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Abstract. Caribbean coral reefs face rising pressure from
coastal development, yet the pathways by which urban pol-
lution reaches these endangered ecosystems remain poorly
understood. Bays act as dynamic channels, trapping, trans-
forming, and releasing matter that can impact adjacent reef
systems. We investigated the temporal and spatial variabil-
ity of suspended particulate matter (SPM), a key vector for
pollutants and nutrients, derived from an urbanized bay in
Curaçao and determined their effect on surrounding coral
reefs. Using sediment traps deployed across spatial gradi-
ents (bay mouth to nearby reefs in the East and West) dur-
ing the dry (April–May) and wet (October–November) sea-
sons in 2023, we measured mass, carbon, and nitrogen fluxes
and associated grain-size and geochemical particle compo-
sition. Results were compared to environmental conditions
(e.g. rainfall, current speed) and revealed a clear spatial gra-
dient of bay influence: the bay mouth showed the strongest
terrestrial signal with highest mass fluxes, followed by the
eastern reef (sheltered from currents) with elevated SPM and
carbon fluxes of fine particles enriched in terrigenous ele-
ments (Si, Fe, Al, and Mn), while the western reef (exposed
to open-ocean flow) exhibited lower fluxes of coarser parti-
cles with elevated Ca/Fe, Pb, Cu and Ni. This indicates a
diminished bay effect and stronger marine influence mixed
with localized pollution. During the dry season, differences

in SPM fluxes and composition between reef sites were min-
imal, but wet season conditions amplified spatial patterns,
with rainfall-driven runoff locally increasing dissolved and
particulate matter delivery. This implies that reef vulnerabil-
ity to bay-derived pollution locally depends on both proxim-
ity to source waters and seasonal hydrodynamic variability,
with sheltered reefs experiencing the greatest impacts during
periods of enhanced terrestrial runoff.

1 Introduction

In recent decades, land-use changes and coastal development
around watersheds have increased runoff of sediments, nu-
trients and chemical pollutants into tropical coastal waters,
posing significant threats to coral reefs worldwide, includ-
ing those in the Caribbean (Burke and Maidens, 2004; Burke
et al., 2011). The accumulation of terrestrial discharge on
nearshore reefs causes local changes to reef communities,
for example the increased cover of (macro) algae (Fabri-
cius, 2005) or suffocation of corals (Weber et al., 2006).
Local stressors also make them more vulnerable to global
ones, such as thermal bleaching and ocean acidification due
to compounded energy deficits and impaired recovery path-
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ways (Storlazzi et al., 2015; Dutra et al., 2018; Anthony et al.,
2008). Inland bays on Caribbean islands could play an im-
portant role in the supply of sediments, nutrients and pollu-
tants. They show strong environmental variability (diel and
seasonal) in physicochemical parameters and higher nutri-
ent and pollutant concentrations compared to reef waters (de
Jong et al., 2025), and serve as locations where land-derived
substances are retained, transformed, or exported to coastal
waters (Heiskanen and Tallberg, 1999). In tropical island en-
vironments, discharge from bays is typically episodic, occur-
ring mainly during the rainy season and storm events lead-
ing to pulses of material and runoff being released into the
ocean (Ringuet and Mackenzie, 2005; De Carlo et al., 2007;
Sánchez Barranco et al., 2025; Larson et al., 2015).

Suspended particulate matter (SPM) plays a key role in the
transport and cycling of minerals, organic matter, nutrients,
and pollutants, all of which can influence coral reef health
(Jouon et al., 2008). For example, sediment plumes, often
dominated by fine-grained material, can reduce light avail-
ability and physically stress coral reefs, especially near river
mouths and coastal bays (Fabricius, 2005; Ramos-Scharrón
and Macdonald, 2005). Sedimentation from SPM can also
physically smother coral polyps, impair recruitment, and in-
crease mortality (Bhuyan et al., 2025; Erftemeijer et al.,
2012). The energetic cost of shedding sediments – via mu-
cus production and ciliary action – can further compromise
coral metabolism and resilience (Tuttle and Donahue, 2022).
Some studies also show that certain reef organisms can ben-
efit from SPM. For instance, soft corals may utilize detri-
tus and other small SPM (< 10 µm particle size) as an im-
portant food source, particularly in high-turbidity environ-
ments (Anthony, 1999; Fabricius and Dommisse, 2000). De
Jong et al. (2025) have shown that the environmental condi-
tions in semi-enclosed bays, where coral communities often
persist, can be highly variable compared to open reefs. Re-
duced light penetration due to suspended sediments limits the
photosynthetic energy available for coral growth and repro-
duction, with finer-grained and darker-coloured sediments
causing more pronounced effects than coarser, lighter ones
(Anthony and Fabricius, 2000; Weber et al., 2006; Storlazzi
et al., 2015). In addition, fine-grained SPM remains longer
in suspension, leading to prolonged elevated levels of turbid-
ity. Beyond its impact on light availability, SPM also plays
a crucial role in pollutant dynamics. Heavy metals and or-
ganic contaminants readily bind to SPM, particularly clays
and silts, making them a critical vector for pollutant transport
in near-shore marine environments (Salomons and Förstner,
2012; Zhang et al., 2018). This is of particular concern in
the Caribbean, where metal pollution poses ecological risks
due to its persistence in reef ecosystems (Berry et al., 2013;
Guzmán and Jiménez, 1992).

The south coast of Curaçao is characterized by several
inland bays that may contribute to the transport of particu-
late substances to nearby coastal ecosystems, including coral
reefs, mangroves, and seagrass beds (Debrot et al., 1998;

Wagenaar Hummelinck, 1977). Despite a 50 % loss in coral
cover over the past 50 years (Sandin et al., 2022) the reefs
along the south coast of Curaçao (southeastern Caribbean)
are still considered among the healthiest in the Caribbean
Sea (Sandin et al., 2008a, 2022; Rijsberman and Westma-
cott, 2000; Jackson et al., 2014). Seasonal bay-ocean ex-
change dynamics are influencing the water-column charac-
teristics of nearby coastal ecosystems (Sánchez Barranco
et al., 2025). In Curaçao, bay–ocean exchange is limited dur-
ing the dry season, leading to the build-up of nutrient concen-
trations within the bays, whereas during the wet season, in-
creased mixing between bay and offshore waters is enhanced
(Sánchez Barranco et al., 2025). These dynamic exchange
processes potentially create a complex mechanism for sed-
iment and nutrient transfer between coastal environments.
However, while it is known that bays release SPM into sur-
rounding waters (Restrepo et al., 2016; D’Sa and Ko, 2008),
the extent of its distribution, deposition, and seasonal vari-
ability, and its effect on changes in benthic composition, re-
main poorly quantified.

Here, we aim to quantify fluxes of SPM and assess their
geochemical characteristics in proximity and further away
from a bay located on the Caribbean Island Curaçao. The
coastal zone near Piscadera Bay, located on the south coast
of Curaçao, has been studied extensively and has one of the
longest benthic cover records in the world (De Bakker et al.,
2017) providing a unique site to study the potential influ-
ence of bay discharge on nearby reefs. We present a study
in which sediment traps were deployed for 30 d at various
locations around Piscadera Bay during April/May 2023 (dry
season) and October/November 2023 (wet season). Tempo-
ral variability in SPM fluxes, sampled in the dry and wet sea-
sons, was compared to environmental conditions (e.g. rain-
fall, wind, tides) to determine if they explain the observed
spatio-temporal variability in SPM fluxes and composition.
Collected material was analyzed for grain size, elemental,
and organic matter composition.

2 Methodology

2.1 Study site

The island of Curaçao lies near the Venezuelan coast with a
surface area of approximately 444 km2 and around 150 000
inhabitants and around 1.2 million (cruise) tourists visit the
island annually. The south coast is bordered by fringing reefs
that start at a water depth of approximately 7 m followed by
a steep slope down to 30–50 m (Bak, 1977; De Bakker et al.,
2016). The island is characterized by a semi-arid climate, in-
cluding a wet season with highest precipitation rates in the
months of October–December (ranging between 80–115 mm
per month) and a dry season with lowest monthly rainfall
in April–June (ranging between 8–15 mm per month) (Wit
et al., 2025).

Biogeosciences, 23, 5879–5899, 2026 https://doi.org/10.5194/bg-23-5879-2026



V. Sánchez Barranco et al.: SPM geochemistry around Piscadera Bay, Curaçao 5881

This study focuses on Piscadera Bay (Fig. 1), an area that
serves as an important catchment area, draining 16–17 km2

of the mid-west part of the island of Curaçao (Sánchez Bar-
ranco et al., 2025). The bay’s wide mouth (ranging from 76 m
at its narrowest point to 105 m at its widest) has a shallow
entrance of less than 6 m deep. Originally, Piscadera Bay
opened to the sea through a narrow, shallow channel, mostly
blocked by a coral and debris bar, with a cross-sectional area
of only 7 m2. In 1962, the entrance was widened to 45 m2,
and in the early Seventies it was further enlarged and deep-
ened (Hofker, 1971).

The reef sites surrounding the bay reflect significant eco-
logical changes over time (Sandin et al., 2022; De Bakker
et al., 2017). The reef west of the bay’s mouth, which has ex-
perienced substantial coral degradation, showed 8.2 % hard
coral cover in 2015, compared to an estimated 40 % in 1982,
with 29.7 % turf cover and 2.7 % cyanobacterial mats in 2015
(Sandin et al., 2022; Van Duyl, 1985). The reef directly east
of Piscadera’s mouth also experienced an ecological trans-
formation, with hard coral cover declining from an estimated
5 % in 1982 to merely 0.9 % in 2015, accompanied by 51.5 %
turf cover and 11.5 % cyanobacterial mats (De Bakker et al.,
2016; Van Duyl, 1985; Sandin et al., 2022).

Fieldwork was conducted in 2023 in April–May (dry sea-
son) and October–November (wet season). Sediment traps
were deployed for 30 d at the mouth of the bay (3–5 m water
depth), at the east reef side at 8 and 18 m water depth and
at the west reef side of the bay at 8 and 18 m water depth
(Fig. 1). At each site, 6 traps were deployed at least 1 m apart
from each other following Storlazzi et al. (2011).

2.2 Current sensors and environmental data

In October–November 2023, two Acoustic Doppler Current
Profilers (ADCP) were deployed at a depth of 10 m at the
eastern and western reef of Piscadera Bay for a 30 d pe-
riod. In April–May 2023, the ADCPs were also deployed
for shorter periods of time at the mouth (7 d), eastern (4 d),
and western reef (20 d). The ADCPs were used to measure
current speed and direction, water temperature, and pressure,
which was used to determine tidal cycles. Water speed and
direction data used in this study were taken from ADCP
bin 3 located 2 m above the seafloor (ma.s.f.), which cor-
responded to 8 m water depth at the reef sites (with a total
water depth of 10 m) and 3 m water depth near the mouth of
the bay (with a total water depth of 5 m). Precipitation and
wind data during the sampling periods were retrieved from
the Meteorological-Department-Curaçao (2025).

2.3 Sediment traps and mass fluxes

Sediment traps were built following Storlazzi et al. (2011),
with a height of 30 cm, and a surface area of 41.85 cm2 to
collect gross particle fluxes. In shallow, energetic reef en-
vironments sediment traps will collect settling lateral trans-

ported and resuspended bottom particles. Traps (n= 6 per
site and depth) were secured with a steel rebar into the sed-
iments with their mouths at 0.7–0.8 ma.s.f.. Inside the trap
a baffle was placed to avoid organisms or large objects from
entering the funnel. At the bottom of the trap, a funnel con-
nected to a 50 mL dark falcon tube was used to collect sus-
pended particulate matter. In April–May 2023, traps at the
mouth of the bay were sampled every 5 d and the ones in the
eastern and western reef every 10 d. In October–November
2023, Falcon tubes were replaced every 5 d at each location.
After collection, samples were centrifuged and excess water
was removed, frozen in a −20 °C freezer and freeze-dried
to be transported to the Netherlands for further analysis. To
remove seawater salts, the freeze-dried samples were resus-
pended in Milli-Q water, centrifuged again, and the super-
natant was carefully pipetted out, after which samples were
freeze-dried again. Freeze-dried samples were weighed with
a high-precision microbalance (±0.1 mg resolution), and an
uncertainty of ±0.0001 g was applied to all mass measure-
ments. Carbon and nitrogen percentages were measured with
a precision of±0.02 %. These uncertainties were propagated
through all derived fluxes, resulting in mass flux values re-
ported to two decimal places, and Corg and total N flux values
reported to two and three decimal places, respectively. Grain-
size measurements and silt/clay percentages were obtained
using laser diffraction, with instrument precision better than
1 µm and 0.1 %, respectively. The final calculated grain-size
measurements and silt/clay percentages are reported to two
decimal places.

2.4 Organic carbon and nitrogen content

Organic carbon and total nitrogen contents were measured
using an Elementar Vario El Cube elemental analyzer (EA;
Elementar Analysensysteme GmbH, Germany) coupled to an
Isoprime vision isotopic ratio mass spectrometer (IRMS; El-
ementar Analysensysteme, GmbH, Germany) at the Univer-
sity of Amsterdam. Prior to analysis, dried suspended partic-
ulate matter from the traps was ground using an agate mortar
and pestle to homogenize. Subsequently, samples were trans-
ferred into silver cups and weighed. The day before measur-
ing, inorganic carbonates were removed by repeated treat-
ment with 1 molL−1 hydrochloric acid until effervescence
stopped. The silver cups were dried overnight on a heating
plate and closed the following day with tweezers. For carbon
and nitrogen content analyses, three out of the six replicates
collected per location and time point were randomly selected
for measurements.

2.5 Grain-size analysis

Grain-size analyses were conducted using a Beckman Coul-
ter laser diffraction particle sizer LS13 320. Prior to anal-
ysis, 2 mL of sodium pyrophosphate (Na4P2O7 · 10H2O)
was added to each sample, followed by brief sonication
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Figure 1. Map of Curaçao showing the studied location of Piscadera Bay on the west side of Willemstad. The inset provides a detailed sketch
of the study area around Piscadera Bay, with sediment traps deployed at the bay mouth and at eastern and western reef sites, each sampled
at two water depths (8 and 18 m). The sediment traps used, follow the design recommendations of Storlazzi et al. (2011) and an example is
shown on the right side for reference.

for 10 min to ensure complete disaggregation of any re-
maining particle aggregates. Degassed water was used dur-
ing the analysis to reduce the impact of gas bubbles, and
a magnetic stirrer was used to keep the sample homoge-
nized. The particle-size distributions were categorized into
92 size classes, ranging from 0.375–2000 µm following Van
Der Does et al. (2016). Testing with internal glass-bead stan-
dards demonstrated a reproducibility of better than 0.7 µm
for mean particle size and 0.6 µm for median particle size
(1σ ). The average standard deviation across all size classes
was within 4 vol %.

2.6 XRF elemental analysis

X-ray Fluorescence (XRF) was employed as a non-
destructive method to assess elemental composition in SPM
samples, performed with an Avaatech scanner at NIOZ. Sub-
samples (triplicate) were taken from the Milli-Q-washed,
freeze-dried sediment trap samples (see Sect. 2.3) and ho-
mogenized and ground with a pestle and mortar to a fine
particle size. The samples were placed in sample holders

with a 6 mm radius, following the procedure of Korte et al.
(2017). The XRF analysis was carried out using two energy
settings: 10 kV for aluminum (Al), silicon (Si), sulfur (S),
iron (Fe), and manganese (Mn), and 30 kV for nickel (Ni),
bromine (Br), and lead (Pb). For the 10 kV measurements, a
current of 1500 µA was applied for 20 s without a filter, while
the 30 kV measurements used a 500 µA current for 20 s with
a palladium filter to optimize detection. To check precision
of our analyses, one external reference standard (SARM 2)
was measured repeatedly and we calculated the coefficient of
variation (CV%) per element for one of the standards (SARM
2), which was consistently below 4 %. Each sample was ana-
lyzed three times to assess internal variability. Data was pro-
cessed using bAxil spectrum analysis software (developed by
Brightspec).

2.7 Statistical analysis

First, outliers of mass, carbon, and nitrogen fluxes were
identified and removed following robust statistical methods
for outlier detection, using the median absolute deviation
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(MAD) approach as described by Rousseeuw and Hubert
(2011). This resulted in the removal of 15 mass flux values
out of 274 datapoints (5.5 %). These outliers corresponded
to exceptionally low fluxes, which were caused by phys-
ical obstruction, specifically, shells clogging the sediment
trap funnels and preventing material from entering the col-
lection tubes, as observed during sample retrieval. We used
the two-sample t test (independent samples t test) to com-
pare the means of mass, carbon and nitrogen fluxes, grain
size and silt and clay % between wet and dry seasons for
each location separately. Prior to analysis, data were checked
for normality using the Shapiro–Wilk test and visually as-
sessed using Q-Q plots. Most variables were not normally
distributed. For non-normally distributed variables, we ap-
plied the non-parametric Kruskal–Wallis test followed by
pairwise Wilcoxon rank-sum tests with Bonferroni correc-
tion. For normally distributed variables, we used one-way
ANOVAs followed by Tukey’s Honest Significant Difference
(HSD) post-hoc tests to assess differences between locations
in the dry and wet seasons. These analyses were conducted
separately for each season and applied to grain size, as well
as mass, Corg, and total N fluxes. Statistical significance was
determined using a threshold of p < 0.05.

Elemental counts obtained from XRF analysis were nor-
malized to account for variability in physical material proper-
ties (e.g., density) and measurement conditions (e.g., detec-
tor live time). Normalization was performed by calculating
centered log-ratios (CLR) of elemental intensities, follow-
ing the method described by Bertrand et al. (2024). This ap-
proach addresses non-linear matrix effects and ensures com-
parability between measurements. The CLR transformation
involves dividing the intensity of each element by the geo-
metric mean of intensities of all selected elements from the
same measurement. The geometric mean is calculated as:

g(z)=
(
CountsElement A(z) ·CountsElement B(z) · . . .

·CountsElement n(z)
) 1
n (1)

where n is the total number of selected elements. The CLR
value for a specific element is then computed as:

CLR A(z)= ln
[

Counts Element A(z)
g(z)

]
(2)

Only well-measured elements free of noise and zero values
were included in the CLR transformation. Principal Com-
ponent Analysis (PCA) was then performed on the CLR-
transformed elemental data to identify the dominant geo-
chemical processes contributing to differences in sediment
composition. Element loadings were used to identify groups
of elements with high contributions to the total variance
along the first two principal components (PC1 and PC2)
using a scree plot. To account for the potential impact of
differences in dilution due to a variable terrigenous input,
trace metals (e.g., Pb, Ni, Y, Rb and Cu) were not CLR-
transformed, but instead expressed as the Ln of ratios to Al

(e.g., Ln (Pb/Al), Ln (Ni/Al)) (Weltje and Tjallingii, 2008).
For visualization, average cluster values were calculated per
location and season.

To explore the relationship between SPM characteristics
and environmental processes across locations and seasons,
a Redundancy Analysis (RDA) was performed. In this anal-
ysis, response variables (i.e. mass, Corg and total N fluxes,
grain size, silt and clay % and CLR of elemental intensities)
were modeled as a function of explanatory variables (e.g.,
rainfall, wind speed, wind direction, distance from land and
from the bay mouth). For this analysis, East 8 and 18 m were
combined as “East”, and West 8 and 18 m were combined
as “West”, since no consistent depth-related differences were
observed. For the multivariate RDA, however, depth was re-
tained as a continuous explanatory variable (5, 8, or 18 m)
alongside distance to land and distance to mouth, to explore
how spatial gradients jointly relate to compositional varia-
tion. Before performing the RDA, Variance Inflation Fac-
tors (VIFs) for all explanatory variables in the RDA were
calculated to assess collinearity among predictors. All VIFs
were below 3 (range: 1.30–2.79), indicating no problem-
atic collinearity. All variables were auto-scaled and mean-
centered, and as suggested by Shrestha and Kazama (2007),
only RDAs with eigenvalues greater than 1 were considered
significant. Additionally, a k-means clustering algorithm was
applied to the site scores, revealing distinct groups within the
dataset.

In addition, we determined the relationships between
various environmental and SPM variables, by conducting
a Spearman correlation analysis for three locations (East,
West, and Mouth) within the study area using data of the wet
and dry season. Spearman correlations were chosen as most
of the variables were not normally distributed. The variables
included CLR of elemental intensities, SPM properties (i.e.
grain size, silt and clay ratio, mass, Corg and total N fluxes),
and environmental factors (i.e. rainfall, wind speed and direc-
tion and depth). We categorized correlation (Spearman’s rho,
rs) strengths as strong (rs > 0.6) and very strong (rs > 0.8),
while weak to moderate correlations were excluded from the
visualizations. All statistical analyses and graphing were per-
formed in R using R Studio (R StudioTeam, 2015).

3 Results

3.1 Environmental parameters: seasonal and spatial
differences

Environmental data revealed distinct differences between the
two different sample periods (Fig. 2). During April–May, wa-
ter temperatures at 10 m water depth of the eastern and west-
ern reef varied between 26.5–28.8 °C, with the highest tem-
peratures observed between 24 April and 2 May, coinciding
with the transition from spring tide to neap tide. Rainfall dur-
ing this period was minimal, with only two notable events:
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4 mm on 14 May and 2 mm on 22 May. In contrast, the
October–November 2023 period showed higher water tem-
peratures, exceeding 30 °C from 28 October–11 November
and averaging approximately 29 °C throughout the rest of
November. Rainfall was substantially higher than in April–
May, with precipitation recorded on nearly every sampling
day. Based on the rainfall data we refer to the April–May
period as dry season and October–November as wet season.
The most intense rainfall event occurred between 25 October
and 6 November, peaking at 24 mm on 2 November. Wind
also showed distinct seasonal patterns. The period spanning
April–May was characterized by consistent southeasterly
winds with high average speeds of 20 ms−1, reaching peaks
of 27.4 ms−1. October–November exhibited more variable
wind directions, predominantly from the southeast, with oc-
casional extreme shifts (e.g., the change in direction recorded
on 20 November). During October–November wind speeds
were notably lower, averaging around 15 ms−1, particularly
in early October, though they increased by mid-November.
The wet season also showed a relationship between precipi-
tation events and wind patterns, with lower wind speeds often
coinciding with heavier rainfall.

The ADCP data revealed spatial variations in water flow
between the eastern and western reefs in October–November
(Fig. 2). Current velocities were notably higher at the western
reef, ranging from 0.01–0.07 ms−1, compared to the eastern
reef, where velocities ranged mostly from 0.005–0.02 ms−1.
At the western reef, the prevailing current direction was west-
southward. In contrast, the eastern reef exhibited a more vari-
able and diffuse flow pattern, with no clear dominant cur-
rent direction. Although limited data in April–May prevented
robust seasonal comparisons, current speeds showed similar
ranges across both seasons.

3.2 Seasonal and spatial averages of fluxes and grain
size

Properties of SPM showed clear spatial and temporal pat-
terns (Table 1). In April–May, fluxes (total mass, organic
carbon (Corg), and total N) were significantly higher at the
mouth than at the reef locations (Tables 1 and S1 in the Sup-
plement). In the western reef, SPM had a larger grain size
(with a significantly lower proportion of silt and clay) com-
pared to the east and the mouth (Tables 1 and S1). In the wet
season, the mouth exhibited the highest fluxes, with higher
silt and clay contents compared to the material found at the
other locations (Table S1). At most sites, mass, Corg and to-
tal N fluxes were higher in October–November compared to
April–May, except for west 18 (Table S2 in the Supplement).
The mouth showed the strongest seasonal signal: fluxes were
3–4 times higher in October–November and grain size was
significantly smaller than in April–May (Tables 1 and S2).

At the east reef, seasonal differences were also evident,
especially at 8 m, where mass fluxes doubled, and Corg and
total N fluxes increased fourfold in October–November. At

18 m, this seasonal increase in fluxes was more modest, but
still clear (Table S2).

Western reefs showed a mixed pattern. At 8 m, fluxes
increased in October–November, while at 18 m, they were
higher in April–May, contrasting with the other locations.
Nonetheless, average grain size was smaller, and silt and clay
contents were higher in October–November across all reef
sites (i.e. eastern and western reef; Tables 1, S1 and S2). In
particular, during April–May, the western reef had the lowest
portion of silt and clay (28 %–38 %), which was significantly
lower than at the eastern reef (51 %–53 %).

3.3 Seasonal trends of mass fluxes and SPM properties

3.3.1 Mouth

Fluxes at the mouth exhibited temporal variability within
each season. During April–May mass, Corg, and total N
fluxes remained relatively stable over time. In contrast, dur-
ing October–November, fluxes were significantly higher and
associated with a finer grain-size distribution (Fig. 3, Ta-
ble 1). The proportion of fine particles (0–20 µm) and silt
(20–63 µm) increased in October–November, while the pro-
portion of fine-to-medium sand (63–150 µm) and coarser
sand (> 150 µm) decreased compared to April–May (Fig. 3).
The highest fluxes observed at the mouth (∼ 70 gm−2 d−1)
directly followed a heavy rainfall event on 2 November. At
this time, the average grain size of settled material was partic-
ularly small (∼ 24 µm), with the fine particles and silt making
up ∼ 80 % of the material.

3.3.2 East 18 and 8 m depth

At the eastern reef, at a depth of 8 m fluxes remained rel-
atively constant throughout most of the sampling period in
April–May (Fig. 4a). Here, mass fluxes increased during 2–
16 May, although Corg and total N fluxes did not show a cor-
responding increase. At 18 m water depth higher variation
was observed during the sampling periods. At this depth, the
highest mass, Corg and total N fluxes were recorded towards
the end of the sampling period (16–24 May). Grain-size com-
position did not vary during the whole sampling period at
both 8 and 18 m.

In the October–November sampling period, the lowest
mass, Corg and total N fluxes were recorded from 25–
31 October (mass flux: 2–5 gm−2 d−1, Corg flux: 0.06–
0.1 gm−2 d−1 and total N flux: 0.004–0.01 gm−2 d−1),
while relatively high fluxes occurred from 31 October–
5 November (mass flux: 12–15 gm−2 d−1, Corg flux: 0.3–
0.4 gm−2 d−1and total N flux: 0.04–0.05 gm−2 d−1), coin-
ciding with the highest rainfall event of the sampling period
(2 November). During this high-rainfall period, SPM exhib-
ited smaller grain size, and a higher percentage of silt and
clay similar to what was observed at the mouth. At both
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Figure 2. Environmental variables during the sampling periods in (a) April–May (dry season) and (b) October–November (wet season) 2023.
(1) show current speed and direction over time at the western reef site at 8 m, eastern reef site at 8 m and mouth at 3 m. (2) water pressure at
10 m in the reef in dbar (reflecting tidal cycles) and water temperature in °C, the latter represented by a color scale. Panels (3) wind speed
(color of the vectors) and direction. Panels (4) show rainfall (mm).

depths, the proportion of coarser sand (> 150 µm) was lower
in October–November compared to April–May.

3.3.3 West 18 and 8 m depth

Seasonal differences at the western reef were less pro-
nounced compared to those observed at the other locations.
At 18 m, mass, Corg, and total N fluxes remained relatively
stable both within and between seasons (Fig. 5). However,
the material was coarser at this site in both seasons, with
a higher proportion of coarse sand (> 150 µm) than at the
mouth and eastern reef. This coarser fraction was particu-
larly present in April–May. At 8 m, mass, Corg, and total

N fluxes showed a clear seasonal difference. During April–
May, highest mass flux was recorded between 8 and 18 May
(∼ 13 gm−2 d−1), coinciding with one of the few rain-
fall events in that period (14 May). In October–November,
fluxes at 8 m displayed greater temporal variation, with peak
values around the intense rainfall on 2 November (mass
flux: 18 gm−2 d−1; Corg flux: 0.3 gm−2 d−1; total N flux:
0.05 gm−2 d−1). Grain-size analysis showed that the per-
centage of fine particles (0–20 µm) and silt (20–63 µm) was
higher in October–November than in April–May, particularly
at 8 m. In contrast, the proportion of coarser sand was lower
in October–November and generally higher at both 8 and
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Table 1. Summary of the mean (highest between seasons per site in bold), maximum and minimum values of mass, Corg and total N fluxes
(g m−2 d−1), grain size (µm), silt and clay % measured at the mouth east 8 and 18 m, and west 8 and 18 m during April–May (dry season) and
October–November (wet season). Asterisks show significant differences between seasons (see Tables S1 and S2 for full statistical analyses
between locations and seasons, respectively).

Mouth East 8 m East 18 m West 8 m West 18 m

Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet

Mass flux Mean 8.47 36.32* 5.35 9.52* 6.60 8.99 5.23 10.61 7.48 5.23
(gm−2 d−1) Max 24.11 84.43 6.54 18.74 11.75 36.61 13.28 39.45 12.93 15.12

Min 1.56 16.65 2.27 1.16 3.53 0.97 1.31 2.58 3.31 2.07

Corg flux Mean 0.18 0.61* 0.05 0.17 0.09 0.21 0.06 0.11 0.12 0.09
(gm−2 d−1) Max 0.53 0.87 0.09 0.49 0.18 0.55 0.20 0.63 0.24 0.16

Min 0.03 0.26 0.01 0.03 0.05 0.06 0.04 0.04 0.04 0.04

Total N flux Mean 0.031 0.082* 0.007 0.031* 0.012 0.021 0.022 0.033 0.022 0.012
(gm−2 d−1) Max 0.081 0.233 0.011 0.074 0.024 0.083 0.085 0.112 0.043 0.023

Min 0.004 0.031 0.001 0.007 0.007 0.012 0.005 0.005 0.008 0.004

Grain Size Mean 45.53 31.46 62.62 51.17 85.96 35.41 86.46* 42.88 95.34* 43.75
(µm) Max 74.85 52.05 279.46 81.10 273.09 54.79 125.05 60.74 159.49 62.28

Min 36.09 23.52 27.35 27.81 26.16 11.65 36.09 25.08 25.62 15.96

Silt and Clay Mean 61.67 75.06 52.96 55.30 51.69 61.84 38.16 62.41* 28.65 57.00*
% Max 79.93 96.54 72.03 77.18 77.40 88.79 58.06 79.41 40.54 81.92

Min 49.45 50.40 25.14 35.59 37.27 47.63 25.52 43.40 22.21 39.82

18 m compared to the mouth and eastern reef. At 18 m, mass
fluxes were lower than at all other locations (i.e., West 8 m,
East 8 and 18 m, and the mouth).

3.4 Elemental composition of the suspended matter

A principal component analysis (PCA) biplot was performed
to identify broad patterns in the elemental composition of
the settled material and their relationship to sampling lo-
cation and season (Fig. 6). PC1 and PC2 explained 48.5 %
and 21.8 % of the total variance, respectively. PC1 primar-
ily reflects a location gradient, with mouth samples associ-
ated with positive PC1 values, east reef samples clustering
near zero, and west reef samples towards negative PC1 val-
ues. PC2 separates seasons, with October–November (wet
season) samples clustering towards positive PC2 values and
April–May (dry season samples) towards negative PC2 val-
ues.

The biplot revealed four distinct element groups whose
vector directions reflect these spatial and seasonal gradients.
The first group, comprising Si, Mn, Ti, Al, Co and Fe (purple
vectors, Fig. 6), reflects a dominant terrigenous origin prob-
ably related to runoff, with vectors pointing towards posi-
tive PC1, consistent with their elevated concentrations at the
bay mouth and east reef locations. A second group, consist-
ing of Ni, Y, Rb, Pb, and Cu (green vectors, Fig. 6), consists
of elements generally associated with pollution, which were
found in elevated concentrations particularly at the reef sites.
A third group, defined by Br, S, Cl, Mg and K (red vectors,

Fig. 6), consists of elements typical of marine organic mat-
ter and/or salts, with vectors pointing towards negative PC1,
consistent with higher marine influence at the western reef
locations. A fourth group comprising Sr, Ca, Zn, and Zr (teal
vectors, Fig. 6) includes elements associated with marine car-
bonates (Ca and Sr) as well as terrigenous (Zr) and pollution
(Zn) sources. As the vectors of this group are relatively short
and centrally positioned in the biplot, they explain less vari-
ance and are likely not specifically driven by any single en-
vironmental factor.

Seasonal and spatial trends of elemental composition
and correlations of SPM characteristics with
environmental parameters

XRF analysis revealed distinct relative spatial differences in
the composition of SPM (Fig. 7). Aluminum (Al), an element
associated with terrigenous input, displayed the highest in-
tensities at the mouth, and eastern reef, and the lowest at the
western reef. This spatial pattern was consistent across both
seasons. During October–November Al values increased fol-
lowing periods of intense rainfall (25 October–8 November,
Fig. 2). Other terrigenous elements showed similar trends
(Fig. S1 in the Supplement). In contrast, the Pb/Al ratio, in-
dicative of anthropogenic pollution, was highest in the west-
ern reef, lowest at the mouth and showed intermediate values
in the east. This pattern held for both seasons and was con-
sistent across other trace metal ratios (Fig. S2 in the Supple-
ment). The Ca/Fe ratio, reflecting the relative contribution of

Biogeosciences, 23, 5879–5899, 2026 https://doi.org/10.5194/bg-23-5879-2026



V. Sánchez Barranco et al.: SPM geochemistry around Piscadera Bay, Curaçao 5887

Figure 3. SPM fluxes and grain-size characteristics of the mouth in April–May (dry season) and October-November (wet season). The first
panel shows mass (g m−2 d−1) and average rainfall (mm). Second panel shows Corg and total N fluxes (g m−2 d−1). Note that mass, organic
carbon, and total nitrogen flux scales are different from Figs. 4 and 5. Bottom panel shows the % of fine particles (0–20 µm) silt (20–63 µm),
fine-medium sand (63–150 µm) and coarser sand (> 150 µm).

marine carbonate versus terrigenous inputs, exhibited a sim-
ilar spatial pattern, with the highest values found in the west-
ern reef, intermediate values in the east, and the lowest at the
mouth. Additionally, Ca/Fe values were higher during the
dry season, showing a greater influence of marine carbonate
inputs during periods of reduced runoff.

Correlations between SPM properties and environmental
drivers confirmed these spatial contrasts (Fig. S4 in the Sup-
plement). At the mouth, mass, Corg, and total N fluxes were

strongly intercorrelated (> 0.9) and closely linked to Al, Si,
Mn, and Fe, indicating a dominance of fine-grained, terrige-
nous material. Rainfall and wind also correlated with fluxes
during October–November. At the eastern reef, fluxes were
again intercorrelated, but showed weaker associations with
rainfall. Correlations with Fe and Mn point to a stronger in-
fluence of silt and clay fractions. In contrast, at the west-
ern reef, fluxes correlated less with environmental drivers,
but grain size showed a stronger role. Here, coarser particles

https://doi.org/10.5194/bg-23-5879-2026 Biogeosciences, 23, 5879–5899, 2026



5888 V. Sánchez Barranco et al.: SPM geochemistry around Piscadera Bay, Curaçao

Figure 4. SPM fluxes and grain size of the (a) East 8 m and (b) East 18 m in April–May (dry season) and October–November (wet season).
The upper panels show mass fluxes (g m−2 d−1) and average rainfall (mm). Middle panels show Corg and total N fluxes (g m−2 d−1). Bottom
panel shows the proportion of fine particles (0–20 µm) silt (20–63 µm), fine-medium sand (63–150 µm) and coarser sand (> 150 µm).

were occasionally linked to higher mass and organic matter
fluxes in the dry season, whereas in the wet season fluxes
were more influenced by fine-grained material and terrige-
nous elements such as Al and Fe.

4 Discussion

4.1 Spatial patterns

The influence of Piscadera Bay on nearshore SPM reveals
clear spatial differences. Near the bay’s mouth, highest mass
fluxes, elevated organic content, and finest particles were
found. East of the bay mouth, the suspended matter shows
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Figure 5. SPM fluxes and grain size of the (a) West 8 m and (b) West 18 m of April–May (dry season) and October–November (wet season).
Upper panels show mass fluxes (g m−2 d−1) and average rainfall (mm). Middle panels show Corg and total N fluxes (g m−2 d−1). Bottom
panel shows the % of fine particles (0–20 µm), silt (20–63 µm), fine-medium sand (63–150 µm) and coarse sand (> 150 µm).

more impact of the bay system compared to the western
reef, however less pronounced than at the mouth. This aligns
with Sánchez Barranco et al. (2025), showing that bay-
derived characteristics, such as dissolved-nutrient concentra-
tions, salinity, and temperature attenuate with increasing dis-
tance from bays. Suspended matter at the eastern reef, partic-
ularly at 8 m depth, has a recognizable bay signature through
elevated carbon and nitrogen content and relatively high val-

ues of elements, such as Al, Si and/or Fe, indicating terres-
trial runoff. The low current speeds and absence of a dom-
inant directional flow at the eastern reef (8 m depth; Fig. 2)
may explain the accumulation of finer material with higher
organic content, creating a zone where bay influence persists
due to longer particle residence times.

The western reef, positioned furthest from Piscadera Bay,
reveals different patterns compared to the mouth and eastern
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Figure 6. PCA biplot of XRF element concentrations across all sampling locations and seasons. Each point represents a sediment sample,
with shape indicating location (East 8, East 18, Mouth, West 8, West 18) and color indicating season (orange: April–May (dry), blue: October–
November (wet)). Arrows represent element loading vectors scaled to the PC1/PC2 axes, color-coded by geochemical group: Terrigenous
(purple; Mn, Ti, Al, Si, Co, Fe), Marine (red; Mg, Br, S, Cl, K), Carbonate/Detrital (teal; Ca, Sr, Zr, Zn), and Pollution-associated (green; Ni,
Y, Pb, Rb, Cu). PC1 and PC2 explain 48.5 % and 21.8 % of the total variance, respectively.

reef. This site is characterized by less variability in fluxes of
mass, Corg, and total N. The consistently higher Ca/Fe found
here further suggest a stronger marine signal compared to the
other sites, reflecting greater contributions of carbonate-rich
marine particles relative to terrigenous inputs (Nizou et al.,
2011). However, this location shows relatively high values
of Br, S, Pb, and Ni (see also Fig. S3 in the Supplement).
This reef is exposed to a persistent west-southward current
and higher wave and current energy (Fig. 2), reducing resi-
dence times of suspended particles at this site. The prevail-
ing east-southeasterly winds observed throughout the study
period suggest that swell likely approaches from the same
direction, meaning the eastern reef would be relatively shel-
tered compared to the western reef.

Trace metals were found at both reef sites, but values were
consistently higher at the western reef, particularly for Pb
and other pollution indicators (Figs. 7 and S2). These trace
elements suggest a complex interplay of marine biological
activity and potential anthropogenic influences, with origins
ranging from marine organism decomposition to maritime
and industrial processes (Caballero-Gallardo et al., 2020;
Fernandez et al., 2007). The presence of Pb and Ni indicates
potential anthropogenic input, such as maritime activities, or
influence of coastal infrastructure (Nalley et al., 2021; Fer-
nandez et al., 2007) and corroborates high anthropogenic in-
put (Van de Loosdrecht et al., 2026). In particular, the port of

Schottegat, a larger and more industrialized harbor located
upstream of the dominant current, may act as an additional
source of trace metals to the western reef beyond Piscadera
Bay itself, though the measurements used here do not allow
us to distinguish between these sources.

4.2 Temporal patterns

Mass fluxes recorded at both reef sites during April–May
(dry season) fall within the ranges reported for reefs world-
wide that are relatively uninfluenced by human activi-
ties (i.e., 1–10 gm−2 d−1) (Rogers, 1990). However, during
October–November (wet season), this range is greatly ex-
ceeded at both reef sites (except for the western reef at 18 m
water depth), with mass fluxes reaching 18–40 gm−2 d−1. In
addition, organic matter fluxes measured in reefs near other
bays in Curaçao (e.g. Santa Martha) are half of the fluxes we
measured in both the east (8 and 18 m) and west (8 m) during
the wet season (de Jong et al., 2025)

Flux–environment correlations were stronger in the wet
season, with reef fluxes 2–3 times higher during peak rain-
fall (Figs. 4, 5, and 7), consistent with reported seasonal in-
creases (Ismail et al., 2005; Li et al., 2013) and even ex-
treme storm-driven surges (> 1000-fold; Risk, 2014). The
wet-season deployment coincided with an intense rainfall
event during an El Niño year, therefore the observed wet-
season fluxes likely reflect episodic forcing rather than a cli-
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Figure 7. Heat maps of elemental intensities of Al, Pb/Al and Ca/Fe in sediment trap samples during the (a) April–May (dry season in
orange) and (b) October–November (wet season in blue). The x axis represents sampling dates, and the y axis displays the five sampled
locations (Mouth, East 8, East 18, West 8 and West 18). The color scale indicates the centered log-ratios (CLR) of elemental intensities for
Al and log-ratios for Pb/Al and Ca/Fe.

matological seasonal mean. Rainfall during April–May 2023
was substantially lower than the long-term monthly averages
of 19.6 mm in April and 19.6 mm in May, as only 6 mm
total rainfall was recorded during the sampling period. In
contrast, October–November 2023 showed frequent rainfall,
consistent with the climatological wet season when average
monthly precipitation increases to 83.7 mm in October and
96.7 mm in November. Wind conditions also followed the

expected seasonal cycle, with stronger trade winds in April–
May (long-term means 31.1–32.0 kmh−1; measured mean
∼ 20 ms−1) and weaker, more variable winds in October–
November (long-term means 24.6–25.1 kmh−1; measured
mean ∼ 15 ms−1). Seawater temperatures exceeding 30 °C
during October–November were above the typical Curaçao
water temperature range of 26–29 °C, with shallow reef wa-
ters maintaining annual mean temperatures of 27.6–27.9 °C
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(Bolden et al., 2026), suggesting anomalously warm ma-
rine conditions. These drier-than-normal conditions and el-
evated late-year temperatures are broadly consistent with
Caribbean anomalies reported during strong El Niño years
(Meteorological-Department-Curaçao, 2025). High rainfall
during the 2023 El Niño amplified wet-season dynamics by
increasing runoff and wastewater inputs, leading to elevated
fluxes (Table 1) and higher Si, Al, Fe, and Mn at the bay
mouth (Fig. 6). Wastewater management on the island is
very limited, with only 20 % of the population connected to
sewage systems (Wit et al., 2025). Additional anthropogenic
inputs, including the emergency sewage overflow (Govers
et al., 2014), deliver organic-rich wastewater to reefs dur-
ing heavy rainfall, enhancing Corg and total N fluxes and
strengthening their correlations with Fe and Mn (Fig. 8).

The bay mouth exhibits the most pronounced correlations
(Fig. S4), particularly during the wet season, where fluxes
and elemental concentrations align with rainfall and wind dy-
namics. This suggests that the mouth functions as a conduit
for terrestrial and marine material exchange, with runoff and
hydrodynamics controlling SPM composition. Similar pat-
terns have been observed on other Caribbean islands, with in-
creased presence of elements indicating runoff such as Fe, Si
and Al following rain events (Larson et al., 2015). Although
Si can also indicate biogenic silica (i.e. diatoms) (Lobo et al.,
2016; Palmer and Abbott, 1986), the alignment of Si with Fe
and Al trends suggests it primarily reflects terrestrial runoff
in our case. In addition, groundwater in Curaçao has been
shown to contain elevated nitrogen and trace metal concen-
tration in urban areas, largely due to wastewater leakage, and
this contaminated groundwater discharges into coastal zones
and bays, posing a risk for nutrient enrichment in these areas
(Wit et al., 2025).

At the eastern reef, a similar but less pronounced trend
is observed, with environmental influences becoming more
prominent during October–November. In contrast, the west-
ern reef shows minimal correlations in April–May, indicating
that local sedimentary processes such as resuspension likely
determine SPM characteristics. During this period, limited
exchange between the bay and nearshore area is expected
due to a pronounced front at the bay mouth, associated with
saline and warm bay waters, limiting the export of suspended
material (Sánchez Barranco et al., 2025). In addition, the pre-
vailing northwestward Caribbean Current along the southern
coastline of Curaçao facilitates the transport of substances
from Schottegat and the Willemstad area toward the western
reef in the dry season (April–May).

Correlations increase during the wet season, when this
front weakens or disappears due to rainfall-driven mixing
and enhanced bay–ocean exchange. This results in increased
mobilization and transport of SPM and associated elements
along the southwest coast reefs (Sánchez Barranco et al.,
2025; Van de Loosdrecht et al., 2026). This exchange favors
the suspension of finer particles (more silt and clay), which
provide larger surface area for adsorption of metals and or-

ganic matter, enriching particle-bound elements such as Cu,
Zn, Pb, and Ni (Lakhan et al., 2003; Malarkey et al., 2015;
Bergamaschi et al., 1997). At the same time, the dominant
northwestward Caribbean Current is weakening resulting in
the more frequent occurrence of cyclonic eddy conditions
during these months, which can modify nearshore circula-
tion and enhance retention or redistribution of bay-derived
material along the coast (Bertoncelj et al., 2025).

East of the bay’s mouth, the seasonal variability in sus-
pended matter, both its abundance and composition, is less
pronounced than at the mouth. At 8 m water depth, mass
fluxes in the wet season were highest. At 18 m however, mass
fluxes show no significant seasonal differences although el-
emental compositions vary consistently between 8 and 18 m
water depths, suggesting a depth-dependent gradient in the
bay’s influence. This vertical variability may be driven by
several processes: fine-grained particles originating from the
bay or from runoff may settle closer to shore before reach-
ing deeper waters (McCave, 1975); differences in current
speeds or directions between depths may influence the trans-
port and resuspension of particles (Gardner et al., 2018);
and other environmental conditions such as stratification or
wave-induced mixing may act to retain suspended material
at shallow depths.

4.3 The role of hydrodynamics

Hydrodynamics shape the conditions for suspension and set-
tling of particulate matter at this site, with current speeds
higher than those in the eastern reef (Fig. 2). The effect of
current speed appears to be depth-dependent: at 8 m water
depth we still observe bay or land influence, as evidenced by
fluctuating fluxes during the wet season that correspond with
rainfall events (Fig. 5). However, at 18 m water depth, this ef-
fect is not noticeable, suggesting diminished influence from
surface runoff at greater depths. The higher current veloci-
ties affect SPM dynamics by reducing particle settling time
and increasing resuspension, resulting in winnowing of fine
material from the seabed and increased turbidity in the water
column (de Jong et al., 2025; Prochnow et al., 1999; Cuttler
et al., 2017).

Wave energy is expected to have been higher during the
drier April–May period when wind speeds were stronger.
Unfortunately, no wave buoy or water level data are avail-
able at or near the study site; the only tide gauge in Cu-
raçao is located at Schottegat (Willemstad harbour), approx-
imately 6 km away within an enclosed bay, making it unsuit-
able as a proxy for open-coast wave conditions at the reef
sites. Safak et al. (2015) demonstrated through modeling that
in areas surrounding shallow coastal bays, particularly near
inlets where water circulation is restricted, tidal forces can
enhance material accumulation. This process is supported by
our data, showing elevated concentrations of terrigenous ele-
ments (Fig. 7) at the mouth and eastern reef site, and strong
correlations between water pressure (used here as a proxy
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Figure 8. Redundancy analysis (RDA) biplot of sediment trap data collected from three locations in the bay (mouth, East, and West) during
dry and wet seasons. Points are colored by sampling moment and shaped by location, with ellipses representing clusters at 95 % confidence.
RDA1 explains 48.57 % of the variance and is primarily determined by depth, distance to land, and distance to the mouth, separating the
locations. RDA2 accounts for only 7.05 % of the variance and is driven by rainfall, wind speed, and wind direction, distinguishing between
seasons

for tidal variation, Fig. S4) and both mass fluxes and coarser
material, possibly reflecting both tidal transport and the pref-
erential settling of coarser particles close to the bay mouth.
This suggests that tidal forcing drives episodic pulses of sus-
pended matter export from the bay, with coarser and heavier
particles depositing preferentially near the mouth due to their
faster settling velocities.

4.4 Redundancy analysis

These spatial and seasonal patterns are further supported by
results of a redundancy analysis (Fig. 8), showing that ap-
proximately 49 % of the total variance in SPM characteristics
is explained by spatial factors including depth, distance to
land, and proximity to the mouth of Piscadera Bay. Although
Depth, Distance to land, and Distance to mouth are struc-
turally linked to sampling location, low VIF values (< 3)
confirm these variables are not collinear, supporting the reli-
ability of RDA1’s explained variance (48.57 %). In line with
our results, Jouon et al. (2008) showed that fluxes of sus-
pended particles have higher variability over space than over
time. This analysis clearly differentiated the western reef

(characterized by marine-associated elements) from the bay
mouth (dominated by terrestrial markers), with the eastern
reef showing intermediate characteristics. A portion of vari-
ance (7 %) is attributable to seasonal factors, primarily driven
by rainfall, wind speed, and wind direction. This multivari-
ate approach confirms that the bay’s influence follows both
spatial gradients and responds to seasonal changes in envi-
ronmental conditions.

4.5 Ecological implications

The observed SPM flux patterns reveal a clear spatial gra-
dient of terrestrial matter input, with potentially signifi-
cant ecological consequences. Increased eutrophication, sed-
imentation, and decreased herbivory have been identified as
key factors reducing coral resilience (Kuffner et al., 2008).
Dutra et al. (2006) showed that SPM fluxes higher than
10 gm−2 d−1, which in our study were recorded in both reefs
during October–November, correlate with lower coral larvae
survival and settlement and negatively affect coral growth.
The eastern reef, more directly connected to the bay, re-
ceives higher concentrations of fine matter compared to the
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western reef. Fine-grained material can have detrimental ef-
fects on reef ecosystems, primarily by altering benthic con-
ditions and preventing coral larvae settlement (Risk, 2014;
Hodgson, 1990). In addition, increased water turbidity di-
minishes photosynthetically available radiation, which is cru-
cial for coral and algal photosynthesis (Rogers and Ramos-
Scharrón, 2022; Weber et al., 2012; Fabricius, 2005). Al-
though elevated organic content may initially appear ben-
eficial, chronic nutrient enrichment has been shown to ex-
acerbate coral disease prevalence and bleaching (Aronson
et al., 2003; Vega Thurber et al., 2014), while also promot-
ing abundances of opportunistic organisms such as turf al-
gae, macroalgae, and bacterial communities that can rapidly
colonize available substrate and outcompete corals for space
and light resources, ultimately leading to phase shifts from
coral-dominated to algae-dominated reef systems (Gorgula
and Connell, 2004; Vermeij et al., 2010).

In the past decades, studies have shown the effect of these
bays in nearby reefs and the properties of the water col-
umn. For instance, Govers et al. (2014) demonstrated that
other ecosystems, such as seagrass beds, are threatened by
eutrophication resulting from emergency wastewater over-
flow and coastal housing near these bays. Also, recent stud-
ies have proven the presence of organic chemical pollution
around bays in Curaçao as indicators of waste water and in-
dustrial pollution (de Jong et al., 2025). The SPM dynamics
observed in this study provide important insights into the en-
vironmental conditions affecting the reefs surrounding Pis-
cadera Bay, which have undergone significant benthic cover
transformations in recent decades. In-situ studies conducted
around Piscadera Bay have demonstrated that turf algae and
microalgae take up nutrients more efficiently than corals af-
ter episodic release by plumes from the bay during rainfall
events, thereby providing these algae with a competitive ad-
vantage over corals (Den Haan et al., 2016; Vermeij et al.,
2010). While these observations are consistent with long-
term benthic shifts documented at these reefs, the present
study cannot resolve whether current SPM regimes initiated
these changes or primarily contribute to maintaining the ex-
isting algal-dominated state.

Our study also shows relatively high levels of elements
such as Fe, Al and Mn, which corroborates with the land-
derived anthropogenic signatures found along the southwest
coast of Curaçao (Van de Loosdrecht et al., 2026). Reefs
close to land areas with increasing altered surface (i.e., the
proportion of the onshore watershed that was occupied by
human-modified surfaces, including habitations, commercial
developments, and roads that can be associated with in-
creased risk for urban runoff and pollution) showed higher
loading of pollutants, and this correlation was enhanced with
higher precipitation (Van de Loosdrecht et al., 2026). While
XRF measurements are semi-quantitative and primarily re-
flect relative abundances, they are useful to indicate terres-
trial runoff. Accordingly, XRF-derived elemental intensities
and ratios are interpreted as relative spatial and temporal

variations rather than absolute concentrations and therefore
cannot be directly compared to established toxicity thresh-
olds. Nevertheless, elevated concentrations of terrestrially
derived material can be harmful to corals and may promote
growth of cyanobacteria and turf algae (Kelly, 2013; Essle-
mont, 1999). Turf algae, which can rapidly colonize newly
available substratum, have become dominant on many coral
reefs worldwide (Sandin et al., 2008b), further indicating
ecosystem shifts in response to environmental changes. This
pattern has also been seen over the past 40 years in the reefs
of this study. Both the western and eastern reefs have experi-
enced noticeable decrease in coral cover, now predominantly
featuring turf algae and increased abundance of cyanobacte-
rial mats, being more pronounced in the eastern reef, which
is more directly subjected to bay-derived material (Sandin
et al., 2022; De Bakker et al., 2016; Van Duyl, 1985).

The western reef faces different conditions, characterized
by trace-metal values suggesting alternative environmental
pressures. Although Pb and Ni show spatial patterns con-
sistent with anthropogenic inputs, spatial co-variation alone
does not allow a definitive identification of the source. In ma-
rine systems, trace metals can associate not only with ter-
rigenous clays but also with marine organic matter, which
acts as an efficient scavenger in the water column (e.g., Sa-
lomons and Förstner, 1984). The clustering of Pb and Ni with
marine or organic-associated vectors therefore suggests that
their distribution may reflect both source inputs and post-
depositional partitioning processes. We therefore distinguish
between metal origin and transport pathway and interpret the
observed enrichments as consistent with, rather than diag-
nostic of, sewage or maritime sources. The west-southward
current measured at the western reef (Fig. 2) is consistent
with the eddy-like circulation described and predicted for this
period by Bertoncelj et al. (2025), playing a role in dispers-
ing bay-derived materials away from nearshore areas, reduc-
ing residence times and potentially limiting the accumulation
of terrestrial SPM at this site. However, this eddy-driven re-
circulation may simultaneously act as a delivery mechanism
for anthropogenic contaminants transported along the urban-
ized coastline, helping to explain the elevated trace metal sig-
nals (Pb, Ni, Cu) observed preferentially at the western reef.
However, the limited duration of dry-season current mea-
surements restricts quantitative validation of this mechanism.
This same dispersal mechanism also facilitates the broader
distribution of potential contaminants across the reef sys-
tem. The contrasting hydrodynamic conditions between sites
may explain observed differences in reef community com-
position, where the eastern reef, characterized by lower cur-
rent velocities (Fig. 2) and thus longer residence times shows
greater ecological degradation compared to the western reef
(De Bakker et al., 2017; Sandin et al., 2022), which expe-
riences higher current velocities (Fig. 2) and more effective
flushing by the main current system. This differential expo-
sure to terrestrial materials represents a critical factor in un-
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Figure 9. Summary of the spatial and seasonal variability in SPM characteristics and benthic cover (De Bakker et al., 2017) in reefs nearby
Piscadera Bay.

derstanding current reef composition and predicting future
development patterns (Fig. 9).

While the semi-quantitative XRF measurements of Ni, Cu,
and Pb cannot be definitively classified as toxic, their pres-
ence indicates enhanced anthropogenic-related matter fluxes
(Fernandez et al., 2007; Caballero-Gallardo et al., 2020).
For example, Ni can limit calcium available for growth, af-
fect respiration, reduce coral larvae settlement and reproduc-
tion, and negatively impact other key reef organisms such
as anemones or sea urchins (Méndez et al., 2021; Reichelt-
Brushett and Hudspith, 2016; Reichelt-Brushett and Harri-
son, 2005; Nalley et al., 2021). Pb can likewise impair coral
growth and photosynthesis of corals and macroalgae (Bau-
mann et al., 2009). Our findings align with studies suggesting
that chronic exposure to certain pollutants may contribute to
long-term reef degradation (Jackson et al., 2014).

The interpretation of SPM fluxes and composition in shal-
low reef environments is subject to several constraints. Sedi-
ment trap deployments integrate both background conditions
and episodic events, and the wet-season deployment coin-
cided with an intense rainfall event during an El Niño year.

Consequently, the reported wet-season fluxes should be in-
terpreted as event-integrated snapshots rather than seasonal
or annual baselines. In addition, elemental compositions de-
rived from XRF are semi-quantitative and used to assess rel-
ative spatial patterns and source influences; methods such as
ICP-MS could be used to quantify absolute concentrations
and determine whether toxicity thresholds are reached. Fi-
nally, while spatial gradients in elemental composition sug-
gest differing transport and retention processes among reef
sites, definitive source attribution and mechanistic expla-
nations require complementary approaches, including abso-
lute concentration measurements, hydrodynamic modelling,
studying different bay systems and biological indicators.

5 Conclusions

This study highlights the spatial and seasonal dynamics of
suspended particulate matter near Piscadera Bay, one of over
35 bays and water inlets along Curaçao’s south coast that are
subject to varying degrees of human impact. Seasonal differ-
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ences show that dry-season SPM dynamics are controlled by
localized factors (tides, resuspension, currents), while wet-
season conditions are dominated by rainfall, wind, and en-
hanced hydrodynamics.

Coral reefs near bay mouths are particularly influenced by
bay-derived inputs during wet-season runoff. The RDA re-
veals a spatial gradient from the bay mouth to the western
reef, with the eastern reef showing intermediate characteris-
tics (Fig. 8), highlighting the role of bay-ocean exchange in
transport processes. The eastern reef experiences prolonged
exposure to terrestrial material due to proximity and slower
dispersal, potentially intensifying ecological stress, while the
western reef benefits from rapid material dispersal.

The threat to reefs stems from increased pollutant loads
and persistent fine particles that reduce light availability and
transport harmful elements. In sheltered areas, slower hydro-
dynamic exchange prolongs these effects, altering material
quality and quantity reaching reefs with important implica-
tions for reef health and resilience. Future research should
compare SPM characteristics across multiple bays and in-
clude ecotoxicological assays to identify elements posing
the greatest risk – essential for informing targeted mitigation
strategies and evidence-based coastal management.
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