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ABSTRACT
 

Elevated seawater temperature in March and April 1998 caused by the El Nifio 

Southern Oscillation (ENSO) caused mass coral bleaching along the Kenya coast. The 

ENSO event had an effect on the climate of the study area and the region in general, 

with heavy rains starting in October 1997, and continuing to July 1998. Seawater 

temperature in March and April rose to an average 1.5 °c above values measured in 

the same period in 1997, with daytime low-tide highs ofover 32°C. 

Coral bleaching is the whitening of corals resulting from the loss of symbiotic 

zooxanthellae and/or a reduction of the photosynthetic pigment concentrations in 

zooxanthellae. Bleaching was fIrst observed in October 1997 in Kanamai during and 

after the El Nifio rains, most likely due to sedimentation and seawater dilution in the 

shallow lagoon. In November 1997 bleaching was recorded in Malindi Marine National 

Park (MNP) and was mainly caused by sediment discharged from the Sabaki River. 

Later, extensive temperature induced bleaching and subsequent coral mortality was 

observed in mid March 1998 covering the entire coast of Kenya. Over 90% bleaching 

and mortality was recorded in Mombasa MNP, Malindi MNP and Kanamai. 

Bleaching and mortality was highest in the shallow lagoons such as Kanamai and areas 

where corals are exposed to sediment influence such as the north reef of Malindi MNP. 

The coral species most susceptible to bleaching and mortality were Porites nigrescens, 

Porites lutea, Acropora spp, Pocillopora spp and Stylophora pistillata. 

There was a distinct relationship between temperature and bleaching. As temperature 

increased to a maximum 32°C the number of normal coral colonies decreased due to 

bleaching and mortality. Temperature vs. bleaching relationship indicated a strong 

positive correlation for normal Porites nigrescens (r2 = 0.779), Porites lutea (r2 = 

0.781) and Pocillopora sp (r2 = 0.803). 

The density ofzooxanthellae ranged between 0.7 x 106 and 4.5 x 106 (mean, 2.5 x 106 

± 1.2 x 106
, n = 11) per cm 2 for normal corals and 0.02 x 106 and 0.2 x 106 per cm 2 
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(Mean, 0.2 x 106 ± 0.02 x 106
, n = 6) for bleached corals; Total loss of zooxanthellae 

and pigment was recorded in a few coral fragments. Zooxanthellae densities showed 

significant ~ifferenc~s between species__ (Q.:sQ~Q9Jl_aJ}~LQ~t'Y«'<iI).J!ofIlrn.L ~<L h]eacvltd 

decussata had the highest zooxanthellae densities while Acropora sp and Stylophora 

pistil/ata had the lowest. 

The concentration of Chlorophyll-a ranged between 0.176 mg/cm2 and 0.795 mg/cm2 

(Mean, 0.498 ± 0.287 mg/cm2 
, n = 11) for normal corals and 0.002 mg/cm2 and 0.284 

mg/cm2 (Mean, 0.0765 ± 0.01 mg/cm2
, n = 6) for bleached corals. Chlorophyll-a 

concentrations differed significantly between bleached and normal colonies (p<0.005) 

and between species (p<O.OOI). In normal corals Porites nigrescens and Pavona 

decussata had the highest chlorophyll-a concentrations while Acropora sp and 

Stylophora pistil/ata had the lowest. 

Chlorophyll-a concentration per zooxanthellae was not significantly different between 

species but was significant between bleached and normal fragments (p<0.05). Bleached 

corals had higher values of chlorophyll-a per zooxanthellae compared to normal corals 

as can be observed in Acropora sp, porites nigrescens, porites lutea and Pavona 

decussata. Only in Slylophora pistil/ata that bleached fragments had a lower value of 

chlorophyll-a per zooxanthellae compared to the normal fragments. 

Overall this study indicates that coral bleaching and consequent mortality was caused 

by two sets of stressors; sediment/rainfall stress in Kanamai and Malindi in 1997 and 

elevated sea surface temperatures in all the sites in MarchiApri11998. 
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CHAPTER ONE 

1.0. INTRODUCTION 

1.1. GENERAL 

Coral reefs, found in most tropical regions of the world's oceans are built primarily by 

hermatypic corals (Burgess, 1979; Veron, 1986). Each coral colony is made up of 

many individual coral animals called polyps. Within the cells of these polyps live some 

tiny single-celled protists (dinoflagellates) called zooxanthellae, which synthesize 

organic food compounds for the polyps and impart to them the many splendid colours 

observed in corals (Barnes and Hughes, 1988; Brown and Ogden, 1993). Coral reef 

ecosystems are restricted geographically to tropical, warm (20-32 DC), clear, and 

shallow sunlit (up to 60m) waters. According to UNEP/IUCN (1988) coral reefs rank 

among the most biologically productive and diverse of all natural ecosystems; their 

high productivity stemming from efficient biological recycling, high retention of 

nutrients and a structure which provides habitat for a vast array of other organisms. In 

Kenya, the reefs fringe the coast ~-2 km offshore, except where the influence of river 

mouths is felt (Hamilton and Brakel, 1984; UNEP/IUCN, 1988) in which case they are 

often absent. They have a high economic value supporting the inshore fisheries, and 

serve as an attraction to tourists (McClanahan, 1994; McClanahan and Obura, 1995). 

They are also of high environmental value, serving to protect the shores from erosion 

and contribute to formation of sandy beaches and sheltered harbours (Barnes and 

Hughes, 1988). 

Corals are very sensitive to environmental changes and will respond differently to 

different levels of environmental stresses. One such response is bleaching, which is the 

whitening of corals, resulting from the loss of symbiotic zooxanthellae and/or a 

reduction of the photosynthetic pigment concentrations in zooxanthellae (Glynn, 1991; 

Glynn, 1993; Brown and Ogden, 1993; Glynn, 1996). The causes of small scale 

isolated bleaching events are thought to be localised changes in temperature, salinity, 

light, sedimentation, aerial exposure and pollution ( Glynn, 1993, Glynn, 1996). Large 
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scale bleaching events are caused by greenhouse warming, increased UV radiation flux, 

deteriorating ecosystem health, or some combination of the above factors (Brown and 

Suharsono, 1990; Glynn, 1993; Buddemeier and Fautin, 1993; Fagerstrom and 

Rougerie, 1994; Dune, 1994; Glynn, 1996). 

Bleaching is sometimes followed by massive coral mortality and near extinction of rare 

coral species and possibly serious reef degradation (Brown and Suharsono, 1990; 

Glynn, 1994). Bleaching also reduces skeletal growth (Goreau and Macfarlane, 1990), 

delays coral recruitment (Glynn, 1990) and reduces species and reef biodiversity 

(Glynn, 1996). Recently published studies make it clear that although bleaching is an 

easily recognisable phenomenon, it is difficult to objectively quantify because pigment 

and zooxanthellae concentrations normally vary seasonally, with species, sites and 

between years (Glynn, 1996). The long-term consequences of bleaching are poorly 

known and may depend on synergistic environmental factors. This study was aimed at 

providing information that can be used to develop a tool for management-related 

monitoring ofcoral reef systems. 

The principal aim of the study was, therefore, to develop techniques that can b~ used 

to assess coral and reef health for conservation and management of threatened re~fs. 

The survey methods and model will then be used to design rapid assessment surveys to 

help early identification of threats to coral reefs. This information will be used to aid 

management agencies in reducing anthropogenic stresses to coral reefs of Kenya. The 

study was part of a broader research programme at the Coral Reef Conservation 

Project (CRCP) investigating coral bleaching and management implications and has 

contributed necessary data on zooxanthellae/chlorophyll dynamics in corals. 
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1.2 LITERATURE REVIEW 

Corals depend on translocation of photosynthetic products from endosymbiotic 

zooxanthellae (Symbiodinium microadriaticum) for much of their food, and growth 

with skeletal calcification rates proportional to photosynthetic rates (Barnes and 

Hughes, 1988; Goreau and Mcfarlane, 1990). Coral bleaching occurs when 

photosymbiotic corals lose or expel a major portion of their zooxanthellae, when the 

concentration of photosynthetic pigments in the zooxanthellae declines drastically, or 

when there is some combination of these events (Glynn, 1991; Brown and Ogden, 

1993; Glynn, 1993). This results in the whitening or bleaching of the corals (Brown 

and Ogden, 1993). According to Glynn (1993) particular stressors such as extreme 

temperatures, salinity, light, sedimentation, aerial exposure and pollutants can often 

explain the causes of small scale, isolated bleaching events. Large scale bleaching has 

been associated with greenhouse warming, increased UV radiation flux, deteriorating 

ecosystem health, or some combination of the above. However attempts to explain 

bleaching events in terms of possible global climate change has not been convincing 

(Glynn, 1993). Almost all accounts have implicated increased seawater temperature as 

primary causative factor in the bleaching and subsequent mortality of reef corals 

(Brown and Suharsono, 1990; Brown and Ogden, 1993; Fagerstrom and Rougerie, 

1994). 

Nearly all ofthe world's major coral reef regions (Caribbean/Western Atlantic, Eastern 

Pacific, Central and Western Pacific, Indian Ocean, Arabian Gulf, Red Sea) 

experienced some degree of coral bleaching and mortality during the 1980s (Glynn, 

1984, Brown, 1987; Glynn, 1991; Brown and Ogden, 1993). The extent of coral 

bleaching is unknown in several areas, including the Brazilian coral reef Sub Province, 

New Guinea, the equatorial Western Pacific warm pool, the Philippines and Western 

Australia, but it is uncertain if these areas were unaffected or incompletely observed 

(Glynn, 1993). 

Most of the coral bleaching events of the 1980s occurred during years of large-scale 

EL Nmo Southern Oscillation (ENSO) events (Brown and Ogden, 1993). Four 
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bleaching events were reported in the ENSO year of 1988: two occurred first in 1987 

and continued into 1988 and two were confined to 1988. ENSO conditions known to 

cause coral bleaching and mortality include: sudden sea level drops resulting in reef 

exposures and reduced circulation; low cloud cover, increased irradiance and warming 

of shallow reef waters; high rainfall and lowered salinities; large scale sea warming, and 

calm seas with doldrum-like conditions (Glynn, 1993). Fagerstrom and Rougerie 

(1994) give a report of a temperature-induced event in Society Islands, French 

Polynesia, associated with an ENSO. 

Coral bleaching has been reported in East Africa in March 1987 and in 1994, over a 

10-year period of observation (McClanahan, Pers. comm) and occurs annually at low 

levels when seawater temperatures are highest at the end of the north east monsoon 

(March-April) (Obura, Pers. comm). Bleaching was observed during mid-March spring 

low tides in both years (1987 and 1994). The 1987 bleaching was most pronounced in 

the raised reef site in Vipingo, Kenya (McClanahan, 1990). Reports of coral bleaching 

in 1994 were, however, reported from Mafia Island, the northern Tanzanian coast and 

the whole of Kenya's Southern fringing reef (McClanahan, Obura and Muthiga, Pers. 

comm). A number of genera such as Acropora, Pocillopora and Galaxea lost nearly all 

their pigment. Most of these observations have not been well documented. Bleaching 

also occurs annually in Malindi in December-March, caused by sediment outflow from 

the Sabaki river after the short rains in NovemberlDecember (Obura, 1995). 

The potential physiological and ecological effects of bleaching are numerous. 

According to Glynn (1991) early responses in the coral host often include. an increase 

in respiration rate, declines in coral protein, lipid and carbohydrate, a weakening of 

tentacular movement, a decrease in skeletal growth, gonadal regression and tissue 

necrosis. Reduced growth could decrease the capacity of corals to compete favourably 

for space with other reef benthos such as algal turf, coralline algae, macroalgae, 

sponges, bryozoans and tunicates (Glynn, 1993). The diminished capacity of bleached 

corals to reproduce (Glynn and D'Croz, 1990) could be expected to have a negative 

impact on coral recruitment, and this might be especially critical in annually 

reproducing species where there would be an entire reproductive season missed 

(Glynn, 1993). Severe cases of coral bleaching have resulted in mass coral mortalities 
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and near extinction of rare coral species (Glynn, 1984; Brown and Suharsono, 1990; 

Goreau and Macfarlane, 1990). As a result of the 1982-83 ENSO event, for example, 
r.~':':':'~-::;.~:->. 

coral mortality in the eastern Pacific ranged from 50% to 9~% ,(,~,-",. .}Re!\l1~iQ.~~ 

range of all reef-building species (Glynn, 1990), and c al"mQ.tt~ty on soltle~"" 
-« .... r, . 

Indonesian reefs ranged from 80-90% in shallow reef t.J:labitats' fB~~. and 't~ 
 

      
. /.0 .' .
-~' :  

Reports on coral reef recovery from natural disturbances such as cyCl~'~ 

activity, extreme low tidal exposures, low temperature stress, and Acanthaster 

outbreaks are available (Brown and Suharsono, 1990). Recovery is related to the 

severity and scale of disturbance, but varies greatly with location (Glynn, 1993). Most 

studies of coral reef bleaching have concentrated on the recovery of individual coral 

colonies in terms of their biomass and metabolic rates (Glynn and D'Croz, 1990). Only 

a few workers have reported on the longer-term changes in coral communities 

following partial or complete colony mortality. One of the first such studies, carried 

out on the Great Barrier Reef Complex, Australia, found notable recovery within 2 

years (Fisk and Done, 1985 reported in Glynn, 1993). In the Java Sea, Brown and 

Suharsono (1990) reported lower rates of recovery on reefs that experienced high 

mortality (80-90%) during 1982-83 ENSO warming event. Five years later, coral 

cover had increased to about 50% of its former level (Glynn, 1993). 

Corals have some ability to adapt locally to slow increases in sea temperature, solar 

radiation and other impacts related to global climate change. As reviewed by Jokiel and 

Coles (1990, cited in Glynn, 1993), individual coral colonies living in high temperature 

environments can survive and photosynthesize at temperatures a few degrees higher 

than their specifics in lower temperature environments. 

The need for research on the cause and effect relationships on coral reef bleaching is 

set forth in Glynn (1993). Since coral responses to stressors wi11likely depend upon 

the species affected, i.e. both the sc1eractinian and dinoflagellate components of 

symbioses, it is urgent that systematic studies be pursued, combining morphological, 

ecological, and molecular genetic approaches. It is also important to determine the 

5 
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range of responses of reef building species and to gain some understanding of the 

potential for physiological and genetic adaptation as well as how corals bleach. 

1.3 STATEMENT OF THE PROBLEM 

Coral bleaching has been reported to occur in many regions of the world including 

Kenya, and is known to cause mass coral mortality. In addition, other longer-term, and 

possibly important effects, are: diminished rates of coral growth and calcification, 

impairment of reproduction, and tissue necrosis. Together with temperature, other 

potential interacting stressors such as sedimentation and salinity require rigorous 

experimental study to establish cause and effect relationship. It is also important to 

understand: the threshold value of these parameters that lead to the onset of bleaching 

in the field, whether there is synergy (which may reduce the threshold value necessary 

to induce bleaching), maximum values that will result in mortality, and effect of time 

on these factors. There is lack of sufficient data on coral bleaching in Kenya and the 

Western Indian Ocean region as a whole, which has prevented the determination of 

factors responsible for it. The phenomenon is not well understood although it is of 

ecological environmental and economic, significance and should therefore be well 

studied and monitored for proper management of coral reefs. In addition, for effective 

reef management, data on stress factors and extent of bleaching on Kenyan reefs is 

essential. The fact that limited information is available in this important area justified 

the study. 

6 

Jmacharia
Rectangle



-, 

" 

1.4 RESEARCH HYPOTHESES 

1. The amount and intensity of bleaching can be related to the magnitude ofchanges in 

some environmental parameters, namely temperature, salinity and sediment. 

2. Different species of corals bleach to different extents when exposed to the same 

environmental stressors. 

3. The amount and intensity of bleaching can be measured and monitored using 

zooxanthellae counts and chlorophyll-a determination. 

4. Massive coral mortality normally associated with bleaching does occur in the 

Kenyan portion ofthe Indian Ocean. 

1.5 OBJECTIVES 

The main objective of this study was to quantify the amount and intensity of bleaching
 

in Kenyan corals, and to relate these to dominant environmental trends over the study
 

period.
 

Specific Objectives of the study were;
 

(1) To relate the extent of coral bleaching to the magnitude of change ill some 

environmental parameters, namely, temperature, salinity and sediment. 

(2) To study variations in bleaching between different corals species. 

(3) To determine the amount ofzooxanthellae and chlorophyll-a in bleached vs. normal 

corals. 

(4) To test the validity of the use of measurements ofzooxanthellae and chlorophyll-a 

as determinants of the extent of bleaching. 

(5) To develop new techniques for assessing reef health that will enhance local and 

regional conservation of coral reef biodiversity and management of reef resources. 
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1.6 STUDY AREA 

This study was carried out on reefs at Malindi Marine National Park, Mombasa Marine 

National Park and Kanamai (unprotected reef). These sites occur along the coastline of 

Kenya, north of Mombasa (See Fig.1). 

1.6.1 GENERAL DESCRIPTION OF THE KENYA COAST 

The coastline of Kenya extends a little over 450 km along the East African coastline, 

from about 10 30'S at Somali border to nearly 50 S at the border with Tanzania. The 

continental shelf is narrow, and supports fringing reefs and patch reefs that lie between 

0.5-2.0 km offshore (Hamilton and Brakel, 1984). The shoreline has an extensive fossil 

reef which is raised a few metres above present sea level. Mangroves cover an 

estimated area of 530 km2 and extensive sandy beaches occur along the coast (UNEP/ 

IUCN,1988). 

The coastal climate, currents and winds are dominated by the seasonal monsoon winds 

(McClanahan, 1988). From March to October (McClanahan, 1988), the SE Monsoon 

brings strong trade winds, cool temperatures and heavy rainfall and creates a northerly 

current of up to 4 knots (UNEP/IUCN, 1988). The NE Monsoon, from October to 

March (McClanahan, 1988) brings hot temperatures, dry northerly winds and causes 

current reversal. The NE Monsoon currents bring very turbid water from the Sabaki 

River, 10 km north of Malindi, into the northern section of the Malindi Marine Park, 

reducing water visibility to almost zero (UNEP/IUCN, 1988; Obura, 1995). 

Currents are derived from the South Equatorial Current, which divides on reaching the 

African coast. The East African Coastal Current flows along the Kenya coast causing a 

north-ward water movement throughout the year. Current velocity is high, averaging 

between 2-4 knots. 
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Tides are of mixed, semi-diurnal type, with spring amplitudes exceeding 4 metres. 

These cause strong localised currents in breaks around the reefs, which are 

superimposed onto the overall longshore current (Newell, 1957, 1959). 

Annual rainfall exceeds 800mm, and fresh water inputs come from rivers, mainly the 

Tana, Sabaki and Rarnisi. Monthly rainfall in Malindi varies between 2mm in January 

and 390mm in May (Obura, 1995). Mean annual rainfall for Mombasa is 1038mm, 

with April, May and June recording the heaviest rains while for Kanamai the average 

annual rainfall ranges from 400mm in the hinterland to over 1200mm at the coastal 

belt. 

Sea surface temperature ranges between 24.8 and 31.0 °C with an annual mean of27.4 

± 1.3 °C from thermometer measurements (Mwangi et ai, 1998). Low temperatures 

are usually recorded during the South East Monsoon (especially between July and 

September), while high temperatures are recorded between February and March. 

Salinity of surface oceanic water is relatively stable and ranges between 32 and 36 ppt 

(Mean 34.8 ppt) (Mwangi et ai, 1998). Generally low salinity readings are recorded 

during the rainy season (October, March, April, May and June) while during the hot 

season, higher salinities are recorded. 

Suspended sediment ranges between 10 and 20 mg/l (Mean 14.9 mg/l). Higher 

concentrations are usually recorded during the rainy season and in areas with influence 

of rivers such as Malindi Marine National Park (Mwangi et ai, 1998). Obura (1995) 

recorded similar measurements in Malindi and Watamu. 
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1.6.2 MALINDI MARINE NATIONAL PARK 

Malindi Marine National Park lies within the Malindi-Watamu reef complex. The park 

covers 630 ha, with a land base of 5ha at Casuarina point (UNEP/ IUCN, 1988). The 

reef slope drops to 20m depth or more in some places but many reef areas are 

shallower. This complex is part of the Kenyan coastal fringing reef Within the reef 

complex are the patch reef complex in the northern part, and the area near the inlet of 

Mida Creek, in the South near Watamu (van Katwijk, et ai, 1993). 

During the wet season the river discharges 5000m3 of water per second and during the 

dry season, 20m3 per second together with a considerable amount of sediment that 

affects the adjacent reefs (van Katwijk et ai, 1993). Studies carried out by Obura 

(1995) indicated that sediment influx into the park from the Sabaki river cause coral 

bleaching as well as poor visibility thus reducing the tourist value of the area. 

1.6.3 MOMBASA MARINE NATIONAL PARK 

Mombasa Marine National Park (10 km2
) was gazetted in 1987, and total exclusion of 

fishermen was effected in 1991. The creation of this park has greatly improved the 

status of the reef in terms of biodiversity. Bamburi beach has become a major 

destination for international and local tourists and has continued to grow in terms of 

popularity. A great deal of tourist activity is focused on the reef, particularly during 

low tide when tourists visit the park to view the corals. 

1.6.4 KANAMAl REEF 

Kanamai lies within Kilifi district. It is unprotected and has a shallow lagoon, of at 

least O.4m depth at low tide. The lagoon has been seriously overexploited for corals, 

shells, fish and other marine organisms for commercial purposes. This site was 

opportunistically chosen after coral bleaching and mortality occurred in November 

1997 during the recent El Nmo rains. 
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CHAPTER TWO 

2.0. MATERIALS AND METHODS 

Field and laboratory work was conducted between September 1997 and April 1998. 

The study combined field surveys to describe the extent of bleaching and mortality in 

selected coral genera, along with laboratory analyses of coral fragments to quantify 

zooxanthellae densities and cWorophyll-a concentrations. Observation and sample 

collection was carried out in the shallow (0.5-2.0m deep at spring low tide) back-reef 

lagoon, by diving, using a mask, fins and snorkels. 

2.1 TRANSECT SURVEYS FOR FREQUENCY OF BLEACHING. 

Study sites were chosen at random after a preliminary survey of the study area. Three 

15m-line transects were laid at 5m interval. Six species, namely; Porites lutea, Porites 

nigrescens, Pocillopora sp, Acropora sp, Stylophora pistillata and Pavona decussata 

were used for this study. Sampling was done twice a month in each site (See Appendix 

1 for sampling schedule). Number of bleached, partially bleached, normal and dead 

corals was determined together with the physical parameters (temperature, salinity, and 

suspended sediments). 

At each site, samples of coral branches from bleached and normal colonies were 

collected and placed in plastic bags for cWorophyll analysis and zooxanthellae counts. 

The bags were labelled and placed on ice and taken back fresh for analysis in the 

laboratory. 

2.2 LABORATORY MEASUREMENT OF CHLOROPHYLL AND 

ZOOXANTHELLAE DENSITY 

Coral tissue was removed from coral fragments using small, forceful, intermittent jets 

of filtered sea water delivered rapidly by a water Pik (Johannes and Weiber, 1970). 

Water piking was done inside a I-litre beaker to allow for maximum tissue retrieval. 
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The tissue slurry was homogenised for 3 minutes using a blender and the homogenate 

made up to 150 ml by adding filtered seawater. 

Zooxanthellae counts in the homogenate were made using a sedgewick-rafter cell. Iml 

of fresh homogenate was poured into the cell and the number of zooxanthellae counted 

in 10 fields of the cell. The densities of zooxanthellae were calculated using the 

formulae: 

Number ofZooxanthellae in the coral fragment = N x 1000 x 150 

Where; N = Mean number of zooxanthellae per rafter field obtained from 

counting 10 fields; 

1000 = Total number of fields on the rafter cell; and 

150 = Total volume (ml) of homogenate. 

Serial dilutions were done for highly concentrated samples by pouring Iml of 

homogenate into 9ml of filtered seawater and mixed thoroughly for ease ofcounting. 

Chlorophyll was extracted and determined using spectrophotometric method as 

described by Jeffrey and Haxo (1968) and Parsons et al (1984). Ten millilitres of the 

sample was filtered through 4.7mm GF/C glass fibre filter using a vacuum pump. The 

filter was then placed in a 15ml centrifuge tube, 10 ml of 90% acetone added and the 

tube shaken thoroughly. The tubes were then covered with foil to exclude light and 

allowed to stand overnight in a fridge. The contents ofeach tube were then centrifuged 

for about 10 minutes to produce a clear supematent. The supematent was decanted 

into 10-cm path length spectrophotometer cuvette and the extinction at the following 

wavelengths were measured immediately; 630nrn, 647nrn, 664nm and 750nm.Each 

extinction was corrected for turbidity by subtracting 750nm absorption from the 630, 

647 and 664nm absorptions. 

The amount of pigment in the sample was calculated using the following equations; 

(Ca) Chlorophyll a = 11.85 E664 - 1.54 E647 - 0.08 E630 

(Cb) Chlorophyll b = 21.03 E647 - 5.43 E664 - 2.66 E630 

(Cc) Chlorophyll c = 24.52 E630 - 1.67 E664 - 7.60 E647 
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Where E = the absorbance at different wavelengths obtained above (corrected by the
 

750nm reading).
 

Ca, Cb and Cc are the amounts of chlorophyll in micrograms/ mi.
 

mg chlorophyllll = (C x v)/ (V x 10) 

Where v = volume ofacetone in mI (1 OmI). 

V = volume of the sample passing through the filter in litres. 

C = chlorophyll a, b or c. 

Surface area of each pieces was determined using the foil method described by 

Muthiga (1984). Each coral piece was overlaid with a piece of aluminium foil, care 

being taken to avoid overlapping and folding of the foil. The foil pieces were weighed 

using sartorius balance and the surface area (cm2
) ofeach coral piece was calculated by 

comparison with weights of foil of known surface area. The surface area of each coral 

piece was obtained in order to calculate chlorophyll-a concentration and zooxanthellae 

counts per surface area of tissue. 

2.3 ENVIRONMENTAL PARAMETERS 

2.3.1 TEMPERATURE: 

Surface and bottom temperatures were measured and recorded usmg a standard 

thermometer during sampling. Coral Reef Conservation Project (C.R.C.P) temperature 

loggers that record hourly measurements were also used to obtain continuous 

temperature data over the field work period. 

2.3.2 SALINITY: 

A salinity/Temperature probe (Model: Aanderaa S-T Sond, Display Unit 3315, 

connected to S-T Sensor 3210) was used to measure salinity at each site during 

sampling. 

2.3.3 SUSPENDED SEDIMENT: 
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Water samples were taken at each site and transported to the laboratory for analysis of 

suspended sediment. Known volumes of water samples were filtered through a 

preweighed Whatman 4.7mm GF/C filter. The filter was then dried in an oven for 12 

hours to constant weight and weighed. The difference between the weight of clean foil 

and foil with dry residue was then obtained. 

2.3.4 METEOROLOGICAL DATA: 

Rainfall, solar radiation and atmospheric temperature data for Mombasa from 1974 to 

1998 were obtained from the meteorology department at Moi International Airport, 

Mombasa. Temperature and rainfall data for Malindi for the period 1974-1998 was 

obtained from Malind Airport. 

15 



CHAPTER THREE 

3.0. RESULTS 

3.1 PHYSICAL PARAMETERS 

3.1.1 TEMPERATURE 

Seawater daytime temperatures recorded at the surface at low tide during sampling 

using a hand held thermometer in the study areas ranged between 26°C and 32 °c with 

the highest temperature recorded in March 1998 (Fig.2). 

A continuous hourly temperature measurements from Coral Reef Conservation Project 

data loggers is shown in figure 3. Mean monthly temperature from the temperature 

loggers ranged between 26.1 and 30.1 DC. 

NOAA satellite data indicates that seawater temperatures in March and April 1998 

were elevated by 2-3 °c higher than in previous years (Table 1), rising sharply from 28 

°c in February to 32°C in March and April. 

Data obtained from meteorology department in Mombasa and Malindi showed a 

similar trend for atmospheric temperature (Figs.4 and 5), with the highest temperature 

recorded in February 1998 for Mombasa, just before the onset of bleaching, and March 

for Malindi. Mean monthly atmospheric temperatures for Mombasa for 1972-96, 1997 

and 1998 for the month ofFebruary were 32.47 DC, 32.2°C and 33.2 °c respectively. A 

comparison of air temperature data between ENSO years for Mombasa shows little 

variation but 1987-88 year had the highest air temperature (Fig. 9). Mean monthly 

atmospheric temperature for Malindi for 1974-96,1997 and 1998 for the month of 

March were 32°C, 32.4°C and 33.2°C respectively. 
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Figure 1: Variations in daily maximum low tide seawater temperatures for Mombasa 
MNP, measured by hand held thermometer, between years. Data from 1994-96 was 
obtained from Obura (1995). 
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Figure 2: Mean montWy sub-surface seawater temperature for Mombasa MNP 
recorded from August 1996-May 1998. (Source: C.R.C.P temperature loggers, which 
record hourly temperature readings at the bottom). 

Table 1: Positive Sea Surface Temperature anomalies from NOAA satellite data along 
the Kenya coast recorded from September 1997 to July 1998. (Source: NOAA 
Internet web site). 

Month Oct Nov Dec Jan Feb Mar Apr May Jun Jul 

Temp·COC) 0 0 0 + 0.25 + 0.25 +2.5 + 3.0 + 2.0 0 0 
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Figure 3: Variation in mean monthly air temperature in Mombasa between years. 
(Source: Meteorology Dept, Mombasa). 
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Figure 4: Variation in mean monthly arr temperature m Malindi between years. 
(Source: Meteorology Dept, Malindi). 
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3.1.2 RAINFALL 

The highest rainfall data during the study period was recorded in October 1997, 

coinciding with the bleaching event in Kanamai. Mean monthly rainfall between 1972

94 for the month of October for Mombasa was 99.5 mm compared to 825.7 mm in 

1997. This figure was the highest recorded for that month since 1972 and was as a 

result of the ENSO event (Fig. 6). A Comparison of rainfall data between El Nifio 

years shows that 1997-98 period had the highest recorded rainfall which occurred in 

October 1997 (Fig. 9). 

In Malindi the pattern was slightly different with the heaviest rains recorded in May 

1997 (357.2 mm) and April 1998 (430 mm). Rains heavier than the previous years for 

the month of November 1997, which coincided with bleaching in the Malindi MNP, 

was also recorded in Malindi (Fig. 7). 

3.1.3 SOLAR RADIATION 

Solar radiation data for Mombasa was also obtained from the meteorological 

department and showed a similar pattern to that of temperature. The highest radiation 

was recorded in March 1998 (24.3 MegaJoule/m2 /day). Mean monthly solar radiation 

for March 1972-94 and 1997 were 22.12 MJ/m2/day and 23.6 MJ/m2/day respectively 

(Fig. 8). A comparison of solar radiation between ENSO years shows that both the 

1987-88 and 1997-98 were years when the highest solar radiation was recorded 

(Fig.9). Data for Malindi was not available during the time of the study. 
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Figure 5: Variation in mean monthly rainfall in Mombasa between years (Source: 
Meteorology Dept. Mombasa). 
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Figure 6: Variation in mean rnontWy rainfall in Malindi between years (Source: 
Meteorology Dept. Malindi). 

23 



--

25 


24
 

23
 

~ 22 
Q-~ 21· -..-1972-94 
~ -

---.-19976 20 ~ 
-t:t- 1998 

Q= ',c 19 .,
.::: 
~ 18 
~ 

17 -

16 . 

15 I i 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Month 

Figure 7: Variations in mean monthly solar radiation (megajoule/m2/day) in Mombasa 
between years. (Source: Meteorology Dept. Mombasa). 
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3.1.4 SALINITY 

Various salinity measurements were taken at the different sites. The salinity level 

remained fairly stable over the study period apart from a drastic drop in Kanamai in 

October 1997 after the heavy rains (Table 2). 

Table 2: Mean salinity measurements (in ppt) in the three study sites. 

Month Kanamai MombasaMNP Malindi MNP 

Mean S.D. n Mean S.D n Mean S.D. n 

Sep-Oct 97 31.1 0.73 7 33.4 0.86 10 34.4 0.52 6 

Nov-97 12.9 1 33.1 0.99 4 32.5 0.54 4 

The figures in Table 1 for Mombasa and Malindi Marine Parks fall in the same range of 

salinity reported in Obura, (1995) between 1992 and 1994 (Malindi: n =100, Mean = 

34.175 ± 0.8911 ppt, Minimum = 31.5 ppt, Watamu: n=102, Mean = 34.72 ± 0.684 

ppt, Minimum = 33.0 ppt). 

3.1.5 SUSPENDED SEDIMENTS 

Measurements taken in Kanamai and Mombasa Marine Park showed little variation in 

suspended sediment concentration between the sampling times (Table 3). 

Measurements taken in Malindi Marine Park show that there was a higher suspended 

sediment concentration in February 1998. 

Table 3: Mean suspended sediment measurements (in mg/l) in the three study sites. 
(Sample size for each site =5). 

Month Kanamai MombasaMNP Malindi MNP 

Mean SD n Mean SD n Mean SD n 

Dec-97 12 6 5 11 3 5 11 3 5 

Feb-98 12.6 4.8 5 12 4 5 157 32 5 

26 

Jmacharia
Rectangle

Jmacharia
Rectangle

Jmacharia
Rectangle



3.2 SUBSTRATE COVER 

Substrate composition of the three study sites is summarised in Table 4 (Source: 

C.R.C.P). There are differences between the two Parks (Mombasa Marine National 

Park and Malindi Marine National Park) and Kanamai which is unprotected. The Parks 

had a greater abundance of hard corals, calcareous algae and coralline algae, while 

Kanamai had a greater abundance of algal turf, coral rubble, seagrass and soft coral 

(Fig. 10). Kanamai also had lower substrate diversity due to high abundance of bare 

substrate and lower reef topographic complexity. 

Table 4: Substrate composition in the three study sites from data collected in 1996 
(Source: c.R.C.P). n = 10-12 transects. 

Malindi Mombasa Kanamai 
Mean sem Mean sem Mean sem 

43.11Hard coral 0.60 46.46 1.32 21.96 2.20 
20.93 0.40 41.04 2.58Algal turf 4.34 29.89 

0.95 0.34Calcareous algae 12.04 4.77 0.32 0.29 
Fleshy algae 0.28 7.64 3.89 1.520.03 1.96 

4.24 0.95 0.54Coralline algae 9.70 1.94 1.02 
0.78 0.78 13.37Sea grass 6.21 2.61 1.77 
5.41 2.20 0.47soft coral 2.06 0.53 1.89 

15.07 2.15Sand 5.58 3.05 4.77 2.38 
0.19Sponge 0.09 0.09 0.49 0.05 0.56 

Rugosity 0.08 1.18 0.021.31 0.04 0.08 
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Figure 9: Percent substrate composition in Malindi Marine National Park, Mombasa 
Marine National Park, and Kanamai (n=l 0-12 transects). 
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3.3 FIELD MEASUREMENTS OF BLEACHING IN MONlBASA MARINE 

NATIONAL PARK. 

From September 1997 to February 1998 no incidences of bleaching were recorded in 

Mombasa Marine National Park apart from minor mortalities and partial bleaching. In 

Kanamai, bleaching occurred in October 1997 during and after the El Nifio rains. The 

rains were heavy and a new river had formed which drained into the shallow Kanamai 

lagoon. The fresh water runoff brought turbid water into the lagoon and diluted the 

seawater. The species mainly affected were Porites nigrescens, Pavona decussata, 

Stylophora pistil/ata and Acropora sp. 

Extensive bleaching was first recorded in all the sites in March 1998. In Mombasa 

Marine National Park about 90% of the Pocil/opora sp and Porites lutea and 99% of 

Porites nigrescens encountered along the transect bleached (Fig. 11). Other species of 

corals, soft corals and other reef organisms including foraminifers, sea anemones and 

molluscs, also experienced high levels of bleaching during this period. Plates 1-8 show 

underwater photographs of normal, bleached and dead corals taken before, during and 

after the 1997-98 bleaching event. 
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Figure 10: Field bleaching surveys conducted in Mombasa Marine Park between 
September 1997 and April 1998. Three species namely, Porites nigrescens, Porites 
lutea and Pocillopora sp are featured. (N-normal, pbl-partially bleached, bl-bleached, 
pd-partially dead, d-dead corals, number on each column indicates the sample size). 
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Plate 1: Normal (brown in colour) Porites lutea among bleached (white) Porites 
nigrescens at the starfish point in Mombasa MNP. The picture was taken in Apri11998 
at low tide using an underwater camera. Massive coral species are more resistant to 
stress than branching species. 

Plate 2: Bleached porites lutea in Mombasa MNP. The picture was taken at the 
starfish point in Apri11998 at low tide using an underwater camera. 
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Plate 3: Bleached Acropora sp and porites lutea in Mombasa MNP at the starfish point 
in April 1998. Notice the intensity of bleaching in the massive coral species. Extensive 
coral mortality was later recorded following the 1997-98 ENSO event. 

Plate 4: Bleaching of non-sc1eractinian coelen.terates. Sea anemone Heteractis bleached 
in Mombasa MNP in April 1998. Two c10wnfish (yellow) are seen swimming above 
the sea anemone. 
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Plate 5: Dead Acropora sp resulting from the 1997-98 ENSO event surrounded by 
bleached unidentified coral species in Mombasa MNP. The picture was taken at the 
starfish point in May 1998 at low tide. Notice that the tips of the coral branches have 
been colonised by filamentous algae. 

Plate 6: Normal Porites nigrescens in Malindi MNP. The picture was taken in 
September 1997 before the bleaching event. Notice the yellowish colour of the colony 
indicating the coral is healthy. 
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Plate 7: Normal Pocillopora sp growing on top of a massive coral Platygira lamelina 
in Malindi Marine Park. The picture was taken before the bleaching event. 

Plate 8: Normal Acropora sp (branching species) growing together with Porites lutea 
(massive species). The picture was taken before the bleaching event. 
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3.4 ZOOXANTHELLAE DENSITY 

The density of zooxanthellae in different coral species ranged from 0.7 x 106 to 4.5 X 

106 per cm2 (mean = 2.5 x 106 ± 1.2 x 106
, n = 11) for normal corals and 0.02 x 106 

and 0.2 x 106 per cm 2 (mean = 0.2 x 106 ± 0.02 x 106
, n = 6) for bleached corals (Table 

5). Additionally, undetectable levels of zooxanthellae and pigment were recorded in a 

few fragments of bleached corals. 

Zooxanthellae densities showed significant differences between species (p<O.OOl) but 

not between sites (Table 6). Porites lutea and Pavona decussata had the highest 

zooxanthellae density per square centimetre while Acropora sp and Stylophora 

pistillata had the lowest zooxanthellae density, however, percent decrease of 

zooxanthellae was significant (Fig. 12). 

There was a significant difference, however, between normal and bleached fragments 

(p<O.OOl) (Table 6) as the number of zooxanthellae counted in normal corals was 

significantly higher than in bleached corals. 

Comparison of zooxanthellae densities in Porites lutea (Table 7) showed less variation 

between sites (p>0.05) than between coral condition (i.e. normal versus bleached) 

(p<O.OOI). Comparison of zooxanthellae densities in Porites nigrescens between sites 

(Malindi and Mombasa) did not show statistical difference (p>0.05, Table 8). 
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Table 5: Mean zooxanthellae density (Number per cm2 
) for different coral species in Kanamai, Malindi MNP and Mombasa MNP. % Decrease 

indicates the density ofzooxanthellae lost when the coral bleached. 

Coral location Normal Bleached % Decrease 
n Mean sem n mean sem 

Acropora sp Malindi 4 945,522 211,580 16 21,963 9,190 98 
Porites nigrescens Kanamai 48 2,606,746 158,366 24 209,486 28,370 92 

Malindi 52 2,434,616 126,315 - - - -
Mombasa 70 2,435,436 102,203 - - - -

Pocillopora spl Mombasa 16 2,674,386 248,872 - - - -
Pocillopora sp2 Malindi 4 2,558,256 20,163 - - - -

Mombasa 4 724,744 72,702 - - - -
Porites lutea Malindi 20 3,613,673 400,073 16 78,996 27,484 98 

Mombasa 12 4,563,251 357,469 8 164,972 27,399 96 
Pavona decussata Kanamai 24 3,676,809 358,329 8 706,941 113,414 81 
Stylophora 
pistillata 

Kanamai 32 1,040,249 78,444 12 123,440 32,622 88 
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Table 6: ANOVA of zooxanthellae densities between species and coral condition 
(normal and bleached). (r2 = 0.63, n =346). 

Source of variation MS F ratio Prob>F 

Species 4 71.4 17.9 19.10 «0.001 

Condition 1 168 168 179.57 «0.001 

Speciesxcondition 4 57.6 14.4 15.41 «0.001 

Table 7: ANOVA ofzooxanthellae density between sites (Malindi MNP and Mombasa 
MNP) and coral condition for Porites lutea (r2 = 0.73, n = 56). 

Source of variation df MS (X1012
) F ratio Prob>F 

~----------------------------------

Site 1 3.34 3.34 2.22 0.142 

Condition 1 196 196 130.42 «0.001 

Sitexcondition 1 2.32 2.32 1.55 0.219 

Table 8: ANOVA of zooxanthellae density between sites (Kanamai, Malindi MNP and 
Mombasa MNP) for Porites nigrescens normal. (r2 = 0.007, n =170). 

Source of variation df F ratio Prob>F 

Model 2 1.02 0.5 0.568 

Error 167 149 0.9 

C Total 169 150 0.568 
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Figure 11: Mean zooxanthellae density between normal and bleached fragments for 
different species sampled in Mombasa MNP, Malindi MNP and Kanamai. (Number on 
top of each column indicates the sample size). 
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3.5 CHLOROPHYLL MEASUREIVIENTS 

Chlorophyll-a concentration in different coral species ranged from 0.176 mg/cm2 to 

0.795 mg/cm2 (mean = 0.498 ± 0.287 mg/cm2
, n = 11) for normal corals and 0.002 

mg/cm2 to 0.284 mg/cm2 (mean = 0.0765 ± 0.01 mg/cm2 
, n = 6) for bleached corals 

and (Table 9). 

Chlorophyll-a concentrations showed significant difference between species (p<0.005) 

(Table 10). Porites nigrescens and Pavona decussata had the highest chlorophyll-a 

concentrations per surface area of coral while Acropora sp and Stylophora pistillata 

had the lowest concentrations (Fig. B). 

Chlorophyll-a concentration also showed significant difference between bleached and 

normal colonies (p<O.OOI) (Table 10) as the concentration in normal corals was 

significantly higher than in bleached corals. There was significant difference in 

chlorophyll-a concentration between bleached and normal Porites lutea (p<O.OI) 

(Table 11). 

A comparison of chlorophyll-a concentrations between sites (Kanamai, Malindi MNP 

and Mombasa MNP) for Porites nigrescens did not show statistical difference 

(p>0.05) (Table 12). 
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Table 9: Mean chlorophyll-a concentration (mg/cm2
) for different coral species in Kanamai, Malindi MNP and Mombasa MNP. % Decrease 

indicates the amount ofpigment lost when the coral bleached. 

Coral location Normal Bleached % Decrease 
n mean sem n mean sem 

Acropora sp Malindi 4 0.034 0.019 16 0.006 0.004 82 
Porites nigrescens Kanamai 44 0.731 0.071 20 0.101 0.029 86 

Malindi 55 0.785 0.046 - - - -
Mombasa 84 0.789 0.066 - - - -

Pocillopora sp 1 Mombasa 16 0.277 0.051 - - - -
Pocillopora sp2 Malindi 4 0.413 0.090 - - - -

Mombasa 4 0.213 0.120 - - - -
Porites lutea Malindi 20 0.522 0.095 16 0.025 0.010 95 

Mombasa 12 0.795 0.160 8 0.041 0.015 95 
Pavona decussata Kanamai 20 0.740 0.090 4 0.284 0.083 62 
Stylophora pistillata Kanamai 24 0.176 0.025 4 0.002 0.001 99 
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Table 10: ANaVA of Chlorophyll-a concentration between species and coral condition 
(normal and bleached). (r2 = 0.34, n =335). 

Source of variation df SS MS F ratio Prob>F 

Species 4 3.12 0.78 4.33 0.002 

Condition 1 3.35 3.35 18.58 «0.001 

Speciesxcondition 4 1.74 0.44 2.41 0.049 

Table 11: ANaVA of chlorophyll-a concentration between site (Malindi MNP and 
Mombasa MNP) and coral condition for Porites lutea. (r2 = 0.44, n = 56). 

Source of variation df SS MS F ratio Prob>F 

She 1 0.26 0.26 1.00 0.164 

Condition 1 4.88 4.88 37.14 «0.001 

Sitexcondition 0.21 0.21 1.56 0.2169 

Table 12: ANaVA of chlorophyll-a concentration between sites (Kanamai, Malindi 
MNP and Mombasa MNP) for Porites nigrescens normal. (r2 = 0.002, n =183). 

Source of variation df SS MS F ratio Prob>F 

Model 2 0.11 0.05 0.207 

Error 180 46.49 0.26 

C Total 182 46.60 0.8132 
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Figure 12: Chlorophyll-a concentration between normal and bleached fragments for 
different species. (Number on top ofeach column indicates the sample size). 
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3.6 CHLOROPHYLL-A PER ZOOXANTHELLAE 

Chlorophyll-a per zooxanthellae was derived from dividing amount of chlorophyll-a 

per cnt by number of zooxanthellae per c~. Mean chlorophyll-a per zooxanthellae 

values for different species are indicated in Table 13 below. 

Bleached corals had higher values of chlorophyll-a per zooxanthellae compared to 

normal corals as can be observed in Acropora sp, porites nigrescens, porites lutea and 

Pavona decussata. Only bleached Slylophora pistil/ata a lower value of chlorophyll-a 

per zooxanthellae compared to the normal (Table 13). However these results had some 

gaps in the raw data which created large standard errors. 

Chlorophyll-a concentration per zooxanthellae was not significantly different between 

species (0.05) but was significant between bleached and normal fragments (p<0.05) 

(Table 14). Stylophora pistil/ata was excluded from the ANOVA because it was an 

outlier in the data. 
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Table 13: Mean cWorophyll-a concentration per zooxanthellae densities for different 
coral species in Kanamai, Malindi MNP and Mombasa MNP. 

Coral location Normal 
(m~ chi-a. xlO-6) 

Bleached 
(m~ chi-a. xlO-6) 

n mean sem n mean sem 
Acropora sp Malindi 4 0.025 0.029 16 1.312 2.980 

Porites niwescens Kanamai 44 0.317 0.230 20 1.745 2.850 
Malindi 55 0.317 0.158 - - -

Mombasa 84 0.338 0.310 - - -
Pocillopora sp 1 Mombasa 16 0.102 0.065 - - -
Pocillopora sp2 Malindi 4 0.147 0.102 - - -

Mombasa 4 0.250 0.238 - - -
Porites lutea Malindi 20 0.133 0.086 16 3.000 0.020 

Mombasa 12 0.179 0.129 8 0.226 0.225 
Pavona decussata Kanamai 20 0.229 0.139 4 0.425 0.206 

Stylophora pistillata Kanamai 24 0.169 0.119 4 0.011 0.020 
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Table 14: ANOVA of cWorophyll-a per zooxanthellae between species and coral 

condition (normal and bleached). (r2 = 0.06, n =312). 

Source of variation df SS (x 10-12
) MS F ratio Prob>F 

Species 3 2.70 4.45 0.40 0.750 

Condition 1 31.4 21.1 4.70 0.031 

speciesxcondition 3 2.80 4.23 0.42 0.739 

3.7 RELATIONSHIP BETWEEN WATER TEMPERATURE AND BLEACHING. 

There was a strong positive correlation between temperature and the number of 

normal Porites nigrescens (r2 = 0.779), Porites lutea (r2 = 0.781) and Pocillopora sp 

(r2 = 0.803) colonies sampled in Mombasa MNP (Fig. 14). The onset of bleaching 

started at a temperature slightly above 30°C and progressed rapidly so that at 32 °c 

there was almost total bleaching. As temperature increased to a maximum 32°C the 

number of normal coral colonies decreased suddenly due to bleaching and mortality. At 

31 °c, there was no normal Porites nigrescens and Pocillopora sp and only 10% 

normal Porites lutea were recorded in Mombasa MNP during the study period. 
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Figure 13: Relationship between Normal Porites nigrescens, Porites lutea and 
Pocillopora sp and mean daily low tide temperature (0 C) in Mombasa marine national 
park before and during the 1998 coral bleaching event. 
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3.8 RELATIONSmp BETWEEN ZOOXANTHELLAE DENSITY AND 

DIAMETER OF POLYP. 

The diameter ofcoral polyps for the different species was determined by measuring the 

diameter of individual corallites from skeletal specimens using a vernier calliper. The 

corallite diameters for the different species are indicated in Table 15 below. 

Table 15: Corallite diameter for different species. 

Species Polyp diameter (mm) 

Mean S. D 

Acropora sp 0.48 0.02 

Porites nigrescens 0.40 0.04 

Porites lutea 0.7 0.07 

Pavona decussata 0.8 0.06 

Stylophora pistil/ata 0.6 0.05 

Zooxanthellae and chlorophyll-a concentration increased with increased polyp diameter 

(Figs. 15-16). Porites lutea and Pavona decussata had the largest polyp diameter as 

well as the highest zooxanthellae density and chlorophyll-a concentration. Conversely 

Acropora sp and Stylophora pistil/ata which had smaller polyp diameter had lower 

zooxanthellae densities as well as lower chlorophyll-a concentration. 
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CHAPTER FOUR 

4.0. DISCUSSION AND CONCLUTIONS 

There is a strong connection between the MarchiApril mass bleaching event and the 

ENSO-induced sea warming. It had been widely predicted and forecasted that 1997-98 

would be an El Nmo year and that coral bleaching might occur (McClanahan, Obura 

Pers. comm). When the ENSO event occurred it caused heavy rains and flooding 

during nonnal dry seasons from October 1997 through to April 1998, and sea warming 

from March 1998, thus confirming these predictions (Mdodo and Obura, 1998). The 

ENSO-related coral bleaching was triggered by two types of stressors namely; 

rainfall/sediments (in Malindi MNP and Kanamai) and elevated sea temperature (in all 

the sites). 

4.1. RELATIONSHIP BETWEEN ENVIRONMENTAL PARAMETERS AND 

CORAL BLEACHING. 

4.1.1 THE EL NINO EFFECT 

The 1997/98 El Nmo event had major impacts on corals along the Kenyan coast and is 

suspected to be the primary cause ofbleaching during the study. El Niiio, which 

historically referred to the warming of surface waters that occurs off South America's 

west coast every 3 to 7 years, is now recognised as a component of a global climate 

phenomenon, the El Niiio Southern Oscillation (ENSO) (Chia-Hsieh and Ormond, 

1998). The ENSO had two important effects in Kenya both of which result in 

bleaching; altered rainfall patterns, which caused heavy rains, and flooding in October 

1997 and a rise in seawater temperature in March and April 1998. 

Results indicate that bleaching first occurred in Kanamai in October 1997, which 

corresponds to the time ofheavy rains and flooding. Heavy rains cause rapid seawater 

dilution and sedimentation. Studies show that decreased salinity and increased 

sedimentation/smothering cause an overall reduction in suitability ofenvironmental 

conditions for corals and many other marine organisms (Glynn, 1993, Glynn, 1996), 
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and may cause bleaching (Obura, 1995). The sustained abnormally high sea surface 

temperatures associated with extensive bleaching in March and April 1998 have also 

been related to E1 Nmo events. Increased temperature alters the internal dynamics of 

coraVzooxanthellae sYmbiosis causing stress to the sYmbionts (Glynn, 1996). 

Field and laboratory studies have strongly supported the hypothesis that ENSO

induced sea warming was responsible for the catastrophic coral bleaching and mortality 

episode that occurred throughout the tropical eastern Pacific during the 1982-83 

(Glynn, 1990; Glynn and Colgan, 1992) and other regions of the world. Glynn (1993) 

was able to successfully relate, with significant statistical relationship, world-wide 

(1980-90) bleaching events with ENSO activities. This study has also implicated 

ENSO-induced sea warming as the main cause ofthe 1997/98 coral-bleaching event. 

4.1.2 RAINFALL AND SEDIMENT IMPACTS 

In Kanamai, localised bleaching was recorded in October 1997 during and after the EI 

Nino rains (Fig. 6) which was likely due to sedimentation and seawater dilution in the 

shallow lagoon (the effect of rain was conceivably greater because it is a shallow 

lagoon, about 0.4 metres during low tide). There was a substantial drop in salinity in 

the Kanamai lagoon after the first five days of torrential rains and bleaching was 

observed then. Ruwa and Polk (1986) reported underground seepage in Kanamai 

where salinity is normal at high tide but can drop to 24-25 ppt during low tide. Similar 

observations, which support this, were made and first documented by Goreau (1964). 

Therefore low salinity could have caused bleaching in Kanamai. Species mainly 

affected in Kanamai during the study were Porites nigrescens, Pavona decussata, 

Stylophora pistil/ata and Acropora sp. 

In November 1997, bleaching was recorded in Malindi North Reef due to terrigenous 

sediments from the Sabaki River, an event that occurs every year (van Katwijk et ai, 

1993, Obura, 1995). Sediment loading in Malindi is associated with poor land 

management in upland areas, which has resulted in accelerated soil erosion and a 

tremendous increase in river sediments downstream. Agriculture is highly intensive in 

the high rainfall hills of the upper reaches of the river, and grazing by cattle and goats 
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denudes large areas of savannah rangeland. Clearing of natural vegetation for 

agriculture and heavy grazing by livestock has increased the rate of soil erosion and 

sediment load into the sea (Obura, 1995). 

Studies on the Sabaki River sediment transport and discharge is extensively reported in 

Obura (1995). Visibility can reduce from greater than 15metres to 1 metre over several 

weeks. McClanahan and Obura (1995) reported that river discharge from Sabaki flows 

over Malindi MNP annually, from December to April, controlled by the Northeast 

monsoon and short rains upcountry causing stress to corals. 

Sediment stress in Malindi MNP is however not severe because of the high flushing 

rate of water caused by tidal fluctuation of 3 metres twice daily. Substrate cover, coral 

diversity, and coral genus richness on reefs less than 2 metres deep at low tide were 

not different from reefs with no sediment influence (McClanahan and Obura 1997). 

There is therefore a high possibility of adaptation to sediment stress by corals in 

MalindiMNP. 

4.1.3 TEMPERATURE EFFECTS 

Seawater warming during the 1997-98 El Nifio event caused widespread coral 

bleaching along the Kenyan coast, and high mortality of corals. Seasonal temperature 

maxima usually occur in November and March/April (29.5-30oC), while minima occur 

in June/July (25.50C) (Obura, 1995). Seawater temperatures in March and April 1998 

were elevated by I-2°C higher than in previous years, rising sharply from 28°C in 

February to 32°C in March and April. In Figures.2 and 3 temperature was higher in 

March/April period of 1998 than in previous years in Kenya and throughout the Indian 

Ocean, this high temperature anomaly is what likely caused the mass bleaching event. 

The relationship of bleaching to temperature was confirmed by relating the timing of 

the mass bleaching event with the highest temperatures recorded in March and April. It 

can be concluded with a high degree of certainty, (Fig.14), that the mass bleaching 

event in Kenya in March-May 1998 was as a result of the ENSO related seawater 

warming. As indicated by Figure 14, the onset of bleaching starts at a temperature 

above 30°C and progresses rapidly so that at 32 °C there is almost total bleaching. The 
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optimum temperature for corals along the Kenyan coast appears to be between 27°C 

and 30 °c. As long as sea temperatures remain within this range, temperature is not a 

stressor for bleaching. Cold induced bleaching has not been reported in Kenya. Even 

during the coldest months temperatures hardly drop below 26. Hence, it is very 

unlikely that low temperature induced bleaching can occur in Kenya. However some 

surveys should be done during the coldest months (July/August) to verifY whether 

bleaching occurs then. 

Many tropical marine organisms, including corals, live near the upper thermal tolerance 

limits (Glynn, 1993). It has widely been reported that small increases in sea 

temperature (0.5-1.5 DC) over several weeks will lead to coral stress, bleaching and 

death (Glynn and D'Croz, 1990; Jokiel and Coles, 1990). Since the corals were 

subjected to anomalously high sea temperatures, it is possible that bleaching was as a 

result of this stress. Over 90% of the corals in the three study sites were affected by 

bleaching. The 1997-98 bleaching event was reported in all the major tropical oceans 

of the world and is thought to be the most geographically widespread ever recorded 

(lSRS, 1998). Studies done elsewhere (Glynn, 1990, Brown and Suharsono, 1990, 

Brown and Ogden, 1993) also implicate seawater temperature as the primary causative 

factor in the bleaching and subsequent mortality ofcorals. 

Temperature effects are often paired with increased solar irradiation (Glynn, 1993). 

These both act to increase photosynthetic production within the symbiosis, which can 

have negative effects on both symbionts. Several hypotheses have been advanced to 

explain the cellular mechanism of bleaching and these are all based, at least in part, on 

extreme sea temperatures as a causative factor. Lesser et al. (1990) presented evidence 

that high temperature and irradiance stressors can disrupt enzyme systems in 

zooxanthellae that offer protection against oxygen toxicity. Another hypothesis is that 

higher rates of photosynthesis release active forms of oxygen (e.g. H20 2, HO) which, 

unless detoxified, damage cellular lipids, proteins and nucleic acids (Schick et aI, 

1996). So bleaching serves to reduce photosynthetic activity that may damage both 

symbionts. 
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4.1.4 SOLAR RADIATION EFFECTS 

Solar radiation is potentially harmful to corals (Brown et aI1994). Solar radiation was 

highest in March in all the years but was anomalously higher in 1998 (Fig.8). The 

presence of microsporines in coral tissue has made it possible for corals to withstand a 

certain range of UV radiation. These compounds which are produced in response to 

ambient UV levels (Glynn, 1993), are capable of blocking potentially damaging UV 

radiation. UV radiation was however not measured in this study so its effect and 

contribution to bleaching is unknown. Meteorological data indicated an increased solar 

radiation and temperature in 1998 and together in combination, or singly may be 

considered potential stressors. 

4.2. VARIATIONS IN BLEACHING BETWEEN SPECIES 

Field measurements in Mombasa Marine National Park indicated high level bleaching 

in all species of corals sampled as well as other zooxanthellae-bearing organisms. A 

comparison of bleaching between Porites lutea and Porites nigrescens indicated that 

the former took longer to die, and suffered less mortality. Nearly 50% of the bleached 

Porites nigrescens were dead by April while only about 10% mortality was recorded in 

Porites lutea (Fig. 13). Generally branching coral species have higher growth rates and 

are more susceptible to stress compared to massive species (Obura, 1995). 

There were significant differences in zooxanthellae density between species with 

Porites lutea and Pavona decussata recording the highest density while Acropora sp 

and Stylophora pistil/ata recording the lowest (Fig. 12). The difference in 

zooxanthellae densities between species may be attributed to many factors, one of 

which could be morphological differences in the structure and size of the polyps. 

Porites lutea, for example, has smaller polyps compared to Acropora sp and 

Stylophora pistil/ata and therefore more polyps per square surface area. This may 

probably provide more surfaces for colonisation by zooxanthellae. 

There was a significant loss of chlorophyll-a during bleaching. Chlorophyll is unstable 

and will tend to be denatured when temperature increases beyond the optimal level 
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(Lobban and Harrison, 1994). Laboratory measurements showed significant differences 

in chlorophyll-a concentration between species suggesting that different species 

responded differently to stress. Porites nigrescens and Pavona decussata had the 

highest chlorophyll-a concentration while Acropora sp and Stylophora pistillata had 

the lowest (Fig.13). 

Clearly there is a relationship between zooxanthellae and chlorophyll-a concentration 

in the coral tissue indicating that under normal conditions, the amount of chlorophyll-a 

is dependent on the density of zooxanthellae in the coral tissue and that bleaching is 

mainly due to expulsion of zooxanthellae from the coral tissue. Chlorophyll-a per 

zooxanthellae, which is discussed later, was more in bleached corals as compared to 

normal corals (Table. 13). 

Bleaching can be regarded as a physiological response to survive stresses (Obura 

1995): the loss of zooxanthellae is advantageous to both symbionts because it reduces 

metabolic activity and the costs of maintaining the symbiosis. However, if the stress 

persists, and zooxanthellae loss is prolonged, the coral eventually dies of the 

consequences of the stress. If stress is not too severe and decreases in time, the 

affected coral usually regains its symbiotic zooxanthellae within several weeks or a few 

months. The generation time of zooxanthellae varies between 4 and 74 days 

(Wilkerson et al. 1988). 

4.3. ZOOXANTHELLAE AND CHLOROPHYLL-A MEASUREMENTS IN 

NORMAL AND BLEACHED CORALS 

Zooxanthellae density measurements revealed significant losses of symbiotic 

zooxanthellae in bleached corals (numbers less than 0.2x 106 cells cm-2
). These values 

fall well below the reported range for normal, unbleached corals (l-5x106 cells cm-2
; 

Drew, 1972, Glynn, 1996) and are densities that have previously been associated with 

the effects of elevated temperature stress (Glynn and D'Croz, 1990), as well as other 

stressors that cause bleaching. 
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During bleaching, zooxanthellae densities decreased 81 %-98% and chlorophyll 

concentrations 62%-99%. These figures fall within the ranges reported by Glynn 

(1996) who gives an estimate of 60-90% loss of zooxanthellae and 50-80% loss of 

chlorophyll-a. Bleached corals appeared white or pale because the white calcareous 

skeleton becomes visible through the translucent tissues that are nearly devoid of 

pigmented zooxanthellae. The proportion of the loss of photosynthetic pigment to the 

loss of zooxanthellae was approximately I: I, suggesting generally, that bleaching was 

effected by loss of zooxanthellae rather than changes in chlorophyll concentrations 

within the zooxanthellae. 

However it is interesting to note here that chlorophyll-a per zooxanthellae was higher 

in bleached corals than in normal ones. Similar results were reported by Fitt et al 

(1993) in which chlorophyll-a per zooxanthellae was negatively correlated with 

zooxanthellae density. Three explanations can be suggested for this: a) Zooxanthellae 

in normal corals are densely populated creating competition for light, inhibiting light 

penetration, and lowering the amount of chlorophyll that can be produced. On the 

other hand bleached corals have fewer zooxanthellae, less competition, more space for 

light penetration and more incentive to produce more chlorophyll. Fitt et al (1993) 

suggested that zooxanthellae remaining after a bleaching event lie in a nutrient-rich 

intracellular habitat and grow relatively faster than zooxanthellae in corals with higher 

densities of zooxanthellae. b) The few remaining zooxanthellae in bleached corals 

produce more chlorophyll in an effort to momentarily counter the stress. c) The high 

chlorophyll-a per zooxanthellae in bleached corals could indicate that these corals 

succumbed to bleaching because of physiological stress caused by oxygen toxicity, 

which would otherwise have damaged cellular lipids, proteins and nucleic acids. This is 

an area that requires more investigations. 

A full factorial analysis comparing bleaching by species and site was not performed as 

there were some gaps in the data, but the two-factor ANOVAs suggest that the 

bleaching response was similar among coral species irrespective of site. Although 

spatial differences in bleaching have been suggested by Glynn (1996), this study shows 

no such differences possibly because the environmental parameters acting on the corals 
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were uniform, and the geographical proximity and uniformity of the sites. Temperature 

anomaly may also have been so great that stress response was global. 

4.4. USE OF ZOOXANTHELLAE AND CHLOROPHYLL-A DENSITIES TO 

DETERMINE EXTENT OF BLEACHING. 

Results indicate that bleaching is mainly due to loss of zooxanthellae and chlorophyll-a. 

Bleached corals had significantly lower densities of zooxanthellae and chlorophyll-a 

concentration compared to normal corals. The extreme contrast between normal and 

bleached corals in terms ofzooxanthellae and chlorophyll-a content could be used as 

an indicator of the magnitude of bleaching. Ifthe corals appear white and have very 

little pigment and zooxanthellae then the corals are severely bleached. 

Chlorophyll-a per zooxanthellae can potentially be used as an early indicator of 

bleaching. In this study, chlorophyll-a per zooxanthellae was significantly higher in 

bleached corals than in normal corals (p<O.05, Table 14). Bleached Acropora sp, for 

example, had 52 times more chlorophyll-a per zooxanthellae than normal Acropora sp. 

This means that bleaching is more due to expulsion of zooxanthellae than to reduction 

in chlorophyll-a per zooxanthellae. An early warning of bleaching onset can be 

sounded when the chlorophyll-a per zooxanthellae rises above a certain value. This is 

an interesting finding though not conclusive as yet in this study because of larger 

variances in the data. More data should be collected over a longer period oftime to 

come up with an index that can be used to monitor bleaching events. This kind ofdata 

should be collected before, during and after a bleaching event. 

Experimental studies quantifYing the expulsion ofzooxanthellae from corals and loss of 

chlorophyll-a have been used by several scientists to quantifY the extent and intensity 

of bleaching (see Glynn, 1996, Glynn199l, Fitt et ai, 1993). Fitt et al (1993) reported 

that bleached corals have historically either recovered or died within a year of 

bleaching. In instances where corals have recovered their zooxanthellae, the bleaching 

and recovery events have been characterised by incomplete bleaching, where a 

proportion of normal-appearing zooxanthellae remain in the coral tissues. 
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Repopulation of zooxanthellae occurs relatively rapidly, from a few weeks to a few 

months. In contrast, bleaching events, which have resulted in significant coral 

mortality, are characterised by complete bleaching, where undetectable levels of 

zoxanthellae remain in the coral tissue. There is also little repopulation by 

zooxanthellae. The result is high mortality (50-100%) over large geographical areas 

(e.g. Glynn and D'Croz, 1990) similar to what was recently observed along the Kenya 

coast. 

Although this technique has been used elsewhere (see Glynn, 1996, Glynn1991, Fitt et 

ai, 1993), it has not been used in Kenya and probably in the region. It is therefore a 

useful tool for future coral bleaching studies and more studies should be conducted. 

4.5. COMMUNITY IMPACTS 

There were differences between the two parks (Mombasa MNP and Malindi MNP) 

and Kanamai. The parks had a greater abundance of hard corals, calcareous algae and 

coralline algae while Kanamai had a greater abundance of algal turf, coral rubble, 

seagrass and soft coral (Fig. 10). Kanamai also had a low reef topographic complexity. 

The low topographic complexity is attributed to the low abundance of corals, 

combined with a high abundance of sea urchins (coral reefs major substrate eroders) 

(McClanahan and Obura, 1995). Studies by McClanahan and Muthiga (1988) indicate 

that the rock-boring sea urchin (Echinometra mathaei) has high population densities in 

unprotected reefs and very low population densities in the parks. The high densities in 

Kanamai cause a higher rate of reef degradation compared to Malindi and Mombasa 

Marine Parks. Corals are usually colonised by algae when they die. The proportion of 

algal turf in Kanamai shows that there were more dead corals possibly due to 

destruction by fishermen and stepping on by tourists, students and shell collectors. 

Kanamai is shallow and more accessible to people hence more prone to man's 

influence. 

Since many lagoon reefs in Kenya have high abundance of branching coral species 

(McClanahan and Obura, 1995) high mortalities were registered. It has been reported 
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by several authors (Hoegh-Guldberg and Salvat, 1995; Glynn, 1996) that mass 

bleaching mortality has the potential to change the structure of coral communities. 

There was significant decline in live coral cover, species richness and probably species 

diversity. Glynn (1990) reports similar observations in the eastern pacific region during 

the 1982-83 ENSO. 

With the loss of coral cover, other kinds of benthic taxa that compete with the corals 

for space, such as, fleshy and coralline algae, sponges, bryozoans and molluscs begin 

to dominate potentially prohibiting the recruitment of corals necessary for reef 

recovery. The situation can further be complicated by invasion of the remaining 

surviving corals by corallivores (species that feed on coral tissue) such as Aeanthaster 

planei. On several eastern Pacific reefs, coral populations and reef frameworks have 

been overwhelmed by corallivores and bioeroders (Glynn, 1990). The extreme results 

of such activities is the conversion of coral reef structures into calcareous sand 

deposits and coral rubble, a process occurring Galapagos Islands (Reaka-Kudla et aI, 

1996) and in some of the unprotected reefs in Kenya (McClanahan and Obura, 1995). 
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4.6 CONCLUSION 

Field and laboratory studies have strongly supported the hypothesis that ENSO 

induced sea warming was responsible for the extensive coral bleaching and mortality 

throughout the coast of Kenya in March and April 1998. Results indicate a strong 

correlation between temperature and field measurements of bleaching in Mombasa 

Marine Park. Although no attempt was made to relate statistically bleaching with 

changes in salinity and sediment levels, it is very likely that bleaching episode in 

October 1997 in Kanamai and November 1997 in Malindi MNP occurred due to a 

combination of seawater dilution and sedimentation following the unusually heavy 
I 

" rams. 

Field bleaching surveys indicated strong variation in bleaching between species. 

Different species exhibited markedly different patterns of bleaching and mortality, and 

susceptibility to environmental factors. A comparison of bleaching between Porites 

lutea and Porites nigrescens indicated that the former took longer to die, and suffered 

less mortality. Generally, the branching, small, weedy or fast growing growing species 

showed less complex responses to stress, and higher levels of mortality (Porites 

nigrescens, Acropora sp, Pocillopora sp, Stylophora pistillata). Larger, slow growing 

massive species showed greater combinations of responses and low mortality ( Porites 

lutea). 

Laboratory determination of zooxanthellae densities and cWorophyll-a concentrations 

shows statistical differences between coral species and between normal and bleached 

coral fragments. There were significant differences in zooxanthellae density between 

species with Porites lutea and Pavona decussata recording the highest density while 

Acropora sp and Stylophora pistillata recording the lowest. Laboratory measurements 

showed significant differences in chlorophyll-a concentration between species 

suggesting that different species responded differently to stress. Porites nigrescens and 

Pavona decussata had the highest cWorophyll-a concentration while Acropora sp and 

Stylophora pistillata had the lowest. 
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Results indicate that bleaching is mainly due to loss of zooxanthellae and chlorophyll-a. 

Different coral species have different tolerance to temperature-induced stress as well as 

different levels of zooxanthellae and chlorophyll-a in their tissues. Bleached corals had 

significantly lower densities of zooxanthellae and chlorophyll-a concentration 

compared to normal corals. The extreme contrast between normal and bleached corals 

in terms of zooxanthellae and chlorophyll-a content coupled with an index derived 

from chlorophyll-a per zooxanthellae, can potentially be used as an early indicator of 

bleaching. It is therefore possible to measure the amount and intensity of bleaching in 

corals using zooxanthellae counts and chlorophyll-a concentrations. With a likelihood 

of similar sea warming events in future this technique can be used for future research 

on ENSO related coral bleaching. 
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APPENDICES 

APPENDIX 1: Sampling schedule and the number of coral fragments sampled for the 

study. 

Date Site Species Normal 
frae;ments 

Bleached 
frae;ments 

Total 
fragments 

8/10/97 MombasaMNP Porites niwescens 2 0 2 
23/10/97 MalindiMNP Porites nigrescens 4 0 4 
29/10/97 Kanamai Porites nigrescens 8 8 16 
25/11/97 Kanamai Porites niwescens 12 12 24 
15/12/97 Kanamai Porites niwescens 12 4 16 
18/12/97 MombasaMNP Porites niwescens 4 0 4 
28/12/97 MalindiMNP Porites nigrescens 24 0 24 

7/1/98 Kanamai Porites niwescens 16 0 16 
28/1/98 MombasaMNP Porites niwescens 20 0 20 
11/2/98 MalindiMNP Porites niwescens 20 0 20 
4/3/98 MalindiMNP Porites nigrescens 4 0 4 
6/3/98 MombasaMNP Porites niwescens 12 0 12 

11/3/98 MombasaMNP Porites niwescens 12 0 12 
29/10/97 Kanamai Pavona decussata 8 8 16 
27/11/97 Kanamai Pavona decussata 8 0 8 
15/12/97 Kanamai Pavona decussata 4 0 4 

7/1/98 Kanamai Pavona decussata 4 0 4 
29/10/97 Kanamai Stylophora pistillata 8 8 16 
27/11/97 Kanamai Stylophora pistillata 8 4 12 
15/12/97 Kanamai Stylophora pistillata 8 0 8 

7/1/98 Kanamai Stylophora pistillata 8 0 8 
18/12/97 MombasaMNP Pocilloporal 8 0 8 
28/1/98 MombasaMNP Pocilloporal 4 0 4 

18/12/97 MombasaMNP Pocillopora2 4 0 4 
11/3/98 MombasaMNP Pocilloporal 0 4 4 

18/12/97 MombasaMNP Porites lutea 8 8 16 
4/3/98 MalindiMNP Porites lutea 12 12 24 
4/3/98 MalindiMNP Acropora sp 16 4 20 

14/3/98 MalindiMlW Porites lutea 8 4 12 
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Figure 15: Relationship between the diameter of the polyp (mm) and chlorophyll-a 
concentration (mglcm2

). 
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