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1 Summary 
In the last three decades, Caribbean coral cover values have been declining from 50% to 10% cover Caribbean 

wide. Several studies have researched this decreasing trend and assessed coral reefs throughout the Caribbean. 

These assessments often identify the coral reef of Bonaire as one of the most pristine reefs and describe the 

leeward coast of Bonaire as one of the healthier reefs of the Caribbean. However, the outcomes of these studies 

are based on pooled data, collected from multiple depths and locations and are presented as being valid for an 

entire reef while they have often been collected on a very small number of locations on each island. In a study 

on the ecosystem services of the reefs of Bonaire, Meesters et al. (2014) suggested that coral reefs show large 

variation in ecological quality on a small scale. This report investigates this small-scale variation in coral reef 

quality on the leeward coast of Bonaire. On the leeward side, we sampled the coral reef every 500 meters 

resulting in a total of 115 sampling sites. On each location, the reef was sampled at two different depths (~5 and 

~10 meters) following the zonation pattern from Bak (1977). The reef quality is assessed with the Reefbudget 

methodology described in Perry et al. (2012). Carbonate production, bioerosion, and net production is calculated 

in kg CaCO3 m-2 year-1 for each site and depth. The net carbonate production reveals the quality of a reef. A 

positive value indicates the reef is growing while a negative value means a reef or site is flattening. Cluster 

analysis and TukeyHSD tests are used to analyse the spatial distribution of coral communities and to test if areas 

show a significant difference in coral reef quality. The shallow reef (depth ~5 meters) in front of Kralendijk shows 

clear signs of degradation. The area has a significant lower coral cover (3%, p=0.05) and a mean net carbonate 

production of -0.40 kg CaCO3 m-2 year-1. We found the marine reserve to have the highest coral cover and net 

carbonate production. The shallow reef of the marine reserve net produces 3.64 kg CaCO3 m-2 year-1, and the 

fringing deeper reef (depth ~10m) 4.04 kg CaCO3 m-2 year-1. A previous study found a net production of 3.63 kg 

CaCO3 m-2 year-1 for 5m depth zone. For the 10m depth, net carbonate production was 9.53 kg CaCO3 m-2 year-1. 

Both values were measured at  the “no dive reserve” of Bonaire in Perry et al. (2012). This study finds a lower 

production for the 10 meters zone, but comparable values for the shallow reef at 5 meters depth. However, the 

values of the Marine Reserve in this study are the highest of the leeward side of Bonaire. The reef shows a large 

variation in reef quality along the coastline Net carbonate production ranged from a minimum of -8.70 to a 

maximum of 50.85 kg CaCO3 m-2 year-1 for one transect. This range is much larger than the range found by Perry 

et al. (2013). Perry et al. (2013) found a minimum net carbonate production of -2.3 kg CaCO3 m-2 year-1 and a 

maximum of 16.68 kg CaCO3 m-2 year-1. Comparing the calculated net carbonate production values in this study 

with data from the Caribbean region, we found that the variation between sites on the leeward side of Bonaire 

shows similarity with the variation throughout the area. Net production of reefs on Belize, Jamaica, and St. Croix 

show values of 1.42, 1.2-1.8, and 0.9 kg CaCO3 m-2 year-1 respectively. These values are similar to the 5 meters 

reef at Klein Bonaire, the South, and the North of Bonaire with 1.09, 0.49, and 0.18 kg CaCO3 m-2 year-1 production 

respectively. This study reveals a difference in coral community composition between the North and the South 

of Bonaire. The 10 meter reef of North Bonaire is merely Merulinidae spp where the South of Bonaire is more 

diverse with a larger cover of Agariciidae spp. Overall turf cover is high across the entire coastline with for the 

10 meter depth reef a mean of 36.4% (± 1.8) cover. The 10 meter reef in front of the city shows a higher mean 

turf algae cover of 50% cover. This study shows that the reef in front of the Kralendijk is in a poor state and is, 

with a net negative carbonate production, flattening in topographic complexity. The Marine Reserve shows the 

best net production values in both the 10 meters depth reef as the 5 meters depth reef. The variation between 

sites along the leeward side is large. This large variation proofs that it is not legitimate to assess an entire 

coastline based on a limited number of sites. While parts of Bonaire Marine Reserve can indeed be viewed as 

belonging to the most pristine in the Caribbean, other areas, e.g. in front of the city, show similarities with known 

ecological degraded reefs like St. Croix/N. Jamaica. Future reef assessments should consider the locations and 

depth of sample locations carefully before presenting research outcomes as representable for an entire reef. 

 

  



3 

 

2 Introduction 
The Caribbean reefs have been assessed to be in an overall decline in coral cover and shifts to macro-algal-

dominated states, facing several natural and anthropogenic disturbances. Average coral cover has shifted from 

50% cover to nearly 10% Caribbean-wide during the last three decades (Gardner et al. 2003). This loss is described 

to have severe repercussions for reef biodiversity, ecosystem structure as well as the functioning and stability of 

these delicate habitats. 

The reefs of Bonaire have faced several large-scale disturbances over the past 30 years. In 1983 white band 

disease wiped out Acropora cervicornis on mass in the shallow reef zone (Aronson & Precht 2001), followed by 

mass mortality of the important algae grazer Diadema antillarum (Lessios et al. 1984). Hurricanes and tropical 

storms inflicted considerable damage to the reef structure in 1988 with storm Joan, in 1999 with Hurricane 

Lenny, in 2008 by Hurricane Omar and in 2010 due to tropical storm Tomas (Sommer et al. 2011; Perry et al. 

2013; Bries et al. 2004). Coral reefs also show resilience to these disturbances. Especially deeper reefs and reefs 

with a higher topographic complexity are more resilient and can recover from disturbances (Graham et al. 2015). 

A reef status report for Bonaire in 2013 presents a declining trend in macroalgal growth since 2011 and signs of 

recovery from bleaching events in 2010 (Steneck et al. 2013).  

 

FIGURE 1: THE AVERAGE CORAL COVER (A) AND MACROALGAE COVER (B) IN THE CARIBBEAN PERCENTAGES OVER THE PERIOD 

1970-2012(JACKSON ET AL. 2014) 

Despite these disturbances the coral reefs of Bonaire are still considered as one of the healthier reefs of the 

Caribbean. The Atlantic and Gulf Rapid Reef Assessment (AGRRA) in the late 1990`s reported the leeward reef of 

Bonaire as “healthy reef relative to many others in the Caribbean” (Sommer et al. 2011). The National Oceanic 

Atmospheric Administration designated Bonaire’s coral reefs In February 2008 to be the most pristine in the 

Caribbean (NOAA 2008). However, also the coral reef of Bonaire shows a tremendous decrease in coral cover 

percentage. The study of Jackson et al. (2014) display, by combining and comparing quantitative studies from 

the 1970’s (Bak 1975) until more recent years (Stokes Dale et al. 2010; Sommer et al. 2011),  that coral cover 

decreased from 60% in 1975 to 20% in 2010 and macroalgal cover increased about 10% from 1980 until 2010. 

Figure 1 presents this decline in coral cover and increase in macro-algae.  

These previous reef assessments of Bonaire by Sommer et al. (2011), Edwards et al. (2011) and, Perry et al. (2013) 

are based on pooled data from multiple depths and only a limited number of sites sampled on the reef. Despite 

this flaw, the data is presented as valid for the entire coral reef of Bonaire and thus assign the whole island of 

Bonaire as one of the most pristine reefs in the Caribbean. During a study on ecosystem services of the coral reef 

of Bonaire, Meesters et al. (2014) suggested that the coral reef on the leeward side of Bonaire shows a large 

variation in coral reef quality on a small scale. This report investigates this conjecture and provides a small-scale 

quantitative assessment of the coral reef community status of the leeward fringing reef of Bonaire in two 

different habitat zones. We made use of the Reef budget methodology described in Perry et al. (2012) to 

determine the reef status and quality. The Reef budget method is a rapid and non-destructive approach to 

assessing the ecological ‘health’ of a reef, designed for Caribbean reefs (Perry et al. 2008). This method uses a 

series of conversion factors to calculate carbonate production rates from biomass estimates, hereby taking 

architectural complexity, carbonate production and (bio)erosion into account. 
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Architectural complexity influences the species richness, abundance and biomass of coral reef fishes and 

invertebrates in a reef (Idjadi & Edmunds 2006; Alvarez-Filip et al. 2009). In coral reefs, architectural complexity 

is the result of a range of ecologically, chemical and physically carbonate production and erosion processes (Perry 

et al. 2012). Coral growth is the major carbonate producing process and hence, the most important factor in 

building architectural complexity on reefs (Vecsei 2004), followed by calcareous encrusting algae such as 

Crustose Coralline Algae (CCA), which also deposit carbonate onto the reef framework. Physical, chemical and 

biological processes add extra carbonate to the frame by lithification of deposited carbonate (Perry et al. 2012). 

Erosion processes involve mostly physical processes such as wave action and bioerosion by bioeroders like 

parrotfishes, sea-urchins, and endolithic macro- and microboring organisms (Risk & Macgeachy 1978; Hutchings 

1986; Peyrot-Clausade et al. 2000). Bioerosion is defined as “corrosion of hard substrates by living agents” (Perry 

et al., 2012). In the framework construction states approach, the reefs overall bioerosion rate is determined by 

quantifying erosion rates for  a wide variety of  organisms including specific species of fish, endolithic organisms, 

sponges, bivalves, worms and other microboring organisms. In this study, the calculation is focussed on the main 

abundant bioeroders; urchins, parrotfish, and boring sponges. 

The Reef budget methodology offers a conceptual framework in which we can combine the carbonate production 

and erosion processes and describe if a reef is growing or flattening. A flattening reef will have negative 

consequences for coral-associated fish species and decrease the ecological and socio-economical ecosystem 

functions of a coral reef (e.g. shoreline protection, fish production) (Pratchett et al. 2014).  

 

FIGURE 2: ZONATION OF THE TYPICAL PROFILE OF THE LEEWARD REEFS OF BONAIRE BY (BAK 1977) 
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Profiles of the coral reefs on the leeward side of Bonaire were described by Bak (1977). From the coastline, a 

slightly sloping terrace stretches 50-250 meters into the sea to a 5-15 m deep drop-off. Only the profile at the 

north- and eastside of Klein Bonaire shows a different profile; the lower terrace zone is here between 1-1.5 

meters (Van Duyl 1985). This profile of Bonaire can be categorized into seven zones: 1) shore zone, 2) Acropora 

palmata zone, 3) barren zone, 4) lower-terrace zone, 5) drop-off zone, 6) upper slope zone, 7) lower slope zone 

(Bak 1977). This zonation is only still partly applicable for the current reef of Bonaire because of the massive die-

off of Acropora cervicornis by White-Band disease in the 1980s (Aronson & Precht 2001). Figure 2 illustrates the 

typical profile of the reef on the leeward side of Bonaire. Bak (1977) wrote an extensive description of each zone. 

In this report, we focus on the lower terrace zone and the drop off zone. The lower terrace zone ranges between 

4-7 meter in depth and at certain places shows a relatively high cover of Madracis auretenra and in certain areas 

Acropora cervicornis is present in this zone. The drop-off zone has a depth ranges between 8-12 meter. This zone 

is characterized by a high coral cover and higher coral species diversity (Bak 1977).  

The goal of this report is to describe the small-scale variation of the coral reef on the leeward side of Bonaire in 

terms of carbonate budget, benthic composition and coral community composition. Thereby taking the zonation 

from (Bak 1977) into account. To do so we developed three main research questions: 1) how does carbonate 

production, bioerosion, and topographic complexity vary among the leeward side of Bonaire?  2) How do benthic 

composition and coral cover vary along the leeward side of Bonaire? 3) How does the coral composition relate 

to the carbonate production and benthic composition on the leeward reefs of Bonaire? 

We sampled the leeward site of Bonaire at two different depths every 500 meters. For every sampling site and 

depth, we calculate the carbonate budget of the reef, the benthic characteristics and we analyse the coral 

community of the site. In the end, we compare our findings with previous studies conducted on Bonaire and the 

rest of the Caribbean. 
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3 Materials and methods 

3.1 Data collection 

3.1.1 Selection of survey sites 
Surveys were collected from September until December 2014 in a 13 weeks lasting fieldwork. Sampling sites are 

based on the selection made by Meesters et al. (2014), choosing sites by a defined distance of 500 m between 

sites on the leeward coast of Bonaire.  In total 115 sites are surveyed at two different depths. Sites are numbered 

from 2 until 53, 55 until 66, 71 until 105 and 118 until 134 (Figure 3). 

The geographic location of each site was stored in a portable GPS receiver and used in the field. Sites were 

accessed from shore if possible. Survey zones were based on the zonation-definition made by Bak (1977). We 

distinguished between two zones: the lower terrace zone, which ranges in depth from 5-7 meter, and the drop 

off zone, which ranges from 8-12 meter (Bak 1977). At sites where the zonation differed from the characteristic 

depth, we decided to take the sample inside the zone rather than sticking to the depth range of 5-7 or 8-12 

meters. This was necessary for instance at sites 71-81 in the northern part of Bonaire where the depth range for 

the lower terrace varied from 8-12 meter and for the drop-off from 15-20 meter, and also at the east side of 

Klein Bonaire, where the lower terrace started at 1-1.5 meter depth. We collected two replicates per site and 

zone.   

 

FIGURE 3: THE 115 SELECTED SAMPLING SITES (MEESTERS ET AL. 2014) 
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Two teams, consisting of one fish surveyor and one benthic surveyor, entered the water at the chosen GPS 

coordinates. All surveys were conducted during the daytime between 09:00 and 16:00. The deeper drop-off zone 

was surveyed first and identified by depth range and visual characteristics as described in (Bak 1977). The two 

replicates were conducted at least ten meters separate from each other (Perry et al. 2012; Hill & Wilkinson 2004). 

We used a 2-pound piece of lead to keep the start of the transect line in place. Both teams rolled out a transect 

line of 25m in the opposite direction of each other, following the depth contour of the reef. Figure 4 presents a 

top-view illustration of an example on how we sampled a site.  

 

 

FIGURE 4: TOP VIEW OF THE SURVEY PROCEDURE AT ONE SITE. 

 

3.1.2 Survey procedure 
The name of the observer, the date of the conducted sample, waypoint number, time, and depth were all 

carefully noted by the surveyors at the beginning of the survey. The fish surveyor started each survey by 

accounting for species, size category and life phase (for parrotfish) for free-swimming and pelagic fish in a 5-

meter wide belt along a 25-meter transect line. This operation took approximately 4-5 minutes. Behind the fish 

surveyor, the benthic surveyor unrolled the transect line. When the fish surveyor reached 25 meters, the benthic 

surveyor informed this to the other by an agreed cue (e.g. by pulling the tip of the fin of the fish surveyor). The 

benthic surveyor attached and tied the transect line to a piece of dead substrate and started the benthic transect. 

The procedure of the benthic transect is explained in the next paragraph. The fish surveyor turned around and 

swam to the beginning of the transect line reporting the same characteristics for cryptic fish species that live on 

the substrate or hide between rocks and corals (see Appendix II for all fish species with codes). On a third pass 

the fish surveyor estimated the surface coverage of boring sponges in 1 meter wide belt for 10 meters from the 

15 meter to the 25 meter marking of the transect line. Then, in a fourth and final swim along the transect line 

the fish surveyor counted the numbers and visually estimated the diameter size (mm) of bio-eroding sea urchins 

in a 1m belt for 25 meters. 

We determined area coverage by individual colonies of bioeroding sponges (cm2), using a transparent 5 x 5 cm 

quadrant, within a zone encompassing 0.5 m either side of each transect (total 100,000 cm2). From this, % 

surface area covered by sponge tissue can be determined. 

We chose the Modified Line Transect method (LTM) as a method to conduct the benthic transect (McClanahan 

& Shafir 1990). This method is known to yield highly comparable estimates for coral genus diversity and 
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outperforms other methods on coral genus richness parameters. It picks up several cryptic genera that might not 

be recorded with other transect methods and is robust against human errors from parallax problems (Beenaerts 

& Berghe 2007). The benthic survey was conducted on the last 10 meters of the transect line. Starting point was 

the end of the transect line, and we worked towards the 15m marking. We followed the contour of the reef 

under the transect line with a flexible plastic measuring tape of 150 cm length and measured every benthic 

component under the line. Table 1 presents the measured benthic components and to which level we specified 

our observations. For further detail see Appendix 1.  

 

BENTHIC COMPONENT OBSERVATORY LEVEL 

HARD CORALS If possible to species level, but at least to genus level. The Hydrozoan 

family Milleporidae (fire corals) is included. 

CRUSTOSE CORALLINE ALGAE (CCA) We differentiated on morphological appearance. 

ALGAE We distinguished between turf algae and macroalgae. Macroalgae 

were differentiated to species level 

SPONGES We differentiated between boring sponges and non-boring sponges. 

Boring sponges were observed down to species level, non-boring 

sponges to morphological appearances. 

SEDIMENT - 

RUBBLE - 

CYANOBACTERIA - 

GORGONIANS We distinguished between branching and encrusting growth forms. 

The branching gorgonians were only notified when the transect line 

crossed the root of the gorgonian.    

TABLE 1: BENTHIC PARAMETERS DOCUMENTED WITH THE BENTHIC SURVEY. 
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3.2 Data analysis 
3.2.1 Reefbudget 
For the reefbudget data analysis we calculated and measured the following parameters: 1) Topographic 

complexity 2) Coral carbonate production 3) Crustose Coralline Algae carbonate production 4) Parrotfish 

bioerosion 5) Sea-urchin bioerosion 6) Sponge bioerosion and 7) Net carbonate production.   

3.2.1.1 Topographic complexity 
Topographic complexity is expressed as rugosity and can be calculated as the ratio between the measured length 

following the contour of the reef and the direct distance between the beginning and the end of the transect line, 

in our case 10 meter. The following formula describes the calculation: 

 

Rugosity (R) =
Measured length (m)

length straight line (m)
 

3.2.1.2 Coral carbonate production 
Coral carbonate production rate on a transect line is the sum of the carbonate production of every coral species 

measured on the transect line. The carbonate production of one coral species is the product of the site rugosity, 

measured cover, measures of skeletal density and growth rate of the coral species. The next formula expressed 

in kg m-2 year-1 describes the coral carbonate production: 

Coral carbonate production (kg CaCO3 m−2 year−1) =  ∑ (R ×  ((Xi 100)  ×   ((Di x Gi x 10.000) 1000))⁄ )⁄i  (2) 

 

Where   R = Rugosity of the site 

  Xi = % cover of coral species ith species  

  Di = Density ( g cm-3 )of the ith species 

  Gi = Growth rate (cm year−1) of the ith species 

Data on skeletal density and growth rates are derived from published data on sites as described in the reefbudget 

methodology. See the reefbudget methodology site for detailed Caribbean coral growth and density data 

(http://geography.exeter.ac.uk/reefbudget/methodology/) (Reefbudget 2015; Perry et al. 2012). 

3.2.1.3 CCA carbonate production 

Carbonate production from Crustose Coralline Algae (CCA) is the product of the site rugosity, measured CCA 

cover, and a mean CCA calcifying rate derived from published data for the Caribbean. This data can be found on 

the reefbudget methodology site (Reefbudget 2015). The equation for CCA carbonate production on a transect 

line is calculated by the formula: 

CCA carbonate production (kg m−2 year−1) =  ∑ (R ×  ((Xi 100)   ×   ((Ci  x 10.000) 1000))⁄ )⁄
i

 

Where:  R = Rugosity of the site  

  Xi = % cover of coral species ith species  

  Ci =  Mean calcifying rate for secondary carbonate producers calculated  

                              from published Caribbean data 

  

3.2.1.4 Parrotfish bioerosion 

Bioerosion from parrotfish is calculated as the sum of the erosion rate of all size class, life phase and parrotfish 

species observed during a survey. The erosion rate of one species in a particular life phase and size class is 

determined as the count multiplied by the bite rate, ratio of bites leaving scars and mass eroded per bite. Bite 

rates were based on data from (Mumby et al. 2006), and the ratio of bites leaving scars and mass eroded per bite 

were based on data from (Bruggemann et al. 1996). The formula we used to calculate bioerosion rates from 

parrotfish is: 

  

http://geography.exeter.ac.uk/reefbudget/methodology/
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Parrotfish bioerosion (kg  CaCO3 m−2 year−1) =  ∑ ((((Br  ×  (% Bls)  ×   Me )  × nsp)  × 365) 1000)⁄
sp

 

Where:  ∑ = the sum of erosion rate for each size class and life phase within each speciessp  

  Br = Bite rate (per day) - based on data in  Mumby et al. (2006) 

  Bls = Bites leaving scars - based on data in  Bruggemann et al. (1996) 

  Me = Mass (g) eroded per bite - based on data in  Bruggemann et al. (1996) 

  nsp = Abundance of parrotfish in a particular size class and life phase of a species   

 

Data from Sparisoma viride and Scarus vetula were used to quantify grams eroded per bite. The values and 

constants for other Sparisoma spp. were assumed to be the same or similar as for Sparisoma viride and for other 

Scarus species to be the same or similar as for Scarus vetula.  

3.2.1.5 Sea-urchin bioerosion 
Sea-urchin bioerosion rates vary with species and size (Bak 1990; Bak 1994). Data on the bioerosion rate of sea 

urchins in the Caribbean were only available for Diadema antillarum and Echinometra spp. The Diadema 

antillarum seem to have a bioerosion rate three times as high as the Echinometra spp (Perry et al. 2012). Data 

on the Diadema antillarum was derived from Scoffin et al. (1980) and data on Echinometra spp from Griffin et al. 

(2003). Data on other sea urchin species were collected from Scoffin et al. (1980); Brown-Saracino et al. (2007); 

Carreiro-Silva & McClanahan (2001); Griffin et al. (2003); Bak (1990); Russo (1980); Downing & El-Zahr (1987); 

McClanahan & Muthiga (1988); Mokady et al. (1996); Mills et al. (2000); Herrera-Escalante et al. (2005); Conand 

et al. (1997) and Appana & Vuki (2006)  (Perry et al. 2012). 

In this study, we calculated sea-urchin bioerosion as the sum of the bioerosion rates of every sea-urchin species 

recorded in the survey. All bioerosion rates are in (kg  CaCO3 m−2 year−1).We used the following three formulas 

to calculate the erosion rate:  

𝐷𝑖𝑎𝑑𝑒𝑚𝑎 𝑎𝑛𝑡𝑖𝑙𝑙𝑎𝑟𝑢𝑚 − bioerosion  =  ∑ Rs(0.0029x1.6624 ×  ns  × 365)
s

1000⁄  

𝐸𝑐ℎ𝑖𝑛𝑜𝑚𝑒𝑡𝑟𝑎 spp − bioerosion =  ∑ Rs(0.0007x1.7309 ×  ns  × 365)
s

1000⁄  

Other urchin spp − bioerosion  =  ∑ Rs(8 ×  10−5x2.4537 ×  ns  × 365)
s

1000⁄  

 

Where:   Rs = the sum of bioerosion rates for all size classes 

   x = Median test size for an urchin within size class ns 

   ns = abundance of urchins within a size class 

The total bioerosion rate from sea-urchins was then calculated with the following formula: 

Total urchin bioerosion (kg  CaCO3 m−2 year−1) = ED + EE + EO 

 

Where:   ED = Erosion from 𝐷𝑖𝑎𝑑𝑒𝑚𝑎 𝑎𝑛𝑡𝑖𝑙𝑙𝑎𝑟𝑢𝑚 

   EE = Erosion from 𝐸𝑐ℎ𝑖𝑛𝑜𝑚𝑒𝑡𝑟𝑎 spp 

   EO = Erosion from other urchins 

3.2.1.6 Sponges bioerosion 
To calculate the bioerosion rate from boring sponges we used the relationship (Perry et al. 2012) established 

between % cover and bioerosion rate. Perry et al. (2012) derived this relationship from published datasets from 

Scoffin et al. (1980); Chazottes et al. (1995) and Tribollet & Golubic (2005). The calculation of the bioerosion rate 
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is the product of the rugosity, available substrate for potential bioerosion, and sponge cover in cm2. We used the 

following formula: 

Clionid sponge bioerosion(kg  CaCO3 m−2 year−1) =  0.0231 × ( cover sponge (cm2) (R × % available substrate)⁄ ) 

 

Where:   cover sponge(cm2) = the surface covered by clionid boring sponges within the transect 

  R = Rugosity of the site 

  % available substrate = the % of the substrate on which bioerosion can occur 

 

3.2.1.7 Net carbonate production per transect 
The net carbonate production is the outcome of the deduction of bioerosion from the carbonate production per 

transect line. We used the following formula for calculating the net carbonate production per transect line: 

Net carbonate production (kg  CaCO3 m−2 year−1) = Coral carbonate production +

CCA carbonate production − parrotfish bioerosion − uchin bioerosion −  sponge bioerosion 

The mean net carbonate production for a zone or region is calculated following the geometric mean principle 

described in Habib (2012). First the geometric mean of the negative values of a group is calculated, then the 

geometric mean of the positive net carbonate production values. Giving a negative and positive geometric mean. 

From this, a weighted geometric mean is calculated for the given area.  

3.2.2 Benthic composition 
To describe the benthic composition the following parameters were measured and calculated per transect line: 

1) live coral cover 2) algae cover 3) cyanobacteria cover 4) sponge cover 5) gorgonian cover. Measured data on 

these parameters was first fourth root transformed. To show the variation between zones, the average cover per 

zone was calculated and then back transformed. To display the variation between sites, the mean cover per site 

was calculated from two replicates, and then back transformed. The data is visualized with the help of box plots, 

bar plots, and maps. To analyse the variation among sites we conducted multivariate and cluster analyses on a 

benthic composition cover matrix. The benthic characteristics of each cluster were visualized with bar charts.  

3.2.3 Coral community 
The following parameters are calculated and measured to describe the coral assemblage of the two zones and 

sites: 1) coral species richness 2) Shannon-Wiener Index (SI) 3) Dominant family. With bar plots and maps, we 

describe the variation between zones and sites. Multivariate analyses were conducted on a coral species cover 

matrix to analyse the variation in coral communities among the leeward side of Bonaire.  

All parameters were calculated per transect line. If we calculated statistics, data was fourth root transformed 

before calculation. Mean values for net carbonate production are calculated as weighted geometric means. 

Detailed description of calculating a weighted geometric mean can be found in (Habib 2012). All calculations and 

statistical analysis were conducted with the statistical program R version 3.1.0. Multivariate analyses were done 

by first creating a Bray-Curtis distance matrix on transformed data. Ward’s hierarchical clustering method was 

used to explore any cluster patterns in the data. Then, a non-metric multidimensional scaling (nMDS) ordination 

plot was created on the Bray-Curtis distance matrix with the R package Vegan. To check if the formed clusters 

made sense in the data, the cluster groups were differentiated with the help of colour and symbols in the nMDS 

ordination plot. Determining the optimum number of cluster groups was done by visual assessment of the cluster 

group characteristics.  Analyses were performed for each zone separately. Characteristics of cluster groups were 

described with the help of bar plots and tables. 
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4 Results 

4.1 Reefbudget 
4.1.1 Topographic complexity 
Rugosity was found lower in the lower terrace than in the drop-off zone. Average rugosity in the drop off zone 

was 2.13 against 1.23 for the lower terrace.  Figure 5 presents bar plot showing the mean rugosity calculated 

from the two replicates for each site. Error! Reference source not found. presents descriptive statistics of 

rugosity per site for six areas of each zone. Highest average rugosity for an area was 2.59 and was measured in 

the drop off zone in the marine reserve. The rugosity was lowest in between the city limits in the lower terrace 

zone with a mean rugosity of 1.13. Also, the lower terrace of the north of Bonaire shows a low mean rugosity 

value of 1.18. Minimum rugosity for the lower terrace zone was 1.02 against 1.11 for the drop off zone. The 

maximum rugosity in the lower terrace was 2.01 and was measured at site 86 on Klein Bonaire.  

  

 

FIGURE 5: BARPLOT SHOWING THE RUGOSITY PER SITE. THE CHART ON THE TOP SIDE ILLUSTRATES THE DROP-OFF ZONE. 

THE LOWER TERRACE IS PRESENTED IN THE BOTTOM HALF. THE SITES ARE SORTED FROM SOUTH ON THE LEFT TO NORTH 

ON THE RIGHT WITH KLEIN BONAIRE AS A SEPARATE PART. 

 

4.1.2 Carbonate production 
Coral carbonate production was higher in the drop off zone than in the lower terrace zone. The mean carbonate 

production of the drop off zone was 4.37 kg CaCO3 m-2 year-1 against 1.29 kg CaCO3 m-2 year-1 for the lower 

terrace zone. The area with the highest production is the drop off zone of the marine reserve with 6.04 kg CaCO3 

m-2 year-1 of coral carbonate production and the area with the lowest production is the lower terrace in the city 

limits (0.066 kg CaCO3 m-2 year-1). Maximum production measured in one transect was 53.7kg CaCO3 m-2 year-1 

due to a large field of Acropora cervicornis in this transect. The peaks in the south of the lower terrace, as can be 

seen in Figure 26, are also explained by the presence of Acropora cervicornis. In the lower terrace zone of the 

marine reserve, the carbonate production rate is comparable to rates calculated for the drop off zone. The other 

areas in the lower terrace show a lower production than the areas in the drop off zone. Table 4 presents 

descriptive statistics for coral carbonate production per area per zone. Carbonate production from CCA is on 

average for the drop off zone 0.0102 kg CaCO3 m-2 year-1 and the lower terrace 1.08 e-04 kg CaCO3 m-2 year-1. The 

range of the production was 0.103 kg CaCO3 m-2 year-1 for the drop-off zone and 0.0650 kg CaCO3 m-2 year-1 for 
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the lower terrace zone. The number of sites with zero CCA calcium carbonate production was with 59 sites much 

higher for the lower terrace zone than the two sites of the drop-off zone. Figure 27 presents a barplot with the 

mean CCA carbonate production per site. Table 7 presents descriptive statistics for CCA carbonate production 

for six areas for two zones. As can be noticed from the graph and the plot, CCA carbonate production is highest 

in the marine reserve area. Compared to coral carbonate production, CCA carbonate production is of marginal 

importance for the total carbonate production per site. On average for all sites and all zones the CCA production 

is only 0.39 % of the coral production rate. Zero times the carbonate production of CCA is higher than that of 

coral and for only 9% of the sites the contribution of CCA to the total production is greater than 1%. The 

percentage of sites in which the contribution of CCA to production is greater than 10% is only 0.55%. Rugosity 

and calcium carbonate production show a mild linear correlation, with a slightly better fit for the lower terrace 

zone compared to the drop off zone (Figure 6).  
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Rugosity 

Drop off zone 

Area Mean SD Min Max Range 

BOPEC 1,84 0,69 1,00 2,63 1,64 

City limits 2,03 0,44 1,06 3,17 2,11 

Klein Bonaire 2,19 0,53 1,21 3,66 2,45 

Marine reserve 2,59 0,57 1,65 3,61 1,96 

North 1,86 0,47 1,42 3,15 1,72 

Other 2,22 0,49 1,18 3,29 2,11 

South 2,01 0,41 1,19 2,88 1,69 

Lower terrace zone 

Area Mean SD Min Max Range 

BOPEC 1,32 0,24 1,02 1,55 0,53 

City limits 1,13 0,12 1,00 1,55 0,55 

Klein Bonaire 1,29 0,28 1,00 2,28 1,28 

Marine reserve 1,52 0,41 1,08 2,45 1,36 

North 1,25 0,16 1,09 1,68 0,59 

Other 1,37 0,23 1,03 1,92 0,89 

South 1,18 0,18 1,00 1,76 0,76 

TABLE 2: DESCRIPTIVE STATISTICS FOR RUGOSITY PER AREA AND ZONE. 

 

 

FIGURE 6: LINEAR REGRESSION PLOT OF RUGOSITY VS. TRANSFORMED TOTAL BIOEROSION. CARBONATE PRODUCTION IS IN 

KG CACO3 M-2 YEAR-1. 
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4.1.3 Bioerosion 
The bioerosion rate in the lower terrace zone is smaller than of the drop off zone with 0.67 kg CaCO3 m-2 year-1 

against 0.86 kg CaCO3 m-2 year-1 respectively. The variation and standard deviation of parrotfish bioerosion are 

higher in the lower terrace zone than in the drop off zone. In the drop off zone, there were two sites that had no 

parrotfish bioerosion, and in the lower terrace zone there were nine sites without bioerosion from parrotfish. 

The range of bioerosion was for the drop off zone 4.29 kg CaCO3 m-2 year-1 and the lower terrace zone 4.03 kg 

CaCO3 m-2 year-1. Bioerosion was higher in the drop off zone of the marine reserve and the BOPEC zone with 1.89 

kg CaCO3 m-2 year-1 and 1.49 kg CaCO3 m-2 year-1 bioerosion respectively than of other areas. Figure 28 and Table 

9 present the parrotfish bioerosion per site and descriptive statistics for the six areas per zone. It should be noted 

that the standard deviation of parrotfish bioerosion is higher than the mean bioerosion in most areas. Variation 

in parrotfish bioerosion is thus high between sites in one area. Urchin bioerosion was more elevated in the drop 

off zone than the lower terrace zone. In the drop off zone backtransformed value of mean urchin bioerosion was 

5,80E-04 kg CaCO3 m-2 year-1 and in the lower terrace zone 9,70E-06 kg CaCO3 m-2 year-1. Figure 29 presents a 

barplot with the urchin bioerosion per site per zone. In the drop off zone, 32.8% of the sites had zero bioerosion 

from urchins. In the lower terrace zone, this was in 67.2% of the sites. The variation among sites is relatively high 

for urchin bioerosion. Table 10 presents descriptive statistics for the six areas per zone. The standard deviation 

of each area is greater than the mean bioerosion. The highest mean bioerosion is found in the drop off zone of 

the area categorized as “other” and was 1,76E-03 kg CaCO3 m-2 year-1. It should be noted that in the drop off 

zone of the North, no urchins were observed, and so urchin bioerosion was zero for this region.  The mean boring 

sponge bioerosion was comparable for both zones with for the drop off zone and lower terrace zone an average 

of 0.0110 kg CaCO3 m-2 year-1 and 0.0111 kg CaCO3 m-2 year-1 erosion respectively. Boring sponge bioerosion is 

highest in the drop off zone and lower terrace zone of the south and the BOPEC area. The variation in boring 

sponge erosion among sites was high. In all areas, the standard deviation of erosion rates was greater than the 

mean. Furthermore, comparing the maximum boring sponge bioerosion of 3.94 kg CaCO3 m-2 year-1 measured in 

the lower terrace zone and the average bioerosion in the lower terrace zone of 0.0111 kg CaCO3 m-2 year-1 

indicates variability among sites is high. Figure 30 provides two barplots presenting the boring sponge bioerosion 

per site. Table 12 shows descriptive statistics of boring sponge bioerosion per zone per area. 

Parrotfish erosion contributes most to the total bioerosion. Particularly in the drop off zone, urchin and boring 

sponge bioerosion are of minor importance. The regression plot presented in Figure 7 illustrates this by showing 

a correlation between 0.93 and 0.99 for both zones.  In 95.3% of the sites, parrotfish bio-erosion was the biggest 

erosion factor.  Urchins were the largest bioeroding group in 1.29% of the sites and boring sponges in 5.17% of 

all locations.  

4.1.4 Net carbonate production 
The mean net production for the drop off zone is 1.60 kg m-2 year-1 and for the lower terrace zone 0.372 kg m-2 

year- 1. Table 14 shows descriptive statistics of the net carbonate production per area per zone. The geometric 

mean is presented along with the negative geometric mean and the positive geometric mean. The area with the 

lowest net production is the lower terrace zone between the city limits. The area is eroding and has a net 

carbonate production of -0.40 kg CaCO3 m-2 year-1. The drop off zone of the marine reserve has the highest net 

production with 4.04 kg CaCO3 m-2 year-1.  The range of net carbonate production among transects differs per 

area. In the lower terrace zone in the north the range of net production is small with 3.09 kg CaCO3 m-2 year-1, 

but in the lower terrace zone of the south net production ranges from minimum -6,18 kg CaCO3 m-2 year-1 to 

maximum 50,85 kg CaCO3 m-2 year-1. The bar plot shown in Figure 8 illustrates the net carbonate production per 

site for both zones. It should be noted that in the lower terrace between the city limits, the net carbonate 

production is nearly exclusive negative. 186 of the 230 sites or 80.3% showed a net positive production. 43 sites, 

18.6% had a negative net production. One site had a net production of exactly zero. When zooming in on the two 

zones we see that 107 sites of the 116 have a net positive production in the DO zone, this is 93.0%. The remaining 

7.0% has a negative net production. For the LT zone, 79 sites or 69.2% of the sites have a net positive production. 

35 sites have a negative net production that is 30.1%. When looking at the distribution of the data in Figure 37 

and Figure 38 the lower terrace shows a higher variability and more negative values. In Figure 9 and Figure 10 

two maps are shown with the net carbonate production per site. It should be noted in the lower terrace the 

variation is high even between sites that are close together. The large blue circles in the south that indicate a 

large carbonate production are next to sites with negative production values and Illustrates the high variability 

among sites in net carbonate production.  
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FIGURE 7: LINEAR REGRESSION PLOT OF PARROTFISH EROSION VS. TOTAL BIOEROSION. BOTH AXES ARE IN KG CACO3 M-2 

YEAR-1.  

 

FIGURE 8: NET CARBONATE PRODUCTION FOR THE DROP OFF ZONE AND THE LOWER TERRACE. VALUES ARE THE MEAN OF 

THE TWO REPLICATES. THE BLUE BARS PRESENT THE MEAN VALUE PLUS AND MINUS THE SE. SITES ARE SORTED FROM THE 

SOUTH ON THE LEFT, TO NORTH ON THE RIGHT WITH 
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FIGURE 9: MAP OF BONAIRE WITH THE NET CARBONATE PRODUCTION PER SITE FOR THE DROP OFF ZONE. THE LARGER THE SIZE OF A CIRCLE, 
THE LARGER THE CARBONATE PRODUCTION. SITES WITH NEGATIVE CARBONATE PRODUCTION ARE MARKED WITH RED. 

 

FIGURE 10: MAP OF BONAIRE WITH THE NET CARBONATE PRODUCTION PER SITE FOR THE LOWER TERRACE ZONE. THE LARGER THE SIZE OF 

A CIRCLE, THE LARGER THE CARBONATE PRODUCTION. SITES WITH NEGATIVE CARBONATE PRODUCTION ARE MARKED WITH RED. 



18 

 

4.2 Benthic composition 
During fieldwork, we encountered in total 38 stony coral species from 22 coral genera and 11 coral families plus 

three hydro coral species. Corals were determined down to species level, except for three observations in which 

we committed to the genus level. Corals were, looking at the 115 sites, the second most dominant benthic 

category and were the dominant group in twelve and three locations in the drop-off zone and lower terrace zone 

respectively. The average coral cover in the drop off zone was higher with 18.8% (± 6.8 E-03) against 6.19% ± 

0.15 for the lower terrace zone. In the lower terrace zone, three sites had no coral cover and for another six sites 

coral cover was lower than 1%. Figure 11 presents a bar plot of the coral cover per zone. It should be noted that 

coral cover in the lower terrace zone between the city limits is lower compared to other areas. Figure 13 shows 

two maps with the coral cover per site. On the left, the drop off zone is shown, on the right the lower terrace 

zone. Comparing this figure with the net production maps (Figure 9 & Figure 10) the map shows clear similarities. 

In Figure 14 a regression plot is presented for gross carbonate production versus coral cover per transect. The 

plot shows a mild correlation between the two variables. The small correlation in the lower terrace zone (R2= 

0.374) is partly due to outliers in carbonate production caused by the presence of Acropora cervicornis.  Which 

are marked as triangles in Figure 14. Results of the ANOVA and TukeyHSD test on the areas revealed that in the 

drop off zone coral cover of the BOPEC zone is significantly lower than Klein Bonaire, Marine Reserve, South and 

Other areas. For the lower terrace the TukeyHSD test showed the city limits have significant lower coral cover 

than the South, Marine Reserve, North, Other, and Klein Bonaire. P-values of the test are presented in Table 16 

& Table 17 in the Appendices. 

 

FIGURE 11: CORAL COVER PER SITE. THE TOP PANEL SHOWS THE DROP OFF ZONE AND THE LOWER PANEL, THE LOWER 

TERRACE ZONE 

Macro-algae mean cover for the drop off zone was 1.7% (± 0.15) and was in one site the most dominant benthic 

category with a cover value of 33.9%. Figure 12 shows the macro-algae cover per site for both zones. In the lower 

terrace, the cover of macroalgae was low compared to the drop off zone. Cover of macro-algae is highest in the 

northern part of Bonaire and the marine reserve. Particularly in the lower terrace zone of the marine reserve 

macro-algae cover is high compared to the rest of the island. Dictyota sp. is the most important macroalgae 

species encountered in the study, next is Lopophora variegate, and the third observed macro-algae is Sargassum 

spp.  Lobophora variegate, and Sargassum spp were only observed in low cover values. Turf algae is the most 

abundant benthic category in our study. This variable is in the drop off zone in 94 sites the most dominant 

category and 62 sites in the lower terrace zone. The average turf cover of the drop off zone is 36.4% (± 1.8) 
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against 23.3% (± 18.5) for the lower terrace. So the average turf cover is higher in the drop off zone, but the 

variability is much higher in the lower terrace zone.  

Turf cover ranges in the lower terrace from 0% to 81%. The turf algae cover per site is presented in Figure 33. 

Cyanobacteria cover was on average 2.21% (± 0.13) in the drop off zone and 2.2E-03 % (± 0.020) in the lower 

terrace zone. In the lower terrace zone, we observed cyanobacteria in 33 sites and 105 sites in the drop off zone. 

The Maximum cyanobacteria cover was 27.4% and was reached at site 58 in the drop off zone on Klein Bonaire. 

Figure 34 presents the cyanobacteria cover per site per zone, and as can be noticed area of Klein Bonaire showed 

higher values for cyanobacteria cover compared to the rest of the island. The category sponges were not 

dominant at any of the sites. Mean cover of sponges was 0.53 % in the drop off zone against 0.17% in the lower 

terrace zone. At sites, 20 and 22 sponges covered more than 12% of the surface in the lower terrace zone, and 

the maximum sponge cover was 14.4%. Gorgonians appeared in two different morphological growth forms: 

encrusting or branching.  

The average gorgonian cover was 0.27% in the drop off zone and 0.01% in the lower terrace. Maximum gorgonian 

cover of 8.0% appeared in the lower terrace zone at sites 132 and 76. In this study, we only measured the roots 

of gorgonians other than the branches we encountered. Therefore, gorgonian cover is lower than that of 

comparable studies. As shown in Figure 36 gorgonian cover in the three most southern sites is relatively high to 

other sites in this study. 

Table 3 presents descriptive statistics for the cover of the tunicate Trididemnum solidum for each area and zone. 

Maximum cover in transect was 4.0% and was found in the drop off zone of the North. Cover was higher for the 

drop off zone  than the lower terrace zone. In general cover of Trididemnum solidum was very low, average for 

both the drop off zone and lower terrace zone was below 1%.  

 

 

FIGURE 12: MACRO-ALGAE COVER PER SITE. THE TOP PANEL PRESENTS THE DROP OFF ZONE, THE LOWER PANEL THE LOWER TERRACE 

ZONE. 

 



 

 

 

FIGURE 13: MAPS OF BONAIRE WITH THE CORAL COVER PER SITE. ON THE LEFT THE CORAL COVER OF THE DROP OFF ZONE IS PRESENTED, ON THE RIGHT THE CORAL COVER OF THE LOWER TERRACE 

ZONE. 



 

 

 

 

FIGURE 14: LINEAR REGRESSION PLOT OF GROSS CARBONATE PRODUCTION VS. PROPORTIONAL CORAL COVER FOR EACH 

TRANSECT PER ZONE. 

4.2.1 Multivariate analysis benthic composition 
The nMDS plot for the benthic community shows a clear difference in community structure between the lower 

terrace zone and the drop off zone (Figure 39). Compared to the drop-off zone, the lower terrace zone shows a 

larger variability in benthic composition. The two zones will be analysed separately to describe the variability in 

benthic composition among sites best.  

4.2.1.1  Drop off zone 
Figure 41 presents a dendrogram based on a Bray-Curtis dissimilarity matrix. Six clusters are distinguished and 

marked with a red square. The nMDS plot shown in Figure 39 confirms the different characteristics of the cluster 

groups. The stress of 0.2 for the ordination plot is high, but the plot is still useful to show the different cluster-

grouping among the 115 sites. The barplot in Figure 15 shows the benthic composition for each cluster group. 

Cluster 1 can be characterized as a cluster dominated by sand and turf. The substrate of cluster two is best 

described as dominated coral and turf with patches of sand. Cluster number three shows similar characteristics 

as cluster two, with the difference of the presence of cyanobacteria in this cluster. Cluster four has larger turf 

algae cover than other clusters. Cluster five consists of a high coral cover and a high CCA cover. Cluster six 

differentiates itself from the other clusters by the presence of macro-algae. It should be noted that turf algae 

cover was high for all formed clusters. In the nMDS ordination plot presented in Figure 42, only the benthic 

categories that have a higher correlation ratio larger than 0.05 are plotted as environmental factors. Turf algae, 

for instance, has a lower correlation with the ordination plot and is not displayed on the plot. This insignificance, 

in combination with the high values for all clusters, indicates turf algae does not show such a large variation 

among sites but is relatively high among all locations. Table 20 gives the list of clusters, a description on the basis 

of the benthic composition of the cluster and the number of sites that form the cluster. The sizes of the clusters 
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differ, cluster 2, 3 and 6 are similar in size with 26, 23 and 25 sites in each cluster respectively. Cluster 4 and 5 

are with 19 and 15 sites smaller, and the smallest cluster is cluster 1 representing seven sites. Table 21 presents 

the cover values of the benthic categories for the six formed clusters.  
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FIGURE 15: BAR PLOT OF THE BENTHIC COMPOSITION OF THE SIX CLUSTERS IN THE DROP OFF ZONE. 1, SANDY-TURF; 2, 
CORAL-TURF-SAND; 3, CORAL-CYANO-TURF; 4, TURF; 5, CORAL-CCA; 6, ALGAE. 

 

 

FIGURE 16: MAP OF THE BENTHIC COMPOSITION CLUSTERS FOR THE DROP OFF ZONE 
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Anova of the coral cover shows that there is a significant difference in coral cover between the benthic clusters 

for the drop-off zone (p<2e-16). The TukeyHSD test reveals that for the drop-off zone cluster 1 has significantly 

lower coral cover than all other clusters (p=0.95). Cluster 5 has significantly higher cover than all clusters except 

for cluster two and three. Cluster two has significantly higher coral cover than cluster six. Table 18 presents the 

adjusted p-values for the TukeyHSD test among the cluster groupings. Figure 16 displays a map with the benthic 

composition cluster grouping for the drop off zone. Note the spatial distribution of the groupings among the 

coast.  ANOSIM analysis on the different regions show that the variation between regions is significantly higher 

than between sites inside an area for the drop off zone (R = 0.122, p=0.001) and the lower terrace zone (R=0.171, 

p=0.001). This is illustrated in Figure 17 and Figure 18. 

 

 

FIGURE 17: ANOSIM ANALYSIS OF SIMILARITY IN BENTHIC COMPOSITION AMONG AREAS IN THE DROP OFF ZONE. 

ABBREVIATIONS: BOP = BOPEC; CL = CITY LIMITS; KB=KLEIN BONAIRE; MR = MARINE RESERVE. 

 

FIGURE 18: ANOSIM ANALYSIS OF SIMILARITY IN BENTHIC COMPOSITION AMONG AREAS IN THE LOWER TERRACE ZONE. 

ABBREVIATIONS: BOP = BOPEC; CL = CITY LIMITS; KB=KLEIN BONAIRE; MR = MARINE RESERVE. 
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Cluster 1 sites are situated at places with high rates of disturbance like the BOPEC area and the pier in Kralendijk, 

or where the current is strong as on the southeast point of Klein Bonaire. Cluster two, which is characterized by 

coral, turf and patches of sand, occurs almost solely in the southern part of Bonaire. Along with cluster three, 

which is similar to cluster two but in the presence of cyanobacteria. The drop off zone of the southern part of 

Bonaire can be described as a reef with moderate coral cover, moderate turf algae and sand patches. The cluster 

with highest turf cover mostly occurs between the city limits of the island. Except for three sites in the north and 

one in the south. Sites in cluster 5, the cluster with the highest coral cover, are randomly divided among the 

island. Sites with the most macroalgae cover, cluster six are only found in the marine reserve and the northern 

part of the island. Except for two sites at Klein Bonaire, not one site with macroalgae cover was situated in the 

south. 

4.2.1.2 Lower-terrace zone 
The dendrogram presented in Figure 43 shows clustering can be done with four, five and six clusters. After further 

analysis, five clusters described the sites more extensively than four clusters. However with six clusters, two 

cluster groups looked very similar. So the cluster analysis was performed with five clusters. The five clusters are 

marked with a red square in the dendrogram. The nMDS ordination plot shown in Figure 44 reveals the clear 

distribution of the clusters along axis 1. Examination of the factors that have a significant effect on the plotting 

show that sand cover plays an important role in the cluster formation. Figure 19  shows a bar plot of the benthic 

categories per cluster. In Table 22 a description is given for each cluster and the number of sites that belong to 

the cluster. Cluster one consists mainly of sand; cluster two is characterized by sand and turf, cluster three by 

sand and turf with a moderate level of coral cover. Coral and turf algae dominate cluster four cover; the sand 

cover is zero for this group. Cluster five has a high turf algae cover and differentiates itself by the presence of 

macro-algae. Anova of the coral cover shows that there is a significant difference in coral cover between the 

benthic clusters in the lower terrace zone (p<2e-16). Test of TukeyHSD points out that coral cover of cluster one 

is significantly lower than the other cluster groups, cluster two has significantly lower cover than cluster three 

and four, cluster three has significantly higher cover than cluster one and two and cluster four has significantly 

greater cover than all clusters except cluster three (p=0.95). Table 19 presents the adjusted p- values retrieved 

from the TukeyHSD test. Table 23 shows the cover values of the benthic categories per cluster. 

Figure 20 shows a map of the spatial distribution of benthic composition clusters for the lower terrace. Note the 

clustering of Sand characterized sites around the city limits. Cluster two defined by sand and turf cover is 

distributed over the entire study area, from north to south but is most present in the southern part of Bonaire 

and the very shallow east side of Klein Bonaire. Cluster three, described as moderate coral, sand, and turf cover 

is mostly found in the Marine Reserve but also distributed among most parts of the island. The coral and turf 

cluster group, cluster four, is mainly present at sites in the north, the north side of Klein Bonaire and the sites 

around the southern tip in the south. These areas are more exposed to wave action and strong currents, which 

can be an explanation for the lack of sand in this cluster group. Note that sites with in the north of Bonaire show 

higher macro-algae cover.  
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FIGURE 20: MAP OF THE BENTHIC COMPOSITION CLUSTERS OF THE LOWER TERRACE ZONE. 

4.3 Coral composition 
4.3.1 Coral species richness 
In total 45 different coral species are encountered during fieldwork. Coral species richness is higher in the drop 

off zone than in the lower terrace zone. In the drop off the mean number of coral species was 6.9 against 1.7 

species in the lower terrace zone. The maximum number of coral species was measured at site 59 at Klein Bonaire 

 
FIGURE 19: BAR PLOT OF THE BENTHIC COMPOSITION FOR THE LOWER TERRACE ZONE. 
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and was 11.4 species. In the lower terrace, the highest number of coral species was 7 and was found at site 133 

at the far south of Bonaire. Figure 31 presents the coral species richness per site for both zones. Corals species 

richness is comparable across the seven areas. Note the drop in coral species richness in the lower terrace zone 

between the city limits. Calculation of the Shannon-Wiener Index (SI) reveals comparable results for all areas. 

Mean SI was higher in the drop off zone with 1.39 versus 0.26 in the lower terrace zone. The bar plot presented 

in Figure 32 looks similar to Figure 31. Plotting the SI against carbonate production produces a regression plot in 

which SI and biological carbonate production shows a low correlation.  

 

FIGURE 21: REGRESSION PLOT OF THE SHANNON-WIENER INDEX FOR CORAL SPECIES AGAINST THE GROSS BIOLOGICAL 

CARBONATE PRODUCTION IN KG CACO3 M-2 YEAR-1.  

4.3.2 Dominant coral family 
Most abundant coral family is the Merulinidae and is dominant at 67 sites in the drop off zone. Followed by the 

Agariciidae family that is in the drop off zone dominant in 30 sites. In the family of Merulinidae, the species 

Orbicella faveolata and Orbicella annularis are most abundant with 34 and 19 sites being the dominant species 

respectively. Undaria agaricitis is the most dominant Agariciidae species. Maximum cover of Orbicella faveolata 

was found in the most northern site 71 in which it covered 26.7% of the site. Maximum cover of Orbicella 

annularis was 11.8% at site 33 within the city limits.  

In the lower terrace zone, Merulinidae was dominant in 30 locations. Not Orbicella faveolata was the most 

dominant coral species, but Orbicella annularis. The coral species was most present at 24 sites against 16 sites 

for Orbicella faveolata. Maximum cover of Orbicella annularis was reached at site 59 at Klein Bonaire with 16% 

cover. The second most abundant family in the lower terrace is Milleporidae, followed by the family 

Astrocoeniidae as a third most abundant family. Millepora complanata was dominant at 12 sites and showed a 

maximum cover of 26.4% at site 79 in the north of Bonaire. Madracis auretenra was the dominant species in 13 

sites and had a maximum cover of 32.2% at site 58 at Klein Bonaire. The family of Acroporidae was encountered 

only occasionally in the lower terrace. The species Acropora cervicornis only appeared in seven sites, which were 

all situated south of Kralendijk, except for site 119 at the south side of Klein Bonaire. Maximum cover of this 

species was 10%. Acropora palmata was recorded at three sites with a maximum cover of 5% and a mean cover 

for these sites of 3%.   

4.3.3 Multivariate analysis coral composition 
Figure 40 presents the nMDS plot of the coral community of both zones. The red dots represent the lower terrace 

(LT) zone and the blue triangles the drop-off (DO) zone. The ordinations scores of the lower terrace zone are not 

more scattered in the plot. However, the distribution of sites in the drop off zone is more concentrated around 
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one area than the lower terrace zone. The two zones show a different distribution pattern and therefore, further 

cluster analysis is performed separately for each zone. 

4.3.3.1 Drop-off zone 
Figure 45 shows the dendrogram of coral communities in the drop-off of all 115 sites. The red square marks the 

clustering of the sites. A clear distinction can be made between five clusters. The nMDS plot presented in Figure 

46 confirms the idea of five distinct coral community clusters in the drop-off zone. Note that cluster five is 

scattered across the plot, due to very low coral cover values in this cluster. The bar plots of the coral composition 

clusters in Figure 22 illustrate this low cover. Cluster five shows low cover rates, and thus is difficult to plot in the 

nMDS plot. “Agariciidae” cluster refers to cluster one that consists of Agariciidae and Merulinidae coral species. 

Cluster two consists of Merulinidae and Faviidae species, this group, is named “Montastrea” since it contains all 

species formerly known as the Montastrea family. Cluster three is dominated by Merulinidae species, which are 

mainly the species Orbicella faveolata and Orbicella annularis and, therefore, referred to as “Orbicella” cluster. 

Cluster four is described as higher Agariciidae cover, higher Faviidae cover and moderate to high Orbicella cover, 

and called “Agariciidae – Madracis – Orbicella” cluster. Cluster five shows a very small cover percentage and is 

described as “Low cover” cluster. Table 24 presents a description per cluster, and the number of sites the cluster 

is composed from. Cluster four is the largest cluster of 44 sites; cluster one is much smaller with five sites in the 

group. The characteristics shown Table 25 indicate cluster five has lower rugosity, coral species richness, coral 

cover, turf cover and higher sand cover than the other clusters. Average depth is between 12.5 – 13.5 meters for 

all clusters. Figure 23 presents the spatial distribution of the coral composition clusters for the drop off zone. The 

Agariciidae cluster is distributed among the whole island though it is more present in the south of Bonaire. The 

Montastrea cluster is present in the north but especially between the city limits. The cluster with mainly Orbicella 

species is more prevalent in the north of Bonaire and the Agariciidae – Madracis – Orbicella cluster occurs 

through the entire island but is most present in at Klein Bonaire and the south of the island. Note that the south 

only consists of cluster Agariciidae and Agariciidae – Madracis – Orbicella. The cluster with low cover has only 

five sites, and these are situated at BOPEC area, Klein Bonaire and between the city limits.  

 
FIGURE 22: BAR PLOTS OF THE CORAL COMPOSITION CLUSTERS IN THE DROP OFF ZONE. 
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FIGURE 23: MAP OF CORAL COMPOSITION CLUSTERS FOR THE DROP OFF ZONE. 
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4.3.3.2 Lower-terrace zone 
The coral community composition of the lower terrace can be grouped into six clusters. A dendrogram of the 

coral community based on ward’s hierarchical clustering is shown in Figure 47. From this dendrogram, five or six 

clear clusters can be distinguished. During further analysis with six clusters, two clusters appeared to show large 

similarities. Therefore, the cluster analysis is executed with five cluster-groups. The nMDS analysis with two 

dimensions showed a stress factor of 0.23. Any stress level in the ordination plot above 0.20 is too high to 

interpret the results adequate (Clarke & Warwick 2001). Therefore, analysis is performed with three dimensions. 

The resulting ordination plots are shown in Figure 48. The cluster groups is also not particularly clear in this plots 

although some grouping can be spotted. Figure 24 presents five bar plots that describe the composition of the 

clusters. Table 27 provides a short description of each cluster and frequency of sites in the cluster group.  Cluster 

1 is formed by 16 sites and coral species formerly known as the Montastrea family dominate this cluster. Cluster 

two consist of Madracis and Orbicella species and is formed by 35 locations. Cluster three is described as 

Millepora cluster since Milleporidae corals are dominant in this cluster. There are 28 sites grouped by this cluster. 

Cluster four is named “Pseudo-Porites” because Pseudodiploria and Porites species are dominant in this group.  

Mainly Pseudodiploria strigose and Porites Asteroiïdes are present in this cluster. The fifth cluster is has a low 

coral cover and is therefore described as such. Table 26 shows mean values of depth, rugosity, Shannon-Wiener 

Index for coral species and fish species, coral cover, sand cover and turf algae cover for each cluster. Coral cover 

is higher for cluster two compared to the other clusters. Therefore, this cluster can be seen as the more healthy 

sites.  

Figure 25 presents a map of the spatial distribution of coral composition clusters for the lower terrace zone. 

Cluster 1, the Montastrea cluster, can be found throughout the island except for the Marine Reserve. Cluster 

two, the Madracis-Orbicella cluster, is found mainly in the Marine reserve and Klein Bonaire. Cluster three is 

found mostly in the North and Klein Bonaire. The fourth cluster is also distributed among the entire island, but it 

should be noted that the more exposed sites, in the most southern point and the most northern point, are all in 

this cluster. The clusters with low or zero coral cover, are situated between the city limits except for one site in 

the north, and two sites in the south. 
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FIGURE 24: BAR PLOTS OF THE CORAL COMPOSITION CLUSTERS IN THE LOWER TERRACE ZONE. 

 

FIGURE 25: MAP OF CORAL COMPOSITION CLUSTER FOR THE LOWER TERRACE ZONE. 
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5 Discussion 

5.1 Benthic composition & rugosity 
Measurement of topographic complexity underlined the zonation described by Bak (1975). The lower terrace 

zone showed less complexity, lower coral species richness and lower coral cover. The healthiest reef in the lower 

terrace was in the Marine reserve. In this area, rugosity and coral cover were significantly higher than the south, 

north, BOPEC and in the city (p<0.05). The lower terrace zone between the city limits showed significant lower 

coral cover and lower rugosity (p<0.05). Also, the lower terrace zone of the North showed low rugosity. 

These are the areas that suffer the most anthropogenic and natural disturbances. The northern part of Bonaire 

suffered a sequence of hurricanes and tropical storms in the last decades (Bries et al. 2004; Scheffers & Scheffers 

2006). This study reveals that the coral reef in the north of Bonaire is still recovering from these disturbances. 

Personal observations of many small coral colonies (<10 cm diameter) at these sites confirm that the reef is 

recovering, but the process is slow and will take a long time.  The lower coral cover of the lower terrace zone 

between the city limits illustrates the impacts of anthropogenic disturbances on the shallow reefs.  

The effect of disturbances are most evident at 5 meters, but even in the drop off zone, at a depth between 10 

and 12 meters, the effect of the city are noticeable. Cluster analysis uncovered that the drop off zone in front of 

Kralendijk shows higher turf algae cover than other areas (Figure 16). The turf dominated cluster had an average 

cover of 44%! This cover is high compared to previous studies, for instance Sandin et al. (2008) found a turf algae 

cover between 22.3-43.2%.The drop off zone, in general, had a cover of 36.4% (± 1.8) and the lower terrace zone 

23.3% (± 18.5). So turf algae cover in the lower terrace zone was lower, but the variation is much higher. The 

range of turf cover in the lower terrace zone was 0-81%.  

Cluster analysis of benthic composition revealed seven heavily disturbed sites in the drop off zone showing a low 

average coral cover of 3%. These sites should be considered as disturbed. One site is located at the southeast 

point of Klein Bonaire. Stream currents were strong here, which could impact coral growth (Sommer et al. 2011). 

Two sites can be explained by the presence of a pier or hotel. At the pier of BOPEC, site 88, and site 33, which is 

located at a recently build hotel in Kralendijk, the drop off zone and lower terrace zone are severely disturbed. 

The cause of a disturbed benthic composition at site 47, located between Kralendijk and the Marine Reserve, is 

unclear. The cluster analysis of the benthic composition revealed that macroalgae species like Lobophora spp 

and Dictyota spp are more dominant in the northern part of Bonaire. One possible explanation for this could be 

the presence of hard substrate in this region, which is necessary for Lobophora spp and Dictyota spp to grow on. 

In the southern part of Bonaire sand patches, instead of hard substrate, was more present than in the north of 

Bonaire. Two of the most disturbed sites in the drop off zone were situated in the south, where large patches of 

sand alternate with coral/rock formations. These transects south of Kralendijk were taken at areas were only 

sand patches were encountered. The sand patches consist of course calcareous sand, originating from the 

breakdown of Acropora cervicornis, and calcareous silt of unknown origin (Van Duyl 1985). 

In the lower terrace zone, the group of disturbed sites was much larger. Twenty-two sites were in a cluster group 

with zero coral cover; seventy sites were in a cluster group with on average 0-7% coral cover. High sand cover 

characterized the sites between the city limits. In the study of Van Duyl (1985), Acropora palmata and Acropora 

cervicornis species were widespread across the shallow reef of Bonaire (0-10 meter). The study shows that up to 

28% of the reef area from the shoreline to ten meter depth is occupied by Acropora cervicornis species (Van Duyl 

1985). In this study, the lower terrace zone mostly consisted of dead substrate overgrown with turf or macro 

algae and sand patches. Only in the Marine Reserve and the most southern three sample points coral cover was 

considerably good (>20%). The study of Van Duyl (1985) reports for Bonaire that 30% of the reef had between 0-

10% cover, 12% of the reef had between 10-20% cover, 29% had between 20-40% cover and also 29% of the reef 

had a coral cover of above 40% for the shallow zone. In this study, none of the sites show a coral cover above 

40%, and 18% of all sampled sites have a cover between 20-40%. The remaining sites has a cover <20% from 

which the majority is between 0-5% coral cover. This huge difference in measured coral cover implies reef 

degradation is evident in this zone.  

Examining the benthic composition cluster groups in the lower terrace zone, a difference in composition between 

cluster groups in the south and the north should be noted. In the southern part of Bonaire, sites comply mostly 

of sand accompanied with turf algae or living coral. While in the north, the benthic composition mostly consist 

of macro algae or turf algae with corals, sand cover is mostly absent there. These sand patches could partly be 

derived from the massive die-off of Acropora cervicornis in 1981. From a Reefbudget point of view, the import 
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and export of calcareous sand is not taken into account. Sand can be deported into the deeper reef by wave 

action. Therefore a coral reef with a positive net carbonate productions does not necessarily has a positive reef 

balance.  

During fieldwork, Trididemnum solidum was encountered at several sites across the island, confirming its 

presence as reported in (Bak & Nieuwland 1995; Sommer et al. 2011). Cover was in general very low and only at 

three areas in the drop off zone, a site had a cover percentage above 1% of this tunicate. 

5.2 Coral composition 
In this study, we encountered six coral species more than in a previous study by (Sommer et al. 2011). The most 

dominant species in the drop off zone, Orbicella spp, was in line with earlier studies. In the lower terrace zone, 

the dominant coral species was also Orbicella spp,  which is a contradicting result to (Sommer et al. 2011) who 

found Astrocoeniidae spp as dominant coral species in the shallow reef. In this study, Astrocoeniidae spp were 

only the third dominant coral species group in the lower terrace zone, after Milleporidae spp.  

Cluster analysis of the coral communities in the drop off zone uncovered a difference in coral community 

composition between the North and South of Bonaire. Examining the map in Figure 23 shows the reef north of 

Kralendijk is more dominated by reef-building coral species like Orbicella spp and Montastrea spp while south of 

Kralendijk weedy coral species like Agariciidae spp. are more frequent.  

Coral reef composition drastically changed since the 1980s throughout Caribbean reefs. Composition shifted 

from reef-building species like Acropora spp, and Montastrea spp to smaller and shorter-living corals (Gladfelter 

1982). This study shows a difference in coral composition in the drop off zone between the north and south of 

Bonaire. In the north, the reef is mainly composed of Montastrea spp and Orbicella spp that are large boulder 

forming corals species.  The south of Bonaire is more dominated by weedy coral species like Agaricciidae spp and 

Porites spp. Several studies showed that there is a Caribbean-wide trend of reefs shifting in coral composition 

(Gladfelter 1982; Precht et al. 1997; Green et al. 2008). This shifting of coral assemblages is associated with reef 

degradation and loss of topographic complexity (Alvarez-Filip et al. 2013). It is unclear if the coral composition in 

the south is an indicator for a degrading reef or the result of environmental factors. Comparing rugosity of the 

coral composition the Agaricciidae cluster showed a rugosity of 2.21 and the Orbicella and Montastrea clusters 

showed a rugosity of 2.01 and 2.16 respectively. This underlines the study of (Alvarez-Filip et al. 2011), that 

topographic complexity is not solely dependent on coral assemblages and/or cover, but on multiple factors.  

The coral composition of the lower terrace zone differs from the drop off zone. The four coral compositions 

clusters in the lower terrace are identified as Montastrea, Millipora, Madracis-Orbicella, and Pseudo-Porites. 

From which only the cluster Madracis-Orbicella has a coral cover of above 10%. This cluster is mainly found in 

the Marine reserve and Klein Bonaire. The north of Bonaire also has a large group of sites with a coral cover that 

consists only of Milliporiidae or fire coral species. This can be an indication of a disturbed reef.  

5.3 Reefbudget 
A previous study of (Perry et al. 2013) showed average net production rates for Bonaire of +9.53 kg CaCO3 m-2 

year-1 for 10m depth and +3.63 kg CaCO3 m-2 year-1 for 5m depth sites. This study only took sites of the “no dive 

reserve” of Bonaire and compared it with sites from reefs of Belize and the Grand Cayman Islands. Comparing 

the 5m and 10m depth of (Perry et al. 2013) with the lower terrace zone and drop off zone of this study reveals 

that the drop off zone of the current study gives a lower net production for the Marine Reserve of 4.06 kg CaCO3 

m-2 year-1. The 5m depth of (Perry et al. 2013) gives similar results as the lower terrace zone of the Marine Reserve 

of this study. It should be noted that when calculating net production per site, only one site in the drop off zone 

shows a higher net production than the mean net production calculated for 10m sites of Bonaire in Perry et al. 

(2013). The study of Perry et al. (2013) identified the status of the reef of Bonaire as a most pristine reef in the 

Caribbean. However, this study reveals large variation in net production among reef sites on the leeward side of 

Bonaire. The net production of sites in the North of Bonaire is with 1.42 kg CaCO3 m-2 year-1 comparable to that 

of values of Belize, and the Grand Cayman Islands (1.3 kg CaCO3 m-2 year-1). The mean net production values  of 

the drop off zone in the BOPEC area (0.05 kg CaCO3 m-2 year-1) and the lower terrace zone in the south (0.49 kg 

CaCO3 m-2 year-1), Klein Bonaire (1.09 kg CaCO3 m-2 year-1), between the city limits (-0.40 kg CaCO3 m-2 year-1), the 

North (0.18 kg CaCO3 m-2 year-1) and the other sites (1.37  kg CaCO3 m-2 year-1) are closer to acknowledged 

ecological degraded reefs in St. Croix and north Jamaica (0.9 & 1.2-1.8 kg CaCO3 m-2 year-1) (Hubbard et al. 1990; 

Mallela & Perry 2007). In the lower terrace zone, the only area with higher net production rates is the Marine 

Reserve. The range of net carbonate productions in the lower terrace was highest at Klein Bonaire (24.56 kg 
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CaCO3 m-2 year-1), South of Bonaire (57.03 kg CaCO3 m-2 year-1) and the other region (24.69 kg CaCO3 m-2 year-1). 

These large ranges are due to high minimum values and Acropora cervicornis fields encountered in these regions. 

From all 230 sites sampled, 186 or 80.3% showed a net positive production. Differentiating between zones, 107 

of 115 sites or 93% of the sites were above zero for the drop off zone. For the lower terraced zone 79 of 115 sites 

or 69.2% is positive. 35 sites in, the lower terrace zone had a negative net carbonate production. . The average 

net production in the drop off zone was 1.60 kg CaCO3 m-2 year-1 against 0.37 kg CaCO3 m-2 year-1 for the lower 

terrace zone. In the study of (Perry et al. 2013), data on net production is analysed Caribbean-wide, the 

percentage of negative net production transects is ~35%. The average for all in that paper studied reefs is 1.5 kg 

CaCO3 m-2 year-1.  Similar to the mean for the drop off zone on the leeward side of Bonaire. However, the range 

of the current study is even larger. The minimum net carbonate production of one transect was -8.70 kg CaCO3 

m-2 year-1, against a minimum of -2.3 kg CaCO3 m-2 year-1 from (Perry et al. 2013). Also, the maximum net 

carbonate production for one transect was much higher in this study. Maximum net production found in (Perry 

et al. 2013) was 16.68 kg CaCO3 m-2 year-1  while in this study a net production of 50.9 kg CaCO3 m-2 year-1 was 

calculated for one transect in the lower terrace zone. This extremely high net production is caused by a large 

field of Acropora cervicornis measured on the transect line. The presence of Acropora cervicornis caused high net 

production rates. The three transects that showed a net production >20 kg CaCO3 m-2 year-1 all contained a field 

Acropora cervicornis. This illustrates the enormous impact that the White Band disease must have had on reefs 

all over the Caribbean given that many reef sites on Bonaire and probably many other islands in the Caribbean 

had more than 50% cover of A. cervicornis. Restoration of staghorn fields if successful may therefore contribute 

disproportionally to reef growth and protect to coastal protection in the face of the expected effects of climate 

change. 

5.4 Coral cover 
Previous studies on the leeward side of Bonaire reported average coral covers of 16.7%, 22% and 26.6% (Sommer 

et al. 2011; Sandin et al. 2008; Nagelkerken et al. 2005). The mean coral cover for the drop off zone in this study 

is 18.7% and for the lower terrace zone 6.9. So coral cover for the drop off zone is similar to covers found in 

previous studies, and the lower terrace cover shows a much lower value. However, this differs per area of the 

island. For the drop off zone, the sites of Klein Bonaire, the Marine Reserve and the sites marked as other are 

with 19-20% cover similar to other studies. The sites in the north and between the city limits are with 14% and 

16% respectively lower in coral cover although this difference is not significant. The south of Bonaire shows a 

higher coral cover of 23%. The only area that shows significant lower coral cover values is BOPEC area with 5% 

cover.  In the lower terrace, coral cover is indeed lower than found in earlier studies except in the Marine Reserve. 

Coral cover is there 21%.  

Studies on coral cover a Caribbean-wide scale recorded mean coral covers of 16.8%, 16% and 10% for the whole 

Caribbean area (Gardner et al. 2003; Schutte et al. 2010; Jackson et al. 2014). The lower terrace zone is, except 

for the Marine Reserve, consistently below the Caribbean average. The drop off zone shows similar or higher 

values of coral cover compared to these studies.  

What is remarkable about comparing Caribbean region-wide studies and this study, is that the variation in the 

whole Caribbean region is similar to Bonaire itself. Jackson et al. 2014 found coral cover ranges from 2.5% to 

53.1% for the whole Caribbean. While in this study, coral cover ranges from 0% to a maximum of 68.1%. In this 

study we found that parts of the reef have a  low cover of 1% (lower terrace zone between the city limits), which 

is even lower than the minimum cover found in Jackson et al. (2014).  

5.5 Small-scale variation 
This study shows that reef quality can vary significantly between sites on Bonaire. The quality of the reef Bonaire 

differs tremendously between depths and areas. The variation in this study is in the same order as the variation 

in earlier studies for the whole Caribbean. In status reports and Caribbean-wide studies on reef quality Bonaire 

is referred to as one of the most pristine reefs of the Caribbean (Perry et al. 2013; Jackson et al. 2014). However, 

to entitle the entire leeward coast of Bonaire as pristine is not legitimate. The Marine Reserve areas show at 

both depths, higher net production, and coral cover compared to the Caribbean but also compared to the rest 

of Bonaire. The reef of Bonaire shows clear zonation described as in (Bak 1975) and large variation between 

areas. Pooling data from different depths, done in the study of (Sommer et al. 2011), to evaluate the status of 

the whole reef is not recommended since the variation among depths and areas is so large. The outcome of the 
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study will strongly depend on the depth and location of the selected sites.  Unless the selection of depth and 

location is not completely random, the results are not representable for the whole leeward coast of the island.    

5.6 Recommendations  
In summary, this study confirms the large variation in a coral reef on a relatively small scale. This variation makes 

clear that site characteristics should be taken into account when determining the status of a site or reef. 

Additionally, besides the variation in reef quality among the island this study revealed several interesting 

findings. The reef in front of Kralendijk shows clear signs of degradation. Both in the lower terrace zone and the 

drop off zone. The lower terrace between the city limits is severely degraded with coral cover values between 0 

and 5 percent. Rugosity is already low for this area, and the reef will only flatten more in the future since the net 

production of the area is also negative. In the drop off zone, net production and coral cover values are still 

acceptable. However, the area does show a higher cover in turf algae. The impact of the city on the reef seems 

evident in this area and therefore deserves further study. It would be interesting to investigate if adverse effects 

on the reef show a clear depth gradient. Additionally, the consequences of a severely degraded reef for its 

ecosystem functions (e.g. coastal protection) should be studied. 

The coral composition of the reef in the South differs from the coral composition in the north of Bonaire. The 

higher presence of Agariciidae spp in the south could indicate that this part of the reef is more degraded (Alvarez-

Filip et al. 2013). However, net production and coral cover for the drop off zone is higher in the south than the 

north. Using the same dataset as collected in this study, it would be interesting to investigate effects of coral 

composition in combination with coral cover on the net production of these two areas. To see if the higher net 

production in the south is a result of higher coral cover and fields of Acropora cervicornis encountered in this 

area.  

Additionally, the presence of Acropora cervicornis seems to have a large impact on net carbonate production of 

a reef. Being a very fast growing species, the species shows high potential in restoring degraded reefs and 

recovering the calcifying ecosystem function of a coral reef. However, the species is fragile and placing it in an 

area in which it is exposed to natural/anthropogenic disturbances is unlikely to result in a successful recovery.   
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7 Appendix A: Bar plots  

 

FIGURE 26: CORAL CARBONATE PRODUCTION FOR THE DROP OFF ZONE AND THE LOWER TERRACE. VALUES ARE THE MEAN OF THE TWO 

REPLICATES. THE BLUE BARS PRESENT THE MEAN VALUE PLUS AND MINUS THE SE. SITES ARE SORTED FROM SOUTH ON THE LEFT, TO NORTH 

ON THE RIGHT WITH KLEIN BONAIRE ON THE SIDE. 
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FIGURE 27: CCA CARBONATE PRODUCTION FOR THE DROP OFF ZONE AND THE LOWER TERRACE. VALUES ARE THE MEAN OF THE TWO 

REPLICATES. THE BLUE BARS PRESENT THE MEAN VALUE PLUS AND MINUS THE SE. SITES ARE SORTED FROM SOUTH ON THE LEFT, TO 

NORTH ON THE RIGHT WITH KLEIN BONAIRE ON THE RIGHT SIDE. 

 

FIGURE 28: PARROTFISH BIOEROSION FOR THE DROP OFF ZONE AND THE LOWER TERRACE. VALUES ARE THE MEAN OF THE TWO 

REPLICATES. THE BLUE BARS PRESENT THE MEAN VALUE PLUS AND MINUS THE SE. SITES ARE SORTED FROM SOUTH ON THE LEFT, TO 

NORTH ON THE RIGHT WITH KLEIN BONAIRE ON THE SIDE. 
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FIGURE 29: URCHIN BIOEROSION FOR THE DROP OFF ZONE AND THE LOWER TERRACE. VALUES ARE THE MEAN OF THE TWO 

REPLICATES. THE BLUE BARS PRESENT THE MEAN VALUE PLUS AND MINUS THE SE. SITES ARE SORTED FROM SOUTH ON THE LEFT, TO 

NORTH ON THE RIGHT WITH KLEIN BONAIRE ON THE SIDE. 

 

FIGURE 30: BORING SPONGE BIOEROSION FOR THE DROP OFF ZONE AND THE LOWER TERRACE. VALUES ARE THE MEAN OF THE TWO 

REPLICATES. THE BLUE BARS PRESENT THE MEAN VALUE PLUS AND MINUS THE SE. SITES ARE SORTED FROM SOUTH ON THE LEFT, TO 

NORTH ON THE RIGHT WITH KLEIN BONAIRE ON THE SIDE. 

 



44 

 

 

FIGURE 31: BARPLOT SHOWING THE CORAL SPECIES RICHNESS PER SITE. THE CHART ON THE TOP SIDE ILLUSTRATES THE DROP-OFF ZONE. 

THE LOWER TERRACE IS PRESENTED IN THE BOTTOM HALF. THE SITES ARE SORTED FROM SOUTH ON THE LEFT TO NORTH ON THE RIGHT WITH 

KLEIN BONAIRE AS A SEPARATE PART. 

 

FIGURE 32:  BARPLOT SHOWING CORAL SHANNON-WIENER INDEX PER SITE. THE CHART ON THE TOP SIDE ILLUSTRATES THE DROP-OFF 

ZONE. THE LOWER TERRACE IS PRESENTED IN THE BOTTOM HALF. THE SITES ARE SORTED FROM SOUTH ON THE LEFT TO NORTH ON THE 

RIGHT WITH KLEIN BONAIRE AS A SEPARATE PART. 
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FIGURE 33: TURF ALGAE COVER PER SITE. THE UPPER PANEL PRESENTS THE DROP OFF ZONE. THE LOWER PANEL THE LOWER TERRACE ZONE. 

 

 

FIGURE 34: CYANOBACTERIA COVER PER SITE. THE UPPER PANEL PRESENTS THE DROP OFF ZONE. THE LOWER PANEL THE LOWER TERRACE 

ZONE. 
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FIGURE 35: SPONGE COVER PER SITE. THE UPPER PANEL IS THE DROP OFF ZONE. THE LOWER PANEL IS THE LOWER TERRACE ZONE. 

 

 

FIGURE 36: GORGONIAN COVER PER SITE. THE UPPER PANEL IS THE DROP OFF ZONE. THE LOWER PANEL IS THE LOWER TERRACE ZONE. 
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FIGURE 37: BAR PLOT OF NET CARBONATE PRODUCTION PER SITE FOR THE DROP OFF ZONE. 

 

FIGURE 38: BAR PLOT OF NET CARBONATE PRODUCTION PER SITE FOR THE LOWER TERRACE ZONE. 
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8 Appendix B: Tables 
 

Proportional cover Trididemnum solidum 

Drop off zone 

Area Mean SD Min Max Range 

BOPEC 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

City limits 2,15E-09 6,03E-04 0,00E+00 3,62E-03 3,62E-03 

Klein Bonaire 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

Marine reserve 2,60E-04 4,49E-03 0,00E+00 1,52E-02 1,52E-02 

North 1,04E-03 1,13E-02 0,00E+00 3,95E-02 3,95E-02 

Other 2,62E-05 5,71E-03 0,00E+00 2,27E-02 2,27E-02 

South 1,39E-09 7,88E-04 0,00E+00 5,23E-03 5,23E-03 

Lower terrace zone 

Area Mean SD Min Max Range 

BOPEC 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

City limits 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

Klein Bonaire 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

Marine reserve 3,49E-08 1,74E-03 0,00E+00 8,18E-03 8,18E-03 

North 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

Other 1,32E-09 1,73E-03 0,00E+00 1,30E-02 1,30E-02 

South 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

TABLE 3: DESCRIPTIVE STATISTICS OF COVER OF TRIDIDEMNUM SOLIDUM. 
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Coral carbonate production (kg CaCO3 m-2 year-1) 

Drop off zone 

Area Mean SD Min Max Range 

BOPEC 1,19E+00 2,43E+00 1,31E-02 5,73E+00 5,72E+00 

City limits 3,40E+00 2,62E+00 4,08E-02 1,09E+01 1,08E+01 

Klein Bonaire 4,31E+00 3,05E+00 0,00E+00 1,43E+01 1,43E+01 

Marine reserve 6,04E+00 3,21E+00 1,54E+00 1,45E+01 1,29E+01 

North 2,89E+00 2,40E+00 4,31E-01 1,03E+01 9,89E+00 

Other 5,30E+00 3,04E+00 9,48E-01 1,40E+01 1,31E+01 

South 4,93E+00 2,16E+00 2,82E-01 1,08E+01 1,05E+01 

Lower terrace zone 

Area Mean SD Min Max Range 

BOPEC 1,68E+00 3,97E+00 0,00E+00 8,14E+00 8,14E+00 

City limits 6,47E-02 6,64E-01 0,00E+00 2,69E+00 2,69E+00 

Klein Bonaire 2,44E+00 5,55E+00 0,00E+00 2,59E+01 2,59E+01 

Marine reserve 5,12E+00 4,58E+00 1,52E-01 1,68E+01 1,67E+01 

North 8,02E-01 1,12E+00 0,00E+00 3,55E+00 3,55E+00 

Other 2,62E+00 3,85E+00 5,75E-02 2,06E+01 2,06E+01 

South 7,27E-01 1,04E+01 0,00E+00 5,37E+01 5,37E+01 

TABLE 4: DESCRIPTIVE STATISTICS FOR CORAL CARBONATE PRODUCTION PER AREA AND ZONE. 

 

Coral carbonate production (kg CaCO3 m-2 year-1) 

Zone N N zeros min max range mean SD 

Drop off 115 0 3,79E-01 1,31E+01 5,37E+00 4,37E+00 3,52E-03 

Lower terrace 115 3 0,00E+00 1,90E+01 1,90E+01 1,29E+00 5,28E-02 

TABLE 5: DESCRIPTIVE STATISTICS FOR CORAL CARBONATE PRODUCTION PER ZONE. 
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CCA carbonate production (kg CaCO3 m-2 year-1) 

Drop off zone 

Area Mean SD Min Max Range 

BOPEC 3,36E-03 6,96E-03 0,00E+00 1,62E-02 1,62E-02 

City limits 8,34E-03 1,42E-02 0,00E+00 6,66E-02 6,66E-02 

Klein Bonaire 6,98E-03 2,13E-02 0,00E+00 8,35E-02 8,35E-02 

Marine reserve 2,17E-02 4,74E-02 0,00E+00 2,13E-01 2,13E-01 

North 1,68E-02 3,35E-02 0,00E+00 1,04E-01 1,04E-01 

Other 8,03E-03 1,94E-02 0,00E+00 9,29E-02 9,29E-02 

South 1,20E-02 1,36E-02 0,00E+00 5,58E-02 5,58E-02 

Lower terrace zone 

Area Mean SD Min Max Range 

BOPEC 4,43E-05 5,67E-03 0,00E+00 1,13E-02 1,13E-02 

City limits 9,82E-07 3,70E-03 0,00E+00 2,07E-02 2,07E-02 

Klein Bonaire 3,66E-04 1,44E-02 0,00E+00 6,32E-02 6,32E-02 

Marine reserve 3,64E-03 2,41E-02 0,00E+00 1,01E-01 1,01E-01 

North 6,10E-05 9,36E-03 0,00E+00 3,74E-02 3,74E-02 

Other 1,03E-04 9,04E-03 0,00E+00 4,41E-02 4,41E-02 

South 1,90E-05 4,79E-03 0,00E+00 2,50E-02 2,50E-02 

TABLE 6: DESCRIPTIVE STATISTICS FOR CCA CARBONATE PRODUCTION PER AREA AND ZONE. 

CCA Calcium carbonate production (kg CaCO3 m-2 year-1) 

Zone N N zeros min max range mean SD 

Drop off zone 115 2 0,00E+00 1,03E-01 1,03E-01 1,02E-02 1,49E-04 

Lower terrace zone 115 59 0,00E+00 6,50E-02 6,50E-02 1,08E-04 2,51E-04 

Table 7: Crustose coralline algae calcium carbonate production per zone 
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Parrotfish bioerosion  (kg CaCO3 m-2 year-1) 

Drop off zone 

Area Mean SD Min Max Range 

BOPEC 1,89E+00 1,24E+00 5,13E-01 3,45E+00 2,94E+00 

City limits 6,57E-01 1,56E+00 0,00E+00 7,23E+00 7,23E+00 

Klein Bonaire 6,83E-01 8,91E-01 0,00E+00 3,05E+00 3,05E+00 

Marine reserve 1,49E+00 7,91E-01 4,13E-01 2,98E+00 2,57E+00 

North 8,83E-01 7,43E-01 0,00E+00 3,16E+00 3,16E+00 

Other 1,08E+00 1,20E+00 0,00E+00 4,80E+00 4,80E+00 

South 6,46E-01 7,91E-01 0,00E+00 3,59E+00 3,59E+00 

Lower terrace zone 

Area Mean SD Min Max Range 

BOPEC 1,22E+00 1,69E+00 2,43E-01 4,12E+00 3,88E+00 

City limits 4,33E-01 1,59E+00 0,00E+00 8,70E+00 8,70E+00 

Klein Bonaire 7,83E-01 1,62E+00 0,00E+00 6,46E+00 6,46E+00 

Marine reserve 1,99E+00 1,47E+00 5,24E-02 4,71E+00 4,66E+00 

North 2,97E-01 1,21E+00 0,00E+00 4,51E+00 4,51E+00 

Other 8,75E-01 1,20E+00 0,00E+00 5,31E+00 5,31E+00 

South 4,05E-01 1,07E+00 0,00E+00 4,83E+00 4,83E+00 

TABLE 8: DESCRIPTIVE STATISTICS FOR PARROTFISH BIOEROSION PER AREA AND ZONE. 

 

Parrotfish bioerosion (kg CaCO3 m-2 year-1) 

Zone N N zeros min max range mean SD 

Drop off 115 2 0,00E+00 4,29E+00 4,29E+00 8,59E-01 4,36E-03 

Lower terrace 115 9 0,00E+00 4,03E+00 4,03E+00 6,67E-01 1,74E-02 

TABLE 9: DESCRIPTIVE STATISTICS PER ZONE FOR PARROTFISH BIOEROSION 
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Urchin bioerosion (kg CaCO3 m-2 year-1) 

Drop off zone 

Area Mean SD Min Max Range 

BOPEC 7,92E-04 7,44E-03 0,00E+00 1,41E-02 1,41E-02 

City limits 4,53E-04 1,35E-02 0,00E+00 5,93E-02 5,93E-02 

Klein Bonaire 1,43E-03 1,49E-02 0,00E+00 6,57E-02 6,57E-02 

Marine reserve 6,94E-04 7,64E-03 0,00E+00 3,09E-02 3,09E-02 

North 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

Other 1,76E-03 1,14E-02 0,00E+00 3,90E-02 3,90E-02 

South 4,94E-04 1,38E-02 0,00E+00 6,45E-02 6,45E-02 

Lower terrace zone 

Area Mean SD Min Max Range 

BOPEC 3,60E-05 4,60E-03 0,00E+00 9,21E-03 9,21E-03 

City limits 9,00E-09 2,52E-03 0,00E+00 1,51E-02 1,51E-02 

Klein Bonaire 4,51E-05 7,33E-03 0,00E+00 3,53E-02 3,53E-02 

Marine reserve 7,97E-05 7,30E-03 0,00E+00 1,95E-02 1,95E-02 

North 1,57E-08 1,23E-03 0,00E+00 6,15E-03 6,15E-03 

Other 6,95E-05 8,06E-03 0,00E+00 4,70E-02 4,70E-02 

South 6,73E-07 2,12E-03 0,00E+00 1,12E-02 1,12E-02 

TABLE 10: DESCRIPTIVE STATISTICS FOR URCHIN BIOEROSION PER AREA AND ZONE. 

 

Urchin bioerosion (kg CaCO3 m-2 year-1) 

Zone N N zeros min max range mean SD 

Drop off zone 115 38 0,00E+00 3,80E-02 3,80E-02 5,80E-04 3,24E-04 

Lower terrace zone 115 78 0,00E+00 1,90E-02 1,90E-02 9,70E-06 6,40E-05 

TABLE 11: DESCRIPTIVE STATISTICS PER ZONE FOR URCHIN BIOEROSION 
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Boring sponge bioerosion (kg CaCO3 m-2 year-1) 

Drop off zone 

Area Mean SD Min Max Range 

BOPEC 2,83E-02 9,04E-02 0,00E+00 1,97E-01 1,97E-01 

City limits 2,73E-02 2,54E-01 0,00E+00 1,54E+00 1,54E+00 

Klein Bonaire 5,37E-03 4,35E-02 0,00E+00 2,11E-01 2,11E-01 

Marine reserve 3,59E-03 4,89E-02 0,00E+00 2,30E-01 2,30E-01 

North 3,76E-03 3,26E-02 0,00E+00 1,27E-01 1,27E-01 

Other 1,03E-02 3,92E-02 0,00E+00 1,94E-01 1,94E-01 

South 2,33E-02 4,82E-02 0,00E+00 2,56E-01 2,56E-01 

Lower terrace zone 

Area Mean SD Min Max Range 

BOPEC 2,98E-02 6,67E-02 0,00E+00 1,62E-01 1,62E-01 

City limits 3,39E-03 3,63E-01 0,00E+00 1,78E+00 1,78E+00 

Klein Bonaire 1,58E-02 3,18E-01 0,00E+00 2,04E+00 2,04E+00 

Marine reserve 9,29E-03 1,07E-01 0,00E+00 4,56E-01 4,56E-01 

North 2,05E-03 4,08E-02 0,00E+00 1,48E-01 1,48E-01 

Other 1,41E-02 1,15E-01 0,00E+00 4,89E-01 4,89E-01 

South 2,79E-02 6,67E-01 0,00E+00 3,94E+00 3,94E+00 

TABLE 12: DESCRIPTIVE STATISTICS FOR BORING SPONGE BIOEROSION PER AREA AND ZONE. 

Boring sponges bioerosion (kg CaCO3 m-2 year-1) 

Zone N N zeros min max range mean SD 

Drop off zone 115 12 0,00E+00 6,43E-01 6,43E-01 1,10E-02 7,98E-04 

Lower terrace zone 115 27 0,00E+00 8,83E-01 8,83E-01 1,11E-02 3,82E-03 

TABLE 13: DESCRIPTIVE STATISTICS PER ZONE FOR BORING SPONGE BIOEROSION 
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 Net carbonate production (kg CaCO3 m-2 year-1) 

Drop off zone 

Area Geomean Negative Geomean Positive Geomean Min Max Range 

BOPEC 0,05 -0,68 2,26 -0,83 2,26 3,09 

City limits 2,05 -0,98 2,65 -1,73 8,59 10,32 

Klein Bonaire 3,59 -0,42 4,01  -1,13 14,26 15,38 

Marine reserve 4,04 -1,45 4,30 -1,45 13,79 15,24 

North 1,42 -0,31 1,83 -0,81 10,41 11,22 

Other 2,86 -0,65 3,21 -1,49 11,32 12,81 

South 3,70 -0,67 3,80 -0,67 10,03 10,70 

Lower terrace zone 

Area Geomean Negative Geomean Positive Geomean Min Max Range 

BOPEC 2,10 -0,24 2,88 -0,24 6,02 6,26 

City limits -0,40 -0,74 0,60 -8,70 1,31 10,01 

Klein Bonaire 1,09 -1,17 1,89 -4,51 20,18 24,69 

Marine reserve 3,64 -2,23 4,94 -4,26 12,74 17,00 

North 0,18 -0,41 0,52 -1,70 2,10 3,80 

Other 1,37 -0,58 2,15 -3,94 20,62 24,56 

South 0,49 -0,71 1,20 -6,18 50,85 57,03 

TABLE 14: DESCRIPTIVE STATISTICS FOR NET CARBONATE PRODUCTION PER AREA AND ZONE. 

Net carbonate production (kg CaCO3 m-2 year-1) 

Zone N N zeros min max range mean SD 

Drop off zone 115 0 -1.64 12.21 13.84 1.60 0.812 

Lower terrace zone 115 1 -4.72 25.99 30.72 0.372 0.948 

TABLE 15: DESCRIPTIVE STATISTICS PER ZONE ON THE NET CACO3 PRODUCTION PER ZONE TAKEN PER SITE. 
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8.1 TukeyHSD tests 
Drop off zone 

Area BOPEC Citylimits KleinBonaire Marinereserve North Other South 

BOPEC 1,00 NA NA NA NA NA NA 

City limits 0.05 1,00 NA NA NA NA NA 

Klein Bonaire 0,01 0,87 1,00 NA NA NA NA 

Marine reserve 0,01 0,84 1,00 1,00 NA NA NA 

North 0,15 0,99 0,48 0,48 1,00 NA NA 

Other 0,01 0,67 1,00 1,00 0,27 1,00 NA 

South 0,00 0,21 0,91 0,99 0,06 0,97 1,00 

TABLE 16: ADJUSTED P-VALUES RETRIEVED FROM THE TUKEYHSD TEST FOR SIGNIFICANCE DIFFERENCE IN CORAL COVER AMONG GROUPS IN THE 

DROP OFF ZONE. 

 

  

Lower terrace zone 

Area BOPEC City limits Klein Bonaire Marine reserve North Other South 

BOPEC 1 NA NA NA NA NA NA 

City limits 0,18 1,00 NA NA NA NA NA 

Klein Bonaire 1,00 0,00 1,00 NA NA NA NA 

Marine reserve 0,71 0,00 0,39 1,00 NA NA NA 

North 1,00 0,00 0,26 0,00 1,00 NA NA 

Other 0,98 0,00 0,99 0,68 0,05 1,00 NA 

South 0,90 0,04 0,00 0,00 0,81 0,00 1,00 

TABLE 17: ADJUSTED P-VALUES RETRIEVED FROM THE TUKEYHSD TEST FOR SIGNIFICANCE DIFFERENCE IN CORAL COVER AMONG GROUPS IN THE 

LOWER TERRACE ZONE. 
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TABLE 18: ADJUSTED P-VALUES RETRIEVED FROM THE TUKEYHSD TEST FOR SIGNIFICANCE DIFFERENCE IN CORAL COVER AMONG BENTHIC 

COMPOSITION CLUSTERS IN THE DROP OFF ZONE. 

TABLE 19: ADJUSTED P-VALUES RETRIEVED FROM THE TUKEYHSD TEST FOR SIGNIFICANCE DIFFERENCE IN CORAL COVER AMONG BENTHIC 

COMPOSITION CLUSTERS IN THE LOWER TERRACE ZONE. 

  

Drop off zone 

Cluster (number) Sandy-Turf (1) Coral-Turf-Sand (2) Coral-Cyano-Turf (3) Turf (4) Coral-CCA 

(5) 

Algae (6) 

Sandy-Turf (1) 1,00 NA NA NA NA NA 

Coral-Turf-Sand (2) 0,00 1,00 NA NA NA NA 

Coral-Cyano-Turf (3) <0,01 1,00 1,00 NA NA NA 

Turf (4) 0,00 0,06 0,07 1,00 NA NA 

Coral-CCA (5) 0,00 0,98 0,99 0,03 1,00 NA 

Algae (6) 0,00 0,04 0,05 1,00 0,02 1,00 

Lower terrace zone 

Cluster (number) Sand (1) Sand-turf (2) Coral-sand-turf (3)  Coral-turf (4) Algae (5) 

Sand (1) 1,00 NA NA NA NA 

Sand-turf (2) 0,00 1,00 NA NA NA 

Coral-sand-turf (3) 0,00 0,00 1,00 NA NA 

Coral-turf (4) 0,00 0,00 0,96 1,00 NA 

Algae (5) 0,00 0,82 0,05 0,03 1,00 
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9 Appendix C: Cluster analysis 

 
FIGURE 39: NMDS ORDINATION PLOT FOR THE BENTHIC COMPOSITION FOR BOTH ZONES AMONG THE 115 SITES. DO IS THE DROP-OFF ZONE 

AND LT IS THE LOWER TERRACE ZONE. DATA IS 4TH ROOT TRANSFORMED PRIOR TO PLOTTING. 

 
FIGURE 40: NMDS ORDINATION PLOT FOR THE CORAL COMPOSITION FOR BOTH ZONES AMONG THE 115 SITES. DO IS THE DROP-OFF ZONE AND 

LT IS THE LOWER TERRACE ZONE. DATA IS 4TH ROOT TRANSFORMED PRIOR TO PLOTTING. 
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9.1 Benthic composition drop off zone 

 
FIGURE 41: DENDROGRAM OF BENTHIC COMPOSITION AMONG THE 115 SITES IN THE DROP-OFF ZONE. 

 

 
FIGURE 42: NMDS ORDINATION PLOT OF THE BENTHIC COMPOSITION IN THE DROP OFF ZONE AMONG THE 115 SITES. THE BLUE 

ARROWS REPRESENT THE VARIABLES THAT HAD A SIGNIFICANT EFFECT ON THE PLOT AND IN WHICH DIRECTION 
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Cluster CCA CORAL CYAN GORG ALGAE SAND SPON TURF 

1 0,00 0,03 0,00 0,00 0,00 0,37 0,01 0,23 

2 0,03 0,23 0,03 0,00 0,00 0,12 0,02 0,39 

3 0,02 0,24 0,11 0,02 0,01 0,09 0,00 0,32 

4 0,03 0,17 0,01 0,00 0,03 0,10 0,01 0,44 

5 0,06 0,25 0,02 0,01 0,02 0,01 0,00 0,34 

6 0,03 0,17 0,01 0,00 0,13 0,02 0,01 0,36 

TABLE 21: COVER OF BENTHIC CATEGORIES FOR THE SIX CLUSTERS OF THE DROP OFF ZONE BASED ON BENTHIC COMPOSITION. 

 

  

Cluster Description Frequency 

1 “Sandy-turf- Dominated by sand and turf algae. 7 

2 “Coral-turf-Sand” – Coral, turf and sand dominate these clusters. 26 

3 “Coral-Cyano-Turf” – This cluster is characterized by the presence of 

cyanobacteria.  19 

4 “Turf” – Turf algae dominated sites. 23 

5 “Coral-CCA” – Highest coral cover and CCA cover.  15 

6 “Algae” – Cluster is characterized by presence of macro-algae.  25 

TABLE 20: CLUSTER GROUPS, DESCRIPTION OF THE CLUSTER AND THE NUMBER OF SITES PER CLUSTER FOR THE DROP OFF ZONE. 
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9.2 Benthic composition Lower terrace zone  

 
FIGURE 43: DENDROGRAM OF THE BENTHIC COMPOSITION IN THE LOWER-TERRACE ZONE. THE FIVE DETERMINED CLUSTERS ARE 

MARKED WITH A RED SQUARE. 

 
FIGURE 44:  NMDS ORDINATION PLOT OF THE BENTHIC COMPOSITION IN THE LOWER TERRACE ZONE AMONG THE 115 SITES. THE BLUE 

ARROWS REPRESENT THE VARIABLES THAT HAD A SIGNIFICANT EFFECT ON THE PLOT AND IN WHICH DIRECTION. 
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Cluster Description Frequency 

1 “Sand”- Group dominated by sand. 22 

2 “Sand-turf” – Cluster dominated by sand and turf cover 38 

3 “Coral-sand-turf” – Group consists coral, sand and high turf cover 32 

4 “Coral-turf” – Group dominated by turf and coral cover, no sand present 13 

5 “Algae” – group This is characterized by presence of macroalgae  10 

TABLE 22: THE BENTHIC COMPOSITION CLUSTERS WITH A SHORT DESCRIPTION OF THE CLUSTER FOR THE LOWER TERRACE ZONE. 

 

Lower terrace zone 

Cluster CCA CORAL CYAN GORG ALGAE SAND 

1 0,00 0,00 0,00 0,00 0,00 0,61 

2 0,00 0,05 0,00 0,00 0,00 0,35 

3 0,00 0,17 0,00 0,00 0,00 0,07 

4 0,03 0,20 0,00 0,00 0,03 0,00 

5 0,00 0,07 0,00 0,00 0,12 0,14 

TABLE 23: COVER VALUES OF BENTHIC CATEGORIES  OF THE FIVE CLUSTERS IN THE LOWER TERRACE ZONE. 
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9.3 Coral composition drop off zone 
  

 
FIGURE 45: DENDROGRAM OF THE CORAL COMMUNITY CLUSTERING IN THE DROP-OFF ZONE 

 
FIGURE 46:  NMDS PLOT OF THE CORAL COMMUNITY COMPOSITION IN THE DROP-OFF ZONE. THE FIVE SELECTED CLUSTERS ARE INDICATED 

WITH DIFFERENT COLOURS AND SYMBOLS. 
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Cluster  Description Frequency 

1 “Agariciidae” – Group consists of Agariciidae and Undaria species. 21 

2 “Montastrea” – Group consists of Orbicella, Montastrea and Colpophyllia species. 15 

3 “Orbicella” – Group consists of Orbicella species.  30 

4 “Agariciidae – Madracis - Orbicella” – Group consists of Orbicella, Agariciidae and Madracis 

species. 

44 

5 “Low cover” – Group with low coral cover value.   5 

TABLE 24: DESCRIPTION TABLE OF CORAL COMPOSITION CLUSTERS, AND NUMBER OF SITES THE CLUSTER CONSISTS OF. 

cluster Rugosity Depth SI Coral SI Fish Coral cover Sand cover Turf cover 

1 2,14 13,16 1,42 1,71 0,19 0,08 0,32 

2 2,01 13,04 1,40 1,55 0,17 0,06 0,40 

3 2,16 12,73 1,42 1,69 0,19 0,05 0,38 

4 2,21 12,90 1,74 1,67 0,24 0,06 0,37 

5 1,54 12,90 0,06 1,52 0,01 0,27 0,28 

TABLE 25: RUGOSITY, DEPTH, CORAL SPECIES DIVERSITY AND FISH DIVERSITY AND PROPORTION COVER OF BENTHIC CATEGORIES PER CORAL 

COMPOSITION  CLUSTER IN THE DROP OFF ZONE. 
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9.4 Coral composition lower terrace zone 

 
FIGURE 47: DENDROGRAM OF THE CORAL COMMUNITY COMPOSITION IN THE LOWER TERRACE ZONE. FROM THIS DENDROGRAM, FIVE 

CLUSTER GROUPS ARE DERIVED FOR FURTHER ANALYSIS. 

 
 

 

 

FIGURE 48: FIGURE 43:  NMDS PLOT OF THE CORAL COMMUNITY COMPOSITION IN THE LOWER TERRACE ZONE. ORDINATION IS DONE IN THREE 

DIMENSIONS. TOP LEFT PRESENTS THE ORDINATION OF AXIS 1 VS AXIS 2. TOP RIGHT AXIS 1 VS AXIS 3. DOWN LEFT AXIS 2 VS AXIS 3. THE FIVE SELECTED 

CLUSTERS ARE INDICATED WITH DIFFERENT COLOURS AND SYMBOLS. 
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Cluster Rugosity depth SI Coral SI Fish CORAL SAND TURF 

1 1,25 5,64 0,17 1,56 0,05 0,23 0,25 

2 1,47 5,75 0,80 1,56 0,19 0,06 0,40 

3 1,16 6,82 0,12 1,45 0,02 0,43 0,13 

4 1,27 5,31 0,42 1,51 0,09 0,07 0,31 

5 1,10 5,40 0,00 1,38 0,00 0,43 0,04 

TABLE 26: COVER OF BENTHIC CATEGORIES FOR THE SIX CLUSTERS OF THE LOWER TERRACE ZONE BASED ON BENTHIC COMPOSITION. 

Cluster Description Frequency 

1 “Montastrea” – group consists of species known or formerly known as Montastrea species.  16 

2 “Madracis-Orbicella” – group consists of Orbicella and Madracis species. 35 

3 “Millepora” – group consists of Millepora species 28 

4 “Pseudo-Porites” –consists of Brain corals and Porites species. 27 

5 “Low cover” – Group characterized by low coral cover 6 

TABLE 27: DESCRIPTION OF THE CORAL COMPOSITION CLUSTERS FOR THE LOWER TERRACE ZONE ALONG WITH THE NUMBER OF SITES THE CLUSTER 

GROUP CONSISTS OF. 
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