data, it was not 
possible to calculate the standard deviation from 2000 to 2007.  
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Acropora levels at the Fish Patch (5m) reached a peak in 2004 however declined in 2008 

and again dramatically in 2009 (Mean = 0, SD ± 0) with p-value between 2008 and 2009 

= 0.0237 (Figure 4: (a)). This decline is suspected to be linked to a Crown-of-Thorns 

outbreak (Acanthaster planci) in addition to Drupella snail predation and a small 

amount of White Syndrome Disease that were observed in a few areas such as the 

Mamanucas, Savusavu and Suva, and led coral cover to drop (Sykes & Morris, 2009). 

Urban runoff and pollution from Suva have progressively increased over the years and 

their effects on the reef flat are likely to affect coral recruitment and growth. In addition, 

Acropora failed to fully recover by 2013 to reach 2008 levels (SD ± 0, p-value = 

0.0546).  

A gradual decline in massive coral percentages from 7% in 2000 to 0% by 2002 was 

observed and the cover was fluctuating slightly since then (Figure 4: 3(b)). No 

significant differences were seen between 2008 and 2013 (p-value = 0.2152). There was 

a general increase in the percentage cover of submassive corals (mainly Montipora sp.) 

from 2000 to 2013 at this site (Figure 4: 3(c)). Between the two years 2008 and 2013, 

significant change in submassive coral abundance was apparent (p-value = 0.0384) 

potentially indicating a shift towards this coral type, particularly after the Acanthaster 

planci outbreak in 2007 (Sykes & Morris 2009) lowering Acropora growth. Algal 

percentage cover remained generally low during this time period (Figure 4: 3(d)). A rise 

in algae in 2009 (Mean = 7.5, SD ± 7.3598) showed no significant difference compared 

to 2008 (Mean = 0, SD ± 0) where p-value = 0.0758 while coralline algae cover 

increased since the acute disturbance of 2000 however stabilized between 2008 and 

2013 with p-value = 0.3977 (Figure 4: 3(e)). 

Relatively high Acropora cover was maintained from the bleaching period to 2013 in 

Mount Mutiny, Vatu-i-Ra (Figure 4: 4(a)). The outliers seen in 2000 and 2013 (Mean = 

13.33, SD ± 2.8868) resulted from bleaching in 2000 and potentially from the Category 

4 Tropical Cyclone Evan hitting Fiji mid December of 2012, respectively. T-testing 

taken for the years 2007 (when Acropora reached peak and full recovery levels) and 

2013 (latest records) showed significant differences where p-value = 0.0371, however no 

significance between 2011 and 2013 was found (p-value = 0.2254). 
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Mount Mutiny 

 

 

 

Figure 4: 4 Percentages of some of the major benthic cover categories at Mount Mutiny in Vatu-i-Ra from 
1999-2013. (a) Acropora (b) Massive Coral (c) Submassive Coral (d) Algae and; (e) Coralline Algae. 
Note: no measurements were taken for 2003, 2005, 2009, 2010 and 2012. Due to the unavailability of 
data, it was not possible to calculate the standard deviation from 1999 to 2006. 
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Cyclone Evan that occurred in 2012 may not have had as great an impact as initially 

predicted but may have lowered cover enough to create significant differences between 

2013 and 2007 when cover was highest.  Massive corals did not respond immediately to 

the bleaching in 2000, however declined dramatically when the next survey was carried 

out in 2001, and were unable to fully recover since that year (Figure 4: 4(b)). No major 

differences in cover were found from 2006 to 2013. A general increase in submassive 

corals (mainly Montipora species) was evident, rising in 2006 (Mean = 7.5, SD ± 

8.6603) and reaching a maximum abundance in 2011 (Mean = 13.33, SD ± 7.6376).  

However, levels remained stable causing no significant differences within the latter 

years. There was a slight decrease in recent years but covers remained high (no 

measurements were taken in 2003, 2005, 2009 and 2010) (Figure 4: 4(c)). Algal 

percentage cover at Mount Mutiny varied strongly through time but stabilized between 1 

and 2% since 2007 (Figure 4: 4(d)). Percentages of coralline algae also varied through 

time, declining after 2000 and disappearing for a few years after 2001 (Figure 4: 4(e)). 

Percentages were low in 2007 (Mean = 1.67, SD ± 1.4434) and 2008 (Mean = 0.83, SD 

± 1.4434) before disappearing again. Coralline algae reappeared recording its highest 

number in 2013 within the 1999-2013 period at Mount Mutiny (Figure 4: 4(e)). No 

significant differences were found between 2011 (lowest percentage) and 2013 (highest) 

with p-value = 0.1885. 

A slight increase in Acropora during the early years was observed at E6 in Vatu-i-Ra 

(Figure 4: 5(a)). Acropora levels were low from the bleaching event in 2000 and took a 

longer period of time to return to pre-bleaching levels according to errors bars in 2011 

(Mean = 20.83, SD ± 5.2042) which was separate from 2006 (Mean = 6.67, SD ± 

5.2042; p-value = 0.1358), 2007 (Mean = 9.17, SD ± 3.8188; p-value = 0.148) and 2008 

(Mean = 10.83, SD ± 3.8188; p-value = 0.1835). Although error bars displayed 

differences within these years, the p-values indicate no statistically significant 

differences between these years suggesting that levels may have reached equilibrium 

since 2006 through to 2011. Years prior to 2006 may have seen greater significance 

possibly indicating their high vulnerability to coral bleaching. One reason for its slower 

recovery could be due to a lack of receiving the required amount of nutrients. 
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E6 

 

 

 

Figure 4: 5 Percentages of some of the major benthic cover categories at E6 in Vatu-i-Ra from 1999-
2013. (a) Acropora (b) Massive Coral (c) Submassive Coral (d) Algae (e)Coralline Algae and; (f) Coral 
Foliose. Note: no measurements were taken for 2003, 2005, 2009-2010 and 2012. Due to the 
unavailability of data, it was not possible to calculate the standard deviation from 1999 to 2005. 
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A study from Connolly et al. (2012) revealed that corals that were well fed did 

considerably well at recovering from a bleaching episode. Moreover, the levels of 

corals’ chlorophyll a that were actively fed were re-established completely to pre-

bleaching levels whereas unfed corals’ levels only recovered to two-thirds of pre-

bleaching levels.  Slight decline in 2013 (Mean = 15.83, SD ± 5.2042) may have been 

due to the Category 4 Tropical Cyclone Evan that hit Fiji in December 2012 however no 

statistical significance between the results of the last survey conducted before the 

disturbance in 2011 and survey following  it in 2013 (p-value = 0.0742).  

Massive coral cover declined after the bleaching event was recorded, from 1999 to 2000 

at E6. Following 2000, cover percentages remained stable between 5% and 13% till 

2013 (Figure 4: 5(b)).  No major differences were found between 2006 (Mean = 6.67, 

SD ± 5.2042) and 2013 (Mean = 8.33, SD ± 5.7735) where p-value = 0.7735. 

Submassive coral levels reached equilibrium from 2006-2013 ranging around 4% to 9% 

while years prior to 2006 recorded no cover at all for this site (Figure 4: 5(c)).  

Algal cover was relatively low at E6 for most years, with the highest percentage 

recorded around 13% in 2011 (Mean = 12.5, SD ± 6.6144). Apart from 2011, 

percentages have been low with a number of years recording no algal cover (Figure 4: 

(d)). No significant differences resulted between 2008 and 2011 (p-value = 0.0728) as 

well as for 2011 and 2013 (p-value =0.0848). Similar to Mount Mutiny, coralline algae 

disappeared and reappeared throughout this period, with 2013 having the highest 

abundance (Figure 4: 5(e)). However, error bars and t-testing showed no statistical 

significance between the years 2006 (Mean = 0, SD ± 0) and 2013 (Mean = 7.5, SD ± 

7.5; p-value = 0.2254). 

Acropora percentage cover from 2006-2013 at Great White Wall, west of Taveuni, was 

steady within these years (Figure 4: 6(a)). A slight decline in massive coral cover was 

evident at Great White Wall however without significance according to error bars and t-

testing (between years 2006 and 2013 p-value = 0.2967). The lowest recordings were in 

2011 (Mean = 0.625, SD ± 1.25) and 2012 (Mean = 1.25, SD ± 2.5) followed by a ~4% 

increase (Mean = 5.625, SD ± 6.5749) for 2013 (Figure 4: 6(b)). Equilibrium was 
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reached in submassive coral mean cover until 2011 (Mean = 7.5, SD ± 0) where it fell 

from 2010 levels (Mean = 11.875, SD ± 3.75) but the decline proved to be non-

significant with p-value = 0.1018 (Figure 4: 6(c)). Year-to-year variations were recorded 

for algal cover (Figure 4: 6(d)) without strong statistical significance among any of the 

years. Coralline algae averaged around 7-9%, however declining by 2.5-3% in 2011 

(Mean = 2.5, SD ± 5) and 2012 (Mean = 3.13, SD ± 4.7324), though no significant 

differences were seen. (Figure 4: 6(e)). It must be noted that no GCRMN (Global Coral 

Reef Monitoring Network) data was measured before 2006 at this site therefore no 

comparisons could be made for the 2000-2006 period. 

A progressive increase in Acropora corals cover from 2002-2005 was observed at the 

Waitabu Marine Cut (Figure 4: 7(a)) and t-testing indicated a dramatic increase (p-value 

= 0.0168) during 2009 (Mean = 42.5, SD ± 3.5355) from 2005 levels (Mean = 21.88, SD 

± 6.5749) showing even more progression. The rise could be explained by the 

established of a marine protected area in Waitabu in 1998. In 2010 cover dropped very 

significantly (p-value = 0.0012) as well as in 2011 (p-value = 0.0034) and 2012 (p-value 

= 0.0253) from 2009 levels. Acropora seemed to have recovered by 2013 (Mean = 

28.75, SD ± 10.3078; p-value = 0.1056) since reaching its optimal level despite showing 

no increase from the previous year in mean cover.  

Massive corals remained stable with the exception of 2012 (Mean = 0.625, SD ± 1.25) 

which appeared significantly lower than 2013 cover having a p-value = 0.0351 (Figure 

4: 7(b)). Submassive corals had steady, consistent cover with little variation within years 

from 2005 (Figure 4: 7(c)). From 1998 to 2005 there was no recording of this coral type.  

There was a decrease in algal percentage cover (Figure 4: 7(d)) between 2005 and 2009 

(~0-3%) which may correspond to the increase in Acropora during the same years. Algal 

cover recovered by 2012 (p-value = 0.0354) from 2009 however disappeared in 2013. 

Coralline algae cover remained relatively low (5-6%), disappeared in 2005 but rose in 

2007 with a cover of 17.5% and varied between 10-15% following that (Figure 4: 7(e)). 

No change was seen between 2007 and 2013 (p-value = 0.1221).  
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Great White Wall 
 

   

    

  

Figure 4: 6 Percentages of some of the major benthic cover categories at the Great White Wall in Taveuni 
from 2006-2013. (a) Acropora (b) Massive Coral (c) Submassive Coral (d) Algae and; (e) Coralline 
Algae. Note: no measurements were taken for2000-2005 and 2008. Due to the unavailability of data, it 
was not possible to calculate the standard deviation from 1999 to 2005. 
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Waitabu, Taveuni 
 

 

 

 

Figure 4: 7 Percentages of some of the major benthic cover categories in the Waitabu from 1998-2013. (a) Acropora 
(b) Massive Coral (c) Submassive Coral (d) Algae and; (e) Coralline Algae. Note: no measurements were taken 
for2000-2002, 2008 and 2009. Due to the unavailability of data, it was not possible to calculate the standard deviation 
from 1998 to 2004. 
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Similarities/Dissimilarities of Benthic Cover among Reef Sites and Years 
A non-metric Multi-Dimensional Scaling (MDS) using the Bray-Curtis Similarity on 

square-root transformed data was performed to find out whether there were similarities 

or differences between sites in terms of benthic cover percentages. The calculations were 

done for 2002, 2004, 2008 and 2013 as they were the only years when data were 

available at all sites. 

As mentioned in the methodology section, points that are close together represent 

samples that are very similar in community composition whereas points that are further 

apart correspond to very different values of a variable set (Clarke & Gorley 2006). The 

“2D Stress” refers to the measure of how well distances between points in an MDS 

graph represent the rank-ordered dissimilarities between samples in the original 

resemblance matrix (Anderson et al. 2008).   

A Principle Coordinate Ordination (PCO) analysis was conducted to provide a visual 

image of the structure of the reef substratum among sites and years and was optimized 

with vector overlays of Spearman rank correlations (variations among individual axes 

and correlations beyond PCO2 can be found in the Appendix section beginning from 

Table A: 2). A Permutational Multivariate Analysis of Variance (PERMANOVA) was 

then calculated to explore any significant differences between sites.  

The unconstrained MDS ordinations in 2002 showed no complete similarity between 

sites (Figure 4: 8a). The Fish Patch at 5m and 10m showed some similarity among 

assemblages while Mount Mutiny and E6 being slightly further apart from each other 

due to the differences in recovery rates following the 2000 bleaching. Waitabu was the 

most distant and different from all other study sites. Benthic categories showed marginal 

significance in terms of difference among locations (PERMANOVA: pseudo-F = 8.56, 

P = 0.058).  Spatial variation within the structure of the reefs was attributed to 18 main 

types of benthic cover, as shown in the PCO in (Figure 4: 8b).  
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Figure 4: 8(a) Similarities in benthic composition between sites in 2002; two years following the 
bleaching event. The ordination is based on a Bray-Curtis similarity matrix of site percentage cover. 
Note: FP.10 = Fish Patch at 10m, FP.5 = Fish Patch at 5m, MM = Mt Mutiny, E6 = E6, and WA = 
Waitabu. (b)PCO graph displaying PCO1 and PCO2 axes of total benthic cover variation among sites.  
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From the analysis, there was evidence showing that sites geographically located close to 

each other had some similarity between each other and are likely recruited from the 

same areas. Sand and soft coral were strongly positively correlated  in relation to the 

first axis (PCO1) explaining 68.8% of total variation (Table 1), while foliose and 

encrusting coral were strongly negatively correlated with PCO2, accounting for 25.4% 

of the variance. 

The unconstrained MDS ordinations in 2004 showed no complete similarity between 

sites. The Fish Patch at 5m and 10m (FP.5 and FP.10) were more distant among 

assemblages in comparison to 2002 ( 

Figure 4: 9a).  

The E6 and Mount Mutiny (MM) sites showed slightly more similarity as E6 had more 

time to recover, while Waitabu (WA) was still different from all other study sites. 

Similar to 2002, benthic categories among sites were marginally significant 

(PERMANOVA: pseudo-F = 3.0742, P = 0.059). Acropora showed positive and strong 

correlation under the PCO1 which explained 55.9% of total variation while soft coral 

displayed strong but negative correlation (Table 1).  Foliose corals were strongly 

negatively correlated and coralline algae were strongly positively correlated on the 

second axis, which accounted for 32.8% of the variation. 

Mount Mutiny and E6 were characterized by rock and branching corals ( 

Figure 4: 9b). Waitabu consisted of algae, rubble and soft coral, while the Fish Patch 

sites were characterized mostly by Acropora and submassive corals. The FP.5 had 

higher Acropora abundance (48%) compared to abundance at FP.10 (36%) indicating its 

slightly quicker recovery after bleaching. This may have been due to the exposure to 

light which is greater at 5m, the magnitude of bleaching between depths or that the 

growth of Acropora is higher at shallower depths.  
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Table 1. Spearman rank correlations produced by PRIMER for benthic categories used in the Principal 
Coordinate Ordination analysis. Each value describes how well each variable is correlated with principal 
coordinates 1 and 2 axes. 

 2002 2004 
PCO1 (68.8% of 
total variation) 

PCO2 (25.4% of total 
variation) 

PCO1 (55.9% of total 
variation) 

PCO2 (32.8% of total 
variation) 

Acropora -0.564288094 -0.20519567 0.9 0.1 

Branching coral -0.5 -0.5 0.6 -0.6 

Massive coral 0.6 -0.6 -0.666885929 -0.461690258 

Foliose coral -0.051298918 -0.974679434 0.051298918 -0.872081599 

Submassive coral 0 -0.353553391 0.707106781 0 

Encrusting coral -0.051298918 -0.974679434 -0.564288094 -0.564288094 

Mushroom coral 0.353553391 -0.707106781 -0.335410197 -0.782623792 

Millepora 0.223606798 -0.782623792 0.447213595 -0.670820393 

Soft Coral 0.948683298 0.105409255 -0.9 0.5 

Sponge 0.707106781 0.707106781 0.335410197 -0.111803399 

Algae 0.872081599 0.153896753 -0.707106781 0.707106781 

Coralline Algae 0.707106781 0.707106781 0.307793506 0.820782682 

Rock  -0.7 0.7 0.1 -0.9 

Rubble 0.8 -0.3 -0.7 0.7 

Sand 0.974679434 0.051298918 -0.9 0.1 

Dead Coral 0 0 0 0 

Dead Coral with Algae 0 0 0 0 

Others 0 0 0 -0.707106781 
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(a) 

 

 
 

Figure 4: 9 (a) Similarities in benthic composition between sites in 2004, four years after the bleaching 
event. The ordination is based on a Bray-Curtis similarity matrix of site percentage cover. Note: FP.10 = 
Fish Patch at 10m, FP.5 = Fish Patch at 5m, MM = Mt Mutiny, E6 =E6, and WA = Waitabu. (b)PCO 
graph displaying PCO1 and PCO2 axes of total benthic cover variation among sites.  
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The MDS in 2008 indicated that sites in Vatu-i-Ra differed significantly in comparison 

to the Fish Patch site in Suva, with Waitabu remaining separate from the rest (Figure 4: 

10a). Mount Mutiny and E6 were more different in community structure in 2008. The 

two Fish Patch areas showed a similar differentiation with one another as they did in 

2004.  

Near significant differences of coral cover among locations was found (PERMANOVA: 

pseudo-F = 5.6762, P = 0.056). Foliose, submassive and massive corals were strongly 

but negatively correlated and coralline algae was positively correlated with the first axis 

which had a total variation of 65.9% in PCO1, whereas Millepora and sponge were 

strongly positively correlated in PCO2 which explained 22% of the variance (Table 2).  

Mount Mutiny was characterized mainly by sand, others, encrusting coral, dead coral 

and mushroom coral, while E6 comprised mainly massive, submassive and foliose 

corals. The Fish Patch locations were characterized by coralline algae, branching coral, 

rubble, sponge and Millepora. Waitabu changed its reef structure by 2008 consisting of 

soft coral, Acropora and dead coral with algae (Figure 4: 10b). The Suva sites were 

affected by the localized disturbances of an Acanthaster planci outbreak and Drupella 

snail predation, gradually changing the community structure of these reefs to a less 

Acropora dominated system. Additionally, increased pollution and urban runoff were 

factors in the Suva area that may have restricted coral growth and recruitment since the 

Crown-of-Thorns Outbreak.  

The MDS ordinations in 2013 (Figure 4: 11a) displayed increased similarity among 

community structure between E6 and Mount Mutiny. The similarity was likely due to E6 

returning fully to pre-bleaching levels comparable to the composition on Mount Mutiny. 

No significant differences in community structure among locations were seen 

(PERMANOVA: pseudo-F = 5.844, P = 0.063). Massive corals were strongly and 

positively correlated in relation to the first axis (PCO1) explaining 57.9% of total 

variation, while mushroom corals were strongly but negatively correlated to the second 

axis (PCO2) explaining 30.4% of variation (Table 2). 
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Figure 4: 10 (a) Similarities in benthic composition between sites in 2008, eight years after the bleaching 
event. The ordination is based on a Bray-Curtis similarity matrix of site percentage cover. Note: No 
record was taken of the Waitabu Marine Cut for 2008. Note: FP.10 = Fish Patch at 10m, FP.5 = Fish 
Patch at 5m, MM = Mt Mutiny, E6 = E6, and WA = Waitabu. (b) PCO graph displaying PCO1 and PCO2 
axes of total benthic cover variation among sites. 
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The Fish Patch at 5m and 10m (FP.5 and FP.10) remained relatively different among 

assemblages in comparison to 2002 with greater dominance of submassive corals at 5m. 

For the two sites, although close, were separated and the distance between them 

increased with time. Vatu-i-Ra was characterized by encrusting corals, foliose corals and 

others (mainly zooanthids); Fish Patch at 5m was characterized by submassive corals, 

Fish Patch at 10m by rock, coralline algae and sponge (Figure 4: 11b).  

Waitabu (WA) remained the most distant and different compared to all other study sites, 

characterized by Acropora, soft coral and sand according to the PCO1 and PCO2 axes. 

This may be due to a combination of its geographical location and it being established as 

a marine protected area since 1998. Marine Protected Areas have been successful in the 

restoration of fish populations (Halpern 2003) and has resulted in confidence that corals 

may also benefit as it indirectly affects threats such as algal proliferation from decreased 

herbivorous fish populations. 

 

Studies conducted by Selig & Bruno (2010) revealed that on average coral cover within 

MPAs stayed constant whereas in unprotected reefs coral cover decreased. The authors 

further explained that despite the modest short-term differences between protected and 

unprotected reefs; the long-term effects could be significant if they are temporally 

consistent. Results of this study suggest that older MPAs were better at preventing the 

loss of corals. After an MPA establishment, initial coral cover may have not 

immediately change however rates later stabilized (Selig & Bruno 2010). 
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Figure 4: 11 (a) Similarities in benthic composition between sites in 2013, thirteen years after the mass 
bleaching event. The ordination is based on a Bray-Curtis similarity matrix of site percentage cover. 
Note: FP.10 = Fish Patch at 10m, FP.5 = Fish Patch at 5m, MM = Mt Mutiny, E6 = E6, and WA = 
Waitabu. (b) PCO graph displaying PCO1 and PCO2 axes of total benthic cover variation sites.
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Table 2. Spearman rank correlations for axes 1 and 2 produced by PRIMER for benthic categories used 
in the Principal Coordinate Ordination analysis for 2008 and 2013.  

 2008 2013 
PCO1 (65.9% of 
total variation) 

PCO2 (22% of 
total variation) 

PCO1 (57.9% of 
total variation) 

PCO2 (30.4% of 
total variation) 

Acropora 0.6 -0.6 0.9 0.1 

Branching coral 0.564288094 0.666885929 -0.5 -0.6 

Massive coral -0.9 0.1 0.948683298 -0.527046277 

Foliose coral -0.974679434 0.153896753 0.6 -0.5 

Submassive coral -0.9 0.1 -0.8 -0.3 

Encrusting coral -0.7 -0.5 0.5 -0.6 

Mushroom coral -0.894427191 -0.223606798 0.359092423 -0.974679434 

Millepora 0 0.707106781 -0.7 0.7 

Soft Coral 0.7 -0.3 0.2 0.3 

Sponge 0 0.707106781 -0.718184846 0.666885929 

Algae -0.6 0.6 0.410391341 0.666885929 

Coralline Algae 0.974679434 -0.153896753 -0.718184846 0.666885929 

Rock  -0.4 0.6 -0.6 0.1 

Rubble -0.3 0.7 -0.1 0.9 

Sand -0.1 -0.5 0.782623792 0.223606798 

Dead Coral -0.111803399 -0.111803399 0.410391341 0.666885929 

Dead Coral with Algae 0.707106781 -0.707106781 0 0 

Others -0.782623792 -0.335410197 0.6 -0.6 

 

Similarities of Sites between Years 
Non-metric Multi-Dimensional Scaling (MDS) using the Bray-Curtis Similarity and 

Principal Coordinate Analyses (PCO) were performed to observe the similarities or 

differences among years in terms of benthic categories for all sites in Suva, Vatu-i-Ra 

and Taveuni. The PCO was optimized with vector overlays of Spearman rank 

correlations (correlations beyond PCO2 can be found in the Appendix section, beginning 

from Table A: 13). Permutational ANOVA (PERMANOVA) tests were then performed 

to see whether such differences were different among years. Additionally, the analyses 

examined the changes in community composition pre-disturbance, short term post-

disturbance (1-3 years), medium term post-disturbance (4-7 years) and longer term post-

disturbance (>8 years).  
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Fish Patch 10m 

Benthic cover in 2002 (two years after the disturbance) was most different to the 2009 

and 2013 cover suggesting changes in coral composition of this site now compared to 

more than a decade ago; however these differences were not significant 

(PERMANOVA: t = 2.1283, p-value = 0.124). In 2002, Fish Patch (10m) was 

characterized by branching coral and rock whereas the reef system comprised mainly of 

submassive coral and coralline algae 11 years later in 2013 (Figure 4: 12b).  

Percentages of Acropora species were higher in 2002 (20%) but highest in 2004 with 

36% than in 2013 (5.63%). It has been observed that there is some shift in dominance of 

benthic types, moving from an Acropora structure to submassive corals (10.63% in 

2013).  Lack of coral recruitment and pollution may have been the cause to very slow 

growth in Acropora since 2007.  

Furthermore, Tropical Cyclone Evan that hit Fiji in December 2012 could have also had 

a small impact to Acropora’s slow rate of recovery, erasing over the increase during the 

years preceding the event. Similarity among coral cover was observed between 2006, 

2007 and 2008 for the Fish Patch at 10m (Figure 4: 12a) characterized by rubble, others 

and soft coral, while community structure changed in 2009 (algae, encrusting coral, 

sponge and sand) and finally again in 2013.  No significance was found between middle 

and late years (PERMANOVA: t = 1.4105, p-value = 0.118).  In PCO1, which explained 

47.9% of total variation, submassive corals showed strong positive correlation while 

foliose corals showed strong positive correlation in relation to the PCO2 axis which 

accounted for 21.4% of total variation (Table 3). 

Dissimilarity particularly in Acropora abundance was evident between 2000 and 2002 

(two years after the bleaching event) at the Fish Patch (5m) with considerable distance 

among the two years (Figure 4: 13a). According to PCO1 and PCO2 axes (Figure 4: 

13b) 2002 showed recovery of Acropora corals following the bleaching and even better 

recovery in 2004 displaying the highest abundance in Acropora than all other years with 

48%. Benthic percentage cover for 2003, 2004 and 2008 were different from each other 

along with the rest of the years.  
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Table 3. Spearman rank correlations produced by PRIMER for benthic categories used in the Principal 
Coordinate Ordination analysis for Fish Patch 10m and 5m. Each value describes how well each variable 
is correlated with principal coordinates 1 and 2 axes. 

 FISH PATCH 10m FISH PATCH 5m 
PCO1 (47.9% of total 
variation) 

PCO2 (21.4% of 
total variation) 

PCO1 (55.5% of 
total variation) 

PCO2 (32.8% of 
total variation) 

Acropora -0.3855702 -0.6747478 0.3214286 -0.75 

Massive coral -0.2530304 -0.7831894 0.3706247 0.5188745 

Submassive coral 0.9700773 0 -0.7027312 0.1261312 

Foliose coral -0.1841357 0.8224729 -0.4728054 -0.2727724 

Encrusting coral 0.3473116 -0.2874303 -0.3273268 -0.309142 

Branching coral -0.7142857 0.4761905 -0.0714286 -0.7857143 

Mushroom coral 0.412393 0.5773503 -0.0597614 0.8964215 

Millepora 0.412393 0.5773503 -0.9549937 0.3063187 

Coralline algae 0.6587325 0.2195775 -0.9189562 0.2702812 

Sponge 0.4191692 -0.1916202 -0.906327 0.492569 

Soft coral 0.2395253 -0.5628843 -0.2522625 0.4144312 

Algae 0.6586944 -0.2395253 -0.5188745 0.7783118 

Others 0.1532428 -0.7789844 -0.8017837 0.4899789 

Dead coral 0.2961529 0.5455447 -0.7572402 0.4454354 

Rock -0.5952381 0.7142857 0.8928571 -0.0357143 

Rubble 0.3832404 -0.4431217 -0.0714286 0.5357143 

Sand 0.2182179 -0.1363862 -0.6123724 0.4082483 

 

There was no significant difference between the early years after the bleaching and 

middle years (PERMANOVA: t = 1.3873, p-value = 0.196). Millepora, coralline algae 

and sponge had strong negative correlation in relation to the first axis (PCO1) which 

explained 55.5% of total variation while mushroom coral and algae showed strong 

positive correlation with the second axis explaining 32.8% of variation (Table 3).  

There was no major change among assemblages between early and late years 

(PERMANOVA: t = 1.9233, p-value = 0.196) however changes in composition now 

suggest some variation in comparison to thirteen years ago. In the latter years, 

composition changed where Acropora no longer became the dominant cover and a 

distribution of coralline algae, submassive coral, millepora, sponge, dead coral, others, 

soft coral, sand, rubble, mushroom coral and algae instead took its place. A major 

difference was the increase in submassive coral forms in 2013 by about 22% and decline 

of rock from 72% in 2000 to 23.75% in 2013.  
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(a) 

 

 

 
Figure 4: 12 (a) Similarities in benthic composition between years at the Fish Patch (10m) site. The ordination is 
based on a Bray-Curtis similarity matrix of site percentage cover. (b) PCO graph displaying PCO1 and PCO2 axes of 
total benthic cover among years from 2002-2013 at the Fish Patch (10m). 
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(a) 

 

 

Figure 4: 13 (a) Similarities in benthic composition between years at the Fish Patch (5m). The ordination is based on 
a Bray-Curtis similarity matrix of site percentage cover. (b) PCO graph displaying PCO1 and PCO2 axes of total 
benthic cover among years from 2002-2013 at the Fish Patch (10m). 
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The MDS in (Figure 4: 14a) for Mount Mutiny showed a separation of 1999 and 2000 

with all other years. There was also clear distance between 1999 and 2000 showing signs 

of the effect bleaching had and the change in community structure. Marginal significant 

differences in benthic composition between the early years and mid years 

(PERMANOVA: t = 1.6745, p-value = 0.053) was clear, as well as among early and late 

years (PERMANOVA: t = 2.2961, p-value = 0.054). The mid years were characterized 

by rock and sand while the latter years displayed more algae, submassive, encrusting, 

others and dead coral (Figure 4: 14b) however no significance was seen among these 

years (PERMANOVA: t = 2.0867, p-value = 0.121).  

Massive corals were strongly and positively correlated while submassive corals were 

strongly but negatively correlated in relation to PCO1 which explained 55.9% of total 

variation in the benthic data (Table 4). For PCO2, rock and sand were the cover that was 

strongly negatively correlated. 

Table 4. Spearman rank correlations produced by PRIMER for benthic categories at Mount Mutiny and 
E6 and used in the Principal Coordinate Ordination analysis. The values describe how well each variable 
is correlated with principal coordinates 1 and 2 axes. 

 
Mount Mutiny  

 
E6 

 
PCO1 (55.9% of 
total variation) 

PCO2 (21.3% of 
total variation) 

PCO1 (49% of 
total variation) 

PCO2 (20.9% of 
total variation) 

Acropora -0.6484848 -0.0787879 -0.875383983 -0.267478439 

Massive coral 0.9174698 -0.2507751 0.285715606 -0.334348049 

Submassive coral -0.9416499 0.3138833 -0.795205066 -0.200417537 

Foliose coral -0.6544618 -0.3792209 -0.676841851 0.274395345 

Encrusting coral -0.8739496 0.4308202 -0.447886477 0.263823541 

Branching coral 0.2760944 -0.1227086 0.696338883 0.395219366 

Mushroom coral 0.3417204 0.1801798 -0.492365964 -0.20310096 

Millepora -0.0908249 -0.1492123 0.207599718 0.869323821 

Coralline algae 0.2509329 0.6900656 0.006827887 -0.402845358 

Sponge 0.1740777 -0.4061812 0 0 

Soft coral -0.0436309 0.4737065 -0.427344949 0.092901076 

Algae -0.3674494 0.171054 -0.388946043 0.552052447 

Others -0.7818182 0.3454545 -0.778379166 -0.314082821 

Dead coral -0.7640932 0.6067799 -0.406181197 -0.174077656 

Rock 0.3454545 -0.8545455 0 -0.431612936 

Rubble 0.8085144 0.2431622 0.899700205 0.176292608 

Sand 0.0679129 -0.8828674 0.40854418 0.341469763 
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(a) 

 

 

 

Figure 4: 14 (a) Similarities in benthic composition between years at Mount Mutiny. The ordination is 
based on a Bray-Curtis similarity matrix of site percentage cover. (b) PCO graph displaying PCO1 and 
PCO2 axes of total benthic cover among years from 1999-2013 at Mount Mutiny. 
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There was a relatively clear distinction among early, middle and late years at the E6 site 

(Figure 4: 15a).  Pre-bleaching levels (in isolation with other years) varied slightly to the 

year 2000 (post-bleaching). In what was once characterized by massive coral in 1999 

soon changed to branching coral, Millepora, sand and rubble for a few years following it 

(Figure 4: 15b). According to Table 4, Acropora had strong negative correlation and had 

strong positive correlation relative to PCO1 which explained 49% of total variation in 

the benthic data. In PCO2 accounting for 20.9% total variation, Millepora cover 

displayed strong positive correlation. 

There were significant differences between early and mid years in terms of benthic cover 

(PERMANOVA: t = 1.6904, p-value = 0.031) indicating slow recovery. Differences 

were also seen between early and late years (PERMANOVA: t = 2.4198, p-value = 

0.038) however this was not the case for mid and late years showing similarity in coral 

cover (PERMANOVA: t = 1.7851, p-value = 0.104) and characterized by hard corals 

(foliose and encrusting and corals), coralline algae, soft corals, algae and others 

(zooanthids). The characterizations of different benthic cover among various time 

periods indicated that the reef structure had reached equilibrium however was no longer 

the same in cover compared to 1999 (pre-bleaching year).   

The MDS suggested that 2013 composition was different from pre-bleaching years such 

as 1998 and 1999 in Waitabu (Figure 4: 16a). Very significant differences between early 

years (1998, 1999, 2002, 2003) and late years (2010, 2011, 2012, 2013) with 

(PERMANOVA: t = 1.9853, p-value = 0.009), indicating variation and community 

structural change over time. Pre-bleaching years were characterized by encrusting and 

mushroom corals. 

Similarities from 2007-2013 for Waitabu were observed. No significant differences were 

found among the early and middle years (PERMANOVA: t = 1.4977, p-value = 0.086) 

as well as among middle and late years (PERMANOVA: t = 1.2272, p-value = 0.19). 

These consisted mainly of Acropora, Millepora, foliose coral, coralline algae, 

submassive and dead coral (Figure 4: 16b). In 2005, Acropora and coralline algae 
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(a) 

percentages were at their highest compared to other years with 38% and 20%, 

respectively.   

 

 

Figure 4: 15 (a) Similarities in benthic composition between years at E6. The ordination is based on a 
Bray-Curtis similarity matrix of site percentage cover (b) PCO graph displaying PC1 and PCO2 axes of 
total benthic cover variation among sites. 
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In contrast, rock and rubble were at their lowest, recording 10% and 8%, respectively. 

The distance was greater between this period and every other year. Acropora were 

strongly but negatively correlated in relation to the first axis (PCO1) which explained 

40.3% of total variation, while encrusting corals were strongly but positively correlated 

and a strong negative correlation was found for sand with PCO2 which accounted for 

23.6% of total variation (Figure 4: 16b). 

Throughout all graphs, many points were scattered varying from one year to another. 

This trend would not be expected if it were a simple recovery from bleaching, 

potentially reflecting the variation which resulted from sampling, for instance, random 

Point Intercept Transects suggesting different aspects of the assemblage during each 

sampling.  

Table 5. Spearman rank correlations produced by PRIMER for benthic categories used in the Principal 
Coordinate Ordination analysis for Waitabu from 1998-2013. Each value describes how well each 
variable is correlated with principal coordinates 1 and 2 axes. 

 WAITABU 

PCO1 (40.3% of total variation) PCO2 (23.6% of total variation) 

Acropora -0.9230769 0.2857143 

Massive coral -0.4352634 -0.5454566 

Submassive coral -0.2662381 0.1794863 

Foliose coral -0.2363237 0.5354675 

Encrusting coral 0.3370217 0.817692 

Branching coral -0.3706247 -0.3571474 

Mushroom coral 0.148507 0.1572427 

Millepora -0.2662565 0.564348 

Coralline algae -0.7413732 0.4204803 

Sponge -0.3489697 -0.4697669 

Soft coral 0.1928382 0.3443539 

Algae 0.806053 0.0330124 

Others 0.4858649 -0.0567894 

Dead coral -0.1747141 0.3232212 

Rock 0.5509663 -0.2148768 

Rubble 0.6978022 -0.5659341 

Sand 0.0637141 -0.8282834 

 

  



 

68 
 

 

 

 

Figure 4: 16 (a) Similarities in benthic composition between years at Waitabu. The ordination is based on 
a Bray-Curtis similarity matrix of site percentage cover.(b)PCO graph displaying PCO1 and PCO2 axes 
of total benthic cover variation from 1998-2013 at Waitabu. 
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Differences in Acropora Abundance between Sites 
Acropora is the main life form category, making up a large portion of the population of 

corals and is heavily affected by bleaching as well as other parameters; therefore two-

way factor ANOVA significance tests were performed comparing Acropora levels using 

percentage cover per transect between two sites during the years in common. Tests were 

not performed prior to 2006 due to the unavailability of cover per transect data therefore 

it is not a complete comparison of the sites for the entire monitoring period and must be 

taken with caution. Table 6 displays the results for the test of the hypotheses:  

i. Time: Between years, Acropora abundance was significantly different within 

each site 

ii. Site: Acropora abundance was significantly different between sites 

iii. Time/Site: Acropora abundance was significantly different between sites 

AND years 

The first three tests were performed to compare sites that were within the same or 

similar geographical location (i.e. Fish Patch at 10m and Fish Patch at 5m, Mount 

Mutiny and E6, Great White Wall and Waitabu Marine Cut). Additional t-tests were 

done for comparisons between other sites, mainly those that showed no Acropora 

significance (Table 6). Observations of Acropora life forms between Fish Patch (10m) 

and Fish Patch (5m) in the Suva Harbour indicate no significant difference between sites 

(p-value =1) however displayed significant difference among years (p-value  = 0.00491) 

as well as a combination of both time and site (p-value = 2.00 x 10-5).   
 
Moreover, Acropora percentages were compared at the Vatu-i-Ra sites. E6 and Mount 

Mutiny were expected to be similar as the two sites are located close to one another and 

therefore would have similar conditions. However, significant differences were found 

between sites (p-value = 2.5 x 10-5) and time/sites (p-value = 0.0201) suggesting 

possible differential rates of recovery from disturbances such as bleaching or food 

availability.  
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There were no significant differences (p-value =0.2637) in percentages of Acropora 

between the two sites in Taveuni, Waitabu and the Great White Wall.  Other group 

comparisons are displayed in (Table 6).  

Finally, this test provides an example that sites around Fiji vary considerably and that no 

single site is a complete representation of all reefs in the country.  

 

Table 6. A two-way factor Analysis of Variance (ANOVA) comparing sites and time from 2006-2013. 

 

 

 

 

 

 

 

 

 

 

 

  Years Compared Time Site Time: Site 

Fish Patch 10m vs. Fish Patch (5m) 2008, 2009, 2013 0.00491 1 2.0x10-05 

Mount Mutiny vs. E6 
2006, 2007, 2008, 2011, 
2013 0.1355 2.5 x10-05 0.0201 

Waitabu vs. Great White Wall 
2007, 2009, 2010, 2011, 
2012, 2013 0.1201 0.2637 0.0341 

Fish Patch 5m vs. Mount Mutiny 2008, 2013 0.00681 0.22489 0.75075 

Waitabu vs. Mount Mutiny 2007, 2011, 2013 0.134 0.544 0.239 

Great White Wall vs. E6 2006, 2007, 2011, 2013 0.0252 1.19 x10-06 0.1987 

Fish Patch 10m vs. Mount Mutiny 2007, 2008, 2013 0.000508 0.278984 0.243213 

Fish Patch 10m vs. Waitabu 2007, 2009, 2013 0.0011 1.5 x10-06 3.52 x10-06 

Fish Patch 5m vs. Great White Wall 2009, 2013 0.0716 6.08 x10-07 0.3868 

E6 vs. Waitabu 2007, 2011, 2013 0.32015 0.00224 0.30277 
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Part Two: Differences between Seawater and Sea Surface Temperatures in Fiji and 

Sea Temperature in Relation to Coral Cover 

Sea temperature is considered an important parameter to control the bleaching and 

recovery of corals. In order to better assess the risk of bleaching and of how a coral reef 

ecosystem is able to recover, it is relevant to have very reliable information on 

temperature. At present, different sources of temperature exist: sources that are retrieved 

on site (in-situ) and those that are obtained via satellite (virtual stations). It is considered 

that trends will be the same for the two data types. In-situ temperature records are 

relatively accurate as they are localized, however are limited to a single site, based on 

the placement of the instrument and are not regularly recorded. On the other hand, 

information computed on an algorithm that relates to satellite measurements is not as 

accurate, however allows resource users to have data from a broader scale throughout 

the country.  

Association between in-situ sea water temperature and satellite sea surface temperature 

in all sites 
Readings of sea surface temperature (from the Beqa and Vanua virtual stations) 

averaging monthly values from the NOAA Coral Reef Watch Satellite information 

Service and in-situ seawater temperature (SWT) were collected by Helen Sykes and 

analyzed using Pearson Correlation Co-efficient to determine the degree of similarity 

between the two datasets, if correlation or similarities do exist between the datasets, then 

resource managers may find this information useful to consider utilizing SST satellite 

data as satellite SSTs provide longer time-series measurements. Moreover, it could be 

used to compare this data with other parameters such as rainfall, coral abundance and 

composition, sunshine hours and Crown-of-Thorns outbreaks. In-situ sea water 

temperatures were gathered on a consistent basis at Vatu-i-Ra; however data was 

inconsistent for the other locations (collection of only a few months or years). 

Correlation tests were therefore taken with the SWT data available. The null hypothesis 

(H0) that there is no significant correlation or synchronicity between variables was tested 

against the alternative hypothesis (H1) that there is significant correlation or 

synchronicity between variables.  
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Figure 4: 17(a) Annual temperature readings between sea surface temperatures (SST) at Beqa virtual 
station and sea water temperatures (SWT) in Mt Mutiny, Vatu-i-Ra. Note: There was no reading taken for 
SST from 1998-2000 and SWT in 2008. Readings for 2013 were taken only from January to June thus 
resulting in a higher temperature average for the year (b) Linear correlation plot displaying the 
correlation between annual sea surface temperatures in Beqa and annual sea water temperatures in Vatu-
i-Ra. 
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The Pearson Correlation coefficient was used to test for significant correlations between 

SST in Beqa virtual station and SWT in Vatu-i-Ra (Figure 4: 17). Results showed 

significant positive correlation (r2=0.914) where p-value = 6.778e-06. The significance 

value was below the H0 threshold, therefore the null hypothesis was rejected at α=0.05 

and conclude that there was significant correlation and synchronicity between the 

variables of SST and SWT.  

Although SWT and SST were correlated with synchronous variations, SWT is almost 

always slightly higher than SST measurements particularly during the summer months 

(November-April) but with a temperature difference of less than 0.5°C (Figure 4: 18). 

The temperature difference was understandable as temperatures were recorded from 

different locations and sea water temperatures were measured a few metres below the 

sea surface indicating a surface and subsurface bias. 

 

 
Figure 4: 18. Temperature differences between sea surface temperatures (SST) at Beqa virtual station and 
sea water temperatures (SWT) at Mt Mutiny, Vatu-i-Ra from 2001-2013, with no SWT temperature 
measurements taken for 2008. 
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Figure 4: 19(a). Temperature readings from 2008-2009 between sea surface temperatures (SST) at Beqa 
virtual station and sea water temperatures (SWT) at the Fish Patch, Suva. Note: Measurements were only 
recorded in months between 2008 and 2009 due to limited SWT data.(b)  Linear correlation plot 
displaying the correlation between annual sea surface temperatures in Beqa and annual sea water 
temperatures in Suva. 
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Figure 4: 20. Temperature differences between sea surface temperatures (SWT) at Fish Patch, Suva and 
sea surface temperatures (SST) at Beqa virtual station from 2008-2009. 

 

A significant correlation (r2= 0.8726) was found between SST in Beqa and SWT in Suva 

(Figure 4: 19) where p-value= 2.094e-10 rejecting the null hypothesis at α=0.05 and 

concluding that there was significant correlation and synchronicity between the 

variables. Temperature differences between SST at the Beqa virtual station and SWT in 

Suva (Figure 4: 20) ranged between -1.40 and 1.16°C. Readings for SWT were only 

measured from 2008 to 2009. 

 

A strong positive correlation (r2=0.9567) was evident between the two variables, SST in 

Beqa and SWT in Waitabu with p-value= 2.105e-07 (Figure 4: 21) at α=0.05, rejecting 

the null hypothesis and concluding that there was significant correlation and 

synchronicity between the variables. Temperature differences (Figure 4: 22) between 

SST in Beqa and SWT in Waitabu were between ~0.5 to -1°C. Readings for SWT were 

only measured from 2003 to 2004.  
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Figure 4: 21(a). Temperature readings from 2003-2004 between sea surface temperatures (SST) at Beqa 
virtual station and sea water temperatures (SWT) at Waitabu, Taveuni. Note: Measurements analyzed in 
months from 2003-2004 due to limited Waitabu SWT data (b) Linear correlation plot displaying the 
correlation between annual sea surface temperatures in Beqa and annual sea water temperatures in Vatu-
i-Ra. 
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Figure 4: 22. Temperature differences between sea surface temperatures (SST) at Beqa virtual station and 
sea water temperatures (SWT) at Waitabu, Taveuni for 2003-2004. 

Significant correlation was seen with r2=0.98 between the SST recorded for Vanua 

virtual station and SWT recorded for Waitabu (p-value= 8.01e-08). Thus there was 

significant correlation and synchronicity between the variables and the null hypothesis 

was rejected at α=0.05. However, a one-sided bias was observed with SST in Vanua 

Levu significantly higher than SWT in Waitabu, Taveuni (Figure 4: 23). The differences 

in temperature vary between 0.4 to 1.8°C (Figure 4: 24). 

 
Figure 4: 23. Temperature readings from 2003-2004 between sea surface temperatures (SST) at Vanua 
virtual station and sea water temperatures (SWT) at Waitabu, Taveuni. 
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Figure 4: 24. Temperature differences between sea surface temperatures (SST) at Vanua virtual station 
and sea water temperatures (SWT) at Waitabu, Taveuni from 2003-2004. 

There was significant correlation between the variables however more dissimilarity was 

found between the Vanua virtual station SST and in-situ Vatu-i-Ra temperature datasets 

compared to Beqa SST with the same in-situ measurements (Figure 4: 25).  The null 

hypothesis at α=0.05 was rejected showing that there was less significant correlation and 

synchronicity between the variables where r2 is 0.59. SST at Vanua virtual station 

showed higher temperature readings than the SWT in Vatu-i-Ra.  Differences between 

the two variables ranged between 0.7 to 1.2°C (Figure 4: 26).   

 
Figure 4: 25. Temperature readings from 2001-2013 between sea surface temperatures (SST) in Vanua 
virtual station and sea water temperatures (SWT) at Mount Mutiny, Vatu-i-Ra. Note: Recordings of SWT 
in Vatu-i-Ra were not taken in 2008.  
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Figure 4: 26. Temperature differences between sea surface temperatures (SST) in Vanua virtual station 
and sea water temperatures (SWT) at Mount Mutiny, Vatu-i-Ra from 2001-2013. Note: no temperature 
recordings were taken for SWT in Vatu-i-Ra in 2008. 

Comparisons between SWT at the Fish Patch in Suva and SST at Vanua virtual station 

(Figure 4: 25) were made where no significant correlation was found (r2=0.450887 and 

p-value=0.07963).Temperature differences were greater than 1°C with a major 

difference of 6.37°C in April 2004 (Figure 4: 28). It was probable that the dip in April 

2004 was a result of equipment error as weather records collected by the Fiji 

Meteorological Service showed no significant abnormalities in temperature or rainfall 

during this time. 

 

Figure 4: 27. Temperature readings from September 2003 to December 2004 between sea surface 
temperatures (SST) at Vanua virtual station and sea water temperatures ( SWT) at Fish Patch, Suva. 
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Figure 4: 28. Temperature differences between sea surface temperatures (SST) at Vanua virtual station 
and sea water temperatures (SWT) at Fish Patch, Suva from September 2003 to December 2004. 

Differences between temperatures were smaller when comparing sea surface 

temperatures in Beqa. Sea surface temperatures at the Vanua virtual station were 

consistently higher in comparison to all seawater temperature measurements for selected 

sites. From the tests conducted, it can be suggested that there was a close relationship in 

satellite SST readings over the Fiji group particularly the Beqa virtual station which 

showed very strong correlation and no significant difference between SWT in study 

sites. However, although the Vanua virtual station indicated some correlation it was 

always consistently higher by at least 1°C and proved to be significantly different (under 

t-testing) from SWT at selected sites.  

Between the two virtual stations, Beqa SST was the most relatable to sea water 

temperatures at all study sites. Despite the Waitabu site being closer to the location of 

the Vanua virtual station (16°48”S, 179°50”W), the differences in temperature between 

these two areas were more significant than in association with the Beqa SST recording (-

18.5°S, 178.5°W). It is clear that the Vanua virtual station is influenced by warmer 

ocean currents compared to ocean currents off Taveuni, as well as for other sites. 

Distances between in-situ and satellite measurements may explain how the bias varies 

over time, however localized factors such as shading, mixing and cloud cover may play 

an even bigger role in the changes.   
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Differences between In-situ Temperature in Selected Sites and SST in Beqa and Vanua 
Levu 

Following the correlation tests, it was relevant to find out and confirm whether satellite 

SSTs and in-situ sea temperatures were significantly different from each other under 

normal distribution and to determine the significance of the correlation obtained. From 

these results, it would be possible to consider using at least one of the satellite virtual 

stations to observe sea temperatures over a long term period if the null hypothesis, where 

there was no significant difference between the two independent variables (SST and 

SWT), is accepted (Table 7). The alternative hypothesis (H1) was that there is a 

significant difference between the two independent variables (SST and SWT).  

Table 7. T-test results to observe any significant differences between sea surface temperatures (SST) and 
sea water temperatures (SWT) in selected sites. An autocorrelation was performed to ensure 
independence of variables in a time-series data hence calculations were made bi-monthly, quarterly or 
yearly. 

p-value 

Beqa SST vs. Vatu-i-Ra SWT 0.000658149 

Beqa SST vs. Suva SWT 0.811279903 

Beqa SST vs. Waitabu SWT 0.145390732 

Vanua SST vs. Waitabu SWT 0.001447909 

Vanua SST vs. Vatu-i-Ra SWT 0.005047234 

Vanua SST vs. Suva SWT 0.003395677 

 

Significant differences were found between SSTs at Beqa virtual station (recorded by 

NOAA Coral Reef Watch) and sea water temperatures in Mount Mutiny, Vatu-i-Ra 

(recorded by temperature loggers) from 2001 to 2013, as indicated by a paired two-

sample for means t-test (p-value = 0.0.0007). Thus, the null hypothesis was not 

accepted, showing significant differences between means on a yearly basis. 

Sea surface temperatures for Beqa and seawater temperatures for the Fish Patch in Suva 

showed no significant differences from February 2008 to November 2009 when tested 

(p-value = 0.8113).  No substantial differences were observed between Beqa virtual 

station sea surface temperatures and Waitabu seawater temperatures had no significant 
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differences between them from September 2003 to July 2004 when tested (p-value = 

0.1454).  

In contrast, sea surface temperatures for Vanua virtual station and sea water 

temperatures for Waitabu, Taveuni were significantly different from September 2003 to 

July 2004 when tested using the paired two-sample t-test where p-value = 0.0014.   

Sea surface temperatures for Vanua virtual station and sea water temperatures for Mount 

Mutiny, Vatu-i-Ra differed significantly from September 2003 to July 2004, as indicated 

by the t-test (p-value = 0.0050).  Significant differences were seen between SST in 

Vanua virtual station and SWT in Suva where p-value = 0.0034. From the tests 

conducted, it is evident that there is a closer relationship in satellite SST readings over 

the Fiji group at the Beqa virtual station with a high degree of similarity with SWT 

recorded at the study sites apart from SWT in Vatu-i-Ra. However, although the Vanua 

virtual station indicated some correlation it was always consistently higher by at least 

1°C and proved to be significantly different (under t-testing) from SWT at the selected 

sites. Caution must be taken when using the Vanua virtual station data. 

Sea surface temperature readings for the Beqa virtual station may have a better 

representation of sea surface temperatures in areas around Fiji as they are more strongly 

correlated and similar with seawater temperature results. Reef managers would also 

benefit from having satellite temperature readings and would be able to use this longer 

time-series information to link coral composition with thermal stresses of the past, 

present and future, and to determine how vulnerable or resilient they are to this 

disturbance. However, the data must be used with caution particularly as it gives a 

general understanding of what sea surface temperatures are like but is lacking in 

accuracy and precision (as seen with SWT in Vatu-i-Ra).    
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Relationship between Benthic Categories and the Consecutive Number of Days above 

the Bleaching Threshold 
 

According to Sykes and Morris (2009), extensive hard coral mortality due to the 

bleaching of corals is experienced in Fiji when the daily summer average in-situ water 

temperatures are above 29°C occur for more than 75 consecutive days. During the mass 

bleaching in 2000, heat stress was the highest with over 90 consecutive days above 

29°C. In addition, depending on coral group, certain groups are more susceptible to 

bleaching than others. It is probable that some partial bleaching happens for most years, 

however in order for this to turn into a massive bleaching event water temperatures need 

to remain at 29-29.5°C (or higher) for more than 8-12 weeks (Sykes & Morris 2009).   

Based on information provided by Sykes and Morris, Pearson’s Correlation tests were 

performed to confirm any statistically significant association between the percentages of 

Acropora as well as massive coral cover and the consecutive number of days that 

temperatures remain above Fiji’s bleaching threshold of above 29°C (from 1999-2013) 

from one survey date to another (Table 8). More specifically, the tests determined 

whether increases in the consecutive number of days would lead to declines in life form 

type percentages. The information should be taken with caution considering the limited 

number of years where surveys were done one consecutive year after another. 

Sea water temperatures recorded at Mount Mutiny at a 5m depth were used in this test 

instead of satellite sea surface temperature (SST). The SST temperature measurements 

particularly for the Beqa virtual station were strongly correlated but not statistically 

significant to in-situ temperature (as indicated in the previous section). In addition, the 

measurements were recorded twice weekly so measuring the number of consecutive 

days above the bleaching threshold would be more accurate using the localized in-situ 

temperature dataset. Moreover, SWT is more localized and therefore would have more 

accuracy in its measurements.  
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It must also be noted that the Vatu-i-Ra Passage was the only area that had consistent 

sea water temperature readings from 1999-2013, thus tests were conducted for Mount 

Mutiny and E6 and, not for other sites whereby records were limited. The null 

hypothesis (H0) for this analysis is that there is no correlation between the number of 

consecutive days above 29°C and benthic cover percentage (of Acropora and massive 

coral) while the alternative hypothesis (H1) is that there is a significant correlation 

between the number of consecutive days above 29°C and the benthic cover percentage. 

 

Mount Mutiny 

Acropora and massive corals were the main categories observed (Figure 4: 29). No 

significant correlation or synchronicity was found between Acropora cover and the 

number of consecutive days above 29°C for Mount Mutiny where r2 = 0.3296 and p-

value = 0.4259 therefore the null hypothesis was accepted at α=0.05. Massive corals and 

the number of consecutive days above the threshold also displayed no correlation 

whereby r2 = 0.718 and p-value = 0.1526. 

 
Table 8. This table indicates heat stress compared to the two main coral categories, Acropora and 
Massive corals with respect to the survey dates for Mount Mutiny. 

Survey Date Before  

Survey Date 

After  

Heat Stress (Consecutive 

Days over 29°C) Acropora % 

Massive 

Coral % 

Pre-bleaching Year 

Post-bleaching 

2000 92 8 33 

08-May-00 09-Apr-01 52 21 13 

09-Apr-01 17-Feb-02 31 22 11 

22-May-06 02-Nov-07 62 31.67 10 
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Figure 4: 29 (a) Graph showing the consecutive number of days above 29°C and percentage of Acropora 
(b) Massive corals at Mount Mutiny. 

 

E6 

For the years calculated, there was little correlation (r2 = 0.0021) between the Acropora 

cover and the number of consecutive days above the 29°C threshold with p-value = 

0.9547 at α=0.05 (Table 9). Hence, the null hypothesis was accepted indicating that 

Acropora corals on E6 were not significantly affected by elevated sea temperatures 

whereby increases in the consecutive number of days above the bleaching threshold did 

not result in a decrease in Acropora abundance.  

However, if benthic monitoring was carried out consistently from one year to another as 

well as during the same time of year, a different outcome may have resulted. Apart from 

consecutive days, the extent of how high above the threshold temperatures is important 

to understanding how corals react to stress.  

There was no significant relationship or synchronicity between massive coral and the 

number of consecutive days above 29°C (p-value = 0.0774) despite showing a strong 

positive correlation in Figure 4: 30 (r2 = 0.8512).  
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Table 9. This table indicates heat stress compared to the two main coral categories, Acropora and 
Massive corals with respect to the survey dates for E6. 

Survey Date Before  Survey Date After  

Heat Stress (Consecutive 

Days over 29°C) Acropora % Massive Coral % 

  Pre-bleaching 17 36 

Pre-bleaching Year Post-bleaching 2000 92 1 14 

07-May-00 01-Apr-01 52 2 12 

01-Apr-01 17-Feb-02 31 2 8 

22-May-06 02-Nov-07 62 9.17 12.5 

 

   

Figure 4: 30 (a) Graph showing the consecutive number of days above 29°C and percentage of Acropora 
(b) Massive corals at E6. 
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Chapter 5 DISCUSSION 
 

The discussion provides a quantitative analysis of benthic coral cover/form changes over 

a 13 year period since the 2000 coral bleaching event and describes the various 

parameters (physical, biological and anthropogenic) influencing coral form abundance.  

It is of particular interest to compare whether previous studies at these sites have similar 

or different results, determine what disturbances coral communities are most susceptible 

to for the various sites and identify the most influential parameters for each of the 

selected sites in Fiji.   

The discussion chapter will be divided into two sections: the first section focusing on the 

physical, biological and human disturbances that affect coral reef ecosystems in Fiji. 

These interpretations mainly take a qualitative approach (based on literature) due to the 

lack of raw data from various parameters. Although some analysis will be carried out 

wherever data is available, information is too rare to be analyzed with statistical methods 

and therefore must be taken with caution.  

The second part of the discussion will focus on the use of precision in-situ seawater 

temperature data measurements and how they correspond to satellite sea surface 

temperatures, particularly for the Fish Patch. This will test the accuracy of the SSTs with 

very precise monthly measurements of sea temperatures. Comparisons of in-situ data 

will also be made for selected sites around Fiji, testing for any variability within the 

different geographical locations.  

Physical Disturbances Affecting Coral Reefs 

Tropical Cyclones 
Large-scale natural disturbances, including tropical cyclones, have on a regular basis 

impacted coral reef ecosystems. Cyclones can have considerable effects on reef habitats, 

depending on the location and physical structure of the impacted reefs (Glynn et al. 

1998; Cheal et al. 2002). Such effects include breakage of corals (particularly more 

fragile branching corals) from big storm waves, as well as turbidity and sedimentation 

from heavy rainfall, blocking out sunlight and suffocating corals. Sunlight is essential 



 

88 
 

for coral polyp photosynthesis and growth. The following section therefore observes 

tropical cyclones that took place in Fiji between 1999 and 2013 (Table 10), and 

examines their impact on major benthic categories during this period.  

 

Table 10. Tropical cyclones that affected the selected study areas from the year 2000 to 2012. *Note: 
Tomas and Evan did not have direct impact on the Suva area*. Information on tropical cyclones in Fiji 
was gathered from the Fiji Meteorological Annual Reports. 

Area 
Affected  Cyclone Category 

Date/Year of 
Impact in Fiji 

Survey Date 
(Before) 

Survey Date 
(After) 

Suva  Mick  2 3-15 Dec 09 18-Mar-09 11-May-13 
  Tomas  4 14-16 Mar-10 18-Mar-09 11-May-13 
  Evan  4 16-17 Dec-12 18-Mar-09 11-May-13 
          
Vatu-i-Ra Paula  4 02-Mar-01 09-Jun-00 01-Apr-01 
  Gene  3 28-Jan-08 02-Nov-07 30-Nov-08 
  Tomas  4 14-16 Mar-10 30-Nov-08 22-Apr-11 
  Evan  4 16-17 Dec-12 22-Apr-11 29-Jun-13 
          
Taveuni Jo 3 22-Jan-00 22-Sep-99 10-Jan-02 
  Waka 1 1-2 Jan-02 22-Sep-99 10-Jan-02 
  Yolande 1 05-Dec-02 10-Jan-02 07-Feb-03 
  Ami 3 14-Jan-03 10-Jan-02 07-Feb-03 
  Cliff 2 04-Apr-07 12-Feb-07 25-Feb-10 
  Daman 4 5-9 Dec-07 13-Feb-07 26-Feb-10 
  Tomas 4 14-16 Mar-10 26-Feb-10 24-Feb-11 
  Evan 4 16-17 Dec-12 02-Mar-12 13-Feb-13 

 

More intense tropical cyclones were experienced in the latter half of the study period 

(Figure 5: 1). If more cyclones occur in the future as a result of climate change, 

detrimental effects on corals are likely to occur and thus increase their vulnerability to 

increased SST, ocean acidification and physical damage particularly through the 

breakage of corals from strong wave action that come with tropical cyclone activity and 

difficulties to regrow. Climate variability have previously led to variations in tropical 

cyclone frequency, intensity and structure all around the world – for instance there is 

high probability that ENSO having influential effects on tropical cyclones will continue 

through the mid-21st Century varying from year to year and from one decade to the other 
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(e.g. Zhang and Delworth 2006; Wang et al. 2007; Callaghan and Power 2011), 

damaging corals in the process.  

 

 
Figure 5: 1 Intensities or categories of tropical cyclones that made a direct impact on the study sites in 
Fiji from 1999-2013. 

 

However, cyclones can also be beneficial to reefs. For example, small cyclones are 

capable of providing quick relief during thermal stress. However, tropical cyclones are 

more renowned for their destruction, whereby very intense cyclones can change a reef 

system to an area dominated by rubble (Heron et al. 2008). Coral reefs have been able to 

survive disturbances for millions of years. However, limited coral recovery from severe 

physical disturbances in combination with elevated thermal stress and the acidification 

of oceans may lead to potential extinction (Heron et al. 2008).  Fiji experienced one 

major cyclone in 2010, Tropical Cyclone Tomas, and another in 2012: Tropical Cyclone 

Evan. However, the cyclones did not cause major damages to the Suva area (Figure 5: 

2). Due to insufficient reef check data from 2010 to 2012 it is unclear how badly 

affected the corals were, particularly Acropora type species. However such physical 

disturbances may have contributed to some extent (although very little) to Acropora 

species decline, or restricted recovery, from 2008 to 2013 after the Acanthaster planci 
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outbreak in 2007. However, it is speculated that the Crown-of-Thorns outbreak was 

responsible for the removal of Acropora originally while the slow recovery was mostly 

attributed to the increasing effects of urban pollution from Suva. Other benthic 

categories, in particular submassive corals, seemed unaffected by the Category 4 

cyclones and have become the dominant benthic cover at the Fish Patch.  

 

 
Figure 5: 2 Categories/intensities of tropical cyclones and percentages of the major benthic categories of 
Acropora, massive coral, submassive coral and soft coral at the Fish Patch in 2000-2013. 

 

Acropora on Mount Mutiny in Vatu-i-Ra was not heavily impacted by Cyclone Tomas 

as it mostly tracked over the eastern and northern parts of Fiji. However it is evident that 

Cyclone Evan that passed Fiji in December 2012 caused considerable physical damage 

to Acropora while no significant damage to other major benthic covers was observed 

(Figure 5: 3). In 2011 before Cyclone Evan, 64.7% of Acropora were branching types, a 

form seemingly more fragile and that breaks more easily during physical disturbances. 

The branching Acropora corals then dropped to 18.3% of the total Acropora cover in 

2011 and fell further to 7.5% by June 2013 when the last survey was taken (Table 10), 

after cyclone Evan. However, according to significance tests mentioned in the results 
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chapter (Figure 4: 4a), no major difference was seen between 2011 and 2013 (p-value = 

0.2254).  

 

Acropora colonies, classified into morphologies of corymbose, table, digitate and 

arborescent, were studied by Muko et al. (2013). It was observed that digitate and 

arborescent Acropora from sites at Iriomote Island, Japan suffered major damage due to 

a tropical cyclone which both increased its mortality and lowered its rate of growth.  

Tropical cyclone Evan developed into a Category 4 cyclone as it reached Fiji Waters 

from the northeast on the 16th of December 2012 (Fiji Meteorological Service, 2012). 

The cyclone tracked south-westwards bringing with it destructive hurricane force winds 

and torrential rain in areas such as Rakiraki, one of the closest towns to the Vatu-i-Ra 

sites (Fiji Meteorological Service, 2012).  

 

Future monitoring is required to assess the recovery rates of Acropora. On many 

occasions branched corals recover quickly, due to their rapid growth and branches that 

are broken have the ability to regrow in new areas (Heron et al. 2008).  

 

 
 Figure 5: 3 Categories/intensities of tropical cyclones and percentages of the major benthic categories of 
Acropora, massive coral, submassive coral and soft coral at Mount Mutiny from 1999-2013.
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Recovery however, may be slowed by the movement and accumulation of coral rubble 

produced by tropical cyclones or hurricanes, as well as increases in algal abundance that 

will compete for space (Heron et al. 2008). Also, fragmenting corals become established 

in semi-protected waters and begin growing immediately.   

 

Acropora corals showed some apparent decline in 2013 compared to 2011 at the E6 site, 

possibly due to the effects of Cyclone Evan. Massive and soft corals showed no 

significant decline in cover while submassive corals had increased replacing the 

damaged Acropora (Figure 5: 4). These groups are not as fragile in morphology as 

branching corals are, not breaking easily to large waves caused by tropical cyclones.  

 

 
Figure 5: 4 Categories/intensities of tropical cyclones and percentages of the major benthic categories of 
Acropora, massive coral, submassive coral and soft coral at E6 from 1999-2013. 

 

Waitabu along with Vanua Levu is usually in the path of cyclonic activity in Fiji leaving 

it highly exposed to physical disturbance. A Category 3 tropical cyclone in 1999 may 

have reduced Acropora abundance or contributed to the slow recovery at the Waitabu 

site (Figure 5: 5). Another Category 3 cyclone occurred in 2002 leaving most corals 

unaffected. Soft corals however, decreased to zero and began to recover only in 2006. 

The two major cyclones Tomas and Evan caused a slight decline in Acropora 
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abundance. In 2010, Tropical Cyclone Tomas approached and affected areas such as 

Cikobia, eastern parts of Vanua Levu and the Lau Group bringing in hurricane force 

winds (Fiji Meteorological Service, 2010). The abundance of Acropora after Cyclone 

Tomas dropped by nearly 10% but increased 5% a year later indicating that the recovery 

rate after a natural physical disturbance was relatively quick. Since Waitabu is a 

protected area it would be less susceptible to human stresses, and higher recruitment 

could have played an important role for its quick re-growth. 

 

 
Figure 5: 5 Categories/intensities of tropical cyclones and percentages of the major benthic categories of 
Acropora, massive coral, submassive coral and soft coral at Waitabu from 1998-2013. 

 

Three Category 4 tropical cyclones passed over Taveuni in 2007, 2010 and towards the 

end of 2012, respectively. However, no signs of major decline in the four benthic 

categories at Great White Wall were found while a slight decline in Acropora in 2013 

compared to the 2012 levels showed that the lowered Acropora abundance would have 

mainly been due to Cyclone Evan having a slight impact (Figure 5: 6).  The Great White 

Wall site would have less wave action because it is sheltered by Taveuni and Vanua 

Levu.  
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Figure 5: 6 Categories/intensities of tropical cyclones and percentages of the major benthic categories of 
Acropora, massive coral, submassive coral and soft coral at Great White Wall from 2000-2013. 

 

Rainfall & Salinity 

Annual mean rainfall during summer months were measured in Suva and Penang in 

Rakiraki from 1999-2012.  Rainfall and salinity data were compared to observe whether 

rainfall had any influence on saline levels which could potentially affect the health of 

corals. Rainfall data was compiled by the Fiji Meteorological Office while salinity data 

was retrieved from the CoSPPac Ocean Portal.  

The COSPPac Ocean Portal is an open-source technology that provides ocean products 

and services at a broader non-specific scale. The Ocean Portal provides information that 

corresponds to the average of an area, and shows no significant changes from one place 

to another. The information may not be able to represent or precisely observe the strong 

local variation in coastal areas where heavy precipitation could change the value of 

salinity; however is a useful and simple tool to use to get a fair idea of salinity 

measurements. Reefs closer to the coast may not have values precise enough to 

effectively see the impact of salinity on coral. 
According to the National Oceanic and Atmospheric Administration (2012) the 

preferred range of salinity for corals to thrive in is between 32 and 42 parts per thousand 

(ppt). Impacts of salinity on corals are increased by freshwater runoff (lowering it and 

adding stress to them). Salinity measurements for the cool-dry season (May-October) 
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were the same or slightly higher (less rain) compared to the warm-wet season months 

(November-April). Salinity generally remained the same from 2000 to 2006 with 35 

Practical Salinity Units (PSU) for the Suva area. Salinity decreased in the cool-dry 

season from 35.5 PSU in 2000 to 35 PSU in 2006 however was consistent. These 

measurements were similar to Vatu-i-Ra and Taveuni and did not show any general 

pattern of decline or increase (Table 11).   

Rainfall has been fairly consistent since 1999 for the Suva area ranging from 2477.1 to 

3825mm. There was no general correlation between salinity and mean rainfall (Figure 5: 

7). A proper indication of whether corals were affected or not by changes in salinity and 

rainfall may have been better determined if monitoring took place directly prior to and 

after a heavy rainfall event particularly when a site such as the Fish Patch is a nearshore 

reef and approximately 2.5km from shore (recovery may have occurred before these reef 

check surveys were done).  The wettest months were in 2002 and 2012 and the driest 

included 2004 and 2006. During these years, no real change in coral cover was evident. 

Errors on the graph indicate high variability between summer months. 

 

Singh & Aung (2008) collected salinity information within the Suva lagoonal zone 

(surrounding Suva’s urban center) measuring 24.8 PSU during the warm-wet period and 

33.7 PSU cool-dry periods. Various areas within the Suva Lagoon showed 

differentiation in salinity and were mainly influenced by freshwater discharge from 

rivers located in close proximity to them. It was explained further that during the 

November to April months, high seasonal rainfall led to higher freshwater discharge 

causing lower salinity levels. In contrast, from May to October, low rainfall led to higher 

salinity levels. The Fish Patch site is not in close proximity to a river mouth and is 5-

10m from the surface therefore salinity differences and variations are not large. 

Monthly average rainfall during the summer months from 1999-2012 were also 

calculated for Rakiraki in order to better distinguish wet and drier periods (Figure 5: 8). 

The wettest months were in 2008 (519.47mm) and 2012 (562.42mm) and the driest 

included 2005 and 2010 (173.25mm and 159.6mm, respectively). During these years, 
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there was no significant change in coral. Errors on the graph indicate high variability 

between summer months. 

 

 
Figure 5: 7 Monthly mean rainfall during the summer months at Laucala Bay, Suva with errors and 
salinity (PSU) measurements displayed. Summer months were used as this was when rainfall is highest. 

  

 
Figure 5: 8 Monthly mean rainfall during the summer months at Penang, Rakiraki and salinity (PSU) 
measurements displayed. Summer months were used because this is when rainfall is highest.  
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According to Heron et al. (2008), heavy rain causes terrestrial runoff affecting nearshore 

reefs by smothering corals through sedimentation and increasing nutrient input with the 

use of fertilizers. Increased rainfall raises the abundance of algae as well as decreases 

salinity resulting in corals becoming stressed. Contrary to Heron’s results, this study 

observed reefs that were not all nearshore ones thus rainfall may not be an important 

factor to all sites, Mount Mutiny in particular, which is one of the furthest away from 

shore. Due to limited data, it was unclear to separate how vulnerable benthic cover is to 

these factors.  

 

Table 11. Salinity levels for Suva from 2000-2013. Note: PSU Data was retrieved from COSPPac 
(Climate and Oceans Support Program in the Pacific) Ocean Portal from 2000 to 2006 using a surface 
map (Source: COSPPac 2006). Measurements beyond 2006 were not recorded. 

 Year Warm Wet (PSU) 

(Nov-Apr) 

Cool Dry (PSU) 

(May-Oct) 

 Suva 2000 

2001 

2002 

2003 

2004 

2005 

2006 

35.5 

35.5 

35.5 

35.5 

35.5 

35 

35.5 

36 

35.5 

36 

36 

35.5 

35.5 

35.5 

Vatu-i-Ra 2000 

2001 

2002 

2003 

2004 

2005 

2006 

35 

35.5 

35.5 

36 

36 

35 

35.5 

35.5 

36 

36 

36 

35.5 

35.5 

35 

Taveuni 2000 

2001 

2002 

2003 

2004 

2005 

2006 

35.5 

35.5 

36 

36 

36 

35 

35.5 

36 

36 

36.5 

36 

35.5 

35.5 

35.5 
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ENSO Events 
The El Niño Southern Oscillation (ENSO) consists of either persistent SST warming or 

cooling within the tropical Pacific Ocean referred to as either El Niño or La Niña, 

respectively (Climate Services Division 2014). During an El Niño, the Warm Pool 

moves toward the East Pacific. As the Warm Pool shifts across the Pacific and with the 

South Pacific Convergence Zone (SPCZ) moving away from the country, it generally 

causes a decrease in sea surface temperatures in Fiji.  

El Niño is often followed by consistent negative Southern Oscillation Index (SOI) 

values, a drop in trade wind strength and an increase in dry conditions that could 

potentially lead to drought. During La Niña, a sustained cooling occurs in the central and 

eastern equatorial Pacific Ocean resulting in a positive SOI, increased trade wind 

strength and above average rainfall for most parts of Fiji (Climate Services Division 

2014). La Niña also means that the Warm Pool moves toward the West Pacific where it 

forms a large band of warming water extending from the Solomon Islands to Fiji and 

beyond. 

La Niña conditions occurred in 1999-2000 with signs of it in the first few months of 

2006, while El Niño occurred in 1998, 2002 (2nd half of the year), 2003 (until April), 

2007 (first few months) and 2009 (signs of it in the later part of the year). Neutral 

conditions have been experienced for 2013. The mass bleaching event in 2000 occurred 

during La Niña and another event occurred in 2002 (Table 12). Conditions in 2002 

caused major bleaching in the northern parts of Fiji. There appeared to be minor 

bleaching in 1999 and then built up further in 2000. The La Niña phase in that year 

produced calmer winds thus allowing surface waters to heat (Lovell E, personal 

communication, April 2014). 

The year 2002 showed neutral-like and La Niña conditions while 2012 experienced a 

weak-moderate La Niña thus the average and standard deviation were calculated without 

the two years. La Niña (28.3 + 0.2) years in particular are significantly warmer than El 

Niño (27.6 + 0.4) years. Little significance was seen between La Niña and neutral (28.2 

+ 0.3) years (Figure 5: 9). Statistically, it is difficult to separate La Niña and neutral 
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years however this is based on, and corresponds only to, 15 years of observation (Table 

13). 

From the table below (Table 13), sea temperatures during summer months from one year 

to another (1998-2013) and satellite SSTs at Beqa virtual station were compared with 

respect to the ENSO event for those particular years. The average temperature was taken 

only during the summer months (November-April) of a particular year because these 

were periods of elevated temperatures, consequential to corals as far as bleaching is 

concerned.  The ENSO event taking place within those summer months were noted.  

Mean sea temperature during all El Niño years recorded less than 28°C resulting in 

cooler seasons. Higher average recordings were mainly associated with strong La Niña, 

with readings ranging from 28.24-28.77°C. This suggests that sea temperatures during 

La Niña years are consistently higher than in El Niño years. Neutral conditions ranged 

between 27.85°C and 28.66°C. From the analysis, significantly strong La Niña events 

and a few neutral conditions are very likely to increase average sea temperature and thus 

could lead to coral bleaching.  

 

Figure 5: 9 Graphical representation of the averages and standard deviations of SSTs during the El Nino, 
neutral and La Nina summer months  from 1998-2013. 
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Table 12. ENSO events affecting the Pacific Region from 1999-2013. Note: information collected from 
Annual Climate Summary Reports from the Fiji Meteorological Service from 1998-2013 (Fiji 
Meteorological Service 1998-2013). 

Year Type of ENSO event Conditions/Impacts in Fiji 

1998 El Niño Drought 

1999 La Niña Above average rainfall, flash flooding & landslides 

2000 La Niña Numerous flooding and landslide events. Massive bleaching. 

2001 - Numerous flooding, landslide and lightning events  

2002 El Niño  

Major bleaching early in 2002. El Niño developed during the 
second half of the year; excluding summer months. Strong wind 
and rough sea warnings 

2003 El Niño 
(Until April 2003). Significant effect on the ocean and weather. 
Weather affected in the case of rainfall 

2004 El Niño-like conditions 

Inter-seasonal variations in 2004: wetter than normal conditions in 
the dry season, and drier than normal in the wet season. El Niño-
like conditions formed mid-year. 

2005 Neutral conditions 
Two incidences of flooding in April and September. Suspected 
bleaching this year. 

2006 La Niña & El Niño 
La Niña in the first few months, El Niño from the 3rd quarter of the 
year. 

2007 El Niño For the first few months of 2007. 

2008 Weak ENSO conditions - 

2009 Neutral and El Niño Well established in October 

2010 Variable conditions 
El Niño conditions from January -April, Neutral conditions from 
May-June and La Niña conditions from July-December. 

2011 Variable conditions 
Moderate to strong La Niña conditions persisted during the first 
quarter 

    ENSO neutral conditions prevailed from May to August  

    
Weak to moderate La Niña conditions re-emerged in October and 
persisted until end of 2011; 

2012 Variable conditions 

Weak to moderate La Niña conditions persisted over the first 
quarter , but neutral ENSO conditions prevailed from May till the 
end of 2012 

2013  Neutral conditions 
 Neutral El Niño-Southern Oscillation (ENSO) conditions (neither 
El Niño nor La Niña) continue to persist in the tropical Pacific 
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Table 13. Comparison between ENSO summer months from one year to another and satellite SSTs at 
Beqa. Note: Measurements from 1998-2000 were taken in Vatu-i-Ra using temperature loggers since no 
measurements were taken using satellite sea surface temperatures. Bold lettering indicates the first 6 
highest measurements.  

Summer Months ENSO La Niña Neutral 
Conditions El Niño 

1998 El Niño     27.45 

1999 La Niña 28.36     
2000 La Niña 28.77     

2001 Neutral 
Conditions   

28.66 
  

2002 Neutral/La Niña 27.98     
2003 El Niño     27.98 

2004 Neutral 
Conditions   

27.85 
  

2005 Neutral 
Conditions   

28.05 
  

2006 La Niña 28.24     
2007 El Niño     27.8 

2008 La Niña 
Conditions 28.16 

    

2009 Neutral 
Conditions   

28.4 
  

2010 El Niño     27.11 

2011 La Niña 28.3     

2012 Weak-moderate 
La Niña 28.19 

    

2013 Neutral 
conditions   

28.13 
  

Mean    28.3 28.2 27.6 
(without 2002 and 
2012)      28.4 *     

          

Standard Deviation   0.2 0.3 0.4 
(without 2002 and 
2012)      0.2 *     
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Biological Parameters 
 

Crown-of-Thorns (Acanthaster planci) Outbreaks  
Outbreaks of the Crown-of-Thorns starfish (Figure 5: 10) have caused massive decreases 

in corals mostly for branching Acropora. The Fish Patch in Suva in particular was 

affected by such a disturbance, resulting in slow growth and recovery. Monitored 

documentation of outbreaks was only collected between 2002 and 2007 (Table 14).  No 

reports of outbreaks have been documented since 2008. 

 
Figure 5: 10 Acanthaster planci (Lovell & Sykes 2007) 

Acropora corals at the Fish Patch were severely affected during the active outbreak, 

declining in 2008 and reduced to 0.63% in 2009 (Figure 5: 11). Since this time, 

Acropora type corals have only increased to 4.38%. Very slow growth of Acropora was 

evident at both depths at least for 4 years following the Crown-of-Thorns disturbance. 

Vulnerability to these outbreaks and slow recovery of corals may have also been 

attributed to increased pollution and fishing from a higher number of fishing vessels.  

Waitabu suffered spot outbreaks in 2006 and 2007 (Figure 5: 12). Most of the benthic 

cover did not to seem show major decline although this was difficult to tell due to the 

lack of data collection in 2008 and 2009. During the outbreak years, Acropora 

percentages dropped and were below the 2005 level. In 2010, however, coral cover 

categories were back to pre-disturbance stages indicating much faster recovery and 

higher coral recruitment than at the Fish Patch.  Less coral recruitment at Fish Patch is 
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likely due to the site being susceptible to urban development and pollution, making it not 

so ideal for corals and their juveniles to live and thrive in.  

 

Table 14. Table of COTs outbreak levels recorded on FCRMN sites 2002 – 2007 (Sykes & Morris 2009) 
including dates before and after surveys. 

 

 

Area 
Affected Type 

Time/Year of 
Impact 

Survey Date 
(Before) 

Survey Date 
(After) 

Suva  Spot Outbreak 2003 Jul-03 22-Jun-04 

  Spot Outbreak 2004 Jul-03 22-Jun-04 

  
Active 

Outbreak 2007 2007 08-Jan-08 

        

Waitabu Spot Outbreak 2006 2005-2006 12-Feb-07 

  Spot Outbreak 2007 12-Feb-07 29-Feb-08 

        

Vatu-i-Ra None - - - 

 
 

Outbreak Type Criteria 

Blank No surveys done but no reports of COTs (no data) 

None Surveys done, No COTs present 

Non-outbreak COTs present but   <30 COTs / hectare   (<0.3 / 100m2) 

Incipient 

outbreak 

High density of juveniles 

Spot outbreak High density of COTs on parts of a reef, Low numbers 

elsewhere 

Active outbreak >30 COTs per hectare   (>0.3 / 100m2) 
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Figure 5: 11 Comparison between percentages of major benthic categories and Acanthaster planci 
(Crown-of-Thorns) outbreak levels at the Fish Patch in Suva. Note: COTs Outbreaks based on severity 
where: 1= None, 2 = Spot Outbreak & 3 = Active Outbreak. The size of the circle represents how big 
each outbreak was.  

 

It was predicted by Sykes and Morris (2009) that Acanthaster planci outbreaks would 

occur for 2008 and/or 2009/2010, followed by coral cover regeneration reaching pre-

disturbance levels by 2014. These levels have struggled and have not fully returned to 

pre-bleaching cover. The Mamanuca group located in the Western part of Fiji suffered 

outbreaks that lasted from 2006 to 2010, while Beqa and the Coral Coast had a spot 

outbreak in 2009/10, and Taveuni, Lomaiviti and the Yasawa Islands are suffering a 

current outbreak that started in 2012 (Sykes H, personal communication. June 2014). 

Acropora cover is still at a recovery phase particularly for the Fish Patch at both depths 

and has not reached pre-disturbance levels as initially projected. 

Studies reveal that the abundance of corals in Guam and at the Great Barrier Reef may 

return to initial levels within 12-15 years (Moran, 1988). Levels of coral cover can 

return to normal within a period of 10 years granted that reefs receive enough larvae for 

young corals to grow (CRC Reef Research Centre 2003). Reefs that are incapable of 

receiving a large supply of larvae are expected to take a longer time to recover, about 15 

years or more (CRC Reef Research Centre 2003).  This may be probable in areas such as 
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the Fish Patch which is taking at least 6 years (and even more) to bounce back, 

recovering at a very sluggish rate.  

 
Figure 5: 12 Percentages of major benthic categories and Acanthaster planci outbreaks at Waitabu 
Marine Cut (5m) in Taveuni. Note: COTs Outbreaks based on severity where: 1= None, 2 = Spot 
Outbreak & 3 = Active Outbreak. The size of the circle represents how big each outbreak was. 

 

Grossman (2014) hypothesized that increases in sea temperatures due to climate change 

has caused the Acanthaster planci outbreaks along the Great Barrier Reef in Queensland, 

Australia. Yamaguchi (1974) discovered that the Crown-of-Thorns thrived best at sea 

temperatures between 28°C and 31°C. In depth research and monitoring are required to 

confirm whether this association is true for Fiji Waters.  

Moreover, Brodie et al. (2004) investigated the link between primary Crown-of-Thorns 

outbreaks and nutrient rich waters. The authors discovered that nutrient discharges from 

rivers rose four-fold over the last 100 years in the central Great Barrier Reef and large 

phyto-plankton concentrations of the inshore central Great Barrier Reef shelf in the wet 

season when Acanthaster planci larvae develop, was twice as much that of other places 

and times. Growth, survival and development of larvae increased to nearly ten-fold with 

doubled concentrations of large-phytoplankton.  

So, waters that are both nutrient-rich and warmer could become extremely detrimental to 

coral reefs accelerating the growth and abundance of these predators.  
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Genetic Response to Thermal Stress 
Thermal stress in the context of genetic response and adaptation to thermal stress was 

attributed to a La Niña extreme event. Acropora corals at two sites that were relatively 

in close proximity to one another and both experience very similar external conditions, 

bounced back from the 2000 disturbance at different rates. Acropora corals were 

affected at both sites especially branching Acropora following the bleaching event. 

Massive corals suffered at E6 however were unchanged at Mount Mutiny.  

Acropora at Mount Mutiny in Vatu-i-Ra recovered after a year of bleaching in 2000 

possibly suggesting thermal tolerance and/or greater ability to recover. In contrast, the 

E6 site took a longer time to recover to its pre-bleaching cover composition, potentially 

indicating genetic susceptibility to increased sea temperatures. Massive corals at E6 

have not been able to fully recover to pre-bleaching levels. Although unchanged in 2000 

after the bleaching, these coral types declined very rapidly in 2001 and E6 had not been 

able to recover to pre-bleaching levels.  This could suggest sensitivity of massive corals 

toward thermal stress in E6 as well as in Mount Mutiny. Further work to understand the 

physiology of the corals and the distribution of zooxanthallae in these areas would be 

valuable to determine genetic response to disturbances. 

A few species display a quick response to stress across thousands of genes. In 

scleractinian corals, such responses have only begun to be described. A study by Barshis 

et al. (2012) revealed that some corals were sensitive and others were tolerant with 

regards to their reaction to heat. Furthermore, the authors observed that a reduced 

reaction in a corals’ population ultimately indicate more resilience.  These corals have 

tolerance genes including heat shock proteins and anti-oxidant enzymes, enabling 

physiological resilience under encountered environmental stress (Barshis et al. 2012). 

For Fiji’s reefs, genetic coral research is lacking therefore further studies are necessary 

in determining their fate under future climatic conditions.    

Coral Recruitment 
High recruitment following bleaching for most of these sites (except E6) was probable 

as reefs bounced back over a short term period. One potential reason for increased 

recruitment was that sites were situated on reef systems where there was rich species 
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diversity. Secondly, healthy reefs within close range of sites may release big amounts of 

larvae. Quinn and Kojis (2008) investigated patterns of recruitment of scleractinian and 

milleporean corals in three areas of Fiji: Great Astrolabe Reef, Taveuni and Suva 

Harbour. One site in the Suva Harbour recorded the lowest percentage of recruitment 

while a reef that was occasionally disturbed by sedimentation recorded the highest rate 

of recruitment (Quinn & Kojis 2008). Moreover, recruitment was much greater (>7 

times) during the summer periods than in winter with substantial variation occurring in 

Acroporidae (recruitment in primarily shallow waters), Poritidae, Pocilloporidae and 

Faviidae. No recent studies on recruitment have been conducted within these study sites 

and other sites in Fiji to confirm or infirm these findings.  

 

Human-induced Impacts  

Coastal Development 
Coastal development near reefs such as industrial zones, infrastructure and settlement 

construction can have detrimental impacts on nearshore reefs. These effects can damage 

reefs directly through land reclamation and dredging, or indirectly through water 

pollution, sewage and sedimentation (Burke et al. 2012). The Suva Harbour has been 

exposed to human impacts for many years and even more so now with increased fishing 

vessels, land reclamation and infrastructure in the city. As mentioned above in the coral 

recruitment section, one reef in the Harbour had low recruitment rates (Quinn & Kojis 

2008). However, despite the human impacts, corals reefs have still managed to grow 

however to what extent they have been affected by coastal development and other 

human related activities requires more in–depth analysis.  

Pollution 
A big problem that Suva faces is pollution. The Fish Patch in Suva is located close to the 

shore. There is high exposure to urban pollution/development which could potentially 

limit sunlight penetration to corals for photosynthesis. For instance, over the years more 

coastal development has taken place hence increased pollution and one third of reefs in 

Fiji are under threat by impacts related to coastal development (Chin et al. 2011). For 

reefs such as the Fish Patch that is adjacent to Suva City, development and pollution 
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possibly led to delaying the recovery of some major coral taxa after disturbances such as 

the Crown-of-Thorns outbreak that occurred in 2007. It is however difficult to pinpoint 

which of these factors will have the greatest impact on corals since precise data is 

currently lacking. 

Commercial vessels release contaminated bilge water, solid waste, fuel or oil and 

invasive species, causing harm to reefs ecosystems (Burke et al. 2012). Corals are 

smothered by sediments and terrestrial-based sources of pollution caused by activities 

from agriculture, clearing of mangroves and deforestation (Cesar et al. 2003). Land 

reclamation, sewage and unsustainable land use in urban settings contribute to 

eutrophication and increased sediments (Vuki et al. 2000). High phosphate and nitrate 

levels were present according to coordinating long-term studies in Laucala Bay, Suva 

(Naidu et al. 1991; Tamata & Thaman 2001). Pollution in the Suva Harbour may 

influence the possibilities to recruit at the Fish Patch site as opposed to Waitabu which 

has been relatively stable.  

Along the Barbados coast, sewage and pollution from industrial discharge altered the 

chemistry of the water reducing the recruitment of a number of reef building corals 

(Tomascik & Sander 1987). Additionally, studies in Indonesia revealed that decline in 

biodiversity and rise in bioerosion were consistent with increasing pollution (Edinger et 

al. 1998, Holmes et al. 2000). Other case studies also suggest that enhanced 

sedimentation or pollution change the composition of reef communities and contribute to 

a sluggish recovery of hard corals after disturbance events, by significantly affecting 

recruitment (ISRS 2004).  

The slow recovery of Acropora from the COTs outbreak since 2008 at the Fish Patch 

could therefore be attributed to pollution, sedimentation from the Rewa Delta and urban 

runoff with the plume growing in size due to the expansion of Suva, hence limiting coral 

recruitment. Suva Harbour has also been exposed to toxins leached from the Lami 

rubbish dump and into oceans (Naidu & Morrison, 1994), ultimately affecting reef 

systems. The Fish Patch is approximately 5 kilometres away from the location of the 

dump. Naidu and Morrison (1994) reported that arsenic (As) levels were about 27-

45ppm in areas close to the dump, the highest level recorded of the sites observed. A 
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comparison of the work conducted in 1994 and in previous years of the Suva Lagoon 

demonstrated that contamination was increasing with time (Naidu & Morrison 1994). 

However, since the closure of this rubbish dump in 2005 efforts have been made to 

rehabilitate the site so current studies are required to test whether or not trace elements 

are higher now without the dump than before. 

Destructive Fishing and Overfishing 
Destructive fishing practices including using explosives in order to kill fish, causes 

severe damage to coral reef ecosystems (Burke et al. 2012). Another example of a 

destructive method is cyanide fishing, where fish are stunned in the water without being 

killed. This type of method is common amongst younger fishermen and used for the 

aquarium trade (Cesar et al. 2003) and the live food fish trade, whilst at the same time 

damaging reef building organisms such hard coral cover (Erdmann et al. 2002). These 

methods however have not been documented or recorded in Fiji so the threat of these to 

reefs is minimal.  

Overfishing is also a common problem, making reefs more susceptible to algal 

overgrowth (due to the decreased presence of herbivorous fish), and leading to slower 

recovery from human-induced influences as well as to other stressors (Hughes et al. 

2007; Raymundo et al. 2009). In Fiji, overfishing and increased development are 

additional stressors among other parameters that make reefs increasingly fragile, 

especially those near the towns and cities (Coral Reef Alliance 2014).  

In Table A: 1 of the Appendix section, a negative correlation (with p-value = 0.0167) 

was found between Acropora and algae at Waitabu suggesting that an increase in 

Acropora would lead to a decline in algae, and vice-versa. Since the Waitabu reef used 

to be heavily fished prior to it becoming a no-take zone, this indicates that fewer 

herbivorous fish as a result of overfishing could have led to the growth of algae (which 

they feed on) and therefore limiting Acropora abundance. However, in the latter years of 

this period, Acropora had risen significantly after it had recovered from the bleaching 

event and Waitabu was declared a protected area, while algae cover dropped indicating 

the likely success of the establishment of this no-take zone with the re-population of 

herbivorous fish.  
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Observation of 2013 Precision In-situ Seawater Temperature Data Measurements  
 

This part focuses on in-situ seawater temperature data and satellite sea surface 

temperature data measurements. The purpose of this section was to test how accurate 

SSTs are with very precise monthly temperature measurements in different areas around 

Fiji since temperature monitoring is a key aspect of coral reef management. 

Precision (+ 0.002°C) in-situ seawater temperature measurements took place in the 

context of an ongoing USP research project in collaboration with IRD/GOPS 

(ReefTEMPS) led by Dr Antoine De Ramon N’Yeurt of PaCE-SD. Precision in-situ 

temperatures were examined for the Fish Patch (Suva) site and other areas in Fiji. The 

temperatures were measured by SBE-56 data loggers at 10 meters depth with a sampling 

interval of 10 minutes. These sites include Moon Reef Tailevu, Turtle Island Tavewa 

(Inshore and Offshore) in the Yasawa Islands, Fish Patch in Suva, and the Batiki Outer 

Reef off Batiki Island in Lomaiviti (Figure 5: 13). New monitoring sites are currently 

being deployed in Beqa, Kadavu, Rotuma, E6 Vatu-i-Ra and Koro and will greatly 

increase the scope of the seawater monitoring network in Fiji for the long-term; a subset 

of this USP project includes sensors deployed at greater depths (-55 m, VerTEMP 

Project). 

Firstly, in-situ seawater measurements for the Fish Patch were compared with satellite 

SSTs from the Beqa virtual station (Figure 5: 14), to examine how closely linked they 

were to one another. Mean monthly temperatures were calculated from January to July, 

2013. Very strong association between the two variables was found (r2 = 0.9688 and p-

value = 0.0003).  

Differences in temperature between the two variables were also investigated, with the 

largest difference was recorded in January with 0.788°C followed by February (two of 

the warmest months) with 0.315°C. The differences may be attributed to the absence or 

presence of clouds. Clouds influence surface temperature whereby the absence of clouds 

results in an increase of solar radiation reaching the ocean’s surface making SSTs higher 

(Alvera-Azcárate et al. 2011). A very cloudy week will also result in fewer point 

measurements recorded therefore affecting the mean for the grid cell for satellite SSTs. 
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More importantly, the differences may be attributed to the fact that temperatures were 

not measured at precisely the same site although they were relatively close and satellite 

data usually represents more open than coastal water.  

This test confirms that satellite data from the Beqa virtual station can be used to 

determine what seawater temperatures were around the country over the last 13 years 

and even with precise temperature readings there is still a high correlation between what 

is obtained from a global scale and what can be measured at a localized scale. However, 

caution should be taken since measurements are not taken in the exact location which 

could have resulted in slight temperature fluctuations.  

 

 
Figure 5: 13 Map of stations: Precision seawater temperature measurements at 5 sites and two satellite 
SST virtual stations, Beqa and Vanua for Fiji. Note: Tavewa 1 illustrates the Tavewa inshore reef and 
Tavewa 2 illustrates the Tavewa offshore reef. Map retrieved from Google Earth. 

 

There was a slight bias between the in-situ data and the satellite temperatures for 

January according to the error bars, indicating possible significant differences in mean 
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temperatures between the two datasets (Figure 5: 14) which showed that surface waters 

heat up more than subsurface waters during this time and that less mixing of warmer and 

cooler waters takes place (Lovell E, personal communication, April 2014).  All other 

months did not particularly display any statistical difference between means.  

 
Figure 5: 14 Relationship between satellite SST and precision SWT (+ 0.002) from January to July 2013 
with error bars displayed. 

 

Precision in-situ SWT data within sites around Fiji were compared, identifying possible 

variability in seawater temperatures within these areas. This information will play a 

crucial role in clearly identifying regions of warmer temperatures and how corals in 

those areas are able to survive now and in the future. Additionally, it would be useful to 

better monitor temperatures during ENSO events and other disturbances that could result 

in higher temperatures for years to come, particularly with precision in-situ data that 

accurately and frequently provides measurements exactly where corals live. 

All areas displayed a similar trend where daily temperatures were higher in the earlier 

part of 2013 during the summer months than in winter months (beginning from May). 

Temperatures from earlier January to the end of February saw most sites exceed 29°C 

particularly the Yasawa and Batiki sites making that year a relatively warm one (Figure 

5: 15).  
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There are differences among locations despite the similar trends. The five locations 

showed values that were relatively close to one another (Figure 5: 16). The Tavewa 

Offshore Reef displayed slightly lower average sea temperatures than the Inshore 

Tavewa Reef in the first few summer months but the temperature there was higher 

towards the cooler months of the year. The offshore site temperatures varied less than 

the inshore one. Corals would be more susceptible to bleaching at inshore reefs as 

temperatures are generally higher in summer months (when bleaching occurs).  

Furby et al. (2013) conducted surveys in 2011 within the Red Sea in order to document 

how vulnerable different coral taxa were to the bleaching that occurred in 2010. The 

results of this study showed a considerable reduction in the richness of corals on inshore 

reefs following bleaching, most likely due to coral mortality. However, offshore reefs 

were subjected to lower temperatures due to the nearness of deep and fairly cooler water 

leading to less mortality; whereas shallower reefs located inshore may not experience 

much exchange with deeper water and would have likely been influenced more by 

atmospheric temperatures and increased bleaching. Adjacent to deeper waters, offshore 

reefs are more inclined to receive cooler water mediating the high SST effect (Davis et 

al. 2011).  

Table 15 displays the summarization of these localities including the maximum, 

minimum and mean temperatures. At Moon Reef, the highest maximum average 

monthly temperature occurred in February with 28.55°C and the lowest in July with 

25.87°C.  

Tavewa Offshore had the least fluctuations in temperature. Its highest maximum average 

monthly temperature was the second highest of all the sites with 29.06°C and a 

minimum of 26.79°C. The Tavewa Inshore Reef had greater variation and fluctuation in 

comparison to its offshore reef (Figure 5: 17). Furthermore, the logger at the offshore 

reef was deployed at -16 metres therefore displaying less sensitivity to SST variations.  
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Figure 5: 15  Monthly mean seawater temperature measurements taken every 10 minutes for 5 locations 
in Fiji taken over January-July 2013. 

 

 

Figure 5: 16 Monthly mean seawater temperature measurements in 5 areas in Fiji over January-July 
2013.
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The highest maximum average monthly temperature for the Fish Patch occurred in 

March with 28.78°C and the lowest was in July with 26.08°C. In February, both 

locations in Tavewa exceeded 29°C.  The Batiki Outer Reef had an average temperature 

reading of 28.003°C over the 6 months. The highest maximum average monthly 

temperature happened in February with 29.13°C in the Tavewa Inshore zone (highest 

among all 5 sites) and the lowest 25.87°C in Moon Reef.  

 

Table 15. Seawater temperature summary of the 5 locations in Fiji from January-July 2013 taken from 
monthly averages. 

 

 

Figure 5: 17 Summary of dataset of the 5 locations taken from monthly averages: minimum, lower 
quartile, median, upper quartile and the maximum values. Note: BOR: Batiki Outer Reef, FP: Fish Patch, 
MR: Moon Reef, TI: Tavewa Inshore and TO: Tavewa Offshore. 

Moon 
Reef 

Tavewa 
Inshore 

Tavewa 
Offshore Fish Patch 

Batiki Outer 
Reef 

Mean 27.67 28.11 28.23 27.71 28.00 
Standard 
Deviation 1.00 0.98 0.80 

0.98 1.01 

Min. Temp 25.87 26.37 26.79 26.08 26.11 

Max. Temp 28.55 29.13 29.06 28.78 28.97 

Median 28.18 28.50 28.59 27.78 28.43 
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SUMMARY  
An Integrated Threat Index was developed by Sykes and Morris (2009) showing 

possible threats to different areas in the Fiji Islands mainly due to anthropogenic 

activities including coastal development, pollution, sediment damage, overfishing and 

destructive fishing. The table below (Table 16) displays similar parameters with the 

addition of new parameters based on the analysis of quantitative and qualitative 

information from this research. The purpose of this table was to identify what 

parameters may cause the biggest or smallest impact within coral reef ecosystems in Fiji 

based on this study. Although this research is for academic purposes, this table may also 

be used for community reference. Disturbances throughout the 2000-2013 period have 

also been tabulated (Table 17) displaying the impacts of certain parameters, where there 

was data available, on coral reef ecosystems in the three locations on a yearly basis. The 

table was to gain a holistic view of the multiple factors within these sites and how it 

would affect cover and total variation. If such disturbances continue to increase in the 

future along with additional human forcings, these reefs may not have time to recover. 

Sykes and Morris (2009) indicated that human influences were little threat to Vatu-i-Ra 

and Taveuni, however were major threats to Suva’s reefs. This study agrees with the 

impacts they have observed particularly in reefs around Suva, based on qualitative 

approaches. There is also concern about Crown-of-Thorns outbreaks and how well 

corals are able to bounce back from them. Other parameters such as sea temperature, 

rainfall, turbidity, sedimentation, strong ENSO events, salinity and genetic adaptability, 

pose medium threats to Suva and need to be monitored more often.   

It was also observed that the E6 site on Vatu-i-Ra seemed to be sensitive to sea 

temperature, strong ENSO events and genetic adaptation to thermal stress especially in 

comparison to Mount Mutiny, leaving it more vulnerable despite being unaffected by 

anthropogenic activities.  The Taveuni sites were not as affected by human impacts 

particularly since the set-up of the marine reserve at Waitabu, minimizing the number of 

disturbances to the ecosystem however some medium impacts need to be taken into 

consideration, and future studies must be conducted to fully gauge the status of how 

much these parameters affect these reefs as this is from a qualitative perspective.  
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Table 16. Summary Table of parameters affecting study sites. 

 Fish Patch, 
Suva 

Mount 
Mutiny, 

Vatu-i-Ra 

E6,  
Vatu-i-Ra 

Great White 
Wall, 

Taveuni 

Waitabu, 
Taveuni 

Increased Sea 
Temperature 

     

Tropical 
Cyclones 

     

Rainfall 
 

     

Strong ENSO 
(extreme 
events) 

     

Salinity 
 

     

COTs 
 

     

Coral 
Recruitment * 

     

Coastal 
Development 

     

Pollution 
 

     

Destructive & 
Overfishing 

     

 

*coral recruitment is a has an impact on the capacity of coral reefs to recover however it is also 
controlled by other parameters that influence coral recovery such as temperature and human activities. It 
is therefore a non-independent cause but a second indicator of the impacts of other factors. 

 

KEY: 

                            = High impact     

   = Medium impact 

                       = = Low impact 
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Table 17. Multiple disturbances over the 2000-2013 period in Fiji. 

  SUVA 

  2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 
Above Average 
Sea Temperatures * * * *   
Tropical 
Cyclones * * *   
Crown-of-thorns 
Outbreaks * * *   
Heavy Summer 
Rainfall * *   

  VATU-i-RA 

  2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 
Above Average 
Sea Temperatures * * * *   
Tropical 
Cyclones * * * *   
Crown-of-thorns 
Outbreaks   
Heavy Summer 
Rainfall * *   

  TAVEUNI 

  2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 
Above Average 
Sea Temperatures * * * *   
Tropical 
Cyclones * ** * ** * *   
Crown-of-thorns 
Outbreaks * *   
Heavy Summer 
Rainfall                             
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Chapter 6 CONCLUSIONS 
 

The study was set out to explore the long term changes in coral composition in selected 

sites in Fiji after a bleaching event in 2000. It sought to determine: 1) changes in coral 

cover and composition over time and how the changes vary across 3 coral reef locations 

in Fiji 2) whether satellite sea surface temperature could be used with confidence to 

extrapolate over unsampled areas and longer time periods, and 3) the relative impact of 

heat stress on coral reef health and abundance for selected sites in Fiji 

Key Findings and Contribution to Knowledge 
One or two selected sites have shown changes within coral communities from Acropora 

dominated cover to a more submassive coral dominated one over the past 13 years; for 

example the Fish Patch in Suva Harbour. Various disturbances could change the 

composition of a reef system within a given period of time with slower growing species 

outnumbering the faster growing species that are more vulnerable to disturbances and it 

is seen in the study’s longer time series. For instance, the faster growing species were 

more susceptible to breakage from physical disturbances and were prey to the Crown-of-

Thorns starfish.   

This research discussed how benthic cover reacted to changing environmental conditions 

as well as to anthropogenic forcing. It specifically focused on the recovery after a 

bleaching event and the different parameters influencing corals. A better understanding 

of the regularity of events contributing to reef health was important, for knowing how 

frequently disturbances occur and to what extent they affect reef ecosystems. During the 

early years, Fish Patch was characterized mainly by Acropora, rock and branching 

corals however in recent years has shifted to submassive, coralline algae, Millepora, 

sponge and dead coral (Figure 6: 1). Another example was Waitabu, shifting from rubble 

in 2002 and 2004 to more coral dominated types in the latter years.  

Each site is more vulnerable to some disturbances and more resilient to others either 

chronic or acute in nature. As such, one site cannot be representative of all areas in Fiji 

(where p-value = 0.001 indicated significant differences among all locations and times). 
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Figure 6: 1 MDS and PCO graphs demonstrating changes in benthic cover comparing all sites and years 
(2002-2013). Note: FP.10 = Fish Patch at 10m, FP.5 = Fish Patch at 5m, MM = Mount Mutiny, E6 = E6 
and WA = Waitabu. 
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Although within a relatively small area such as Fiji, the sites studied varied in 

composition, displaying variability in their response to disturbances. Local parameters 

were of major importance compared to global scale parameters. Sites geographically 

located close to each other had some similarity between them and were likely recruited 

from the same areas; however they were also different in their sensitivity and resilience 

to certain parameters, for example, Mount Mutiny and E6. 

Furthermore, although temperature was a very important factor; it was not the only 

factor causing major changes to the reefs. Sites were relatively different in how they 

respond to stresses. The sites either bounced back slowly or quickly from bleaching 

events as well as from other parameters such as physical, biological and anthropogenic 

factors. For instance, E6 responded poorly to increased water temperatures whereas the 

Fish Patch was strongly affected by an Acanthaster planci outbreak that occurred in 

2007 and took more than half a decade to partly recover from it. 

Finally the current research recognized the close relationship in satellite SST readings 

over the Fiji group particularly for the Beqa virtual station which showed strong 

association when compared to in-situ temperature logger measurements and precision 

in-situ measurements deployed at the study sites. Hence the study was able to confirm 

that the sea surface temperature from the Beqa virtual station provided a constant, 

accurate (to localized conditions) and regular database for resource managers to use.  

In contrast, the Vanua virtual station showed more differences than correlation to 

seawater temperature readings, thus making it systematically biased and was not a good 

indicator of temperature for most sites in Fiji. For future use, precision in-situ seawater 

temperature measurements of the Fiji ReefTEMPs network that began in early 

November 2012 would be beneficial as the data collected is precise, continuous and 

comparable to at least a minimum of 3 locations in Fiji, assuming that it is possible for 

USP to maintain this network over the long-term.  

Furthermore, a broader network of the lesser expensive in-situ temperature loggers for 

deployment around the country is relevant for better understanding the temporal 

differentiation of spatial extent among localities. Continuous monitoring of sea 
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temperature is important to carry out for most parts of the country in order to investigate 

its changes over time on a more localized scale.   

Limitations of this research 
The study has offered perspectives that are important for resource managers to be aware 

of, mostly the importance of local parameters in the recovery of coral reefs after 

disturbances; however this work has encountered several limitations that need to be 

taken into consideration.  

Firstly, there were difficulties in obtaining regular annual benthic cover data as well as 

on the ground sea temperature data for the selected areas. Lack of regular monitoring 

would make it difficult to effectively identify causes and recovery rates to degraded reef 

environments in Fiji. This limitation was partially overcome by combining all data 

available and extrapolating what may have occurred between those years of missing 

information.  

Data relative to certain parameters were measured for only certain years and not for the 

entire duration of the study period. Many parameters were not measured at all at most 

sites with the exception of Suva. A qualitative and more descriptive approach was 

therefore taken to assess many of the other parameters including genetic adaptation and 

human influences, which played a key role in ensuring coral reefs stay healthy, whereby 

changes in these variables could potentially threaten them.  

Some of the monitoring data was recorded and gathered by more than one diver. The 

divers (including the principal researcher) were however under the supervision of Helen 

Sykes, the Fiji Coral Reef Monitoring Network Coordinator, therefore followed the 

same Reef Check methods throughout the years. As a result, potential biases induced by 

the involvement of different divers were reduced. 

In terms of the methods used to collect data over the years, the randomly placed PITs 

retrieved a total of only 120-160 point observations per site each year as opposed to the 

many hundreds or thousands of observations that could have been obtained using 

quadrat photography based method. As such, it is possible that some changes found in 

the data observed are artefacts of the sampling design, rather than actual change in the 
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reef. Additionally, information on coral cover by taxa or family was lacking so the 

understanding of the changes in the reef systems over time was quite limited.   

Recommendations and Suggestions for Future Research 
As discussed in the research limitations, there is a need to better understand coral reef 

dynamics around the country. Essentially a greater effort must be taken to monitor reefs 

at least on a yearly basis with long-term studies documenting recovery and mortality 

rates. In this way, reef managers may be able to understand what disturbances heavily 

impact the areas relevant to them, which corals are likely to be more resilient in such 

cases and how they are likely to respond especially to changing climatic conditions in 

the years to come. A more robust benthic monitoring protocol with detailed observations 

of the coral community is necessary in order to best understand how reefs in Fiji are 

changing over time.  

In addition, parameters in most areas are not measured directly at the sites. It is therefore 

important to take these measurements to analyze reef systems using a statistical and 

quantitative approach, to fully confirm qualitative analyses. For instance, coral bleaching 

warning systems could be made more robust through the establishment of more virtual 

stations with the assistance of the NOAA Coral Reef Watch that would represent 

different key sites in Fiji. The increased number of virtual stations may decrease the 

uncertainties relating to sampling, and thus gain more confidence in the interpretation of 

the results.  

The NOAA Satellite and Information Service could further be improved with the 

incorporation of bathymetry and ocean color measurements on the Coral Reef Watch 

website for different locations globally. Bathymetry will allow managers to observe the 

depths of the reefs and relate it to reefs that may be more vulnerable to increased sea 

temperatures as a result of their proximity to the sea surface and sunlight. Ocean color 

can be used for identifying areas and movement where there are high algal blooms, 

allowing resource managers to act quickly upon this posing threat to coral reef 

ecosystems.  

In order to wholly comprehend what is occurring we need to focus more on the main 

processes and begin to put in place a network that will allow reef managers to have a 
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time-series of such parameters thus acquiring better understanding of the biological, 

physical and anthropogenic processes. The network will also be able to identify whether 

specific parameters affect their coral reefs more than others.  

For this goal to be attained, it is necessary to explore the following as future research 

strategies to be facilitated: 

i. Consistent hydrographical monitoring of salinity and turbidity around Fiji 

particularly in areas where rainfall and sedimentation is high. 

ii. pH measurements/monitoring to observe the changes in chemistry and their 

effect on marine life including scleractinian corals in Fiji. 

iii. More research required on the genetic composition of corals and their response 

to thermal stresses in Fiji. This information will be helpful to resource managers 

as it will enable them to identify and grow corals that are more resilient than 

others.   

iv. To monitor changes in fish catch at the different reef sites. Increased fishing 

activity is likely to become an even bigger problem in the future as population 

and associated demand for fish will be on the rise.  

v. Studies carried out to investigate the relationship between increased sea 

temperatures and outbreaks of the Crown-of-Thorns in Fiji Waters. Monitoring 

prior to and after strong ENSO related events would be important in order to 

understand how reefs react to increased sea temperatures especially if they 

become more frequent in the future. 

vi. Systematic and consistent evaluation of coral bleaching over time for selected 

sites in Fiji (that is more precise than visual evaluation). 

vii. Studies on chlorophyll a and protein levels (to check for food availability within 

corals). 

viii. Further long term monitoring (20-30 years) is required to gain a better picture of 

how coral reefs react to various disturbances, how often these disturbances are 

occurring and whether coral reefs will be able to withstand such events in the 

future.  Continuity of a project or the effective linking of successive projects is 

required in this case.   
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Previous studies have indicated that Fiji’s reefs are relatively resilient to thermal stress 

and recovery of scleractinian corals can be quick. However, while this may be the case 

for many of the sites studied, a few reefs are still truly affected. Fiji has not faced a mass 

bleaching in recent years as it did back in 2000 enabling the steady recovery for more 

than 13 years. However, disruptions in growth rate caused by other 

processes/disturbances have occurred and need to be examined and statistically 

analyzed. It must also be recognized which reefs around the country are more vulnerable 

to what parameters.  
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APPENDIX 
Fish Patch at 10m 

  

 

 

Figure A4: 1 Percentages of major benthic cover categories in the Fish Patch at 10m from 2002-2013 
including linear correlation coefficients. 
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Fish Patch at 5m 

 

 

 

Figure A4: 2 Percentages of major benthic cover categories in the Fish Patch at 5m from 2002-2013 
including linear correlation coefficients. 
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Mount Mutiny 

 

 

 

Figure A4: 3 Percentages of major benthic cover categories at Mount Mutiny from 2000-2013 including 
linear correlation coefficients. 
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E6 

 

 

 

Figure A4: 4 Percentages of major benthic cover categories at E6 from 2000-2013 including linear 
correlation coefficients. 
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Great White Wall 

 

 

 

Figure A4: 5 Percentages of major benthic cover categories at Great White Wall from 2006-2013 
including linear correlation coefficients. 
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Waitabu 

 

 

 

Figure A4: 6 Percentages of major benthic cover categories at Waitabu from 2002-2013 including linear 
correlation coefficients. 
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  t d.f p-value Pearson Correlation Co-efficient 

Fish Patch (10m) 

Acropora–Submassive Coral -1.077 6 0.3229 -0.4025 

Acropora–Massive Coral 4.4275 6 0.0044 0.8750 

Acropora-Algae -1.2957 6 0.2427 -0.4676 

 

Fish Patch (3-5m) 

Acropora-Submassive Coral 0.8046 5 0.4576 -0.3386 

Acropora-Massive Coral 0.5224 5 0.6237 -0.2275 

Acropora-Algae -1.1286 5 0.3103 -0.4506 

 

Mount Mutiny  

Acropora-Submassive Coral 1.9497 8 0.0870 0.5676 

Acropora-Massive Coral 0.5071 8 0.6257 -0.1765 

Acropora-Algae 0.8766 8 0.4062 0.2960 

 

E6 

Acropora-Submassive Coral 1.3215 8 0.2229 0.4233 

Acropora-Massive Coral 0.9644 8 0.3631 0.3227 

Acropora-Algae   0.8726 8   0.4083                        0.2948 

 

Waitabu  

Acropora-Submassive Coral 1.8114 10 0.1002 0.4970 

Acropora-Massive Coral 1.5141 10    0.161 0.4318 

Acropora-Algae -2.8679 10   0.0167 -0.6718 

 

Great White Wall 

Acropora-Submassive Coral 4.0964 5 0.0094 0.8777 

Acropora-Massive Coral 0.0588 5 0.9554 0.0263 

Acropora-Algae -1.7881 5 0.1338 -0.6245 

Table A: 1 Pearson correlation co-efficient calculations among major benthic groups: Acropora, massive 
corals, submassive corals and algae in all study sites from 1998-2013. Note: bold figures correspond to 
variables that are correlated. 
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PRINCIPAL COORDINATION ORDINATION/ANALYSIS 

 

2002 

Table A: 2 Variation and principal coordinates explained by 
individual axes for 2002. 

 

Axis Eigenvalue Individual% Cumulative% 

1 2303.5 68.82 68.82 

2 850.2 25.4 94.22 

3 132.81 3.97 98.19 

4 60.658 1.81 100 

        

   

Sample  Axis 1  Axis 2   Axis 3    Axis 4 

  FP10 -20.829 3.6086 0.6623 5.9977 

   FP5 -27.885 4.289 2.5147 -4.8836 

    MM 3.0275 -10.535 -9.3219 -0.82348 

    E6 18.409 -17.447 6.256 9.42E-02 

    WA 27.277 20.085 -0.11109 -0.38483 
 

Table A: 3 Spearman Rank Correlation among variables for 2002 for PCO1 and PCO2 Axes. 

PCO1 (68.8% of 
total variation) 

PCO2 (25.4% of 
total variation) 

PCO3 (4% of 
total variation) 

PCO4 (1.8% of 
total variation) 

Acropora -0.564288094 -0.20519567 -0.56429 -0.1539 
Massive coral -0.5 -0.5 -0.1 -0.6 

Submassive coral 0.6 -0.6 -0.4 0.1 

Foliose coral -0.051298918 -0.974679434 0.359092 0.102598 

Encrusting coral 0 -0.353553391 -0.70711 -0.35355 

Branching coral -0.051298918 -0.974679434 0.410391 0.46169 

Mushroom coral 0.353553391 -0.707106781 0.707107 0.353553 

Millepora 0.223606798 -0.782623792 -0.22361 -0.1118 

Soft Coral 0.948683298 0.105409255 -0.36893 0 

Sponge 0.707106781 0.707106781 -0.35355 0 

Algae 0.872081599 0.153896753 -0.56429 -0.1026 

Coralline Algae 0.707106781 0.707106781 -0.35355 0 

Rock  -0.7 0.7 0 -0.3 

Rubble 0.8 -0.3 0.3 0.7 

Sand 0.974679434 0.051298918 -0.1539 0.102598 
Dead Coral 0 0 0 0 
Dead Coral with Algae 0 0 0 0 

Others 0 0 0 0 
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2004 

Table A: 4 Variation and principal coordinates explained by individual axes for 2004. 

Axis Eigenvalue Individual% Cumulative% 

1 1497.3 55.87 55.87 

2 878.16 32.77 88.64 

3 205.71 7.68 96.32 

4 98.744 3.68 100 

Sample  Axis 1  Axis 2  Axis 3  Axis 4 

  FP10 4.617 10.462 7.8503 -5.9749 

   FP5 29.573 4.6219 -5.1827 2.4537 

    MM -1.465 -18.029 7.1668 4.2011 

    E6 -10.718 -12.984 -7.8749 -4.7639 

    WA -22.008 15.929 -1.9595 4.0841 

 

Table A: 5 Spearman Rank Correlation among variables for 2004 for PCO1 and PCO2 Axes. 

  
PCO1 (55.9% of 
total variation) 

PCO2 (32.8% of total 
variation) 

PCO3 (7.7% of total 
variation) 

PCO4 (3.7% of total 
variation) 

Acropora 0.9 0.1 0.4 -0.1 

Massive coral 0.6 -0.6 -0.6 -0.1 

Submassive coral -0.666885929 -0.461690258 0.102597835 0.615587011 

Foliose coral 0.051298918 -0.872081599 -0.359092423 -0.102597835 

Encrusting coral 0.707106781 0 -0.353553391 0 

Branching coral -0.564288094 -0.564288094 -0.20519567 0.051298918 

Mushroom coral -0.335410197 -0.782623792 -0.447213595 0.111803399 

Millepora 0.447213595 -0.670820393 0.111803399 0.670820393 

Soft Coral -0.9 0.5 -0.1 -0.1 

Sponge 0.335410197 -0.111803399 0.894427191 -0.223606798 

Algae -0.707106781 0.707106781 0 0.353553391 

Coralline Algae 0.307793506 0.820782682 0.359092423 -0.666885929 

Rock  0.1 -0.9 -0.5 0 

Rubble -0.7 0.7 0.3 -0.2 

Sand -0.9 0.1 0.1 0.6 

Dead Coral 0 0 0 0 

Dead Coral with Algae 0 0 0 0 

Others 0 -0.707106781 0.353553391 0.707106781 
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2008 

Table A: 6 Variation and principal coordinates explained by individual axes for 2008. 

Axis Eigenvalue Individual% Cumulative% 

1 2087.1 65.89 65.89 

2 697.33 22.02 87.91 

3 219.38 6.93 94.83 

4 163.65 5.17 100 

Sample  Axis 1  Axis 2  Axis 3  Axis 4 

  FP10 13.565 6.8624 -11.868 0.60352 

   FP5 7.5157 17.812 7.6414 -2.9111 

    MM -22.433 -8.928 -1.1993 -8.4666 

    E6 -25.232 0.16639 1.3045 8.9289 

    WA 26.585 -15.913 4.1217 1.8453 
 

 

Table A: 7 Spearman Rank Correlation among variables for 2008 for PCO1 and PCO2 Axes. 

PCO1 (65.9% of 
total variation) 

PCO2 (22% of 
total variation) 

PCO3 (6.9% of total 
variation) 

PCO4 (5.2% of total 
variation) 

Acropora 0.6 -0.6 0.3 -0.4 

Massive coral 0.564288094 0.666885929 0.359092423 -0.20519567 

Submassive coral -0.9 0.1 -0.2 -0.4 

Foliose coral -0.974679434 0.153896753 -0.307793506 0.051298918 

Encrusting coral -0.9 0.1 -0.2 -0.4 

Branching coral -0.7 -0.5 0.1 0.3 

Mushroom coral -0.894427191 -0.223606798 -0.223606798 0.223606798 

Millepora 0 0.707106781 0.707106781 -0.353553391 

Soft Coral 0.7 -0.3 0 0.7 

Sponge 0 0.707106781 0.707106781 -0.353553391 

Algae -0.6 0.6 0.3 -0.6 

Coralline Algae 0.974679434 -0.153896753 0.307793506 -0.051298918 

Rock  -0.4 0.6 0.3 0.6 

Rubble -0.3 0.7 -0.5 0.2 

Sand -0.1 -0.5 -0.2 0.9 

Dead Coral -0.111803399 -0.111803399 -0.782623792 -0.670820393 

Dead Coral with Algae 0.707106781 -0.707106781 0.353553391 0.353553391 

Others -0.782623792 -0.335410197 -0.335410197 -0.223606798 
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2013 

Table A: 8 Variation and principal coordinates explained by individual axes for 2013. 

Axis Eigenvalue Individual% Cumulative% 

1 912.4 57.94 57.94 

2 478.09 30.36 88.29 

3 133.72 8.49 96.78 

4 50.657 3.22 100 

Sample Axis 1 Axis 2 Axis 3 Axis 4 

  FP10 -14.015 3.6161 -8.594 0.5057 

   FP5 -18.524 -3.4357 6.9068 -1.467 

    MM 7.8431 -8.1956 1.1168 5.4333 

    E6 14.139 -9.295 -2.033 -4.3251 

    WA 10.557 17.31 2.6033 -0.14683 
 

 

Table A: 9 Spearman Rank Correlation among variables for 2013 for PCO1 and PCO2 Axes. 

PCO1 (57.9% of 
total variation) 

PCO2 (30.4% of 
total variation) 

PCO3 (8.5% of 
total variation) 

PCO4 (3.2% of 
total variation) 

Acropora 0.9 0.1 -0.1 -0.1 

Massive coral -0.5 -0.6 0.4 -0.1 

Submassive coral 0.948683298 -0.527046277 -0.158113883 -0.316227766 

Foliose coral 0.6 -0.5 -0.9 -0.1 

Encrusting coral -0.8 -0.3 0.3 0.2 

Branching coral 0.5 -0.6 -0.6 0.4 

Mushroom coral 0.359092423 -0.974679434 -0.410391341 -0.20519567 

Millepora -0.7 0.7 0.7 0 

Soft Coral 0.2 0.3 0.7 0.2 

Sponge -0.718184846 0.666885929 -0.051298918 0.102597835 

Algae 0.410391341 0.666885929 -0.359092423 0.307793506 

Coralline Algae -0.718184846 0.666885929 -0.051298918 0.102597835 

Rock  -0.6 0.1 0.1 -0.5 

Rubble -0.1 0.9 0 0.6 

Sand 0.782623792 0.223606798 0.111803399 -0.447213595 

Dead Coral 0.410391341 0.666885929 -0.307793506 -0.051298918 

Dead Coral with Algae 0 0 0 0 

Others 0.6 -0.6 0.1 0.1 
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2002-2013  

Table A: 10 Variation and principal coordinates explained by individual axes from 2002-2013. 

Axis Eigenvalue Individual% Cumulative% 

1 4662.8 30.96 30.96 

2 3485.6 23.14 54.1 

3 2928.2 19.44 73.54 

4 1832.4 12.17 85.7 

5 1022.5 6.79 92.49 

6 693.99 4.61 97.1 

7 581.25 3.86 100.96 
 
 

 
 

Sample  Axis 1   Axis 2  Axis 3   Axis 4    Axis 5   Axis 6 

FP.10 YR02 25.845 -1.1157 -12.347 2.3133 2.7722 -1.4923 

FP.5 YR02 32.199 -6.5265 -15.983 -4.9538 3.4073 0.16878 

 MM YR02 4.1626 5.6175 -8.0505 0.99414 -15.922 -4.3072 

 E6 YR02 -6.2692 21.273 -12.733 -5.3984 -13.243 12.049 

 WA YR02 2.6006 28.987 17.418 -11.823 4.0319 -3.8667 

FP.10 YR04 13.059 2.53E-02 10.214 2.8722 5.7568 -6.5973 

FP.5 YR 04 20.366 -24.479 3.9786 5.106 -4.0707 -3.8631 

 MM YR04 0.94035 1.5451 -15.388 -0.17976 -0.34612 
-

0.90817 

 E6 YR04 5.7994 10.186 -12.585 -1.7385 10.712 7.8362 

 WA YR04 1.6436 23.942 9.4298 2.9937 3.4926 -7.4359 

FP.10 YR08 4.7437 0.80631 9.2355 6.0691 -7.8746 6.0499 

 FP.5 YR08 3.3961 -11.63 7.7712 -4.7008 -8.8076 -2.5694 

 MM YR08 -25.319 -8.4419 -12.544 13.907 9.63E-02 -5.2496 

 E6 YR08 -18.515 3.8028 -17.246 -1.5822 9.5785 -6.847 

 WA YR08 6.4532 1.9458 19.574 24.897 5.671 10.333 

FP.10 YR13 -8.1832 -11.354 8.4925 -18.44 0.50192 1.2004 

 FP.5 YR13 -5.8078 -17.691 13.229 -18.201 5.5071 5.9044 

 MM YR13 -19.87 -11.042 -1.7016 -0.86917 0.34715 3.5884 

 E6 YR13 -22.053 -6.9589 -2.7806 5.1813 5.7453 3.2726 

 WA YR13 -15.191 1.1078 12.016 3.553 -7.3559 -7.2655 
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Table A: 11 Spearman Rank Correlation among variables from 2002-2013 for PCO1 and PCO2 Axes. 

PCO1 
(31% of 
total 
variation) 

PCO2 
(23.1% of 
total 
variation) 

PCO3 
(19.4% of 
total 
variation) 

PCO4 
(12.2% of 
total 
variation) 

PCO5 
(6.8% of 
total 
variation) 

PCO6 
(4.6% of 
total 
variation) 

PCO7 
(3.9% of 
total 
variation) 

Acropora 0.2572396 -0.3640467 0.1752539 0.758932 -0.2391877 -0.2925912 -0.208349 

Branching coral 0.5234193 -0.2416943 -0.2515132 -0.176739 -0.3693391 0.4758357 -0.2364073 

Massive coral -0.5782154 0.4364885 -0.3121006 0.2050516 -0.2080671 -0.174897 -0.1281572 

Foliose coral -0.6134757 -0.020424 -0.6467592 -0.1134665 -0.0264755 0.1384292 -0.0922861 

Submassive coral -0.6463911 -0.6747692 0.0394141 -0.0346844 -0.0993235 -0.0472969 0.2018001 

Encrusting coral -0.5653896 0.0272113 -0.523061 0.0937277 0.0816338 0.1700704 0.2131549 

Mushroom coral -0.6214007 0.0692277 -0.5801937 -0.2488899 0.2637244 0.32059 -0.0280207 

Millepora -0.2256103 -0.3071265 0.0864565 -0.3985233 -0.6002552 0.0683418 -0.3606472 

Soft Coral -0.1663543 0.3984941 0.660124 0.0688102 0.4098365 0.0763717 -0.1913074 

Sponge -0.0706156 -0.1818351 0.4722417 -0.4925436 0.0547271 -0.1703601 -0.4060396 

Algae -0.5372777 0.3348364 0.2047505 -0.2324611 -0.359468 -0.3379153 0.1839676 

Coralline Algae -0.1045114 -0.441694 0.787268 0.0717085 0.0900171 0.2013941 -0.1357885 

Rock  0.5603611 -0.1226025 -0.2722828 -0.4129372 0.3347123 -0.0737119 -0.0947725 

Rubble 0.2706767 0.6616541 -0.0496241 -0.2045113 -0.1879699 -0.1052632 0.3669173 

Sand -0.2394831 0.8585971 0.0338819 0.1370675 0.1255169 -0.1894304 -0.2518038 

Dead Coral -0.6452498 -0.4634147 0.2701046 0.0732637 -0.0759117 0.0962137 0.1518235 

Dead Coral with Algae 0.2188215 0.1392501 0.3779645 0.3779645 0.2188215 0.3381787 -0.2586073 

Others -0.7887205 -0.25232 -0.2452621 0.1958568 0.1093975 -0.1393936 0.0423474 
 
 
 
Table A: 12 Statistical significance testing using PERMANOVA for all years and sites from 2002-2013. 

 Source   df       SS       MS 
        
Pseudo-F 

    
P(perm)   Unique perms 

Lo (Location) 2 5316.3 2658.2 12.419 0.001 999 
Ti (Time) 3 3783.4 1261.1 5.8921 0.001 998 
LoxTi (Location & Time) 6 3740.7 623.46 2.9128 0.001 998 
Res 8 1712.3 214.04 
Total 19 15062 
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FISH PATCH 10m 
 
 
Table A: 13 Variation and principal coordinates explained by individual axes at Fish Patch (10m) from 
2002-2013. 

Axis Eigenvalue Individual% Cumulative% 

1 1728.9 47.89 47.89 

2 773.15 21.42 69.31 

3 554.96 15.37 84.68 

4 405.49 11.23 95.91 

5 208.33 5.77 101.68 

6 0.14008 0 101.68 

7 -60.815 -1.68 100 
 
 

 
 
 
 

 
 

Sample  Axis 1  Axis 2  Axis 3  Axis 4  Axis 5     Axis 6   Axis 7 

2002 -29.166 5.0337 2.3008 -4.603 -2.1032 -7.90E-03 4.0276 

2003 -7.0852 1.9788 2.0548 -10.868 1.1294 -2.82E-03 -5.7084 

2004 -7.3748 -4.9244 -5.9449 10.984 -8.6594 -4.45E-03 -2.3507 

2006 5.3553 -11.674 -6.9547 -1.4662 4.1482 -0.26001 1.2193 

2007 5.1635 -11.742 -6.6969 -2.3132 3.0785 0.26829 1.3026 

2008 -2.6584 0.32954 14.033 10.521 7.0093 1.38E-02 -0.59193 

2009 23.869 -0.1053 11.074 -4.649 -6.8421 -1.32E-02 1.6587 

2013 11.896 21.104 -9.8658 2.3945 2.2391 6.27E-03 0.44284 
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Table A: 14 Spearman Rank Correlation among variables from 2002-2013 at the Fish Patch (10m) for 
PCO1 and PCO2 Axes. 

PCO1 (47.9% 
of total 
variation) 

PCO2 (21.4% 
of total 
variation) 

PCO3 (15.4% 
of total 
variation) 

PCO4 (11.2% 
of total 
variation) 

PCO5 (5.8% 
of total 
variation) 

Acropora -0.3855702 -0.6747478 -0.2771285 0.542208 0.2530304 

Massive coral -0.2530304 -0.7831894 -0.2530304 0.361472 0.4096683 

Submassive coral 0.9700773 0 -0.3832404 -0.0598813 0.3353354 

Foliose coral -0.1841357 0.8224729 0.1350329 0.3559957 -0.0122757 

Encrusting coral 0.3473116 -0.2874303 -0.4431217 -0.6467182 0.1317389 

Branching coral -0.7142857 0.4761905 0.4047619 0.1666667 0.1666667 

Mushroom coral 0.412393 0.5773503 -0.5773503 0.2474358 0.0824786 

Millepora 0.412393 0.5773503 -0.5773503 0.2474358 0.0824786 

Coralline algae 0.6587325 0.2195775 -0.0243975 0.3659625 -0.0243975 

Sponge 0.4191692 -0.1916202 -0.8383384 0.4311455 -0.1556914 

Soft coral 0.2395253 -0.5628843 -0.1077864 0.6946232 0.682647 

Algae 0.6586944 -0.2395253 0 -0.682647 0.0718576 

Others 0.1532428 -0.7789844 -0.1277024 0.217094 -0.434188 

Dead coral 0.2961529 0.5455447 -0.1091089 0.4831968 0.4520228 

Rock -0.5952381 0.7142857 0.2142857 -0.2380952 -0.6428571 

Rubble 0.3832404 -0.4431217 0.5868369 -0.2634778 0.3233591 

Sand 0.2182179 -0.1363862 0.6819309 0.2182179 -0.2454951 
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FISH PATCH 5m 

 

Table A: 15 Variation and principal coordinates explained by individual axes at Fish Patch (5m) from 
2002-2013. 

Axis Eigenvalue Individual% Cumulative% 

1 2647.8 55.45 55.45 

2 1566.2 32.8 88.25 

3 416.2 8.72 96.97 

4 178.99 3.75 100.72 

5 97.474 2.04 102.76 
6 -131.82 -2.76 100 

 
 
 

 
 

Sample  Axis 1  Axis 2  Axis 3  Axis 4  Axis 5  Axis 6 

2000 32.552 19.36 3.5463 0.50458 1.7557 -4.5113 

2002 25.236 -9.8011 -8.9266 -1.4256 -1.4162 6.6143 

2003 -3.1955 -6.1659 12.411 0.15781 -6.6789 0.3871 

2004 -3.717 -26.155 -2.7505 -2.6908 2.1479 -6.3839 

2008 -10.573 -3.6354 3.4278 9.7368 4.2231 2.9413 

2009 -21.45 15.602 -11.628 2.098 -3.5746 -2.4994 

2013 -18.853 10.797 3.9203 -8.3807 3.5429 3.4518 
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Table A: 16 Spearman Rank Correlation among variables from 2002-2013 at Fish Patch (5m) for PCO1 
and PCO2 Axes. 

PCO1 
(55.5% of 
total 
variation) 

PCO2 
(32.8% of 
total 
variation) 

PCO3 
(8.7% of 
total 
variation) 

PCO4 
(3.7% of 
total 
variation) 

PCO5 
(2% of 
total 
variation) 

PCO6  
(-2.8% of 
total 
variation) 

Acropora 0.3214286 -0.75 0.1428571 -0.0357143 0.2857143 
-

0.2142857 

Massive coral 0.3706247 0.5188745 0.6671244 0.4076871 0.2594373 
-

0.0741249 

Submassive coral -0.7027312 0.1261312 0.4504687 -0.1801875 
-

0.0180187 0.1982062 

Foliose coral -0.4728054 -0.2727724 -0.1636634 -0.1091089 0.8183171 0.4728054 

Encrusting coral -0.3273268 -0.309142 -0.0363696 0.4364358 -0.418251 0.0727393 

Branching coral -0.0714286 -0.7857143 -0.1071429 0 0.4285714 0.2142857 

Mushroom coral -0.0597614 0.8964215 0.0597614 0.0597614 0 
-

0.2390457 

Millepora -0.9549937 0.3063187 -0.0540562 0.1801875 0.0900937 0.0900937 

Coralline algae -0.9189562 0.2702812 0.1261312 0 0.2342437 0.1982062 

Sponge -0.906327 0.492569 -0.2561359 0.2364331 0.2167304 0.1970276 

Soft coral -0.2522625 0.4144312 0.8108437 -0.0180187 0.1801875 0.2883 

Algae -0.5188745 0.7783118 -0.2964997 0.7041869 0.2223748 
-

0.1111874 

Others -0.8017837 0.4899789 -0.2672612 -0.0445435 
-

0.0890871 0.0890871 

Dead coral -0.7572402 0.4454354 -0.0445435 -0.2672612 0.0890871 0.2227177 

Rock 0.8928571 -0.0357143 0.2142857 -0.3214286 
-

0.4285714 
-

0.1071429 

Rubble -0.0714286 0.5357143 -0.6071429 0.5 -0.25 0.2857143 

Sand -0.6123724 0.4082483 -0.6123724 0.4082483 
-

0.4082483 
-

0.2041241 
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MOUNT MUTINY  

Table A: 17 Variation and principal coordinates explained by individual axes at Mount Mutiny from 
2002-2013. 

Axis Eigenvalue Individual% Cumulative% 

1 2717 55.91 55.91 

2 1034.5 21.29 77.2 

3 739.03 15.21 92.41 

4 383.62 7.89 100.31 

5 118.66 2.44 102.75 

6 95.286 1.96 104.71 

7 15.891 0.33 105.04 

8 -74.887 -1.54 103.5 

9 -169.86 -3.5 100 
 
 

 
 
 

 
 

Sample   Axis 1  Axis 2  Axis 3  Axis 4 

1999 29.486 10.994 2.364 1.4678 

2000 29.533 -3.7887 8.0872 -1.0703 

2001 2.6461 4.9544 -16.641 9.7857 

2002 -0.87751 -4.2993 -13.689 -2.4165 

2004 1.5291 -14.88 -4.3402 -9.3917 

2006 -6.2828 -16.761 4.6551 4.596 

2007 -7.6736 -2.6922 10.895 4.4512 

2008 -21.273 5.2405 6.3216 6.7994 

2011 -18.413 3.7687 0.22593 -6.056 

2013 -8.6752 17.464 2.1209 -8.1657 
 

 

 

 

 

 

 

 

 



 

164 
 

Table A: 18 Spearman Rank Correlation among variables from 2002-2013 at Mount Mutiny for PCO1 
and PCO2 Axes. 

PCO1 
(55.9% of 
total 
variation) 

PCO2 
(21.3% of 
total 
variation) 

PCO3 
(15.2% of 
total 
variation) 

PCO4 
(7.9% of 
total 
variation) 

PCO5 
(2.4% of 
total 
variation) 

PCO6 
(2% of 
total 
variation) 

Acropora -0.6484848 -0.0787879 0.2363636 0.4666667 -0.0181818 -0.3575758 

Massive coral 0.9174698 -0.2507751 0.0244659 0.3425221 0.1406787 -0.1100964 

Submassive coral -0.9416499 0.3138833 0.1354006 0.1046278 -0.1784827 0.1046278 

Foliose coral -0.6544618 -0.3792209 0.2201928 0.0061165 0.1590281 0.0611647 

Encrusting coral -0.8739496 0.4308202 -0.0615457 -0.1600189 -0.1907918 0.1969464 

Branching coral 0.2760944 -0.1227086 -0.9448564 -0.4540219 0.1411149 -0.0613543 

Mushroom coral 0.3417204 0.1801798 0.5902443 -0.2671632 0.1677536 -0.254737 

Millepora -0.0908249 -0.1492123 -0.8044489 -0.6617241 -0.0194625 -0.0648749 

Coralline algae 0.2509329 0.6900656 0.388946 0.0627332 -0.1066465 0.1191931 

Sponge 0.1740777 -0.4061812 -0.2901294 -0.522233 0.4061812 0.1740777 

Soft coral -0.0436309 0.4737065 0.1059607 -0.617065 0.2119213 -0.2555522 

Algae -0.3674494 0.171054 -0.4054614 0.2597487 -0.3801201 -0.4054614 

Others -0.7818182 0.3454545 -0.3090909 -0.1151515 -0.3212121 0.2606061 

Dead coral -0.7640932 0.6067799 0.0224733 -0.2472066 -0.13484 0.4045199 

Rock 0.3454545 -0.8545455 0.1636364 -0.4060606 0.0909091 -0.1393939 

Rubble 0.8085144 0.2431622 -0.3161109 0.1215811 0 -0.0972649 

Sand 0.0679129 -0.8828674 0.0987824 -0.2222603 -0.2160864 0.0864346 
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E6 

Table A: 19 Variation and principal coordinates explained by individual axes at E6 from 2002-2013. 

Axis Eigenvalue Individual% Cumulative% 

1 2801.2 48.98 48.98 

2 1195.6 20.91 69.88 

3 1097.2 19.18 89.07 

4 602.73 10.54 99.61 

5 254.27 4.45 104.05 

6 75.208 1.32 105.37 

7 34.314 0.6 105.97 

8 -12.799 -0.22 105.74 

9 -328.46 -5.74 100 
 
 
 

 
 

Sample  Axis 1    Axis 2  Axis 3  Axis 4 

1999 6.1926 -21.781 -17.984 -1.2341 

2000 28.117 -11.627 6.14 0.38738 

2001 18.499 17.42 -9.954 -1.2353 

2002 14.487 14.48 -5.8386 3.8931 

2004 7.3581 4.19E-02 15.933 5.3602 

2006 -5.4262 2.1706 14.386 -7.1957 

2007 -8.7374 -1.9711 4.2486 -14.565 

2008 -16.563 -3.4725 2.7744 2.1288 

2011 -25.208 6.8974 -10.736 -4.0054 

2013 -18.72 -2.1574 1.0295 16.466 
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Table A: 20 Spearman Rank Correlation among variables from 2002-2013 at E6 for PCO1 and PCO2 
Axes. 

PCO1 (49% 
of total 
variation) 

PCO2 
(20.9% of 
total 
variation) 

PCO3 
(19.2% of 
total 
variation) 

PCO4 
(10.5% of 
total 
variation) 

PCO5 
(4.4% of 
total 
variation) 

PCO6 
(1.3% of 
total 
variation) 

Acropora 
-

0.875383983 -0.267478439 -0.474166324 
-

0.127660164 
-

0.127660164 0.176292608 

Massive coral 0.285715606 -0.334348049 -0.462008213 
-

0.267478439 0.5592731 0.13373922 

Submassive coral 
-

0.795205066 -0.200417537 0.148696882 
-

0.084046064 0.032325409 
-

0.446090647 

Foliose coral 
-

0.676841851 0.274395345 0.32317674 
-

0.445130226 
-

0.030488372 
-

0.054879069 

Encrusting coral 
-

0.447886477 0.263823541 -0.10430233 0.595136826 
-

0.177927505 
-

0.202469229 

Branching coral 0.696338883 0.395219366 0.370126073 0.483045892 0.119193142 0.30739284 

Mushroom coral 
-

0.492365964 -0.20310096 -0.030772873 -0.6770032 
-

0.166173513 
-

0.073854895 

Millepora 0.207599718 0.869323821 -0.207599718 -0.48656184 0.032437456 0.032437456 

Coralline algae 0.006827887 -0.402845358 0.45064057 0.327738596 0.703272404 
-

0.095590424 

Sponge 0 0 0 0 0 0 

Soft coral 
-

0.427344949 0.092901076 -0.136254911 0.216769177 0.018580215 0.780369037 

Algae 
-

0.388946043 0.552052447 -0.464225922 
-

0.338759456 0.489319215 
-

0.087826526 

Others 
-

0.778379166 -0.314082821 -0.491607894 0.279943384 0.013655775 0.013655775 

Dead coral 
-

0.406181197 -0.174077656 -0.058025885 0.522232968 0.406181197 
-

0.058025885 

Rock 0 -0.431612936 0.887542094 0.054711499 
-

0.237083162 0.018237166 

Rubble 0.899700205 0.176292608 -0.13373922 0.054711499 
-

0.006079055 
-

0.054711499 

Sand 0.40854418 0.341469763 0.170734881 
-

0.146344184 
-

0.615865108 -0.14024651 
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WAITABU 

Table A: 21 Variation and principal coordinates explained by individual axes at Waitabu from 2002-
2013. 

Axis Eigenvalue Individual% Cumulative% 

1 2841.2 40.29 40.29 

2 1667.4 23.64 63.93 

3 1082.2 15.35 79.28 

4 717.89 10.18 89.46 

5 466.11 6.61 96.07 

6 280.34 3.98 100.04 

7 198.64 2.82 102.86 

8 76.599 1.09 103.95 

9 6.797 0.1 104.04 

10 -14.517 -0.21 103.84 

11 -44.299 -0.63 103.21 

12 -226.25 -3.21 100 
 
 
 

Sample  Axis 1  Axis 2  Axis 3     Axis 4   Axis 5    Axis 6 

1998 22.666 4.1946 -11.192 -15.328 -8.2095 -2.6334 

1999 26.851 14.411 6.8913 15.35 0.91799 2.1957 

2002 9.2828 -21.266 -2.4451 8.2185 -7.7804 -2.177 

2003 7.5086 -14.047 -8.1405 0.15522 7.8856 8.9707 

2004 9.4153 -8.4666 -3.0481 0.19662 1.5981 -2.8253 

2005 -29.871 -9.7041 -2.0192 6.1624 -4.6238 -2.4473 

2006 2.0826 -12.709 14.959 -8.2506 10.791 -3.2977 

2007 -10.745 1.808 4.1501 0.89876 -6.3659 2.0537 

2008 -13.158 11.765 -20.952 2.2613 7.5099 4.66E-02 

2010 -9.329 7.9512 3.3244 -4.0166 2.0531 -1.2107 

2011 -1.5137 7.2661 5.3516 -6.02E-02 2.1101 -6.293 

2012 -3.9793 13.326 3.5508 1.4475 -0.50633 -2.6804 

2013 -9.2113 5.4718 9.5696 -7.0356 -5.3794 10.298 
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Table A: 22 Spearman Rank Correlation among variables from 2002-2013 at Waitabu for PCO1 and 
PCO2 Axes. 

PCO1 
(40.3% of 
total 
variation) 

PCO2 
(23.6% of 
total 
variation) 

PCO3 
(15.3% of 
total 
variation) 

PCO4 
(10.2% of 
total 
variation) 

PCO5 
(6.6% of 
total 
variation) 

PCO6 
(4% of 
total 
variation) 

PCO7 
(2.8% of 
total 
variation) 

Acropora -0.9230769 0.2857143 -0.0494505 -0.0494505 0.0549451 -0.0659341 0.1263736 

Massive coral -0.4352634 -0.5454566 0.3085411 -0.1074384 -0.0192838 -0.0578515 0.2203865 

Submassive coral -0.2662381 0.1794863 0.7119624 -0.5324761 0.3230754 -0.3440155 0.197435 

Foliose coral -0.2363237 0.5354675 0.6162364 -0.0777774 -0.2153836 0.4098271 0.0299144 

Encrusting coral 0.3370217 0.817692 -0.0883991 -0.099449 -0.0276247 0.0220998 -0.2983471 

Branching coral -0.3706247 -0.3571474 -0.5761529 0.5020279 0.1010795 0.2358521 -0.0842329 

Mushroom coral 0.148507 0.1572427 -0.3057497 -0.5241424 -0.2620712 -0.0698857 -0.4979353 

Millepora -0.2662565 0.564348 0.5296189 0.3791261 -0.2662565 0.2459979 -0.1678574 

Coralline algae -0.7413732 0.4204803 0.0636253 0.3485561 -0.1687454 0.0110653 0.0276632 

Sponge -0.3489697 -0.4697669 0.0939534 0.3623916 -0.6241189 0.2751492 0.0738205 

Soft coral 0.1928382 0.3443539 -0.4187344 0.473831 0.1101933 0.2561993 0.2396703 

Algae 0.806053 0.0330124 0.0247593 0.0137552 -0.4071531 -0.3356262 0.1375517 

Others 0.4858649 -0.0567894 0.1766781 -0.5111046 -0.0820291 0.3154967 -0.0883391 

Dead coral -0.1747141 0.3232212 0.358164 -0.1397713 -0.2358641 0.209657 0.2358641 

Rock 0.5509663 -0.2148768 0.3856764 0.2865025 0.3856764 -0.2148768 -0.0716256 

Rubble 0.6978022 -0.5659341 -0.2142857 -0.2472527 -0.0824176 0.0054945 -0.2197802 

Sand 0.0637141 -0.8282834 -0.1301984 -0.0831054 -0.0692545 -0.1689809 -0.2853284 
 

 

 

 

 

 

 

 

 

 


