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Abstract  

 The mangrove forest on Bonaire, located in the south east of the island,  is decreasing in 
area, just like many other mangroves around the world. One of the threats to Lac Bay is filling in of 
the open bay located in front of the mangroves. This would result in the loss of vital habitats like the 
seagrass fields in the open bay and the mangroves in the backwaters.  Sediment production by 
Halimeda, a calcareous algae in Lac bay Bonaire, was determined to quantify the infilling of the bay. 
When this specific type of algae dies, it does not break down completely, but turns into lime sand.   

To determine the sediment production of Halimeda, first biomass growth was measured by 
marking Halimeda plants with cable ties. Thereafter sediment production was calculated through the 
determination of the calcium carbonate content of Halimeda. Furthermore, the occurrence of 
Halimeda was mapped and the change in depth of the bay was estimated.   

The results show that Halimeda grows mostly around the edges and locally in the open bay. A 
biomass production of approximately 14 grams/year with an average calcium carbonate content of 
75% allowed to calculate the sediment production of about 640 grams/year/m2. This results in a 
decrease in depth of 0,5 mm per year (5 cm/century). If this sediment is transported to the edges of 
the mangroves, an infilling of this area of 35 cm per year can be expected.  

On average for the whole bay, a decrease of 40 cm in depth was found over a period of 50 years.  
As an average halimeda is only contributing to infilling with 2,5 cm over 50 years and thus does not 
seem to  influence the infilling of area of the bay much. The question remains how the bay is filled in 
and whether Halimeda might be contributing more location specific to the infilling of the bay. 
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1 Introduction 

Die off of coral reefs caused by climate change and illegal logging in tropical rainforests are well 

known threats to tropical environments (Bowen, Valiela, & York, 2001). Mangroves are yet another 

ecosystem threatened with extinction. It is disappearing just as fast as tropical rainforests and coral 

reefs, but receive far less publicity resulting in little attention for protection and restoring (Bowen, 

Valiela, & York, 2001; Duke, et al., 2007).  

Mangrove forests are important ecosystems, since they provide nurseries for reef fish and 

nesting places for birds. Mangroves also protect coastal regions against erosion and floods and local 

people use the forest as a source of food and fuel. Furthermore, mangroves play an important role in 

capturing and storing carbon, (Kathisesan, 2012). Local people sometimes depend on the forest for 

their livelihoods, but occasionally their actions inadvertently lead to destruction of the forests. The 

inhabitants threaten the forest for example with eutrophication or by overexploiting the natural 

resources the forest offers. Land use changes in the upstream catchment area such as deforestation 

or the construction of dams affect the forests as well (Oswell, n.d.) 

1.1 Mangroves on Bonaire  

Bonaire is a small island of approximately 300 km2 located in the Caribbean Sea (see figure 1). In 

the southeast of Bonaire, a mangrove forest borders Lac bay. This is an open bay of 770 ha 

(Wagenaar Hummelink & Roos, 1963). The bay has an important role in sustaining wild life, such as 

the queen conch and green turtle populations, since the seagrass beds provide food and shelter for 

these animals (Lott, 2000, Engel 2008; Debrot et al., 2010; Wycott et al., 2009). On Bonaire Lac bay is 

the largest open water suitable for seagrass growth (Wycott et al., 2009). As stated previously, 

mangroves are also an important nursery for reef fish and a nesting place for birds, so the bay 

provides for valuable environmental functions. This is one of the factors that gave Lac Bay the status 

of a protected Ramsar wetland site (Wells & Debrot, 2008).  

Figure 1, Location of Bonaire and the specific site Lac Bay where this research has taken place 



 
 
 
 

9 
 

1.2 Threats to Lac Bay 

Despite the fact that Lac Bay is a Ramsar site, problems are similar to the rest of the mangrove 

forests disappearing around the world. Threats to Lac Bay are mostly related to eutrophication 

(Slijkerman et al, 2011). Sources of eutrophication are sewage, garbage and excrements from 

livestock. Tourists are intensifying these problems, since large cruise ships discharge garbage and 

sewage water as well. Other effects attributed to tourists are trampling seagrass beds and 

disturbance of the fish and turtles while snorkelling. Sedimentation in the catchment area of the Bay 

through free roaming livestock is also intensifying the eutrophication in the creeks of the mangroves 

(Debrot et al, 2010).  

1.3 Terrestrial sediment inflow 

Not only the eutrophication is seen as a problem in the mangrove forest of Lac Bay. The total 

coverage of mangroves is about 150 ha and although the total area of mangrove trees did not 

decrease over the period from 1961 to 1996, a total of 82 ha disappeared at the land site of the bay. 

This loss was compensated by trees that started to grow in the open bay creating 81 ha of new forest 

(Erdman & Scheffers, 2006).Due to the hypersalinity of the backwaters and the subsequent dieback 

of mangroves, the open backwaters, not suitable for the growth of mangrove trees or seagrass, are 

increasing in size. A study from 2012 with satellite images showed that the backwaters of the 

mangrove forest contain more dead than living mangrove trees (Davaasuren & Meesters, 2012). As 

new mangrove areas are created in Lac bay the open water area decreases, which will reduce the 

amount of suitable feeding grounds for sea turtles and habitats for other flora and fauna (Wösten, 

2013; Debrot et al., 2010).  

Another problem of sedimentation in both the backwaters and the bay is the reduction in flow 

rate inside the mangrove forest (Wösten, 2013). This reduction causes more sedimentation which 

creates the opportunity for mangrove seedlings to settle in the bay (Debrot et al., 2012; Wösten, 

2013). 

1.4 Marine sedimentation 

Infilling with sediment does not only occur on the landward side of the mangrove forest but also 

in the open bay (Lott, 2001; Engel, 2008). The macroalgae Halimeda, a calcium carbon rich species, 

might be responsible for a part of this sediment infilling (Wagenaar Hummelink & Roos, 1963; Drew 

1993; Wefer, 1980). In an earlier research it has been question as well if Halimeda contributed to 

infilling of the Miskito Channel in the Caribbean Sea (Hine et all., 1988).  

 When the algae die, the exoskeleton does not decay and becomes lime sand sediment (Drew, 

1993; Wefer 1980). This sediment might not only be deposited in the bay, but also in the creeks, 

creating a rooting opportunity for mangrove trees and thus causing the bay to fill up with mangrove 

trees even faster (Lott, 2001). Water flow to the backwaters can also be influenced by Halimeda 

sediment, since this reduces the volume of water that can flow through the creeks (p.c. S. Engel, 09-

2017). This reduced flow causes the backwaters to become more saline which in turn causes the 

mangroves to die even faster (Wösten, 2013). The tidal prism of the mangroves also becomes 

smaller. Tidal prism is the volume of water that is present in the bay between mean high tide and 

mean low tide which is reduced by the sediment production of Halimeda (Cleary and Fitzgerald, 

2003). 

  



 
 
 
 

10 
 

1.5 Halimeda as a problem? 

Halimeda is native to the Caribbean (Drew, 1993). The specific type Halimeda incrassata is as the rest 

of the family a calcareous algae. What makes is specific is that grows in segments up to 20 to 24 cm 

high (Kluijver de, Gijswijt, & Leon de, N.D.). Furthermore it has a sand-encrusted round holdfast, 

which makes the algae suitable for the sandy habitat between seagrasses or mangroves it prefers 

(Verbruggen et all., 2006). 

Halimeda incrassata has not been studied much, thus its influence on sediment production is not 

well known (Bosence, 1989). What is known is that the abundance of Halimeda is an indication of 

eutrophication (Bach 1979; Chazottes et al., 2008). This might explain why Engel and Lott noticed an 

increase in the presence of Halimeda from 2006 till 2010 (Debrot et al., 2010). On the other hand, a 

local fisherman noticed a decrease in dense Halimeda mats over the stretch of thirty years (p.c. G. 

Soliana, 2017). The cause of this needs to be further investigated. In addition, Halimeda is also a 

threat to coral reefs, since Halimeda can carry diseases that  affect coral reefs (Nugues et al. 2004). 

1.6 Problem definition 

The hypothesis is that the growth of Halimeda and to some part the effect of terrestrial erosion, 

lead to infilling of Lac, which allows mangroves to settle in the open bay. Knowledge how much 

sediment Halimeda contributes to this sedimentation in the bay is crucial for management of 

Halimeda and terrestrial erosion in the catchment of Lac bay. Stinapa and Wageningen Marine 

Research are concerned that sedimentation in the bay reaches a point of no return (p.c. S. Engel, 

2017). To establish whether this is the case, the contribution of the Halimeda sediment to the infilling 

of Lac should be studied, since minimal research has been done to establish sedimentation 

production of Halimeda (Bach, 1979; Drew, 1980). The objective then is to establish the contribution 

of Halimeda sediment production to the filling in of the open bay to provide information for 

management of Lac Bay Bonaire.  

This objective results in the research question, how is the lime sand producing macroalgae 

Halimeda contributing to the sedimentation in Lac Bay Bonaire? To be able to answer this question 

knowledge on occurrence of Halimeda in the bay is vital as the area of plants is one of the factors 

determining how much sediment there will be produced. In addition individuals per area, biomass 

production per individual and sediment production per biomass are required to establish the amount 

of sediment that will be produced by Halimeda in the bay. The influence of Halimeda sediment 

infilling on the depth of the bay can then be calculated. With this knowledge the influence on change 

in depth on the amount of water available to circulate through the mangroves can be established. To 

establish answers for these knowledge gaps the following sub-research questions have been 

formulated: 

1. What is the area of Halimeda mats in Lac Bay? 

2. What is the biomass production of the Halimeda algae? 

3. How much sediment does Halimeda produce? 

4. What is the sediment displacement of Halimeda sediment? 

5. To what extent is the depth of the bay being influenced by the impact of the Halimeda 
sediment infilling?  
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2 Methodology  

There are to our knowledge no publications on biomass growth and sediment production of 
Halimeda incrassata. Different methods from different primary and secondary sources were 
therefore combined to establish the amount of sediment production by Halimeda.   

To establish Halimeda sediment production in mm per year the steps showed in figure 2 were 
followed. In this chapter these steps will be explained in addition to the methods of data collection 
used for the other questions.  

Figure 2, steps to calculate the sediment production in m/year used in this research 

2.1The occurrence of Halimeda in Lac Bay 

To map the occurrence of Halimeda, a tour through the bay was made. The route of this tour was 

made with the knowledge of G. Soliana about presence of Halimeda, following the edges of the 

mangroves with approximately 3 meters distance between the boat and the first trees. Two ways of 

marking locations with a Garmin eTrex GPS were used. If Halimeda was present on a long distance a 

starting and ending GPS point was taken, if the presence was located on one location only one point 

was taken. These data were first stored in Garmin Basecamp to create an overview of the data and 

later they were transferred to Arc GIS to create a map of the Halimeda occurrence. To complement 

this map with data on density of Halimeda in the bay, data of presence of Halimeda collected with a 

grid method. To do this 51 randomly selected points in the bay were sampled. On each point, a 

quadrant (one m2) was placed six times. The percentage of Halimeda was determined by counting 

the number of squares covered by Halimeda plants at the bottom in each quadrant. With this data 

the density of Halimeda was added to the locations of known Halimeda growth in ArcGIS. With the 

ArcGIS function IDW (inverse distance weighing) an interpolation through the whole open bay was 

made (How IDW works, n.d.).  

2.2 Biomass production of Halimeda  

The biomass production of Halimeda was calculated by measuring the growth rate of Halimeda 

plants. Growth rate was measured by marking 10 plants in a transect with a cable tie at the beginning 

of a branch, see figure 3. This transect was as long as necessary to select 10 plants and was south-

west or north-east oriented.  The number of segments above the cable tie was counted and 

recorded.  After four days, the number of segments above each cable tie was counted again. The 

amount of new growth is equal to the biomass production (Drew, 1993).  
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Since the biomass growth was only measured on one branch, the biomass growth of a whole 

plant was calculated by multiplying the growth per branch with the average number of branches of a 

plant. This average was determined by counting the number of branches of 68 plants and taking the 

average number of branches of these plants. 

Locations for the Halimeda transects were based on the mapped locations of big mats of 

Halimeda identified. In addition, the known Halimeda, Thalassia testudinum assemblages from 

previous research in the bay were used (Debrot et al., 2012).  

 Figure 4 shows the locations where these transects where located. On locations 7, 8, 11, 15, 16, 

22 and 27 two repetitions were made, locations Hal 1, Hal 2, Hal 3, Hal 4, Hal 5 and Hal 6, were 

measured once. To check for growth differences between locations, location 72, where no Halimeda 

is present naturally, plants from location 11 were transplanted with roots to measure growth there. 

In addition the method of colouring the Halimeda plants with alizarin red-s was tested.  A Ziploc 

bag with alizarin red-s was placed on top of a plant which coloured the Halimeda red (Wefer, 1980; 

Bosence, 1989). This bag had to stay fully closed around the Halimeda for 24 hours to leave the 

colour (p.c. Francisca, 09-2017; Vroom et al., 2003; Multer, 1988).The concentration of Alizarin Red-S 

in the bags should be 0,003% (Vroom, 2003).  

Figure 3, Halimeda marked with  a cable tie. To 
measure biomass growth, the amount of 
segments on top of this cable tie was counted 
twice with four days in between the counts.  

Figure 4, the GPS locations of the Halimeda transects to measure biomass growth, the 
locations for the sediment traps are also mentioned in this map. 
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2.3 Sediment production of Halimeda 

The amount of sediment production of Halimeda was determined in a number of steps. First the 

correlation between the number of segments and volume of a Halimeda plant was determined. This 

was done by measuring height (A), minimum width (B) and maximum width(C) of an individual (see 

figure 5). Using the formula for an inverted elliptical cone   
 

 
           the volume of the plants 

was determined (Perry et all., 2016). To establish a relation between volume and number of 

segments these measurements were done with 46 plants next to the counting the segments of these 

plants. In a plotted graph the volume was placed on the x-axis and number of segments on the y-axis. 

A linear relationship was fitted through this to calculate the amount of segments for plant with a 

known volume.  

In a second step the calcium carbonate content of the Halimeda plants was determined. 

Halimeda plants with a known number of segments were dried for 24 hours at 75 °C, after which 

they were treated with 0,1 molar HCL until no reaction was visible and constant weight was reached. 

After rinsing with demi-water to remove Ca, the plants were dried again at 75 °C and weighed 

afterwards. Calcium carbonate reacts with HCL and will thus dissolve, thus the difference in weight 

between the two weighing moments was the calcium carbonate percentage (Perry et al., 2016).  

After these two steps, the number of Halimeda plants in the Lac Bay was estimated, because the 

biomass production in segments was converted to biomass growth in segments per plant. The 

percentage of Halimeda was collected with grids as mentioned before, to convert this to number of 

plants, the average coverage per point was taken and then divided by surface of the plants 

(determined with maximum width). The average maximum width was determined by collecting two 

plants per grid if Halimeda was present to measure the height, minimum width and maximum width. 

Using the relation determined earlier, the amount of segments per plant was established. This way 

the amount of plants per square meter was determined. 

Combining the number of plants with the calcium carbonate content determined in step three, 

the potential lime sand production was calculated, since all the calcium carbonate contained in 

Halimeda will become sediment (Garrigue, 1991; Vroom et al, 2003).  

With the biomass production found in question three, the average sediment production for every 

point was calculated. An estimate for the whole bay was made by multiplying this by the surface area 

of the bay (7.5 km2) calculated by Lott (Lott, 2001). To convert production (g/yr) to a volume, this 

number was divided by the density. To calculate local variations in infilling, the sediment production 

with different plant densities determined before was calculated. To determine the change in depth, 

the zonal geometry tool in ArcGIS was used (Zonal Geometry, N.D.). To calculate the change in depth 

Figure 5,  the measuring lines for 
the measurement of height, 
minimum width and maximum 
width for volume determination of 
Halimeda  



 
 
 
 

14 
 

in the case that all sediment is transferred to the edges of the mangroves where it is caught in the 

seagrass fields there, the total sediment production was divided by the surface area of these fields 

determined with zonal geometry in ArcGIS (Zonal Geometry, N.D.). 

To create a map of potential sediment production, the occurrence and sediment production data 

were interpolated for the whole bay. The function IDW (inverse distance weighted) in ArcGIS was 

used to make this interpolation (How IDW works, n.d.). 

2.4 Halimeda sediment displacement 

To measure the amount of sediment deposition, boxes with marbles were placed on different 

locations with Halimeda mats. The locations had to be accessible without diving gear, located in a 

channel or in open water, so convenience sampling was used (Kumar, 2011). This resulted in two 

locations chosen (see figure 4). To prevent sediment from falling out, a lid was placed on top while 

removing them. The amount of sediment deposited on the different locations was determined by 

collecting the boxes after one week. The sediment was dried at 105 °C for 24 hours and then 

weighed (Nolte, 2013). To give an indication if there is variation in sediment displacement, boxes 

were also left for two weeks before collecting the sediment.  

 To determine the sediment build up in m3, the density of Halimeda sediment was 

determined. The density was measured by placing a known weight of Halimeda sediment in a known 

volume of water and the change in volume was converted into the density of the sediment. 

2.5 Extent of influence of Halimeda sediment infilling on the depth of the bay 

The influence of Halimeda sediment on the depth of the bay was determined to study if the 

volume of the bay might become smaller. If this is the case, less water will be available to circulate 

through the mangroves and thus a decrease in flow rate to the open backwaters (P.C. S. Engel, 2017).  

To determine the influence of Halimeda on the water depth, first the change in depth over the 

last fifty years was calculated. This was done by using data on the depth of the bay from 1967 

(Wagenaar-Hummelink & Roos, 1967), 1993 (Moorsel & Meijer, 1993) and 2017. Both depths from 

1967 and 1993 were determined from the depth maps that can be found in annex 1. To determine 

average depth from both maps the surface area of different depths was combined with the depth in 

those areas. These numbers were combined into an average depth of the bay in 1967 and 1993. The 

depth of the bay in 2017 was determined with a Lowerance HDS7 Gen3 Totalscan transducer. Data 

from this device were transformed in a map which indicates depths in ArcGIS using the function IDW 

(How IDW works, n.d.), from which an average depth was calculated. The results were plot in a graph 

to show how the depth did change. This will also give an idea on how water availability did change 

through the years, since depth is an indication for change in volume (The environment agency, 2010).  
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3 Results 

. 

3.1 The occurrence of Halimeda in Lac Bay 

Figure 6 shows the occurrence of Halimeda. This map shows that Halimeda grows around the 

edges of the mangroves and in some areas more central in the bay. Furthermore can be noticed is 

that there is almost no Halimeda present around the coral reef barrier in the east of the Bay. In 

annex 2 another map with Halimeda presence, created in 1967 can be seen.  In figure 6 it can also be 

seen that Halimeda is also more concentrated around the coral reef barrier. 

Figure 6, Halimeda occurrence in Lac Bay Bonaire, this map is based on grids measuring Halimeda density and is created 
in ArcGIS with the function IDW, which explains the circular shape of the data. In this map it can be seen that Halimeda is 
mostly present around the edges of the mangroves.  
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3.2 Biomass production of Halimeda 

The average biomass growth per location in different units is presented in table 1. The biomass 

growth in segments/day was measured in the field. The biomass growth in segment per year per 

plant was calculated using the average number of branches of Halimeda plant. Multiplying this with 

the average segment weight of 0.0138 grams gives the biomass growth in gram per year per plant. In 

this research the average biomass growth was 14,03 grams/year. Additionally in table 1 one can see 

differences in biomass growth per location and even per repetition (A or B in the table). This shows 

that the growth can be location dependent, but in a location there is also a difference in growth per 

repetition.   

 

Site 
 

Average biomass 
growth (seg/day) 

Biomass growth 
(seg/year) 

Biomass growth per 
plant (seg/year) 

Biomass growth 
(g/year) 

  

7A 0,45 164,25 1036,22 14,33 

7B 0,98 355,88 2245,15 31,08 

8A 0,61 243,33 1381,63 19,11 

8B 0,2 73 460,54 6,37 

11A 0,5 182,5 1151,36 15,93 

11B 1,35 492,75 3108,67 43,00 

16 1,98 720,86 4547,87 62,91 

17 0,76 282,86 1784,61 24,69 

22A 0,025 9,13 57,57 0,80 

22B 1,15 419,75 2648,13 36,63 

27A 1,15 577,92 2648,11 36,63 

27B 0,28 100,38 633,25 8,76 

Hal 1 0,15 54,75 345,41 4,78 

Hal 2 0,18 63,88 402,97 5,57 

Hal 3 0,05 18,25 115,14 1,59 

Hal 4 0,14 52,14 328,96 4,55 

Hal 5 -0,45 -164,25 -1036,22 -14,33 

Hal 6 -0,38 -136,88 -863,52 -11,95 

72 -0,75 -273,75 -1727,04 -23,89 

Average 0,44 170,36 1014,15 14,03 
Table 1, Biomass growth of Halimeda (g/year), this data was collected using transects to measure the growth of 
Halimeda incrassata. This table shows the biomass growth also per site, if the site is mentioned the measurement was 
replicated.  
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3.3 Halimeda sediment production 

In Figure 1, the relation between number of segments of a Halimeda plant and the volume of the 

plants is fitted (calculated as described in the method chapter). The R2 in this relation is 0,6 allowing 

to estimate number of segments from volume. In this research the relation                    

                is used. 

 

 
 
 
In table 2 the overall average cover of Halimeda plants is shown as a percentage. The average 

number of plants per square meter was calculated using the average width of the Halimeda plants at 

the location measured. Combining these results with the average biomass production in grams per 

year per plant and the average CaCO3 content of 75% gives the sediment production in grams per 

year per square meter. The details of the calculations can be found in annex 4. 

 

The average sediment production in the whole bay was calculated by multiplying the average 

sediment production in grams per year per by the surface area of the whole open bay. This results 

in                                  . In volume this would mean a decrease in volume in the 

bay with 37900m3 per year, using a bulk density of 1.26 kg/m3. With the surface area of 7500000 m2, 

this results in an infilling of the bay with 0,5 mm per year. In figure 7 the prediction of sediment 

production in the whole bay in grams per year per square meter can be seen as well as the grids 

were the presence of Halimeda was determined.   

 

Site  Average 
coverage (%) 

Number of 
plants (# *m-2) 

Biomass 
(g/year/plant) 

Sediment 
production 
(g/year/plant) 

Sediment 
production 
(g/year/m2) 

average 21,92 60,85 14,03 10,47 637,25 

Table 2, a summary of the data collected to measure the sediment production per square meter. This table shows that about 75% of the 
biomass is converted to sediment production per plant, which is also the calcium carbonate content of an average Halimeda plant. To 
calculate the average sediment production in grams per square meter per year, the number of plants per square meter was used.  

Graph 1, in this graph the relation between volume determined with the formula   
 

 
           and the 

number of segments is shown. In this graph the formula describing this relationship is shown as well. 
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With the ranges of densities showed in figure 6, the change in depth per density was calculated. 

A condition for these changes is that all the sediment that is produced stays at the location where it 

was produced and the amount of sediment produced only depends on the density of Halimeda at 

these locations. With these conditions in mind, the change in depth per density can be studied in 

table 3.  

Another possible scenario is that all the sediment is transported to the edges of the mangrove 

fields were the seagrass fields are located. The area where the sediment then will be trapped 

108.520 m2. This results in an infilling of the bay of 35 cm per year, if this area of seagrass occurrence 

is measured at 3 meters out of the beginning of the mangrove trees.  

Density 
(plants/m2) 

Area (m2) Sediment production 
(g/year/m2) 

Sediment production 
(mm) 

0-5 601467 31,42 0,02 

5-25 983012 157,09 0,12 

25-70 954490 523,63 0,42 

70-200 1152472 1570,88 1,25 

200-530 986355 3770,10 2,99 

Table 3, This table shows the sediment production per density. The sediment is based on average density per 
density group as showed in figure 6. To make this table the assumption was made that Halimeda sediment is not 
transported and that production rates only depend on density of Halimeda plants.  

Figure 7, the left figure shows the potential sediment production based on calculated production rates on the locations in 
the right figure. The data have been extrapolated in ArcGIS with the function IDW over the whole bay this explains why 
in  the left figure the circular shape can be detected.  
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3.4 Halimeda sediment displacement 

Sediment traps were placed on two different locations. Table 4 shows the sediment that was caught 

in Fogon (see figure 4) in one and in two weeks.  In table 5 displays the data for Pariba di Cai (see 

figure 4). In table 6, the amount of sediment caught in 1 week in Fogon is shown. The density of 

Halimeda sediment was 1263 kg/m3 (see annex 3). This means that in the open bay sediment 

production is around 7,5 cm3 per week and in the canals around 16,5 cm3 per week.   

 
 
 
 
 
 
 
 

  

Date Time 
(weeks) 

Place Weight of 
sediment 
(gr) 

Volume of 
sediment 
(cm3) 

23-11-17 1 Fogon  21,03 16,65 

30-11-17 1 Fogon  21,35 16,90 

30-11-17 2 Fogon  55,49 43,94 

Difference   -13,11 -10,38 
Table 4, Sediment build up Fogon, in this table the sediment caught in the 
traps can be seen. This table shows that there is a variation in sediment 
caught per week 

Table 6, Weekly caught sediment in Fogon. This table shows quite some large differences between the amount 
of sediment that is displaced. If signs pointed to disturbances like boxes displaced this is noted in the remarks.  

Date Time 
(weeks) 

Place Weight of 
sediment 
(gr) 

Volume of 
sediment 
(cm3) 

9-11-17 1 Par di Cai 10,46 8,28 

16-11-17 1 Par di Cai 9,2 7,28 

16-11-17 2 Par di Cai 27,8 22,01 

Difference   -8,14 -6,45 

Table 5, sediment build up Pariba di Cai, in this table the sediment caught in the 
traps can be seen. This table shows that there is a variation in sediment caught per 
week 

Date Place Weight of 
sediment (gr) 

Volume of 
sediment (cm3) 

Remarks 

25-10-17 Fogon  12,33 9,76  

2-11-17 Fogon  47,09 37,29  

9-11-17 Fogon  93,92 74,37 clearly disturbed  

16-11-17 Fogon  26,54 21,01  
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3.5 Extent of influence of Halimeda sediment infilling on the depth of the bay  

The average depth in 1967 was 201 cm, in 1993 this decreased to 188 cm and in 2017 the Bay 

was 163 cm deep. The average depths of 1967 and 1993 where calculated by averaging the depths 

over the area in which they occurred. Figure 8 shows the depth of the bay in 2017. In this map it can 

be seen that the bay is quite shallow around the edges but has some more deeper points in the 

middle of the bay and near the entrance to the ocean. From the data it can be calculated that the 

depth of the bay decreased with 38 cm during the last 50 years. The decrease in dept is thus 0,76 cm 

per year. Halimeda sediment is thus contributing 6,6% to the infilling since 1967.  

  

Figure 8, Depth Lac Bay in 2017. This map shows that the 
average of the bay is quite shallow, but that in the middle and 
towards the reef the bay is deeper. To create this map data 
from a Lowerance HDS7 Gen3 Totalscan transducer were placed 
in ArcGIS and transferred into a map after conversion from 
excel to gdb file.  
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4 Discussion 

 

4.1 The occurrence of Halimeda in Lac Bay 

Two different methods to collect the data of Halimeda presence have been used. One was 

mapping GPS points were Halimeda was present and the other one was using the grids across the 

bay. The method of the grids is not yet completed, so for some of the data in the map in figure 6, 

interpolation between data points was needed. This interpolation was done by ArcGIS, with the 

function IDW. Since only on a few locations the presence of Halimeda in number of plants was 

known, ArcGIS needed to make interpolations between these points. This could result in over- or 

underestimations of presence, since the bay is not evenly covered with Halimeda. To make this 

interpolation a bit more accurate, an estimation on the average amount of plants was made, based 

on visual data and the average densities around those points. These points randomly assigned in the 

bay have not all been sampled as can be seen in figure 7, especially in the middle of the bay some 

points are missing. These locations have not been sampled yet, since diving gear was not always 

accessible.  

  Despite this estimation based on location, the uncertainty of Halimeda presence is quite high, 

since the map created shows the coverage of the whole bay based on a few sampling sites. This 

means that the map in figure 6 is not flawless. As mentioned before, Halimeda has quite a large 

range of densities not homogenous throughout the bay, so the map might show over or 

underestimations of densities, especially in the range around the mangroves since the densities were 

varying there quite a lot.  

The data collection of Halimeda occurrence with the tour around the mangroves gave 

information on where Halimeda was growing around the edges of the mangroves. Some points 

where Halimeda is present might be missed since a route 3 meters out of the mangroves was chosen. 

More Halimeda could thus present around the edges then found with this method. A part of this 

uncertainty was covered with the creation of the map with IDW, since data were interpolated. Even if 

no data of Halimeda presence was available, ArcGIS based an estimation of presence on the 

surrounding data, this means that Halimeda that might not have been recorded still can be seen in 

the map. This is also working the other way, maybe no Halimeda is presence, but the data 

interpolation predicted otherwise, resulting in an overestimation of Halimeda occurrence.  

In the results it could be seen that Halimeda is mostly growing around the edges of the 

mangroves. This makes sense since there the water is shallower, thus more light is reaching the 

bottom where Halimeda is growing. Furthermore the mangroves do provide nutrients to the water 

(Hemminga et all., 1994), which increases Halimeda growth (Perry et all., 2011; Smith et all., 2004). 

When one compares the map of 1967 on Halimeda occurrence and the current map, it can be 

seen that especially around the coral reef barrier more Halimeda is present in 1967. This is probably 

Halimeda opuntia, which was not measured during this research. In the map of 1967 only presence 

or absence is given, which makes direct comparison difficult. 
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4.2 Biomass production of Halimeda 

To measure the biomass growth, cable ties were placed around randomly selected plants. This 

means that no difference was made between young and older (bigger) plants, which could result in 

difference in biomass growth, also per repetition on the same location. Another factor that was not 

taken into account was the mortality of Halimeda plants. Since Halimeda has a high biomass 

production, the mortality rate can be quite high in the four days between measurements (Garriggue, 

1991; Perry et all., 2016; Drew, 1983). By only marking one branch of each plant, it is possible that 

there was die off, so a lower biomass growth could have been measured.  

An additional factor with marking only one branch, was that to create an average biomass 

growth for the whole plant, the assumption was made that biomass growth for the whole plant is the 

same. If this assumption is not true there could be an over- or underestimation of biomass growth.  

Furthermore, the biomass growth was only measured during one month of the year and then 

assumed constant during the whole year. Halimeda growth however is not constant throughout the 

year (Wefer, 1980; Bach, 1979; Garrigue, 1991). It depends on temperature e.g. growth is reduced if 

the water is below 20 degrees Celsius. The optimum temperature for Halimeda growth is around 29 

degrees Celsius (Drew, 1983), which is not the case in Bonaire. On Bonaire the average air 

temperature is between 32 and 29,5 degrees Celsius (Weeronline, Klimaat Nederlandse Antillen) and 

the water temperature on reef on average 26,5 degrees Celsius (Het Klimaat van Bonaire). The water 

temperature in Lac Bay will probably vary between these temperatures, since the water is colder 

than air temperature but more shallow thus warmer than the reef water temperature. This means 

that the water temperature is not whole year round the optimum for Halimeda growth, which might 

result in a lower biomass production. 

The measuring method used could also influence the results. By counting under water with some 

wave movement it is possible that the number of segments is miscounted. Furthermore, it is possible 

that the cable ties did move a bit, since they could not be attached too tight causing die off of the 

plants. This can result in both an over- and underestimation of the biomass production. 

Table 1 shows the variation in biomass growth per locations. Factors explaining this variation 

have not been investigated, but some possible explanations might be difference in nutrient 

availability or different growth rates for younger and older plants. 

As mentioned in the methods, Halimeda plants were also marked with Alizarin Red-S to measure 

biomass growth. However, this method did not gave the expected results, since the painted parts 

were not coloured enough to notice a difference between old and new grow. Another complicating 

factor was the fact that the plastic bags did not stay in place on all locations, especially if the surge 

was quite strong. It would thus be interesting to try this marking method again, but maybe with a 

higher concentration of Alizarin Red-S.  
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4.3 Sediment production of Halimeda 

In the results a sediment production of 48 million kilos of sand per year was calculated, using 

estimates of Halimeda presence in the bay. This estimate is conditional on the current number of 

sampling sites. As the calculation is based on zero production on those locations, the number given 

here can be an underestimation.  

The assumption made during this data collection, is that the squares of the grids were completely 

covered by Halimeda. To calculate the amount of plants in a square meter, the maximum width of 

the plants was used to determine how many plants were present. Assuming completely full grids can 

result in an overestimation of the amount of plants and thus in sediment production. On the other 

hand assuming the maximum width as a measurement for the amount of plants can result in an 

underestimation of number of plants and thus an  underestimation in sediment production. Despite 

these disadvantages, this method was preferred over counting every plant in a grid, since that would 

be more time consuming.  

One last aspect that could have resulted in an underestimation in sediment production in Lac 

Bay, is that only the sediment production from one Halimeda species was determined. However 

literature has indicated that three different species grow in the bay (Debrot et all., 2010). These 

species will also produce sediment and will thus increase the infilling of the bay since the sediment 

production of Halimeda differs significantly per species( Perry et al., 2016). There is no data available 

on the densities of the other species and the production rates vary (Garrigue, 1991; Drew, 1983). This 

means that an estimation on how much more sediment is produced in the bay is hard to make.  

In literature a wide range of numbers on Halimeda sediment production have been found, 

ranging from 3,79 gram/year/m2 to 2234 gram/year/m2 (Garrigue, 1991; Drew, 1983). In both 

investigations a different species of Halimeda was investigated, but there were also differences in 

temperature. Low production was found in a region where water temperature was between 21 and 

25,5 degrees Celsius (Garrigue, 1991), while the higher sediment production was found in a region 

where the water temperature is roughly 29 degrees Celsius throughout the whole year (Drew, 1983). 

Wefer (1980) found a production rate of Halimeda incrassata of 50 grams/year/m2 . This is quite 

low compared to the 640 grams/year/m2 found in this research. An explanation for this can be the 

difference in density, which could be caused by difference in nutrients since the research from Wefer 

was done in a lagoon without the presence of mangroves, while in Lac Bay mangroves may provide 

nutrients to the plants (Wefer, 1980). Another possible contributing factor to this difference can be 

the difference in temperature, as in Wefer (1980) water temperature dropped below 20 degrees 

Celsius in  winter, while in Lac Bay it probably stays above 25 degrees Celsius as mentioned earlier.  

As stated before, this can also cause large differences in biomass production.   

Depth can also influence biomass, thus sediment, production. Bach (1979) indicates that 

Halimeda production depends on light intensity. This suggests that production decreases with depth.  

An overview of Halimeda growth rates as different depths, concluded that in that case nutrients are 

more important than light (Vroom, et al., 2003). 

Another factor that could explain the difference between both productions is the number of 

plants per square meter. If the density of Halimeda is higher, it would also mean more sediment 

production. In table 1 and annex 4 it can be seen that there are quite some differences in  sediment 

production rates per location and that this can be related to the density of the Halimeda.  
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Despite some possible explanations, it is hard to really compare the variations in growth rate, 

since the results are given in grams/year/m2, which depends on Halimeda density. Information on 

Halimeda density is however often not yet  given which makes comparison difficult.  

An estimation of infilling of the bay with Halimeda sediment per year is also made using three 

different ways to calculate these sediment production rates in mm/year. To calculate the change in 

depth per density an average number of plants per square meter per density group was taken. 

Especially in the group from 0-5 plants per square meter, this might cause an overestimation of 

sediment production and thus in infilling. This overestimation can be caused by the fact that quite 

some locations have no Halimeda cover and in this scenario it is assumed that at least 3 plants are 

present per square meter.  Another side mark that needs to be made with this method is the fact 

that no sediment displacement is assumed. However in research it has been found that Halimeda 

sediment is transported quite easily (Perry et all, 2011), so this makes the assumption all sediment 

stays where it is produced a bit risky. 

The easy transport of Halimeda sediment however might be helping to support the assumption 

that all sediment is transported to the seagrass fields around the edges of the mangroves. If 

Halimeda sediment is transported easy, it will flow with incoming tides to the seagrass fields, where 

the flow rate will be reduced because of these fields, resulting in settling of the sediment. Despite 

the fact that probably not all sediment is transported to seagrass fields, this estimation on infilling 

might give a better estimate of sediment production in mm/year then than the density based 

infilling. A side mark that needs to be placed by this data, is the fact that no accurate data on surface 

area of seagrass fields was present. In this research a 3 meter wide range out of the mangroves was 

assumed to be seagrass fields, but no data for this assumption were available. This means that the 

estimated change should be seen as an indication rather than an estimation on production in 

mm/year.  

4.4 Halimeda sediment displacement 

Sediment traps were placed in two locations. The values of sediment displacement should be 

regarded as indicative, especially since Halimeda sediment is transported quite easily as mentioned 

before.  

To measure the displacement sediment traps were placed in the bay. With the placement of the 

traps, no fins were used while snorkelling, to limit the disturbance of the sand while placing them. 

While placing the traps, besides placing a lid on top, the traps were also  placed against the surge, so 

when removing the lid after settling of the disturbed sand, sand that might have been disturbed with 

swimming away would have the least chance of being trapped in the trap. Despite all those 

precautions, it is still possible that some disturbed sand was trapped and consequently influenced 

the data. 

Last, the density of the sediment was determined using a scale that only was precise in grams 

and a measuring cup precise on 25ml. This induces that the density might not be precise. On the 

other hand it, when calculating the density again with some adjustments depending on this scale 

range, a difference of only 2% could be seen. Such a low percentage does not influence the numbers 

used in the rest of the research.  

Despite all those uncertainties the results suggest that most sediment settles around the edges 

of the mangroves. This result makes sense, since water flow is reduced by the mangroves, enabling 

the sediment to settle easier. 
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In the results showed in table 4, 5 and 6 it could be seen that there are differences in sediment 

caught per week. However, differences could not be explained based on these data.  

4.5 Extent of influence of Halimeda sediment infilling on the depth of the bay  

To establish the change in depth data from different years were used. These data were collected 

with various methods, maybe even at different tides, which complicates comparison. The maximum 

range between high and low tide is 0,45 m (Today's tide times for Kralendijk, Bonaire, N.D.), which is 

almost the change in depth found in this research. This means that this change should be seen as an 

estimation in change of depth with the assumption that all the measurement of depths are made at 

dead tide so the tide difference is evened out. Furthermore, variations in biomass growth, thus 

sediment production, may lead to local differences in depth changes.  

Since Halimeda is mostly present around the edges and this is also the place where Lac is the 

shallowest, it makes a difference if the sediment stays in place or if it is transported. H&F observe 

that sediment production and transport is quite important, but that it is hard to understand how this 

process is taking place (Harney & Fletcher III, 2003). The combination of variation in depth, changing 

sediment transport and current information on biomass growth and depth, the change in depth 

around the edges is expected to decrease the fastest. If the sediment is indeed all transported to 

these edges Halimeda alone would decrease the depth with 35 cm per year as calculated before.  The 

edges of the mangroves are also the places where most of the seagrass beds are located and if these 

become shallower and mangroves start to invade the bay, these beds will have more competition 

over light and space and maybe disappear. 

Two other factors that influenced the change in volume are 1) the assumption that the biomass 

growth was the same 50 years ago and 2) only the change in depth has been recorded, however the 

surface area of the bay might also have been changed.  

The assumption of constant biomass growth was made since no other data on sediment 

production where available, but it might be that in earlier times more or less Halimeda was growing, 

resulting in a different contribution of Halimeda sediment to the change in depth.  

To note the change in volume, it is important to know the change in surface area of the bay. 

Since this has not been recorded yet and an assumption that this area would stay the same is too 

risky, the decision has been made to only look at change in depth instead of volume. The surface 

area was assumed to change, since the mangroves are migrating into the bay, which could be made 

easier by the presence of Halimeda.  
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5 Conclusion 

5.1 Halimeda contribution to infilling of the bay 

Halimeda is present in the whole bay, but is concentrated at the bay edges near the mangroves. 
The average biomass production is 14 gram per year per plant, which makes Halimeda  a fast growing 
algae. Since about 75% of the plant consists of calcium carbonate, about 10 grams per year of their 
biomass production turns into lime sand. In total this would mean a sediment production of 48 
million kilo calcareous sand per year in Lac bay. In units of depth, assuming uniform distribution over 
the whole area this would mean a decrease of 0,5 mm per year. If the sediment does lead to infilling 
locally, a maximum of about 4 mm per year can be noticed. Since Halimeda sediment is transported 
quite easily, the sediment is more likely trapped around the edges of the mangroves. This would lead 
to a decrease in depth of 35 cm in the area where seagrass fields are present. 

Since the results also show that Lac Bay has decreased with about 40 cm in the past 50 years (8 
mm/year), the contribution of Halimeda with 0,5 mm per year (25 mm in total) might not be 
significant. However, as stated before, Halimeda biomass production might be underestimated, since 
not all Halimeda species present in the bay have been measured. This could thus lead to a more 
significant role for Halimeda sediment for the decrease in depth of the bay. It is also possible that the 
decrease in depth is not equally distributed across the bay. The sediment traps showed that there is 
more sediment caught around the edges of the mangroves, so maybe Halimeda is contributing more 
to the decrease in depth than the calculations based on average depth show. 

5.2 Further research 

Based on the analysis it would seem that on average Halimeda is not contributing a large amount 
of sediment to the infilling of the Lac Bay. It would thus be relevant to analyse local depth changes 
and relate this to possible other causes, like land based sediment. 

This transport process is also something interesting to investigate, since sediment from coral 
reefs and algae is sometimes important for forming of islands (Perry et all., 2011). However, only 
knowledge on sediment production is not enough, since transport of sediment is also a big 
contributor to this process. Halimeda is also important as a producer of carbonate sediment, which is 
important for coral reefs to grow ( (Goreau, 1963). Knowledge on where this sediment is deposited is 
crucial to estimate if Halimeda is either causing infilling of the bay or actually helping to sustain the 
barrier reef on the other side of the bay.  

As a contribution to this transporting process it would be interesting to investigate to what 
extent Halimeda sediment is indeed transported to the seagrass fields and how large the surface 
area of this deposit place is. To do this it is important to find a reliable method to study Halimeda 
transport processes, since that has not been found yet (Perry et all, 2011). 

As stated in the discussion only one type of Halimeda was studied in this research, but especially 
closer to the reef Halimeda optunia is also growing (field observation). This type of Halimeda is 
probably also contributing to the amount of sediment produced in Lac Bay. Therefore, additional 
research to investigate how much sediment this species is producing, would clarify the transport of 
sediment and infilling of the bay.  

During field observations it was noticed that where Halimeda is present, Thallassia testudinum is 
growing less dense and Halophila stipulacea is not growing at all. The last type of seagrass is invasive 
in Lac Bay(Tussenbroek van, 2016). It might be interesting to look into this observation to see 
whether or not there is a correlation between presence of Halimeda and absence of this invasive 
seagrass. If Halimeda indeed is preventing this type of seagrass to grow, it can be interesting to 
enhance Halimeda growth in these areas, by planting more Halimeda in these areas.   
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Annex 1, Maps that indicate Depths 

 
Figure 9, Depths Moorsel and Meijer 1993 



 
 
 
 

 
 

 
 

 
Figure 10, Depths Wagenaar Hummelink and Roos, 1963 

  



 
 
 
 

 
 

Annex 2, Halimeda Occurrence  

Figure 11, Halimeda occurrence Wagenaar Hummelink and Roos, 1967 
  



 
 
 
 

 
 

Annex 3, Density 

Number Weight (grams) Change volume (cm3) Density (g/cm3) 

1 70 50 1,40 

2 90 75 1,20 

3 77 60 1,28 

4 85 70 1,21 

5 67 50 1,34 

6 72 60 1,20 

7 68 55 1,24 

8 80 65 1,23 

Average   1,26 

Table 7, Halimeda Density 

 



 
 
 
 

 
 

 

Annex 4, Sediment production  

site  plants 
per 
square 

average 
coverage (%) 

number of 
plants (# *m-2) 

number of 
segments (#*m-2) 

biomass 
(seg/year/plant) 

seg 
weight 
(g) 

Biomass 
(g/year/plant) 

sediment 
production 
(g/year/plant) 

sediment 
production 
(g/year/m2) 

7 3 97 263 19621 1014 0,014 14 10 2750 

8 3 67 174 20917 1014 0,014 14 10 1826 

11 1 48 65 14326 1014 0,014 14 10 683 

16 1 99 134 29385 1014 0,014 14 10 1401 

22 4 98 353 17515 1014 0,014 14 10 3701 

27 7 77 526 19016 1014 0,014 14 10 5512 

A 0 0 0 0 1014 0,014 14 10 0 

B 2 21 51 8440 1014 0,014 14 10 534 

CA 0 0 0 0 1014 0,014 14 10 0 

EA 3 93 249 28921 1014 0,014 14 10 2613 

F 7 3 18 597 1014 0,014 14 10 186 

G 3 48 125 18203 1014 0,014 14 10 1312 

H 0 0 0 0 1014 0,014 14 10 0 

IA 2 1 2 262 1014 0,014 14 10 20 

J 0 0 0 0 1014 0,014 14 10 0 

JA 1 22 30 222 1014 0,014 14 10 318 

L 0 0 0 0 1014 0,014 14 10 0 

LA 0 0 0 0 1014 0,014 14 10 0 

M 2 1 1 123 1014 0,014 14 10 11 

MA 0 0 0 0 1014 0,014 14 10 0 



 
 
 
 

 
 

NA 1 44 56 9837 1014 0,014 14 10 591 

O 0 0 0 0 1014 0,014 14 10 0 

OA 0 0 0 0 1014 0,014 14 10 0 

P 0 0 0 0 1014 0,014 14 10 0 

PA 0 0 0 0 1014 0,014 14 10 0 

Q 0 0 0 0 1014 0,014 14 10 0 

QA 5 1 5 365 1014 0,014 14 10 48 

R 2 0 0 31 1014 0,014 14 10 4 

S 5 5 27 1135 1014 0,014 14 10 286 

T 0 0 0 0 1014 0,014 14 10 0 

TA 4 4 16 681 1014 0,014 14 10 171 

U 0 0 0 0 1014 0,014 14 10 0 

UA 3 96 241 42258 1014 0,014 14 10 2520 

V 0 0 0 0 1014 0,014 14 10 0 

VA 0 0 0 0 1014 0,014 14 10 0 

WA 1 31 35 8702 1014 0,014 14 10 368 

X 0 0 0 0 1014 0,014 14 10 0 

Y 0 0 0 0 1014 0,014 14 10 0 

Z 0 0 0 0 1014 0,014 14 10 0 



 
 
 
 

 
 

 


