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Abstract 

Coral reefs are important ecosystems providing ecological and social services but 

are declining at an alarming rate globally with climate change being one of the biggest 

threats. Understanding the resilience-enhancing properties of these ecosystems will help 

focus management intervention that support the persistence of these ecosystems amid 

climatic disturbances. This thesis determines the spatial and temporal patterns of coral 

reef communities and how this influences the resilience of coral communities. First, I 

determine the spatial pattern of benthic coral reef communities in Kenya using rapid 

underwater assessments and find that there is a spatial heterogeneity in the composition 

of benthic communities across different reef habitats. This pattern is tied into two levels, 

there is a broad latitudinal gradient in benthic community composition that separates north 

and south geographic zones. This latitudinal gradient is further compounded by a more 

complex habitat-level pattern with a highly heterogenous benthic community in the north. 

Second, I determine the demographic changes in coral communities by comparing with 

past data and classify their responses into three groups reflecting ongoing recovery 

patterns in 2015/16 from 2008/9 and the initial bleaching in 1998. ‘Group I’- coral 

community with increasing colony sizes and numbers representing potentially high 

recruitment and growth; ‘Group II’- increasing colony sizes but decreasing numbers 

suggesting potentially low recruitment but good growth; ‘Group III’- decrease in density 

with no change/decrease in area representing declining populations with low recruitment 

and low ability to grow. The temporal pattern is influenced by regional differences.  Thirdly, 

I determine the spatial pattern in resilience of coral communities by applying a bivariate 

analysis of resistance and recovery properties of resilience from bleaching disturbance. 
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Using some of the variables that were analysed in the previous parts of the study as 

indicators, I quantify the resistance and recovery potential of reefs along the Kenyan 

coast. Results show that resistance and recovery potential of coral communities is highly 

influenced by habitat factors with depth, exposure to oceanic waves and reef type having 

a significant role in structuring this pattern. Resistant potential is higher in patch reefs that 

are deep and exposed to oceanic waves. Recovery potential is higher in channel reefs 

that are shallow and exposed to oceanic waves. Finally, discussion is based on how these 

findings are important in providing information about the current status of coral reef 

communities in Kenya, their recovery trajectory from previous bleaching disturbances and 

their resistance and recovery potential. I suggest that re-designing and creating new MPA 

networks should include replicates of representative habitats with high resistance and 

recovery potential to bleaching in order to spread the risk of coral loss from other localized 

disturbance including failures in management. 

 

Keywords: Coral reefs, Benthic communities, Coral communities, Coral 

bleaching, Resistance, Recovery, Resilience, Spatial patterns, Marine protected areas, 

Kenya. 
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Publication  

Chapter two has been published, reporting on spatial patterns of coral reef benthic 

communities in Kenya. This study represents the joint effort for the first time to document 

the pattern of coral reef community spanning the 500 km of the Kenya coast. This study 

will greatly contribute to the Marine Spatial Planning (MSP) initiatives starting with the 

creation of community-managed areas to national efforts. 
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Chapter 1 General Introduction 

Coral reefs are recognised as highly biodiverse ecosystem harbouring about 25% 

of all marine life (Reaka-Kudla 1997, Spalding et al 2001) and offer a wide range of 

ecosystem services including being a source of vital food resources (Spurgeon 1992, 

Moberg F & Folke C 1999). Coral reefs are however declining at an alarming rate globally 

due to their increasing degradation (Hughes et al. 2018b, Bruno & Selig 2007). Causes 

for this decline range from global threats e.g. climate change and ocean acidification 

(Hoegh-Guldberg et al. 2007, Pandolfi et al. 2011, Hughes et al. 2018b) to regional and 

local threats e.g. overfishing, pollution and sedimentation (Burke et al. 2011). These 

threats can act together, and sometimes in synergy, to stress corals (Darling & Cote 

2008). There is need for both local and global interventions to decrease the pressure to 

coral reefs in order to avoid further degradation.  

Climate change is considered as one of the greatest threats to coral reefs. Increase 

in sea-surface temperature (SST) is causing coral bleaching causing mortality of corals. 

Scleractinia corals function as main providers of the complex structural habitat that is 

largely responsible for the high diversity of reef associated organisms and the provision 

of other ecosystem services. There have been reports of global decline in coral cover 

following coral bleaching events which have become more frequent and severe (Eakin et 

al. 2009, Heron et al. 2016, Hughes et al. 2018b, Contreras-silva et al. 2020). And yet, 

coral bleaching is predicted to occur annually in most oceans by 2040 (Crabbe, 2008; 

Hoegh-Guldberg, 1999; van Hooidonk & Huber, 2009). In the latest IPCC report, climate 

scenarios show that 99 % of reefs could be lost in this century if carbon emission increase 
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temperature by 2 oC from those in pre-industrial climate, and that 10-30 % of these could 

be saved if temperature increase is kept at 1.5 oC (IPCC 2019). Considering that there 

are still very limited efforts to curb climate change (UNFCCC 2015) a substantial amount 

of reefs are bound to be lost in this century even under the most optimistic scenarios 

(Anthony et al. 2011). Minimizing local and regional stressors such as overfishing and 

sedimentation can build the resilience of coral reefs and help them cope with climate 

change related disturbances, such as coral bleaching. 

Coral reef resilience refers to the ability of the ecosystem to absorb change and 

disturbance and still maintain its structure and/ or function (Nyström et al. 2008). This 

encompasses two main properties, resistance and recovery. Resistance is the ability of 

coral community to withstand disturbance (e.g bleaching, West & Salm 2003, Obura 

2005), and recovery describes the capacity of a reef system to maintain or return its coral 

assemblage and function after a disturbance (Nyström et al. 2008). When there is sea 

surface temperature anomaly, corals will be stressed but they may resist bleaching or 

they may bleach but survive. On the other hand, corals may not be resistant to bleaching 

or the temperature anomaly may persist for a long time such that they die but they could 

recover to their previous structure and/ or function if the processes of recovery are 

sustained. Processes of recovery include successful recruitment of the coral community 

and sufficient biomass of herbivorous fish that can assist in clearing space for more 

recruits as well as control competitive algae from taking over the available space (Mumby 

et al. 2008). However, if the resilience of a coral reef is eroded, recovery may not be 

possible and algal communities can take over the space previously occupied by corals 

resulting into a phase shift. Phase shifts occur when hard corals, which are the major 
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reef-building taxonomic groups, are replaced usually by macroalgae (Hughes 1994). 

Studies have shown that other taxa are also capable of dominating a reef besides a 

macroalgae phase shift, e.g. soft coral and sponge (Aronson et al. 2000, Norstrom et al. 

2009). It has been proven difficult to bring back a coral reef ecosystem to function 

normally after a phase shift (Bellwood et al. 2006). Thus, it is of great importance to 

maintain coral reefs in a coral-dominated state by reducing their exposure to threats 

through effective management. 

Marine Protected Areas (MPAs) offer one way of reducing pressure to coral reefs 

to increase their chances to cope with climate change. Many countries across the world 

have been taking serious steps to adopt the international goal of turning 10 per cent of 

coastal and marine waters into MPAs by 2020 (IUCN 2010). An important step further is 

to create and manage these MPAs to be climate resilient. This requires the application 

and operationalization of resilience-based management (Anthony et al. 2014, 

McClanahan et al. 2012, Maynard et al. 2010, Hughes et al. 2010, Obura & Grimsditch 

2009, Mumby et al. 2008, Nyström et al. 2008). For effective management of coral reefs, 

information is needed on the structure of coral community at all scales of temporal and 

spatial aspects including biogeographic and habitat influences. 

Kenya is located on the east coast of Africa between Somalia and Tanzania with 

a coastline running approximately 500km long between 1 and 50 S. There are two 

monsoon winds which are highly influential on the climate and seasonality of this area, 

the southwest (December to March) and northeast monsoon (May to October) with a 

highly variable transition period in-between (Obura 2002). In addition, the Kenyan coast 

experiences a major current; the East African Coastal Current (EACC) that enters Kenya 
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from its southern origin in Tanzania, and flows northwards all through the year (Obura 

2002). However, a Somali Current (SC) in the north, that is mainly influenced by 

moonsoon winds, counteracts the EACC during the NEM when it is blowing southwards 

(Carbone and Accordi 2000). This interaction of the two currents during the NEM causes 

upwelling and cooling effect in the northern part of Kenya, creating a zone of cool waters 

while other parts of the ocean are warm. It also causes mixing of nutrients making this 

zone highly productive evidenced by an abundant plankton community (Okemwa 1998). 

The coral reef in Kenya is characterised by an almost-continuous fringing reef in 

the central and southern parts of the coast with discontinuous reefs in areas where river 

systems drain into the sea (Obura et al., 2000). To the north, the coral reef is more 

disjointed and comprises of a collection of barrier Island that create a heterogynous 

habitat, hosting other rich ecosystems such as mangroves and seagrasses (Obura 2002). 

The reef extends off shore to a depth of 30 m event though there are speculation of deep 

reefs of approximately 150 m deep (Obura et al., 2000).  The diversity of coral species 

has been suggested to decrease northwards (Obura 2012) owing to a multiple of reasons 

such as unfavourable environments for reef development in the north, distance from the 

center of biodiversity in the south (Obura 2012), and a river system in the central zone 

that creates an environmental barrier that inhibits the successful transportation of larvae 

to the north. 

Coral reefs in Kenya are getting more degraded with lesser coral cover, changes 

in coral assemblages and coral size-classes and decline in fish biomass (McClanahan et 

al. 2007, McClanahan et al. 2008, McClanahan 2014). Coral bleaching is one of the major 

causes of decline in coral communities while fishing depletes fish communities. For 
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example, a major bleaching even in 1998 caused massive coral mortalities with some 

individual sites and/ or individual taxa experiencing as much as 50-90 % coral mortality 

(Obura 2002). Recovery has been slow possibly as a result of other less intense bleaching 

events in 2005, 2007 and 2010 (McClanahan 2014). These ecosystems are declining and 

this is taking away the services they provide to the society. 

There is a total of nine national MPAs in Kenya (Figure 1-1) that are classified 

under two IUCN categories (IUCN 1994) incorporating a range of management levels 

which include; no-take areas (parks), multiple-use areas (reserves) and biosphere 

reserves (Table 1-1). These MPAs were established between 1968 and 1993 with the 

objective to protect and conserve biodiversity and ecological balance of marine 

ecosystems including coral reefs. The MPAs managed to protect the “fragile benthic 

habitat-forming organisms” from the direct physical impacts of fishing which subsequently 

improved the habitat quality within the MPA, enhancing overall coral reef ecosystem 

structure and function (Rodwell et al. 2003). However, during the mass coral bleaching in 

1998, MPAs were not spared to bleaching and there was similar coral mortality across all 

reefs regardless of protection (Obura 1999, McClanahan et al. 1999). With bleaching 

events becoming more severe and frequent, there is need to create and re-design existing 

MPAs to be climate resilient. Already, there are efforts going on to create Locally Marine 

Managed Areas (LMMAs) to increase the area of protection as well as make networks of 

MPAs. There are 24 LMMAs which include areas with coral reefs (Figure 1-2), (Kawaka 

et al. 2017). Successful implementation of new and existing MPAs will require up-to-date 

information on coral reefs to aid design and management strategies that incorporate 
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climate change not only to safeguard biodiversity but also to enhance the resilience of 

coral reefs. 

This study evaluates three research questions with each question forming a 

chapter of the thesis. 

Question 1: What is the current status of Kenya’s coral reef communities?  

This first question established the spatial pattern of coral reef benthic community 

using data collected in 2015/2016. This was achieved by quantifying the abundance of 

benthic community and determining the factors that influence this pattern through 

latitudinal effect, local habitat effect and the influence from different management levels. 

Question 2: How has the status of coral communities changed over time?  

This question examined the demographic change of coral community over time, 

as a follow-up from question 1. Using coral size class data collected in 2015/2016 and an 

IUCN data for 2008/09, a comparative study was done to determine the spatio-temporal 

pattern of coral communities. Factors that could have potentially influenced these 

changes were determined by testing the effect of geographic zone, habitat type and 

management levels 

Question 3: What is the resistance and recovery potential of Kenyan coral 

communities?  

This question quantified the resistance and recovery potential of coral communities 

and tested the factors that influences spatial patterns of these resilience properties.  Using 

datasets from question 1, resistance and recovery indicators were derived and their 

respective resistance and resilience indices determined. The spatial pattern of these 

properties was determined and the overall resilience of each site quantified. 
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Table 1-1: Kenya’s marine protected areas (Adapted from Tuda & Omar 2012) 
 
MPA Designation  

Size 
(km2) 

IUCN 
Category 

Year 
established 

Kiunga  MR & MaBR 600 VI 1980 
Malindi Marine Park NP & MaBR 6.5 II 1968 
Watamu Marine Park NP & MaBR 32 II 1968 
Malindi & Watamu  MR & MaBR 177 VI 1968 
Mombasa NP 10 II 1986 
Mombasa NR 200 VI 1986 
Diani NR 75 VI 1993 
Kisite NP 28 II 1978 
Mpunguti NR 11 VI 1978 

MR-Marine Reserve, MP- Marine Park, MaBR-Man and Biosphere Reserve, NR-
National Reserve 
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Figure 1-1: Kenya’s Marine Protected areas network (Adapted from Tuda & Omar 2012) 
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Figure 1-2: Locations of LMMAs along the coast of Kenya (Adapted from Kawaka et al. 2017) 
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Chapter 2 . Spatial heterogeneity of coral reef benthic 

communities in Kenya 

Abstract 

Spatial patterns of coral reef benthic communities vary across a range of broad-

scale biogeographical levels to fine-scale local habitat conditions. This study described 

spatial patterns of coral reef benthic communities spanning across the 536-km coast of 

Kenya. Thirty-nine reef sites representing different geographical zones within an array of 

habitats and management levels were assessed by benthic cover, coral genera and coral 

colony size classes. Three geographical zones were identified along the latitudinal 

gradient based on their benthic community composition. Hard coral dominated the three 

zones with highest cover in the south and Porites being the most abundant genus. Almost 

all 15 benthic variables differed significantly between geographical zones. The interaction 

of habitat factors and management levels created a localised pattern within each zone. 

Four habitats were identified based on their similarity in benthic community composition; 

1. Deep-Exposed Patch reef in Reserve areas (DEPR), 2. Deep-Exposed Fringing reefs 

in Unprotected areas (DEFU), 3. Shallow Fringing and Lagoon reefs in Protected and 

Reserve areas (SFLPR) and 4. Shallow Patch and Channel reefs (SPC). DEPR was 

found in the north zone only and its benthic community was predominantly crustose 

coralline algae. DEFU was found in central and south zones mainly dominated by soft 

corals, Acropora, Montipora, juvenile corals and small colonies of adult corals. SFLPR 

was dominated by macroalgae and turf algae and was found in north and central zones. 
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SPC was found across all geographical zones with a benthic community dominated by 

hard corals of mostly large colonies of Porites and Echinopora. The north zone exhibits 

habitat types that support resistance properties, the south supports recovery processes 

and central zone acts as an ecological corridor between zones. Identifying habitats with 

different roles in reef resilience is useful information for marine spatial planning and 

supports the process of designing effective marine protected areas. 

2.1 Introduction 

Coral reefs are among the most biodiverse ecosystems in the world (Reaka-Kudla 

1997), providing an array of ecological services which are important for human well-being 

(Moberg & Folke 1999, Spurgeon 1992). However, coral reefs are declining at an 

alarming rate globally with climate change posing as one of the biggest threats (Hughes 

et al. 2018a). There are still limited global efforts to abate climate change (UNFCCC 2015) 

making reefs a highly threatened ecosystem with climate scenarios showing 99 % of the 

reef could disappear in this century (Pörtner et al. 2019). The persistence of coral reefs 

will rely heavily on their ability to maintain a coral-dominated state and avoid shift to algal-

dominated or other alternative stable states amid the inevitable effects of climate change 

(De’ath et al. 2012, De Bakker et al. 2017, Dudgeon 2010, Eggertsen et al. 2019, Heron 

et al 2012). 

The Kenya coast stretches along 536 km, between latitudes 10 and 50 S with 

narrow fringing reefs in the southern part and patchy reefs with low reef development in 

the north (Obura 2001, Spalding et al. 2001), (Figure 2-1). The distribution of coral species 

in Kenyan reefs is influenced by the large-scale current dynamics with the East African 
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Coastal Current (EACC) bringing coral larvae from the southern ‘center of diversity’ for 

the Western Indian Ocean (WIO) region (Obura 2016). A cold-water system prevails in 

northern Kenya due to the convergence of the EACC with the seasonal Somali Current 

(SC) that is characterized by poor water conditions for reef development (Carbone & 

Accordi 2000, Obura 2001). The interaction of the EACC and the SC in the north creates 

a marginal, high-latitude and upwelling system with transitioning communities from the 

East African to Somali-Arabian fauna (Obura 2012). This results in high coral species 

diversity in the southern parts of Kenya and a decrease in diversity towards the north 

(Obura 2012). In addition, the presence of river systems in the central-northern region 

introduces small-scale influences in species distribution by creating environmental 

barriers that further limit the transport of larvae to the north (Gamoyo et al. 2019).  

There has been a substantial amount of coral reef studies in Kenya focusing on a 

range of issues including: the effect of MPAs in protecting habitats and biodiversity 

(McClanahan & Obura 1995, McClanahan et al. 2007, Osuka et al. 2016); impact of 

anthropogenic stressors, including the 1998/99 mass coral bleaching event, on coral and 

fish communities (Church & Obura 2004, Darling et al. 2010, McClanahan et al. 2008, 

McClanahan et al. 2004, McClanahan et al. 1998); but without reference to spatial 

patterns of communities along the latitudinal gradient. These studies, which include coral 

reef monitoring with different levels of management programs (marine reserve vs. marine 

park), have been running for more than three decades showing long-term trends in coral 

reef communities (McClanahan et al. 2014, Obura et al. 2017, Samoilys et al. 2017) but 

have mostly focused on shallow lagoons within the south coast, leaving deeper forereefs 

and the north zone depauperate of studies. In addition, there is limited information on 
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coral reef communities on reefs that are remote and not within conservation areas along 

the Kenyan coast. Knowing the spatial patterns of the coral reef benthic community can 

help identify habitats that offer resistance/protection to, and recovery after a disturbance 

including climate change and could help the persistence of coral reefs.    

In this study, we follow a quantitative approach to characterize coral reef benthic 

communities along the Kenyan coast. Using extensive data collected at different 

geographical zones, reef habitats and management levels multivariate analysis was 

utilized to investigate the effects of the latitudinal gradient, local habitat and management 

in structuring spatial patterns in benthic communities.  

2.2 Materials and methods 

2.2.1 Study area 

Kenya is located on the east coast of Africa between Somalia and Tanzania with 

a coastline running approximately 500km long between 10 and 50 S (Fig 2-1), (Obura 

2001). Two monsoons namely, southwest (December to March) and northeast (May to 

October) highly influence the climate and seasonality of this area. The Kenyan coast also 

experiences the EACC originating from Tanzania and flows northwards throughout the 

year. In addition, the SC mainly driven by northeast monsoon (NEM) counteracts the 

EACC when the wind blows southwards. Interaction of these two currents during the NEM 

causes cooling in the northern part of Kenya, and through mixing of nutrients makes this 

zone highly productive (Okemwa 1998).  
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2.2.2 Sampling design  

A hierarchical sampling design (S1 Table) was used to collect benthic community 

data across Kenya coast. There were three pre-defined geographical zones (North, 

Central, South). In each geographical zone, sampling sites were selected to reflect 

different habitat factors: two depth levels (deep [6.5-18m], shallow [0-6m]), two levels of 

exposure to oceanic waves (exposed, sheltered) and four different reef types (channel, 

lagoon, fringing, patch). Additionally, three different management states were sampled; 

park (no-extraction), reserve (regulated extraction) and unprotected (extraction allowed). 

It should be noted that not all habitat types and management levels were found at the 

three geographical zones, for example the north zone had sites in reserve and 

unprotected levels but there is no park in this zone (S1 Table). Furthermore, the north 

zone had all the four levels of reef type while central and south zones did not. In the end, 

there were twenty sites in the north, ten sites in central and eight sites in the south. Choice 

of these study sites was based on historical monitoring of reef resilience (Obura & 

Grimsditch 2009), with an additional fourteen sites selected haphazardly and stratified 

within each geographical zone in order to cover habitats that had not been studied before. 

2.2.3 Data collection 

Surveys for benthic communities were conducted during the north-east monsoon 

season during 2015 and 2016. A modified resilience assessment protocol (Obura & 

Grimsditch 2009) was used to record benthic cover and coral size class distributions. 

Benthic cover was recorded using photoquadrats with an underwater camera positioned 

at approximately 1 m above the seafloor with the aid of a 1 m PVC stick. Within each belt-
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transect, twenty five 50 x 50 cm photos were taken at an interval of 1 m.  Cover was 

recorded in fifteen categories; hard corals (HC), coralline algae (CA), macroalgae (MA), 

turf algae (TA), soft corals (SC), Halimeda (HA), bare substrate (BS), dead standing coral 

(DSC), recently dead coral (RDC), invertebrates (INV), rubble (RB), sand (SD), seagrass 

(SG), silt (SL) and others (OT). HA was separated from macroalgae group as it is a 

calcifying algae that contributes to the production of carbonate and formation of reef 

sediments (Freile et al. 1995, Rees et al. 2007). Living coral cover (LCC) was recorded 

by coral genera.  

The size class distribution of coral colonies was measured for 23 selected genera 

of adult corals using the belt transects (Obura & Grimsditch 2009), and for all juvenile 

corals by subsampling within the belt transects in six 1m2 quadrats that were 5 m apart 

along the 25m belt. Adult colonies were defined as those larger than 10cm in diameter 

and grouped into six size classes (11-20 cm, 21-40 cm, 41-80 cm, 81-160 cm, 161-320 

cm and >320 cm). Juvenile corals were defined as those smaller than 10 cm in diameter 

and were classified into three size classes (1-2.5 cm, 2.6-5 cm and 6-10 cm).  

Benthic photos were analysed using CPCe v4.0 software (Kohler & Gill 2006) by 

randomly placing 25 points on each photo. This number of points overlaid on the photo 

are within the optimum number required for accurately estimating coral cover in a coral 

reef that has about 30 % cover (Pante & Dustan 2012). The type of benthic substrate was 

identified under each point.  
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2.2.4 Data analysis 

Three datasets were analyzed: 1. benthic cover by major categories (S1 Table), 2. 

benthic cover by coral genera (S2 Table) and 3. coral size classes (S3 Table). A set of 

criteria was established to select only the key variables important for determining the 

spatial pattern as follows. First, only biotic variables from the major benthic categories 

were considered as these are influenced by latitudinal gradient and habitat environmental 

conditions. Only coral genera that had a > 1% cover were included in the analysis. In the 

second stage, analysis was done in PRIMER v7 (Clarke & Gorley 2015) where variables 

were square root transformed in order to reduce skewness and make the variances more 

homogenous. Each of the three datasets were examined by principle coordinate analysis 

(PCoA) in order to select those key variables that only contributed to the clustering of 

sites. Only those variables whose vector direction demonstrated influencing on clustering 

of sites were selected for further analyses. Variables whose vectors had similar direction 

were either pooled together or representative variables were selected to avoid analysing 

many variables that otherwise have similar effect on clustering sites. A permutational 

multivariate analysis of variance (PERMANOVA, [Anderson et al. 2008]) was conducted 

for each of the three datasets to determine if geographic zone had an effect on site 

clustering. The selected key variables from the three datasets were then pooled together 

and collectively analysed. A One-way ANOVA was done in excel to determine how each 

key variable differed across the geographic zones. PERMANOVA was done in R using 

the Adonis function within the vegan package (R Development Core Team 2011) to test 

the effect of depth, reef type, exposure to oceanic waves, management and their 

interaction. Since geographic zone was found to have a significant effect on variables, 
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this analysis was treated as a block design where all other factors were randomly 

assigned within each block (i.e. geographic zone).  

2.3 Results 

2.3.1 Description of variables-Overall  

Among the major benthic categories assessed, there were ten biotic benthic 

communities with hard corals having the highest cover (24.1 ± 26.7 %) followed by turf 

algae (16.2 ± 21.8 %) and macroalgae (12.9 ± 22.7 %), (S2 Table). Forty-three coral 

genera were recorded with only 13 having a cover of > 1 %. Porites was the most 

abundant genus (7.7 ± 17.6 %) followed by Acropora (2.1 ± 7.3), Echinopora (2.06 ± 

10.07) and Montipora (1.64 ± 7.99) (S3 Table). Coral density (number of colonies per 100 

m2) was higher among juvenile coral colonies and some of the adult colonies within small 

size classes. Density was highest in the 6-10 cm size class (197.1 ± 182.1 colonies) and 

lowest in the >320 cm size class (5.7 ± 10.4 colonies) (S4 Table). 

2.3.2 Selection of key variables 

Three PCoAs performed on the ten biotic benthic categories, 13 coral genera and 

ten coral size classes showed clustering of sites (Figure 2-2A-C). Of the ten benthic 

categories, six (hard corals, coralline algae, turf algae, macroalgae, soft corals and dead 

standing corals), were selected for further analyses (Figure 2-2A).  Halimeda was not 

included because its contribution to the clustering of sites was similar to that of crustose 

coralline algae. Seagrass and ‘other-invertebrate’ categories were not included as key 

variables because they had very low mean percentage cover. Only four representative 
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genera, Acropora, Montipora, Echinopora and Porites, were considered as key variables 

for further analysis based on the different sets of similar-effect vectors on the PCoA 

(Figure 2-2B) as well as their abundance (S3 Table). Vectors for 1-10 cm size classes 

were closely grouped, as well as vectors for > 40 cm size classes (Figure. 2-2C), so a 

representative size class from each was selected. The other size-classes (11-20cm and 

20-40cm) were considered separately based on their independence in clustering sites. 

A PERMANOVA test on the effect of geography for each of the datasets showed 

significant differences between zones (S5 Table) and therefore further analysis was 

restricted to within geographic zones (Table 2-1). 

2.3.3 Describing key variables 

One-way ANOVA for the key variables (Figure. 2-3) showed that almost all differed 

significantly (p<0.05) across geographical zones. There was significant difference in hard 

coral cover across the three geographical zones (F2,773=6.88, p=0.00, Table 2-2) with the 

highest cover occurring in the south (32.06 ± 29.48) while north and central zones had 

similar cover (22.5 ± 26.6 % and 23.0 ± 23.7 %, respectively), (Figure 2-3). Crustose 

coralline algae cover was significantly higher in the north (8.9 ± 14.8 %) than in the central 

(3.4 ± 8.0 %) and south (2.3 ± 5.6 %)(F2,773=21.02, p=0.00). Turf algae had a significantly 

higher cover in north and central zones (17.8 ± 22.7 % and 19.2 ± 22.5 %, respectively) 

and lowest in the south (6.3 ± 12.8 %)(F2,773=16.85, p=0.00). Soft coral cover was 

significantly higher in the south (17.9 ± 23.1 %) followed by central (8.4 ± 16.0 %) and 

lowest in the north (3.7 ± 12.2 %)(F2,773=16.85, p=0.00). Dead standing coral was 

significantly higher (F2,773=15.19, p=0.00) in the south (1.63 ± 4.5 %) followed by central 
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(0.7 ± 3.0 %) and north (0.2 ± 1.6 %). Macroalgae cover did not show significant variation 

across geographic zones. 

There was significant difference in the cover of Porites across the three geographic 

zones (F2,774=3.6, p=0.03, Table 2-2) with highest cover in the south (10.3 ± 17.9 %) 

followed by north (7.9 ± 18.2 %) and central (4.7 ± 15.0 %)(Figure 2-3). Acropora cover 

was significantly different across zones (F2,774=24.8, p=0.00) with highest cover in south 

(5.9 ± 11.2 %) followed by central (2.6 ± 6.6 %) and north zones (1.0 ± 5.7 %). Montipora 

cover differed significantly across the zones (F2,774=5.13, p=0.01) with the highest cover 

in the south (3.3 ± 11.5 %) followed by north (1.6 ± 8.0 %) and central zones (0.4 ± 2.2 

%). Echinopora cover did not show any difference across geographic zones.  

A total of 64,850 coral colonies were recorded with an average density of 79 

colonies per 100m2 across 4 size classes. The density of corals (number of colonies per 

100m2) in 1-10cm size class differed significantly (F2,88=5.0, p=0.01; Table 2-2) with the 

highest density in central and south zones (510.8 ± 333.0 colonies and 510.9 ± 352.8 

colonies, respectively) (Figure 2-3). The density of 11-20cm size class was significantly 

higher in the south zone (208.3 ± 134.5 colonies) followed by central and north zones 

(108.6 ± 55.3 and 107.5 ± 92.8 colonies, respectively) (F2,88=9.5, p=0.00). Density of 

corals in the 21-40cm size class differed significantly (F2,88=15.0, p=0.00) with highest 

density in the south (143.3 ± 81.3 colonies) followed by north (66.4 ± 65.0 colonies) and 

central (57.1 ± 30.4 colonies). The size-class >40cm did not show significant difference 

among geographic zones (Table 2-2) but densities were higher in the north (86.7 ± 101.0 

colonies). 



 
 

21 
 

2.3.4 Habitat factors and management status  

A PERMANOVA test on the effect of habitat factors and management showed 

significant effect (p<0.05) of depth and management on benthic variables (Table 3-3). 

While exposure and reef type did not show significant effect, their interaction with depth 

and management was significant. 

Embedded on the four quadrants of a PCoA for the key variables is an illustration 

of different combinations of habitat and management interactions at the three zones 

(Figure 2-4). The upper-left quadrant represents a habitat found only in the north zone 

with the benthic community highly dominated by crustose coralline algae. This habitat is 

characterized by Deep-Exposed Patch reefs that occur within Reserves (DEPR). The 

upper-right quadrant contains sites from central and south zones dominated by soft 

corals, Acropora and Montipora, and with a high density of juvenile corals (1-10cm) and 

small adult corals (11-20cm). This habitat is characterized by Deep-Exposed Fringing 

reefs within Unprotected areas (DEFU). The lower-left quadrant contains sites found 

mainly in the north and central zones. The benthic community is predominantly turf algae 

and macroalgae, and is characterized as Shallow Fringing and Lagoon reefs within Parks 

and Reserves (SFLPR). The quadrant to the lower-right contains sites from all geographic 

zones and has moderate levels of all variables. This represents a habitat that 

characterized as Shallow Patch and Channel reefs (SPC).  

Of the four habitats described from this study, the north and central zones 

contained three of them and south contained two habitats (S6 Figure.). DEPR was found 

uniquely in the north, SFLPR was found in all geographic zones, DEFU was found in 

central and south zones and SPC was found in the north and central zones.  
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2.4 Discussion 

Two distinct patterns of coral reef benthic community structure were observed 

along the Kenyan coast. A latitudinal gradient was observed indicating a differentiation in 

benthic community composition between northern and southern sites.  A second pattern 

was based on localised habitat and management factors prevailing within each 

geographic zone.  

2.4.1 Biogeographic pattern in benthic community composition 

The observed differences in benthic community composition among geographic 

zones found in this study is consistent with previous authors that have documented the 

biogeographic distribution of reef-building corals (McClanahan et al. 2014, Obura 2012).  

The south zone had a higher LCC with most genera occurring in abundance but 

mainly dominated by Porites and Acropora. This area is known to have a high diversity of 

corals mainly due to its proximity to the WIO center of biodiversity which has been 

documented to be around the northern Mozambique channel (NMC) (McClanahan et al. 

2014, Obura 2012). The south zone is the receiving point of coral larvae into Kenyan 

waters as currents transporting larvae progress northwards (Gamoyo et al. 2019) 

resulting in higher coral diversity compared to the north. In the north, a smaller number of 

genera was found with Porites being dominant, indicating a marginal coral community as 

it is farther from sources of larvae. The north zone is also an area of poor reef 

development due to the unfavorable conditions caused by the convergence of the colder 

nutrient rich SC and the EACC, which diminishes chances of high coral diversity in this 

zone. This convergence of currents makes the north an area of biogeographic transition 
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from southern East African reef communities to Somali-Arabian Gulf communities to the 

north. This may mean that the north zone can act as an environmental corridor for species 

movements as the climate warms as has been suggested for other marginal communities 

(McClanahan et al. 2014). Other studies have reported low coral diversity on marginal 

reefs e.g. upwelling reefs of the Arabian gulf (Riegl 1999), but there is also some isolated 

cases of high coral cover and diversity in marginal reefs e.g., at the world’s southern-most 

coral reefs in subtropical Islands of the Pacific Ocean (Harriott et al. 1995, Adjeroud et al. 

2016). Some of these marginal reefs have the potential to act as habitable spaces for 

corals as climate warms, creating climate refugia or ‘seed banks’ that can re-populate 

coral communities once climate stabilizes to favorable conditions (Beger et al. 2014). 

The benthic communities in the north and south represent two alternate aspects 

of coral reef resilience. The comparably lower abundance of juvenile coral colonies in the 

north and comparably higher abundance of large colonies suggests poor coral 

recruitment but high survival of adult coral colonies. Low recruitment could be attributed 

to isolation of the north zone from the southern sources of larvae, with only local sources 

of larvae for recruitment. Higher abundance of large colonies in the north may be due to 

the coral community in the north being protected from bleaching mortality by the cooling 

effect of upwellings in the SC. On the other hand, higher abundance of juvenile corals in 

the south indicates high recruitment likely due to its proximity to sources of larvae 

(Gamoyo et al. 2019, Obura 2012). The low abundance of large colonies in the south 

implies low survival and only a few coral colonies surviving to large sizes. The south zone 

is known to face more stress from bleaching as it is closer to the warmest zones at 10-12 

oS, and higher anthropogenic pressures due to higher human population densities as 
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compared to the north. There have been several bleaching episodes since the 1998/99 

mass coral bleaching which could have slowed down recovery of coral communities in 

the south. 

Other studies in the WIO region have shown that the coral community in the north 

is very different from that in the south, with a higher diversity in the south comprising 

species more closely resembling the northern Tanzanian coral community (Ateweberhan 

& McClanahan 2016, Obura 2012). Studies from other regions have also shown that the 

latitudinal gradient drives differences in benthic community composition on coral reefs. 

Coral reefs in the Hawaiian Archipelago in the north Pacific Ocean show a latitudinal 

gradient contributing to three distinct reef regimes each dominated by either hard coral, 

turf algae or macroalgae (Jouffray et al. 2015). In a Caribbean-wide study, spatial and 

temporal differences in coral cover and macroalgae were found between subregions 

(Schutte et al 2010). Eastern Australia coral reefs showed a trend of decreasing cover of 

Acroporidae as latitude increased. The diversity of benthic communities differed along the 

latitudinal gradient and across geographic zones in Taiwan (Ribas-Deulofeu et al. 2016).  

2.4.2 Influence of habitat factors and management on benthic 

community composition 

Habitat factors and management influenced the pattern of benthic communities 

within each geographic zone. This offers the opportunity to propose ecological controls 

that structure benthic communities at this scale, and which may be used to guide resource 

management decisions. Similar findings have been reported in parts of the Pacific Ocean, 

where benthic communities were structured by depth, exposure to waves and reef types, 
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in the Hawaiian Islands (Jokiel et al. 2004, Jouffray et al. 2015, Vroom & Braun 2010, 

Williams et al. 2013) and in French Polynesia (Adjeroud 1997, Adjeroud  et al. 2019, 

Adjeroud et al. 2016, Fajemila et al. 2015, Pante et al. 2006, Penin et al. 2007). 

The heterogeneity and uniqueness of habitat types in the north of Kenya can be 

attributed to a number of factors including the that it is composed of a set of small islands 

in an archipelago, presenting diverse reef types at different depths. Perpendicular to the 

shore, in a cross-shelf line, there are numerous channel reefs between the islands and 

mainland, then lagoons, fringing reefs and at the outermost edge, a deep ridge with patch 

reefs on it. In addition, the northern part of Kenya has been described as an ‘ecotone’ 

zone due to the presence of marginal/transitional coral reef communities composed of 

rare or regional endemic species (Obura 2012). Other studies have also shown significant 

differences in benthic communities within archipelagos such as distinct coral species 

assemblages among different islands in Penghu in Taiwan (Hsieh et al. 2016), a cross-

shelf difference in benthic community within the Spermonde Archipelago in the Coral 

Triangle (Teichberg et al. 2018) and differences in benthic communities across habitats 

in the Abrolhos archipelago of eastern Brazil (Francini-Filho 2013). 

The habitat type DEPR that was uniquely found in the north zone is dominated by 

coralline algae, which may be due to a high biomass of fish on the patch reefs (Church & 

Obura 2004, Obura 2002). Fish herbivores graze away competitors of crustose coralline 

algae, and fish predators feed on sea urchins which are the greatest eroders of coralline 

algae (O'Leary & McClanahan 2010). Also, the upwelling currents in this zone could be a 

source of nutrients stimulating growth of coralline algae. Previous studies have 

associated coralline algae as a suitable cue for coral settlement and recruitment (Bak 
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1976, O’Leary et al. 2012) making these habitats potential spaces for corals to grow. 

Being deep habitats in an area of upwelling-cooler waters could offer an ecological refugia 

to coral communities as the climate warms (Smith et al. 2017). However, light limitation 

would reduce the opportunity of a diverse coral community growing and dominating these 

spaces (Abrego et al. 2012, Grottoli & Wellington 1999, Wethey & Porter 1976) and only 

a few taxa that can tolerate these depths would colonise this habitat.  

A majority of deep- fringing reefs that are exposed to oceanic waves in the central 

and north zones were dominated by Acropora, soft corals and small-sized coral colonies 

(DEFU habitat type).  This habitat type is characterized by gradual slopes on the fringing 

reefs creating an environment where Acropora can dominate competitively. Other studies 

have reported Acropora occupying similar environments of forereef areas, where there is 

low stress from sedimentation and high rates of development processes such as 

reproduction (Kojis and Quinn 1984). Notably, the low abundance of large colonies within 

this habitat is worrying considering that the south zone is an area of high coral diversity. 

This could be indicative of failure to replenish standing stocks of large colonies in the 

central and south zone, likely due to bleaching mortality which has been recurrent over 

the past two decades (McClanahan 2014, Obura et al. 2017). All zones were badly 

affected by the 1997/98 mass coral bleaching episode with a 50 % - 80 % average loss 

of coral cover with some individual sites loosing up to 100 % cover (McClanahan et al. 

1998, Obura 2002). Recovery has been slow since then perhaps due to the occurrence 

of smaller-scale bleaching episodes in 2005, 2007, 2010 and 2016 (McClanahan 2014, 

McClanahan 2008, Obura et al. 2017). In the south zone, this bleaching impact was likely 

compounded by other anthropogenic stresses originating from its high human settlement. 
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A similar explanation goes for the central zone reef where this study found few large 

colonies likely due to a slowed down recovery from the mass coral bleaching. Post-

bleaching reports indicate that there was an increase in macroalgae and a decrease in 

fish biomass followed by an explosion in sea urchin density probably as a response to the 

decrease of fish biomass which constitute their predators. Consequently, sea urchin 

grazed the reef substate to bare (McClanahan et al. 1998). The presence of poor water 

conditions due to proximity to river Sabaki effluents, high fishing pressure and recurrent 

bleaching episodes could have made perseverance of coral colonies to large sizes a great 

challenge (Lambo & Ormond 2006, McClanahan et al. 2008).  

Shallow fringing or lagoon reefs in the north and central zones (SFLPR habitat 

type) were characterized by a dominance of macroalgae and turf algae.  Most of these 

habitats are proximal to land and are highly influenced by land-use activities such as 

effluents from rivers as well as fishing. When hard corals die macroalgae and turf algae 

take over the space due to increased nutrient availability or reduced herbivory (Barott et 

al. 2009, Litter et al 2006, McCook et al. 2001). Turf algae are the main focus of grazing 

but their form allows for rapid regrowth (Steneck & Dethier 1994) making them thrive even 

in protected areas where grazing is high. Other studies have found that macroalgae are 

not influenced by latitudinal effects, with more local-scale influences such as nutrient 

levels strongly driving their distribution (Smith et al. 2015). In this study, the abundance 

of macroalgae within these habitats indicates a worrying level of coral reef degradation 

since most coral cover and taxonomic diversity has always been thought to occur within 

shallow depths (Jackson et al. 1991, Lirman et al. 2003, Pandolfi 2002).  
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Shallow habitats on patch or channel reefs (SPC) were dominated by large 

colonies with an abundance of Porites and Echinopora. Similar observations were made 

in the Great Barrier Reef where large colonies of Porites were associated with shallow 

inshore reefs (Done 1982). The presence of large coral colonies in shallow reefs indicates 

a habitat type that supports the survival of corals probably due to acclimatization to 

bleaching (Coles & Brown 2003). Also, the high fluctuation of water temperatures in 

shallow reefs creates a variable environment that may support different coral genotypes. 

A diversity of genotypes offers a chance for coral colonies to survive to larger sizes and 

persist over time as seen in an inshore reef of the Great Barrier Reef where Porites 

dominated through very persistent genotypes (Potts et al. 1985). In addition, Porites and 

Echinopora have been considered as resistant and generalist coral genera within the 

functional groups of corals, based on their response to bleaching (Darling et al. 2012). 

This makes them capable of inhabiting shallow areas where competitive but less tolerant 

corals cannot survive the fluctuating temperatures, bleaching events and proximity to 

human disturbance such as sedimentation.  

Porites is a widespread genus that occurs at different habitats and thus reinforces 

its functional role as a resistant species (Obura 1995, Obura 2001, Darling et al. 2012). 

The presence of very large colonies of Porites in the north compared to the south could 

imply that bleaching mortality of Porites is lower in the north due to the presence of habitat 

types that support resistance properties for that genus. In the south zone, the high % 

cover of Porites is mainly composed of small colonies. This signifies an area which could 

be facing high bleaching mortality, as evidenced by high % cover of dead standing corals, 

but experiences high recruitment that recovers the standing stock. This recovery feature 
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may not be present in the north because Acropora communities failed to recover after the 

1998 coral bleaching episode and recruitment is persistently low (Church & Obura 2004). 

2.4.3 Implications for conservation 

In order to effectively manage and mitigate the degradation of coral reefs, 

information on community spatial patterns, habitat and management influences is 

necessary. Bleaching episodes have become more frequent and under the most recent 

IPCC report, 99% of coral reefs are expected to be lost in this century if temperatures 

increase 20C above the pre-industrial baseline (IPCC 2018). However, if temperatures 

can be stabilized at 1.50C, then 10~30 % of the reefs could be saved (IPCC 2018). These 

reefs could serve as microrefugia (Smith et al. 2017, van Woesik et al. 2012) or ‘seed 

banks’ to repopulate other reefs once mechanisms of reducing climate change to 

desirable levels have been achieved (Beyer et al. 2018). Habitats that exhibit bleaching 

protection or recovery characteristics will play a key role in the future resilience of coral 

reefs potentially maintaining the ecological functions of the ecosystem. 

2.5 Conclusion 

The occurrence of a geographical and a local habitat pattern in coral benthic 

communities that is further mediated by the level of management offers a range of 

environments that support coral reef communities. The north zone presents a unique 

environment of a marginal reef that provides protection to coral communities from 

bleaching (McClanahan & Obura 1995) even as the climate warms, expressing resistance 

properties of coral reef resilience (Obura 2005). The south zone’s high diversity of corals 
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(Obura 2012) and high recruitment potentially offer a habitat that expresses recovery 

properties after a bleaching disturbance (Obura 2005). The central zone is intermediate, 

providing a corridor for transfer of coral propagules between the north and south. Similar 

propositions on the importance of ecological corridors in conservation have been 

mentioned for large scale studies in the Eastern Tropical Pacific (West & Salm 2003) and 

within the Gulf of Mexico (Guzman et al. 2008).  

The heterogeneity of coral reef habitat types in Kenya offers an opportunity for 

designing MPAs that protect a diverse range of functional traits of coral communities 

(Ortiz-Lozano et al. 2013). As such, spatial heterogeneity in MPAs may reduce the risk of 

catastrophic regime shifts (van Nes & Scheffer 2005).  
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Table 2-1: Summary of study sites at three geographical zones. Site habitat characteristics (depth, exposure, reef type) and 
management level including their corresponding number of transects surveyed for each benthic community along the 
Kenyan coast. 

         No. of transects 

Geographic zone Site name Site code Latitude Longitude Depth  Exposure Reef type Management 
Benthic 
cover 

Coral 
genera 

Coral 
size-class 

North Chole N_CH'15 41.3831 -1.8929 Shallow Exposed  Lagoon  Reserve 25 25 2 
 Fawacho N_FA'15 41.1465 -2.1567 Shallow Sheltered Channel Unprotected 24 24 3 
 Kupi N_KP'15 41.4379 -1.8329 Shallow Sheltered Lagoon  Reserve 24 24 2 
 Mabiyu N_MA'15 41.1871 -2.1024 Shallow Exposed  Channel Unprotected 24 24 2 
 Mikes Inner N_MI'16 41.2853 -1.9890 Shallow Sheltered Channel Reserve 25 25 2 
 Mikes Outer N_MO'16 41.2920 -1.9945 Shallow Exposed  Patch Reserve 25 25 2 
 Mkokoni N_MK'16 41.3044 -1.9636 Shallow Sheltered Lagoon  Reserve 25 25 2 
 Mlango wa Muhindi N_MH'16 41.3714 -1.9079 Shallow Exposed  Fringing Reserve 25 25 2 
 Shimo La Tewa N_ST'15 41.2467 -2.0430 Shallow Exposed  Fringing Reserve 24 24 2 
 Boso N_BO'16 41.5181 -1.7337 Shallow Sheltered Lagoon  Reserve 25 25 2 
 Kishanga N_KS'16 41.4366 -1.8283 Shallow Sheltered Lagoon  Reserve 25 25 2 
 Kui N_KU'15 41.4386 -1.8224 Shallow Sheltered Lagoon  Reserve 24 24 2 
 Chongo cha Bomani N_CBM'16 41.5181 -1.7611 Deep Exposed  Patch Reserve 25 25 2 
 Kwa Radi N_KR'16 41.3534 -1.9192 Shallow Exposed  Fringing Reserve 25 25 2 
 Pezzali N_PZ'15 41.0569 -2.2018 Shallow Exposed  Fringing Unprotected 24 24 2 
 Shili N_SH'16 41.5232 -1.6980 Shallow Sheltered Fringing Reserve 25 25 2 
 Chongo cha Chano N_CC'15 41.3330 -2.0107 Deep Exposed  Patch Reserve 25 25 2 
 Chongo cha Mvundeni N_CM'15 41.3913 -1.9343 Deep Exposed  Patch Reserve 25 25 2 
 Chongo cha Mwongo Shariff N_CMS'15 41.4496 -1.8678 Deep Exposed  Patch Reserve 23 23 2 
 Chongo cha Rubu N_CR'15 41.4179 -1.9034 Deep Exposed  Patch Reserve 25 25 2 
Central New Coral Gardens C_NCG'15 40.1411 -3.2559 Shallow Sheltered Patch Park 24 24 2 
 Anthias C_AN'14 40.0316 -3.6209 Deep Exposed  Fringing Unprotected 12 12 3 
 Dolphin C_DP'14 40.0241 -3.3670 Deep Exposed  Fringing Unprotected 12 12 3 
 Drummers C_DR'13 40.0180 -3.3695 Deep Exposed  Fringing Unprotected 12 12 3 
 Moray C_MO'13 40.0107 -3.3788 Deep Exposed  Fringing Unprotected 12 12 3 
 North Reef C_NR'15 40.1464 -3.2467 Shallow Exposed  Patch Park 24 24 2 
 Old Coral Gardens C_OCG'15 40.1461 -3.2596 Shallow Sheltered Patch Park 24 24 2 
 Richard Bennette C_RB'15 39.9964 -3.3792 Shallow Sheltered Lagoon  Park 12 12 2 
 Turtle Reef C_TR'15 40.0070 -3.3710 Deep Exposed  Fringing Park 12 12 2 
 Watamu Coral Garden C_WCG'15 39.9920 -3.3829 Shallow Sheltered Lagoon  Park 12 12 2 
South Kibuyuni S_KB'15 39.3369 -4.6405 Shallow Sheltered Channel Unprotected 24 24 2 
 Makokokwe S_MK'14 39.3361 -4.7254 Deep Exposed  Patch Park 16 16 4 
 Upper Mpunguti Leeward S_UPL'14 39.4067 -4.7026 Deep Sheltered Fringing Reserve 12 12 3 
 Upper Mpunguti Seaward S_UPS'14 39.4171 -4.7002 Deep Exposed  Fringing Reserve 12 12 3 
 Mkwiro S_MR'14 39.3836 -4.6575 Shallow Sheltered Channel Unprotected 24 24 3 
 Kisite Deep S_KD'14 39.3738 -4.7142 Deep Sheltered Fringing Park 12 12 3 
 Kisite Leeward S_KL'14 39.3666 -4.7164 Shallow Sheltered Fringing Park 12 12 4 
 Kisite Seaward S_KS'14 39.3760 -4.7228 Shallow Exposed  Fringing Park 16 16 4 
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Table 2-2: ANOVA test on variation of benthic communities across three geographical 
zones. Results of One-way ANOVA test done to determine variation of key benthic 
communities across the 3 geographical zones. 

 
Benthic community  Source of Variation SS df MS F P-value F crit 
Major benthic categories Hard corals Between Groups 9681 2 4840 6.884 0.001 3.007 
  Within Groups 543512 773 703    
  Total 553192 775     
 Crustose Coralline Algae Between Groups 6583 2 3291 21.022 0.000 3.007 
  Within Groups 121023 773 157    
  Total 127605 775     
 Macroalgae Between Groups 669 2 334 0.646 0.524 3.007 
  Within Groups 399998 773 517    
  Total 400666 775     
 Turf algae Between Groups 15335 2 7668 16.848 0.000 3.007 
  Within Groups 351799 773 455    
  Total 367134 775     
 Soft corals Between Groups 20868 2 10434 44.642 0.000 3.007 
  Within Groups 180668 773 234    
  Total 201536 775     
 Dead standing coral Between Groups 207 2 104 15.187 0.000 3.007 
  Within Groups 5280 773 7    
  Total 5488 775     
Coral genera Porites Between Groups 2224 2 1112 3.610 0.028 3.007 
  Within Groups 238475 774 308    
  Total 240699 776     
 Acropora Between Groups 2457 2 1229 24.765 0.000 3.007 
  Within Groups 38397 774 50    
  Total 40854 776     
 Echinopora Between Groups 99 2 49 0.487 0.615 3.007 
  Within Groups 78645 774 102    
  Total 78744 776     
 Montipora Between Groups 644 2 322 5.132 0.006 3.007 
  Within Groups 48358 771 63    
  Total 49001 773     
Coral size classes 1-10cm Between Groups 1005227 2 502614 4.962 0.009 3.100 
  Within Groups 8914194 88 101298    
  Total 9919422 90     
 11-20cm Between Groups 187077 2 93538 9.496 0.000 3.100 
  Within Groups 866853 88 9851    
  Total 1053930 90     
 21-40cm Between Groups 121144 2 60572 14.983 0.000 3.100 
  Within Groups 355749 88 4043    
  Total 476894 90     
 >40cm Between Groups 21669 2 10835 1.725 0.184 3.100 
  Within Groups 552592 88 6279    
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Table 2-3: PERMANOVA test on the effect habitat factors and management contributing to the differences in benthic 
communities.  
 
Source of variation Df SS R2 F Pr(>F) 
Depth 1 0.137 0.090 4.934 0.003 
Exposure 1 0.047 0.031 1.692 0.281 
Reef-type 3 0.128 0.084 1.538 0.213 
Management 2 0.148 0.097 2.659 0.052 
Depth x Exposure 1 0.091 0.059 3.270 0.003 
Depth x Reef-type 1 0.042 0.028 1.525 0.185 
Exposure x Reef-type 3 0.119 0.078 1.424 0.186 
Depth x Management 2 0.088 0.057 1.581 0.094 
Exposure x Management 2 0.035 0.023 0.621 0.812 
Reef-type x Management 2 0.104 0.068 1.866 0.057 
Depth x Exposure x Management 1 0.024 0.016 0.875 0.382 
Depth x Reef-type x Management 1 0.094 0.062 3.395 0.032 
Residual 17 0.473 0.309   
Total 37 1.530 1   
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Figure 2-1: Study area. (A) Locations of the study sites along the Kenyan coast divided into three geographical zones in 
the, (B) North (red), (C) Central (blue) and (D) South (green). Ocean base map credits- Esri, Garmin, GEBCO, NGDC, and 
other contributor.   
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Figure 2-2: Principle Coordinate analysis (PCoA) analyses of (A) major benthic 
communities (B) coral genera and (C) coral size classes. Clusters of 39 reef sites based 
on Bray–Curtis index. Different colours differentiate sites based on the geographical zone 
(red=north, blue=central, green=south  
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Figure 2-3: Summary of benthic community variables by geographic zone. Mean percentage cover of five major benthic 
cover categories, four coral genera and density (number of colonies per 100m2) of four coral size classes for north (upper, 
red), central (middle, blue) and south (lower, green) geographic zones. Error bars indicate standard error.   
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Figure 2-4: Principal Coordinate analysis (PCoA)  of key benthic communities. Clusters 
of 39 reef sites based on Bray–Curtis index. Embedded in each quadrant of the PCO is 
interpretation of the habitat factors and management levels associated with the clustering 
of sites. 
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Chapter 3 : Spatio pattern and demographic changes 

among coral communities along the Kenyan coast 

Abstract 

Bleaching events are increasing in severity and frequency due to climate change. 

Understanding how coral communities are responding and adapting to this changing 

regime is critical for effective conservation and management. Coral reefs in Kenya have 

experienced three major bleaching events with mass bleaching in 1998 and less severe 

bleaching in 2010 and 2016. In this study, the demographic changes in coral populations 

between the year 2015/16 and 2008/9 were determined across twenty-two reef sites 

across different geographic zones, habitat factors and management levels. Density and 

area of coral colonies were identified and their variation and change over the two time 

periods was quantified across nine size-classes constituting of juvenile corals (<10cm), 

mid-size corals (11-80cm) and large colonies (>80cm). Results showed there were 

differences in density and area of coral populations which could be associated with 

bleaching mortality and recovery processes against a backdrop of bleaching history from 

events in 1998, 2010 and 2016. Three major groups of coral communities were identified 

based on their change in density and area. In Group I, coral colonies increased in density 

and size representing coral populations with potentially high recruitment and growth. In 

Group II, there was increase in colony sizes but decreases in density representing coral 

populations with potentially low recruitment but good growth. Group III represented coral 

populations that decreased in density with no change/decrease in area suggesting 
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declining populations that have low recruitment and low ability to grow. These three 

groups showed the interplay among coral populations in their overall contribution and 

recovery of coral community vis-a-vee a history of severe and frequent bleaching events. 

Changes in density and area of all coral size-classes followed a biogeographic pattern 

with a more complex local habitat-specific pattern suggesting that overall recruitment, 

growth and survival of coral community follows a biogeographic and habitat pattern. 

Higher declines of juvenile corals in the north zone suggests recruitment isolation of this 

from the south where larvae come from which is detrimental during this era of frequent 

bleaching events. Nevertheless, increases in density and area of colonies in mid-sizes 

implies in the the north region is indicative of a region with coral community that have 

successful growth and survival from bleaching history. This study provides critical 

analysis on coral community response to bleaching history across a biogeographic scale, 

habitat scale and as low as at site-level forming a resource that can informing protection 

and conservation actions for Kenya coral reefs. 

3.1 Introduction 

Climate change is causing more frequent and sever coral bleaching causing 

drastic declines in Scleractinia corals globally (Hughes 2017a, Contreras-silva et al., 

2020). Coral bleaching is expected to continue causing declines with 70-90 % of reefs to 

be lost in this decade even under the most optimistic climate scenario (IPCC, 2019). 

Bleaching impact varies significantly based on the taxonomic structure of the coral 

assemblage (Marshall & Baird 2000). Understanding the response of coral communities 
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to bleaching impacts and their potential for recovery is important as it informs predictions 

on the coral community structure in future (Pandolfi et al. 2003). 

Coral bleaching history in Kenya is pinnacled by the unprecedented mass coral 

bleaching event in 1998 which killed more about 50-90 % of corals with some reefs 

experiencing almost 100% coral loss (Obura, 2000). The second largest bleaching in 

2016 reported severe bleaching to over one third of sites which did translate to huge 

impact of severe mortality with only 10% recorded (Obura et al., 2017). There were other 

minor bleaching events in 994, 2002, and 2005, 2010 with low mortality levels 

(McClanahan et al. 2001, 2007a, Mwaura et al. 2016). During these bleaching events, 

impact was observed at all depths up to a maximum of 20m where surveys were done 

with greatest impact at shallow sites that were less than 3m (Obura, 2000). In addition, 

different habitats were impacted differently by bleaching.  

Recovery has been good but slow since then, with different coral taxa showing 

different recovery trajectory (McClanahan et al., 2008, Obura et al., 2017). McClanahan 

2008 showed that all coral taxa were impacted by bleaching in 1998. With the subsequent 

minor bleaching events, recovery had been significantly different among taxa with some 

taxa recovering immediately after bleaching; slowly over time; and others not being able 

to attain back their pre-1998 bleaching level abundance (McClanahan et al. 2008). 

Despite their variation in recovery trends, coral populations post-1998 were basically 

composed of smaller coral colonies (McClanahan et al. 2008).  

There is no study that has shown the population size-structure of coral taxa during 

these bleaching impacts across the entire Kenyan coast. Studies that have been carried 

out have focused in the Southern part of Kenya and mainly on MPAs and a few 
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representative unprotected areas (McClanahan et al. 2008, McClanahan 2014). Recent 

reports on the impact of bleaching in 2016 focused on coral cover, fish and other benthic 

communities (Gudka et al., 2018). There is scarcity and inconsistent data on temporal 

patterns of coral communities. It's hard to know how bleaching events and other 

disturbances are structuring coral communities over time posing a great challenge for 

management. 

This study determined the demographic changes of coral populations over two 

time periods that encompass a series of bleaching events. Changes in density and area 

of corals were determined and the effect of geographic location, habitat factors and 

management levels on spatio-temporal patterns was analysed. 

3.2 Materials and Methods 

3.2.1 Study area 

Study sites were selected based on previous monitoring sites along the Kenyan 

coast. Twenty-two sites were sampled at two time periods in 2008/9 and 2015/16. 

Surveys were done at three geographic zones and across different habitat types and 

management levels (see Karisa et al., 2020).  

3.2.2 Data collection 

At each site, the number and size class of coral colonies was recorded using belt 

transects of 25m x 1m (see Karisa et al., 2020).  At least two transects were sampled at 

each site with a maximum of seven transects sampled at some sites.  
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3.2.3 Data analysis 

Calculating density of corals: 

Density of coral colonies was calculated as the average number of colonies per 

100m2. At each belt transect (25m2 for adult colonies [> 11cm size classes] and 6m2 for 

juvenile corals), the number of colonies was standardised to 100m2 by multiplying the 

colony number of adult colonies by 4 (>11cm size classes), and juvenile corals by 16.66.  

Juvenile corals (1-5cm, 6-10cm) 

 

Adult corals (11-20cm, 21-40cm, 41-80cm, 81-160cm, 161-320cm, >320cm) 

 

 

 

Calculating area of corals: 

Area of coral colonies was calculated based on the size-class. All coral colonies 

within each size class were assumed to have a diameter which was the mid-size of the 

size class.  Table 3-1 shows the mid-size diameter for each size-class. 

Assuming that coral colonies resemble a circle, the radius was calculated by diving 

the mid-size diameter into two and area calculated using the pie r-squared formula. This 

area of colony was again halved with the assumption that most of the coral colonies are 

 

No. of colonies 
per transect 

X 16.67 No. of colonies 
per 100m2 

= 

 

No. of colonies 
per transect 

X 4 No. of colonies 
per 100m2 

= 
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not a perfect circle but mostly like elongated ovals. Below is the process used to calculate 

the area: 

 

  
 

 

Change in density and area was obtained by taking density (or area) from 2008/9 

and subtracting it from that in 2015/16. One-way ANOVA was used to determine variation 

in density and area over the two time periods. GLM models were used to determine the 

effect of geography, habitat factors and management in influencing the change in density 

and area over the two time periods.   

3.3 Results  

3.3.1 Variation in density and area of coral colonies between the two 

time periods  

A total of 14,407 colonies was recorded in 2008/09 time period and 10,527 

colonies in 2015/2016 corresponding to a colony area of 517 m2 and 1794 m2, 

respectively. This was equivalent to an overall density (no. of colonies per 100m2) of 

103.77 ± 224.56 colonies in 2008/9 which decreased to 89.18 ± 139.01 colonies in 

2015/16 (Figure 3-1A). The decrease in density was corresponded by an increase in area 

 

2 

(πr2) 
Coral colony area  =   =   

 

2 x 100 
Where r (m) = 

Mid-size diameter (cm) 
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of colonies (m2 of colonies per 100m2) from 3.92. ± 18.32 m2 in 2008/9 to 13.44 ± 44. 72 

m2 in 2015/16 (Figure 3-1B). The maximum density recorded per transect was 438 

colonies and a maximum area of 216 m2. In 2008/09, the highest density was recorded 

in the South zone with 16.56 ± 47.35 colonies and highest area of 0.43 ± 2.47 m2 recorded 

in the central zone (Table 3-2). In 2015/16, the south zone had the highest density (8.50 

± 22.83 colonies) and highest area was in the north zone (1.39 ± 7.70 m2). 

3.3.1.2 Variation within size-classes 

There were significant differences (p < 0.05) in density and area of colonies within 

most of the size classes over the two time periods. This variation was mostly within size 

classes of smaller colonies (1-5cm, 6-10cm) and very large colonies (81-160cm, 161-

320cm, >320cm). The intermediate size classes (21-40cm, 21-40cm, 41-80cm) did not 

show significant variations between the two time periods. Density and area of 1-5cm size 

class differed significantly (F1,50 = 4.475, p = 0.039; Table 3) with a decrease in density 

from 300.00 ± 376.64 colonies to 205.74 ± 204.58 colonies (Figure 3A) corresponding to 

a decrease in area from 0.11 ± 0.13 m2 to 0.08 ± 0.07 m2 (Figure 3B). Density for the 

size class 6-10 cm significantly decreased (F1,50 = 6.028, p = 0.018) from 307.75 ± 

332.79 colonies to 195.08 ± 200.27 colonies translating to a decrease in area from 0.77 

± 0.84 m2 to 0.49 ± 0.50 m2. 21-40cm size class increased from 64.89 ± 91.28 colonies 

to 89.11 ± 83.01 colonies with an increase in area from 2.29 ± 3.22m2 to 3.14 ± 2.94m2. 

The size class 41-80cm increased in density from 27.31 ± 37.38 colonies to 49.39 ± 52.74 

colonies translating to an increase in area from 3.87 ± 5.29 to 6.99 ± 7.46m2. The size 

class 81-160cm increased significantly (F1,50 = 5.754, p = 0.020) in density from 7.27 ± 

13.80 colonies to 21.87 ± 32.50 colonies and increased in area from 4.11 ± 7.80 m2 to 
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12.36 ± 18.38 m2. Density for 161-320cm size class increased significantly (F1,50 = 

6.385, p = 0.016) in density from 3.15 ± 8.35 colonies to 7.87 ± 13.52 colonies with an 

increase in area from 7.13 ± 18.88 m2 to 17.80 ± 30.59 m2. The largest colonies in the 

size class >320cm significantly increased (F1,50 = 10.760, p = 0.002) in density from 1.33 

± 5.08 colonies to 7.23 ± 11.84 colonies with a corresponding increase in area from 12.06 

± 45.95 m2 to 65.41 ± 107.12 m2. 

3.3.1.3 Variation within genera 

A total of 34 coral genera were recorded with Porites being the most abundant 

genus at both time periods having the highest density of 24.84 ± 76.34 colonies in 2008/09 

that decreased to 17.25 ± 44.07 colonies in 2015/16. (Figure 3-3Error! Reference 

source not found.A) which corresponded to a significant increase in area (F1,50 = 6.056, 

p = 0.017; Table 3-4) from 1.31 ± 7.41m2 to 3.91 ± 15.80m2 (Figure 3-3B). Pocillopora 

also had high density in 2008/9 that decreased from 15.15 ± 41.70 colonies to 10.99 ± 

31.18 colonies, which translated to a very small area of colonies that was similar over the 

two time periods. Acropora showed an increase in density from 4.62 ± 20.11 colonies to 

10.91 ± 25.02 colonies over the two time periods that resulted to a significant increase in 

area (F1,50 = 4.827, p = 0.033) from 0.04 ± 0.35m2 to 0.40 ± 1.96m2. Other genera that 

had a mean density of at least 1 colony per 100m2 were; Galaxea, Goniastrea, Pavona, 

Coscinaraea, Favites, Echinopora, Fungia, Stylophora, Montipora, Platygyra, 

Dipsastraea, Seriatopora, Hydnophora, Goniopora and Acanthastrea. Significant 

differences (p<0.05) in the density and area of genera between the two time periods was 

mostly contributed by those genera that had a mean density of at least 1 colony (Table 

3-4).  
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A two-way matrix on the changes in density and area of each genus between the 

time periods showed the response of different genera (Figure 3-4). In Group I, there was 

increase in density and increase in area with Acropora, Favites, Echinopora and 

Montipora being some of the genera that exhibited this response. Group II showed 

decrease in density and increase in area with Porites, Galaxea, Goniastrea, Coscinaraea, 

Stylophora and Hydnophora occurring in this group. In group III, IV and V, there was 

increase in density and no change in area; decrease in density and no change in area 

and decrease in density and decrease in area, in that order (Figure 3-4). These three 

groups were represented by Alveopora, Herpolitha, Psammocora (Group III), Pocillopora, 

Fungia, Tubipora, Physogyra (Group IV) and Pavona, Leptastrea (Group V). 

Eight selected genera showed that significant differences (p < 0.05) in density and 

area of colonies over the two time periods was caused by changes in just a few size 

classes within each genus. In Porites, significant differences in density and area of 

colonies occurred in the 1-5cm size class (p = 0.043; Table 3-5) and > 320cm (p = 0.010) 

with a 50 % decrease in 1-5cm size class and 343 % increase in > 320cm size class 

(Figure 3-5). Acropora density and area increased significantly in the size classes 11-

20cm (p = 0.033, 448 % increase), 21-40cm (p =0.046, 675 % increase) and 41-80cm (p 

=0.010, 974 % increase). Size class 81-160cm in Acropora did not have any records in 

2008/09 but in 2015/16 significant density and area (p = 0.002) was recorded with density 

at 1.18 ± 3.10 colonies totaling to an area of 0.67 ± 1.75m2 (Figure 3-5). Echinopora 

density and area increased significantly in the size classes 81-160cm (p = 0.029,153 %), 

161-320cm (p = 0.025, 367 %) and > 320cm (p = 0.020, 2334 %). In Favites, significant 

increases were in size classes 11-20cm (p = 0.009, 210 %), 21-40cm (p = 0.028, 148 %) 
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and 41-80cm (p = 0.002, 423 %). Platygyra recorded significant inceases in the size class 

81-160cm (0.003, 387 %). In 2008/09, there were no records of size classes 161-320cm 

and > 320cm in Platygyra but new records were observed in 2015/16 with density of 0.26 

±1.00 and 0.07± 0.51, respectively that made an area of colonies of 0.59 ± 2.26m2 and 

0.59 ± 4.63m2, respectively. Density and area of all size classes in Goniastrea, Montipora 

and Pocillopora did not show any significant between the two time periods. 

3.3.2 Effect of geographic zone, habitat factors and management on the 

changes in density and area  

Geographic zone, habitat factors and management levels had a significant effect 

(p < 0.05) on the change in density and area of coral colonies over the two time periods. 

Geographic zone influenced the change in density and area of colonies for all size classes 

and depth, exposure, reef type and management levels influenced change in only specific 

size classes (Table 3-6). Change in density and area of 1-5cm colonies was significantly 

influenced by depth and reef type; 6-10cm by reef type; 11-20cm by exposure; 41-80cm 

by exposure, reef type and management; 81-160cm by depth, exposure and reef type; 

161-320cm by depth and >320 by depth and reef type. 

Genera changes in density were influenced by geographic location while habitat 

factors and management levels influenced each genus differently. Change in the density 

of Porites and Acropora was influenced by depth, reef type and management (Table 3-

7); Goniastrea by depth, exposure and reef type; Pocillopora by reef type; Montipora and 

Platygyra by management and Favia by reef type and management. Change in colony 

area was influenced differently by geographic factor, habitat and management levels. 
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Change in colony area of Porites was influenced by depth and reef type (Table 3-7); 

Goniastrea by geographic zone, depth and exposure; Acropora by geographic zone and 

reef type; Echinopora by reef type and Montipora by geographic zone, exposure and 

management. 

A non-metric multidimensional scaling (NMDS) was done to determine the spatial 

variation on changes in density and area of coral colonies (Figure 3-6). Based on eight 

size classes, the change in density of colonies in the north zone was distinct from that in 

the south with central zone showing no clear distinction from the other two zones (Figure 

3-6A).The north zone showed changes in density in larger colonies distinctly different (> 

320cm, 161-320cm, 81-160cm and 41-80cm) due to significantly high increases in density 

within these size classes (Figure 3-7). The south zone showed distinct changes in density 

in smaller colonies different (21-40cm, 11-20cm, 6-10cm and 1-5cm) mainly as a result 

to high decreases in their density. A similar case was observed on changes in area of 

colonies across the three geographic zones. North and central zones were distinctly 

different from the south zone (Figure 3-6B). North and central zones had higher changes 

in area of the larger coral colonies (>320cm, 161-320cm, 81-161cm) as a result of 

significant increases in area of these colonies (Figure 3-7). South zone had the highest 

decreases in changes in area of the smaller colonies in size classes 1-5cm, 6-10cm, 11-

20cm, 21-40cm and 41-80 cm.  

Based on eight coral genera, the different geographic zones were distinguished 

based on distinct changes in density and area of colonies (Figure 3-6). The south zone 

was distinct in changes in density mainly in Acropora, Echinopora and Montipora (Figure 

3-6A) as a result of high decreases in these genera (Figure 3-8). The north and central 
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zones had two distinct groups separated by differences in density changes in Favites, 

Goniastrea, Pocilllopora and the other group by Platygyra, Porites and Montipora. 

Different changes in area of genera distinguished geographic zones with north zone being 

distinct from central and south zones (Figure 3-6B). North zone was distinguished by high 

decreases in area in Pocillopora and high increases in Echinopora (Figure S2). South 

and central zones area of Porites, Pocillopora south and central zones were distinguished 

by high increases in colony area of Montipora, Goniastrea and Porites.  

3.4 Discussion 

This study on pattern and demographic changes of coral populations against a 

backdrop of bleaching events shows that variations in density and area of corals between 

two time periods could be associated with bleaching mortality and recovery processes 

over time.  

3.4.1 Changes in coral population structure 

An overall decline in density of corals between 2008/9 and 2015/16 signalled 

recruitment failure. 2008/9 was ten years after the mass coral bleaching in 1998/99 and 

recruitment in this year was from a recovered coral population. However, 2015/16 was 

five years after a significant bleaching in 2010 and coincidental with the 2016 bleaching. 

There could have been juvenile coral mortality after the bleaching events during this 

period, especially in <5cm colonies and were missed. Indications of poor recruitment were 

mainly observed in Porites, Pocillopora and Galaxea shown by the significant decreases 
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in the juvenile corals. Contrary, Acropora density increased significantly suggesting that 

recruitment and recovery of this genus was underway in 2015/16.  

Despite the overall trend in decreasing density of corals and the implication 

recruitment failure, there were prospects for successful growth and survival of coral 

populations. This was shown by the overall increase in area of colonies in 2015/2016 

compared to that in 2008/9. Specifically, there were more mid-size corals (11-80 cm) in 

2015/16 compared to 2008/9 suggesting that there has been growth through these size-

classes as well as those that were <10cm in 2008/9 that have grown over the seven to 

eight years span. Coral colonies can grow at approximately 10cm to 30cm in diameter 

over this period of time depending on morphology, with more growth expected in tabular 

corals (Pratchet et al. 2015, Dornelas et al. 2017, Tomascik et al. 1996; Wakeford et al. 

2008; Linares et al. 2011). In this case, significant increases within these mid-size classes 

occurred in Acropora and Favites indicating that these genera grew rapidly during this 

period of time.  

Significant increases in large colonies (>80 cm) in 2015/16 compared to 2008/09 

could be as a result of merging/amalgamation of colonies, or some element of different 

transect placement. This is because the genera that get to this size are not expected to 

grow more than 30cm in diameter, with an exception of tabular Acropora of which large 

colonies were not common in this study. Area covered by large colonies of Echinopora 

increased significantly between the two time periods. Echinopora is quite weedy and 

grows very fast with breakage and fragmentation being a major source of growth and 

extension over space. Hardier encrusting thick-tissued coral species are expected to 

eventually replace less resilient corals (Kayanne et al., 1999; van Woesik et al., 2011). 
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Fast growth and regeneration rates in Echinopora have been shown to increase with 

increasing temperature (Dias et al. 2018) placing it at an advantaged position in becoming 

increasingly dominant on Kenya reefs and could probably take over the role of Acropora.  

3.4.2 Implication on recovery patterns 

The three groups identified in this study, based on changes in density and area 

demonstrates that a majority of coral genera (Group I) are having a normal recovery 

pattern of increasing density and increasing area of colonies in 2015/16 from 2008/9. This 

also reflects the overall recovery trajectory from the initial bleaching in 1998, and relatively 

smaller impact of 2010 bleaching event. These included Acropora, Favites, Platygyra, 

Montipora and Echinopora. Acropora, Montipora and Echinopora which have been known 

to be good recruiters and fact growers and therefore can be very good in returning coral 

framework quickly after bleaching mortality (Darling et al. 2012).  

Group II composed of Porites, Galaxea, Goniastrea, Coscinaraea, Stylophora and 

Hydnophora implied low recruitment due to their decreasing density but demonstrated 

good growth as a result of significant increases in area of corals. Porites, Galaxea and 

Goniopora are known to be major contributors to the recovery of a reef as they become 

space dominant (cite). Coscinarea and Hydnophora are reasonably common but their 

abundance remains at mid-levels (cite). However, it was unusual for Stylophora to occur 

in this group indicating that this genus could be facing a long-term recruitment failure, 

perhaps since the 1998/99 mass coral bleaching event.  

Group III constituted of genera that did not change/ or decreased in area and 

numbers, with Pocillopora being among this group, highlights that there is a certain 
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population of corals in the Kenya reefs that are on decline due to low recruitment and low 

ability to grow. Pocillopora has been associated with fast growth and weedy (Darling et 

at. 2012) and the declining population in this study could be suggestive of mainly 

recruitment failure and not necessarily decrease in growth as this taxon does not grow 

into very large colonies and cannot be objectively debated based on increases in area.  

The three groups of coral taxa identified in this study show the interplaying role of 

coral populations in the overall recovery of coral community vis-a-vee a history of severe 

and frequent bleaching events. Acropora and Montipora (group I) have been suggested 

to be highly susceptible to bleaching and have been said to be ‘loosers’ in this era of 

climate change (Loya et al. 2001), but mostly in the short term (van Woesik et al. 2011). 

Massive mortality of these genera was observed on Kenyan reefs after the 1998/99 mass 

bleaching event and their recovery has been slow with their cover not hitting pre- 1998/99 

bleaching levels since then. Increased density and area in this study suggests that the 

remaining populations of Acropora are still acting playing an active role in regenerating 

coral community cover, canopy and reproductive coral population in Kenyan reefs. This 

could be as a result of a common phenomenon of successive removal of susceptible 

individuals from populations during a series of bleaching events, that is followed 

subsequent reproduction, successful recruitment and of the remaining individuals that are 

more thermally tolerant (Thompson and Van Woesik 2009). Echinopora on the other hand 

is seen to play a compensatory role in framing the structure of fast growing large coral 

colonies which had been dominated by tabular Acropora. Porites (Group II), in both 

branching and massive forms, has been shown to be resistant to bleaching (Baird and 

Marshall 2002) and has been predicted to be able to take over from susceptible species 
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on reefs (Marshall and Baird 2000, Loya et al. 2001). However, in this study we still see 

the susceptible genera still dominating in mid-size classes and Porites dominating in the 

large colonies. This is indicative of the role of group I in quickly replenishing reefs after 

bleaching events, and the role of group II corals in maintaining the framework of coral 

reefs. Pocillopora (group III) has been known to possess the fast-growing trait (Baird and 

Marshall 2002) as well being opportunistic by quickly taking available space after 

bleaching mortality (Darling et al. 2012). Pocillopora has been among the most abundant 

population in Kenya reefs and the decrease in this study shows interesting dynamics in 

coral community in the Kenyan alongside bleaching history that needs further speculation. 

3.4.3 Influence of geography, habitat factors and management  

Changes in density and area of all coral size-classes were influenced by 

geographic zones suggesting that overall recruitment, growth and survival of coral 

community follows a biogeographic pattern. However, at the habitat factor level, there 

were significant differences in the way different size-classes and coral genera changed 

across different habitat factors. This is a strong indication that biogeographic variations 

can occur in recruitment and growth processes but habitat factors intricately influence 

further variations within a geographic unit. For example, change in Pocillopora density 

decreased at N-MO and N-MM sites in the north indicative of recruitment failure, but the 

area of Porites and Goniastrea significantly increased at the same sites which shows 

successful growth of large colonies of these genera. In addition, within the north zone, 

there was a clear cluster of some reefs having high increase in area (suggested by Porites 

and Goniastrea vectors) and another five reefs that must have very low cover and density. 
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This reiterates the heterogeneity of north reefs in Kenya that has been intensively 

discussed in (Karisa et al. 2020).  

There was more decline in juvenile corals (>10cm) in the north zone as compared 

to the central and south zone. This zone-specific decline could be attributed by the 

dependency of larvae from the south. Many factors could have interplayed this pattern: 

First, due to recruitment isolation in the north. Reproduction failure in the south, which is 

the source of larvae, could have happened after the bleaching event in 2010. Second, 

mortality of juvenile corals in both 2010 and 2016 bleaching events could have caused 

decreases in density. Third, inadequate supply of larvae from the south due to 

reproduction failure coupled with environmental barrier caused by two major river inflows 

further in the north could have attributed to more recruitment failure in the north. Fourth, 

recruitment failure in the north could be associated with the oceanographic characteristics 

of cooler nutrients-rich water, promoting a different community of corals. On the other 

hand, the area of the mid-size and large colonies increased in the north, indicative of 

successful growth and survival of coral colonies from bleaching history. Low recruitment 

and high survival of coral colonies in the north has been suggested in other studies 

(Karisa et al. 2020).  

3.4.4 Implication on management  

In this study, the three groups of coral population identified based on their changes 

in density and area over time show complementary roles in recovery processes of coral 

communities amid a series of bleaching events. Management actions that are geared 

towards protecting coral community should consider sites that have coral population 
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composition that can be compensatory and/complementary roles in terms of their 

response to bleaching events. By providing site-level information and habitat influences 

on changes and area of coral populations, this study will form a critical resource in 

informing protection and conservation actions for Kenya coral reefs.  
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Table 3-1: Diameter of each size-class assumed as the mid-size diameter (cm) of each 
size class  
Size-class Mid-size diameter (cm) 
1-5 cm 3 
6-10cm 8 
11-20cm 15 
21-40cm 30 
41-80cm 60 
81-160cm 120 
161-320cm 240 
>320cm 480 
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Table 3-2: Summary of mean density and area of colonies over the two time periods at each site and geographic location 
along the Kenyan coast 

Geographic   2008/09  2015/16  
zone Site name Average Density SD Average Area SD Average Density SD Average Area SD 
          
North Boso 3.88 9.83 0.16 0.77 2.04 6.03 0.01 0.02 
 Chole 6.51 23.02 0.68 2.70 12.29 18.96 3.39 11.70 
 Chongo cha Chano 0.52 2.41 0.00 0.00 0.44 1.39 0.02 0.14 
 Chongo cha Mwongo Shariff 0.63 2.68 0.00 0.00 4.01 8.46 0.06 0.16 
 Kijiweni 2.45 10.00 0.02 0.08 0.79 2.66 0.01 0.03 
 Kinyika 5.01 14.50 0.14 0.66 4.69 16.66 0.01 0.04 
 Kui 3.70 7.92 0.18 0.80 6.85 13.93 3.50 14.75 
 Mikes Inner 2.71 6.93 0.74 4.55 4.97 9.98 2.24 9.59 
 Mikes Outer 4.77 16.45 0.12 0.50 6.98 18.53 2.79 12.22 
 Mkokoni 3.09 6.85 0.13 0.43 2.55 4.61 3.12 10.21 
 Mlango wa Muhindi 5.27 14.44 0.42 1.19 13.17 37.66 1.53 6.36 
 Mwamba Mkuu 0.96 3.50 0.01 0.04 0.22 1.29 0.02 0.15 
 Pezzali 4.51 14.87 0.07 0.29 12.67 27.12 1.09 5.05 
 Shimo La Tewa 17.12 66.13 0.73 2.39 6.36 10.97 1.68 7.17 
 Average 4.37 21.25 0.24 1.64 5.58 16.68 1.39 7.70           
Central New Coral Gardens 13.03 35.70 0.86 3.26 9.18 31.74 0.72 2.87 
 North Reef 11.39 28.42 0.39 1.36 8.49 22.19 0.92 4.64 
 Old Coral Gardens 24.88 75.38 0.30 0.78 7.02 14.40 0.72 2.62 
 Richard Bennette 5.73 12.08 0.95 4.82 4.82 10.76 2.99 12.57 
 Turtle Reef 5.58 14.59 0.04 0.11 1.53 3.22 0.45 2.32 
 Watamu Coral Garden 4.02 11.78 0.03 0.07 4.39 9.14 0.78 3.20 
 Average 10.77 37.55 0.43 2.47 5.90 17.95 1.10 5.94           
South Kisite Leeward 29.94 76.11 0.99 2.71 2.44 6.71 0.30 1.44 
 Kisite Seaward 24.30 60.11 0.46 1.44 15.33 38.47 0.27 0.77 
 Makokokwe 8.03 16.79 0.39 2.27 5.70 9.54 0.79 2.94 
 Mkwiro 9.88 32.10 0.16 0.64 6.54 22.72 0.20 0.97 
 Upper Mpunguti Leeward 12.08 30.71 0.06 0.12 8.39 16.05 0.23 0.61 
 Upper Mpunguti Seaward 15.14 39.81 0.05 0.14 12.60 25.79 0.20 0.53 
 Average 16.56 47.35 0.35 1.61 8.50 22.83 0.33 1.47 

 



 
 

58 
 

Table 3-3: One-way ANOVA showing variation of density and area for coral colony size 
classes between the two time periods. 
 
Size class Source of Variation SS df MS F P-value F crit 
 1-5cm Between Groups 355474 1 355474 4.476 0.039 4.034 
  Within Groups 3971123 50 79423       
  Total 4326596 51         
 6-10cm Between Groups 445290 1 445290 6.028 0.018 4.034 
  Within Groups 3693419 50 73869       
  Total 4138709 51         
 11-20cm Between Groups 9307 1 9307 0.461 0.500 4.034 
  Within Groups 1009379 50 20188       
  Total 1018687 51         
 21-40cm Between Groups 111 1 111 0.016 0.900 4.034 
  Within Groups 347291 50 6946       
  Total 347401 51         
 41-80cm Between Groups 3126 1 3126 1.779 0.188 4.034 
  Within Groups 87858 50 1757       
  Total 90984 51         
 81-160cm Between Groups 3131 1 3131 5.754 0.020 4.034 
  Within Groups 27209 50 544       
  Total 30340 51         
 161-320cm Between Groups 436 1 436 6.385 0.015 4.034 
  Within Groups 3415 50 68       
  Total 3851 51         
 >320cm Between Groups 556 1 556 10.760 0.002 4.034 
  Within Groups 2583 50 52       
  Total 3138 51         

 



 
 

59 
 

Table 3-4: Average density (no. of colonies per 100m2), area (m2 of colonies per 100m2)  of coral colonies and their 
corresponding variances for each recorded genera, and the F and P values of the variation of each genus between the two 
time periods in 2008/09 and 2015/16 on coral reefs along the Kenyan coast. 
 DENSITY  AREA  
 2008/9 2015/16   2008/9 2015/16   
Genus Average  SD Average  SD F P Average  SD Average  SD F P 
Porites* (A) 30.69 41.51 14.84 17.61 3.210 0.079 1.50 4.46 4.33 5.46 6.056 0.017 
Pocillopora 16.46 17.27 11.98 14.37 1.035 0.314 0.14 0.05 0.14 0.32 0.005 0.943 
Acropora* (A) 7.98 12.89 9.21 10.98 0.135 0.714 0.07 0.03 0.34 0.61 4.827 0.033 
Galaxea* (D) 7.61 11.80 2.32 4.37 4.588 0.037 0.15 0.23 0.27 0.75 0.409 0.525 
Pavona 4.17 4.29 3.12 5.17 0.625 0.433 0.14 0.48 0.15 0.69 0.000 0.983 
Favites 3.78 3.03 4.91 4.93 0.995 0.323 0.25 0.31 2.04 3.45 6.746 0.012 
Fungia 3.78 3.03 4.91 4.93 0.995 0.323 0.03 0.00 0.40 1.55 1.503 0.226 
Echinopora* (A) 3.35 5.83 1.08 2.69 3.267 0.077 0.01 0.00 0.01 0.00 1.258 0.267 
Coscinaraea 3.03 7.40 3.21 5.59 0.010 0.922 0.30 0.82 0.84 2.03 1.494 0.227 
Stylophora 2.89 5.39 1.76 3.13 0.852 0.361 0.01 0.00 0.03 0.10 1.082 0.303 
Goniastrea 2.65 8.60 0.22 0.98 2.051 0.158 0.01 0.00 0.01 0.00 0.040 0.843 
Montipora 2.59 6.93 1.51 2.82 0.543 0.465 0.15 0.39 0.18 0.41 0.033 0.857 
Seriatopora 2.25 8.85 1.22 3.38 0.308 0.581 0.00 0.00 0.01 0.00 0.277 0.601 
Platygyra* (A) 1.56 1.95 2.08 1.82 0.983 0.326 0.04 0.00 0.36 0.67 5.839 0.019 
Dipsastraea* (D) 1.38 1.68 3.30 3.19 7.360 0.009 0.01 0.00 0.13 0.45 1.756 0.191 
Hydnophora 0.85 0.92 0.66 0.58 0.729 0.397 0.02 0.00 0.15 0.45 2.192 0.145 
Astreopora*(A) 0.27 0.97 0.32 0.47 0.054 0.818 0.00 0.00 0.05 0.10 4.994 0.030 
Goniopora 0.13 0.45 1.74 4.11 3.958 0.052 0.00 0.00 0.27 0.78 1.494 0.227 
Leptastrea 0.12 0.22 0.11 0.33 0.029 0.867 0.01 0.00 0.01 0.00 0.000 0.990 
Plesiastrea 0.08 0.17 0.14 0.30 0.668 0.418 0.00 0.00 0.02 0.00 1.509 0.225 
Lobophyllia 0.08 0.32 0.21 0.62 0.985 0.326 0.00 0.00 0.01 0.00 2.429 0.125 
Tubipora 0.07 0.35 0.03 0.10 0.297 0.588 0.00 0.00 0.00 0.00 0.481 0.491 
Acanthastrea*(D) 0.04 0.10 0.51 0.92 6.672 0.013 0.00 0.00 0.16 0.69 1.457 0.233 
Leptoria* (D) 0.04 0.10 0.26 0.53 4.298 0.043 0.00 0.00 0.19 0.70 1.901 0.174 
Alveopora* (D&A) 0.03 0.10 0.28 0.48 7.078 0.010 0.00 0.00 0.00 0.00 5.431 0.024 
Echinophyllia 0.03 0.14 0.22 0.49 3.432 0.070 0.00 0.00 0.04 0.10 2.364 0.130 
Gardineroseris* (D) 0.03 0.14 0.32 0.48 8.711 0.005 0.00 0.00 0.03 0.10 1.326 0.255 
Herpolitha 0.02 0.10 0.03 0.10 0.103 0.750 0.00 0.00 0.00 0.00 0.936 0.338 
Physogyra 0.02 0.10 0.00 0.00 1.000 0.322 0.00 0.00 0.00 0.00 1.000 0.322 
Mycedium 0.01 0.00 0.05 0.20 1.125 0.294 0.00 0.00 0.01 0.00 1.107 0.298 
Pachyseris 0.01 0.00 0.11 0.55 0.824 0.368 0.00 0.00 0.02 0.10 0.991 0.324 
Turbinaria* (D) 0.01 0.00 0.15 0.33 4.669 0.036 0.00 0.00 0.13 0.62 1.233 0.272 
Cyphastrea* (D) 0.00 0.00 0.36 0.70 0.852 0.361 0.00 0.00 0.03 0.10 2.141 0.150 
Psammocora 0.00 0.00 0.01 0.00 1.000 0.322 0.00 0.00 0.00 0.00 1.000 0.322 
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Table 3-5: Results of one-way ANOVA test comparing coral colony abundance and biomass between the two time periods 
across eight size classes for each coral genus. 
Colony size 
classes Porites Acropora Goniastrea Montipora Echinopora Pocillopora Favites Platygyra 

1-5cm 0.043 ns ns ns ns ns ns ns 

6-10cm ns ns ns ns ns ns ns ns 

11-20cm ns 0.033 ns ns ns ns 0.009 ns 

21-40cm ns 0.046 ns ns ns ns 0.028 ns 

41-80cm ns 0.010 ns ns ns ns 0.002 ns 

81-160cm ns 0.002 ns ns 0.029 ns ns 0.003 

161-320cm ns ns ns ns 0.025 ns ns 0.017 

>320cm 0.010 ns ns ns 0.020 ns ns 0.038 
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Table 3-6: Statistical summary on the effect of geographic zone, habitat factors (depth, 
exposure and reef type) and management levels on the changes in density and area of 
coral colonies within eight size classes.  

FACTORS  DENSITY AREA 
 Df F P F P 
1-5cm      
Geographic zone 2 65.35 0.00 71.86 0.00 
Depth 1 4.25 0.04 5.00 0.03 
Exposure 1 0.64 0.42 0.50 0.48 
Reef type 3 2.86 0.04 2.37 0.07 
Management 2 0.89 0.41 1.03 0.36 
6-10cm      
Geographic zone 2 81.07 0.00 80.37 0.00 
Depth 1 1.47 0.23 1.46 0.23 
Exposure 1 0.19 0.67 0.19 0.66 
Reef type 3 3.50 0.01 3.47 0.02 
Management 2 0.77 0.46 0.73 0.48 
11-20cm      
Geographic zone 2 71.69 0.00 72.15 0.00 
Depth 1 0.39 0.53 0.41 0.52 
Exposure 1 8.13 0.00 8.20 0.00 
Reef type 3 0.13 0.94 0.14 0.94 
Management 2 0.08 0.92 0.09 0.92 
21-40cm      
Geographic zone 2 72.77 0.00 72.69 0.00 
Depth 1 0.25 0.62 0.24 0.62 
Exposure 1 2.32 0.13 2.34 0.13 
Reef type 3 1.23 0.30 1.23 0.30 
Management 2 1.38 0.25 1.38 0.25 
41-80cm      
Geographic zone 2 58.22 0.00 58.35 0.00 
Depth 1 2.91 0.09 2.93 0.09 
Exposure 1 11.16 0.00 11.17 0.00 
Reef type 3 8.93 0.00 8.93 0.00 
Management 2 6.05 0.00 6.05 0.00 
81-160cm      
Geographic zone 2 32.95 0.00 32.94 0.00 
Depth 1 14.19 0.00 14.19 0.00 
Exposure 1 16.93 0.00 16.93 0.00 
Reef type 3 7.13 0.00 7.12 0.00 
Management 2 2.78 0.06 2.78 0.06 
161-320cm      
Geographic zone 2 18.09 0.00 18.09 0.00 
Depth 1 12.48 0.00 12.48 0.00 
Exposure 1 1.81 0.18 1.81 0.18 
Reef type 3 2.21 0.09 2.21 0.09 
Management 2 0.03 0.97 0.03 0.97 
>320cm      
Geographic zone 2 15.13 0.00 15.13 0.00 
Depth 1 11.80 0.00 11.80 0.00 
Exposure 1 0.02 0.88 0.02 0.88 
Reef type 3 5.13 0.00 5.13 0.00 
Management 2 0.88 0.41 0.88 0.41 

  



 
 

62 
 

Table 3-7: Statistical summary on the effect of geographic zone, habitat factors (depth, 
exposure and reef type) and management levels on the changes in density and area of 
coral colonies within eight coral genera size classes. 

FACTORS 
Df 

DENSITY AREA 
 F P F P 
PORITES      
Geographic zone 2 24.11 0.00 1.80 0.17 
Depth 1 8.77 0.00 8.61 0.00 
Exposure 1 3.12 0.08 0.07 0.80 
Reef type 2 4.91 0.00 6.35 0.00 
Management 3 3.71 0.02 1.07 0.34 
GONIASTREA      
Geographic zone 2 10.09 0.00 5.05 0.01 
Depth 1 19.15 0.00 9.77 0.00 
Exposure 1 46.40 0.00 29.00 0.00 
Reef type 2 5.96 0.00 0.48 0.70 
Management 3 2.73 0.07 1.32 0.27 
ACROPORA      
Geographic zone 2 87.98 0.00 14.49 0.00 
Depth 1 10.59 0.00 0.36 0.55 
Exposure 1 0.09 0.76 0.25 0.62 
Reef type 2 5.60 0.00 2.98 0.03 
Management 3 4.50 0.01 2.62 0.07 
POCILLOPORA      
Geographic zone 2 16.30 0.00 1.78 0.17 
Depth 1 0.02 0.88 1.47 0.23 
Exposure 1 0.12 0.73 0.29 0.59 
Reef type 2 3.15 0.02 2.17 0.09 
Management 3 2.16 0.12 0.51 0.60 
ECHINOPORA      
Geographic zone 2 10.66 0.00 2.32 0.10 
Depth 1 2.64 0.10 1.41 0.24 
Exposure 1 3.24 0.07 0.23 0.63 
Reef type 2 1.25 0.29 3.48 0.02 
Management 3 0.20 0.82 0.07 0.93 
MONTIPORA      
Geographic zone 2 26.76 0.00 5.26 0.01 
Depth 1 0.25 0.61 2.24 0.13 
Exposure 1 1.43 0.23 3.91 0.05 
Reef type 2 1.10 0.35 0.69 0.56 
Management 3 15.67 0.00 5.07 0.01 
PLATYGYRA      
Geographic zone 2 3.95 0.02 2.06 0.13 
Depth 1 0.00 0.97 2.28 0.13 
Exposure 1 0.74 0.39 0.18 0.67 
Reef type 2 2.15 0.09 2.34 0.07 
Management 3 9.62 0.00 0.17 0.85 
FAVITES      
Geographic zone 2 3.23 0.04 0.39 0.67 
Depth 1 3.48 0.06 0.77 0.38 
Exposure 1 1.37 0.24 0.86 0.35 
Reef type 2 4.11 0.01 0.74 0.53 
Management 3 3.91 0.02 0.17 0.84 
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Figure 3-1: Average density (±SE) of coral colonies (no. of colonies per 100m2) (A) and 
corresponding area (m2 of colonies per 100m2) (B) at two time periods (2008/09 and 
2015/16) on coral reefs along the Kenyan coast. 
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Figure 3-2: Average density (±SE) of coral colonies (no. of colonies per 100m2) (A) and 
corresponding area (±SE) (m2 of colonies per 100m2) (B) at two time periods (2008/09 
and 2015/16) across eight size classes on coral reefs along the Kenyan coast.  
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Figure 3-3: Mean density (±SE) of coral colonies (no. of colonies per 100m2) (A) and corresponding area (±SE) (m2 of 
colonies per 100m2) (B) at two time periods (2008/09 and 2015/16) for all coral genera recorded on coral reefs along the 
Kenyan coast 
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Figure 3-4: A two-way matrix comparing changes in density vs. area of 34 coral genera 
over two time periods between 2008/9 and 2015/16  
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Figure 3-5: Mean density (no. of colonies per 100m2), area (m2 of colonies per 100m2)  of 
coral colonies for each genus across 8 size classes between two time periods in 2008/09 
and 2015/16 on coral reefs along the Kenyan coast. 
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A 
 

 
B 

Figure 3-6: Non-metric multidimensional scaling (NMDS), using the Bray–Curtis 
dissimilarity index, showing the spatial variation in the change of density (A) and area (B) 
of colonies within eight size classes  
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A 

B 

Figure 3-7: Non-metric multidimensional scaling (NMDS), using the Bray–Curtis 
dissimilarity index, showing the spatial variation in the change of colony area for eight 
coral genera   
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Figure 3-8: Mean density (no. of colonies per 100m2) and area (m2 of colonies per 100m2) 
of coral colonies between two time periods in 2008/09 and 2015/16 for eight size classes 
across 3 geographical zones on coral reefs along the Kenyan coast.  
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Figure 3-9: Mean density (no. of colonies per 100m2) and area (m2 of colonies per 100m2) 
of coral colonies between two time periods in 2008/09 and 2015/16 for eight coral genera 
across 3 geographical zones on coral reefs along the Kenyan coast.  
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Chapter 4 : Spatial pattern in resistance and recovery 

potential of coral community from bleaching 

disturbance. 

Abstract 

Coral bleaching has become more severe and frequent covering larger scales. 

Coral reef managers worldwide are now focusing on mechanisms to enhance the 

resilience of coral reef ecosystems. Ecological resilience encompasses two major 

properties; resistance and recovery from disturbance. This study presents an analysis of 

the spatial pattern on resistance and recovery potential of coral communities from 

bleaching events. Four resistance indicators (Bleaching resistant, Bleaching susceptible, 

SST variability, Depth) and twelve recovery indicators (Bleaching Intermediate, Large 

colonies, >80 cm colonies, Mature colonies, 11-80cm colonies, Crustose coralline algae, 

Macroalgae, Turf algae, Soft Coral, Bare substrate, Rubble, Recruitment, 1-10cm 

colonies, Hard coral, Genera richness) were quantified at twenty-two sites across different 

geographic zones, habitats and management levels. Two indices were eventually derived 

for each site; resistance and recovery potential. Results showed that there was spatial 

pattern of resistance and recovery potential at the habitat level which evene out across 

geographic zones. However, there was spatial pattern at the geographic zone level and 

at the habitat level for each resistance and recovery indicator. Highest resistance potential 

was found to be at deep sites (>5m) and highest recovery potential at shallow sites (<5m). 

Exposed sites had higher resistance potential while recovery potential was high at both 
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exposed and sheltered sites. However, there was no influence of management on the 

resistance and recovery potential. These findings show that resistance and recovery 

potential of coral community depend on ecological scales and not broad biogeographic 

influences. Results suggest that relevant resilience-based management frameworks can 

be formulated by taking into consideration the ecological resilience at the resistance and 

recovery level. The current MPAs in Kenya did not influence the level of resistance and 

recovery potential at reef sites. MPAs in Kenya were designed to conserve biodiversity 

and there is uncertainty on their effectiveness in enhancing the ecological resilience of 

coral communities. This study recommends re-designing or creating climate-resilient 

MPAs for the persistence of coral reef ecosystems and the services they provide 

4.1 Introduction 

The impact of climate change continues to cause increasing frequency and 

severity of bleaching events globally (Hughes et al., 2017a). Coral reef managers 

worldwide are now focusing on mechanisms to enhance the resilience of coral reef 

ecosystems (Hughes et al. 2017b, McLeod et al. 2019). In principal, ecological resilience 

encompasses two major properties; resistance and recovery from disturbance (Holling 

1973). During coral bleaching events, resistance refers to the ability of a coral community 

to withstand or survive bleaching stress, and recovery is the ability of the community to 

return its coral assemblage after bleaching (West and Salm 2001).  

Coral community’s resistance to, and recovery from bleaching may be associated 

with several attributes that relate to the intrinsic (genetic) to extrinsic (environmental) 

factors (Obura 2005). Intrinsic factors for resistance property are mainly based on genetic 
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variation among individuals, populations and species that result from genotypic variation 

of corals and/or symbionts (Marshall & Baird 2000, Baker et al. 2004, Berkelmans & 

Oppen 2006). At the coral taxonomy level, there are some taxa that are susceptible to 

bleaching and some that are resistant. Normally, fast growing corals such as Acropora, 

Pocillopora, Stylophora and Seriatopora are highly susceptible to bleaching while 

massive corals such as Porites and some faviids are more resistant to bleaching (Loya 

et al. 2001, Baird & Marshall 2002, van Woesik et al. 2009, Linares et al. 2011). Extrinsic 

factors for resistance property are mainly based on environmental factors. Different 

regions, reefs or sites are exposed to different levels and severity of thermal stress 

(Hughes et al. 2018a). In the same way, recovery from bleaching can be influenced by 

intrinsic factors that are associated with local ecological components as well as extrinsic 

factors that are associated with larger scale connectivity and larval supply (Obura 2005). 

Coral reefs in Kenya have undergone consecutive bleaching that was heightened 

by an unprecedented mass coral bleaching in 1998 which was followed by less severe 

bleaching in 2010 and 2016 (McClanahan 2001, Obura et al. 2017). Following substantial 

bleaching mortality, recovery has been slow with some coral populations losing their 

dominance (McClanahan 2008, 20). Subsequently, coral reef managers are becoming 

more concerned about the resilience of coral reefs.  

MPAs serve as an important tool for coral reef conservation (Kelleher, 1999; 

Lubchenco et al., 2003; Palumbi, 2003). In Kenya, the design and management strategies 

for MPAs has focused majorly on safeguarding biodiversity (Tuda and Omar 2012). 

Recently, there has been efforts to create MPAs networks by incorporating LMMAs 

(Kawaka et al. 2017) as well as well as creation of transboundary MPAs. These efforts 
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require information on the resilience of coral reefs in order to create climate-resilient 

MPAs. 

This study determined resistance and recovery potential of coral communities from 

bleaching events along the Kenya coast. Resistance and recovery properties are 

quantifiable features and can be used to carry out empirical study to assess the resilience 

of coral reef communities.. 

4.2 Material and methods 

4.2.1 Study sites and data collection 

Underwater surveys were carried out at 38 sites along a 500km coastline in 

Kenyan during the north-east monsoon season in 2015 and 2016. Study sites were 

sampled across three geographical zones (North, Central, South), two depth levels (deep 

[6.5-18m], shallow [0-6m]), two levels of exposure to oceanic waves (exposed, sheltered) 

and four different reef types (channel, lagoon, fringing, patch). Study sites were sampled 

at areas with three different management levels; park (no-extraction), reserve (regulated 

extraction) and unprotected (extraction allowed). 

4.2.2 Data collection 

Benthic cover was quantified for seven major benthic categories; hard corals (HC), 

crustose coralline algae (CCA), macroalgae (MA), turf algae (TA), soft corals (SC), bare 

substrate (BS), rubble (RB). Coral genera presence/absence data was collected and the 

density of twenty coral genera was recorded within three size classes (1-10cm, 11-80cm 

and >80cm). The twenty genera include those whose bleaching resistance was classified 



 
 

76 
 

into 4 categories of; 1. bleaching resistant, 2. bleaching susceptible, 3. bleaching 

intermediate/ faviids and 4. bleaching intermediate/others (Obura and Grimsditch 2009). 

The size class 1-10cm was composed of juvenile colonies, 11-80cm for mature colonies 

and >80cm for large colonies. Variability of sea surface temperature (SST) was quantified 

for the years 2008, 2009, 2012, 2015 and 2016. SST data were derived from MODIS 

satellite source by plotting georeferenced surveyed sites on a GIS system and the 

average standard deviation was recorded at each site. The depth(m) was recorded at 

each site using an echo sounder. 

4.2.3 Classification of coral resistance and recovery indicators 

To quantify resistance and recovery potential, respective indicators were identified 

by starting with broad resistance and recovery properties and working progressively down 

to finer, measurable variables. Resistance and recovery properties were first classified 

into two broader categories; intrinsic and extrinsic factors (Table 4-1). For resistance 

property, intrinsic factors defined the level of resistance to bleaching for different coral 

taxa. Two variables were adopted; bleaching resistant and bleaching susceptible taxa, 

based on the bleaching-resistance classification of coral taxa in Obura & Grimsditch 2009. 

These were four genera of bleaching resistant taxa (Porites, Pavona, Astreopora and 

Goniastrea) and five genera of bleaching susceptible taxa (Acropora, Montipora, 

Pocillopora, Seriatopora and Stylophora).  Bleaching resistant/susceptible variables were 

quantified as the average density of the respective coral taxa (number of colonies per unit 

square), with high density in bleaching resistant taxa at a site implying better site-

resistance capacity and high density of susceptible taxa implying low capacity to resist 
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bleaching. Extrinsic factors for resistance comprised of environmental factors that 

influence bleaching of coral community by either exposing them or protecting them from 

thermal stress. Two variables were considered; SST variability where the average 

standard deviation of SST per site was used, with high variability implying higher 

exposure of corals to bleaching stress. Depth(m) for each site was used as a variable 

with increase in depth corresponding to protection from bleaching stress (Graham 2015). 

These four variables under resistance property were adopted in this study to represent 

indicators of resistance potential of coral communities. 

Recovery property, intrinsic factors comprised of  local ecological components that 

influence the re-colonisation of coral community after bleaching mortality (Obura 2005). 

Nine intrinsic variables were applied in this study. Some coral taxa are neither highly 

susceptible nor highly resistant to bleaching and are classified as bleaching intermediate 

taxa in Obura & Grimsditch 2009. Bleaching intermediate taxa as a variable contributes 

to recovery of coral community by enhancing re-colonization through re-growth of 

colonies that underwent partial mortality or through sexual reproduction of surviving 

colonies (Obura 2005). The average density of this group of taxa was quantified with high 

density being more favorable. High density of large colonies (>80cm) imply that coral 

colonies have been surviving historical bleaching events and therefore the particular site 

confers high recovery potential. High density of mature colonies (11-80cm) indicate that 

after bleaching mortality, surviving colonies will constitute mature reproductive sizes that 

can re-colonise coral community through sexual reproduction and recruitment. Other local 

ecological components include the availability of suitable substrate to facilitate 

recruitment. High percentage cover of CCA and bare substrate provide suitable spaces 
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for coral larvae to settle and recruit, aiding the recovery process of coral community. 

However, high percentage cover of macroalgae, turf algae, rubble and soft coral do not 

offer suitable substrate for coral recruitment and therefore hinders recovery process. 

Extrinsic factors for recovery were those ecological components that operate at larger 

scale but influence local recovery potential (Obura 2005). High percentage cover of hard 

coral, high genera richness and high recruitment density imply that a site could be a sink 

to larvae from other distant reefs. In the event of high bleaching mortality at that site, there 

is a high potential of re-colonization of coral community from distance sources. High 

values of three variables (hard coral cover, genera richness and recruitment density) 

confer high recovery potential at a site. These twelve variables under recovery property 

were adopted in this study to represent twelve indicators of recovery potential of coral 

community at a site.  

4.2.4 Data analysis 

The average values of four resistance indicators and twelve recovery indicators were 

derived at each of the 38 study sites. These were then normalized to a scale of 0-1 by 

using the following formula: 

 

In order to make sure that high values of each indicator always infer higher 

resistance/recovery potential (in order to attain a unidirectional scale for all indicators), 

the normalised values of the indictors that have -1 direction (table 4-1) were inverted by 
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subtracting each value from 1. PCoA analysis was done to determine the influence of 

resistance and recovery indicators in clustering sites based on their geographic zones. A 

PERMANOVA test followed to determine if this influence was significant. Average 

resistance and recovery indicators were then normalized by diving with the maximum 

value within each category. In this way, resistance and recovery values ranged from 0-1 

and represented a percentage of the site with highest value. Average of these two 

properties was done to get the overall resilience potential per site, which was also 

normalizes by diving with the maximum values. In the same way, values for resilience 

potential also ranged from 0-1 was represented as percentage of the site with the highest 

resilience potential. ANOVA (type III) test was done to discern the effect of geography, 

depth, exposure to oceanic waves, reef type and management on the resistance, 

recovery and resilience potential.  

4.3 Results 

4.3.1 Description of resistance and recovery indicators at the site level 

Normalised uni-directional indices showed that resistance and recovery indicators 

were distributed differently across study sites within a complex pattern. Some indicators 

were dominating with maximum relative index occurring at multiple sites and others were 

site specific. Resistance indicators showed that B-resistant,  B-susceptible and SST-sd 

had their maximum indices occurring at just one particular site each (S_KS, S_SH and 

N_CH, respectively) with an overall average index of 0.25 ± 0.23, 0.33 ± 0.24 and 0.59 ± 

0.26, in that order (Table 4-2). Maximum depth index occurred at multiple sites (N_CBM, 

N_CC, N_CMS and N_CR) and had an average index of 0.35 ± 0.32 across all study 
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sites. For recovery indicators, maximum relative index of recruitment, BS, CCA and HC 

occurred only at one site (N_PZ, S_NR, N_CC and S_KB, respectively). Each of these 

had an average relative index of 0.32 ± 0.25, 0.25 ± 0.27, 0.14 ± 0.22 and 0.41 ± 0.30, in 

that order. Other indicators had maximum relative index at two sites: G-richness at S_MK 

and C_NCG and an average of 0.40 ± 0.26 index; MA at  N_CMS and N_MK (average 

index of 0.81 ± 0.29); and TA at S_KD and S_KL with average index of  0.66 ± 0.31. The 

other indicators had maximum index at multiple sites: MA at N_CC, S_KD, S_KS 

(average index of 0.78 ± 0.28); and SC at N_CH, N_FW, N_KP, N_MI, N_MK, N_PZ and 

C_RB with an average index of 0.78 ± 0.29. There were three indicators that had 

maximum indices occurring at one site: L-colonies, M-colonies and B-intermediate 

colonies all occurred at N_CH with each of these indicators having average indices of 

0.21 ± 0.25, 0.33 ± 0.24 and 0.31 ± 0.22, respectively across all sites (Table 4-2).  

4.3.2 Spatial pattern- relationship of sites based on the abundance of 

resistance and recovery indicators 

Spatial pattern showed sites clustering on the basis of their geographic zones 

(Figure 4-1) with both resistance (Figure 4-1A) and recovery indicators (Figure 4-1B) 

influencing this pattern. Principal coordinates analysis (PCoA) (Figure 4-2) showed that 

the first two PCoA axes were able to explain a substantial amount of the variation among 

reef sites (axis 1 ~51%, axis 2 ~38%) based on resistance indicators (Figure 4-2A). Based 

on recovery indicators, the first two PCoA axes explained about 50% (axis 1~28%, axis 

2 ~23%) of the variation among reef sites (Figure 4-2B). PERMANOVA tests showed that 

geographic zone had a significant effect (p<0.05, Table 4-3)  in the abundance of 
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resistance (Psuedo-F2,37 =  3.802, p=0.002, Table 4-3A) and recovery indicators (Psuedo-

F2,37 =  2.840, p=0.004, Table 4-3B). A pairwise test showed that resistance and recovery 

indicators influenced variation among geographic zones differently. There were 

significant differences between north and central zones (p=0.008) and north and south 

zone (p=0.001) with resistance indicators as the response variable. Using the recovery 

indicators as response variables, there was significant difference between south and 

central (p=0.03) and south and north (p=0.001). In emphasis, central zone was separated 

from the north by resistance indicators and from the south by recovery indicators.  

4.3.3 Spatial pattern- Resistance and Recovery Indicators at 

geographic zones 

The influence of individual resistance and resilience indicators on the clustering of 

sites into geographic zones is shown by bubble plots in Figure 3. Among the resistance 

indicators, B-resistant was abundant in a majority of sites in the south and some few sites 

in central zone (Figure 3A). B-susceptible, was more abundant in the north and central 

zone. Depth index was higher in the north and some parts of central zone. SST-sd index 

was almost uniformly distributed across geographic zones. Most of the recovery 

indicators showed a patchy distribution in abundance in the north zone with some sites 

having high abundance of almost all indicators and others with very low abundance 

(Figure 3B). The other two geographic zones had a more homogenous distribution in 

abundance of most recovery indicators. Recruitment was abundant and evenly distributed 

in the south and central zone. L-colonies were more abundant in the north zone. M-

colonies were more abundant in the south with an even distribution across sites. B-
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intermediate were most abundant in north and central zones with the north zone having 

a patchier distribution in abundance. G-richness had higher abundance in the north and 

central zones but with uneven abundance distribution within each zone. BS was more 

abundant in the north and some sites in the central zone and CCA was uniquely abundant 

in the north with the other zones having very low abundance. HC was abundant in a 

majority of sites in south and north zones but very few sites in showed high abundance 

in the central zone. The abundance of the other benthic indicators MA, KB, SC and TA 

was uniformly distributed across the three geographic zones. 

4.3.4 Spatial pattern- resistance, recovery potential 

Normalised indices showed that the overall resistance and recovery potential of 

benthic communities is influenced more by habitat factors of depth, exposure to oceanic 

waves and reef type (p<0.05, Table4-4). Depth had a significant effect on the resistance 

potential (p<0.001, Table 4-4A) and recovery was significantly influenced by exposure 

and reef type (p<0.01, Table 4-4B). Geographic zone and management did not show any 

significance in influencing the resistance and recovery potential.  

Relative resistance and recovery potential varied across the different habitat 

factors (Figure 4-4). Highest resistance potential was recorded in deep reefs and highest 

recovery potential in shallow reefs Figure 4-4B). Exposed sites showed the highest 

resistance and recovery potential (Figure 4-4C). Patch reefs also had the highest resistant 

potential and channel reefs had the highest recovery potential. Lagoon reefs had the 

lowest resistance potential while fringing reefs had the lowest recovery potential. The 

indifference of geographical zone in influencing resistance and recovery potential can be 
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seen in Figure 4-5. The pie charts at each geographical zone show that there were 

combinations of high resistance low recovery potential and vice versa at sites and the 

only pattern that would be possible is based on habitat level factors as shown in Table 4-

4. Management-level influence on resistance and recovery potential was also 

insignificant.  

 4.4 Discussion 

In this study, there was spatial pattern of resistance and recovery potential of coral 

communities only at the habitat level. However, the spatial pattern of individual resistance 

and recovery indicators was found at both the geographic scale as well as local habitat 

level. This shows that the biogeographic effect on individual resistance and recovery 

indicators evened out when they were aggregated into measures of resistance and 

recovery potential. This flattening of variation in resistance and recovery potential, with 

different reef sites showing imperative differences based on their habitat types and not 

following a biogeographic pattern, indicated that the ability of coral communities to resist 

and recover from bleaching events primarily operates at ecological scales rather than 

biogeographic scale. Ecological scale is a unifying concept that connects ecosystems 

(Levin 1999; Chave and Levin 2003). Spatial patterns in coral communities have been 

shown to be influenced broadly by biogeographic factors and habitat-scale factors (Karisa 

et al. 2020, Jokiel et al. 2004). This study suggests that resistance/recovery indicators 

represent the structural pattern in the coral communities while resistance/recovery 

potential represented the functional properties. This could be attributed by the hypothesis 

that impact of disturbance in ecosystem is scale-specific (Pickett and White 1985, Nash 
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et al. 2014) but the response is derived from redundancy of species with similar functional 

traits within and across ecological-scales (Peterson et al. 1998). This reiterates the 

significance of ecological function, in the resilience concept, which suggests that the 

sustenance of an ecosystem depends on combined efforts of all ecological processes 

(Reiss et al. 2009).  

4.4.1 Habitat influence on spatial patterns 

Depth, wave exposure and reef type influenced the resistance and recovery 

potential of coral communities from bleaching. Previous studies have suggested that 

resilience of reefs is influenced by depth with sites deeper than 6.6m less likely to undergo 

regime shift (Graham et al. 2015). This study progresses this hypothesis further by 

showing that deep sites had a higher resistance potential implying that coral communities 

at deep sites are high likely to escape bleaching. On the other hand, shallow reefs (0-5m) 

had a higher recovery potential indicating coral communities at these depths might not 

escape bleaching mortality but have the ability to recover from the impact. In terms of the 

habitat factor on wave exposure, exposed sites had a relatively higher resistance potential 

indicating that they were shown to be more likely escape bleaching mortality. Resistance 

and recovery potential were similar at both exposed and sheltered sites indicating that 

both habitats have equal chance to recover from bleaching mortality. Different reef types 

had different resistance and resilience potential. Of these, patch reefs are more likely to 

resist bleaching and channel reefs are more likely to recover from bleaching.  

The habitat factors considered in this study together with their associated 

resistance and recovery indicators can be associated with the structural complexity of a 
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reef. Structural complexity has been suggested to be a significant factor in influencing 

resilience of coral reefs (Graham 2015). The modelling study by Darling et al 2017 

suggested that structural complexity is a composite of a large suite of benthic and habitat 

characteristics, including hard coral traits and life histories (Darling et al. 2017). 

Resistance and resilience indicators in this study represent different functional roles of 

coral reef benthic communities that are clearly structures by habitat factors.  

 4.4.2 Implication on management  

Of great importance from this study is whether the ecological resilience of coral 

reefs can be influenced/enhanced towards a more representative/ensembled distribution 

of the two essential resilience properties on resistance and recovery potential of coral 

communities. MPAs provides one of the tools that could be used to enhance resilience 

through management of ecological components. The current MPAs in Kenya were 

designed to conserve biodiversity by embracing static approaches that protect 

ecologically important populations (Tuda & Omar 2012). However, climate change has 

brought in new challenge to coral reefs that make the existing MPAs inadequate to 

cope/alleviate coral bleaching mortality from thermal stress. Review on existing 

management plans will ensure coral reef managers capture new ideas that can enhance 

ecological resilience such as maintenance of coral reef connectivity, source reefs and 

refugia for key functional groups.  

One way of doing this is by re-designing and creating new MPA networks that 

include replicates of representative habitats with high resistance and recovery potential 

to bleaching in order to spread the risk of coral loss from other localized disturbance and 
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even failures in management among others (NRC 2000, PISCO 2007). Sites that show 

high resistance potential are expected to undergo less coral mortality helping reefs to 

have a reproductive population after bleaching mortality. For example, MPAs networks 

that include reefs that have previously not been considered as of conservation priority 

because they have been in nearshore turbid zone (Morgan et al. 2016) or previously 

considered degraded (Abelson et al. 2016). Ultimately, these reefs with high resistance 

potential could act as sources of larvae to other distant reefs that would have undergone 

high bleaching mortality but possess high recovery potential e.g. as sinks. This approach 

of habitat complementary can be accentuated by fully/exclusively protecting some of 

these reefs in order to maximize survival of coral communities not only at the ecological 

function level but at a broader scale of entire ecosystems. This means there is need to 

consider and prioritize sites with different habitat types found at each of the representative 

geographic zones.  
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Table 4-1: Classification of resistance and recovery indicators as used in this study. This was modified from a classification 
of resilience indicators used in Obura & Grimsditch 2009. 
Resilience 
property 

 
A-Factor 

 
Rationale 

 
Variable 

Variable 
Code 

Measure/ 
Metric 

 
Direction 

Resistance Intrinsic  
(Genetic) 

Bleaching 
resistance 

Bleaching  
resistant taxa 

B-resistance Mean density  
of colonies 

1 

Bleaching  
susceptible taxa 

B-susceptible Mean density  
of colonies 

-1 

Extrinsic 
(Environmental 
components) 

Bleaching 
protection 

SST variability SST-sd Standard deviation  
(0C) 

-1 

Depth Depth Meters 1 
Recovery Intrinsic 

(Local ecological 
components) 

Re-colonization  
ability 

Bleaching  
Intermediate taxa 

B-intermediate Mean density  
of colonies 

1 

Large colonies  
(>80 cm) 

L-colonies Mean density  
of colonies 

1 

Mature colonies  
(11-80cm) 

M-colonies Mean density  
of colonies 

1 

CCA CCA % cover 1 
Macroalgae MA % cover -1 
Turf algae TA % cover -1 
Soft Coral SC % cover -1 
Bare substrate BS % cover 1 
Rubble RB % cover -1 

Extrinsic 
(Large-scale 
ecological 
components) 

Re-colonization  
ability 

Recruitment 
 (1-10cm) 

Recruitment Density 1 

Hard coral HC % cover 1 
Genera richness G-richness No. of genera 1 
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Table 4-2: Normalised uni-directional resistance and recovery indices at 38 study sites along the Kenyan coast. Highlighted 
cells show maximum indices with their respective site. Bold numbers are averages for each indicator.  

 

Relative index 
 
Resistance indicators Recovery indicators 
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T
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Anthias C_AN 0.18 0.68 0.88 0.42 0.03 0.30 0.46 0.65 0.31 0.03 0.00 0.29 0.79 0.94 0.47 0.41 
Boso N_BO 0.05 0.86 0.18 0.75 0.00 0.02 0.09 0.01 0.19 0.15 0.08 0.23 0.94 0.96 0.91 0.24 
Chole N_CH 0.27 0.47 0.06 1.00 1.00 1.00 0.44 1.00 0.44 0.45 0.30 0.66 0.98 0.84 1.00 0.63 
Chongo cha Bomani N_CBM 0.08 0.91 1.00 0.87 0.23 0.23 0.01 0.15 0.19 0.06 0.02 0.27 0.86 0.95 0.84 0.03 
Chongo cha Chano N_CC 0.00 0.99 1.00 0.90 0.01 0.01 0.04 0.19 0.00 0.77 1.00 0.01 1.00 0.99 0.78 0.95 
Chongo cha Mvundeni N_CM 0.12 0.75 0.82  0.01 0.20 0.35 0.47 0.31 0.85 0.61 0.05 0.98 0.95 0.85 0.94 
Chongo cha Mwongo Shariff N_CMS 0.05 0.86 1.00 0.98 0.00 0.32 0.09 0.34 0.13 0.84 0.65 0.00 0.99 1.00 0.82 0.98 
Chongo cha Rubu N_CR 0.13 0.95 1.00  0.00 0.01 0.28 0.30 0.44 0.81 0.50 0.08 0.94 0.92 0.97 0.74 
Dolphin C_DP 0.25 0.39 0.71 0.63 0.00 0.27 0.56 0.45 0.06 0.23 0.10 0.06 0.98 0.99 0.44 0.06 
Drummers C_DR 0.12 0.65 0.71 0.61 0.01 0.28 0.37 0.46 0.13 0.27 0.07 0.09 0.97 0.98 0.72 0.00 
Fawacho N_FA 0.11 0.83 0.24 0.51 0.17 0.12 0.12 0.13 0.44 0.03 0.00 0.80 0.47 0.79 1.00 0.93 
Kibuyuni S_KB 0.44 0.68 0.06 0.09 0.40 0.62 0.25 0.06 0.81 0.20 0.04 1.00 0.95 0.91 0.72 0.86 
Kishanga N_KS 0.07 0.78 0.12 0.92 0.09 0.22 0.05 0.05 0.31 0.06 0.33 0.36 0.85 0.97 0.68 0.51 
Kisite Deep S_KD 0.28 0.52 0.53 0.55 0.04 0.52 0.34 0.19 0.13 0.19 0.00 0.23 1.00 0.35 0.01 1.00 
Kisite Leeward S_KL 0.13 0.81 0.24 0.55 0.08 0.17 0.10 0.00 0.19 0.02 0.02 0.67 0.98 0.00 0.84 1.00 
Kisite Seaward S_KS 1.00 0.43 0.29 0.56 0.09 0.94 0.88 0.13 0.19 0.02 0.01 0.65 1.00 0.43 0.20 0.96 
Kui N_KU 0.14 0.86 0.24 0.92 0.49 0.23 0.22 0.55 0.25 0.52 0.19 0.18 0.93 0.87 0.78 0.89 
Kupi N_KP 0.30 0.77 0.18  0.26 0.43 0.50 0.50 0.69 0.35 0.00 0.75 0.94 0.89 1.00 0.47 
Kwa Radi N_KR 0.03 0.92 0.06 0.89 0.06 0.23 0.00 0.17 0.50 0.06 0.20 0.28 0.69 0.99 0.97 0.33 
Mabiyu N_MA 0.47 0.97 0.24 0.39 0.28 0.29 0.48 0.54 0.56 0.07 0.03 0.52 0.80 0.71 0.96 0.96 
Makokokwe S_MK 0.18 0.63 0.59 0.51 0.26 0.57 0.20 0.25 1.00 0.33 0.06 0.89 0.83 0.89 0.72 0.93 
Mikes Inner N_MI 0.40 0.91 0.12 0.70 0.99 0.66 0.13 0.27 0.75 0.01 0.01 0.96 0.98 0.98 1.00 0.39 
Mikes Outer N_MO 0.06 0.58 0.12 0.72 0.56 0.28 0.16 0.26 0.56 0.05 0.02 0.23 0.36 0.75 0.98 0.57 
Mkokoni N_MK 0.08 0.98 0.12 0.64 0.43 0.04 0.05 0.23 0.75 0.01 0.02 0.61 0.69 1.00 1.00 0.22 
Mkwiro S_MR 0.60 0.67 0.18 0.53 0.09 0.43 0.63 0.24 0.31 0.11 0.05 0.35 0.00 0.99 0.94 0.89 
Mlango wa Muhindi N_MH 0.03 0.00 0.21 0.98 0.21 0.45 0.46 0.48 0.69 0.00 0.00 0.82 0.99 0.94 0.92 0.48 
Moray C_MO 0.32 0.49 0.65 0.61 0.03 0.19 0.62 0.33 0.13 0.15 0.01 0.06 0.94 0.99 0.00 0.22 
New Coral Gardens C_NCG 0.76 0.55 0.00 0.00 0.26 0.31 0.68 0.04 1.00 0.29 0.03 0.94 0.97 0.42 0.98 0.95 
North Reef C_NR 0.54 0.70 0.12 0.17 0.21 0.24 0.58 0.22 0.56 1.00 0.00 0.26 0.89 0.67 0.96 0.81 
Old Coral Gardens C_OCG 0.31 0.67 0.00 0.04 0.22 0.25 0.38 0.29 0.44 0.41 0.20 0.53 0.91 0.28 0.94 0.95 
Pezzali N_PZ 0.64 0.10 0.29 0.38 0.15 0.39 1.00 0.81 0.25 0.32 0.09 0.16 0.17 0.66 1.00 0.89 
Richard Bennette C_RB 0.18 0.70 0.05 0.48 0.35 0.22 0.19 0.28 0.56 0.12 0.15 0.52 0.54 0.99 1.00 0.61 
Shili N_SH 0.03 1.00 0.06 0.62 0.02 0.00 0.04 0.12 0.31 0.08 0.08 0.15 0.27 0.69 0.98 0.78 
Shimo La Tewa N_ST 0.25 0.88 0.24 0.67 0.65 0.50 0.16 0.46 0.63 0.24 0.04 0.61 0.52 0.83 0.75 0.93 
Turtle Reef C_TR 0.02 0.94 0.35 0.54 0.09 0.22 0.01 0.19 0.25 0.06 0.20 0.10 0.16 0.82 0.97 0.81 
Upper Mpunguti Leeward S_UPL 0.32 0.44 0.32 0.57 0.06 0.63 0.36 0.12 0.25 0.16 0.03 0.29 0.79 0.80 0.57 0.70 
Upper Mpunguti Seaward S_UPS 0.42 0.37 0.35 0.56 0.03 0.74 0.62 0.56 0.13 0.16 0.27 0.27 0.95 0.92 0.09 0.59 
Watamu Coral Garden C_WCG 0.07 0.69 0.05 0.46 0.10 0.17 0.24 0.39 0.44 0.01 0.05 0.50 0.55 0.90 0.98 0.39 
Average  0.25 0.69 0.35 0.59 0.21 0.33 0.32 0.31 0.40 0.25 0.14 0.41 0.78 0.81 0.78 0.66 
SD  0.23 0.24 0.32 0.26 0.25 0.24 0.25 0.22 0.26 0.27 0.22 0.30 0.28 0.23 0.29 0.31 
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Table 4-3: Permutational multivariate analysis of variance (PERMANOVA) tests. One-way PERMANOVA was applied for 
all A. resistance and B. recovery indicators. Presented in this table are the source tested, sum of squares of the test (SS), 
pseudo-F of the statistic, P(perm), and the number of the unique permutations (unique perms) done for the tests  
A. Resistance indicators                                    
Source df     SS     MS Pseudo-F P(perm) Unique perms 
Geographic zone 2 3918.8 1959.4 3.8024 0.002 999 
Res 35 18036 515.31                         
Total 37 21955              
Pairwise test       
Groups      t P(perm)  perms    
Central, North 2 0.008 999    
Central, South 1 0.46 986    
North, South 2 0.001 997                  
       
       
B. Recovery indicators                                    
Source df     SS     MS Pseudo-F P(perm)  Unique perms 
Geographic zone 2 2665.8 1332.9 2.8403 0.004 998 
Res 35 16424 469.27                         
Total 37 19090     
Pairwise test       
Groups      t P(perm)  perms    
Central, North 1 0.318 999    
Central, South 2 0.03 983    
North, South 2 0.001 998    
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Table 4-4: ANOVA (type III) results on coral community (A) resistance (B) recovery and (C) resilience in coral reefs along 
the Kenyan coast. Results on the mixed-effect model testing the effect of geographic zone, depth, exposure, reef type and 
management on (A). resistance potential (B). recovery potential and (C). resilience potential. 

 
(A). Response variable: Type III Mixed-Effects 
Resistance potential NumDF F value                     Pr(>F) 
Geographic zone 2 2.534                   0.097 
Depth 1 18.360                         <0.001*** 
Exposure 1 1.401                   0.247 
Reef type 3 0.772                   0.519 
Management 2 0.274                   0.762 
    
(B). Response variable: Type III Mixed-Effects 
Recovery potential NumDF F-value                           Pr(>F) 
Geographic zone 2 0.765                            0.475 
Depth 1 2.868                            0.102 
Exposure 1 6.911                          <0.01* 
Reef type 3 3.874                          <0.01* 
Management 2 0.591                            0.560 
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A B 

  
Figure 4-1: Heat map showing the relationship of 39 study sites based on relative indices of abundance of (A) 4 resistance 
indicators and (B) 12 recovery indicators 
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A 
              

 
B 

 
Figure 4-2: Principal coordinates analysis (PCO) of spatial variation in the relative 
abundance of (A) resistance indicators, and (B) resilience indicators for 39 reef sites 
spread across 3 geographic zones along the Kenyan coast. Different colours differentiate 
sites based on the geographic zone (red=north, blue=central, green=south). Vectors are 
all variables considered for the analysis. 
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Figure 4-3: PCoA bubble plots for A. resistance and B. recovery indicators for 39 study sites. Different colours differentiate 
sites based on the geographic zone (red=north, blue=central, green=south). 
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A  

 

B C 

D E 

Figure 4-4: Box plots of relative index of resistance, recovery and resilience potential 
between reefs from different A. geographic zones B. depth, C. exposure, D. reef type and 
E. management level. Error bars indicate standard deviation 
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Figure 4-5: Pie charts showing distribution of resistance and recovery potential of 39 reef sites in, (A, B) north zone, (C) 
central zone and (D) south zone along the Kenyan coast. 
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Chapter 5 : General discussion 

This extensive study of thirty-eight reefs along a 500 km coastline in Kenya 

presents new data on the biogeographic and spatial pattern of benthic communities, their 

demographic changes over time and the implication on the ecological resilience from 

bleaching impacts. Findings reveal that, coral reef benthic communities in the north differ 

from those in the south and are geographically marginal while the central zone functions 

as an ecological corridor. However, resistance and recovery potential of coral 

communities were geographically homogenous confirming that aspects of resilience 

operate at an ecological scale. The spatial heterogeneity of almost all aspects of benthic 

communities reflected a complex reef habitat that has the potential of supporting different 

functionally important features of coral reef communities.   

5.1 Marginal reef in the north 

North reefs have been shown to be composed of marginal coral reef fauna. 

Previous studies have described the marginality of this zone based on oceanographic 

characteristics:  

i. the presence of coral species and fish species that are associated with 

those for Red Sea and Gulf of Aden (Obura 2012, Obura and Church 2004).  

ii. a poorly-developed reef due to cooler nutrient-rich water associated with 

upwelling in the Somali current promoting a different community of corals 

(Carbone & Accordi 2000).  
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iii. occurrence at the periphery from the center of biodiversity in the south 

(Obura 2012). 

Presence of many large colonies indicate a high survival of corals probably due to 

cooling effect during upwelling. In addition, most of these reefs are in remote areas with 

fewer human settlements hence do not have many local anthropogenic disturbances 

which allows coral to grow to larger sizes. This ensures sustenance and growth of 

standing coral as shown in this study. There were very large colonies of Porites, 

Goniastrea and Echinopora compared to the south indicative of survival and successful 

growth from bleaching events. Protection of marginal reefs in the north to keep standing 

stock of corals at all times would be a good strategy important.  

5.2 Implication on connectivity 

The south reefs have been suggested to be more diverse and act as a source of 

coral larvae to the north (Obura 2012). This study showed that during bleaching events, 

reproduction failure in the south reefs rendered the north reefs deficient on supply of coral 

larvae suggesting that north reefs are isolated and would depend on their local colonies 

for coral replenishment after bleaching events.  

This calls for protection of climate-resilient reefs in the north and south reefs in 

order to: improve capacity of north reefs for self-reseeding; safeguard reproductive corals 

during bleaching events so that this zone can continue supplying larvae to its own reefs 

and other reefs towards the north.  
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5. 3 Potential of an ecological corridor 

In this study, we hypothesize that the central zone acts as an ecological corridor 

for coral communities from south to north. This keeps the flow of species between zones 

keeping reefs connected. However, the central reefs are largely threatened by 

sedimentation from the river run-offs. In order to keep these reefs to continue offering 

ecological services there is need to reduce irresponsible land-use practises in order to 

reduce sedimentation downstream.  

5.4 Spatial heterogeneity  

The spatial patterns in coral reef benthic communities identified in this study 

provide important information to identify representative and unique habitats to address 

conservation goals. Simple multidimensional classification of habitats, including but not 

limited to depth, exposure, substrate and dominant benthic communities can be essential 

in designing MPAs. Assessment of the habitat, in this manner, provides a proxy for 

species richness, enabling management decisions to be made regarding the value of the 

site as reservoirs of biodiversity in the absence of detailed species-level data (Roberts et 

al. 2003). The four habitats that were identified in this study provide information on which 

level of depth, exposure and reef type that specific benthic communities exists. For 

example, if the goal is to protect medium to large coral colonies, in order to support 

recovery of corals after a bleaching mortality by providing reproductive survivors, then the 

habitats to focus are shallow reefs and channel reefs across any geographic zone along 

the Kenya coast.  
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5.5 Climate-resilient MPAs 

Ecological and economic benefits offered by coral reef ecosystems are threated 

due to climate change and other disturbances that are causing massive degradation of 

these ecosystems. Creating new MPAs and/or re-designing existing MPAs to be climate-

resilient is very important as coral bleaching gets more frequent and severe. This study 

shows the distribution of resistance and recovery potential across the entire Kenya coast. 

Both resistant and recovery potential are critical in contributing to the ecological resilience 

of coral reefs and therefore choice of sites to protect will be based on the objectives of 

protection in addition to other local drivers of resilience. Reefs with higher recovery 

potential act as sinks for larvae coming from other sources and important to protect. Reefs 

with equal measure of resistance and recovery potential form prime sites for protection 

as they pose less risk of oozing corals because when bleaching resistance fails then there 

is assurance that they can still recover. 

5.6 Monitoring for coral reef resilience 

This study provided information on how to improve management of coral reefs to 

enhance their resilience to climate change. Effective management however requires a 

monitoring plan and information gathering of key indicators of resilience. Identification of 

resilience indicators that are suitable for monitoring reefs in Kenya would be a necessary 

step to follow-up after this study. Consequently, appropriate scientific skills, personnel, 

training and partnerships would be necessary to support a resilience monitoring program.  
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Supplementary material 

S1 Table. Sampling design. A table of sites sampled according to their geographical 
zones, habitat factors and management levels. 
 

Geographic 
zone 

No. of reefs  
(zone total) 

Habitat factors & 
management status No. of reefs per level in each factor 

North 20 Exposure Exposed 12; Sheltered 8 
  Depth Deep 5; Shallow 15 
  Reef type Channel 3; Lagoon 6; Fringing 6; Patch 6 
  Management Park 0; Reserve 17; Unprotected 3 
Central 10 Exposure Exposed 6; Sheltered 4 
  Depth Deep 5; Shallow 5 
  Reef type Channel 0; Lagoon 2; Fringing 5; Patch 3 
  Management Park 6; Reserve 0; Unprotected 4 
South 8 Exposure Exposed 3; Sheltered 5 
  Depth Deep 4; Shallow 4 
  Reef type Channel 2; Lagoon 0; Fringing 5; Patch 1 
  Management Park 4; Reserve 2; Unprotected 2 

 

S2 Table. Coral genera data. Percentage cover of coral genera recorded at all surveyed coral reef sites 
along the Kenyan coast. 
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S3 Table. Benthic cover data. Percentage cover of major benthic categories recorded at all surveyed coral reef sites along the Kenyan coast.  

 

 

 

  

Site name Geographical zone Depth category Depth-m Exposure Reef type Management 
Density (no. of colonies per 100m2) 

1-2.5cm 2.6-5cm 6-10cm 11-20cm 21-40cm 41-80cm 81-160cm 161-320cm >320 
Anthias Central Deep 16 Exposed  Fringing Unprotected 25 192 333 155 65 13 3 0 2 
Boso North Shallow 4 Sheltered Lagoon  Reserve 0 42 108 38 8 2 0 0 0 
Chole North Shallow 2 Exposed  Lagoon  Reserve 92 183 250 318 250 114 110 28 26 
Chongo cha Bomani North Deep 18 Exposed  Patch Reserve 0 8 50 100 56 30 30 8 0 
Chongo cha Chano North Deep 18 Exposed  Patch Reserve 8 8 75 38 6 0 2 0 0 
Chongo cha Mvundeni North Deep 15 Exposed  Patch Reserve 42 150 242 130 38 2 2 0 0 
Chongo cha Mwongo Shariff North Deep 18 Exposed  Patch Reserve 42 25 83 180 56 10 0 0 0 
Chongo cha Rubu North Deep 18 Exposed  Patch Reserve 58 92 200 24 22 0 0 0 0 
Dolphin Central Deep 13 Exposed  Fringing Unprotected 125 175 358 152 45 13 0 0 0 
Drummers Central Deep 13 Exposed  Fringing Unprotected 100 225 125 138 58 23 2 0 0 
Fawacho North Shallow 5 Sheltered Channel Unprotected 72 89 17 61 36 16 12 8 8 
Kibuyuni South Shallow 2 Sheltered Channel Unprotected 42 100 175 190 178 72 30 28 8 
Kishanga North Shallow 3 Sheltered Lagoon  Reserve 0 25 75 84 82 16 12 2 0 
Kisite Deep South Deep 10 Sheltered Fringing Park 58 158 200 165 163 45 7 0 0 
Kisite Leeward South Shallow 5 Sheltered Fringing Park 31 88 38 68 56 25 9 1 4 
Kisite Seaward South Shallow 6 Exposed  Fringing Park 150 338 513 374 191 76 14 0 1 
Kui North Shallow 5 Sheltered Lagoon  Reserve 50 92 142 88 40 56 24 30 26 
Kupi North Shallow 4 Sheltered Lagoon  Reserve 158 175 258 178 74 62 34 0 8 
Kwa Radi North Shallow 2 Exposed  Fringing Reserve 0 33 17 76 68 42 10 0 0 
Mabiyu North Shallow 5 Exposed  Channel Unprotected 200 117 250 112 60 50 20 20 6 
Makokokwe South Deep 11 Exposed  Patch Park 25 63 181 128 146 129 36 1 5 
Mikes Inner North Shallow 3 Sheltered Channel Reserve 8 133 50 122 128 216 118 24 20 
Mikes Outer North Shallow 3 Exposed  Patch Reserve 25 108 92 70 76 70 54 14 24 
Mkokoni North Shallow 3 Sheltered Lagoon  Reserve 17 25 67 10 32 22 12 34 24 
Mkwiro South Shallow 4 Sheltered Channel Unprotected 158 250 325 242 62 13 7 7 2 
Mlango wa Muhindi North Shallow 4.5 Exposed  Fringing Reserve 92 158 300 150 122 58 16 6 12 
Moray Central Deep 12 Exposed  Fringing Unprotected 175 292 250 112 35 13 3 0 2 
New Coral Gardens Central Shallow 1 Sheltered Patch Park 133 150 508 112 66 58 26 12 4 
North Reef Central Shallow 3 Exposed  Patch Park 167 192 325 90 56 44 22 8 4 
Old Coral Gardens Central Shallow 1 Sheltered Patch Park 175 108 183 92 58 46 28 4 4 
Pezzali North Shallow 6 Exposed  Fringing Unprotected 300 283 550 192 78 16 10 10 4 
Richard Bennette Central Shallow 1.8 Sheltered Lagoon  Park 133 100 25 50 74 58 10 22 26 
Shili North Shallow 2 Sheltered Fringing Reserve 17 58 17 8 20 10 4 0 0 
Shimo La Tewa North Shallow 5 Exposed  Fringing Reserve 42 83 100 194 92 74 72 20 14 
Turtle Reef Central Deep 7 Exposed  Fringing Park 0 58 0 78 62 42 6 4 4 
Upper Mpunguti Leeward South Deep 6.5 Sheltered Fringing Reserve 150 67 225 215 192 37 7 3 0 
Upper Mpunguti Seaward South Deep 7 Exposed  Fringing Reserve 200 233 292 298 182 32 5 0 0 
Watamu Coral Garden Central Shallow 1.8 Sheltered Lagoon  Park 75 58 175 46 64 36 8 2 6 
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S4 Table. Coral genera data. Percentage cover of coral genera recorded at all surveyed coral reef sites along the Kenyan coast. 

 

 

  

Geographical zone Depth category Depth-m Exposure Reef type Management 
Percentage benthic cover  

Acropora  Echinopora Favites Galaxea Gardineroseris  Goniastrea Goniopora  Leptoria Lobophyllia  Montipora Platygyra Pocillopora Porites 
Central Deep 16 Exposed  Fringing Unprotected 4.00 0.00 1.00 0.33 0.00 0.00 0.00 0.00 6.67 3.00 0.00 0.00 0.00 
North Shallow 4 Sheltered Lagoon  Reserve 5.44 0.64 0.16 0.00 0.48 0.00 0.00 0.00 0.00 0.00 0.00 1.44 6.72 
North Shallow 2 Exposed  Lagoon  Reserve 0.00 0.00 3.20 0.32 0.80 0.00 0.00 2.88 0.00 5.92 0.00 0.00 16.32 
North Deep 18 Exposed  Patch Reserve 0.00 6.24 2.72 0.00 0.00 0.00 0.00 0.00 1.76 0.00 0.96 0.00 2.20 
North Deep 18 Exposed  Patch Reserve 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.24 0.32 0.00 1.60 
North Deep 15 Exposed  Patch Reserve 0.00 0.00 1.12 0.64 0.00 0.00 0.00 0.00 0.00 2.88 0.16 0.16 0.48 
North Deep 18 Exposed  Patch Reserve 0.50 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 1.17 0.00 0.33 1.00 
North Deep 18 Exposed  Patch Reserve 2.08 0.00 0.16 0.00 0.00 0.00 0.00 0.00 0.00 3.36 0.16 0.16 0.32 
Central Deep 13 Exposed  Fringing Unprotected 3.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.33 0.00 0.33 2.67 
Central Deep 13 Exposed  Fringing Unprotected 5.67 0.00 0.33 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.33 0.33 0.33 
North Shallow 5 Sheltered Channel Unprotected 0.00 0.83 1.83 11.00 0.00 0.00 0.00 0.00 0.00 0.50 2.00 0.17 16.67 
South Shallow 2 Sheltered Channel Unprotected 0.00 7.83 1.83 1.83 0.00 0.00 1.33 0.00 6.50 0.33 1.67 0.00 18.67 
North Shallow 3 Sheltered Lagoon  Reserve 0.64 1.12 1.12 0.00 6.72 0.00 0.00 1.12 0.00 0.00 0.64 0.80 8.80 
South Deep 10 Sheltered Fringing Park 9.33 0.67 1.67 0.00 0.00 0.00 0.00 0.33 0.00 0.00 0.00 0.00 3.00 
South Shallow 5 Sheltered Fringing Park 3.67 7.00 0.00 0.33 0.00 0.00 21.33 0.00 0.00 0.00 0.00 0.00 2.00 
South Shallow 6 Exposed  Fringing Park 11.75 0.25 0.25 0.00 0.00 0.00 14.00 0.00 0.00 0.00 0.00 0.00 9.00 
North Shallow 5 Sheltered Lagoon  Reserve 3.83 0.00 0.50 0.33 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.33 6.00 
North Shallow 4 Sheltered Lagoon  Reserve 2.67 2.83 3.50 0.00 0.00 0.00 0.00 0.83 0.00 4.00 2.83 0.00 18.33 
North Shallow 2 Exposed  Fringing Reserve 0.00 3.36 0.00 0.00 4.92 1.12 0.00 0.00 0.00 1.44 0.00 0.52 2.40 
North Shallow 5 Exposed  Channel Unprotected 0.17 1.00 0.83 0.00 0.00 0.00 0.00 0.00 3.33 0.00 0.00 0.00 15.17 
South Deep 11 Exposed  Patch Park 13.25 2.25 1.00 0.00 0.00 0.00 0.00 0.00 0.25 12.50 0.75 0.25 18.50 
North Shallow 3 Sheltered Channel Reserve 0.80 0.00 0.96 1.44 0.00 0.00 0.32 0.00 0.16 0.00 5.60 2.40 16.64 
North Shallow 3 Exposed  Patch Reserve 0.16 1.76 0.64 0.00 0.00 0.80 0.96 0.00 0.00 0.96 0.00 0.96 8.00 
North Shallow 3 Sheltered Lagoon  Reserve 1.76 3.04 0.80 0.64 0.00 5.44 0.00 1.12 0.00 0.32 1.12 0.00 10.56 
South Shallow 4 Sheltered Channel Unprotected 0.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 8.67 0.00 0.00 9.67 
North Shallow 4.5 Exposed  Fringing Reserve 0.80 12.00 3.08 0.00 0.48 3.04 4.32 0.00 0.00 4.96 1.04 2.40 9.64 
Central Deep 12 Exposed  Fringing Unprotected 3.33 0.00 0.33 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.33 
Central Shallow 1 Sheltered Patch Park 2.33 0.00 1.17 0.50 1.67 5.33 3.33 5.83 0.00 0.33 1.17 1.83 15.17 
Central Shallow 3 Exposed  Patch Park 0.04 0.46 0.00 0.00 0.00 0.17 0.00 0.08 0.00 0.21 0.04 0.04 0.96 
Central Shallow 1 Sheltered Patch Park 1.83 5.83 0.00 0.00 0.00 0.33 1.50 1.33 0.00 0.00 5.00 2.50 9.50 
North Shallow 6 Exposed  Fringing Unprotected 1.00 8.00 0.00 0.00 0.00 0.33 0.00 0.00 0.00 0.00 0.00 0.17 1.50 
Central Shallow 1.8 Sheltered Lagoon  Park 4.33 5.33 2.67 0.67 2.67 0.00 0.00 0.00 0.00 0.67 0.67 0.00 2.00 
North Shallow 2 Sheltered Fringing Reserve 0.00 0.00 0.64 0.32 0.96 3.68 0.00 0.32 0.00 0.00 0.00 0.16 4.48 
North Shallow 5 Exposed  Fringing Reserve 0.17 2.00 2.00 0.00 0.00 2.67 0.50 3.17 0.00 4.50 0.00 0.83 12.17 
Central Deep 7 Exposed  Fringing Park 0.67 0.00 0.33 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.33 3.00 0.67 
South Deep 6.5 Sheltered Fringing Reserve 5.33 0.33 0.67 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.33 4.00 6.33 
South Deep 7 Exposed  Fringing Reserve 10.00 0.00 0.00 0.67 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 4.67 
Central Shallow 1.8 Sheltered Lagoon  Park 4.00 0.33 0.33 2.00 0.00 0.00 0.00 0.00 0.00 0.00 6.33 2.33 4.33 
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S5 Table. Coral colony size class data. Density (no. of colonies per 100m2) of coral colonies recorded at all surveyed coral reef sites along the 
Kenyan coast. 

 

 

 

Site name Geographical zone Depth category Depth-m Exposure Reef type Management 
Percentage cover 

Coralline algae Halimeda Macroalgae Turf algae Hard coral Seagrass Soft corals Dead standing coral Other-Invertebrates Recently dead coral 
Anthias Central Deep 16 Exposed  Fringing Unprotected 0.00 9.00 12.00 29.33 18.00 0.00 22.00 1.00 0.67 0.67 
Boso North Shallow 4 Sheltered Lagoon  Reserve 3.20 12.32 3.68 37.28 14.88 14.56 3.52 0.00 1.12 0.00 
Chole North Shallow 2 Exposed  Lagoon  Reserve 12.96 0.00 1.12 18.24 36.00 0.00 0.00 0.96 0.96 0.00 
Chongo cha Bomani North Deep 18 Exposed  Patch Reserve 0.96 6.44 7.88 47.88 16.60 0.00 6.48 0.00 5.56 0.00 
Chongo cha Chano North Deep 18 Exposed  Patch Reserve 42.56 0.64 0.00 2.40 4.32 0.00 9.12 0.00 9.28 0.00 
Chongo cha Mvundeni North Deep 15 Exposed  Patch Reserve 25.92 17.76 1.12 3.04 6.08 0.00 6.08 0.00 3.04 0.00 
Chongo cha Mwongo Shariff North Deep 18 Exposed  Patch Reserve 27.83 24.70 0.35 1.22 3.65 0.00 7.48 0.00 0.35 0.00 
Chongo cha Rubu North Deep 18 Exposed  Patch Reserve 21.12 16.16 3.52 12.80 7.52 0.00 1.44 0.00 0.80 0.00 
Dolphin Central Deep 13 Exposed  Fringing Unprotected 4.33 6.33 1.00 46.33 6.33 0.00 23.33 0.33 0.33 0.67 
Drummers Central Deep 13 Exposed  Fringing Unprotected 3.00 10.33 1.67 49.33 8.00 0.00 11.67 0.00 0.67 0.00 
Fawacho North Shallow 5 Sheltered Channel Unprotected 0.17 0.33 30.33 3.33 42.67 0.00 0.00 0.33 2.17 0.00 
Kibuyuni South Shallow 2 Sheltered Channel Unprotected 1.50 0.00 2.67 7.00 52.33 2.67 11.67 2.33 0.50 0.67 
Kishanga North Shallow 3 Sheltered Lagoon  Reserve 14.16 12.76 8.56 24.36 21.12 0.00 13.12 0.00 0.32 0.00 
Kisite Deep South Deep 10 Sheltered Fringing Park 0.00 0.00 0.00 0.00 15.00 0.00 41.00 3.67 0.33 1.00 
Kisite Leeward South Shallow 5 Sheltered Fringing Park 1.00 0.00 1.00 0.00 36.33 0.00 6.67 0.67 0.33 0.00 
Kisite Seaward South Shallow 6 Exposed  Fringing Park 0.25 0.00 0.00 2.00 35.50 0.00 33.25 0.50 0.25 1.00 
Kui North Shallow 5 Sheltered Lagoon  Reserve 8.17 25.67 4.17 5.67 12.50 0.00 9.17 1.00 1.50 1.33 
Kupi North Shallow 4 Sheltered Lagoon  Reserve 0.17 0.00 3.50 26.00 40.33 0.00 0.17 0.33 0.83 0.17 
Kwa Radi North Shallow 2 Exposed  Fringing Reserve 8.64 14.28 17.36 33.04 17.48 2.88 1.28 0.00 1.76 0.00 
Mabiyu North Shallow 5 Exposed  Channel Unprotected 1.33 1.00 11.33 2.17 29.00 0.33 1.50 1.33 4.17 0.00 
Makokokwe South Deep 11 Exposed  Patch Park 2.75 0.50 9.50 3.25 47.00 0.00 11.50 3.75 0.00 1.75 
Mikes Inner North Shallow 3 Sheltered Channel Reserve 0.32 2.56 1.28 30.08 50.40 0.00 0.00 0.00 1.28 0.16 
Mikes Outer North Shallow 3 Exposed  Patch Reserve 0.80 9.44 36.48 21.28 15.04 1.28 0.80 0.00 0.64 0.00 
Mkokoni North Shallow 3 Sheltered Lagoon  Reserve 0.96 7.20 17.76 38.56 33.12 1.60 0.16 0.00 0.00 0.00 
Mkwiro South Shallow 4 Sheltered Channel Unprotected 2.17 0.17 56.83 5.50 20.67 0.00 2.50 1.33 4.00 0.33 
Mlango wa Muhindi North Shallow 4.5 Exposed  Fringing Reserve 0.16 17.60 0.48 25.64 43.48 2.32 3.20 0.00 1.16 0.00 
Moray Central Deep 12 Exposed  Fringing Unprotected 0.33 1.33 3.67 38.33 6.67 0.00 41.33 0.33 0.67 0.00 
New Coral Gardens Central Shallow 1 Sheltered Patch Park 1.17 0.33 1.83 2.33 49.33 0.00 0.67 2.83 0.67 0.67 
North Reef Central Shallow 3 Exposed  Patch Park 0.17 8.67 6.17 9.17 16.33 0.17 1.67 0.50 1.00 0.00 
Old Coral Gardens Central Shallow 1 Sheltered Patch Park 8.33 0.00 5.17 2.33 29.50 0.00 2.33 0.17 0.33 0.00 
Pezzali North Shallow 6 Exposed  Fringing Unprotected 4.00 0.33 47.17 5.67 11.67 0.00 0.00 0.17 2.00 0.00 
Richard Bennette Central Shallow 1.8 Sheltered Lagoon  Park 6.33 10.00 26.00 19.33 29.00 0.00 0.00 0.00 0.00 0.00 
Shili North Shallow 2 Sheltered Fringing Reserve 3.52 1.44 41.60 10.72 10.72 6.56 0.64 0.32 1.28 0.00 
Shimo La Tewa North Shallow 5 Exposed  Fringing Reserve 1.83 2.67 27.50 3.50 33.33 0.67 10.33 0.00 2.00 0.33 
Turtle Reef Central Deep 7 Exposed  Fringing Park 8.67 10.67 47.67 9.33 8.67 0.67 1.33 0.67 0.33 1.00 
Upper Mpunguti Leeward South Deep 6.5 Sheltered Fringing Reserve 1.33 0.00 11.67 15.00 18.00 0.00 17.67 0.00 4.00 0.67 
Upper Mpunguti Seaward South Deep 7 Exposed  Fringing Reserve 11.33 0.00 2.67 20.00 16.67 0.00 37.67 0.00 0.67 0.67 
Watamu Coral Garden Central Shallow 1.8 Sheltered Lagoon  Park 2.33 3.67 25.67 30.33 28.00 0.00 0.67 0.33 0.00 0.00 
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S6 Table. Mean percentage cover and standard deviation of 15 major benthic 
categories. Summary of all studied sites along the Kenyan coast 

 

  

 
Major benthic category 

 
 % Mean cover               sd 

Biotic benthic 
communities Hard coral 24.12 26.72 
 Crustose Coralline algae 6.74 12.83 
 Halimeda 6.57 13.01 
 Macroalgae 12.88 22.74 
 Turf algae 16.21 21.77 
 Dead standing coral 0.56 2.66 
 Soft coral 7.00 16.13 
 Seagrass 1.07 6.41 
 Other-Invertebrates 1.61 5.52 
 Recently dead coral 0.24 1.51 
Abiotic benthic 
categories Bare substrate 10.93 16.98 
 Rubble 8.26 18.56 
 Sand 1.44 5.50 
 Silt 1.88 9.03 
 Other-unidentified 0.49 2.04 
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S7 Table. Mean percentage cover and standard deviation of 44 coral genera. 
Summary of all studied sites along the Kenyan coast. 

 

  

 
Coral genera 

% Mean 
cover sd 

Porites 7.66 17.61 
Acropora  2.12 7.26 
Echinopora 2.06 10.07 
Montipora 1.64 7.99 
Goniopora  1.02 8.56 
Favites 1.00 5.32 
Platygyra 0.88 4.86 
Goniastrea 0.73 6.50 
Pocillopora 0.64 3.08 
Galaxea 0.59 5.54 
Gardineroseris  0.55 5.28 
Leptoria 0.53 4.93 
Lobophyllia  0.47 4.88 
Hydnophora 0.44 4.32 
Pavona  0.43 4.44 
Turbinaria 0.38 4.56 
Echinophyllia 0.34 3.59 
Dipsastrea 0.34 2.24 
Fungia 0.33 2.98 
Alveopora 0.29 3.12 
Coscinaraea 0.24 2.63 
Astreopora 0.24 2.43 
Acanthastrea  0.16 2.45 
Cyphastrea 0.11 1.46 
Seriatopora 0.11 1.17 
Paramontastrea  0.11 2.19 
Tubastrea 0.10 2.18 
Millepora 0.06 1.58 
Isopora 0.06 1.32 
Psammocora 0.05 1.16 
Heliopora 0.04 0.72 
Leptoseris 0.03 0.86 
Pachyseris 0.03 0.86 
Stylophora  0.02 0.35 
Herpolitha 0.01 0.14 
Leptastrea  0.01 0.14 
Diploastrea 0.00 0.00 
Merulina 0.00 0.00 
Physogyra 0.00 0.00 
Plerogyra 0.00 0.00 
Plesiastrea 0.00 0.00 
Siderastrea 0.00 0.00 
Tubipora 0.00 0.00 
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S8 Table. Mean density of coral size classes (number of colonies per 100m2). 
Summary of all studied sites along the Kenyan coast  
 

 

 

 

S9 Table. PERMANOVA main-test table of results  
 

 

  

 
Coral size-class 

Mean density  
(no. of colonies per 100m2) sd 

1-2.5cm 85.35 93.48 
2.6-5cm 133.24 114.67 
6-10cm 197.07 182.12 
11-20cm 136.58 108.21 
21-40cm 85.93 72.79 
41-80cm 43.41 45.80 
81-160cm 18.58 28.25 
161-320cm 6.77 12.40 
>320cm 5.70 10.36 

 

Benthic  
community  Source df     SS     MS Pseudo-F P(perm) 

Unique 
perms 

Benthic cover Ge 2 5757 2878 4.140 0.001 999 
 Res 35 24336 695                      
 Total 37 30093                            
Coral genera Ge 2 8358 4179 2.628 0.004 998 
 Res 35 55659 1590                      
 Total 37 64016                            
Coral size class Ge 2 2091 1046 2.3595 0.033 998 
 Res 35 15510 443                      
 Total 37 17602                            
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S10 Fig. Illustration of the four habitat types occurrence at the three geographical 
zones. North zone has three habitat types one of them uniquely to this zone (DEPR); 
Central zone has three habitat types, one it shares with all other zones (SPC), another 
with only north (SFLPR) and only south zone (DEFU); South zone has only two habitat 
types, one it shares with all zones (SCP) and the other with only Central zone (DEFU) 
 


