
 1 

 

 
 
 

MSc Biological Sciences 
Freshwater & Marine Biology 

 

Research Project 
________________________________________________________________ 

 
Seagrass as bioindicator for eutrophication and pollution 

in the coastal bays of Bonaire, Caribbean Netherlands 
________________________________________________________________ 

 
by 
 

B. R. (Bodi) Ouwersloot 

13015214 
 

November 2022 
42 EC 

February 2022 - November 2022 
 

Supervisor and assessor: Examiner: 
Dr. M. (Matthijs) van der Geest Dr. J. A. (Arie) Vonk 

  

  
  

Wageningen Marine Research, 
Wageningen University & Research 

Department of Freshwater and Marine 
Ecology, University of Amsterdam 



 2 

Preface 
This MSc thesis entails information about seagrass as bioindicator for eutrophication and 
pollution in the coastal bays of Bonaire, Caribbean Netherlands. The thesis is conducted at 
Wageningen Marine Research, Wageningen University & Research. 
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Abstract 
The economy of Bonaire is highly dependent on tourism. Tourists are drawn to Bonaire because 
of the beautiful nature and biodiversity in the coastal ecosystems, e.g, mangrove forests, 
seagrass meadows, coral reefs. Therefore, it is important to protect these coastal ecosystems. 
Currently, eutrophication and pollution are serious threats to Bonaire’s mangrove forests and 
seagrass meadows through terrestrial run-off and influx of Sargassum. Seagrasses are known 
to be sensitive to local environmental changes by bioaccumulation of chemicals and nutrients 
through absorption in their tissues. In this study, we used turtle grass (Thalassia testudinum) 
as a bioindicator of spatial and temporal variation in eutrophication and pollution in five 
different bays on Bonaire. We found that T. testudinum is a good bioindicator of eutrophication 
and pollution. Analysis of stable isotope signatures (δ13C, δ15N), nutrient (%N, %P, %S) and 
trace metal content (%As, %Cd, %Co, %Fe, %Mn, and %Ni) in T. testudinum leaf samples 
revealed that Lagun was the most eutrophic and polluted bay on Bonaire. The high eutrophic 
and polluted state in Lagun is mainly due to a nearby landfill, large catchment area, and influxes 
of pelagic Sargassum spp.. In Lac Bay, higher sulfide stress was observed in T. testudinum leaf 
tissues in 2019 compared to 2015, which may have hindered the uptake of N and P by T. 
testudinum. The difference in sulfide stress between 2015 and 2019 is due to the massive influx 
of Sargassum that occurred in 2018. However, we suggest a possible recovery given better 
uptake of N and P and lower sulfur content in T. testudinum leaf tissues in 2022. This may 
indicate less sulfide stress in 2022 compared to 2019. In Lac Bay in 2022, biochemical content 
of T. testudinum leaf tissues collected at fixed sampling sites where the direct cumulative effect 
of Sargassum influxes was assumed to be highest (i.e., west of Lac Bay), were similar to tissues 
collected in areas with no or intermediate direct impact of Sargassum. This may also suggest 
recovery of T. testudinum that has survived the most severe influx in 2018. We showed that 
Bonaire’s coastal ecosystems are threatened by eutrophication and pollution through  
land-based run-off and the influx of pelagic Sargassum. Hence, we want to encourage the local 
government with this study that nature restoration measures need to be taken immediately to 
protect their coastal ecosystems. 
 
Keywords 
 “Bioindicator”, “Eutrophication”, “Pollution”, “Sargassum”, “Terrestrial run-off”, and “Turtle 
grass (Thalassia testudinum)”   
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1. Introduction 
Coastal ecosystems such as salt marshes, mangrove forests, seagrass meadows, and coral reefs 
are among the most biologically productive ecosystems on the planet and are key to mankind 
and the organisms that inhabit these areas (Townsend, 2012a-e). These ecosystems are critical 
to coastal protection (Christianen et al., 2013; James et al., 2020), the stabilization of sediments 
(Maxwell et al., 2016), carbon sequestration (Duarte et al., 2005, 2010; Fourqurean et al., 
2012), maintain water quality (De los Santos et al., 2020), support economic valuation 
(Dewsbury et al., 2016; Praisankul & Nabangchang-Srisawalak, 2016), and biodiversity via 
habitat and food provision for many organisms (Nagelkerken et al., 2000). Bonaire’s coastal 
ecosystems consist of mangrove forests, seagrass meadows and coral reefs. In addition to 
offering the aforementioned ecosystem services, these ecosystems also support tourism, on 
which Bonaire’s economy is highly dependent (Slijkerman & Henkens, 2019; Slijkerman et 
al., 2019). Therefore, protection of these ecosystems is considered very important.  

Terrestrial run-off is a common stressor to coastal bays leading to eutrophication and 
pollution. As a result of land-based run-off, water quality and light penetration in the bay will 
decrease, with negative effects on biodiversity. On Bonaire, the soil is often bare due to 
overgrazing by free-roaming livestock, which has enhanced land-based run-off of sediment, 
nutrients and pollutants to coastal waters during periods of rainfall (Debrot & Sybesma, 2000; 
De Freitas et al., 2005; Slijkerman et al., 2011; Davaasuren & Meesters, 2012; Debrot et al., 
2012; Roberts et al., 2017; Van der Geest et al., 2020a). This is especially true for bays that 
have a large watershed, with a steep slope, and/or low vegetation cover (Van der Geest et al., 
2020a).  

Since 2015, the coastal bays of Bonaire are also impacted by the influx of big rafts of 
pelagic Sargassum spp., with the largest influx recorded in spring 2018 (Bonaire.nu, 2015; 
Dutch Caribbean Nature Alliance, 2019; Tjong, 2020). Since 2018, these Sargassum influx 
events seem to have become an annual phenomenon, mainly restricted to the spring season 
(between March and June) (Dutch Caribbean Nature Alliance, 2019; López-Contreras et al., 
2021). In the open ocean, Sargassum rafts are an extraordinary ecosystem on its own, fostering 
marine life (Wang et al., 2019). However, when arriving in the coastal bays, significant 
amounts of Sargassum rafts accumulate on the shores where it results in reduced water quality 
(e.g., light attenuation, turbid water, oxygen depletion). The accumulation of massive decaying 
Sargassum along coastlines is referred to as Sargassum-brown-tides (Sbt; Van Tussenbroek et 
al., 2017). After a while, the accumulated Sargassum will decompose anaerobically releasing 
arsenic, sulfide and trace metals into the marine environment (Van Tussenbroek et al., 2017; 
Chávez et al., 2020; Rodríguez-Muñoz et al., 2021), that can be considered toxic to benthic 
communities (López-Contreras et al., 2021), e.g., seagrasses (Macinnis-Ng & Ralph, 2002).  

Benthic communities but also biological processes or species can be used as bioindicator. 
Bioindicators are time-integrated measures of local environmental conditions and have proven 
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to be a cheap and effective way to assess the ecological condition of an ecosystem (Holt & 
Miller, 2010). Because seagrasses are sessile organisms, that can only grow when there is 
sufficient light, and since nutrient and trace metal content in seagrass tissues reflects the local 
environmental conditions as a result of bioaccumulation, seagrasses are considered good 
bioindicators of local environmental conditions (Ferrat et al., 2003; Larkum et al., 2006; Roca 
et al., 2016). In the past, seagrasses have already been used as bioindicators of eutrophication, 
pollution, ecosystem health and water quality in Australia (e.g., Udy & Dennison, 1997; Prange 
& Dennison, 2000), Mediterranean (e.g., Lafabrie et al., 2008; Lopez y Royo et al., 2011), 
United States (e.g., Madden et al., 2009), China (e.g., Li & Huang 2012), and Caribbean (e.g., 
Govers et al., 2014a,b).  

On Bonaire, turtle grass (Thalassia testudinum) is the native and most widespread seagrass 
species. The tissues of T. testudinum have previously been used successfully as a bioindicator 
to map the degree of eutrophication and pollution on Bonaire and Curaçao (Govers et al., 
2014a,b). In this study, tissue samples of T. testudinum will be taken in time and space and used 
as bioindicator to map the degree of eutrophication and pollution in five coastal bays on 
Bonaire. The degree of eutrophication and pollution may differ between the five bays as the 
characteristics of each bay varies with regard to run-off associated watershed properties (i.e. 
size, slope, vegetation cover), exposure to pelagic Sargassum influxes, exposure to tourism, 
and exposure to landfills. We hypothesized that T. testudinum leaf tissues collected in a bay 
that has a relatively high impact of run-off will be reflected by decreased T. testudinum leaf 
tissue δ13C signatures due to light limitation and carbon source, increased T. testudinum leaf 
tissue δ15N signatures due to land-based sewage input, and increased nutrient (%N, %P, %S) 
and trace metal (%As, %Al, %Cd, %Co, %Cr, %Cu, %Fe, %Mn, %Ni, %Pb, and %Zn) content 
in T. testudinum leaf tissues. We also hypothesized that T. testudinum leaf tissues collected in 
a bay that experiences a relatively high impact of landfills, will show increased concentrations 
of trace metals, as a result of leakage of trace metals from the landfill to the bay. In addition, 
isotope signatures, nutrient and trace metal content in the T. testudinum tissue samples that 
were collected (by Fee Smulders) in 2015 and 2019 in Lac Bay at fixed sampling locations will 
be used and compared with the T. testudinum tissue samples taken at the same locations in this 
study. This is to investigate the temporal variation in Lac Bay in terms of the degree of 
eutrophication and pollution before and after the first major influx of pelagic Sargassum in 
2018. Sargassum is known to contain high concentrations of arsenic (%As) and with the first 
Sargassum influx in Lac Bay in 2018, we hypothesized that %As will be lower in T. testudinum 
leaf tissues collected in 2015 compared to those collected in 2019 and 2022. It is also known 
that Sbt cause a high acute load of organic material (Van Tussenbroek et al., 2017). The sulfide 
released from this decomposing organic material is taken up by the root system of the seagrass, 
often resulting in sulfide stress (i.e. high sulfur content in the seagrass leaf tissues) (Holmer & 
Hasler-Sheetal, 2014; Kilminster et al., 2014; Van der Geest et al., 2020b). Therefore, we 
hypothesized that nutrient uptake by Sargassum-related sulfide stress in T. testudinum would 
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be lower in 2019 in Lac Bay as sulfide stress can disrupt nutrient uptake in seagrass (Lamers 
et al., 2013; De Fouw et al., 2022). Lastly, since arsenic is highly present in Sargassum spp. 
(Rodríguez-Martínez et al., 2019, 2020; Chávez et al., 2020; López-Contreras et al., 2021; 
Davis et al., 2021; Resiere et al., 2021; Cipolloni et al., 2022; Dassié et al., 2022; Ortega-Flores 
et al., 2022), high arsenic content in T. testudinum leaf tissues is a proxy for Sargassum-induced 
organic loading (Van Tussenbroek et al., 2017). Hence, we hypothesized that spatial variability 
in arsenic content in T. testudinum leaf tissues reflects spatial variability in pelagic Sargassum 
impact in Lac Bay in 2022. With this study, the data obtained can be used to develop and 
implement targeted effective nature restoration measures, and to evaluate the effectiveness of 
current and future nature restoration measures by the local government. 
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2. Materials and Methods 
2.1  Study area 
Bonaire, Caribbean Netherlands, is a tropical island and a special municipality of the Kingdom 
of the Netherlands that has a surface area of 288 km2 (Fig. 1A,B). Bonaire receives 
approximately 500 mm of rainfall per year, and its rainy season lasts from October to January 
(Borst & De Haas, 2005). Precipitation on Bonaire comes in short but powerful and due to low 
water retention capacity of the mostly bare and calcareous soils on Bonaire, most rainfall on 
land will end-up in the coastal waters through terrestrial run-off (Van der Geest et al., 2020a). 
Hence, the majority of water from the rain quickly runs off into coastal waters (Roos, 1971; 
Van Keken et al., 2006). Additionally, there are no rivers or streams on Bonaire. Therefore, 
the input of sediment and nutrients into coastal waters is probably predominantly via erosion 
from land through rain fall. Wind may also affect the input of terrestrial sediments and nutrients 
to the coastal waters of Bonaire, but this input is expected to be relatively low when compared 
to the inputs of land-based run-off via rain. 

To map the degree of eutrophication and pollution, we conducted a benthic survey between 
7 March 2022 and 24 May 2022 in five bays on Bonaire where the seagrass species T. 
testudinum is known to be present. The bays that are included in this study are two bays (Lagun 
and Lac Bay) and three saliñas or salt ponds (N1 Pond, Turtle Pond and Pekelmeer) (Table 1, 
Fig. 1C-G). Lagun is the northernmost bay of this study and is considered the most polluted 
site because this large catchment area, in which a landfill is located, has a relatively high 
potential run-off of pollutants. Moreover, Lagun is impacted by massive Sargassum influxes 
since 2015 (Dutch Caribbean Nature Alliance, 2019). The water clarity in Lagun is very turbid, 
which can be an indication of high nutrient input and land-based run-off (through rainfall and 
wind activity). Mangrove vegetation is present in the west of Lagun, while some T. testudinum 
seagrass patches are present in the near shore shallow waters (< 50 cm) in the east of Lagun 
(pers. obs.). Lac Bay is located in the southeast of Bonaire and contains a large catchment area. 
Lac Bay is the largest bay of all the bays surveyed in this study and is home to the largest and 
most pristine seagrass habitat on Bonaire. Unlike Lagun, the water in Lac Bay is generally 
clear. However, the closer you get to shore, the more turbid it gets, especially in the west. Lac 
Bay also has mangrove vegetation that surrounds the bay in the west, east, and north. The 
mangrove and seagrass ecosystems in Lac Bay provide significant nursery and foraging 
grounds for invertebrates, crustaceans, fish, and green sea turtles (Christianen et al., 2012, 
2019; Debrot et al., 2012; Stapleton et al., 2014; Smulders et al., 2022). In Lac Bay, seagrasses 
occur from 0.3 to 6.0 m depth (Smulders et al., 2017). N1 Pond, Turtle Pond, and Pekelmeer 
are three semi-enclosed bays. They are located in the south of Bonaire and are managed by 
Cargill, a privately held American global food corporation. These semi-enclosed bays are 
surrounded by salt pans that are used for commercial salt production and as such do not receive 
a lot of sediment and/or nutrients from terrestrial run-off, i.e., have a small relatively flat 
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catchment area. N1 Pond, Turtle Pond and Pekelmeer are in connection with the Caribbean Sea 
through a small channel. N1 Pond and Pekelmeer have a direct connection, but Turtle Pond has 
an indirect connection via a small, narrow sluice from Pekelmeer. 
 

  

Figure 1. (A) Map of the Caribbean with (B) Bonaire located within the square (12°90N, 68°16’W). (C) 
Areal overview of the bays where the benthic surveys were carried out: (D) Lagun, (E) Lac Bay, (F) N1 
Pond, and (G) Turtle Pond and the inlet of Pekelmeer. Google Earth Pro 2022 imagery date 28 June 2022. 
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Table 1. Characteristics of the sampled bays on Bonaire. 

Bay Coordinates Surface area 
(km2) 

Width of bay 
mouth (m) 

Impact of  
run-off 

Impact of 
Sargassum 

Lagun 12°18’N, 
68°22’W 

0.18 277 yes high 

Lac Bay 12°10’N, 
68°15’W 

7 1680 yes high 

N1 Pond 12°06’N, 
68°23’W 

0.11 25 no medium 

Turtle Pond 12°04’N, 
68°23’W 

0.11 1.5* no low 

Pekelmeer** 12°03’N, 
68°25’W 

3.73 80 no medium 

      

* = connected with Pekelmeer through a small, narrow sluice. 
** = only sampled in the inlet of Pekelmeer. 

 

2.1.1 Environmental factors 
In this section, we describe additional environmental data that have been collected at each 
sampling site as part of a long-term monitoring program. However, these data are beyond the 
scope of this study and will not be further investigated here. At each sampling station, salinity 
(‰), conductivity (mS cm-1), dissolved oxygen (% and mg L-1) and temperature (°C) was 
measured at seagrass canopy height with a handheld multimeter (Hach HQ2200) to which a 
dissolved oxygen electrode (Hach IntelliCAL LDO101) and a conductivity probe (Hach 
IntelliCAL CDC401) were attached. In addition, after each measurement with the multimeter, 
time and water depth (cm) were noted. For each sampling site, the distance to the nearest 
coastline (m) was also determined through Google Earth Pro 2022.  

Sediment accumulation rate (SAR; g DW day-1) was an indicator for sediment run-off. We 
have used this variable in this study to map differences in sediment loading between the bays. 
To determine SAR, a minimum of three sediment traps were placed in each bay (Lagun, n = 3; 
Lac Bay, n = 4); Pekelmeer, n = 3; Turtle Pond, n = 3) (Table S1). The sediment traps were 
made of a rebar (L = 80 cm) with a PVC-core (L = 33 cm, diam. = 4.5 cm) attached to it, which 
was closed off with a PVC end cap at the bottom (Fig. S1). The opening of each sediment trap 
was placed at 50 cm below the water surface. On some occasions, however, the water depth of 
the sampling point was too shallow, requiring the opening of the sediment trap to be placed 
less than 50 cm from the water surface. After a minimum of four weeks, the sediment traps 
from each study site were collected by placing a PVC end cap on top of the core to ensure no 
sediment material was lost, after which the enclosed trap was brought to the laboratory. On 
return, the sediment traps were kept in the laboratory and within 24 h the captured sediment 
sample was filtered. In the laboratory, the content of each trap was filtered with freshwater 
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through six sieves of different mesh sizes (2 mm, 1 mm, 500 µm, 250 µm, 125 µm and 63 µm). 
The sediment retained on each sieve was collected and stored in a 50 mL Falcon tube and dried 
at 60 °C for 72 h. Next, dried fractions were transferred into eppendorf cups and weighted to 
the nearest 0.001 g on an U.S. Solid Analytical Balance. SAR was calculated using equation 
1: 
 

 𝑆𝐴𝑅	(𝑔	𝐷𝑊	𝑑𝑎𝑦!") = #$%&'	)*+	,&--!"#$%"&'	)*+,'$-&!	

#*&.	/0.'$+102%	%310	32	/&+-
  (1) 

 

Seagrasses need light to photosynthesize, and therefore, light availability is very important 
to these angiosperms. In this study, HOBO Pendant UA-002-64 Temperature/Light data 
loggers (hereafter referred to as “HOBO-loggers”) were placed in Lagun (n = 2), Lac Bay (n = 
4), and N1 Pond (n = 1). After retrieval of the HOBO-loggers, they were transferred to the 
laboratory. Next, illuminance (Lux) and temperature (°C) data stored in each HOBO-logger 
was downloaded. Some HOBO-loggers revealed data errors during logging. Data collected by 
these HOBO loggers were excluded from further analysis. For comparison of light conditions  
between bays we only used data that was collected between 24 March and 13 April 2022, as 
for this period we obtained illuminance data in all bays (Table S2). 
 

2.1.2 Seagrass performance 
At each seagrass sampling site (Fig. S2-6), a 0.25 m2 quadrat (0.5 m x 0.5 m) that was divided 
in 25 sub-quadrats of 0.01 m2 (0.1 m x 0.1 m) each, was placed randomly on the bottom, and 
seagrass cover (%) within the quadrat was determined visually. Next, the maximum T. 
testudinum shoot length (cm) was determined by measuring the longest shoot within the 
quadrat with measuring tape. In addition, the number of seagrass shoots were counted in five 
10 cm2 subquadrats in the upper left, the upper the right, the left bottom, the right bottom, and 
the center of the 50 cm2 quadrat). Furthermore, T. testudinum canopy height was determined 
by randomly selecting five to ten seagrass shoots in the quadrat of which the length was 
measured to the nearest cm, using a measuring tape.  

Seagrass epiphyte cover was visually assessed within each 50 cm2 quadrat following the 
Seagrass-Watch protocol. First, the percentage of leaves covered with epiphytes was estimated 
in the quadrat, and then the average percentage epiphyte cover on a leaf was determined in the 
quadrat. Equation 2 was used to calculate the epiphyte cover (%) in the quadrat: 
 

𝑆𝑒𝑎𝑔𝑟𝑎𝑠𝑠	𝑒𝑝𝑖𝑝ℎ𝑦𝑡𝑒	𝑐𝑜𝑣𝑒𝑟	(%) =
! "#$%#&'()#	+,	-#()$(--	.#(/#-	0&	12(3$('	40'5	#60657'#-	∗	
(/#$()#	6#$%#&'()#	#60657'#	%+/#$	+&	(	-#()$(--	.#(,	0&	12(3$('9

:;;
  (2) 

 

2.1.3 Presence of Sargassum 
In 2022, between February and June, pelagic Sargassum rafts entered the coastal bays of 
Bonaire, where they can have negative impacts on seagrasses, by reducing light availability for 
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seagrasses and water quality (Van Tussenbroek et al., 2017).  During sampling, it was therefore 
noted whether pelagic Sargassum was present within a radius of 100 m around the sampling 
site. In addition, due to easterly trade winds and local currents, most of the Sargassum entering 
Lac Bay ends up on the west side of Lac Bay. As a result, we classified seagrass areas that 
experienced low, medium and high direct impact of pelagic Sargassum in 2022 (Table S3, Fig. 
S7). This to investigate spatial variation of eutrophication and pollution in Lac Bay. 
 

2.1.4 Sediment, benthos and seagrass samples 
For organic content (%) analysis in the rhizosphere, a sediment sample was collected at each 
sampling site using a cut-out syringe (diam. = 2.6 cm) that was randomly pushed in the 0.25 
m2 quadrat to a depth of 7 cm. Next, the sediment content was transferred into a uniquely 
labelled plastic bag. Subsequently, benthos samples were collected to quantify above, below 
and total seagrass biomass using a benthic core (diam. = 11 cm) and sampled in the center of 
the 0.25 m2 quadrat to a depth of 15 cm. Before sieving all material over a 1 mm mesh sieve, 
a photo of each benthic core was taken for reference. Material retained on the sieve was 
transferred into a uniquely labelled plastic bag. At some sampling sites, taking a benthic core 
was difficult. Therefore, a knife was used to cut around the benthic core to allow the core to be 
pushed deeper into the sediment.  

If present, at each sampling site, a minimum of five shoots with belowground biomass of 
T. testudinum were manually sampled, using gloves to avoid contamination. From the leaf 
tissues, only the youngest two leaves (i.e., the most internal two leaves) were collected as they 
typically represent the latest weeks of growth, so that their biogeochemical composition 
reflected the environmental conditions experienced by T. testudinum in the past few weeks. 
Next, of T. testudinum samples of the youngest leaves, rhizomes and roots were transferred 
into a uniquely labelled plastic bag.  

In the field, the sediment, benthos and T. testudinum tissue samples were immediately 
stored in a cool box and transported to the laboratory. The sediment samples were immediately 
stored in a freezer (-20 °C) and the T. testudinum tissue samples were immediately rinsed with 
freshwater, processed and dried (60 °C for 48 h) upon return to the laboratory. On some 
occasions, the benthos samples were stored in the fridge (7 °C) overnight as we could not 
process all samples at once (this does not apply to the T. testudinum tissue samples collected 
for biochemical analyses). 
 

2.2  Sample processing 
2.2.1 Sediment samples 
Frozen sediment samples were transported to Wageningen Marine Research (WMR) in the 
Netherlands, where they were dried for 48 h at 60 °C in a ventilated oven. Subsequently, dried 
sediment was cooled to room temperature in a desiccator after which a subsample of 
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approximately 0.5 g was homogenized and placed in a pre-weighed crucible, which was 
weighed to the nearest 0.001 g. After weighing, the subsample was ashed at 550 °C for 4 h in 
a furnace. The crucibles containing sediment and ash were cooled to room temperature in a 
desiccator and weighed again. Sediment organic matter content (SOM; %) was calculated 
through equation 3: 
 

 𝑆𝑂𝑀	(%) =
4,&--,*.,$/0"1!+%20"(45	°7)	!	1&--,*.,$/0"1!+%20"(995	°7)5

,&--,*.,$/0"1!+%20"(45	°7)
∙ 100  (3) 

 

2.2.2 Benthos samples 
Within 24 h after collection, benthic core samples were rinsed in freshwater to remove salts 
and sediment. Shoot density in each benthic core was determined per seagrass species. Next, 
epiphytes on seagrass leaves were removed by gently scraping them off with a small razor. 
Subsequently, seagrass material was divided into species-specific “above-ground biomass” 
(leaves) and “belowground biomass” (rhizomes and roots), and separately dried for 48 h at 60 
°C in an oven. After drying, the species-specific above- and below-ground material was 
transferred into separate paper bags, labelled and transported to WMR, in the Netherlands. 
Back in , dried above- and below-ground biomass was weighted to the nearest 0.001 g on a 
Mettler Toledo ME303 Analytical Balance. 
 

2.2.3 Seagrass samples 
The manually sampled T. testudinum tissue material (not from the benthic core) was rinsed in 
freshwater to remove salts and sediment. The epiphytes on the blades were removed by gently 
scraping them off with a small razor. Next, tissue material was divided into “leaves”, 
“rhizomes” and “roots” and separately dried for 24 to 48 h at 60 °C in an oven. After drying, 
leaf, rhizome and root material was transferred into separate 15 ml Falcon tubes (i.e. one Falcon 
tube for the leaves, one Falcon tube for the rhizomes and one Falcon tube for roots), labelled 
and transported to WMR, in the Netherlands. At WMR, only T. testudinum leaf material was 
further processed for biochemical analysis, whereby a subsample was taken from the dried leaf 
material. Each subsample was ground using a mortar and pestle, and analysed to determine the 
stable isotope signatures of carbon (δ13C) and nitrogen (δ15N), nutrient (%N, %P, %S), and 
trace metal content at Radboud University, the Netherlands. 

For the stable isotope and nutrient content analysis, each subsample was weighted (range: 
2.5-3.5 mg) in tin cups to the nearest 0.001 mg on a Sartorius Microbalance, using tweezers 
and gloves to avoid contamination. Next, stable isotope values and nutrient content were 
determined on an elemental analyser via Isotopes Ratio Mass Spectrometry (IRMS; Thermo 
Fisher Scientific). For the trace metal content analysis, each subsample was weighted (range: 
180-220 mg) in pressure-vessels to the nearest 0.1 mg on a Sartorius CP224S Analytical 
Balance. After weighing in the subsamples, 5 mL 65%-HNO3 and 2 mL 30%-H2O2 were added 
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to the pressure-vessel and closed off. The pressure-vessels were then placed in the High-
Performance Microwave Digestion System from ETHOS One (program: prog 1-4 vessels 120 
°C). Next, the contents of the pressure-vessels were transferred into 100 mL volumetric flasks 
and made up to the mark with Milli-Q water. The volumetric flasks were homogenized ten 
times before transferring the contents into ICP tubes for trace metal analysis on an elemental 
analyser via Inductively Coupled Plasma Optical Emission (ICP-OES; iCAP 6000, Thermo 
Fischer Scientific) and Inductively Coupled Plasma Mass Spectrometry (ICP-MS; Xseries I, 
Thermo Fisher Scientific). (See Table S4 for an overview of elements that were successfully 
analysed per analytical technique (ICP-OES or ICP-MS) and which data were eventually used 
for statistical modelling.) Before statistical analysis, element content data from the ICP-MS 
and ICP-OES had to be calculated from ppb to percentage dry weight. This was done via 
equation 4: 
 

%	𝐷𝑊 = 0'0102%	6$2602%*&%3$2	(..8)	∙	/3';%3$2	<&6%$*
"=:

∙ 100  (4) 

 

2.3  Statistical analysis 
Linear models (LM) and linear mixed effect models (LMM) were used to test for differences 
in isotope values, nutrient content and trace metal content in T. testudinum leaf material 
between the five bays (Model 1, Table 2), over time in Lac Bay (2015 vs. 2019 vs. 2022; Model 
2,  Table 2), and between areas in Lac Bay experiencing low, medium or high direct impact of 
Sargassum (Model 3, Table 2). LM were fitted using the R package “stats” (Chambers & 
Hastie, 1992) and LMM were fitted using the R package “lme4” (Bates et al., 2015). Each 
model had a fixed term, which was  “bay” for model 1, “year” for model 2, and “impact of 
Sargassum” for model 3 (See Table 2). However, model 2 also had “sampling site” as a random 
effect because we worked with data that had more than one source of random variability (i.e. 
the multiple sampling sites). In addition, the data of 2015, 2019 and 2022 were paired to avoid 
data overestimation or underestimation between the tested years, and hence, the sample size 
(n) of each resulted model from model 2 is equal. 
 

Table 2. Resulted models. 

Used bay data                  Years data collected Model (#) Resulted model 
LG, LB, N1, TP, PM 2022 LM (1) response variable ~ bay 
LB 2015, 2019, 2022 LMM (2) response variable ~ year + (1 | sampling site) 
LB 2022 LM (3) response variable ~ impact of Sargassum 

 
To meet model assumptions, i.e., normality, the models were assessed through residuals 

(“stats” R package), histograms (“graphics” R package), QQ-plots (“stats” R package) (visual 
judgement methods) and Shapiro-Wilk’s tests (a non-visual judgement method; “stats” R 
package) (Becker et al., 1988). If model assumptions were violated, data were transformed via 
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a square root- or logit-transformation. Hereafter, a one-way ANOVA (parametric test) or 
Kruskal-Wallis (non-parametric test) using the “stats” R package was performed to test the 
effect of each model’s fixed term (Chambers & Hastie, 1992; Hollander & Wolfe, 1973). 
Differences with p values lower than 0.05 were considered significant. If a significant 
difference was present between the groups via ANOVA or Kruskal-Wallis test, a Least Squares 
Means test using “lsmeans” R package (parametric test; Lenth, 2016) or pairwise comparisons 
using the Wilcoxon rank sum test using “stats” R package (non-parametric test) was used to 
assess which groups differed significant from one another.  

All statistical analyses were performed in R version 4.2.1 “Funny-Looking Kid” Copyright 
© 2022 The R Foundation for Statistical Computing.  
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3. Results 
3.1  Comparison of seagrass leaf tissue content between bays 
3.1.1 Nutrients 
Nutrient content in T. testudinum leaf tissues varied substantially between the bays (Fig. 2, 
Table S5). The %C in T. testudinum leaf tissues showed a significant difference between the 
bays (F4,38 = 17.9, P < 0.001; Fig. 2A), whereby Lac Bay was significantly lower than the other 
four bays (P < 0.02 for all pairwise comparisons; Fig. 2A). The %N in T. testudinum leaf tissues 
was significantly different between the bays (F4,39 = 10.0, P < 0.001; Fig. 2B), being 
significantly higher in Lagun compared to other four bays (P < 0.01 for all pairwise 
comparisons; Fig. 2B). The %P in T. testudinum leaf tissues also differed significantly between 
the bays (F3,31 = 9.87, P < 0.001; Fig. 2C), with %P in T. testudinum leaf tissues in Lagun being 
significantly higher compared to Lac Bay and Turtle Pond (P < 0.001 for both pairwise 
comparisons; Fig. 2C). Likewise for the %P in T. testudinum leaf tissues in Pekelmeer being 
significantly higher compared to Lac Bay and Turtle Pond (P < 0.05 for both pairwise 
comparisons; Fig. 2C). 
 

       
Figure 2. Boxplots of (A) C, (B) N and (C) P content in T. testudinum leaf tissues per studied bay. The 
values on the y-axis are expressed as percentage dry weight (% DW), and the significant differences between 
bays are indicated by various letters (P < 0.05). Numbers at the top the boxplots indicate sample sizes.   

 
3.1.2 Nutrient ratios 
T. testudinum nutrient leaf tissues ratio differed considerably between the bays (Fig. 3, Table 
S5). The C:N ratio in T. testudinum leaf tissues was significantly different between the bays 
(F4,38 = 4.68, P < 0.01; Fig. 3A), with C:N ratio in T. testudinum leaf tissues in Lagun being 
significantly lower compared to the other four bays (P < 0.05 for all pairwise comparisons; 
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Fig. 3A). The N:P ratio in T. testudinum leaf tissues was also significantly different between 
the bays (F3,25 = 3.54, P = 0.029; Fig. 3B), being significantly higher in Turtle Pond compared 
to Lac Bay and Pekelmeer (P = 0.037 and 0.025; Fig. 3B). The C:P ratio in T. testudinum leaf 
tissues also varied between the bays (F3,24 = 8.74, P < 0.001; Fig. 3C), being significantly higher 
in Turtle Pond compared to the other three bays (P < 0.05 for all pairwise comparisons; Fig, 
3C) and being significantly lower in Lagun compared to Lac Bay (P < 0.01). However, C:P 
ratio in T. testudinum leaf tissues did not differ significantly in Pekelmeer compared to Lac 
Bay and Lagun (P = 0.20 and 0.58; Fig, 3C). 
 

  
Figure 3. Boxplots of (A) C:N, (B) N:P, and (C) C:P ratios in T. testudinum leaf tissues per studied bay. The 
nutrient ratios are in moles. Significant differences between the bays are indicated by various letters (P < 
0.05). The horizontal, black shading bands represent seagrass Redfield ratios (Atkinson & Smith, 1983). 
Numbers at the top of the boxplots show sample sizes. 

 
3.1.3 Stable isotopes 
T. testudinum leaf tissue δ13C signatures were significantly different between the bays (F4,38 = 
16.3, P < 0.001; Fig. 4A, Table S6), with T. testudinum leaf tissue δ13C signatures being more 
depleted in Lagun compared to the other four bays (P < 0.001 for all pairwise comparisons; 
Fig. 4A). T. testudinum leaf tissue δ15N signatures varied between the bays, with more enriched 
values in Lagun, and more depleted values in N1 Pond and Turtle Pond. However these 
differences were not significant (F4,39 = 0.997, P = 0.42; Fig. 4B). 
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Figure 4. Boxplots of (A) δ13C and (B) δ15N signatures in T. testudinum leaf tissues per studied bay. 
Significant differences between bays are indicated by various letters (P < 0.05). Numbers at the top of the 
boxplots show sample sizes. 

 
3.1.4 Sulfur and arsenic 
No significant differences of %S in T. testudinum leaf tissues were observed between the bays 
(H = 5.12, P = 0.16, Kruskal-Wallis test; Fig. 5A, Table S7), but variability in %S was 
relatively high in Lagun compared to the other bays. The %As in T. testudinum leaf tissues 
varied significantly between the bays (F3,31 = 33.2, P < 0.001; Fig. 5B), being  significantly 
higher in Lagun compared to Lac Bay, Pekelmeer and Turtle Pond (P < 0.001 for all pairwise 
comparisons; Fig. 5B). 
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Figure 5. Boxplots of (A) S and (B) As content in T. testudinum leaf tissues per studied bay. The values on 
the y-axis are expressed as percentage dry weight (% DW), and the significant differences between the bays 
are indicated by various letters (P < 0.05). Numbers at the top the boxplots show sample sizes. 

 
3.1.5 Trace metals 
The %Cd, %Co, %Fe, %Mn, %Ni, and %Zn in T. testudinum leaf tissues varied considerably 
between the bays (Fig. 6, Table S7). A significant difference in T. testudinum leaf tissues was 
found between the bays for %Cd (F3,31 = 43.8, P < 0.001; Fig. 6B), %Co (F3,31 = 27.6, P < 
0.001; Fig. 6C), and %Fe (F3,31 = 22.5, P < 0.001; Fig. 6F), being significantly higher in Lagun 
compared to the other three bays (P < 0.001 for all pairwise comparisons; Fig. 6B,C,F). The 
%Mn in T. testudinum leaf tissues was significantly different between the bays (F3,31 = 43.8, P 
< 0.001; Fig. 6G), with %Mn in T. testudinum leaf tissues in Lagun being significantly higher 
compared to the other three bays (P < 0.01 for all pairwise comparisons; Fig. 6G). Similarly, 
the %Mn in T. testudinum leaf tissues in Turtle Pond were significantly higher compared to 
Lac Bay and Pekelmeer (P < 0.001 for both pairwise comparisons; Fig. 6G). The %Ni in T. 
testudinum leaf tissues was significantly different between the bays (F3,31 = 6.58, P = 0.001; 
Fig. 6H), with %Ni in T. testudinum leaf tissues in Lagun being significantly higher compared 
to the other three bays (P < 0.05 for all pairwise comparisons; Fig. 6H). In addition, the %Ni 
in T. testudinum leaf tissues in Turtle Pond were significantly the lowest (P < 0.05 for all 
pairwise comparisons; Fig. 6H). The %Zn in T. testudinum leaf tissues was also significantly 
different between the bays (F3,31 = 3.85, P = 0.019; Fig. 6J), being significantly higher in Lagun 
compared to Lac Bay and Turtle Pond (P = 0.029 and 0.014; Fig. 6J). On the contrary, the %Zn 
in T. testudinum leaf tissues in Pekelmeer did not differ significantly from all the other bays (P 
> 0.1 for all pairwise comparisons; Fig. 6J). Lastly, no significant difference in T. testudinum  
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Figure 6. (Caption on the next page.) 
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Figure 6. Boxplots of (A) Al, (B) Cd, (C) Co, (D) Cr, (E) Cu, (F) Fe, (G) Mn, (H) Ni, (I) Pb, and (J) Zn 
content in T. testudinum leaf tissues per studied bay. The values on the y-axis are expressed as percentage 
dry weight (% DW), and the significant differences between the bays are indicated by various letters (P < 
0.05). Numbers at the top the boxplots show sample sizes. The red horizontal line in (E) Cu and (J) Zn 
indicates an average toxicity threshold for H. stipulacea, H. ovalis, Zostera capricorni, and Z. marina 
(threshold values were derived from Table 6 in Lewis & Devereux (2009)). 

leaf tissues was found between the bays for %Al (F3,31 =1.82, P = 0.16; Fig. 6A), %Cr (H = 
4.50, P = 0.21, Kruskal-Wallis test; Fig. 6D), %Cu (H = 0.87, P = 0.83, Kruskal-Wallis test; 
Fig. 6E), and %Pb (H = 5.61, P = 0.13, Kruskal-Wallis test; Fig. 6I). 
 

3.2  Temporal variation in seagrass leaf tissue content in Lac Bay 
To examine temporal variation in T. testudinum leaf tissue content in Lac Bay (2015 vs. 2019 
vs. 2022), eleven to twelve fixed sampling locations have been used from Fig. 2, Smulders et 
al., 2017. See Table S8 for the coordinates of these locations. 
 

3.2.1 Nutrients  
Nutrient content in T. testudinum leaf tissues differed considerably between the years (Fig. 7, 
Table S9). The %C in T. testudinum leaf tissues differed significantly between the years (F2,20 
= 27.7, P < 0.001; Fig. 7A), with %C in T. testudinum leaf tissues in 2019 being significantly 
lower compared to 2015 and 2022 (P < 0.001 and P = 0.026; Fig. 7A). Moreover, %C in T. 
testudinum leaf tissues in 2015 is significantly higher compared to 2022 (P < 0.001; Fig. 7A). 
The %N in T. testudinum leaf tissues differed significantly between the years (F2,22 = 8.09, P 
= 0.002; Fig. 7B), with %N in T. testudinum leaf tissues in 2019 being significantly lower 
compared to 2015 and 2022 (P < 0.001 and 0.015; Fig. 7B). The %P in T. testudinum leaf 
tissues was significantly different between the years as well (F2,22 = 34.3, P < 0.001; Fig. 7C),  
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Figure 7. Boxplots of (A) C, (B) N and (C) P content in T. testudinum leaf tissues per studied year in Lac 
Bay. The values on the y-axis are expressed as percentage dry weight (% DW), and the significant differences 
between the years are indicated by various letters (P < 0.05). Numbers at the top the boxplots show sample 
sizes. 

being significantly higher in 2022 compared to 2015 and 2019 (P < 0.001 for both pairwise 
comparisons; Fig. 7C). Furthermore, %P in T. testudinum leaf tissues in 2019 was significantly 
lower compared to 2015 (P < 0.001; Fig. 7C). 
 

3.2.2 Nutrient ratios 
T. testudinum nutrient leaf tissue ratios varied substantially between the years in Lac Bay (Fig. 
8, Table S9). For C:N ratio in T. testudinum leaf tissues, only a significant difference was 
observed between 2015 and 2019 (P = 0.023; Fig. 8A). The N:P ratio in T. testudinum leaf 
tissues was significantly different between the years (F2,22 = 7.59, P = 0.003; Fig. 8B), with 
N:P ratios in 2022 being significantly lower compared to 2015 and 2019 (P = 0.003 and 0.002; 
Fig. 8B). A significant difference in C:P ratio in T. testudinum leaf tissues between the three 
years was found (F2,20 = 17.9, P < 0.001; Fig. 8C), being significantly lower in 2022 compared 
to the other years (P < 0.001 for both pairwise comparisons; Fig. 8C). 
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Figure 8. Boxplots of (A) C:N, (B) N:P and (C) C:P ratios in T. testudinum leaf tissues per studied year in 
Lac Bay. The nutrient ratios are in moles. Significant differences between the years are indicated by various 
letters (P < 0.05). The horizontal, black shading bands represent seagrass Redfield ratios (Atkinson & Smith, 
1983). Numbers at the top of the boxplots show sample sizes. 

 
3.2.3 Stable isotopes 
T. testudinum leaf tissue δ13C signatures differed significantly between the years (F2,20 = 4.10, 
P = 0.032; Fig. 9A, Table S10), with T. testudinum leaf tissue δ13C signatures being more 
depleted in 2015 compared to 2019 and 2022 (P = 0.013 and 0.046; Fig. 9A). Even though T. 
testudinum leaf tissue δ15N signatures varied between the years, with more enriched values in 
2019, and more depleted values in 2015 and 2019, these differences were not significant (F2,20 
= 0.19, P = 0.83; Fig. 9B). 
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Figure 9. Boxplots of (A) δ13C and (B) δ15N signatures in T. testudinum leaf tissues per studied year in Lac 
Bay. Significant differences between the years are indicated by various letters (P < 0.05). Numbers at the 
top of the boxplots show sample sizes. 

 
3.2.4 Sulfur and arsenic 
Sulfur and arsenic content in T. testudinum leaf tissues varied substantially between the years 
(Fig. 10, Table S11). The %S in T. testudinum leaf tissues was significantly different between 
the years (F2,22 = 12.7, P < 0.001; Fig. 10A), with %S in T. testudinum in 2022 being 
significantly lower compared to 2015 and 2019 (P = 0.007 and < 0.001; Fig. 10A). The %As 
in T. testudinum leaf tissues also differed significantly between the years (H = 7.36, P = 0.025, 
Kruskal-Wallis test; Fig. 10B), with a significant difference observed between 2015 and 2019 
(P = 0.030, Kruskal-Wallis test; Fig. 10B). 
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Figure 10. Boxplots of (A) S and (B) As content in T. testudinum leaf tissues per studied year in Lac Bay. 
The values on the y-axis are expressed as percentage dry weight (% DW), and the significant differences 
between the years are indicated by various letters (P < 0.05). Numbers at the top the boxplots show sample 
sizes. 

 

3.2.5 Relation between leaf tissue nutrients and sulfur 
We observed a significant negative relationship between sulfur content (%S) and nitrogen 
content (%N) in T. testudinum leaf tissues (F1,52 = 6.51, P = 0.014). Likewise, we observed a 
significant negative relationship between sulfur content (%S) and phosphorus content (%P) in 
T. testudinum leaf tissues  (F1,60 = 6.16, P = 0.016; Fig. 11). 
 

 
Figure 11. Relation between (A) T. testudinum leaf tissue sulfur content and nitrogen content (n = 55) and 
(B)  T. testudinum leaf tissue sulfur content and phosphorus content (n = 66) in Lac Bay. The values on the 
axes are expressed as percentage dry weight (% DW). 
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3.2.6 Trace metals 
The %Al, %Cd, %Co, %Cr, %Fe, %Mn, %Ni, and %Pb in T. testudinum leaf tissues differed 
substantially between the years (Fig. 12, Table S11). A significant difference in T. testudinum 
leaf tissues was found between the years for %Al (F2,22 = 8.90, P = 0.001; Fig. 12A) and %Fe 
(H = 13.9, P < 0.001, Kruskal-Wallis test; Fig. 12F), being significantly lower in 2022 
compared to 2015 and 2019 (%Al: P = 0.015 and < 0.001; Fig. 12A) (%Fe: P = 0.003 for both 
pairwise comparisons, Kruskal-Wallis test; Fig. 12F). The %Cd and %Cr in T. testudinum leaf 
tissues was significantly different between the years (%Cd: F2,22 = 8.19, P = 0.002; Fig. 12B) 
(%Cr: H = 11.6, P = 0.003, Kruskal-Wallis test; Fig. 12D), being significantly higher in 2022 
compared to the 2015 and 2019 (%Cd: P < 0.001 and 0.019; Fig. 12B) (%Cr: P = 0.007 for 
both pairwise comparisons, Kruskal-Wallis test; Fig. 12D). A significant difference in T. 
testudinum leaf tissues was found between the years for %Co (F2,22 = 12.7, P < 0.001; Fig. 
12C) and %Ni (F2,22 = 7.02, P = 0.004; Fig. 12H), being significantly higher in 2019 compared 
to 2015 and 2022 (%Co: P < 0.001 and 0.003; Fig. 12C) (%Ni: P = 0.041 and 0.001; Fig. 12H). 
Between 2015 and 2022, no significant difference was observed in T. testudinum leaf tissues 
for %Co (P = 0.11; Fig. 12C) and %Ni (P = 0.13; Fig. 12H). Although no significant difference 
was found between the years concerning %Mn in T. testudinum leaf tissues (F2,22 = 2.91, P = 
0.076; Fig. 12G), %Mn in T. testudinum leaf tissues was significantly higher in 2019 compared 
to 2015 (P = 0.026; Fig. 12G). On the contrary, %Mn in T. testudinum leaf tissues in 2022 did 
not differ significantly from 2015 and 2019 (P = 0.15 and 0.38, Fig. 12G). The %Pb in T. 
testudinum leaf tissues was significantly different between the years (F2,22 = 50.1, P < 0.001; 
Fig. 12I), being significantly higher in 2019 compared to 2015 and 2022 (P < 0.001 for both 
pairwise comparisons; Fig. 12I). Furthermore, %Pb in T. testudinum leaf tissues in 2022 was 
significantly lower compared to 2015 (P < 0.001; Fig. 12I). Finally, no significant difference 
in T. testudinum leaf tissues was observed between the years for %Cu (H =5.18, P = 0.075, 
Kruskal-Wallis test; Fig. 12E) and %Zn (H = 0.51, P = 0.78, Kruskal-Wallis test; Fig. 12J). 
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Figure 12. (Caption on the next page.) 
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Figure 12. Boxplots of (A) Al, (B) Cd, (C) Co, (D) Cr, (E) Cu, (F) Fe, (G) Mn, (H) Ni, (I) Pb, and (J) Zn 
content in T. testudinum leaf tissues per studied year in Lac Bay. The values on the y-axis are expressed as 
percentage dry weight (% DW), and the significant differences between the years are indicated by various 
letters (P < 0.05). Numbers at the top the boxplots show sample sizes. The red horizontal line in (E) Cu, (I) 
Pb, and (J) Zn indicates an average toxicity threshold for H. stipulacea, H. ovalis, Zostera capricorni, and 
Z. marina (threshold values were derived from Table 6 in Lewis & Devereux (2009)).  

 
3.3  Spatial variation in seagrass leaf tissue content in Lac Bay 
This analysis was carried out to map the degree of eutrophication and pollution within Lac Bay 
in 2022. However, we observed that isotope signatures (δ13C, δ15N), nutrient ratios (C:N, N:P, 
C:P) content (%N, %P, %S) and trace metal content (%As, %Al, %Cd, %Co, %Cr, %Cu, %Fe, 
%Mn, %Ni, %Pb, and %Zn) in T. testudinum leaf tissues showed no significant difference 
between the high, medium, and low impacted Sargassum areas in Lac Bay. For mean values 
(± SE) of δ13C, δ15N, C:N, N:P, C:P, %N, %P, %S, %As, %Al, %Cd, %Co, %Cr, %Cu, %Fe, 
%Mn, %Ni, %Pb, and %Zn in T. testudinum leaf tissues see Table S12-14. 
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4 Discussion 
Eutrophication and pollution are major threats to natural resources in coastal bays worldwide.  
Natural resources in the coastal bays of Bonaire are potentially also threatened by these 
stressors via land-based run-off and the influx of pelagic Sargassum. To understand to what 
extent these threats may impact natural resources in various bays on Bonaire, a suitable 
bioindicator for these threats is needed that can be monitored (Linton & Warner, 2003). We 
contributed to this understanding by using the biochemical composition of the leaves of the 
native seagrass species T. testudinum as a bioindicator of the degree of eutrophication and 
pollution in five different coastal bays on Bonaire. This is the first study to examine, in addition 
to Lac Bay (Govers et al., 2014a,b), four other bays in terms of eutrophication and pollution. 
With the outcome of this study, we want to create awareness along the local government to 
develop bay-specific control measures to support effective nature conservation. 
 

4.1 Current state of eutrophication and pollution in the five bays 
Nutrient ratios (C:N, N:P, C:P) and content (%N, %P) showed that Lagun was the most 
eutrophied bay on Bonaire. Both %N and %P in T. testudinum leaf tissue were significantly 
highest in Lagun due to terrestrial run-off of sediments, nutrients and pollutants. This run-off 
is enhanced by a nearby landfill, low vegetation cover (as a consequence of free-roaming 
livestock), and surrounding hills. In addition, this study showed that Lac Bay has become more 
eutrophic since 2010 (Table 3, Govers et al., 2014a), as the nutrient content (%N, %P) in T. 
testudinum leaf tissues have increased. T. testudinum leaf tissue δ13C and δ15N signatures are 
proxies for land-based run-off. T. testudinum leaf tissue δ13C analysis revealed that the leaf 
tissue in Lagun had significantly more depleted δ13C signatures compared to the other four 
bays. The environmental causes for this variability in T. testudinum leaf tissue δ13C are because 
of carbon source and light availability (Smith et al., 1976; Durako & Hall, 1992; Hemminga & 
Mateo, 1996; Hu et al., 2012). More depleted T. testudinum leaf tissue δ13C signatures in 
seagrass plants generally reflect reduced light conditions, which are expected in coastal systems 
where run-off is present (Durako & Sackett, 1991; Grice et al., 1996; Hemminga & Mateo, 
1996; Anderson & Fourqurean, 2003). This run-off contains δ13C-depleted carbon via 
decomposed terrestrial organic matter. The input of inorganic carbon through mineralization 
in mangrove forests is also a factor of variation in T. testudinum leaf tissue δ13C signatures, 
with more depleted δ13C signatures close to mangroves (e.g., Zieman et al., 1984; Lin et al., 
1991; Hemminga et al., 1994; Rao et al., 1994). Lagun and Lac Bay are the only bays on 
Bonaire where mangrove forests are present. Which may explain why the T. testudinum leaf 
tissue δ13C signatures were significantly more depleted in Lagun compared to the other four 
bays. For Lac Bay, the variation of T. testudinum leaf tissue δ13C signatures is high because 
this coastal bay is relatively large and the sampling sites are scattered from the coast (where 
mangroves are present) to the mouth of the bay (where mangroves are not present). In addition, 
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light availability in Lagun is relatively low compared to the other bays, which may also explain 
the more depleted δ13C signatures in T. testudinum leaf tissues. In Lagun, the water is very 
turbid, due to relatively high wave activity in combination with relatively fine sediments 
compared to the other bays (i.e. very fine sediment). Therefore, the seagrass beds in Lagun are 
sparse and can only be found in very shallow waters. T. testudinum leaf tissue δ15N signatures 
revealed no significant differences between the bays. More enriched δ15N signatures indicate 
run-off related sewage input (+3 or +4; Cole et al., 2004; Savage, 2005; Lapointe et al., 2015; 
Jones et al., 2018). Although T. testudinum leaf tissue δ15N signatures in Lagun did not differ 
significantly from the other four bays, the δ15N signatures in Lagun were more enriched, on 
average, suggesting some terrestrial input of nitrogen to Lagun possibly related to run-off. 

Moreover, our results revealed that the impact of Sargassum is highest in Lagun compared 
to the other bays. Increased %S and %As in T. testudinum leaf tissues are both proxies for 
Sargassum-induced organic loading (Borum et al., 2005; Mascaró et al., 2009; Van 
Tussenbroek et al., 2017; Rodríguez-Martínez et al., 2019, 2020; Chávez et al., 2020; López-
Contreras et al., 2021; Davis et al., 2021; Resiere et al., 2021; Cipolloni et al., 2022; Dassié et 
al., 2022; Ortega-Flores et al., 2022). From all bays, %As in T. testudinum leaf tissue was 
significantly highest in Lagun indicating a big impact of Sargassum in Lagun. In addition, the 
relatively high variability in %S in T. testudinum leaf tissues collected in Lagun and Lac Bay 
compared to the other bays where the impact of Sargassum was less, can be explained by spatial 
variation in sulfide stress within Lagun and Lac Bay due to spatial variation in Sargassum 
impact. As a reference, %S observed in this study was compared to %S in Lac Bay in 2010 
(Supplement 1, Vonk et al., 2018). Compared to %S in Lac Bay in 2010, %S has increased in 
all studied bays. This means that all studied bays have had an impact of Sargassum. However, 
remember that the degree of Sargassum impact differed per bay (Table 1). 

Trace metal content of %Cd, %Co, %Fe, %Mn, and %Ni in T. testudinum leaf tissues were 
significantly highest in Lagun, which could potentially be attributed to the nearby landfill, that 
is located upstream of Lagun. The observed values of %Fe and %Mn in T. testudinum leaf 
tissues in Lagun are considerably higher than in T. testudinum leaf tissues sampled in Lac Bay 
2010 (Supplement 1, Vonk et al., 2018). In Lagun, a lot of waste is dumped at the landfill, for 
example: batteries (Cd, Co, Ni, Zn) freezers/fridges (Al, Fe, Ni), magnets (Al, Co, Fe, Ni), 
paint (Cd, Co, Mn, Pb, Zn), and rain pipes (Cd, Zn). Therefore, during rain, it is likely that 
terrestrial run-off entering Lagun contains pollutants from the upstream landfill, which is 
eventually accumulating in the leaf tissues of T. testudinum.  
 

4.2 State of eutrophication and pollution in Lac Bay 
4.2.1 Temporal variation 
Stable isotope analysis revealed that T. testudinum leaf tissue δ13C signatures were significantly 
heavier in 2019 and 2022 compared to 2015. In addition, we found that carbon in T. testudinum 
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leaf tissues was more limited (i.e., light-saturated) in 2019 and 2022 than in 2015. These results 
are consistent with the results of Hu et al. (2012) performed on T. testudinum in the Bahamas 
and Florida Bay, and are likely due to the fact that the T. testudinum leaf samples used in this 
study were sampled in various months over the years. The T. testudinum leaf tissues from 2015 
were sampled in November, during Bonaire’s rainy season (i.e. more clouds; Borst & De Haas, 
2005), whereas T. testudinum leaf tissues were sampled in February 2019 and March to June 
2022. So, T. testudinum leaf tissues from 2019 and 2022 have received more light compared to 
T. testudinum leaf tissues from 2015 and have therefore heavier δ13C signatures and are more 
carbon-limited. T. testudinum leaf tissue δ15N signatures did not differ significantly between 
the years in Lac Bay. This is probably because run-off related sewage (nitrogen) input did not 
differ considerably between the years. The nutrient ratios (C:N, N:P, C:P) and content (%N, 
%P, %S) have changed significantly over the years in Lac Bay. We hypothesized that nutrient 
uptake by Sargassum-related sulfide stress in seagrass would be lower in 2019 as sulfide stress 
can disrupt nutrient uptake in seagrass. This observation can be explained by interpreting the 
%S and %As, and %N and %P in T. testudinum leaf tissues results. The %N and %P in T. 
testudinum leaf tissues were lower in 2019 compared to 2015 and 2022, and vice versa for %S 
and %As in leaf tissues. In addition, the relation between %S in T. testudinum leaf tissues 
versus %N and %P in leaf tissues is negative and significant. These results suggest that 
Sargassum-induced organic loading in 2018 may have caused sedimentary sulfide intrusion in 
T. testudinum tissues (Holmer & Hasler-Sheetal, 2014; Kilminster et al., 2014; Van der Geest 
et al., 2020b), which may have resulted in distorted uptake of nutrients by the roots of T. 
testudinum (Lamers et al., 2013). This is further supported by the notion that %N and %P in T. 
testudinum leaf tissues increased significantly from 2019 to 2022, while %S in T. testudinum 
leaf tissues (a proxy for sulfide stress) decreased significantly from 2019 to 2022.  

In addition to the relatively high concentrations of arsenic, pelagic Sargassum contains 
trace metals as well. However, the composition of trace metal within Sargassum tissues varies 
within and between species, depending on the environmental factors (Rodríguez-Martínez et 
al., 2020; López-Contreras et al., 2021; Cipolloni et al., 2022; Dassié et al., 2022; Ortega-
Flores et al., 2022). Furthermore, the abundance of each pelagic Sargassum species, also varies 
per year (Rodríguez-Martínez et al., 2020; López-Contreras et al., 2021; Davis et al., 2021; 
Cipolloni et al., 2022; Ortega-Flores et al., 2022). Our results show that only %Co, %Mn, %Ni, 
and %Pb peaked significantly in 2019, the year after the most severe Sargassum influx event 
in Lac Bay. But, since arsenic content is the most common pollutant in all Sargassum spp., this 
metalloid is probably the best proxy for pollution through the impact of this seaweed. 
 

4.2.2 Spatial variation 
No significant differences were found in the spatial variation of the δ13C and δ15N signatures, 
nutrient ratios (C:N, N:P, C:P) and content (%N, %P, %S), and trace metal content (%As, %Al, 
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%Cd, %Co, %Cr, %Cu, %Fe, %Mn, %Ni, %Pb, and %Zn) in T. testudinum leaf tissues in Lac 
Bay in 2022. This may suggest that the spatial variation of eutrophication and pollution in Lac 
Bay in 2022 was limited because the direct, cumulative effect in the west of Lac Bay following 
the massive Sargassum influx in 2018 has diluted in 2022 (and perhaps a recovery of T. 
testudinum) (1). Or the effect of the recent Sargassum influxes has spread over the entire bay 
(2), i.e. Sargassum has ended up everywhere or it could be that Sargassum in the west of Lac 
Bay affecting the whole bay equally (indirect effect). Based on our own assessment expertise, 
we suggest that possibility (1) is the most realistic possibility, as we noticed during the benthic 
survey where Sargassum was accumulated (mostly in the west of the bay) and where not. Still, 
this a suggestion as we are not certain which possibility is applicable but it has to be one of the 
two aforementioned possibilities. Furthermore, these results suggest that the effect of run-off 
is not measurable in the T. testudinum leaf tissues in Lac Bay (despite the large catchment area 
with relatively little vegetation cover). The mangrove forest, which is located between the 
seagrass meadows and land, probably captures most of the sediment and nutrient run-off 
(Kathiresan, 2003; Adame et al., 2010; Van Zee, 2020). 
 

4.2 Ecological implications and recommendations 
We have compiled an overview of the current state of eutrophication and pollution in five 
different coastal bays on Bonaire, and over time and space in Lac Bay. Our results provide an 
insight in the impact of two current stressors in five coastal bays on Bonaire: terrestrial run-off 
and Sargassum influx. The amount of data that is currently available on run-off and influx of 
Sargassum in the coastal bays of Bonaire is very sparse, and hence, further research is needed. 
Based on this study, we advise the local government on Bonaire to invest money in Lagun for 
research purposes to address the high eutrophication and pollution problems in this bay. Lagun 
used to be a coastal bay where biodiversity was present. However, Lagun is currently an 
unhealthy coastal bay due to the influx of Sargassum and terrestrial run-off of sediments, 
nutrients, and pollutants (pers. obs., Bonaire.nu 2015, 2018, Dutch Caribbean Nature Alliance, 
2019, Persbureau Curaçao, 2021, Caribisch Netwerk 2022). Run-off is enhanced by Lagun’s 
catchment area which has no vegetation as it is overgrazed by free-roaming livestock (De 
Freitas et al., 2005; Slijkerman et al., 2011; Davaasuren & Meesters, 2012; Debrot et al., 2012; 
Roberts et al., 2017; Van der Geest et al., 2020a). The detritus of free-roaming livestock that 
ends up in Lagun is also a source of nutrients, promoting eutrophication. The high trace metal 
content of %Cd, %Co, %Fe, %Mn, %Ni, and %Zn in T. testudinum leaf tissues in Lagun 
indicate a possible negative effect of the nearby landfill on water quality. In addition, the high 
content of %As in T. testudinum leaf tissues also indicates that Lagun has been affected heavily 
by Sargassum. Like Lagun, Lac Bay has its problems as well. Sedimentary sulfide intrusion in 
T. testudinum tissues caused by Sargassum-induced organic loading in 2018 (Holmer & Hasler-
Sheetal, 2014; Kilminster et al., 2014; Van der Geest et al., 2020b), indicates a potential 
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negative effect of Sargassum on Lac Bay’s mangrove forests and seagrass beds. Moreover, the 
high content of %As, %Al, %Cd, %Co, %Cr, %Fe, %Mn, %Ni, and %Pb in T. testudinum leaf 
tissues also indicate that Sargassum is a severe stressor for Lac Bay’s coastal ecosystems. 

To conclude, we have shown that T. testudinum can be used as bioindicator to examine the 
ecological status of an ecosystem. We identified that Lagun was the most eutrophic and 
polluted bays of the five studied bays, mainly due to terrestrial run-off from the landfill and the 
large catchment area but also through the influx of pelagic Sargassum. Over the years in Lac 
Bay, we noted that despite the annual organic loading of Sargassum spp. (after the biggest 
influx in 2018), there has been a decrease in sulfur content (i.e., perhaps less sulfide stress) and 
an increase in nutrient content (possible recovery of N and P) in T. testudinum leaf tissues in 
2022 compared to 2019. However, we are still puzzling to understand why there was no 
significant spatial variability observed in stable isotope signatures, nutrient and trace metal 
content in T. testudinum leaf tissues in Lac Bay in 2022. We suggested that the spatial variation 
of eutrophication and pollution in Lac Bay in 2022 was limited because the local effect of the 
massive Sargassum influx in 2018 has been diluted in 2022. Future research is needed to verify 
our suggestion. Furthermore, we have created a data base of stable isotope signatures, nutrient 
and trace metal content in T. testudinum leaf tissues, which can be used in further studies and 
by the local government. We especially want to create awareness among the local government 
that measures must be taken immediately for the conservation of the coastal ecosystems on 
Bonaire. For instance, by developing and implementing new policy plans for dumping waste 
on the island (especially at the landfill site near Lagun), replanting vegetation (e.g. mangroves), 
reducing the number of free-roaming livestock to avoid vegetation loss and control grazing 
intensity, and placing long nets in the ocean at certain periods of the year to prevent the influx 
of Sargassum. Especially in Lac Bay it is important to reduce the influx of Sargassum as many 
organisms use the mangrove forests and seagrass meadows in Lac Bay as nursery and foraging 
areas (e.g., green sea turtles that prefer T. testudinum as food source, Debrot et al., 2012; 
Stapleton et al., 2014; Christianen et al., 2019). In addition, mangrove forests and seagrass 
meadows in Lac Bay facilitate each other (Slijkerman et al., 2019). Therefore, we hope that 
this study will create awareness among the local government to manage Bonaire’s coastal 
ecosystems integrally, as it is the only way to maintain them. 
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Supplementary tables 
Table S1. Detailed overview of placed sediment traps and SAR in each studied bay. The sample size (n) is indicated under each bay in brackets. 

Bay Site ID Coordinates Distance 
to coast 

(m) 

Depth 
opening 
sediment 
trap (cm) 

Depth 
water 

column 
(cm) 

Sediment trap 
placement 

Sediment trap  
removal 

SAR  
(g day-1) 

x̄ SD SE 

      Date Time Date Time     
Lagun 
(n = 3) 

LG_TRAP_01* 12°10’51.28”N, 
68°12’53.28”W 

1.78 50 NA 11-Apr-22 13:48 NA NA NA 2.69e-02 NA NA 

 LG_TRAP_02 12°10’45.95”N, 
68°13’1.06”W 

22.19 15** 35 11-Apr-22 14:12 17-May-22 11:55 2.69e-02    

 LG_TRAP_03* 12°10’51.49”N, 
68°13’3.61”W 

12.08 15** NA 11-Apr-22 14:22 NA NA NA    

Lac Bay 
(n = 4) 

LB_TRAP_01* 12°5'46.00”N, 
68°14'30.12”W 

81.60 50 NA 14-Mar-22 12:05 NA NA NA 2.07e-02 1.19e-02 8.43e-03 

 LB_TRAP_02* 12°6'11.99”N, 
68°14'17.16”W 

227.65 50 NA 14-Mar-22 12:52 NA NA NA    

 LB_TRAP_03 12°6'38.02”N, 
68°13'24.96”W 

15.98 50 103 14-Mar-22 16:10 18-May-22 11:11 1.23e-02    

 LB_TRAP_04 12°6'31.50”N, 
68°13'18.52”W 

12.17 50 78 14-Mar-22 16:30 18-May-22 10:56 2.92e-02    

              
              

 * = Sediment trap was not retrieved or the trap had fallen over, ** = Sampling point was too shallow. (continued)  
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Bay Site ID Coordinates Distance 
to coast 

(m) 

Depth 
opening 
sediment 
trap (cm) 

Depth 
water 

column 
(cm) 

Sediment trap 
placement 

Sediment trap  
removal 

SAR  
(g day-1) 

x̄ SD SE 

      Date Time Date Time     
Turtle Pond 
(n = 3) 

TP_TRAP_01 12°2'37.90"N, 
68°13'49.04"W 

132.72 20** NA 11-Apr-22 11:03 12-May-22 09:56 4.34e-02 2.69e-02 1.68e-02 9.71e-03 

 TP_TRAP_02 12°2'29.33"N, 
68°13'49.33"W 

2.91 50 NA 11-Apr-22 11:24 12-May-22 10:16 2.75e-02    

 TP_TRAP_03 12°2'31.96"N, 
68°13'43.61"W 

5.03 50 NA 11-Apr-22 12:01 12-May-22 10:54 9.79e-03    

Pekelmeer 
(n = 3) 

PM_TRAP_01 12°2'27.53"N, 
68°13'49.51"W 

38.92 22** NA 11-Apr-22 11:32 12-May-22 10:23 3.06e-02 2.46e-02 1.52e-02 8.77e-03 

 PM_TRAP_02 12°2'27.42"N, 
68°13'48.00"W 

19.51 15** NA 11-Apr-22 11:39 12-May-22 10:32 7.33e-03    

 PM_TRAP_03 12°2'29.44"N, 
68°13'47.46"W 

1.66 50 NA 11-Apr-22 11:46 12-May-22 10:42 3.59e-02    

 

 * = Sediment trap was not retrieved or the trap had fallen over, ** = Sampling point was too shallow. 
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Tabel S2. Detailed overview of HOBO-logger placed in each studied bay. The sample size (n) is indicated under each bay in brackets. 

Bay Site ID Coordinates Distance 
to coast 

(m) 

Depth 
logger 
(cm) 

Logging 
interval 
(min) 

HOBO  
(t0) 

HOBO  
(te) 

x̄ SD SE Min-Max Unit 

      Date Time Date Time      
Lagun 
(n = 2) 

LG_HOBO_01* 12°10’51.28”N, 
68°12’53.28”W 

1.78 50 5 NA NA NA NA NA NA NA NA Lux 

 LG_HOBO_02 12°10’51.49”N, 
68°13’3.61”W 

12.08 50 5 24-Mar-22 00:03 13-Apr-22 23:58 0 0 0 0 Lux 

Lac Bay 
(n = 4) 

LB_HOBO_01 12°5'46.00”N, 
68°14'30.12”W 

81.60 50 5 24-Mar-22 00:02 13-Apr-22 23:57 1.46e+04 2.41e+04 3.98 0-2.54e+05 Lux 

 LB_HOBO_02 12°6'11.99”N, 
68°14'17.16”W 

227.65 50 5 24-Mar-22 00:04 13-Apr-22 23:59 5.58e+03 9.87e+03 1.63 0-1.10e+03 Lux 

 LB_HOBO_03 12°6'38.02”N, 
68°13'24.96”W 

15.98 50 5 24-Mar-22 00:01 13-Apr-22 23:57 1.00e+04 1.73e+04 1.43 0-2.31e+05 Lux 

 LB_HOBO_04* 12°6'31.50”N, 
68°13'18.52”W 

12.17 50 5 NA NA NA NA NA NA NA NA Lux 

N1 Pond 
(n = 1) 

N1_HOBO_01* 12°3'21.49”N, 
68°13'39.18”W 

49.89 15** 5 NA NA NA NA NA NA NA NA Lux 

 

 * = Data error, ** = Sampling point was too shallow. 
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Table S3. Presence of Sargassum per studied bay within a radius of 100 m. 

Bay Site ID Sargassum? Bay Site ID Sargassum? 
Lac Bay L1 yes  LB_30 no 

 L2 yes  LB_31 no 
 L3 yes  LB_32 no 
 L4 yes  LB_33 no 
 L5 yes  LB_34 no 
 L6 yes  LB_35 yes 
 L8 no  LB_36 no 
 L9 no  LB_37 yes 
 L11 yes  LB_38 no 
 LB_01 yes  LB_39 yes 
 LB_02 no  LB_40 no 
 LB_03 yes  LB_41 no 
 LB_04 no  LB_42 no 
 LB_05 yes  LB_43 no 
 LB_06 no  LB_44 no 
 LB_07 yes  LB_45 no 
 LB_08 yes  LB_46 no 
 LB_09 yes  LB_47 yes 
 LB_10 no  LB_48 no 
 LB_11 yes Lagun LG_01 yes 
 LB_12 no  LG_02 yes 
 LB_13 yes  LG_03 no 
 LB_14 no N1 Pond N1_01 yes 
 LB_15 yes  N1_02 yes 
 LB_16 no  N1_03 yes 
 LB_17 yes  N1_05 yes 
 LB_18 no  N1_05 yes 
 LB_19 yes Pekelmeer PM_01 yes 
 LB_20 no  PM_02 yes 
 LB_21 yes  PM_03 yes 
 LB_22 no  PM_04 yes 
 LB_23 no  PM_05 yes 
 LB_24 no Turtle Pond TP_01 yes 
 LB_25 yes  TP_02 no 
 LB_26 no  TP_03 yes 
 LB_27 yes    
 LB_28 no    
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Table S4. Overview of elements that were successfully analysed per analytical technique (ICP-OES or  
ICP-MS) and which data were eventually used for statistical modelling. 

ICP-OES ICP-MS Results used for modelling  
Al - ICP-OES 
As As ICP-MS 
Cd Cd ICP-MS 
Co Co ICP-MS 
Cr Cr ICP-MS 
Cu Cu ICP-MS 
Fe Fe ICP-MS 
Mn Mn ICP-MS 
Ni Ni ICP-MS 
P - ICP-OES 
Pb Pb ICP-MS 
S - ICP-OES 

Zn Zn ICP-MS 
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Table S5. Mean ± SE nutrient content (% DW) in Thalassia testudinum leaf tissues per studied bay. Values 
in brackets are min-max values and sample size (n), and the nutrient ratios are in moles. Significant 
differences are indicated by different letters (P < 0.05). Abbreviations: LB = Lac Bay, LG = Lagun, N1 = 
N1 Pond, PM = Pekelmeer, TP = Turtle Pond, and NA= Not Available. 

Bay % C 
(min-max; n) 

% N 
(min-max; n) 

% P 
(min-max; n) 

C:N 
(min-max; n) 

N:P 
(min-max; n) 

C:P 
(min-max; n) 

C:N:P 
 

LB 33.8 ± 0.226a 

(33.6–34.1; 29) 
2.37 ± 0.067a 

(2.30–2.43; 29) 
0.215 ± 0.007a 

(0.208–0.222; 24) 
17.1 ± 0.483a 

(16.6–17.5; 29) 
24.2 ± 0.937a 

(23.3–25.2; 19) 
428 ± 15.7a 

(412–444; 19) 
428:17:01 

LG 38.0 ± 1.15b 

(36.8–39.1; 3) 
3.91 ± 0.120b 

(3.79–4.03; 3) 
0.337 ± 0.037b 

(0.230–0.374; 3) 
11.4 ± 0.685b 

(10.7–12.1; 3) 
26.0 ± 2.10ab 

(23.9–28.1; 3) 
298 ± 37.8b 

(260–336; 3) 
298:11:01 

N1 38.0 ± 0.516b 

(37.5–38.5; 5) 
2.66 ± 0.141a 

(2.52–2.80; 5) 
NA 16.8 ± 0.609a 

(16.2–17.4; 5) 
NA NA NA 

PM 36.2 ± 0.337b 

(35.9–36.6; 4) 
2.66 ± 0.179a 

(2.48–2.84; 4) 
0.266 ± 0.015b 

(0.251–0.281; 5) 
16.1 ± 0.856a 

(15.2–16.9; 4) 
22.2 ± 0.443a 
(21.7–22.6; 4) 

356 ± 21.5ab 
(335–378; 4) 

356:16:01 

TP 38.4 ± 2.87b 

(35.5–41.3; 2) 
2.59 ± 0.042a 

(2.55–2.63; 3) 
0.187 ± 0.018a 

(0.169–0.204; 3) 
17.6 ± 1.44a 

(16.1–19.0; 2) 
31.0 ± 2.22b 

(28.7–33.2; 3) 
576 ± 15.4c 

(560–591; 2) 
576:18:01 

 
 
Table S6. Mean ± SE stable isotope signatures in Thalassia testudinum leaf tissues per studied bay. Values 
in brackets are min-max values and sample size (n) and significant differences are indicated by different 
letters (P < 0.05). Abbreviations: LB = Lac Bay, LG = Lagun, N1 = N1 Pond, PM = Pekelmeer, and TP = 
Turtle Pond.  

Bay δ13C  
(min-max; n) 

δ15N 
(min-max; n) 

LB -8.49 ± 0.352a 
(-8.85–-8.14; 29) 

1.79 ± 0.460a 
(1.33–2.25; 29) 

LG -15.9 ± 0.532b 
(-16.4–-15.4; 3) 

4.23 ± 0.405a 
(3.82–4.64; 3) 

N1 -7.12 ± 0.329a 
(-7.45–-6.80; 5) 

1.98 ± 0.321a 
(1.66–2.30; 5) 

PM -7.26 ± 0.166a 
(-7.42–-7.09; 4) 

2.64 ± 0.387a 
(2.25–3.03; 4) 

TP -7.28 ± 0.805a 
(-8.08–-6.47; 2) 

1.54 ± 0.749a 
(0.788–2.29; 3) 
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Table S7. Mean ± SE element content (% DW) in Thalassia testudinum leaf tissues per studied bay. Values in brackets are min-max values and sample size (n) and 
significant differences between bays are indicated by different letters (P < 0.05). Abbreviations: LB = Lac Bay, LG = Lagun, N1 = N1 Pond, PM = Pekelmeer, and TP 
= Turtle Pond.  

Bay % S 
(min-max; n) 

% As 
(min-max; n) 

% Al 
(min-max; n) 

% Cd 
(min-max; n) 

% Co 
(min-max; n) 

% Cr 
(min-max; n) 

LB 0.510 ± 0.020a 
(0.490–0.526; 24) 

1.49e-04 ± 1.36e-05a 
(1.36e-04–1.63e-04; 24) 

1.95e-03 ± 3.39e-04a 
(1.61e-03–2.29e-03; 24) 

2.23e-05 ± 1.61e-06a 
(2.06e-05–2.39e-05; 24) 

8.95e-06 ± 8.58e-07a 
(8.10e-06–9.81e-06; 24) 

5.08e-05 ± 1.14e-05a 
(3.93e-05– 6.22e-05; 24) 

LG 0.677 ± 0.312a 
(0.365–0.988; 3) 

1.18e-03 ± 1.03e-04b 
(1.08e-03–1.29e-03; 3) 

4.03e-03 ± 4.61e-04a 
(3.57e-03–4.49e-03; 3) 

3.27e-04 ± 9.70e-05b 
(2.30e-04–4.24e-04; 3) 

1.58e-04 ± 2.35e-05b 
(1.34e-04–1.81e-04; 3) 

3.36e-05 ± 4.55e-06a 
(2.90e-05–3.81e-05; 3) 

PM 0.570 ± 0.025a 
(0.545–0.595; 5) 

1.41e-04 ± 2.60e-05a 
(1.15e-04–1.67e-04; 5) 

2.06e-03 ± 6.36e-04a 
(1.42e-03–2.69e-03; 5) 

3.13e-05 ± 5.49e-06a 
(2.59e-05–3.68e-05; 5) 

7.86e-06 ± 2.06e-06a 
(5.80e-06–9.92e-06; 5) 

2.99e-05 ± 4.04e-06a 
(2.58e-05–3.39e-05; 5) 

TP 0.570 ± 0.0361a 
(0.534–0.606; 3) 

1.38e-04 ± 1.20e-05a 
(1.26e-04–1.50e-04; 3) 

1.85e-03 ± 5.49e-04a 
(1.30e-03–2.39e-03; 3) 

3.08e-05 ± 7.75e-06a 
(2.30e-05–3.85e-05; 3) 

9.23e-06 ± 3.26e-06a 
(5.97e-06–1.24e-05; 3) 

4.35e-05 ± 1.20e-05a 
(3.15e-05–5.54e-05; 3) 

 

Bay % Cu 
(min-max; n) 

% Fe 
(min-max; n) 

% Mn 
(min-max; n) 

% Ni 
(min-max; n) 

% Pb 
(min-max; n) 

% Zn 
(min-max; n) 

LB 5.12e-04 ± 6.45e-05a 
(4.48e-04–5.77e-04; 24) 

6.29e-03 ± 4.65e-04a 
(5.83e-03–6.76e-03; 24) 

2.56e-03 ± 1.59e-04a 
(2.40e-03–2.72e-03; 24) 

1.28e-04 ± 1.40e-05a 
(1.14e-04–1.42e-04; 24) 

2.03e-05 ± 9.62e-06a 
(1.07e-05–3.00e-05; 24) 

1.17e-03 ± 1.07e-04a 
(1.06e-03–1.27e-03; 24) 

LG 5.53e-04 ± 1.37e-04a 
(4.16e-04–6.90e-04; 3) 

0.021 ± 3.05e-03b 
(0.018–0.024; 3) 

0.016 ± 1.30e-03b 
(0.015–0.017; 3) 

4.28e-04 ± 5.47e-05b 
(3.74e-04–4.83e-04; 3) 

4.58e-05 ± 2.46e-05a 
(2.12e-05–7.04e-05; 3) 

2.20e-03 ± 1.68e-04b 
(2.03e-03–2.36e-03; 3) 

PM 5.79e-04 ± 2.29e-04a 
(3.35e-04–8.08e-04; 5) 

5.24e-03 ± 2.93e-04a 
(4.95e-03–5.53e-03; 5) 

2.07e-03 ± 1.40e-04a 
(1.93e-03–2.21e-03; 5) 

1.63e-04 ± 3.29e-05a 
(1.30e-04–1.96e-04; 5) 

9.50e-06 ± 5.54e-07a 
(8.94e-06–1.01e-05; 5) 

1.18e-03 ± 1.83e-04ab 
(1.00e-03–1.37e-03; 5) 

TP 6.56e-04 ± 4.04e-04a 
(2.53e-04–1.06e-03; 3) 

5.65e-03 ± 5.79e-04a 
(5.07e-03–6.23e-03; 3) 

6.18e-03 ± 1.52e-03c 
(4.66e-03–7.69e-03; 3) 

 5.17e-05 ± 2.40e-05c  
(2.77e-05–7.57e-05; 3) 

1.10e-05 ± 6.63e-06a 
(4.37e-06–1.76e-05; 3) 

8.47e-04 ± 2.78e-04a 
(5.70e-04–1.13e-03; 3) 
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Table S8. Coordinates of the used grid locations to examine temporal variability in Thalassia testudinum leaf tissues in Lac Bay (2015 vs. 2019 vs. 2022). Values in 
brackets indicate sample size (n), and an 'X' indicates whether the location was used in this study. 

Location Coordinates C:N 
(n = 11) 

N:P 
(n = 12) 

C:P 
(n = 11) 

% C 
(n = 11) 

% N 
(n = 12) 

% P 
(n = 12) 

δ13C 
(n = 11) 

δ15N 
(n = 12) 

% S 
(n = 12) 

% As 
(n = 12) 

% TM* 
(n = 12) 

LB_03 12°096’N, 
68°242’W  

X X X X X X X X X X X 

LB_10 12°111’N, 
68°231’W 

X X X X X X X X X X X 

LB_11 12°101’N, 
68°239’W 

X X X X X X X X X X X 

LB_15 12°096’N, 
68°238’W 

X X X X X X X X X X X 

LB_19 12°103’N, 
68°231’W 

X X X X X X X X X X X 

LB_20 12°112’N, 
68°229’W 

X X X X X X X X X X X 

LB_27 12°105’N, 
68°236’W 

X X X X X X X X X X X 

LB_30 12°102’N, 
68°225’W 

 X   X X  X X X X 

LB_35 12°103’N, 
68°234’W 

X X X X X X X X X X X 

LB_37 12°107’N, 
68°234’W 

X X X X X X X X X X X 

LB_42 12°111’N, 
68°224’W 

X X X X X X X X X X X 

LB_45 12°109’N, 
68°222’W 

X X X X X X X X X X X 
             

* = Trace metals 
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Table S9. Mean ± SE nutrient content (% DW) in Thalassia testudinum leaf tissues per studied year in Lac 
Bay. Values in brackets are min-max values and sample size (n), and the nutrient ratios are in moles. 
Significant differences are indicated by different letters (P < 0.05).  

Year % C 
(min-max; n) 

% N 
(min-max; n) 

% P 
(min-max; n) 

C:N 
(min-max; n) 

N:P 
(min-max; n) 

C:P 
(min-max; n) 

C:N:P 
 

2015 36.0 ± 0.414a 

(35.6–36.4; 11) 
2.33 ± 0.072a 

(2.25–2.40; 12) 
0.168 ± 0.012a 

(0.156–0.181; 12) 
18.3 ± 0.593a 

(17.7–18.8; 11) 
32.8 ± 2.82a 

(30.0–35.6; 12) 
608 ± 49.9a 

(559–657; 11) 
608:18:01 

2019 32.4 ± 0.398b 

(32.0–32.8; 11) 
1.99 ± 0.093b 

(1.90–2.09; 12) 
0.138 ± 8.63e-03b 

(0.230–0.374; 12) 
19.8 ± 0.833b 

(18.9–20.6; 11) 
32.7 ± 2.24a 

(30.5–35.0; 12) 
644 ± 35.4a 

(608–679; 11) 
644:20:01 

2022 33.6 ± 0.368c 

(33.2–33.9; 11) 
2.22 ± 0.102a 

(2.11–2.32; 12) 
0.203 ± 0.011c 

(0.193–0.214; 12) 
18.5 ± 0.638ab 

(17.9–19.2; 11) 
24.7 ± 1.31b 

(23.4–26.0; 12) 
450 ± 23.6b 

(426–474; 11) 
450:19:01 

 
 
Table S10. Mean ± SE stable isotope signatures in Thalassia testudinum leaf tissues per studied year in Lac 
Bay. Values in brackets are min-max values and sample size (n). Significant differences are indicated by 
different letters (P < 0.05).  

Year δ13C  
(min-max; n) 

δ15N 
(min-max; n) 

2015 -8.89 ± 0.391a 
(-9.28–-8.50; 11) 

1.90 ± 0.206a 
(1.69–2.10; 12) 

2019 -7.97 ± 0.249b 
(-8.22–-7.72; 11) 

1.98 ± 0.770a 
(1.21–2.75; 12) 

2022 -8.17 ± 0.443b 
(-8.61–-7.72; 11) 

2.24 ± 0.734a 
(1.50–2.97; 12) 
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Table S11. Mean ± SE element content (% DW) in Thalassia testudinum leaf tissues per studied year in Lac Bay. Values in brackets are min-max values and sample 
size (n) and significant differences are indicated by different letters (P < 0.05).  

Year % S 
(min-max; n) 

% As 
(min-max; n) 

% Al 
(min-max; n) 

% Cd 
(min-max; n) 

% Co 
(min-max; n) 

% Cr 
(min-max; n) 

2015 0.556 ± 0.023a 
(0.533–0.579; 12) 

1.09e-04 ± 1.11e-05a 
(9.81e-05–1.20e-04; 12) 

2.75e-03 ± 2.83e-04a 
(2.46e-03–3.03e-03; 12) 

1.59e-05 ± 2.43e-06a 
(1.35e-05–1.84e-05; 12) 

5.69e-06 ± 4.40e-07a 
(5.25e-06–6.13e-06; 12) 

5.25e-05 ± 5.40e-06a 
(4.71e-05–5.79e-05; 12) 

± 
(–; 12) 

2019 0.627 ± 0.037a 
(0.590–0.663; 12) 

1.97e-04 ± 5.28e-05b 
(1.44e-04–2.50e-04; 12) 

3.72e-03 ± 3.81e-04a 
(3.34e-03–4.10e-03; 12) 

1.73e-05 ± 1.86e-06a 
(1.55e-05–1.92e-05; 12) 

1.29e-05 ± 1.14e-06b 
(1.17e-05–1.40e-05; 12) 

5.47e-05 ± 3.16e-06a 
(5.15e-05–5.79e-05; 12) 

± 
(–; 12) 

2022 0.472 ± 0.018b 
(0.454–0.490; 12) 

1.45e-04 ± 1.16e-05ab 
(1.33e-04–1.56e-04; 12) 

1.92e-03 ± 3.93e-04b 
(1.53e-03–2.31e-03; 12) 

2.14e-05 ± 2.06e-06b 
(1.94e-05–2.35e-05; 12) 

8.66e-06 ± 1.43e-06a 
(7.24e-06–1.01e-05; 12) 

5.69e-05 ± 2.28e-05b 
(3.41e-05–7.97e-05; 12) 

  

Year % Cu 
(min-max; n) 

% Fe 
(min-max; n) 

% Mn 
(min-max; n) 

% Ni 
(min-max; n) 

% Pb 
(min-max; n) 

% Zn 
(min-max; n) 

2015 4.93e-04 ± 7.44e-05a 

(4.18e-04–5.67e-04; 12) 
7.95e-03 ± 5.07e-04a 

(7.44e-03–8.45e-03; 12) 
2.31e-03 ± 1.46e-04a 

(2.17e-03–2.46e-03; 12) 
2.10e-04 ± 7.46e-05a 

(1.34e-04–2.84e-04; 12) 
5.84e-05 ± 8.13e-06a 

(5.03e-05–6.65e-06; 12) 
1.24e-03 ± 1.56e-04a 

(1.09e-03–1.40e-03; 12) 
2019 3.14e-04 ± 4.51e-05a 

(2.68e-04–3.60e-04; 12) 
8.83e-03 ± 6.58e-04a 

(8.17e-03–9.49e-03; 12) 
2.86e-03 ± 2.08e-04b 

(2.65e-03–3.06e-03; 12) 
2.59e-04 ± 4.23e-05b 

(2.16e-04–3.01e-04; 12) 
6.54e-04 ± 1.79e-04b 

(4.75e-04–8.33e-04; 12) 
1.24e-03 ± 1.66e-04a 

(1.08e-03–1.41e-03; 12) 
2022 4.13e-04 ± 9.12e-05a 

(3.22e-04–50.4e-04; 12) 
6.10e-03 ± 8.39e-04b 

(5.25e-03–6.94e-03; 12) 
2.67e-03 ± 2.10e-04ab 

(2.46e-03–2.88e-03; 12) 
1.26e-04 ± 2.26e-05a 

(1.04e-04–1.49e-04; 12) 
2.76e-05 ± 1.93e-05c 

(8.29e-06–4.68e-05; 12) 
1.10e-03 ± 1.15e-04a 

(9.85e-04–1.21e-03; 12) 
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Table S12. Mean ± SE nutrient content (% DW) in Thalassia testudinum leaf tissues impacted by Sargassum 
in Lac Bay. Values in brackets are min-max values and sample size (n), and the nutrient ratios are in moles. 
Significant differences are indicated by different letters (P < 0.05). Abbreviations: L = low, M = medium, 
and H = high.  

Impact 
of  
Sarg- 
assum 

% C 
(min-max; n) 

% N 
(min-max; n) 

% P 
(min-max; n) 

C:N 
(min-max; n) 

N:P 
(min-max; n) 

C:P 
(min-max; n) 

C:N:P 
 

L 34.0 ± 0.331a 

(33.7–34.3; 14) 
2.35 ± 0.104a 

(2.24–2.45; 14) 
0.221 ± 0.009a 

(0.212–0.229; 13) 
17.3 ± 0.747a 

(16.6–18.1; 14) 
23.0 ± 1.25a 

(21.7–24.2; 10) 
409 ± 14.9a 

(394–424; 10) 
409:17:01 

M 33.5 ± 0.504a 

(33.0–34.0; 7) 
2.36 ± 0.104a 

(2.26–2.46; 7) 
0.217 ± 0.016a 

(0.201–0.232; 6) 
16.7 ± 0.832a 

(15.9–17.6; 7) 
24.4 ± 2.16a 

(22.3–26.6; 5) 
407 ± 39.6a 

(367–447; 5) 
407:17:01 

H 33.9 ± 0.414a 

(33.5–34.3; 8) 
2.41 ± 0.148a 

(2.26–2.55; 8) 
0.198 ± 0.022a 

(0.176–0.220; 5) 
16.9 ± 1.00a 

(15.8–17.9; 8) 
27.1 ± 1.26a 

(25.8–28.3; 4) 
501 ± 24.0a 

(478–524; 4) 
501:17:01 

 
 
Table S13. Mean ± SE stable isotope signatures in Thalassia testudinum leaf tissues impacted by Sargassum 
in Lac Bay. Values in brackets are min-max values and sample size (n) and significant differences are 
indicated by different letters (P < 0.05). Abbreviations: L = low, M = medium, and H = high. 

Impact of Sargassum δ13C  
(min-max; n) 

δ15N 
(min-max; n) 

L -8.80 ± 0.522a 
(-9.32–-8.28; 14) 

2.33 ± 0.427a 
(1.91–2.76; 14) 

M -7.34 ± 0.324a 
(-7.66–-7.01; 7) 

0.134 ± 1.10a 
(-0.968–1.24; 7) 

H -8.97 ± 0.783a 
(-9.76–-8.19; 8) 

2.30 ± 1.05a 
(1.25–3.35; 8) 
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Table S14. Mean ± SE element content (% DW) in Thalassia testudinum leaf tissues impacted by Sargassum in Lac Bay. Values in brackets are min-max values and 
sample size (n) and significant differences are indicated by different letters (P < 0.05). Abbreviations: L = low, M = medium, and H = high. 

Impact of 
Sargassum 

% S 
(min-max; n) 

% As 
(min-max; n) 

% Al 
(min-max; n) 

% Cd 
(min-max; n) 

% Co 
(min-max; n) 

% Cr 
(min-max; n) 

L 0.515 ± 0.022a 

(0.533–0.579; 13) 
1.59e-04 ± 2.37e-05a 

(1.34e-04–1.82e-04; 13) 
1.56e-03 ± 3.07e-04a 

(1.24e-03–1.87e-03; 13) 
2.13e-05 ± 1.98e-06a 

(1.93e-05–2.33e-05; 13) 
7.52e-06 ± 1.13e-06a 

(6.39e-06–8.66e-06; 13) 
4.42e-05 ± 3.86e-06a 

(4.03e-05–4.81e-04; 13) 
± 

(–; 12) 
M 0.495 ± 0.021a 

(0.590–0.663; 6) 
1.29e-04 ± 9.86e-06a 

(1.19e-04–1.38e-04; 6) 
2.58e-03 ± 1.13e-03a 

(1.45e-03–3.71e-03; 6) 
2.28e-05 ± 4.57e-06a 

(1.83e-05–2.74e-05; 6) 
1.04e-05 ± 1.02e-06a 

(9.39e-06–1.14e-05; 6) 
3.59e-05 ± 2.71e-06a 

(3.31e-05–3.86e-05; 6) 
± 

(–; 12) 
H 0.506 ± 0.067a 

(0.454–0.490; 5) 
1.50e-04 ± 1.89e-05a 

(1.32e-04–1.69e-04; 5) 
2.19e-03 ± 5.33e-04a 

(1.65e-03–2.72e-03; 5) 
2.41e-05 ± 2.89e-06a 

(2.12e-05–2.70e-05; 5) 
1.09e-05 ± 2.41e-06a 

(8.51e-06–1.33e-05; 5) 
8.56e-05 ± 5.53e-05a 

(3.03e-05–1.41e-04; 13) 
 

Impact of 
Sargassum 

% Cu 
(min-max; n) 

% Fe 
(min-max; n) 

% Mn 
(min-max; n) 

% Ni 
(min-max; n) 

% Pb 
(min-max; n) 

% Zn 
(min-max; n) 

L 5.04e-04 ± 8.36e-05a 
(4.21e-04–5.88e-04; 13) 

5.73e-03 ± 2.10e-04a 
(5.52e-03–5.94e-03; 13) 

2.36e-03 ± 1.91e-04a 
(2.17e-03–2.55e-03; 13) 

1.11e-04 ± 1.95e-05a 
(9.18e-05–1.31e-04; 13) 

1.13e-05 ± 2.46e-06a 
(8.81e-06–1.37e-05; 13) 

1.01e-03 ± 8.08e-05a 
(9.33e-04–1.09e-03; 13) 

M 6.31e-04 ± 1.74e-04a 
(4.57e-04–8.05e-04; 6) 

6.47e-03 ± 9.67e-04a 
(5.50e-03–7.43e-03; 6) 

2.50e-03 ± 2.98e-04a 
(2.21e-03–2.80e-03; 6) 

1.61e-04 ± 2.82e-05a 
(1.33e-04–1.89e-04; 6) 

1.013e-05 ± 2.10e-06a 
(8.03e-06–1.22e-05; 6) 

1.32e-03 ± 3.59e-04a 
(9.61e-04–1.68e-03; 6) 

H 3.90e-04 ± 8.30e-05a 
(3.07e-04–4.73e-04; 5) 

7.54e-03 ± 1.91e-03a 
(5.63e-03–9.44e-03; 5) 

3.15e-03 ± 4.08e-04a 
(2.74e-03–3.55e-03; 5) 

1.31e-04 ± 2.67e-05a 
(1.04e-04–1.58e-04; 5) 

5.62e-05 ± 4.58e-05a 
(1.05e-05–1.02e-04; 5) 

1.38e-03 ± 1.99e-04a 
(1.19e-03–1.58e-03; 5) 
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Supplementary figures 

 
Figure S1. Sediment trap placed in the field (rebar: L = 80 cm, PVC-core: L = 33 cm and diam. = 4.5 cm). 
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Figure S2. Locations of (A) sediment traps (n = 3) and (B) HOBO-loggers (n = 2) placed in Lagun. (C) 
Sampling sites (n = 3) used in benthic survey in Lagun. Google Earth Pro 2022 imagery date 28 June 2022. 

Lagun	
Sediment	traps	

Legend				

Sediment	trap

400	m

N

➤➤

N
Image	©	2022	CNES	/	Airbus

Image	©	2022	CNES	/	Airbus

Image	©	2022	CNES	/	Airbus

Lagun	
HOBOs	

Legend				

HOBO

400	m

N

➤➤

N
Image	©	2022	CNES	/	Airbus

Image	©	2022	CNES	/	Airbus

Image	©	2022	CNES	/	Airbus

Lagun	
Seagrass	

Legend				

Seagrass

400	m

N

➤➤

N
Image	©	2022	CNES	/	Airbus

Image	©	2022	CNES	/	Airbus

Image	©	2022	CNES	/	Airbus

B 

A 

C 



 52 

 

 

 
Figure S3. Locations of (A) sediment traps (n = 4) and (B) HOBO-loggers (n = 4) placed in Lac Bay. (C) 
Sampling sites (n = 59) used in benthic survey in Lac Bay. Google Earth Pro 2022 imagery date 28 June 
2022. 
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Figure S4. Location of (A) HOBO-logger (n = 1) placed in N1 Pond. (B) Sampling sites (n = 5) used in 
benthic survey in N1 Pond. Google Earth Pro 2022 imagery date 28 June 2022. 
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Figure S5. Locations of sediment traps (n = 3) placed in Turtle Pond. Sampling sites (n = 3) used in benthic 
survey in Turtle Pond. Google Earth Pro 2022 imagery date 28 June 2022. 
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Figure S6. Locations of (A) sediment traps (n = 3) placed in Pekelmeer. (B) Sampling sites (n = 5) used in 
benthic survey in Pekelmeer. Google Earth Pro 2022 imagery date 28 June 2022.
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Figure S7. Overview Sargassum impacted areas in Lac Bay. The polygons were created by combination of drawing a perimeter (r = 700 m) in Google Earth Pro 2022 
and visual assessment during the benthic survey (i.e., presence of Sargassum within 100 m radius at each sampling location). Colours indicate: orange = high impact 
of Sargassum, no colour = medium impact of Sargassum, and green = low impact of Sargassum. 
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