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A B S T R A C T

As endpoints of watersheds, bays concentrate erosion- and human-derived substances such as dissolved inorganic nutrients and pollutants. We investigated the water 
movement and biogeochemistry of two bays in Curaçao: Piscadera Bay and Spaanse Water, during the dry (May 2022 and 2023) and wet seasons (November 2021 
and 2023). Bay-ocean exchange was limited during the dry season, enhancing nutrient concentrations in the bays. The wet season showed increased mixing between 
bay and offshore water. Extreme rainfall from the 2023 El Niño event led to heavy runoff and wastewater influx, particularly in Piscadera Bay, where enriched δ15N 
and total xenobiotic concentrations were over 1.5 times higher than in the dry season. Elevated δ15N and δ13C values reflected greater terrestrial influence in 
Piscadera Bay. These findings show how extreme weather, likely under future climate scenarios, can enhance nutrient and pollutant export from bays to reefs.

1. Introduction

Bays are partially enclosed coastal water bodies that connect 
terrestrial and ocean environments, often featuring a mix of fresh, 
nutrient-rich water from rivers or runoff and saline and oligotrophic 
water from the ocean (Gobler et al., 2005). Nutrient concentrations in 
bays depend on freshwater input, terrestrial runoff of sediments, pol
lutants and organic and inorganic matter and biological processes 
(Govers et al., 2014; Lapointe et al., 2011; Tuholske et al., 2021). Many 
bays in the Caribbean are heavily polluted, with high concentrations of 
nutrients, heavy metals and organic pollution, thereby posing a risk for 
nearby ecosystems within and around bays (Caballero-Gallardo et al., 
2020; Govers et al., 2014; Siung-Chang, 1997). Poorly treated sewage 
water systems on some of the islands in the Caribbean cause a conse
quent anomalous high input of nutrients with frequently soaring con
centrations in shallow coastal waters (Govers et al., 2014). This water 
with high nutrient- and substances-concentrations is often mixed with 
coastal water by processes such as tidal exchange, rainfall or mixing by 
wind (Gobler et al., 2005; Kjerfve and Magill, 1989), and can result in 
eutrophication of coastal waters (Wynne, 2017). Previous studies (Lao 
et al., 2022; Zheng et al., 2020) have shown that nearshore currents can 
transport pollutants released by bays over long distances, contributing 

to eco-environmental issues in coastal systems. This nutrient input re
duces calcification rates and promotes the growth of macro-algae, dis
rupting the balance between benthic autotrophs and heterotrophs, 
posing a potential threat to the survival of tropical reefs (Fabricius, 
2011).

The south coast of Curaçao is characterized by several inland bays 
that likely influence substances loads to the nearby shallow ecosystems 
such as coral reefs, mangroves and seagrass beds (Debrot et al., 1998; 
Wagenaar Hummelinck, 1977). As Curaçao lacks major rivers, most 
land-derived matter transport to the ocean occurs through submarine 
groundwater discharge, sewage systems, rainfall (Den Haan et al., 2016; 
Govers et al., 2014; van Sambeek et al., 2000) as well as the release from 
bays (Nagelkerken et al., 2005). The retention time of water in these 
bays determines to a large extent the adverse effects of terrestrial 
eutrophication and pollution loads on nearby coastal areas (Mestres 
et al., 2006). Chemical contaminants significantly impact marine 
biodiversity that can lead to reduction in species richness of up to 40 % 
(Johnston and Roberts, 2009). The molecular diversity of these con
taminants has historically challenged monitoring their influx in marine 
systems (Hawkes et al., 2018). Untargeted metabolomics using liquid 
chromatography coupled with high-resolution tandem mass spectrom
etry (LC-MS/MS) is a powerful tool to detect a wide range of these 
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chemical contaminants that can help characterizing the water compo
sition of these bays. Eutrophication and pollution of bays in the Carib
bean and mid-Atlantic coast have shown to cause detrimental impacts 
on coral reef ecosystems within and around the bays, such as enhance
ment of micro- and macro-algae causing light attenuation and affecting 
benthic photosynthesis processes, toxic algal glooms and disturbing 
herbivores nursery areas (Devlin and Brodie, 2023; Fabricius, 2011; 
Govers et al., 2014; Kennish, 2009).

Locally, ocean-bay exchange is modulated by rainfall, wind, 
geomorphological, hydrological and biochemical processes as well as 
hydrodynamic processes such as the transport and mixing of water 
masses, which control the distribution of dissolved and particulate 
substances on nearby fringing coral reefs (Hearn, 2011; Kjerfve and 
Magill, 1989; Odum, 1980; Sutula et al., 2003). Rainfall strongly differs 
between the wet (October–December with an average of 90.5 mm/ 
month) and the dry season on Curaçao (April–June with an average of 
8.2 mm/month) (Martis et al., 2001). Wind also affects sea surface water 
movement in shallow habitats (Adey and Steneck, 1985; D'Croz et al., 
1999) and thus mixing of bay-derived water with the ocean. Surface 
currents and wind vary seasonally around Curaçao as well, with average 
lowest surface current velocities measured in October–November and 
highest speeds in December–March (Bertoncelj et al., 2024). Dominant 
trade winds in Curaçao are easterly and east-northeasterly winds, with 
speeds ranging from 5 to 8 m s− 1, with maxima from January to July and 
lower speeds from August to November (Hersbach et al., 2020). 
Therefore, the adverse effects of substances collected in, and exported 
from, bays to the coastal zone likely varies throughout the year. In 
addition, periods with higher pressure from tourism (December–April 
and June–August; (Thielman, 2013)) may result in seasonal variability 
in human-derived matter input in bays. While numerous studies have 
explored the influence of hydrological, geomorphological, and 
biochemical processes on bay-ocean exchanges (e.g., Odum, 1980; 
Sutula et al., 2003), there remains limited understanding of how these 
processes vary across seasons in tropical bays, particularly in the 
Caribbean.

This study aims to investigate the role of two bays in Curaçao with 
different adjacent land uses, Piscadera Bay and Spaanse Water, in the 
release of dissolved and particulate substances into coastal and adjacent 
reef areas during the wet and dry season. Specifically, we address the 
following research questions: (1) How do water properties as well as 
concentrations of inorganic nutrients and suspended particulate matter 
(SPM), vary along the axis of the bays and in adjacent open ocean areas? 
(2) What are the chemical fluxes of dissolved substances between the 
bays and coastal waters, and how do these fluxes differ between the wet 
and dry seasons? (3) To what extent do anthropogenic substances, such 
as pharmaceuticals, personal care products, and pesticides, contribute to 
the chemical composition of waters in bays and the nearby coast? We 
hypothesize that seasonal differences, such as increased rainfall and 
runoff during the wet season, lead to higher pollutant fluxes from the 
bays into adjacent coastal waters, with potential consequences for 
nutrient cycling and reef health. To answer these questions, we deter
mined water properties, nutrient and SPM concentrations, and their 
carbon- and nitrogen-stable isotope compositions. Additionally, xeno
biotic substances were assessed at selected stations using an untargeted 
metabolomics approach, providing insights into anthropogenic inputs 
and their potential impacts on adjacent reef ecosystems (Piwowarska 
and Kiedrzyńska, 2022).

2. Methodology

2.1. Study area

The island of Curaçao lies in the Southern Caribbean Sea (12◦ 10′, 
− 68◦ 59′) and measures approximately 444 km2. It currently (2023) 
harbors over 150.000 inhabitants and around 1.2 million (cruise) 
tourists visit the island annually. The study sites (Fig. 1) were visited in 

November 2021 (wet season, average rainfall of 77 mm/month) and 
May 2022 (dry season, average rainfall of 1 mm/month), coinciding 
with a moderate La Niña and in May (dry season, average rainfall of 4 
mm/month) and November 2023 (wet season, average rainfall of 129 
mm/month), coinciding with a strong El Niño event (Curaçao Weather, 
n.d.).

The bays studied were Piscadera Bay and Spaanse Water (Fig. 1). The 
former, situated at the west side of Willemstad, has a surface area of 
0.75 km2 (Govers et al., 2014) and the area around this bay is urbanized 
(Steward et al., 2024). It is also an important catchment area (16–17 
km2, Fig. 1.b) for the mid-west part of the island (with 5 inflow points, 
Fig. 1.b) and includes input from a wastewater treatment facility 
(Govers et al., 2014). Piscadera Bay has a relatively wide mouth 
(ranging from 76 m at its narrowest point to 105 m at its widest) and 
shallow entrance (i.e. <6 m deep). Reefs upstream and downstream 
present a low coral cover (0–13 %) (Sandin et al., 2022).

Spaanse Water, located at the east end of Willemstad is considerably 
larger than Piscadera Bay (approximately 3.2 km2) and it has a mouth 
that is deeper (15 m water depth) and wider (ranging from 85 m at its 
narrowest point to 160 m at its widest). Near the mouth of Spaanse 
Water, reefs are present with a coral cover of 4–28 % (Sandin et al., 
2022). This Watershed is surrounded by highly urbanized areas along 
the west side of the bay and more natural areas in the east (Steward 
et al., 2024). It is also surrounded by a larger catchment area (23–24 
km2) compared to that of Piscadera Bay, with 10 inflow points (Fig. 1.c).

2.2. Bay transects

Conductivity-Temperature-Depth (CTD) profiles along transects 
from inside the bay towards the open ocean were conducted on a small 
boat with a SBE9plus equipped with a Wetlabs FLNTU to measure 
turbidity and fluorescence (as an estimate for chlorophyll-a (Chl-a)) 
(Fig. 1). Sampling stations were positioned along the transect approxi
mately every 100 m to capture any gradient in water properties and 
substance concentrations across the bay. This spacing allowed for a bay- 
wide (from most in land to the bay mouth) assessment of spatial vari
ability in key parameters, such as salinity, temperature, and nutrient 
concentrations. We focused our sampling on the primary exchange 
pathways focusing on the areas where interactions between bay waters 
and the coastal environment are most pronounced. While logistical 
constraints limited sampling within the inner layers of the bays, the 
chosen transects provide a robust framework for capturing the processes 
driving bay-coast exchange. The downcast of the CTD profiles was 
processed with the software Sea-Bird data SBE 11plus. Piscadera Bay 
was sampled in spring 2022 and 2023 and autumn 2021 and 2023, and 
the transect consisted of 12–18 stations. At 6–8 stations water samples 
were collected (Fig. 1.d, S1). Spaanse Water was visited in spring and 
autumn 2023, conducting CTD measurements along a transect of 16 
stations, of which 6 were used to collect water samples (Fig. 1.e). For the 
water samples, a 4 L Niskin bottle was attached to the top of the CTD to 
take samples at chosen depths (i.e. 1 m under the surface and 1 m above 
the bottom). The water samples were subsampled for inorganic nutri
ents, i.e., phosphate, ammonia, nitrate and nitrite (PO4, NH4, NO3, NO2 
respectively), silicate (Si), dissolved inorganic carbon (DIC), dissolved 
organic carbon (DOC) and suspended particulate organic matter 
(SPOM). Solid phase extraction of dissolved organic matter (SPE-DOM) 
was done by running 1 L of 0.22 μm filtered sampling water acidified to a 
pH of 2 with trace metal grade HCl over a 200 mg bed mass Bond Elut- 
PPL resin in a 3 mL volume cartridge (Agilent 12,105,005) (Dittmar 
et al., 2008; Petras et al., 2017).

In May 2023, an Acoustic Doppler Current Profiler (ADCP, Nortek 
Signature) was deployed at the mouth (6 m depth) of Piscadera Bay, 
Curaçao, to measure current speed and characterize exchange of waters 
within the bay with those of the coastal zone. The ADCP recorded water 
speed over five days at 3 m above the sea floor and the average speed 
(0.023 ms− 1) and maximum speed (0.086 ms− 1) were used to calculate 
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Fig. 1. Map of Curaçao a) and the catchment areas of the two sampled bays: Piscadera Bay b) and c) Spaanse Water. Map d) shows the transect conducted in 
Piscadera Bay including the ADCP location and e) in Spaanse Water. CTD stations are shown with black X, red X show the stations where nutrient water samples and 
red * where nutrient and xenobiotic water samples were taken (coordinates are summarized in S1). Maps were made in QGIS using an elevation model created by 
Titus Kruijssen. Stahler order 6 (i.e. size of the streams) was used to indicate the location of the streams. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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substance fluxes following the method of Wang et al. (2022) and Kam
junke et al. (2023). The cross-sectional area of the mouth was estimated 
by multiplying the mouth's depth (6 m) by its average width (90 m), 
yielding a cross-sectional area of 540 m2. Nutrient concentration gra
dients were calculated as the difference between nutrient concentrations 
in the bay and the adjacent ocean. Fluxes were estimated by multiplying 
the concentration gradient for each nutrient by the cross-sectional area 
and water velocity. The resulting nutrient transports were expressed in 
μmol s− 1 L− 1, indicating the amount of nutrients transported from the 
bay to the ocean (positive values) or from the ocean to the bay (negative 
values).

2.3. Laboratory analysis

2.3.1. Dissolved inorganic nutrients
Water samples taken for dissolved inorganic nutrients, Si and DIC 

were collected using 50 mL syringes with a three-way valve and filtered 
through sterile 0.8/0.2 μm polycarbonate membrane syringe filters and 
collected in 6 mL high-density polyethylene pony vials. The samples 
were stored in a − 20 ◦C freezer (for analysis of PO4

3− , NH4
+, NO3

− and 
NO2) and a + 4 ◦C refrigerator (for Si). The DIC samples were collected 
in 6 mL polyethylene pony vials and 5 mL glass vials, respectively, 
containing 15 μL HgCl2. DIC values were corrected for salinity with a 
reference salinity of 35 PSU (S2).

Inorganic nutrients concentrations were measured by using colori
metric analysis using a Bran & Luebbe TrAAcs 800 autonalyzer, 
following standard procedures (Grasshoff et al., 2009; Helder and De 
Vries, 1979b; Hydes et al., 2010; Murphy and Riley, 1962; Stoll et al., 
2001; Strickland and Parsons, 1972a) with detection limits of approxi
mately 0.02 μM for PO4, 0.05 μM for NH4, 0.01 μM for NO2, 0.1 μM for 
NO3, and 5 μM for DIC . A standard containing all inorganic nutrients 
was added to each run and used to monitor the performance of stan
dards. All runs were calibrated with standards diluted in low nutrient 
seawater. DIC was measured photometrically with a QuaAAtro auto
analyzer (Seal Analyttical, Meqon, USA). Precision was ±10 mmol kg- 
sw− 1 based on recurrent measurements of an in-house standard that was 
calibrated against Batch No. 54 of A. Dicksons CRMS (Certified Refer
ence Material Seawater, Marine Physical Laboratory, Scripps Institution 
of Oceanography). Measurements were made simultaneously on four 
channels for PO4 (Murphy and Riley, 1962), NH4 (Helder and De Vries, 
1979a), and NO2+3 combined with NO2 (Grasshoff et al., 2009) and 
separately for Si (Strickland and Parsons, 1972b). A freshly diluted 
mixed-nutrient standard containing Si, PO4, and NO2+3 was added to 
each run. The cocktail served as a guide to monitor the performance of 
the standards. All measurements were calibrated with standards diluted 
in low nutrient seawater (LNSW).

2.3.2. Liquid chromatography tandem mass spectrometry (LC-MS/MS)
The 14 metabolomic samples from this dataset, including daily 

process blanks, were run in one sequential batch of a liquid chroma
tography tandem mass spectrometry following the method described in 
Petras et al. (2017). In brief, an aliquot (5 μL) of each sample, dissolved 
in methanol, was injected into a Ultra-high performance liquid chro
matography system (UHPLC) (Agilent 1290 Infinity II), coupled to a Q- 
Exactive Plus Orbitrap Mass Spectrometer (Thermo Fisher Scientific, 
Bremen, Germany) equipped with an Ion-max source with a HESI 
(Heated Electrospray Ionization) probe. Chromatographic separation 
was performed with a C18 core-shell column (Kinetex, 150 × 2 mm, 1.8 
um particle size, 100 Å pore size, Phenomenex, Torrance, USA), using 
solvent A: H2O + 0.1 % formic acid (FA) and solvent B: Acetonitrile 
+0.1 % FA at a flow rate of 0.5 mL min-1. Samples were eluted using the 
following program: 0.5 min of 5 % B, followed by a linear gradient to 50 
% B over 7.5 min, further followed by a 2 min gradient to 99 % B. This 
step is followed by a wash phase of 7 min at 99 % B and a re- 
equilibration at starting conditions for 8 min. Ion source was operated 
with the following settings: 70 AU sheath gas flow, 15 AU auxiliary gas 

flow, 0 AU sweep gas flow, Probe T 400 ◦C, spray voltage 3.5 kV, inlet 
capillary temperature, 320 ◦C, an S-Lens V of 50 V. The maximum ion 
injection time was 100 ms with automated gain control (AGC) targets of 
1.0E6 for MS1 scans and 3.0E5 for MS/MS with a minimum threshold of 
10 % C-trap AGC. Compounds were detected using a mass range of m/z 
150–1500 with a resolution of 70,000 (at m/z 200) and one micro-scan 
per MS1. Fragmentation spectra were acquired in data dependent 
acquisition (DDA) mode of the 5 most abundant ions with a resolution of 
17,500 (at m/z 200) with one micro-scan. A stepwise increased 
normalized collision energy from 20 to 30 to 40 % (z = 1 as default 
charge state) was used. The MS/MS experiments were triggered by apex 
of peaks with 2–15 s from first occurrence and the dynamic exclusion 
was set to 5 s with 3 ppm mass tolerance. Quality controls included a 
start and end sequence of injections of MeOH, Sulfa/Amih mix 0.01 μg/ 
ul (STD6.1), MeOH, control seawater sample and MeOH injections be
tween every 5 samples for monitoring.

2.3.3. SPOM, elemental analysis and isotopic ratios
Carbon and nitrogen isotopic composition (13C and 15N) of the 

samples taken in the bays were analyzed to constrain the source of the 
bays' organic matter. Seawater collected in Piscadera Bay and Spaanse 
Water were filtered using a vacuum pump over pre-weighed and com
busted glass fiber filters (GF/F Whatman 1825–047). Subsequently, fil
ters were freeze-dried, transported to The Netherlands and decarbonized 
with vapor of HCl (2 M). Processing and analysis were performed as 
described by Teece and Fogel (2004). An elemental analyser (EA) (Flash 
2000 Elemental Analyser, Thermo Scientifc Bremen, Germany) coupled 
to an isotope-ratio mass spectrometer (Delta V Advantage Isotope Ratio 
Mass Spectrometer, Thermo Scientifc Bremen, Germany) via a Conflo IV 
was used to analyze the samples. The detection limits for this method are 
0.011 mg for nitrogen and 0.035 mg for carbon. The Internationally 
recognized standards of acetanilide, urea and casein (Arndt Schimmel
mann Biogeochemical laboratories, Indiana University) were used to 
calculate the isotopic composition. The isotope ratio δ13C and δ15N of 
the samples were obtained with the following equation: δX (‰) = (1) 
(Rsample /Rstandard − 1) * 1000, where δX is δ13C or δ15N and R is the 
isotope ratio 13C/12C or 15N/14N in the sample and in the standard, 
respectively. For the Rstandard Vienna PeeDee Belemnite (V-PDB; 
0.0112372 ± 0.1 ‰) was used for carbon and air-N2 (AIR-N2; 0.003663 
± 0.15 ‰) for nitrogen.

2.4. Statistical and data analysis

To assess the spatial changes in the water column biogeochemistry 
along the transects of the bays, data were first tested for normality and 
equality of variance using a Shapiro-Wilk normality test. We used 
ANOVA tests to compare means of inorganic nutrients (PO4, NH4, NO3, 
NO2) and DIC concentrations between different locations along the bay 
transects (i.e. inner bay, mouth and open ocean). A t-tests was used to 
determine differences between samples collected in the dry and the wet 
season. Most of the suspended particulate matter samples collected at 
the mouth and at the open ocean near both bays during the dry season 
had nitrogen concentrations below the detection limit. CTD data and 
inorganic nutrient concentrations were visualized using the software 
Ocean Data View (Schlitzer, 2012).

Principal Component Analysis (PCA) was performed to determine 
the chemical similarity between water samples and their correlation to 
environmental parameters. Of all samples, 6 biochemical variables (Si, 
PO4, NH4, NO2, NO3 and DIC) in four seasons in Piscadera Bay (wet 
2021, dry 2022, dry 2023 and wet 2023) and two seasons in Spaanse 
Water (dry 2023 and wet 2023) were used (S4). Seven environmental 
parameters (seawater temperature, fluorescence, depth, rainfall, loca
tion, tide and wind speed; S3) were used as explanatory variables to 
identify which one(s) may explain the biochemical variability in the 
data. The variables' location and tide are categorical, in the case of 
location 1 was assigned to bay samples, 2 to mouth samples and 3 to 
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open ocean and for tide 1 referred to neap and 2 to spring tide. All 
variables were auto-scaled and mean-centered for comparison. Eigen
values were used to determine the contribution of the water biogeo
chemistry to the overall variance and as suggested by Shrestha and 
Kazama (2007), only Principal Components (PCs) with eigenvalues >1 
are considered significant. Loadings were used to determine the 
contribution of each biochemical and environmental variables to the 
total variance of the biochemical water composition. Following Aydin- 
Onen et al. (2012) methodology, loadings were classified by strong 
(>0.75), moderate (0.75–0.5), weak (0.5–0.3) or insignificant (<0.3). In 
addition, a cluster analysis was used to group data into classes based on 
their biochemical composition. Hierarchical Agglomerative Clustering 
was performed using Euclidean distance to determine similarity and 

determine the preferable number of clusters with a 95 % confidence 
interval. All statistical analyses and graphing were performed in R (R- 
CoreTeam 2012) using RStudio (RStudioTeam 2015).

The data from liquid chromatography tandem mass spectrometry, 
was processed in MZmine3 (Schmid et al., 2023) followed by spectral 
matching with GNPS (https://gnps.ucsd.edu) (Wang et al., 2016) using 
the feature-based molecular networking workflow (FBMN, for details 
see S5 and S6) (Dittmar et al., 2008; Nothias et al., 2020). Final data 
clean-up and normalization was performed using a statistical pipeline 
designed specifically for Feature-based Molecular Networks from Non- 
Targeted Metabolomics Data by Pakkir Shah et al., (2024) (in review) 
where blanks were removed with a cut-off threshold of 0.3, allowing up 
to 30 % contribution from the blank and 70 % from the sample.

Fig. 2. Water column characteristics of Piscadera Bay in a) November 2021 (wet season) and b) May 2022 (dry season). From top to bottom, panels show Salinity, 
Temperature (◦C), Fluorescence (μg L− 1) and Turbidity (NTU). Black vertical lines in the salinity panels show the 12 CTD profiles.
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Xenobiotic substances were identified via the NORMAN Suspect List 
Exchange (NORMAN-SLE), a “living database” for suspect screening 
(Mohammed Taha et al., 2022). The database comprises subcategories 
of xenobiotics like: biocides, drinking water chemicals, drugs of abuse, 

food contact chemicals, human metabolites, human neurotoxins, indoor 
environment substances, industrial chemicals, natural toxins, persistent, 
mobile and toxic substances, personal care products, pharmaceuticals, 
plant protection products, plastic additives, smoke compounds, 

Fig. 3. Inorganic nutrient concentrations measured in Piscadera Bay in a) November 2021 (wet season) and b) May 2022 (dry season). From top to bottom, panels 
show DIC, Si, PO4, NH4, and NO2+3 (μmol L− 1). Crosses show the depths at which water samples were taken. Seasonal variations were evident across all measured 
parameters. DIC concentrations were significantly higher during the wet season, while NH4 showed increased levels in the dry season. PO4 and NO2+3 distributions 
varied spatially, with notable differences in vertical and horizontal concentration gradients between November and May.
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surfactants. The InChIKey, which is a 27 character-condensed form of 
the international chemical identifier, was used to match hits between 
the NORMAN database and the annotated features derived from FBMN. 
R studio with R version 4.3.0 was used for coding, with the following 
packages: readxl, dplyr, openxlsx, readt, tibble, tidyverse, splitstack
shape, pacman, svglite.

3. Results

3.1. Piscadera Bay seasonal dynamics in 2021–2022

Profiles of salinity, temperature, turbidity and fluorescence in Pis
cadera Bay differed between the wet (November 2021) and the dry 
season (May 2022; Fig. 2). During the wet season the surface of the inner 
bay was fresher (35.5–35.6), slightly cooler (28.2–28.5 ◦C), had higher 
fluorescence (3–4 μg L− 1) and turbidity (3–4 NTU) values compared to 
the open ocean (salinity ̴ 35.7; temperature ̴ 28.7 ◦C, fluorescence ̴ 0.48 μg 
L− 1 and turbidity 0.3–0.7 NTU). In addition, bottom waters near the bay 
mouth were more saline (i.e. ~1 km from the inner point of the bay; 
Fig. 2.a). Piscadera Bay receives freshwater inputs primarily from 
rainwater runoff from its catchment area. Without a significant riverine 
input, the large catchment area contributes to nutrient loads, particu
larly during the wet season when rainfall is higher.

In the dry season (May 2022), a front was observed at the mouth of 
Piscadera Bay (Fig. 2.b) related to higher salinity ( ̴36), and tempera
tures (27.9–28.1 ◦C) than the open ocean (salinity ̴35.6; temperature 
27–27.2 ◦C). Fluorescence (2 μg L− 1) and turbidity (1–2NTU) were 
lower compared to the wet season, but still higher compared to values 
measured in the open ocean (fluorescence ̴ 0.5 μg L− 1, turbidity ̴ 0.2 NTU; 
Fig. 2.b).

Along the same transects, inorganic nutrients also differed between 
seasons (Fig. 3). Statistical analyses revealed significant differences in 
nutrient concentrations between seasons and locations. For NH4 signif
icant seasonal variations were observed (ANOVA, p-value = 0.002) with 
higher concentrations in May (1–1.5 μmol L− 1) compared to November 
(0.3–0.75 μmol L− 1). In November, NH4 concentrations were similar 
along the transect (0.3–0.75 μmol L− 1; Fig. 3.a), matching the relatively 
uniform profiles for salinity and temperature (Fig. 2.a). DIC concentra
tions also differed significantly between seasons (ANOVA, p-value =
0.02). The wet season showed the highest DIC concentrations, coin
ciding with lower salinity and higher temperatures in both the bay and 
open ocean waters (Figs. 2.a and 3.a). In May, DIC concentrations were 
lower in the bay and open ocean (1980–2010 μmol L− 1), similar to 
surface ocean waters (1–3 m depth). Si however, showed less pro
nounced seasonal variations, with highest concentrations in the bay 
(November: 7–9 μmol L− 1; May: 6–8 μmol L− 1) gradually decreasing 
towards the open ocean (November: 2–3 μmol L− 1; May: 2–4 μmol L− 1).

Concentrations of PO4 and NO2+3 were more variable in space. In 
November, concentrations of these nutrients were higher in the inner 
bay (0.12–0.16 μmol L− 1 and 0.3–0.6 μmol L− 1, respectively), with 
enrichment in the top layer and increased concentrations at the bay 
mouth and open ocean. In May, the inner bay showed relatively high 
PO4 concentrations (0.12–0.25 μmol L− 1), with elevated presence in the 
upper layers of the bay mouth and ocean (0.08–0.33 μmol L− 1). NO2+3 
concentrations were highest in the upper layers of the bay and bay 
mouth (0.3–0.5 μmol L− 1), with lower concentrations deeper within the 
bay and open ocean (0.02–0.1 μmol L− 1).

3.1.1. Tandem mass spectrometry feature abundance in DOM
For the metabolomic analysis, a total of 29.113 unique ion features 

were extracted. By blasting these features against a curated database 
comprising >120,000 xenobiotic compounds we could identify 1638 
features within the 8 stations taken during the two seasons in Piscadera 
Bay. The relative abundance of xenobiotics inside the bay was on 
average 1.7 times higher in the wet season compared to the dry season 
with season-distinct distribution patterns. During the wet season there 

was a visible gradient with highest concentrations (5-fold higher) at the 
landward end of the bay (Fig. 4.a). During the dry season abundance of 
xenobiotics was on average lower and relatively homogeneous 
throughout the bay (Fig. 4.b). Congruent to the other parameters 
assessed there was a clear drop in concentration from inside the bay to 
the surrounding ocean waters. In both wet and dry season, the majority 
of anthropogenically derived substances in the bay could be attributed 
to human metabolites, substances associated with indoor living spaces, 
surfactants, and pharmaceuticals. The only compound classes that were 
in higher abundance during dry than wet season were food contact 
chemicals (including pollutants from food packaging and processing and 
kitchen- and table utensils) and personal care products (Fig. 4).

3.2. Piscadera Bay and Spaanse Water seasonal dynamics in 2023

3.2.1. Environmental characteristics of the water column
The salinity, temperature, turbidity, and fluorescence profiles 

showed distinct spatial and temporal differences between Piscadera Bay 
and Spaanse Water (Fig. 5). Spatially, Piscadera Bay exhibited sharper 
gradients across its mouth compared to the more gradual transitions in 
Spaanse Water, particularly in May. Temporally, seasonal shifts were 
more pronounced in Piscadera Bay, with a strong front pesent in the dry 
season and absent in the wet season, while Spaanse Water demonstrated 
a more consistent mixing with the open ocean. Vertically, November 
profiles in both bays highlighted stratification, with warmer, fresher, 
and more biologically active surface waters overlaying denser, saltier, 
and less fluorescent deeper layers. These patterns suggest that local 
hydrography and mixing dynamics differ significantly between the two 
areas and between seasons.

In May, waters in Piscadera Bay were more saline (37–37.5), warmer 
(28–28.5 ◦C) and were higher in fluorescence ( ̴1.6 μg L− 1) and turbidity 
(3–5 NTU) than the open ocean (where salinity was ̴36.7, temperature 
̴26.5 ◦C; fluorescence 0̴.4 μg L− 1and turbidity ̴ 0.5; Fig. 5.a). As observed 
in the 2020's dry season, a front developed at the mouth in Piscadera 
Bay. In November, on the other hand, the inner part of the bay was less 
saline (35.0–35.5), warmer (30–31 ◦C), with higher fluorescence (4–6 
μg L− 1) and lower turbidity (1–3), gradually becoming more saline, less 
warm and with less fluorescence towards the open ocean (Fig. 5). The 
obtained profiles of these parameters indicated more mixing between 
the bay and the open ocean (i.e. the front of 2021/2022 disappeared; 
compare Figs. 3 and 5). In addition, the top layer ( ̴ 1 m) of the bay 
showed relatively high temperatures (̴31 ◦C), low salinities ( ̴34) and 
high fluorescence (5–8 μg L− 1) in November 2023.

CTD profiles collected in Spaanse Water showed similar patters as in 
Piscadera Bay (Fig. 5.b). In May, the inner bay water had a higher 
salinity (37.0–37.5), temperature (27–28 ◦C), slightly higher fluores
cence (0.75–1.0 μg L− 1) and turbidity (0.50–1.5 NTU) compared to the 
open ocean (salinity 3̴6.7; temperature 26.5–27 ◦C, fluorescence ̴0.4 μg 
L− 1 and turbidity ̴0.3 NTU; Fig. 5.a). Compared to Piscadera Bay, there 
was no sharp change across the mouth of Spaanse Water (Figs. 5.a and 2. 
a). In November, conditions within the bay were similar to those of the 
open ocean (Fig. 5.b). The top 2 m of the bay's waters were characterized 
by lower salinity (34.0–34.5) and temperature (29.5 ◦C) and underneath 
this layer high salinity (35.5–36.0), temperature (30–31 ◦C), fluores
cence (6–8 μg L− 1) and turbidity (4.5–5.0 NTU) were measured at the 
inner part of the bay.

3.2.2. Biogeochemical characteristics of the water column
Inorganic nutrients also varied along the transects (Fig. 6). Compa

rable to Piscadera Bay in 2021, average concentrations of DIC 
(2250–2400 μmol L− 1) and Si (20–40 μmol L− 1) were significantly 
higher in the bay during November (p-values <0.05, Fig. 6.a) compared 
to May (2050–2220 μmol L− 1; 8–14 μmol L− 1, respectively) and the 
highest values were measured at the surface (i.e. 1 m deep). However, 
DIC was 50–150 μmol L− 1 and Si 10–30 μmol L− 1 higher in November 
2023 compared to 2021. PO4 was also significantly higher in the bay 
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during the wet season (0.45–0.7 μmol L− 1) compared to the dry season 
(0.2–0.3 μmol L− 1; p-values <0.05). Towards the ocean, these values 
diluted and become similar at a distance of approximately 100–150 m 
from the bay mouth for both seasons (DIC: 1980–2120 μmol L− 1; Si: 1–4 
μmol L− 1; PO4: 0.05–0.2 μmol L− 1). Similar as in November 2021, higher 
values of DIC, PO4 and Si coincide with lower salinity and higher tem
perature of the bay water. On average, NO2+3 and NH4 measured in the 

bay were higher in May, also towards the ocean (Fig. 6.a). Most of the 
highest concentrations measured in May were in the center of the bay.

In Spaanse Water, the water column of the bay in November was 
charachterized by higher Si, NH4, NO2+3 and DIC values (9–10 μmol L− 1; 
1.4–1.45 μmol L− 1; 0.5–0.7 μmol L− 1 and 2100–2200 μmol L− 1, 
respectively; Fig. 6.b), particularly in the top layer (1 m below the 
surface) compared to May (5–6 μmol L− 1; 0.4–0.6 μmol L− 1; 0.2–0.3 and 

Fig. 4. Relative abundance of all detected xenobiotic substances throughout Piscadera Bay during wet season November 2021 (left) and dry season May 2022 (right). 
Bar charts show the relative abundance of different subcategories of xenobiotics at each respective sampling event. For better comparison y-axis for all bar charts 
depicts percent of total xenobiotics at the location exhibiting the highest value (a).

Fig. 5. Water column characteristics of a) Piscadera Bay and b) Spaanse Water in May 2023 (dry season) and November 2023 (wet season). From top to bottom, 
panels show Salinity, Temperature (◦C), Fluorescence (μg L− 1) and Turbidity. Black vertical lines in the salinity panels show the 18 and 16 vertical CTD profiles of 
Piscadera Bay and Spaanse Water respectively. Note that ranges of environmental parameters are different than in Fig. 2 due to El Niño event causing extreme values 
in 2023.
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2050–2100 μmol L− 1 respectively; Fig. 6.b). However, NH4, NO2 and 
DIC concentrations towards the open ocean became higher in the dry 
season. In contrast to Piscadera Bay, PO4 concentrations were relatively 
low along the whole transect in both seasons (Fig. 6.b).

3.3. Nutrient export estimations in Piscadera Bay

Using the composition of the bays' waters, we estimated the export of 
nutrients from Piscadera Bay into the open ocean for the different sea
sons (Table 1). The nutrient transport data from Piscadera Bay show 
variations across seasons and years. In November 2021 (wet season), 
nutrient exports were lower, with silicate ranging from 120 μmol S− 1 

L− 1 (average speed) to 448.69 μmol S− 1 L− 1 (maximum speed), while 
phosphate showed negative values, indicating potential uptake rather 
than export. This could be attributed to biological processes such as 

uptake by phytoplankton, supported by relatively high fluorescence 
values (3–4 μg L− 1 in the bay) observed during this period. In May 2022, 
the dry season exports were higher, with Si transport reaching 364.64 
μmol S− 1 L− 1 (maximum speed) and positive exports of phosphate and 
ammonia at 8.60 μmol S− 1 L− 1 and 20.64 μmol S− 1 L− 1, respectively. In 
May 2023 (dry season), average and maximum Si exports increased to 
215.51 and 805.82 μmol S− 1 L− 1 respectively, with moderate PO₄ and 
NH₄ exports. The November 2023 wet season shows an increase in 
nutrient exports, with maximum values reaching 2065.72 μmol S− 1 L− 1 

for Si, 40.42 μmol S− 1 L− 1 for PO₄, and 6.88 μmol S− 1 L− 1 for NH₄. DIC 
export varied widely, with values reaching up to 15,103.68 μmol S− 1 L− 1 

in November 2023.

3.4. Stable isotopes of suspended particulate organic matter in bays

Stable carbon and nitrogen isotope ratios measured along the tran
sects align with patterns in the concentrations of the inorganic nutrients. 
Significant differences in the isotopic composition were found in both 
bays during the wet and dry season (Fig. 7, ellipses show grouping with 
95 % confidence). In Piscadera Bay (Fig. 7.a), suspended particulate 
organic matter was more enriched in δ15N (6.25–12.5 ‰) and less 
negative in δ13C (− 22 to − 18.5 ‰) during the wet seasons compared to 
the dry seasons (2–6 ‰ and − 27.5 to − 22 ‰, respectively). Bay samples 
collected in the dry season of 2022 showed enriched δ15N and δ13C 
compared to the rest of the dry season samples. More enriched δ15N 
values were found in Spaanse Water during the wet season although 
δ13C values were similar for both seasons (Fig. 7.b). δ15N measured 
during the wet season in the ocean was 1–2 ‰ depleted compared to the 
bay and the mouth. Overall, waters in Piscadera Bay were more enriched 
compared to Spaanse Water in δ15N in both seasons and depleted in δ13C 
(2–5 ‰) during the dry season.

Fig. 6. Inorganic nutrient concentrations measured along a) Piscadera Bay and b) Spaanse Water during May and November 2023. Panels show DIC (μmol L− 1), Si 
(μmol L− 1), PO4 (μmol L− 1), NH4 (μmol L− 1) and NO2+3 (μmol L− 1). Black X in the DIC panels show the depths where water samples were taken. Note that ranges of 
nutrients are different than in Fig. 3 due to El Niño event causing extreme values in 2023.

Table 1 
Estimates of nutrient transports for Piscadera Bay (μmol S− 1 L− 1) (Kamjunke 
et al., 2023; Wang et al., 2022). Current speed used were the maximum (0.086 
(ms− 1) and average values (0.023 (ms− 1)) recorded with an ADCP at 3 m above 
the seafloor of the bay mouth for 5 days in May 2023.

Nutrient Transport (μmol S− 1 L− 1)

Date Water speed Si PO4 NH4 NO2+3 DIC

Nov-21 Average 120.00 − 3.45 0 5.98 427.80
Nov-21 Maximum 448.69 − 12.90 0 22.36 1599.60
May-22 Average 97.52 2.30 5.52 0.46 728.19
May-22 Maximum 364.64 8.60 20.64 1.72 2722.83
May-23 Average 215.51 0.92 4.60 0 389.68
May-23 Maximum 805.82 3.44 17.20 0 1457.05
Nov-23 Average 552.46 10.81 1.84 2.3 4039.36
Nov-23 Maximum 2065.72 40.42 6.88 8.60 15,103.68
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3.5. Overall chemical variability and relation to environmental 
parameters

PCA analysis on all seawater chemical data (nutrients, DIC) of Pis
cadera Bay in 2021–2022 (S3 and S4) showed that most of the variability 
in the samples relates to the season (i.e. dry versus wet) in which they 
were taken (Fig. 8.a). Most of the environmental parameters (salinity, 
temperature, turbidity, distance to bay mouth), however, did not clearly 
correlate to the seasonal distinction (i.e. they correlate to the first 
principal component, while the dry and wet seasons align more with the 
secondary PC axis). Correlations with environmental parameters were 
positive for ‘location’ within the transect (i.e. inner bay, mouth or open 
ocean; 0.93) and depth (0.6) compared to the negative loadings of 
fluorescence (− 0.72) and temperature (− 0.39).

Data from Piscadera Bay from 2023 (Fig. 8.b; S3 and S4) clearly 
differed between the two seasons, and also indicate a distinction be
tween bay and open ocean conditions. This is particularly apparent for 
dissolved Si concentrations (0.97), PO4 (0.96) and DIC (0.91) and all 
these nutrients correlate positively with temperature (0.98), fluores
cence (0.72), rainfall (0.95), tide and wind speed (0.95 and 0.96 
respectively).

For Spaanse Water (S3 and S4), the result of the principal component 
analysis is similar to that of Piscadera Bay, showing differences between 
samples taken in the dry and wet season, as well as those from the open 
ocean. Samples taken in the wet season are clearly distinguishable, 
irrespective of their depth or exact location within the bay, from those 
obtained in the dry season (Fig. 8.c). Samples from the wet season 
correlate to higher temperatures and more rainfall, whereas variability 

within the open ocean samples is well correlated to wind speed. Loca
tions within the transect and depth were positively correlated (0.95 and 
0.44, respectively) while fluorescence showed a moderately negative 
correlation (− 0.67). These results show that the wet season is influenced 
by increased precipitation and waters are warmer and have higher 
fluorescence.

Cluster analysis showed a grouping of the data that was similar for 
Piscadera Bay and Spaanse Water. In 2021–2022 biochemical data of 
Piscadera bay clearly clusters by season with water biochemistry in the 
dry season that is mainly characterized by high DIC, Si and PO4 con
centrations at the deeper part of the inner bay. The wet season on the 
other hand, was characterized by high Si, NO2 and NO3, coinciding with 
higher rainfall and warmer water. Data of Piscadera Bay collected in 
2023 showed similar clusters and correlations as the previous years with 
the addition of a third cluster containing the open ocean water samples 
collected during the wet and the dry season that were characterized by 
lower nutrient concentrations of DIC, Si, PO4 and NH4 compared to the 
bay samples collected in both seasons, showing a positive correlation 
with wind speed and low rainfall. Finally, the data from Spaanse Water 
showed the same 3 groups as Piscadera Bay (i.e. bay and mouth samples 
of the wet season, bay and mouth samples of the dry season and open 
ocean samples of the dry and wet season).

4. Discussion

We investigated the ocean-bay exchange in two bays with different 
land-use characteristics and catchment areas along the south coast of 
Curaçao to determine the role of bays in the distribution of land-derived 
substances into nearby coastal areas including reef environments. In 
both bays, a vertical front near the bays' mouths was observed during the 
dry season, limiting exchange with the open ocean waters. During the 
wet season, water from the bays and the ocean were mixing more, 
resulting in higher nutrient fluxes from the bays to the open ocean. In 
Piscadera Bay the relatively heavy rainfall due to EL Niño-influenced 
conditions in 2023 resulting in almost four times higher nutrient con
centrations in the bays in the wet season and two times higher con
centrations in the dry season compared to 2021–2022.

4.1. Seasonal dynamics

Although both bays showed similar trends in the intra-annual envi
ronmental characteristics of the water column, average nutrient con
centrations varied between years. In May 2022, lower rainfall (1 mm/ 
month compared to the decadal average of 10.2 mm/month for this 
month (Curaçao Weather, n.d.)) and higher air temperatures than 
average (+1 ◦C) likely increased evaporation rates (Sumner and Belai
neh, 2005). This corresponds to the relatively high salinities found, 
particularly at the shallow end of the bay (Fig. 2). Other bays, such as 
Florida Bay and Chetumal Bay, also showed increased temperatures and 
salinity due to limited precipitation, with bay-ocean exchange primarily 
driven by tides and wind forcing (Carrillo et al., 2009; Kelble et al., 
2007). Tides are known to affect water exchange, nutrient transport, and 
mixing dynamics in coastal environments, likely modulating the con
centrations of dissolved and particulate substances observed during 
sampling (Carrillo et al., 2009). In this study, sampling times were not 
specifically aligned with the tidal cycle, which may have introduced 
variability in the measured physical and chemical parameters due to 
tidal influences. However, our results indicate that the highest nutrient 
concentrations were observed during spring tide in the wet season 
(Fig. 8), suggesting that tidal dynamics enhance nutrient transport 
during this period.

In this study the difference in high salinity and temperature between 
the bay and the open ocean form an ocean front with a barrier effect, 
which limits the transfer of materials from the bay to the open ocean 
(Fig. 3). In addition, the observed seasonal variability in Si concentra
tions, with highest values consistently found in the bay, likely reflects 

Fig. 7. δ13C and δ15N (‰) values measured within a) Piscadera Bay during the 
dry and wet season of 2021, 2022 and 2023 and b) Spaanse Water during the 
dry and wet season of 2023. Colors indicate the different seasons and shape 
where the samples were collected along the transect. Yellow ellipses clusters 
data of the dry season and blue ellipses of the wet seasons with 95 
% confidence.
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natural processes such as water column mixing and terrestrial input 
from silicate weathering, rather than human activities. This is in contrast 
to nutrients like nitrogen, which are more strongly influenced by 
anthropogenic sources (Conley, 2002; Dugdale and Wilkerson, 1998). In 
2021–2022, during a moderate La Niña event, lower rainfall in 
November (77 mm/month compared to the ten year November average 
of 108 mm/month (Curaçao Weather, n.d.)) likely resulted in reduced 
surface runoff or input from small streams, leading to less input of 
inorganic nutrients into Piscadera Bay, as the area lacks large rivers.

Reduced water exchange between bays and the surrounding oceans 
has been reported for other bays in the western Caribbean (e.g. Chetu
mal Bay) and in other regions such as the North Atlantic (e.g. Hudson 
Strait, northern Hudson Bay and southern Foxe Basin) and Indian ocean 
(e.g. Bay of Bengal) during seasons with limited rainfall (Carrillo et al., 
2009; Drinkwater and Jones, 1987; Largier, 2020; Sarma et al., 2016) 
(Carrillo et al., 2009; Drinkwater and Jones, 1987; Largier, 2020; Sarma 
et al., 2016).

The exchange between bay and coastal waters also explains the 
observed levels of anthropogenic pollutants in Piscadera Bay. During the 
dry season xenobiotic contamination was equally distributed 
throughout the entire bay with a sharp decrease at the mouth of the bay 
indicating limited spillover onto the proximate reef systems (Fig. 4). 

These patterns changed visibly during the wet season where anthropo
genic pollution was highest at the landward end of the bay where the 
sewage outlet is situated. A gradual decrease was observed towards the 
mouth of the bay, accompanied by a marked spillover into the sur
rounding coastal waters (Fig. 4). The average concentration of xenobi
otics was >1.5 times higher in the wet compared to the dry season, 
reflecting the increased input of human substances through runoff and 
sewage. These patterns were visible in almost all subcategories of xe
nobiotics whereby the highest amount of pollutants was directly 
attributed to human presence (i.e., human metabolites, substances 
associated with indoor living spaces, surfactants, and pharmaceuticals). 
Interestingly, two categories (food contact chemicals and personal care 
products) showed different patterns with equal or higher abundance in 
the dry than during wet season. These substances do not necessarily 
need to be transported into the bay by runoff or discharge but could be 
introduced directly via the surrounding restaurants, food packaging left 
on the beach or dumped from boats, and exposure to humans during 
recreational activities (e.g., swimming, boating, jet ski) (Häder et al., 
2020).

In 2023, similar seasonal dynamics were observed in both Piscadera 
Bay and Spaanse Water, where a front developed during the dry season 
limiting bay-ocean exchange. This was not the case during the wet 

Fig. 8. Principal Component Analysis biplot of a) Piscadera Bay 2021–2022: PC1 accounted for 44.4 % of the total variance with moderate positive loadings of Si 
(0.73), PO4 (0.74), NH4 (0.7) and DIC (0.67) and PC2 accounted for 23.3 % of the total variance with moderate positive loadings of inorganic nutrients of NO3 (0.66) 
and DIC (0.64) and negative ones for NO2 (0.7); b) Piscadera Bay 2023: PC1 explained 45.01 % of the total variance, presenting strong positive loadings of Si (0.97), 
PO4 (96) and DIC (91) and PC2 accounted for 36.02 % of the total variance, with strong and moderate positive loading for NH4, NO2 and NO3 (0.96, 0.87, 0.66 
respectively) and c) Spaanse Water: PC1 explained 40.36 % result of the strong positive loadings of Si (0.92), NH4 (0.9), NO3 (0.79) and DIC (0.78) and PC2 
accounted for 23.3 % of the total variance with strong positive loading of PO4 (0.94) and moderate loading of NO2 (0.7). Data is colored and shaped by dry (red) and 
wet (blue) season and black arrows show the environmental variables that have a high contribution to the total variance of the biochemical composition of the water. 
Ellipses show three cluster groups with a 95 % confidence interval: red for bay and mouth samples in the dry season, light blue for bay and mouth samples in the wet 
season and dark blue for ocean samples in the dry and wet season. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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season (Fig. 6), where heavier rainfall in November (129 mm/month 
compared to the long-term monthly average of 108 mm/month) resulted 
in almost four times higher nutrient concentrations in the wet season 
compared to the dry season, when the monthly average rainfall was 4 
mm/month (Curaçao Weather, n.d.). Our findings show that nutrient 
concentrations and fluorescence vary seasonally and interannually. In 
November 2021 (wet season), chlorophyll autofluorescence and nutri
ents (e.g., nitrogen) were lower in the bay compared to the open ocean 
and overall lower than in the dry season of May 2022, when fluorescence 
and nutrients were higher in the bay than in the open ocean. This sug
gests an accumulation of nutrients and associated productivity within 
the bay during the dry season of 2022, potentially due to limited ex
change with oceanic waters (Behrenfeld et al., 2009; Cullen, 1982). In 
contrast, in November 2023 (wet season, El Niño), both fluorescence 
and nutrients (e.g., DIC, Si, and PO₄) were notably higher in the bay 
compared to the open ocean and were also significantly higher than 
during the dry season. This aligns with the higher nutrient export from 
the bay during the wet season in 2023, driven by rainfall and runoff as 
well as possibly increased sewage inflow and reduced oceanic flushing. 
These contrasting observations suggest that the relationship between 
fluorescence and nutrients varies based on seasonal and interannual 
factors such as rainfall, nutrient inputs, and exchange between the bay 
and the ocean. Ultimately, the elevated nutrient concentrations 
observed during periods of limited water exchange and increased 
terrestrial inputs could stimulate primary production within the bay, 
leading to higher chlorophyll-a concentrations. This underscores the 
role of the bay as a localized hotspot for nutrient accumulation and 
subsequent phytoplankton growth, with significant implications for bay 
productivity and ecological dynamics.

In Curaçao most substance input into the bays results from drainage 
of pipelines or rainfall and subsequent runoff, which is typically asso
ciated with pulses of transported material during the wet season (D'Croz 
et al., 2005; Den Haan et al., 2016). Both of these types of export into the 
bays were also observed in Spaanse Water although less pronounced 
than in Piscadera Bay. This may be due to the larger surface area of 
Spaanse Water, differences in land-use around the two bays, population 
density or a combination of all.

4.2. Nutrient export

Nutrient export estimations indicate that Piscadera Bay contributes 
substantial amounts of Si and DIC to the surrounding coastal area, 
influenced by weather conditions (e.g., rainfall and runoff) and the bay's 
size and morphology. During the dry season, a thermohaline front forms 
at the bay mouth due to temperature and salinity differences between 

the bay and the ocean (Figs. 2 and 5). This front restricts surface mixing 
and confines water exchange to the bottom layers, causing substances to 
accumulate in the bay. This period coincides with peak tourist activity 
(Thielman, 2013). With the onset of the rainy season, increased fresh
water inflow enhances surface mixing and bay-ocean exchange, facili
tating the discharge of accumulated nutrients and other substances into 
coastal waters. Similar patterns have been observed in other regions, 
such as Florida Bay, where nutrient exports are highest during the rainy 
season (Sutula et al., 2003).

Substances discharged from Curaçao's south coast bays are trans
ported northwest by prevailing surface currents (Bertoncelj et al., 2024; 
Hernández-Guerra and Joyce, 2000) and likely accumulate in areas of 
reduced current velocity on the island's west side. These regions have 
experienced significant coral cover loss in recent decades (Jackson et al., 
2014). The seasonal nutrient and pollutant pulses during the dry-to-wet 
season transition (Fig. 9) present significant challenges for adjacent 
coral reef ecosystems. Rain-driven inputs of turbid, nutrient-rich water 
have been linked to coral disease outbreaks (Haapkylä et al., 2011), 
while elevated concentrations of xenobiotics foster antibiotic-resistant 
microbial populations, endangering reef communities and human 
health (Zhang et al., 2022). Warmer, nutrient-enriched waters released 
during the wet season may further exacerbate reef mortality through 
increased disease prevalence (Morrow et al., 2011; Quéré et al., 2015).

Residence time plays a critical role in the physical and biogeo
chemical processes within bays and is known to affect pressure by e.g. 
eutrophication (Zhao et al., 2022). Although we did not explicitly 
measure residence times for Piscadera Bay and Spaanse Water, we 
speculate on the relative changes in residence times by comparing re
sults from the two seasons. During the dry season (May), the develop
ment of a pronounced thermohaline front likely increases residence 
time, as evidenced by the elevated nutrient concentrations (e.g., NH4 
and DIC) in the bay relative to the ocean. In contrast, during the wet 
season higher rainfall and increased runoff will lower the salinity, 
equilibrating the conditions inside and outside the bay. This will result 
in increased mixing during the wet season (November) and reduce 
residence time as shown by the more homogeneous water column pro
files of temperature and salinity and smaller difference in water 
geochemistry within and outside the bay. Nutrient transport data for 
Piscadera Bay (Table 1) supports this interpretation, with higher 
nutrient export values in November 2023 indicative of increased water 
exchange and lower residence times, while lower export values in May 
2023 suggest reduced exchange and likely longer residence times.

Smaller temperature and salinity differences between Spaanse Water 
and the open ocean suggest that Spaanse Water houses water with a 
shorter residence time. This is likely related to differences in bay 

Fig. 9. Left pannel shows a schematic representation of the main processes affecting bay-ocean exchange during the dry season. Low runoff input, ~90 % lower 
rainfall compared to the wet season and high air temperatures result in higher eveporation in the bay compared to the open ocean. Temperature and salinity dif
ference between the bay and the ocean lead to the development of a front at the mouth that limits the bay-ocean exchange. Nutrient concentrations (represented by 
purple dots) are higher in the bay compared to the open ocean Right pannel shows how higher run-off and rainfall during the wet season result in more mixing and 
the dissapearance of the front, allowing more exchange with the open ocean. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.)
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morphology, volume of water and water exchange dynamics at the bay 
mouth. Water exchange within bays plays a critical role in determining 
how bays respond to pollutant inputs, including nutrients. As this study 
shows, restricted water exchange can lead to prolonged residence times, 
promoting the accumulation of nutrients and enhancing eutrophication 
risks. Conversely, increased exchange with offshore waters, as observed 
during the wet season when stratification is reduced, can dilute nutrient 
concentrations, mitigating their impacts. The local hydrodynamics of 
bays, including the effect of tides will thus directly affect the transport 
and fate of pollutants, as well as their subsequent influence on nearby 
ecosystems. Future studies employing hydrodynamic models or tracer 
experiments are essential to accurately estimate residence times, offer
ing valuable insights into nutrient dynamics and their links to 
eutrophication.

4.3. Bays and coral reefs

The transition periods between the dry and wet season, when bays 
change their role from a net sink of land-derived matter to a source can 
influence the health state of nearby coral reefs. Reefs along the south 
coast of Curaçao have lost >50 % of coral cover in the last 50 years 
(Jacobs, 2022; Sandin et al., 2022), resembling the global trend of coral 
reef decline as a result of increased human pressure. On a smaller scale, 
the exact decline (or even absence thereof) can be modulated by vari
ability in the organic matter input, sedimentation and thermal stress 
caused by nearby bays (Weber et al., 2012).

The high concentrations measured for most of the nutrients in Pis
cadera Bay and Spaanse Water can result in eutrophication. As shown 
here and by others both bays have been reported to be a substantial 
point source for human derived substances from coastal residencies, 
high coastal development and boat activity (Govers et al., 2014; Van 
Tussenbroek et al., 2016). According to Slijkerman et al. (2014), con
centrations higher than ~1 μmol L− 1 for nitrogen and ~ 0.1 μmol L− 1 for 
phosphorous are indicative for eutrophied waters. The concentration of 
phosphorus, nitrogen and silicate measured in both bays exceeded these 
eutrophication threshold values during the dry and wet season, being 
significantly higher during the wet season of 2023. While symptoms of 
eutrophication, such as increased algal growth, were not explicitly 
monitored in this study, the elevated nutrient levels, particularly during 
the wet season, indicate the potential for eutrophication to occur in 
these environments. Such concentrations in water overlaying reefs can 
negatively affect coral growth, calcification and coral reproduction 
(Vega Thurber et al., 2013). Although there are no studies directly 
measuring the impact of these bays on nearby coral reefs, Govers et al. 
(2014) demonstrated that other ecosystems, such as seagrasses, are 
threatened by eutrophication resulting from emergency wastewater 
overflow and coastal housing near these two bays. Furthermore, coral 
populations inside Curaçao's bays have shown significantly lower coral 
cover and colony density compared to those on nearby fringing reefs, 
with a greater decline among broadcast-spawning species, likely due to 
higher post-settlement mortality in the more extreme bay environments 
(Vermeij et al., 2007).

The δ15N values of particulate suspended organic matter can be used 
as a tracer to identify eutrophication (Abreu et al., 2006). Anthropo
genic nitrogen input, as shown in this study by enriched inorganic 
nutrient concentrations and high δ15N values measured in the bays and 
open ocean during the wet seasons can have a harmful effect on reef 
systems (Geeraert et al., 2020). Piscadera Bay showed greater δ15N 
enrichment and seasonal δ13C variation compared to Spaanse Water, 
suggesting stronger anthropogenic influence and localized biological 
activity. Differences between the bays likely result from variations in 
their hydrodynamic regimes, connectivity to the ocean, and catchment 
area sizes (Largier, 2020). Eutrophication and the high retention time in 
bays can have crucial ecological implications on nearby reef systems, 
such as phytoplankton blooms or cyanobacterial, turf and algal growth 
(Brocke et al., 2015; Largier, 2020). These effects, in turn, may have a 

synergetic role amplifying climate change effects (Den Haan et al., 2016; 
Gast et al., 1999). Therefore, it is important to quantify and determine 
the temporal variability in bay-ocean exchange and its effect on nearby 
reefs, which is not only governed by the input from land derived sub
stances into the bays, but also by the bay size, the connection to the 
ocean and by the area from which they collect rainwater (i.e. the size of 
the surrounding catchment area). Future modelling efforts are needed to 
predict the tipping point when a bay is from a catchment area into a 
source area of pollutants. Knowledge on these tipping points is essential 
for conservation and management plans to reduce the effect on coastal 
benthic communities.

Isotopic values showed seasonal differences in both bays and indi
cated more exchange with open ocean seawater at Spaanse Water. 
Heavier δ15N measured in Piscadera Bay likely relates to the influence of 
an emergency overflow pipe in this bay (Govers et al., 2014). The highly 
depleted δ13C values, especially in the dry seasons, support the strong 
land influence affecting this bay and the little exchange with the open 
ocean (Abreu et al., 2006; Simenstad and Wissmar, 1985). In compari
son, Spaanse Water showed much lighter δ15N values than Piscadera Bay 
during the wet season, indicating either less land derived input or higher 
dilution of land derived matter due to the size of the bay or the bigger 
mouth opening. Furthermore, the relatively heavier δ13C illustrates a 
stronger marine influence and therefore increased bay-ocean mixing 
(Abreu et al., 2006).

4.4. El Niño event: a window to understanding future climate conditions?

November 2023 saw relatively high export rates of substances from 
within the two studied bays, which may be indicative for the effect of 
bays as climate changes further. The Caribbean Antilles sea surface 
temperature has already increased by 1.32 ± 0.41 ◦C in the last century 
(Jones et al., 2016; Stephenson et al., 2014) and varies currently be
tween ~26.5 ◦C in the dry season to maximum temperatures of 28.5 ◦C 
in the wet season (McField, 2017). In this study we recorded tempera
tures of ~30.7 ◦C in the bays and ~ 29.8 ◦C in the open ocean close to 
the bays in November, exceeding historical norms for the region. 
Moreover, in the dry season, temperatures in the bay exceeded the 
decadal average temperature of May by ~1.2 ◦C. The export from these 
bays may temporarily add to the overall increase in nutrient load and 
rising temperatures affecting coral reefs. The critical thresholds for 
tropical coral reefs with temperatures of 21.7–29.6 ◦C, salinities of 
28.7–40.4, nitrate and phosphate concentrations of 4.51 and 0.63 μmol 
L− 1, respectively (Berkelmans et al., 2012; Guan et al., 2015), maybe 
seasonally crossed in areas influenced by bay export.

Benthic communities in in these bays, such as corals in Piscadera Bay 
and seagrass beds in Spaanse Water, have historically experienced de
clines attributed to urban development and pollution(Debrot et al., 
1998; Nagelkerken et al., 2005). Although some of the benthic cover loss 
has also been related to bleaching events (Debrot et al., 1998), studies 
have shown that high turbidity in tropical bays result in higher coral 
resilience of prolongated elevated sea temperatures and therefore 
reduce coral bleaching (Morgan et al., 2017; Schoepf et al., 2023; Sully 
and van Woesik, 2020; Zweifler et al., 2021). In addition, hard corals 
living in extreme environment such as intertidal areas where they are 
exposed to high and variable water temperatures can develop heat 
tolerance (Barshis et al., 2013; Schoepf et al., 2020). Understanding how 
these benthic ecosystems adapt to such extremes is critical for predicting 
their responses to future global warming scenarios and informing con
servation strategies.

Overall, this study highlights that extreme events, such as the 2023 
El Niño, can amplify nutrient and pollutant export from bays into coastal 
environments. However, given the limited dataset encompassing one El 
Niño and one La Niña event, further long-term studies are needed to 
confirm these patterns and assess their broader implications.

V. Sanchez Barranco et al.                                                                                                                                                                                                                   



Marine Pollution Bulletin 212 (2025) 117545

14

5. Conclusions

This study shows that bay-ocean exchange in Curaçao is higher 
during the wet season than in the dry season. Water properties, such as 
temperature, salinity, turbidity, and concentrations of inorganic nutri
ents, Si, DIC, and SPM, vary significantly between the bays and adjacent 
open ocean areas. During the dry season, the bays accumulate sub
stances, which are then periodically released during the wet season, 
increasing the nutrient, suspended matter and pollutant load in the 
shallow reef ecosystems. These variations in chemical fluxes between 
the bays and coastal waters reflect differences in nutrient and pollutant 
transport, with enhanced exports during the wet season driven by sur
face runoff and higher rainfall. Extreme events, such as the 2023 El 
Niño, amplified the export of substances from these bays into nearby 
reefs. The presence of anthropogenic substances, such as pharmaceuti
cals, personal care products, and pesticides, also contributes to the 
chemical composition of the bay and coastal waters, being also higher 
during the wet season. As El Niño events are expected to become more 
frequent these extreme conditions measured in bays in Curaçao may be 
representative for future climate scenarios and could be used to under
stand how reefs may react to these predicted environmental changes. 
Quantifying and characterizing the suspended matter and pollutants 
released from the bays, and understanding their potential impacts on 
reef health, are crucial for assessing how these bays contribute to reef 
degradation and for developing effective conservation measures and 
management strategies.
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Mestres, M., Sanchéz-Arcilla, A., Sierra, J.P., Mösso, C., Tagliani, P., Möller, O., 
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