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Abstract 

The abundance of CyanoBacterial Mats (CBMs) at a depth of 50-90m was mapped along the west 

coast of Bonaire. Simultaneously local conditions (i.e. nutrient concentrations, temperature, salinity, 

pH, and light intensity) were measured and compared with locations where CBMs were absent. Most 

CBMs were found near Kralendijk. Differences in temperature and salinity levels between sites with 

and without CBMs were found, but nutrient concentrations were similar.  

The species composition in samples of the deep water CBMs were compared with samples of CBMs 

at 15m depth. All CBMs had a rich species consortia of bacteria, averagely consisting out of 7821 

different species (OTUs). The composition between shallow and deep CBMs was found to be 

significantly different. Moreover, a gradient was seen in the abundances of cyanobacterial genera 

between the different locations of deep CBMs, which suggests that all deep CBMs have a 

comparable species composition with different abundances adapted to the local conditions. 

Overall, the presence of the deep CBMs seems to be related to a combination of multiple 

parameters: sufficient nutrients which are likely caused by eutrophication events, a relatively flat 

sandy bottom and low wave energy. 
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Commonly used abbreviations  

CBM  CyanoBacterial Mat 

DIN  Dissolved Inorganic Nitrogen 

DOC  Dissolved Organic Carbon 

OM  Organic Matter 

OTU  Operational Taxonomic Unit  

TDN  Total Dissolved Nitrogen  

TN  Total Nitrogen 

TOC  Total Organic Carbon 

 

 

 

Introduction 

Bonaire is known for its unique and high biodiversity of coral reefs which are relative to the 

Caribbean reefs in a good condition (Roberts et al., 2002). As a result the reefs of Bonaire are 

considered as one of the best locations for diving in the Caribbean and internationally highly 

regarded (IUCN, 2011; Johnson et al., 2015). Due to the relative good status the reefs in Bonaire are 

listed for the nomination of world heritage (Cremer & Meesters, 2012). To preserve this rank 

conservation of the reef is of main importance. Especially regarding the fact that the Caribbean area 

is degrading which began since the 1970s, with a degradation rate of hard corals from 10 up to 50% 

(Gardner et al., 2003). Compared to the rest of the Caribbean, Bonaire is still quite pristine (Cremer 

& Meesters, 2012). The main reason of Bonaire’s low degradation is the low number of inhabitants 

and the public awareness for coral reefs and their significance to the tourism. Since 1990 the 

government reactivated the Bonaire National Marine Park (BMP), which has as main task to protect 

and maintain the reefs. Area of surveillance covers the whole coastline of Bonaire and Klein-Bonaire, 

till a depth of 60m (in total 27km2). In this area fishing activities are limited and water activities are 

controlled by rangers of BMP (bmp.org). 
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Despite these efforts degradation of the reefs is still significantly observed on Bonaire. Coral cover 

on shallow reefs has diminished by 25% in the past decennia’s (Bak & Nieuwland, 1995). Primary 

causes are natural disturbances, climate change and pollution (Bries et al., 2004). The most likely 

factor of coral reef degradation at 10-20 meters is attributed by coastal development (Bak & 

Nieuwland, 1995). Human activities like poor sewage systems or insufficient waste water treatment 

results in eutrophication of the reef. This over-enrichment of nutrients is considered to be a major 

cause of decline, resulting in a shift from high coral cover with low algal abundance to a state with 

high algal abundance and low coral cover (Thacker et al., 2001; Szmant, 2002; Edwards et al., 2011). 

In this case algae are mostly used as a grouping term for fleshy algae, turf algae and microbial mats. 

Complementary to eutrophication is the increased vulnerability of the corals to natural threats like 

hurricanes and bleaching (Wilkinson, 1998).   

 

Current knowledge on the ecosystem of coral reefs generally remains limited to the top layers of the 

ocean. Deeper layers of the oceans are far less studied, while information on deep reef biodiversity 

and habitat structure is just as necessary for protecting the ecosystem and development of future 

reef policies. Especially because conditions in the deeper layers of the coral reefs can be quite 

different, for factors causing the disturbance/destruction in the shallow reefs are not as effective in 

the more stable environment of the deeper reefs (Bak & Meesters, 2005).  

 

A deep reef expedition in Bonaire organized by IMARES Wageningen UR in 2013 (Becking, 2013; 

Becking & Meesters, 2014) found surprisingly that the reef zone was followed by huge microbial 

mats on the sandy bottom. These microbial mats were located between 50 and 90 meters depth and 

are a dense assemblage of microbes which are dominated by cyanobacteria. Other microorganisms 

in such mats can be sulfur bacteria, purple sulfur bacteria and sulfate-reducing bacteria (Gemerden, 

1993; Stal, 1995; Rejmánková & Komárková, 2005; Brocke 2014). Characteristically, cyanobacteria 

contribute a large share of the biomass of the microbial mats and substantially determine the 

structure of the mat. Moreover cyanobacteria are the main primary producers and therefore the 

driving force of the mat (Paerl et al., 1996; Rejmánková & Komárková, 2000; Brocke, 2014). 

Accordingly we will refer in this study to the microbial mats as Cyano-Bacterial Mats (CBMs).  

CBMs play an important role in nutrient cycling (Rejmánková & Komárková, 2000; Brocke, 2014) 

since the cyanobacteria in mats are capable of nitrogen fixation (Brocke, 2014). Nitrogen fixation is 

the process whereby N2 is chemically reduced to NH3 which in turn can be incorporated into organic 

compounds necessary for growth and development (den Haan, 2015). Consequently the CBMs are 

also less dependent on the availability of organic nitrogen in the water, which is beneficial when 

competing other species (Thacker et al., 2001). CBMs have been found to be mainly present on 

organic matter (OM) rich sediments of coral reefs. Apparently, the OM fuels the CBM growth. 

Sediments rich in OM are a result of sedimentation of OM in the water column (Brocke, 2014). 

Herbivory of the CBM by generalist herbivores is likely to be low due to its unpalatability (Thacker et 

al., 2001; Thacker & Paul, 2001), making top-down control limited. The unpalatability is mainly 

caused by the production of secondary metabolites, which are toxic (Cohen, 1989; Thacker et al., 

2001). 

 

Since the 1990s CBMs have become significantly prominent on reefs worldwide. Those areas include 

Australia, California, Florida, Guam, Hawaii, La Reunion, New Caledonia, Taiwan and Tuamotu 

Archipelago (Brocke et al., 2015). Consequences of these dense and widespread cyanobacterial mats 
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can be significant. The reef health could be indirectly and directly affected. Reef health is affected 

directly by CBMs due to a decrease of settlement and recruitment of corals, overgrowth of corals, 

affecting the coral associated- microbial composition and by inducing bacterial pathogens to the 

corals. Indirectly the proliferation of CBMs can increase the nitrogen content in the system, which 

can consequently increase other coral competitors like macroalgae (Paul et al., 2005; Kuffner et al., 

2006; Brocke et al., 2015). Furthermore, shallow reefs encounter problems, e.g. temperature 

increase and storms, which do not occur or are less severe for deep reefs. Deep reefs can therefore 

be a potential nursery and refuge for endangered fish populations of coral and sponge species 

(Lesser et al., 2009; Bridge et al., 2013). The high amounts of CBMs found in the deep reef 

expedition by Becking & Meesters (2014) are a potential threat for these endangered species, 

making it relevant to increase our knowledge on this subject. Especially because proliferation of 

CBMs seems to be facilitated by anthropogenic impacts and climate change which are likely to 

increase (Brocke, 2014). 

 

Oligotrophic waters in limestone-based regions such as the Caribbean are known to have CBMs 

present (Rejmánková & Komárková, 2000). However, Cyanobacterial mats have not been observed 

at these deep slopes before. This raises questions why these mats occur on these locations. Water 

quality assessments in 2011-2013 did show increased nutrient levels (Slijkerman et al., 2014) which 

were above the environmental threshold levels established in the early 1990s by Bell (1992), 

indicating that these deep water CBMs could be a result of eutrophication.  

This study, which is a collaborative project between IMARES, NIOZ and UVA, was organized to 

investigate these deep-water CBMs in more detail. The aim of this project is to examine the 

geographic spread or distribution of these CBMs along the west coast of the island, what conditions 

are causing their proliferation and what the species composition of these mats is.  

 

Therefore the whole west coast of Bonaire was investigated for the presence of CBMs. Local 

conditions (salinity, temperature, light intensity, pH, conductivity) will be compared between 

locations where CBMs are present and not present. For the nutrient levels we will use the 

environmental thresholds established in the early 1990s by Bell (1992). These environmental 

threshold levels are 1 micromolecules per liter dissolved organic nitrogen (NO2+NO3+ NH4) and 0.1 

micromolecules per liter phosphorus as ortho-phosphate. Both thresholds are commonly used to 

determine eutrophic conditions in the Caribbean area (WMNA, 2007; Slijkerman et al., 2012, 

Slijkerman et al., 2014). At locations with deep water CBMs present, also shallow water CBMs were 

investigated for comparison with the deep water CBM species composition, phosphorus content, 

Total Organic Carbon (TOC) content in the water and the environmental conditions. Phosphorus 

content will give an indication of possible phosphorus limitation. The TOC content in the water is 

partly a result of the Dissolved Organic Carbon (DOC) release by the CBMs. DOC release has been 

shown to enhance reef degradation, by inducing microbe-induced coral mortality, augmenting the 

growth of pathogenic microbes and favoring the net heterotrophic metabolism (Brocke, 2014). 

Analysis of the CBMs aimed at determining the prokaryotic species composition, the dominant 

cyanobacterial species, the total cyanobacteria abundance, for both deep and shallow CBMs. 

Assumed is that CBMs from deep and shallow waters are connected by migration, which would 

suggest a comparable species composition. Results could explain the presence of the CBMs at these 

depths and may give an indication of potential future reef degradation by eutrophication. 
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Methods 

Study Site  

The sampling area included Klein-Bonaire and the west coast of Bonaire (12°11′N 68°15′W). The East 

coast of Bonaire was due to rough weather conditions and logistical problems unsuitable. Moreover 

research by Slijkerman et al. (2012) indicated far lower nutrient concentrations for the East coast 

compared to the West coast. This suggests a lowered anthropogenic impact, making occurrence of 

CBMs less likely.  

The sampling area was divided into 112 transects perpendicular to the coast, with in between the 

transects about 500 meters. Each transect started at the coast till 90m depth. These sites are 

included in long term research by Wageningen UR of the Caribbean Islands to advice in coastal and 

coral reef management. The fieldwork consisted out of two parts, the (1) mapping and the (2) 

sampling of Cyanobacterial mats. 

 

Mapping of CBMs 

Important parameters to know for the mapping is the location and the depth of interest. The 

Lowrance Elite-5 Chirp depth finder was used for this purpose. The Lowrance depth finder showed 

the depth, position and gave an indication of the slope of the bottom. Another advanced option was 

the logging of the covered track.  

 

In a previous expedition with a submarine (Becking & Meesters, 2014) the CBMs were described as 

fluffy with a thickness of about 1 cm. The mats typically follow the relief of the underlying sediment 

and the majority of bottom was covered, which can be seen in figure 1. 

 

 

 

The submarine observations indicated the CBMs of interest to grow on relatively flat sandy surfaces 

at a depth between 50 and 90 meters. After validation of these assumptions at a few transects they 

were followed in this research. A camera was dropped at several depths between 50-90 meters on 

the transects to see whether CBMs were present. Before dropping the camera it was verified with 

the lowrance depthfinder that the surface had a moderate slope, also to prevent damage and 

trapping of the equipment by coral.  

 

Figure 1. Print screen of submarine footage of CBM bottom coverage.  

   Depth of these Cyanobacterial Fields are between 50-90m. 

https://tools.wmflabs.org/geohack/geohack.php?pagename=Bonaire&params=12_11_N_68_15_W_type:isle_region:BQ
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The camera (Figure 2) consisted out of a live view camera (Seaviewer: pal 950 sea drop color 

camera), a Gopro (Hero 4 Black) and the light and motion SOLA Video 2000 F Black (2000 lumens) 

underwater lamp to increase the light intensity and retrieve the red colours characteristic for CBMs. 

The settings of Gopro were set on time-lapse 5 seconds and 12 MP. The underwatercase of the 

Gopro was modified to increase the depth limit to 100m. All this equipment was put together with a 

tripod secured on the live view camera, whereby its cable was used for lowering the construction 

into the water. The cable was measured and marked every 5 meters to give an indication of its 

depth.    

 

The live view camera was used to see whether CBMs were present and if bottom was 

reached. The Gopro photos were used afterwards to define the coverage of the 

CBMs on the bottom. The coverage was determined with a scale between 0-4 

(0=none, 1=very few, 2=little, 3=much and 4=a lot), based on qualification photos to 

make the determinations consistent (figure 5). The qualification photos were derived 

from the same Gopro pictures taken in this research.   

An extra GPS (BT-Q1000XT) was used as backup for the track log and to tag longitude 

and latitude to the Gopro photos with the freeware software GeoSetter 3.4.16. 

 

Sampling CBMs 

The second part of this research was the sampling of the Cyanobacterial mats. 

After the mapping of the CBM presence/absence, 9 transects with the highest 

CBM coverage were used as sampling sites. At these transects both shallow and 

deep water samples were taken. Deep water CBMs were collected between 50-

60 meters by professional deep-divers and shallow water CBMs were collected 

between 10-20 meters. As control three transects without deep CBMs were 

chosen, which all had flat sandy surfaces. 
 

Sampling of CBMs was done in both shallow and deep water in triplicate, with at least 1m between 

the samples. A surface area of about 15x15cm of the CBM and 2 water samples of each 100mL (BD 

Plastipak squirt) were sampled. One water sample was taken 0.1m above the CBM while a reference 

monster was taken 5 m above the CBM (Figure 3). Sampling of CBM surface was difficult due to the 

delicate structure of the CBMs. The best way appeared to sample the CBM with a fork, shortly sieve 

the sample with a strainer to remove sand and conserve the samples in a plastic ziplock bag. To 

decrease the high amount of sand that the samples contained, CBM parts were picked out 

afterwards with tweezers.   

  Figure 3. Sampling sites for each of the 9 transects with high CBM coverage. 1) Shallow water samples 10-20m.   

    2) Deep water sample 50-60m. R1 and R2 are the reference samples, 5m above the reef or sea bottom.  

    All sampling was performed in triplicate. 

 

Figure 2. The camera used for 

mapping the CBMs. 1) Gopro Hero 

4. 2) Seaviewer: pal 950 sea drop 

color camera. 3) SOLA Video 2000 

underwater lamp. 4) Tripod. 
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CBM-tissue samples were divided for the following analyses: DNA, pigments & phycobilisomes, CNP 

ratio and stabile isotope analyses. Also a part was preserved in Lugol’s Iodine, which made a visual 

check afterwards possible if necessary. DNA samples were topped with >98% molecular ethanol, 

wrapped in aluminum foil and stored in the fridge at 4°C. Pigments & phycobilisomes and CNP ratio 

samples were stored in the freezer at -20°C. Lugol samples were wrapped in aluminum foil and 

stored together with the DNA samples in the fridge at 4°C. 

 

Water samples 

The BD Plastipak squirts were rinsed three times before sampling. Each water sample was divided 

over two 5 mL ponyvials for nutrient measurements (Packard, Canberra) and a Total Organic Carbon 

& Total Nitrogen (TOC&TN)-vial. Before filling the nutrient tubes the water was filtered over a 0.2 

µm filter (Acrodisc). The nutrient tubes were pre-rinsed three times with the filtered water before 

taking the actual sample. Nutrient samples were stored at -20°C (Dore et al., 1996). Nutrients 

measured were PO4, NH4, NO3, NO2, tN and tP. TOC&TN tubes were already pretreated (tubes 

heated in a 500 degrees oven for 4 hours and tops cleaned in a 0.1M HCL solution) and were filled 

without filter or pre-rinsing. About 12 drops of 37% HCL were added to the TOC&TN samples. 

TOC&TN samples were stored in the fridge at 4°C.  

 

For the controls three water samples were collected with a niskin bottle at 60 meters depth at about 

5 meters above surface to not disturb the sediment (the niskin bottle had no depth indicator, so 

depth was estimated by the cable length of the winch). The same procedures as described above 

were performed to obtain the nutrient and TOC&TN samples.  

 

Light measurements 

Water properties and light quantity and quality were determined at the sampling locations the day 

before or after the sampling, to keep variation in time as small as possible.  The Hydrolab DS5 

(Multiparameter Data Sonde) was used to measure the salinity (ppt), depth (meters), pH, 

Conductivity (mS/cm) and PAR (µE/s/m²) over a depth profile. PAR was used to calculate the 

extinction coefficient (k=ln(Iz/I0)/z). The Hydrolab was programmed to measure every 30 seconds. 

The light spectrum was measured using the RAMSES-ACC-VIS (TriOS optical sensors). RAMSES 

measures the light intensity between 320-950 nm wavelength. At each transect measurements were 

done near the coast with a maximum depth of 20 meters and further from the coast at around 65 

meters depths. Measurements of both the Hydrolab and RAMSES were taken every half meter till 2 

meters depth, every meter till 10 meters depth, every 2 meters till 20 meters depth and every 5 

meters till bottom. A similar depth profile was measured again when the Hydrolab or RAMSES were 

brought up. Both measurements were likewise performed at the three control locations (without 

CBMs) where the depth was about 60 m.  

Sampling of the deep water CBMs was done in the morning between 9 and 10 am, while the shallow 

water CBMs were sampled in the afternoon between 3 and 4 pm. To take this into account the 

Hydrolab was set to measure the surface PAR (µE/s/m²) during sampling days, which enabled us to 

interpolate the Hydrolab and RAMSES data to the time of sampling.  

 

Samples transport 

Transport of the samples from Bonaire to the Netherlands was conducted with bio-freezers which 

remained frozen (nutrients and pigment/phycobilisomes/CNP samples) during the complete 
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transport period. The biofreezers were kept in styrofoam boxes which were packed with extra ice 

packs and isolation material. The samples from the fridge were kept outside the bio-freezers but in 

isolation material to keep the temperature as constant as possible.  

 

DNA isolation 

The DNA samples were used to identify the prokaryotic species composition of the Cyanobacterial 

mats. Isolation of DNA was performed with the MO BIO laboratories Inc. PowerSoil®DNA Isolation Kit 

(12888). Samples were first centrifuged for 2 minutes at 10 000 x g and ethanol was removed. About 

0.5 gram of sample was taken and dried in the centriVap Concentrator LABCONCO at a temperature 

of 30 degrees, with a heater time of 10 minutes and 15 minutes run time. Samples were prepared 

according to the protocol of the PowerSoil®DNA Isolation Kit, with minor modifications. Instead of 

vortexing the PowerBead tubes a Beadbeater was used for 30 seconds. Also the final step, the 

addition of 100µLSolution C6 (10mM Tris) was changed to 50µL to keep the DNA concentrated. After 

DNA extraction 25µL was immediately stored in the freezer at -20°C and 25µL was used for 

controlling the DNA quality and determining the DNA concentration. To control for quality the 

extracted DNA with 6x loading buffer (Thermo Fisher Scientific) was run for half an hour on a 1% 

agarose 1xTBE gel with ethidium bromide to visualize the DNA on a UV-transilluminator.  

 

DNA sequencing 

DNA concentrations were determined using the Qubit® dsDNA BR Assay Kit (Thermo Fisher Scientific 

Q32850) and the QubitR 2.0 Fluorimeter (Introgen, Carlsbad, CA). All samples were analyzed by 

Molecular Research LP MR. DNA (Shallowater, Texas). This research laboratory preferred a 

concentration of 20ng/µL in 20µL. For easier shipment it was decided to dry the samples, 

consequently 400ng was the desired amount of DNA. DNA samples were dried in the Rotational 

Vacuum Operator (Salmenkipp VC 2-25 CD PLUS). As sequencing method the Illumina sequencing 

was chosen on an Illumina PE Miseq 2x300bp platform. Primers used were S-D-Bact-0341-b-S-17, 5′-

CCTACGGGNGGCWGCAG-3′ and S-D-Bact-0785-a-A-21, 5′-GACTACHVGGGTATCTAATCC-3, which according to 

Klindworth et al. (2012), is the best primer pair for 16S amplicon sequencing of Bacteria.  

 

Phosphorus content  

To determine the phosphorus content the amount of PO4 was determined measuring extinction 

levels of dissolved CBM samples. About 100mg freeze-dried CBM material was dissolved in 1mL MQ. 

To remove the PO4 from the organic material 0.2mL 5% K2S2O8 was added. After vortexing the 

sample was heated at 100°C for one hour on a heatblock and afterwards shortly centrifuged to 

separate the organic material from the supernatant. As calibration curve a stock solution of 10g/L 

K2HPO4 was used to make the following concentrations: 0, 0.1, 0.2, 0.5, 1, 2 and 5 mg/L PO4. 

A mastermix was prepared in a ratio of 7.2 µL 10 N sulfuric acid solution, 30 µL molybdate solution, 

12 µL 2% ascorbic acid solution and 0.8 µL mQ for each sample. Subsequently a microtiterplate was 

filled with 60µL of mastermix in each well and 240µL sample (1/10 dilution) or calibration sample. 

After 15 minutes of incubation at room temperature, extinction rates were measured with the 

SPECTROstarnano photanol plate reader with a monochromator (BMG labtech, Isogen life Science) at 

840nm (absorption value of 840nm was determined beforehand with the AMINCO Ollis DW2000 

conversion UV-VIS spectrophotometer, see Appendix). All samples and calibration curves were 

measured in duplo. 
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Nutrients, DOC&TDN, TOC&TN, phycobilisomes & pigments  

All nutrients samples were analyzed by Sharyn Ossebaar at the NIOZ (Royal Netherlands Institute for 

Sea Research) at Texel. In this study the environmental thresholds determined by Bell (1992) are 

used. These include for PO4 and DIN content the following values; 1 micromolecules per liter 

dissolved organic nitrogen (NO2+NO3+ NH4) and 0.1 micromolecules per liter phosphorus as ortho-

phosphate. Above these values reefs are considered eutrophic. 

DOC&TDN and TOC&TN samples were analyzed by Santiago Gonzales at the NIOZ. The 

phycobilisomes and pigments together with the Ramses data were analyzed and examined by 

Renate van Zanten, fellow master student of the UVA.  

 

Statistical analysis 

Statistical analyses of water samples data was performed using IBM° SPSS Statistics Version 2. Used 

was the non-parametric Mann-Whitney U test. It has to be noticed that the power of this test is not 

as strong as of parametric tests. For the species composition data the freely-available software R 

was used (Haka & Gentleman, 1996). In order to determine the difference in species composition 

between shallow and deep CBM samples a cluster analysis was constructed, using pvclust. Pvclust is 

used to analyze the uncertainty in hierarchical clustering, calculating P-values via multiscale 

bootstrap resampling. The distance is determined by the Binary method, a method which is 

disregarding the abundances of the OTUs. An advantage of this method is that gene copy numbers 

are not taken into account (larger cells could have a higher amount of genes) (Farrelly et al., 1995; 

Zhu et al., 2005). Two types of P-values are provided, Approximately Unbiased (AU) and Bootstrap 

Probability (BP). The AU P-value is less biased and therefor of interest (Suzuki & Shimodaira, 2006). 

 

Bathymetric chart 

A bathymetric chart was plotted for depth indication. Using the Lowrance depthfinder the results 

were far more precise than previous measurements.  For this chart each transect was covered from 

about 2 m to 100 m from the coast (West side Bonaire and Klein-Bonaire), while the next transect 

starting point was reached diagonally. The distance of 500m between transects was too large to 

interpolate. Therefore the whole coastline was covered twice, the second time the sailing route was 

in-between the transects from the first crossing. Interpolation of the data to retrieve the 

bathymetric chart was performed by Erik Meesters using ReefMaster Sonar Viewer 1.0.31 

(http://reefmaster.com.au/). 

 

Pollution locations 
Another part of the project was the assessment of potential polluting areas. Earlier observations 
indicated water in salina’s, harbours and near factories as a possible source of pollution to the reef.  
Higher amounts of salinity, higher temperatures and accumulated nutrients were expected in these 
waters, but these expectations were never quantified before (Slijkerman et al., 2012; Slijkerman et 
al., 2014). In this project the following locations were sampled: Lake Goto (the dam), Salina tam, 
Salina Frans, Plaza harbor, Outflow salt lake (Tori’s reef), Pekelmeer, Yacht harbor, Salina Slagbaai 
and Salina Klein-Bonaire (Figure 4). Of these locations both harbors are in direct contact with the 
reef waters, for the outflow of Salt Lake the water contact depends on the waterlevel. In each of 
these locations temperature and conductivity was measured and nutrient and Dissolved Organic 
Carbon&Total Dissolved Nitrogen (DOC&TDN) and Total Organic Carbon&Total Nitrogen (TOC&TN) 
samples were taken in triplicate. Nutrient samples (5mL ponyvials, Packard Canberra) were taken for 
tN&tP and PO4, NH4, NO3 & NO2 measurements. Nutrient tubes were pre-rinsed three times with 0.2 
µm filtered water before filled and stored in the freezer at -20°C. DOC&TDN samples were filled with 
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0.2µm filtered water and TOC&TN samples with unfiltered water (DOC&TDN and TOC&TN tubes had 
been pretreated in a 500°C oven for 4 hours). About 12 drops of 37%HCL were added to the 
DOC&TDN and TOC&TN samples. DOC&TDN and TOC&TN samples were stored in the fridge at 4°C. 
 
 

 
   Figure 4.  Potential pollution locations. Contact with the coral reef water is likely to occur after  
    heavy rainfall or by groundwater leakage.   
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Results 

Abundance deep CBMs 

Abundance of CBMs was determined by analyzing the photos of 50-90m depth derived by the drop 

camera. As classification of the Cyanobacteria quantity 5 different scales were used (0=none, 1=very 

few, 2=little, 3=much and 4=a lot), based on selected qualification photos (Figure 5). Together with 

the quantification of CBMs the bottom surface was described, regarding; sandy, rocky and flatness of 

the sea bottom. 

 

 
 

Only the locations with a CBM quantity of 2-4 were considered to contain an adequate amount of 

Cyanobacteria to be used for sampling. All transects with their corresponding quantities (green=0 

and 1, blue=2, pink=3 and red=4) can be seen in Figure 5. All locations with substantial amounts of 

CBMs did have flat and sandy sediments, while a considerable amount of transects with none/very 

few amounts of CBMs (=0 or 1) had as soil composition rubble/rocks or had a steep slope.  Also some 

transects were found with a flat sandy bottom and none/very few cyanobacteria. Transect 126 had a 

sandy bottom on the Gopro photos, however when taking samples much rubble like calcium 

carbonate skeletons and small macroalgae was observed. 

 

Figure 5. Qualification photos of CyanoBacterial 

Mats. All pictures were obtained with the drop 

camera. A) 0=none; B) 1=very few; C) 2=little; D) 

3=average; and E) 4=a lot. 

A 

C 

E 

B 

D 
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All transects with lot of CBMs (4) were found clustered near Kralendijk. One transect with much 

CBMs (3) was found near the Pekelmeer. All other transects with CBMs contained little amounts of 

CBMs and were not clustered. At Klein-Bonaire only one transect contained low abundances of 

CBMs, on the western tip of the island. Due to the grouping of sites 26 to 32 it was decided to skip 

the in-between transects to use as sampling sites. This allowed the sampling of other interesting 

locations with fewer CBMs (126, 49). Chosen as sampling sites were 15, 24, 26, 28, 30, 32, 35, 49 & 

126. These sites contained enough CBMs and were logistically feasible.  

 Figure 6. A top view of Bonaire including all the transects with a schematic view of their deep water CBM quantities  

  (45-90m). Green: no/very few CBMs, Blue: little CBMs, Pink: average CBMs and Red: a lot CBMs. Blue, pink and  

  red icons have been enlarged.
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Double Reef 

Not visualized in Figure 6 was the double reef. This double reef was found in front of the Cargill salt 

ponds from transect 15 up to 23. This part of the reef had a flat sandy surface at about 20-30meters. 

CBMs quantities of 2-4 (little-a lot) were found, however at the time of sampling (one month later), 

all CBMs were gone. At transect 22 some CBM remains were found and water-CBM samples were 

taken. Many garden eels were observed (figure 7) which were not visible on the Gopro photos taken 

while mapping. 

Figure 7. Garden eels found while sampling transect 22. When trying to sample the earlier observed CBMs at transect 22  

  no CBMs were found. However many garden eels were seen which might have influenced the necessary  

  conditions for CBM abundance. Encircled are some of the garden eels. 

 

Photosynthetic Active Radiation (PAR)  

The Photosynthetic Active Radiation (PAR) during the day was measured for multiple days. These 

results have been averaged and are plotted in Figure 8. The release of dissolved organic carbon is 

dependent on the amount of sunlight (Brocke, 2014). When sampled at different time points, the 

amount of PAR can differ, resulting in a different DOC release. In this research deep water samples 

were taken at 9-10am and shallow water at 15-16am. The average PAR between 9-10 am amounted 

to 3404µE/s/m² and between 15-16pm to 3414µE/s/m². So the interpolation is about 1, which 

indicates that no interpolation was necessary for the data. It must be noted that the dose of light 

before measurement can be of importance too, which is of course higher for the measurements 

taken in the afternoon. 

Figure 8. Average of the daily Photosynthetic Active Radiation (PAR). The PAR was measured on multiple days (n=7).  

  Days included are: the 4th,5th,10th,13th,14th,16th, and 17th of May 2015. 
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Nutrients 

Nutrient concentrations that were measured were PO4, NH4, NO2 and NO3. The nutrients NH4, NO2 

and NO3 were summed to retrieve the Dissolved Organic Nitrogen value (DIN). Ammonium had the 

highest concentration in the DIN pool. Averages were taken from the triplicate measurement on 

each transect. In Figure 9 it can be clearly seen that the three controls differed greatly from each 

other in nutrient concentrations. In general, transect 39 had the highest, 44 moderate and 56 the 

lowest amounts of nutrients. All measurements were below the threshold for PO4 and DIN. The only 

exceeding level was found for control C39 with a DIN value of 2.75µmol/L and a PO4 value of 

0.13µmol/L. 

No significant difference was found between the concentrations just above the deep water CBMs 

and the controls (PO4 p= 0.515, DIN p=0.405). Most transects had a higher load of nutrients at 0.1m 

compared to the reference samples at 5m above the bottom. This difference is not significant for the 

deep water CBMs, but is significant for the shallow water CBMs (PO4= 0.027±0.003 and reference 

sample 0.018±0.002, p= 0.000; DIN= 0.654±0.303 and reference sample 0.355±0.097, p=0.002). A 

significant difference was also found between deep water CBMs (0.1m) and shallow water CBMs 

(0.1m), where shallow water samples had higher nutrient levels for PO4 (p= 0.023±0.0083 and 

shallow sample 0.027±0.003, p=0.046) and DIN (= 0.405±0.147 and shallow sample 

0.654±0.303,p=0.015).  
 

 

Figure 9. Nutrient quantities measured for the transects with CBMs and the three controls without CBMs. Nutrient  

  concentrations were measured at the shallow and deepwater sampling sites at 0.1m of the bottom and as a  

  reference samples were taken at 5m. The controls were obtained with a niskin bottle. A) PO4, B) DIN  

  (NO2+NO3+ NH4). Y-axis is in logarithmic scale. Error bars represent ± 1 standard deviation (n=3). 

 

TOC&TN samples 

Total Organic Nitrogen (TON) was calculated by subtracting the Dissolved Inorganic Nitrogen (DIN; 

NH4,NO3&NO2) values of the total nitrogen values (Figure 10). No specific trend can be seen for the 

Total Organic Carbon between shallow and deep, nor between transects with and without CBMs. 

Mann-Whitney U test showed that the differences were not significant (no CBM ~ deepwater CBM 

p=0.814, deep CBM ~ shallow CBM p=0.691). For the total organic nitrogen it might be expected to 

have a higher nitrogen concentration for locations with CBM presence due to nitrogen fixation. But 

no significant difference was found for the total organic nitrogen compared to control (p=0.814). 

Also no significant difference was observed between deep water or shallow water and the reference 

samples at 5m (p=0.691 & p=0.402). 
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Figure 10. Total Organic Carbon and Nitrogen concentrations. The total organic carbon and nitrogen were measured for  

  the shallow and deepwater sampling sites at 0.1m above the bottom and the reference samples at 5m above the  

  bottom. The controls were obtained with a niskin bottle a few meters above ground. A) Total Organic Carbon. B) 

  Total Organic Nitrogen, calculated by subtracting the Dissolved Inorganic Nitrogen values (DIN; NH4,NO3&NO2) of 

  the total nitrogen values. Error bars represent ± standard deviations (n=3). 

 

P content in CBM tissue 

 Phosphorus content of the CBMs ranged from 0.049-0.410% (figure 11) (488-4102µg P/g ash free 

dry weight). No significant difference was observed between phosphorus contents of deep and 

shallow CBMs (p=0.566). The deep CBMs phosphorus content was on average 0.129% and for 

shallow CBMs 0.107% of the organic CBM tissue. The deep water CBMs sampled at transect 126 had 

the highest phosphorus content. This result corresponded with the P levels found at this location, 

which was also one of the highest compared to the other transects.  

 
Figure 11. Phosphorus content in CBM tissue in percentage of the ash free dry weight. No difference in phosphorus  

  content could be observed between deep and shallow CBMs. Error bars represent ± standard deviations (n=3). 

 

Environmental variables 

Table 12 displays the environmental variables for the deepwater locations with CBMs and the 

controls. Averages of two measurements at a depth of 60m were taken, which was roughly the 

sampling depth of the deep CBMs. A significant difference between sites with CBMs and controls 

was found for temperature (25.555±0.875 and control 26.587±0.218, p=0.033), conductivity 

(52.656±0.295 and control 52.267±0.058, p=0.040) and salinity (34.771±0.205 and control 

34.499±0.029, p=0.033).  
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As depth 60m was taken which is the average depth the CBMs were sampled. No significant 

difference was found for the extinction coefficient, which indicates that the transects with and 

without CBMs are comparable in light transmissivity. 

 
Table 12. Hydrolab results for the different transects with CBMs and the three controls. An average was taken from two  

  measurements at 60m depth. About 60m is the depth of sampling for the deepwater CBMs. The extinction  

  coefficient k was measured using the formula ln(Iz/I0)/z. Standard deviation n=2. 

 
 

Illumina sequencing  

After isolation, the DNA of the CBM samples was extracted and analyzed with the next generation 

2x300 PE Miseq 16S Illumina sequencing (MrDNA, Texas). Analyzation was successful for 51 samples 

(See appendix for sample numbers and corresponding locations). Of these samples 25 represented 

the shallow CBMs (S) and 26 the deep CBMs (D).  

 

First step of analyzing was the singleton removal. All samples were summed up for each Operational 

Taxonomic Unit (OTU). All OTUs with 0 or 1 were removed, reducing the possible chimera’s. A total 

of 34583 OTUs remained, with an average for each sample of 7821 OTUs (possible species). The 

most prominent OTU was for both deep and shallow waters of the Cyanobacteria phylum. The deep 

water samples had as most prominent species Phormidium terebriforme, which had a 5 times higher 

OTU abundance than the second highest OTU. The shallow water samples had as most frequent OTU 

Oscillatoria spp., which was present twice as much as the second highest OTU.  

 

An OTU abundance table was calculated, indicating the percentage of rare and abundant OTUs 

present for each sample (Figure 13). An OTU is considered rare when the abundance is lower than 

1% of the sum of all the OTUs. It is clearly visible in figure 13 that the majority of the composition 

consist of rare OTUs. Almost for all samples (except for 34&35) more than 60% is composed of rare 

OTUs. No difference was observed for the deep (D) and shallow (S) samples in abundant/rare OTU 

abundance (P=0.366). 

Location SpCond [mS/cm]

15 26.07 ± 0.000 7.46 ± 0.007 52.50 ± 0.000 34.68 ± 0.007 -0.066 ± ±0.00

24 25.81 ± 0.262 7.43 ± 0.007 52.40 ± 0.141 34.58 ± 0.092 -0.069 ± 0.000

26 26.28 ± 0.099 7.64 ± 0.000 52.45 ± 0.071 34.62 ± 0.035 -0.066 ± 0.001

28 24.46 ± 0.021 7.54 ± 0.007 53.00 ± 0.000 35.02 ± 0.007 -0.082 ± 0.000

30 24.49 ± 0.007 7.53 ± 0.014 53.00 ± 0.000 35.01 ± 0.007 -0.066 ± 0.000

32 24.38 ± 0.007 7.26 ± 0.000 53.00 ± 0.000 35.01 ± 0.007 -0.069 ± 0.000

35 25.73 ± 0.403 7.37 ± 0.014 52.65 ± 0.212 34.75 ± 0.156 -0.067 ± 0.002

47 26.58 ± 0.000 7.45 ± 0.000 52.20 ± 0.000 34.47 ± 0.000 -0.076 ± 0.001

126 26.22 ± 0.000 7.45 ± 0.000 52.70 ± 0.000 34.83 ± 0.007 -0.078 ± 0.000

C39 26.50 ± 0.000 7.35 ± 0.007 52.30 ± 0.000 34.51 ± 0.007 -0.078 ± 0.002

C44 26.43 ± 0.007 7.44 ± 0.007 52.30 ± 0.000 34.51 ± 0.021 -0.071 ± 0.004

C56 26.84 ± 0.007 7.33 ± 0.000 52.20 ± 0.000 34.46 ± 0.007 -0.068 ± 0.000

Temp [°C] pH [Units] Sal [ppt] K
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Figure 13. Percentage of rare and abundant OTUs for the different samples. OTUs are considered rare when the  

  abundance is lower than 1% of the total amount of OTUs per sample. Name of each bar is the location, Deep (D) 

  or Shallow (S), the specific sample and the total amount of OTUs.   
 

In order to determine the difference in species composition between shallow and deep CBM 

samples a cluster dendrogram was constructed (Figure 14). Two clear clusters can be observed, one 

with all the shallow samples and the other with all the deep samples. An AU p-value of 100 is 

observed, indicating that the data is strongly suggesting these clusters. Using the function seplot it 

can be seen that the highest standard error of the AU-value is only small (Appendix, <0.06). 
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Figure 14. Hierarchical clustering of 51 CBM samples using binary distance. The data are species composition of deep and  

  shallow CBM samples. In front of the sample names are the corresponding locations. S=shallow, D=Deep. 

  Number at the nodes indicate bootstrap values for 1000 replications. AU= Approximately Unbiased probability,  

  BP=Bootstrap Probability. The AU P-value is less biased and of interest. Clusters with red rectangles have an AU  

  value of 95% or larger, which indicates that the clusters are strongly supported by the data.  

 

Another method to see the clustering is the Multidimensional Scaling (MDS). MDS visualizes the level 

of similarity of the individuals. Unlike a dendrogram, MDS is using the abundance of the different 

OTUs in its calculations instead of the binary presence/absence. Subsequently MDS does not 

produce hierarchical clusters but two dimensional plots in which the samples are spread according 

to their relatedness (figure 15). 
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 Figure 15. MultiDimensional Scaling of the species composition. The two different groups indicate the different  

  relatedness in species composition between Deep and Shallow CBMs. Black=Deep CBMs, Red=Shallow CBMs.  

  First number is the location, second number the sample number. Stress is 0.139 with procrustes: rmse 0.001  

  max. resid. 0.006. 

 

The corresponding results of both the dendrogram and MDS plot strongly suggest a difference in 

species composition for the deep and shallow CBMs. An Analysis of Similarity (ANOSIM) was 

performed to test the significant difference between the species composition of the Deep and 

Shallow CBMs. A significant difference of P=0.001 was found with R=0.788. 

 

 

As mentioned earlier the most frequent observed OTU is derived from the Cyanobacteria phylum. 

However calculating the Cyanobacteria/Bacteria ratio a higher abundance is observed for the 

Bacteria (see Appendix). Figure 16 presents the relative abundance of the genera of the Bacteria 

(without cyanobacteria). Taking a closer look to the Bacteria it can be seen that the most dominant 

genus for deep CBMs is Persicirhabdus (abundance 5.9%) and for shallow CBMs Prosthecobacter 

(abundance 6.0%). However overall it is clearly visible that CBMs are a collection of many different 

Bacteria genera, which corresponds to the results of the OTU abundance table (Figure 13).  
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Figure 16. Relative abundance of the Bacteria genera. Cyanobacteria are not presented. Compared to the cyanobacteria, 

  the bacteria occupy the majority of the CBM samples. Visualized are the genera present with an abundance of  

  2.5% or higher. The remaining Bacteria genera (<2.5%) are summed up in the group remaining. D=deep CBMs,  

  S=shallow CBMs.  

 

The Cyanobacteria are of the most interest in this research. Averaged the Shallow CBMs had a total 

abundance of 7.9% Cyanobacteria, which is significantly less compared to the Deep CBMs with a 

total of 18.1% Cyanobacteria (P=0.000). Thereby a difference can be observed in composition of 

cyanobacteria genera between deep and shallow CBMs (figure 17). 
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 Figure 17. Relative Abundance of all genera within the Cyanobacteria Phylum. The group ‘remaining’ is the sum of all  

  cyanobacteria genera lower than 2.5% in the original samples. D=deep CBMs, S=shallow CBMs. Sample size  

  D=26& S=25. 

 

To test whether the genera were significantly different between Deep and Shallow the non-

parametric Kruskal Wallis H-test was performed, an extension of the Mann-Whitney U test. The 

Deep CBMs had significantly higher relative abundance of Staniera (P=0.012), Symploca (P=0.042), 

Synechocystis (P=0.000) and Xenococcus (P=0.000) and a significant lower abundance of 

Synechococcus (P=0.000), Trichodesmium (P=0.040) and Wilmottia (P=0.004). None of the genera 

had comparable abundances. 

The abundances of the different genera in each sample can be nicely visualized through a heatmap 

(Figure 18). The high abundance of Xenococcus in most of the deep CBMs is clearly visible. 

 

Figure 18. Heatmap of the different abundances of the Cyanobacteria genera. All genera with a presence lower than 2.5%  

  are not visualized. D=deep, S=shallow.  
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To compare the locations, all samples were averaged per location. Figure 19 shows the locations in 

the same order as their position along the coast. Location 126 is located on Klein-Bonaire. The deep 

samples display a gradient in genera composition along the coast. The amount of Xenococcus is 

increasing in abundance closer to Kralendijk, while in particular Trichodesmium is decreasing. 

Location 49 and 126 are the most different in this gradient, but these locations are likewise the most 

remote. This gradient is not observed for the shallow CBM samples.  

 

 

 Figure 19. The relative abundance of genera within the Cyanobacteria Phylum per location. A) Deep CBMs. B) Shallow  

  CBMs. Bars from left to right are in order of the coastline from South to North. Location 126 is on Klein-Bonaire.  

  Sample size 2-3. 

 

The observed gradient corresponds with the results from the cluster dendrogram (figure 14). When 

observing the grouping of the deep samples we can see a clustering of the samples taken at their 

locations. A clear cluster separation can be seen between samples from location 

15,24,26,28,30,32,35 and 49(sample D51,D52,D53),126(sample D57,D58,D59).  

 

A MDS plot was made with the relative cyanobacterial abundances (Figure 20) to control the 

observed gradient. In the MDS plot it can be seen that locations 15 till 35 have a comparable 

coordinate-2 value. Location 126 and 49 differ the most in relative cyanobacterial species 

composition compared to the other deep locations, 49 having a comparable composition as the 

shallow water CBMs.
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Figure 20. MultiDimensional Scaling of the relative cyanobacterial species composition. A MDS plot was made with only  

  the cyanobacterial species to control for the gradient found in figure 19. Black=Deep CBMs, Red=Shallow CBMs.  

  First number is the location, second number the sample number. Stress is 0.110 with procrustes: rmse 0.0.000  

  max. resid. 0.002. 

 

Bathymetric Chart 

This Bathymetric chart is the first accurate depth chart of Bonaire (Figure 21). The depth chart 

includes depths from about 2 to 100 meters of the coast for the west side of Bonaire and Klein-

Bonaire. The chart clearly shows the depth differences and the additional gradient of the bottom, 

which could potentially influence the presence of the CBMs. 

 

 
Figure 21. Part of the Bathymetric Chart. Mapped are the depths of the west side of Bonaire and Klein-Bonaire.  

  Interpolation of the data was performed by Dr. H.G.W. Meesters.  
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Pollution locations 

Table 22 shows the measurements of the pollution locations. All locations, except for Pekelmeer and 
Outflow Salt Lake, had values above the 0.1µmol/L threshold for phosphate. The highest phosphate 
level was observed at the salina at Klein-Bonaire. Also all DIN values were, except for Salina Frans, 
Plaza Harbour and Pekelmeer, above the environmental threshold of 1.0µmol/L. The highest DIN 
level was observed for at the dam of Lake Goto. The TOC and TON values differ largely for the 
various locations, with the highest values for the salina at Klein-Bonaire. Of all locations only 
Pekelmeer had both DIN and PO4 levels below the environmental threshold. 
 
Table 22. Measurements of various pollution parameters at the potential pollution locations. Measured are conductivity,  
  PO4, NH4 NO2+NO3, DIN (NH4+NO2+NO3). Results indicate all locations as potential polluters for the reef except  
  for Pekelmeer.   

  
 

 

Discussion 

The aim of this project was to investigate the distribution of deep water CBMs along the west coast 

of Bonaire and Klein-Bonaire, to understand the environmental drivers and to determine the species 

composition of these deep water CBMs. Differences in temperature and salinity were found 

between deep water locations with CBM present and controls. Species composition was significant 

different for the deep and shallow locations, moreover all cyanobacteria genera differed significantly 

in abundances. 

 

Results presence 

Overall the results from this study revealed that CBMs were mainly present around Kralendijk. 
Further at transect 15 a significant amount of CBMs was found and some sparser CBMs at transect 
49, 72, 85 and 126. All locations had a relatively flat sandy bottom, however when sampling it was 
observed that transect 126 had more rubble like calcium carbonate skeletons and macroalgae 
growth. Next to the deep CBMs, significant amounts of CBMs were found at the double reefs around 
30m (transect 15-23). However these CBMs had disappeared at the time of sampling. 

Results environmental conditions 

It was expected to find higher nutrient levels at the locations with CBMs present. However nutrient 
measurements (PO4, NH4, NO2 and NO3) at locations with and without CBMs indicated no significant 
differences. Moreover, the opposite was found for control C39 which had nutrient levels far higher 
than the locations with CBMs present. Control C44 had comparable nutrient levels and control C56 
had lower nutrient levels. TOC and TON results were comparable between deep water CBMs and the 

Goto dam 172.77 ± 1.570 0.15 ± 0.026 37.14 ± 7.092 1.27 ± 0.904 38.41 ± 7.989 2408.49 ± 134.942 247.74 ± 12.745

Salina Tam 108.90 ± 0.400 0.39 ± 0.153 1.20 ± 0.165 0.37 ± 0.153 1.57 ± 0.288 5237.35 ± 136.129 274.17 ± 10.295

Salina Frans 103.50 ± 2.784 0.11 ± 0.054 0.68 ± 0.240 0.26 ± 0.054 0.94 ± 0.294 1795.83 ± 176.399 189.38 ± 15.833

Plaza harbour 53.73 ± 0.208 0.17 ± 0.009 0.85 ± 0.137 0.80 ± 0.044 1.64 ± 0.146 105.44 ± 10.023 6.15 ± 3.160

Outflow salt lake 

(Tori's reef)
60.23 ± 0.058 0.01 ± 0.000 1.69 ± 0.086 0.74 ± 0.044 2.43 ± 0.109 220.23 ± 8.588 14.21 ± 1.522

Pekelmeer 61.97 ± 0.058 0.01 ± 0.000 0.41 ± 0.027 0.13 ± 0.014 0.55 ± 0.041 246.54 ± 23.611 15.09 ± 4.252

Yacht harbour 54.07 ± 0.289 0.15 ± 0.048 1.20 ± 0.467 1.25 ± 0.590 2.45 ± 1.020 94.04 ± 2.070 7.93 ± 1.834

Salina Slagbaai 58.03 ± 0.802 0.44 ± 0.006 3.32 ± 0.862 3.88 ± 0.545 7.20 ± 0.321 117.54 ± 25.874 15.54 ± 2.693

Salina Klein Bonaire 186.10 ± 1.273 1.25 ± 0.135 15.27 ± 0.586 8.76 ± 0.129 24.03 ± 0.506 40649.71 ± 289.735 1892.14 ± 52.684

TN (µM)
Conductivity 

(mS)
PO4 (µmol/L) NH4 (µmol/L)

NO3+NO2 

(µmol/L)
DIN (µmol/L) TOC (µM)
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controls. Light profiles indicated no difference in light transmission. However a difference was found 
for temperature and salinity. Temperature was lower, while salinity was higher for the locations with 
CBMs. Measurements with the lowrance depth finder resulted in a Bathymetric chart, which 
revealed that a large part of the coastline were no CBMs were found its slope has a high gradient. 
CBMs were constrained to locations without a steep slope. 
The measurements at the potential polluted locations did show that all locations are above the 
environmental threshold levels for PO4 or DIN except for the Pekelmeer. These measurements 
proved that all locations (except Pekelmeer) could indeed pollute the reef with excess nutrients. 

Results species composition 

The Illumina sequencing gave an exceptionally high number of 34583 OTUs, of which 81% were rare 

OTUs which had an abundance lower than 1%. On Average a sample contained 7821 species. The 

most prominent OTU was for both shallow and deep CBMs of the Cyanobacteria phylum. Comparing 

the deep and shallow CBM species composition clearly two different clusters were observed; Deep 

and Shallow were for multiple methods contrasting in species composition.  

It was expected to see a high Cyanobacteria abundance in the samples. However for deep samples 

only 18% of the sample and for the shallow samples 8% contained Cyanobacteria. In the 

Cyanobacteria phylum a difference was observed between deep and shallow for the different 

genera. If samples were averaged for locations in which they were sampled, a gradient was seen for 

the deep CBMs along the coast. This gradient was supported by the clustering dendrogram (figure 

14). Locations closer to each other were located on the same branches of the dendrogram, 

indicating a more similar species composition. This gradient was not as clear in the MDS plot with 

the cyanobacteria species.  

Nutrient levels 

It was expected to see nutrient levels above the environmental threshold. The relative low nutrient 

leves could indicate two things: (1) eutrophication is not occurring or (2) all nutrients are already 

taken up and transferred to biomass. It is important to note that results obtained for this experiment 

are liable to temporial variation. All nutrient measurements were taken in two weeks and only once 

for each location. Gast et al., (1999) reported temporal changes in nutrient levels within one week, 

indicating the constant flux of nutrients. Moreover nutrient levels are susceptible for the time of the 

year (plankton blooms), weather dependent (raining season increases the nutrients runoff) and are 

influenced by uptake by the CBMs, corals and algae (Szmant, 2002; Vermeij et al., 2010; Slijkermans 

et al., 2014). Results from studies with long term nutrient measurements indeed demonstrated 

temporal variation for the DIN values. In a study by Slijkermans et al., (2014), which covered both 

dry and rainy season to observe temporal variation, DIN values were exceeding the environmental 

threshold near Kralendijk and in the southern part of the West coast. PO4 levels only exceeded near 

Kralendijk. Research by Lapointe & Mallin (2011) and Giampetro (2011) correspond with these 

results for inorganic nitrogen concentrations exceeding the threshold levels at all sample locations. 

NH4 is in all studies the dominant form, which is also the more stimulatory form for Cyanobacteria 

than for Cryptophytes, Diatoms and all other phytoplankton (Hudnell, 2008). 

Den Haan (2015) suggested that nutrient variation is primarily caused by incidental eutrophication 

events. His research took place at Curacao, where he observed the effects of eutrophication events, 

short temporal but substantial variation in nutrient concentrations. These occurred after for 

example heavy rainfall inducing land runoff, also referred to as sediment plumes. Measurements of 

such a nutrient influx into the Great Barrier reef measured 400 times higher nutrients concentrations 
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(Devlin & Brodie, 2005) than ambient concentrations, so can be seen as a significant variation. 

Nutrient plumes on the reef of Bonaire can originate from the following sources: enriched 

groundwater due to untreated sewage water, sewage leaking (with an estimation of 118 275 

m3/year), fertilizers, run off via Salinas, illegal discharge of septic tanks, yachts and industry 

(Slijkermans et al., 2012). These plumes could pass the reef in less than an hour, or last up to weeks, 

making nutrient concentrations highly variable (den Haan, 2015). Cyanobacteria, turf algae and 

filamentous macroalgae were found to have the quickest uptake of these increased nutrient 

concentrations (den Haan, 2015) and can thus make use of these fast passing plumes. After uptake 

nutrients are converted into organic forms and become unavailable (Brocke, 2014; den Haan, 2015).  

Runoff occurs after heavy rainfall, which is generally from October to November. Present 

measurements were done in April, which is during the dryest season (February to June) 

(klimaatinfo.nl/bonaire/). Hence likely no eutrophication event has taken place for some time, 

supporting the low nutrient concentations measured. 

Overall, we assume that nutrient concentrations are generally not elevated, however after land 

runoff or other nutrient-high events, nutrients are taken up quickest by CBMs. Brocke (2014) 

suggested that these land runoff events are the key driver of the CBMs, providing the necessary 

amount of nutrients.  

Phosphorus content  

In the present study the deep water CBMs had 487-1274 µg P/g AFDW, with for transect 126 

exceptional high P values of around 2409 µg P/g AFDW. No differences were found between deep 

and shallow CBMs. The only other study with measurements of phosphorus content of CBMs in the 

Caribbean was by den Haan (2015). Studied species were the benthic Dichothrix spp. and Lyngbya 

majuscula in the Caribbean waters with respectively 410 and 712 µg P/gDW. However these results 

are not comparable to present study because no ash free dry weight results are available. In dry 

weight samples the inorganic content is still present (which is not for ash free dry weight), 

influencing the phosphorus content ratio. For future research it is advised to measure the activity of 

alkaline phosphate (APA) to discard phosphorus limitation (Rejmánková & Komárková, 2000).  

DOC&TOC 

Primary producers like macroalgae and CBMs can release part of their photosynthetic product in the 
water column, which can be measured as DOC. These excretes of macroalgae and CBMs are playing 
a major role in the community shift from coral to an algae state by disrupting the function of coral 
holobiont and promoting the invasion of coral pathogens (Barott & Rohwer, 2012). Study by Brocke 
et al., (2015b) indicated release of DOC by CBMs and uptake of sediment with CBMs removed. 
Release of DOC by CBMs was up to 0.9 mmol C m-2 h-1 and even amounted to 79% of the total net 
release of DOC. In this study only TOC was measured, which includes the Particulate Organic Carbon. 
However, measured differences between DOC and TOC are generally marginal. Surprisingly no 
differences in TOC content were found between locations with and without CBMs. However 
measurements in present study were at daytime, while Brocke et al. (2015b) found 2-3 times higher 
release values at nighttime. Moreover DOC release has been shown to be positively related to light 
intensity. Light intensity is far lower at deep CBM depths in the present study (60m) compared to the 
study (8m) by Brocke et al. (2015b), which leads to less excessive photosynthates. Indeed Brocke et 
al. (2015b) remarks that DOC releases are close to zero below a depth of 20m. It is beneficial for the 
reef that no DOC is released, DOC that otherwise could have stimulated algal growth, induced 
microbe-induced coral mortality and excitation of coral pathogens (Smith et al., 2006; Nelson et al., 
2013; Brocke, 2014). 

http://www.klimaatinfo.nl/bonaire/
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Potential drivers of CBMs 

Measurements by the Hydrolab showed no light transmission/turbidity differences between control 
and CBMs present, excluding possible light limitation for transects with no CBMs, which is an 
important factor for deep water species. However a higher temperature and lower salinity and 
conductivity were measured for the locations without CBMs. Higher salinity had in a study by 
Rejamnkova & Komarkova (2005) a inhibitory effect, which is the oppposite as shown is this study. 
However the present study indicated a salt increase which was negligible to the enrichment from the 
study by Rejamnkova & Komarkova and is therefor likely not inhibitory. This salt enrichment could 
be a consequence of land runoff or leakage, in other words the residual of a nutrient-rich plume 
derived from the pollution locations (in which high conductivity levels were measured). Due to the 
higher density resulting from the salinity this plume has sunk to the bottom. After uptake of 
nutrients the increased salinity level is what remains.  
A higher temperature would normally favor the Cyanobacteria (Hudnell, 2008). In this case the 
higher temperature could suggest a stronger current, circulating the warmer toplayer to the deeper 
parts. The only waterdynamic information found in literature is that the currents flow predominantly 
to the north (Gast et al., 1999; Slijkerman et al., 2012). High densities (4) of CBMs were only found at 
the southern part between Bonaire and Klein-Bonaire, while all controls were located in the 
northern part. Between Klein-Bonaire and Bonaire is a gap which acts as a funnel, increasing the 
wave energy. Possibly CBM growth is inhibited at the northern part of this gap due to the higher 
current. Higher wave energy inhibits CBM growth by reducing the organic matter settling on the 
seafloor and diluting the nutrients (Brocke, 2014). CBMs are also morphological not suitable to 
withstand high wave energy, due to their structure with delicate filaments.  

OTUs 

The percentage of Cyanobacteria found in this research is low compared to an earlier study by the 
UVA. Verhoef (2015, unpublished) indicated an abundance of about 50%. A likely explanation is the 
high number of OTUs found in present study. In the study by Verhoef (2015, unpublished) 2619 
OTU’s were found, while in present study an average number of 7821. Most of these OTUs were rare 
OTUs, of which only a few were detected. Possibly these OTUs were not detected in the study by 
Verhoef (2015, unpublished). These rare OTUs amounted averagely 81% of the samples (13), 
excluding these OTUs would change the cyanobacteria/bacteria ratio significantly. Primers used in 
both studies were the same, dissimilarity could be in using a more precise Illumina sequencing 
(Loman et al., 2012; Kozich et al., 2013) which was done by another enterprise (mrDNA) or using 
afterwards another data analyzation. The high abundance of different OTUs found in this research 
signifies the high taxonomic diversity in CBMs which was also found in other studies (Charpy et al., 
2010; Villeneuve et al., 2012). 

Species composition 

It was expected to see a similar CBM composition between Deep and Shallow CBMs, related to the 
hypothesis of a connection between deep and shallow CBM by migration. However the difference in 
species composition determined by the hierarchical clustering and MDS analysis indicated that both 
groups are in such matter different that recent migration can be excluded. Moreover abundances of 
the most common Cyanobacterial genera are also significantly different between deep and shallow 
water CBMs. 
The most abundant genera found in the deep CBMs is the Xenococcus.  Xenococcus are unicellular-
colonial colonies which are attached to substrate. Surprisingly almost no literature can be found on 
Xenococcus presence in CBMs.  Only studies by de Baat (2014, unpublished) & Brocke (2014) 
observed sequences belonging to Xenococcus in CBMs at coral reefs on Curacao. This can be clarified 
because Xenococcus is a poorly known genus (Guiry & Guiry, 2014) which can only be detected using 
molecular techniques (Brocke, 2014).  
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Highest in abundance for shallow CBMs is Trichodesmium. Trichodesmium is unknown in literature as 
benthic Cyanobacteria, strictly as planktonic (Guiry & Guiry, 2014). However this genera was also 
found as benthic species by de Baat (2014, unpublished). When we look to the genetic relatedness 
of Trichodesmium we can see a close relatedness to two high abundant mat-forming Cyanobacteria 
species: Lyngbya and Blennothrix (Bergman et al., 2013; Abed et al, 2006; Charpy et al., 2012). The 
species are morphologically alike too. Another morphological and phylogentical resemblance can be 
seen with Hydrocoleum, a widely distributed benthic cyanobacteria genus. More than 98% rRNA 
sequence similarity is observed (Palynski et al., 2015). This makes the benthic occurrence of 
Trichodesmium more likely. Possibly due to the only recent usage of molecular techniques 
Trichidesmium was not found before as benthic species.  
Population densities of Trichodesmium are generally the highest at relatively shallow depths, which 
could explain the lower abundance for the deep CBMs (Capone et al., 1997).  
The genera Symploca was not as abundant as would be expected. In studies by de Baat (2014, 
unpublished) and Charpy et al., (2010) Symploca was often a dominant genera present in 
abundances up to 90%, which is not observed in present study.  
Both Synechococcus and Synechocystis are genera which are frequently observed in the early stages 
of CBM colonization in sand. They occur predominantly in younger microbial systems, in which their 
ecological position is not yet understood (Stal et al., 1985). Both genera are observed in the shallow 
and deep CBMs. Not in dominating form, which could indicate that the CBMs are not recently 
formed. The highest amount of Synechococcus is found for the shallow CBMs, possibly indicating 
more stable deep CBM. 
Brocke (2014) reported that CBMs in Curacao are often dominated by a single cyanobacterium, 
which was confirmed by other studies (Charpy et al,. 2010; Charpy et al., 2012). This is not observed 
in present study or by de Baat (2014, unpublished) and Verhoef (2015, unpublished): many different 
Cyanobacteria species are present of which none are genuinely dominant. It must be noted that in 
most studies species determination is performed by microscope which is a method neglecting the 
majority of the species. Genetic tools are recently much more available, making it easier to obtain a 
complete species composition of a CBM. 
 
For the deep CBMs a gradient in relative cyanobacterial species composition was observed along the 
coast. This gradient was confirmed by the dendrogram, in which it was demonstrated that deep 
CBMs closely located had comparable species compositions. This was controlled with a MDS plot. 
The species composition of location 49 and 126 differed the most, which can be clarified for location 
49 by the distance to the other locations with in-between no CBMs present. Location 126 was 
located at the other side of Klein-Bonaire and subsequently had an exposure to another part of the 
current. For the deep CBMs this could indicate that originally the deep CBMs are all of the same 
kind. However the composition is changed to adapt best to local environmental conditions, for the 
best proliferation.  

Pollution locations 

When comparing the occurunce of CBMs with the pollutant locations both are remarkably often 
located together (figure 23), supporting the nutrient purchase of CBMs clarified by land runoffs after 
rainfall. Most CBMs are located near Kralendijk, where a  constant water connection is present to 
both harbours, implying a more constant level of high nutrients. Moreover Kralendijk is probably the 
most polluted location of Bonaire, having the highest density of inhabitants on Bonaire and due to 
the outflow of leaking septic tanks, which is estimated to a total of 118 275m3/year of enriched 
groundwater (Slijkermans et al., 2014). All other found CBMs are likewise near a pollution location. 
When not directly connected, nutrient input could occur after heavy rainfall or through leaking 
groundwater. Of the potential pollution locations only Pekelmeer had both PO4 and DIN values 
below the environmental threshold.  
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Figure 23. Observed deep CBM locations and the corresponding pollution locations. It can be seen that most locations  
  with CBM present are located near a highly polluted location. Left: CBM presence. Green: no/very few CBMs,  
  Blue: little CBMs, Pink: average CBMs and Red: a lot CBMs. Blue, pink and red icons have been enlarged.  
  Right: pollution locations.  

Double reef 

Interestingly the CBMs at the double reef had disappeared at time of sampling. These mats were 
widespread and thick.  No storm or other natural disturbance had occurred and the deep water 
CBMs were still present. The only difference found was the presence of many garden eels which 
were not seen at the time of sampling. It might be that these garden eels have disturbed the CBMs. 
Garden eels have been collected in water as deep as 300m and are usually observed in groups of 
several hundred to thousand individuals. Garden eels burrow themselves with their specialized tails 
under the ground and they protrude out of their holes to feed on plankton (Castle, 1997, Miller et 
al., 2011). Their burrowing behavior might have had a ploughing effect on the soil. CBMs are a 
composition of many different bacteria and algae, of which some live anaerobic under the other 
species (van Gemerden, 1993). The ploughing can have caused mixing of oxygen in the sediment 
layers, thereby disintegrating the microbial mat.  
 
Potential consequences 
Expansion of the deep CBMs to shallower depths is certainly a risk. Reduction of coral cover by 
natural events, global warming and anthropogenic disturbances will open benthic substrate which 
can be quickly occupied by CBMs. Moreover sedimentation will only increase the coming decades, 
which is difficult for corals to colonize, but highly suitable for CBMs (Risk, 2014; Brocke, 2014). 
Thereby species capable of quick nutrients uptake are more likely to gradually overtake space within 
a community (den Haan, 2015). Increase of CBMs at shallow depths could increase the DOC excretes 
which in turn will promote benthic species like turf, macroalgae and CBMs itself (Brock, 2014; den 
Haan, 2015). Grazing on CBMs is scarce due to gradients in oxygen and produced toxins (Cohen, 
1989; Thacker et al., 2001), making top-down control insignificant. Bottom-up control is more likely, 
which can be achieved by reducing effects of land-based nutrient pollution (Lapointe & Mallin, 
2011). STINAPA already advised strongly to invest in controlling pressures that are present in 
Bonaire, with as most dominant the leaking septic tanks with a total flow of 118 275m3/year of 
enriched groundwater (Slijkerman et al., 2014). A potential solution could be the planting of more 
cactuses near the pollution locations. Cactuses are a natural vegetation on Bonaire, but can serve as 
a natural filter equivalent to mangroves in the marine environment. About 54% more phosphate 
derived from run-off can be retained with the use of cactuses (Masyr, 2011). 
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Conclusion 
The aim of this project was to examine the occurrence of the Cyanobacterial mats, what conditions 
are causing their proliferation and the species composition. Taken all the results into account CBMs 
are detected in particular near Kralendijk and smaller densities of CBMs near other potential 
pollutant locations. CBMs likely acquire their main nutrients in eutrophication events, taking benefit 
of their quick uptake in comparison with other species. Light intensity is not high enough for 
production of excessive photosynthates, which could have been harmful for the reef.  
To conclude it is presumed that CBM occurrence is dependent on multiple parameters; (1) presence 
of a sufficient amount of nutrients (in this case by temporal eutrophication events), (2) flat sandy 
surface which are known to be a sink of organic matter and (3) no exposure to high wave energy 
which would dilute nutrients, prevent organic matter settling on the sediment and could damage the 
delicate filaments of the CBMs. 
Differences in species composition between deep and shallow CBMs contradict the hypothesis of 
recent shallow water CBM migration to the deeper parts. However the observed gradient in 
Cyanobacteria genera does suggest that all deep water CBMs originate from a common CBM 
whereby species abundances are adapted to the local conditions.  
 
Future research 
The present study is the first study to investigate CBMs at 50-60m depths. It is assumed that these 
CBMs drive on eutrophication events, but long term nutrient measurements are necessary to 
confirm this hypothesis. Also their assumed sensitivity to wave energy should be tested further.  
Thirdly it might be interesting to investigate whether the garden eels were indeed the cause of the 
disappearance of the CBMs at the double reef. If this is indeed the case garden eels might be a good 
natural counter offense against excessive growth of the unpalatable CBMs.  
 
According to our research the current deep water CBMs can be both profitable and detrimental for 
the reef system. Significant amounts of deep water substrate is already covered by CBMs and cannot 
serve anymore as refuges or source of recruits for shallow reef habitants. This hampering of vertical 
migration is nowadays peculiarly relevant due to the global warming. Rising seawater temperatures 
makes migration to the colder deep water environments urgent (Oppen et al., 2011). Moreover the 
CBM have the ability to fix nitrogen. Especially such huge mats could be an enormous source of 
nitrogen to the reef. 
 Yet at the same time these deep water CBMs might be beneficial, absorbing most nutrients of the 
eutrophication events by their quick uptake of nutrients. This natural nutrient sink extracts the 
nutrients from the water column while no excessive DOC is formed which could have augmented 
reef degradation.  
However still a lot is unknown or assumed. CBMs are already seen as sensitive short- and long- term 
indicators of climatic and ecological changes impacting stressed environments (Paerl, 2003). 
Therefore their high occurrence is reason enough to keep track on these deep water CBMs.  
 

 

 

Acknowledgements 

I would like to thank Cherel Balkema, Estelle Kilias and Gerard Muyzer for all their help with the DNA 

isolation and analysis. Also I would like to thank my fellow master student Renate van Zanten for her 

help with measuring and collecting all the samples at Bonaire. Furthermore I would like to thank Erik 

Meesters for all his enthusiastic guiding during the exciting dives on Bonaire and helping us 

familiarizing there, Fleur van Duyl to even help us while being herself on vacation and Petra Visser 

for advising me as a daily supervisor while being an examiner.  

 



31 van Heuzen et al. | IMARES, NIOZ, UVA 

 

Referenties 
Abed, R. M., Palinska, K. A., Camoin, G., & Golubic, S. (2006). Common evolutionary origin of planktonic and benthic 

nitrogen-fixing oscillatoriacean cyanobacteria from tropical oceans. FEMS microbiology letters, 260(2), 171-177. 

 

Bak, R. P. M., & Nieuwland, G. (1995). Long-term change in coral communities along depth gradients over leeward reefs in 

the Netherlands Antilles. Bulletin of Marine Science, 56(2), 609-619. 

 

Bak, R. P., Nieuwland, G., & Meesters, E. H. (2005). Coral reef crisis in deep and shallow reefs: 30 years of constancy and 

change in reefs of Curacao and Bonaire. Coral Reefs, 24(3), 475-479. 

 

Barott, K. L., & Rohwer, F. L. (2012). Unseen players shape benthic competition on coral reefs. Trends in microbiology, 

20(12), 621-628. 

Becking, L. E. "Bonaire Deep Reef Exploration Underway." BioNews 5 (2013): 1-3.  

Becking, L. E., & Meesters, H. W. G. (2014). Bonaire Deep Reef Expedition I. IMARES Wageningen UR. 

 

Beem, K. Large scale, medium scale, and small scale patterns of benthic cyanobacteria & the possibility of groundwater 

association on a coral reef.φυσις, 9. 

 

Bell, P. R. F. (1992). Eutrophication and coral reefs—some examples in the Great Barrier Reef lagoon. Water 

Research, 26(5), 553-568. 

 

Bergman, B., Sandh, G., Lin, S., Larsson, J., & Carpenter, E. J. (2013). Trichodesmium–a widespread marine cyanobacterium 

with unusual nitrogen fixation properties. FEMS microbiology reviews, 37(3), 286-302. 

 

BMP.org. http://www.bmp.org/rulesandregulations.html. Accessed 4-9-15. 

 

Bridge, T.C.L., Hughes, T. P., Guinotte, J. M., Bongaerts, P. (2013). Call to protect all coral reefs. Nature Climate Change 3: 

528–530 

 

Bries, J. M., Debrot, A. O., & Meyer, D. L. (2004). Damage to the leeward reefs of Curacao and Bonaire, Netherlands Antilles 

from a rare storm event: Hurricane Lenny, November 1999. Coral Reefs, 23(2), 297-307. 

 

Brocke, H. J. (2014). Little Things Become Big: Drivers and impacts of benthic cyanobacterial blooms on coral reefs 

[[Elektronische Ressource]] (Doctoral dissertation, Bremen, Universität Bremen, Diss., 2014). 

 

Brocke, H. J., Polerecky, L., de Beer, D., Weber, M., Claudet, J., & Nugues, M. M. (2015). Organic Matter Degradation Drives 

Benthic Cyanobacterial Mat Abundance on Caribbean Coral Reefs. 

 

Brocke, H. J., Wenzhoefer, F., De Beer, D., Mueller, B., Van Duyl, F. C., & Nugues, M. M. (2015b). High dissolved organic 

carbon release by benthic cyanobacterial mats in a Caribbean reef ecosystem. Scientific reports, 5. 

 

Brussaard, C. P. D., Noordeloos, A. A. M., Witte, H., Collenteur, M. C. J., Schulz, K. G., Ludwig, A., & Riebesell, U. (2013). 

Arctic microbial community dynamics influenced by elevated CO2 levels. Biogeosciences (BG), 10(2), 719-731. 

 

Capone, D. G., Zehr, J. P., Paerl, H. W., Bergman, B., & Carpenter, E. J. (1997). Trichodesmium, a globally significant marine 

cyanobacterium. Science,276(5316), 1221-1229. 

 

Castle, P. H. J. (1997). Garden eel leptocephali: characters, generic identification, distribution, and relationships. Bulletin of 

marine science, 60(1), 6-22. 

 

Charpy, L., Palinska, K. A., Casareto, B., Langlade, M. J., Suzuki, Y., Abed, R. M., & Golubic, S. (2010). Dinitrogen-fixing 

cyanobacteria in microbial mats of two shallow coral reef ecosystems. Microbial ecology, 59(1), 174-186. 

 

Charpy, L., Palinska, K. A., Abed, R. M., Langlade, M. J., & Golubic, S. (2012). Factors influencing microbial mat composition, 

http://www.bmp.org/rulesandregulations.html


IMARES, NIOZ, UVA | Occurrence of deep water Cyanobacterial Mats surrounding Bonaire 32 

 

distribution and dinitrogen fixation in three western Indian Ocean coral reefs. European Journal of Phycology, 47(1), 51-66. 

 

Cohen, Y. (1989). Photosynthesis in cyanobacterial mats and its relation to the sulfur cycle: A model for microbial sulfur 

interactions. 

 

Cremer, J. S. M., & Meesters, H. W. G. (2012). Bonaire Natioanl Marine Park (BNMP) op weg naar werelderfgoed (No. 

C140/12, p. 21). IMARES. 

 

den Haan, J. (2015). Effects of nutrient enrichment on the primary producers of a degraded coral reef. 

 

Devlin MJ, Brodie JE (2005) Terrestrial discharge into the Great Barrier Reef Lagoon: nutrient behavior in coastal waters. 

Mar Pollut Bull 51:9-22 

 

Diaz, M. R., Corredor, J. E., & Morell, J. M. (1990). Nitrogenase activity of Microcoleus lyngbyaceus mat communities in a 

eutrophic, tropical marine environment. Limnology and oceanography, 35(8), 1788-1795. 

 

Dore, J. E., Houlihan, T., Hebel, D. V., Tien, G., Tupas, L., & Karl, D. M. (1996). Freezing as a method of sample preservation 

for the analysis of dissolved inorganic nutrients in seawater. Marine Chemistry, 53(3), 173-185. 

 

Edwards, H. J., Elliott, I. A., EAKIN, C., Irikawa, A., Madin, J. S., McField, M., & Mumby, P. J. (2011). How much time can 

herbivore protection buy for coral reefs under realistic regimes of hurricanes and coral bleaching?.Global Change Biology, 

17(6), 2033-2048. 

 

Farrelly, V., Rainey, F. A., & Stackebrandt, E. (1995). Effect of genome size and rrn gene copy number on PCR amplification 

of 16S rRNA genes from a mixture of bacterial species. Applied and Environmental Microbiology, 61(7), 2798-2801. 

 

Gardner, T. A., Côté, I. M., Gill, J. A., Grant, A., and Watkinson, A. R. (2003). Long-term region-wide declines in Caribbean 

corals. Science, 301(5635), 958-960. 

 

Gast, G. J., Jonkers, P. J., Van Duyl, F. C., & Bak, R. P. M. (1999). Bacteria, flagellates and nutrients in island fringing coral 

reef waters: influence of the ocean, the reef and eutrophication. Bulletin of marine science, 65(2), 523-538. 

 

Gemerden, H. van, Tughan, C.S., De Wit, R. and Herbert, R.A., 1989. Laminated microbial ecosystems on sheltered beaches 

in Scapa Flow, Orkney Islands. FEMS Microbiol. Ecol., 62: 87-102. 

 

Giampetro, G. Effects of Nutrient Enrichment and Water Quality on Coral Disease Prevalence in Bonaire, Dutch Caribbean. 

JOuRNAL OF MARINE SCIENCE, 1. 

 
Guiry,M.D.&Guiry,G.M.(2014).AlgaeBase. World--‐wideelectronicpublication,NationalUniversity 
ofIreland,Galway.http://www.algaebase.org;searchedon05June2014. 
 
Hudnell, H. K. (2008). Cyanobacterial Harmful Algal Blooms: State of the Science and Research Needs: State of the Science 
and Research Needs (Vol. 619). Springer Science & Business Media. 
 
Ihaka, R., & Gentleman, R. (1996). R: a language for data analysis and graphics. Journal of computational and graphical 
statistics, 5(3), 299-314. 
 
IUCN, 2011. Coral Reef Resilience Assessment of the Bonaire National Marine Park, Netherlands Antilles. IUCN, Gland, 
Switzerland, p. 51. 
 
Johnson, A. E., & Jackson, J. B. (2015). Fisher and diver perceptions of coral reef degradation and implications for 
sustainable management. Global Ecology and Conservation, 3, 890-899. 
 
klimaatinfo.nl/bonaire/. Accessed: 18 Spetember 2015. 
 
Klindworth, A., Pruesse, E., Schweer, T., Peplies, J., Quast, C., Horn, M., & Glöckner, F. O. (2012). Evaluation of general 16S 

http://www.klimaatinfo.nl/bonaire/


33 van Heuzen et al. | IMARES, NIOZ, UVA 

 

ribosomal RNA gene PCR primers for classical and next-generation sequencing-based diversity studies. Nucleic acids 
research, gks808. 
 

Kozich, J. J., Westcott, S. L., Baxter, N. T., Highlander, S. K., & Schloss, P. D. (2013). Development of a dual-index sequencing 

strategy and curation pipeline for analyzing amplicon sequence data on the MiSeq Illumina sequencing platform. Applied 

and environmental microbiology, 79(17), 5112-5120. 

 

Kuffner, I. B., Walters, L. J., Becerro, M. A., Paul, V. J., Ritson-Williams, R., & Beach, K. S. (2006). Inhibition of coral 

recruitment by macroalgae and cyanobacteria. Marine Ecology Progress Series, 323, 107-117. 

 

Lapointe, B. E., & Mallin, M. A. (2011). Nutrient enrichment and eutrophication on fringing coral reefs of Bonaire and 

Curaçao, Netherlands Antilles. Report to the United Nations Environment Programme for the NACRI Coral Reef Monitoring 

Program, Harbor Branch Oceanographic Institute, Ft. Pierce Fl. 

 

Lesser, M. P., Slattery, M., & Leichter, J. J. (2009). Ecology of mesophotic coral reefs. Journal of Experimental Marine 

Biology and Ecology 375: 1-8. 

 

Loman, N. J., Misra, R. V., Dallman, T. J., Constantinidou, C., Gharbia, S. E., Wain, J., & Pallen, M. J. (2012). Performance 

comparison of benchtop high-throughput sequencing platforms. Nature biotechnology, 30(5), 434-439. 

 

Masyr, A. (2011). Traditional datu cactus (Ritterocereus griseus) fences reduce run-off rates and transport of sediment and 

nutrients on hillsides in Bonaire, Dutch Caribbean. Journal of Young Investigators. 

 

Miller, M. J., Wouthuyzen, S., Ma, T., Aoyama, J., Suharti, S. R., Minegishi, Y., & Tsukamoto, K. (2011). Distribution, 

diversity, and abundance of garden eel larvae off West Sumatra, Indonesia. Zoological Studies, 50(2), 177-191. 

 
Nelson, C. E., Goldberg, S. J., Kelly, L. W., Haas, A. F., Smith, J. E., Rohwer, F., & Carlson, C. A. (2013). Coral and macroalgal 
exudates vary in neutral sugar composition and differentially enrich reef bacterioplankton lineages. The ISME journal, 7(5), 
962-979. 
 

OPPEN, V., MADELEINE, J., BONGAERTS, P., UNDERWOOD, J. N., PEPLOW, L. M., & COOPER, T. F. (2011). The role of deep 

reefs in shallow reef recovery: an assessment of vertical connectivity in a brooding coral from west and east 

Australia. Molecular ecology, 20(8), 1647-1660. 

 

Paerl, H. W., Fitzpatrick, M., & Bebout, B. M. (1996). Seasonal nitrogen fixation dynamics in a marine microbial mat: 

potential roles of cyanobacteria and microheterotrophs. Limnology and oceanography, 41(3), 419-427. 

 

Paerl, H. W., Steppe, T. F., Buchan, K. C., & Potts, M. (2003). Hypersaline cyanobacterial mats as indicators of elevated 

tropical hurricane activity and associated climate change. AMBIO: A Journal of the Human Environment, 32(2), 87-90. 

 
Palińska, K. A., Abed, R. M., Charpy, L., Langlade, M. J., Beltrán-Magos, Y., & Golubic, S. (2015). Morphological, genetic and 
physiological characterization of Hydrocoleum, the most common benthic cyanobacterium in tropical oceans. European 
Journal of Phycology, 50(2), 139-154.  
 
Paul, V. J., Thacker, R. W., Banks, K., & Golubic, S. (2005). Benthic cyanobacterial bloom impacts the reefs of South Florida 
(Broward County, USA). Coral Reefs, 24(4), 693-697. 
 

Rejmánková, E., & Komárková, J. (2000). A function of cyanobacterial mats in phosphorus-limited tropical wetlands. 

Hydrobiologia, 431(2-3), 135-153. 

 
Rejmánková, E., & Komárková, J. (2005). Response of cyanobacterial mats to nutrient and salinity changes. Aquatic Botany, 
83(2), 87-107. 
 

Risk, M. J. (2014). Assessing the effects of sediments and nutrients on coral reefs. Current Opinion in Environmental 

Sustainability, 7, 108-117. 

 

Roberts, C. M., McClean, C. J., Veron, J. E., Hawkins, J. P., Allen, G. R., McAllister, D. E., et al. (2002). Marine biodiversity 



IMARES, NIOZ, UVA | Occurrence of deep water Cyanobacterial Mats surrounding Bonaire 34 

 

hotspots and conservation priorities for tropical reefs. Science 295: 1280-1284. 

 

Slijkerman, D. M. E., Leon, R. D., de Vries, P., & Koelemij, E. I. (2012). Water quality monitoring Bonaire: Results monitoring 

November 2011 and recommendations for future research (No. C028/12, p. 77). IMARES. 

 

Slijkerman, D. M., de León, R., & de Vries, P. (2014). A baseline water quality assessment of the coastal reefs of Bonaire, 

Southern Caribbean. Marine pollution bulletin, 86(1), 523-529. 

 

Smith, J. E., Shaw, M., Edwards, R. A., Obura, D., Pantos, O., Sala, E., ... & Rohwer, F. L. (2006). Indirect effects of algae on 

coral: algae‐mediated, microbe‐induced coral mortality. Ecology letters, 9(7), 835-845.  

 

Stal, L. J., van Gemerden, H., & Krumbein, W. E. (1985). Structure and development of a benthic marine microbial mat. 

FEMS Microbiology Ecology, 31(2), 111-125. 

 

Stal, L.J., 1995. Physiological ecology of Cyanobacteria in microbial mats and other communities. N. Phytol. 131, 1–32. 

 

Suzuki, R., & Shimodaira, H. (2006). Pvclust: an R package for assessing the uncertainty in hierarchical 

clustering. Bioinformatics, 22(12), 1540-1542. 

 

Szmant, A. M. (2002). Nutrient enrichment on coral reefs: is it a major cause of coral reef decline?. Estuaries, 25(4), 743-

766. 

 

Thacker, R., Ginsburg, D., & Paul, V. (2001). Effects of herbivore exclusion and nutrient enrichment on coral reef 

macroalgae and cyanobacteria. Coral reefs, 19(4), 318-329. 

 

Thacker, R. W., & Paul, V. J. (2001). Are benthic cyanobacteria indicators of nutrient enrichment? Relationships between 

cyanobacterial abundance and environmental factors on the reef flats of Guam. Bulletin of Marine Science,69(2), 497-508. 

 

Ulcay, S., TAŞKIN, E., KURT, O., & ÖZTÜRK, M. (2015). Marine benthic Cyanobacteria in Northern Cyprus (Eastern 

Mediterranean Sea). Turkish Journal of Botany, 39(1), 173-188. 

 
Van Duyl, F., Gast, G., Steinhoff, W., Kloff, S., Veldhuis, M., & Bak, R. (2002). Factors influencing the short-term variation in 
phytoplankton composition and biomass in coral reef waters. Coral Reefs, 21(3), 293-306. 
 
Van Gemerden, H. (1993). Microbial mats: a joint venture. Marine Geology,113(1), 3-25. 
 
Vermeij, M. J., Van Moorselaar, I., Engelhard, S., Hörnlein, C., Vonk, S. M., & Visser, P. M. (2010). The effects of nutrient 
enrichment and herbivore abundance on the ability of turf algae to overgrow coral in the Caribbean. PLoS One, 5(12), 
e14312. 
 
Villeneuve, A., Laurent, D., Chinain, M., Gugger, M., & Humbert, J. F. (2012). Molecular characterization of the diversity and 
potential toxicity of cyanobacterial mats in two tropical lagoons in the south pacific ocean1. Journal of Phycology, 48(2), 
275-284. 
 
water.epa.gov. http://water.epa.gov/type/rsl/monitoring/vms59.cfm. Accessed: 18 September 2015. 
 
Wernand, M. R., van der Woerd, H. J., & Gieskes, W. W. (2013). Trends in ocean colour and chlorophyll concentration from 
1889 to 2000, worldwide. 
 
Wilkinson CR (1998) Status of Coral Reefs of the World 1998. Australian Institute of Marine Science, Townsville 
 
W. M. N. A. (2007). Eindrapport Milieunormen Nederlandse Antillen. Lucht en geluid, water en afvalwater, Afval. 

 

Zehr, J. P. (1995). Nitrogen Fixation in the Sea: Why Only Trichodesmium?. InMolecular Ecology of Aquatic Microbes (pp. 

335-364). Springer Berlin Heidelberg. 

 

Zhu, F., Massana, R., Not, F., Marie, D., & Vaulot, D. (2005). Mapping of picoeucaryotes in marine ecosystems with 

quantitative PCR of the 18S rRNA gene. FEMS microbiology ecology, 52(1), 79-92. 

http://water.epa.gov/type/rsl/monitoring/vms59.cfm

