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Macroalgal δ15N indicates land-derived elemental pollution on nearshore 
coral reefs of Curaçao, southern Caribbean

Nienke C.J. van de Loosdrecht a,*, Petra M. Visser a, Milo L. de Baat a, Mark J.A. Vermeij a,b,  
Jasper M. de Goeij a,b

a Dep. Freshwater and Marine Ecology (FAME), Institute for Biodiversity and Ecosystem Dynamics (IBED), University of Amsterdam, Amsterdam, the Netherlands
b Caribbean Research and Management of Biodiversity Foundation (CARMABI Foundation), Willemstad, Curaçao

A B S T R A C T

Coral reef ecosystems are increasingly exposed to a wide variety of anthropogenic pollutants. This study evaluated the spatial and seasonal distribution of land- 
derived substances on fringing reefs of the Caribbean island of Curaçao during two wet- and two dry seasons (2021− 2023), to determine whether spatial differ
ences in δ15N values can serve as a proxy for other forms of pollution, including nutrient availability and potentially toxic elements. The spatial distribution of δ15N 
signatures of macroalgal tissues along the island’s coast was compared to tissue concentrations of 32 nutrients and non-essential elements. Tissue concentrations of 
many micronutrients (Cu, Fe, Mn, Se, Si, Zn) and non-essential elements (Al, Pb, Ti) correlated positively with δ15N. Elemental concentrations and δ15N values 
showed a strong positive correlation with the amount of coastal alteration. Higher rainfall was associated with elevated δ15N values, and this association intensified 
with increased coastal alterations, while δ15N values decreased with depth. Elemental pollution was measured during one wet season, but since it correlated 
positively with δ15N, it is likely to follow similar temporal and spatial patterns as δ15N values. Certain non-essential elements were found in high concentrations at 
only a few sites near industrial, heavily developed areas, and a landfill. Despite such local deviations for specific elements, our findings support the use of isotopic 
signatures in benthic organisms as a proxy for anthropogenic inputs on coral reefs and show that precipitation increases the effect of land-use changes on pollution 
run-off to nearby coral reefs.

1. Introduction

Coral reef ecosystems are biodiversity hotspots and among the most 
productive ecosystems on Earth (Moberg and Folke, 1999; Roberts et al., 
2002; Sobha et al., 2023). Historically, coral reefs thrived in oligotrophic 
waters, owing their high productivity to the efficiency of reef organisms 
in retaining and recycling energy and nutrients (Crossland et al., 1991; 
de Goeij et al., 2013; Hatcher, 1997). In recent decades, global stressors, 
such as climate change, and local stressors, such as overfishing and 
pollution, have negatively impacted coral reef functioning, often 
resulting in the replacement of corals by faster-growing species, such as 
algae and bacteria (Bellwood et al., 2004; França et al., 2020; Hoegh- 
Guldberg et al., 2019; Hughes et al., 2017). Pollution is, however, a very 
generic term covering a wide range of natural (organic and inorganic 
nutrients, heavy metals) and anthropogenic contaminants (xenobiotics 
or micropollutants) that occur at concentrations causing (sub)lethal ef
fects on organisms, or disrupting trophic relationships within marine 
communities (Fabricius, 2005; Häder et al., 2020; Jones and Kerswell, 
2003; Nalley et al., 2021; Schwarzenbach et al., 2006; Page et al., 2023). 
Many of these contaminants originate from land-based sources and 

reach neighboring marine ecosystems through atmospheric deposition, 
surface runoff, groundwater inflow, and deficient wastewater infra
structure (Ennis et al., 2016; Fabricius, 2005; Knee et al., 2024; Mora, 
2008). Certain pathways (e.g., runoff) will predominantly impact 
shallow reefs directly bordering the coast. Thus, depth-related pollutant 
distribution may help identify the dominant transport pathways within 
coastal waterbodies. Both the composition and influx of pollutants into 
nearshore waterbodies often vary over time in response to heavy rain, 
for example (Haapkylä et al., 2011). Rain can elevate pollutant con
centrations in reef waters for extended periods (months) in regions with 
prolonged wet seasons, as well as during short-lived events lasting only a 
few hours (Den Haan et al., 2016). Concentrations of natural compounds 
(e.g., nitrogen) can also vary due to natural processes, such as upwelling 
(Toggweiler and Carson, 1995). The identification of pollutants and 
their sources (i.e., ocean, land, point sources) can therefore be chal
lenging, and complicate management and conservation actions aimed at 
reducing pollution in coastal ecosystems (Adam et al., 2021; Page et al., 
2023; Umezawa et al., 2002).

Dissolved nutrients in seawater often occur at very low concentra
tions and are rapidly taken up by reef organisms to sustain essential life 
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functions (Dailer et al., 2010; Den Haan et al., 2016; Mwaura et al., 
2017; Umezawa et al., 2002). Macro- and micronutrients are actively 
assimilated by organisms, while non-essential elements, such as heavy 
metals, are passively taken up and can bioaccumulate in tissues over 
time, potentially leading to toxic effects (Schneider et al., 2018; Elu
malai et al., 2024; Nitopi et al., 2024). The tissue composition of marine 
organisms reflects the availability and presence of nutrients and ele
ments to which they have been exposed, including a variety of potential 
pollutants. One of the most widely applied techniques based on this 
principle is stable isotope analysis (Risk et al., 2009; Skinner et al., 
2022). This approach uses the relative abundance of stable nitrogen 
isotopes (δ15N) in organismal tissues to infer nitrogen sources (e.g., 
upwelling, benthic nitrogen fixation, sewage) and to study trophic re
lationships within marine communities (Cole et al., 2004; Cooper et al., 
2009; Firstater et al., 2010; Peterson and Fry, 1987; Risk et al., 2009; 
Skinner et al., 2022). Trophic fractionation by which δ15N undergoes a 
stepwise enrichment from diet to consumer tissue due to preferential 
excretion of the lighter 14N isotope during metabolic processes, allows 
for estimation of an organism’s relative trophic position (Peterson and 
Fry, 1987). Different nitrogen sources, such as oceanic nitrate, nitrogen 
fixation, and sewage, often have distinct δ15N signatures (Risk et al., 
2009). For example, wastewater often has characteristically high δ15N 
values (Risk et al., 2009; Dailer et al., 2010), making it a reliable tracer 
in coastal ecosystems. In parallel, the δ13C signature infers on carbon 
sources and is an indicator of primary production rates, which are sen
sitive to environmental gradients, such as light, temperature, and 
nutrient availability (Godinez-Espinosa et al., 2023; Lovelock et al., 
2020). While it is important to account for in situ biogeochemical pro
cesses like denitrification and assimilation that cause isotopic fraction
ation (Heikoop et al., 2000), the time integrated isotopic signature of 
tissue samples helps reveal the dominant, underlying nitrogen sources 
used by the ecosystem. Hence, elevated δ15N signatures in primary 
producers, such as macroalgae are widely used to trace the contribution 
of nitrogen of anthropogenic origin to a system’s local nitrogen budget, 
(Cai et al., 2022; Dailer et al., 2010; Mwaura et al., 2017; Savage and 
Elmgren, 2004; Umezawa et al., 2002). Macroalgae are particularly 
effective bioindicators because they rapidly take up nutrients from the 
water column (Den Haan et al., 2016). Their isotopic signature reflects 
the total dissolved inorganic nitrogen (DIN) assimilated over their life- 
span, which ranges from several weeks to up to months. For example, 
the macroalgal bioindicator Dictyota spp. has a lifespan of maximum 
three months (Baweja et al., 2016). This makes them “time integrated” 
recorders of the amount and origin of local nitrogen pools (Lapointe 
et al., 2004; Risk et al., 2009).

Similar to stable isotope analyses, the elemental stoichiometry of 
algal tissues, such as the carbon-to‑nitrogen ratio (C:N; Sterner and 
Elser, 2002; Stokes et al., 2020; Todd et al., 2009), can also serve as a 
time-integrated proxy of local nutrient regimes. A deviation from the so- 
called Atkinson ratio of marine algal tissues, i.e. 550:30:1 (carbon:ni
trogen:phosporus or C:N:P; Atkinson and Smith, 1983), implies a limi
tation or an excess of available nutrients, as a result of, terrestrial runoff, 
upwelling, or anthropogenic inputs of sewage or agricultural fertilizers 
(Lapointe and Mallin, 2011; Sterner and Elser, 2002). While δ15N values 
trace the sources and processing history of nitrogen, C:N ratios provide 
information about the availability of nutrients and whether they limit 
organismal growth and survival. In other words, low C:N ratios likely 
indicate elevated nitrogen availability regardless of its source, whereas 
elevated δ15N values point specifically to sources, such as anthropogenic 
enrichment. Therefore, combining these complementary approaches 
provides a comprehensive understanding of the sources and the relative 
availability of common nutrients (C, N, P) in coastal ecosystems (Li 
et al., 2016; Risk et al., 2009).

It remains, however, unclear to what degree the sources and amounts 
of nutrients identified through isotopic signatures and C:N:P ratios 
reflect the variety and abundance of other elements, including essential 
nutrients and potentially harmful non-essential elements, that are found 

within common sources of pollution, such as sewage discharge and 
agricultural fertilizers. Elements can be divided into macronutrients (e. 
g., N, P, K, Mg, Ca; see Methods), micronutrients (e.g., Fe, Zn, Mn, B, Cu), 
and non-essential elements (e.g., Al, As, Cd, Pb) (Epstein, 1965; Nitopi 
et al., 2024; Puchades et al., 2022). Macro- and micronutrients are 
essential for the functioning of organisms; however, they can become 
toxic when concentrations exceed certain thresholds (Chrysargyris et al., 
2022; Puchades et al., 2022). Non-essential elements become increas
ingly toxic at increasing concentrations, disrupting cellular signaling 
and metabolism and resulting in damage to cells and tissues (Elumalai 
et al., 2024; Flora et al., 2008; Leonard et al., 2004; Puchades et al., 
2022). Macroalgae can be used as bioindicators of element pollution as 
they bioaccumulate many elements according to their concentrations in 
the surrounding waters (e.g., Chakraborty et al., 2014; Méndez et al., 
2021; Nitopi et al., 2024). Monitoring algal tissues for the presence and 
abundance of elements could help assess whether and to what degree 
their distribution overlaps with more commonly used indicators of local 
pollution, such as stable isotope analyses. Therefore, the present study 
aimed to determine whether macroalgal δ15N can serve as a proxy for 
elemental pollution on coral reefs in general.

During an island-wide survey in 2015 of reefs around the Caribbean 
island of Curaçao, the relative abundance of δ15N in tissues of the 
ubiquitous macroalgae Dictyota spp. was used to trace anthropogenic 
nitrogen input on nearby fringing coral reefs of Curaçao (Sandin et al., 
2022). Strongly elevated macroalgal δ15N values were found on reefs 
near the densely urbanized capital of Willemstad, located in the center 
of the island, compared to algae collected near less populated areas to 
the East and West of the island (Sandin et al., 2022). In the present study, 
we use the same approach to (1) reassess to what degree the distribution 
of human onshore activities correlate with anthropogenic nitrogen in
puts (measured as δ15N, δ13C and C:N ratios in algal tissues) over time, to 
(2) assess spatial (depth) and temporal (wet vs dry seasons) sources of 
variability that underlie variation in these values, and (3) to determine 
to what degree the distribution of such pollutant overlaps with a variety 
of essential and non-essential elements to assess how traditional metrics 
of “anthropogenic pollution” (i.e., using δ15N analyses) reflect the 
abundance of 30 other potentially toxic elements in relationship to 
human activities on shore.

2. Methods

2.1. Study sites, sampling, and sample processing

This study was conducted on the fringing reefs on the leeward coast 
of Curaçao (12 N, 69 W), an island (surface area: 444 km2) in the 
Southern Caribbean Sea. The leeward side of the island is protected from 
the dominating eastern trade winds. Currents generally move in a 
northwestern direction (Bertoncelj et al., 2024; Van Duyl, 1985). Reefs 
occur foremost on the island’s leeward side and are characterized by a 
shallow reef terrace followed by a 45 to 90◦ drop-off around 7–12 m that 
extends to ~60 m depth (Bak, 1975). In November 2015, reefs along the 
island’s leeward shore were surveyed every 700 m along the 10 m iso
bath, which included the assessment of the δ15N signature of the mac
roalgae Dictyota spp. at all sites (Sandin et al., 2022). Measured δ15N 
values correlated strongly and positively (ρ = 0.8, p < 0.001) with the 
proportion of coast that was modified by humans (“altered surface”). 
Altered surface is the proportion of each site’s neighboring watershed 
with (including habitations, commercial developments, and roads). 
Watersheds were delineated using a digital elevation model (10 m × 10 
m cells; Dutch Caribbean Nature Alliance), and the proportion of each 
watershed covered by human constructions was calculated in ARCGIS 
based on land-use maps from 2018 provided by the Curacaoan Ministry 
of Traffic, Transportation, and Urban Planning (VVRP). The present 
study applied the same proportion of altered surface values as proxies 
for human onshore activities to assess the effects of seasonal variation 
(wet season versus dry season) and water depth (three depth intervals: 
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5–8 m, 10–15 m, 25–30 m) on the isotopic and elemental characteristics 
of the tissues of the brown algae Dictyota spp. at 18 sites along Curaçao’s 
leeward coast (Fig. 1; Table S1). In addition, we assessed the correlation 
between population density (Central Bureau of Statistics (CBS-CW. 
Census, 2023) with altered surface. Seasonal rainfall was approximated 
using cumulative totals from October–November and April–May, used as 
a proxy for the wet and dry seasons, respectively (Fig. S1).

During the first sampling round covering a wet (October and 
November 2021) and a dry season (April and May 2022), samples from 
three individuals of the benthic macroalga (Dictyota spp.) were collected 
from three depth zones (5–8 m, 10–15 m, 25–30 m) per site for second 
sampling round, which also included a wet (October and November 
2022) and a dry season (April and May 2023), five Dictyota spp. in
dividuals were sampled per site at 10 of the aforementioned 18 sites 
(Fig. 1; Table S1). These samples were collected from shallow depths 
(5–8 m) only and used to quantify the temporal variability in nutrient 
content (C, N) and stable isotope signatures (Fig. 1; Table S1). Addi
tionally, three of these five individuals collected during the 2022 wet 
season were further analyzed to determine the concentration of 30 el
ements (see below) in their tissues. All Dictyota spp. samples were 
collected while SCUBA diving by tearing off healthy-looking tissues that 
were individually stored in Zip-Lock bags. Samples were then stored on 
ice during transportation to the laboratory, where they were immedi
ately rinsed with Type I ultrapure water (Elga Purelab Classic UV) to 
remove excess salts and other debris. Subsequently, samples were stored 
in a freezer (− 20 ◦C) for a minimum of 48 h before lyophilization 
(Scanvac Coolsafe 55–4, Labogene). Lyophilized samples were trans
ported to the University of Amsterdam (The Netherlands), where they 
were ground to powder using a mortar and pestle before analyses.

2.2. Stable-isotope and elemental tissue concentrations

For the analyses of δ15N and δ13C stable isotopic ratio and organic C 
and N content, 7.5 mg dry-weight of tissue per sampled individual was 
transferred to silver cups and treated with drops of 2 mol L− 1 hydro
chloric acid until effervescence of inorganic carbonates ceased. After 
acidification, samples were dried overnight on a heating plate (60 ◦C) 
and subsequently enclosed in the silver cups using tweezers. Measure
ments of δ15N and N content were first performed on both non-acidified 
and acidified samples (n = 977). As no significant differences were 
found between acidified and non-acidified samples in N content and 
δ15N (two-sample t-test: t977 = 1.22, p = 0.22), the remaining samples 
were subsequently analyzed only after acidification. The samples were 
analyzed using an Elementar Vario El Cube elemental analyzer (EA; 
Elementar Analysensysteme GmbH, Germany) connected to an Isoprime 
vision isotopic ratio mass spectrometer (IRMS; Elementar Analy
sensysteme, GmbH, Germany) at the University of Amsterdam. The 
stable isotopic ratios were measured against International Atomic En
ergy Agency/United States Geological Survey (IAEA/USGS) standards: 
for δ15N IAEA N2 – Ammonium sulfate, 20.3 ‰ air and USGS 25 – 
Ammonium sulfate, 30.4 ‰ air, and for δ13C IAEA 600 - Caffeine, 
− 27.771 VPDB (Vienna PeeDee Belemnite) and IAEA CH6 – Sucrose, 
10.449 VPDB. Acetanilide standards (Sigma-Aldrich, Merck KGaA, DE) 
were used for %C and %N measurements. Repeated measurements 
throughout all sequences had a standard deviation of 0.12 ‰ air for 
IAEA N2, 0.12 ‰ for USGS 25, 0.20 ‰ VPDB for IAEA 600, and 0.07 ‰ 
for IAEA CH6. The 15N and 13Cenrichment in bulk tissues was expressed 
as deviations (in δ, parts per thousand, ‰) relative to atmospheric N2 as 
reference material: 

Fig. 1. Sampling sites and altered surface along the leeward coast of Curaçao in the southern Caribbean Sea. Shoreline segments are colored and scaled 
according to the proportion of adjacent coast altered by human infrastructure. Filled circles mark sampling sites, colored by sampling campaign and sampling depth: 
wet 2021 (light blue; October-November; 5-8, 10-15, and 25-30 m) and dry 2022 (light blue; April-May; 5-8, 10-15, and25-30 m), wet 2022 (dark blue; October- 
November; 5-8 m) and dry 2023 (dark blue; April-May; 5-8 m). Numbers identify sampling sites.
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δ15N or δ13C (‰) =
[
Rsample

/
Rreference–1

]
x 103 

where R is the ratio of the heavy versus the light isotope of the element 
(15N/14N or 13C/12C) in the sample or reference material.

For elemental analysis, Dictyota tissue samples were acid-digested 
using 3:1 HNO3/HCl in a microwave (Paar Physica Multiwave). Tissue 
concentrations for Dictyota spp. were determined for 6 macronutrients, 
in addition to C and N (calcium (Ca), potassium (K), magnesium (Mg), 
natrium (Na), phosphate (P), sulphur (S)), 11 micronutrients ((chro
mium (Cr), copper (Cu), iron (Fe), manganese (Mn), molybdenum (Mo), 
nickel (Ni), selenium (Se), silicon (Si), strontium (Sr), vanadium (V), 
zinc (Zn)), and 13 non-essential elements ((silver (Ag), aluminum (Al), 
arsenic (As), boron (B), barium (Ba), beryllium (Be), cadmium (Cd), 
cobalt (Co), lithium (Li), lead (Pb), antimony (Sb), tin (Sn), titanium 
(Ti)) with an Inductively Coupled Plasma Optical Emission Spectrom
eter (ICP-OES; Perkin Elmer Optima 8000 Optical Emission Spectrom
eter with Perkin Elmer S10 autosampler). Measurements were 
performed according to standardized procedures (van de Wiel, 2003) 
with the sample concentration at a maximum of 20 % deviation from 
internal standard concentrations. When concentrations of elements fell 
below the limit of detection (LOD), their values were set to 0.5*LOD 
(Table S2), following guidance on environmental contaminant analyses 
provided by the United States Environmental Protection Agency (U.S. 
Environmental Protection Agency, 1991).

2.3. Statistical analyses

All statistics were performed in RStudio (RStudio team, 2024; R Core 
Team, 2024). The δ15N and C:N ratios of Dictyota spp., were analyzed 
using linear regression models. For each sampling season, δ15N, δ13C 
and C:N were modeled as a function of altered surface (i.e., proportion of 
shoreline modified by human activities) and sampling depth. To eval
uate temporal patterns across all four seasons, δ15N, δ13C and C:N were 
modeled as a function of altered surface and average cumulative rainfall 
during the sampling season. Pearson correlations were used to evaluate 
the relationships between altered surface and coastal population den
sity, δ15N, δ13C, and C:N over the years, and the elemental concentra
tions. We performed a principal component analysis (PCA) including 
δ15N, δ13C, C:N and N:P ratio, and all quantified elements as explanatory 
variables to identify drivers of variation across reef sites.

3. Results

3.1. Spatio-temporal distribution of δ15N, δ13C and C:N

3.1.1. Spatial distribution of δ15N, δ13C and C:N
In both the 2021 wet and 2022 dry seasons, the δ15N values of Dic

tyota spp. increased towards sites with a higher proportion of altered 

surface (i.e., more human-modified shoreline) and decreased slightly 
with increasing depth (Table 1; Fig. 2). In contrast, the δ13C values 
decreased with altered surface and with depth in both seasons (Table 1; 
Fig. S2). The C:N ratios decreased with altered surface in both seasons, 
while depth had a negative effect only in the 2022 dry season (Table 1; 
Fig. S4).

3.1.2. Temporal distribution of δ15N, δ13C and C:N
The δ15N values of Dictyota spp. on shallow reefs increased with 

higher average precipitation during a sampling season and increased 
towards sites with a higher degree of altered surface (Figs. 2–3, S2–3; 
Table 2). The effects of coastal alterations and precipitation on the δ15N 
values and C:N ratio of Dictyota spp. were additive, with the highest δ15N 
values observed near densely populated coasts following heavy rain. 
Conversely, C:N ratios decreased towards more developed coastlines in 
all sampled seasons, and were also lower during sampling seasons with 
higher average precipitation (Figs. 3, S4–5, Table 2). The δ13C values 
decreased with higher proportion of altered surface, however, did not 
show a significant relationship with rainfall (Table 2).

3.2. Spatial distribution of biotic elemental concentrations

Concentrations of 32 elements, including macro- and micronutrients 
and non-essential elements, were determined in Dictyota spp. tissues 
collected during the wet season (2022) at 5–8 m at 10 sites spanning the 
entire leeward coast of Curaçao (Fig. S6a-c). The island-wide averages 
for all elements are shown in Table S2.

Five non-essential elements (Be, Cd, Co, Sb, and Sn) were present 
below the detection limit in all Dictyota spp. samples. Among the 
remaining 27 elements, 12 showed significant relationships with the 
degree of coastal alteration (Fig. 4). The concentrations of two macro
nutrients (C and K) negatively related to the degree of human alteration 
of neighboring coasts, whereas the abundance of one macronutrient 
(Ca), six micronutrients (Zn, Mn, Fe, Si, Cu, Se) and three non-essential 
elements (Pb, Al, Ti) were significantly positively related to coastal 
alteration (Fig. 4). Also, the altered surface correlated positively with 
other metrics of human disturbance, such as population density and 
δ15N (Fig. 4). Certain micronutrients and non-essential elements were 
only locally observed. For example, the non-essential elements Li, Pb, Ag 
and Ba, and micronutrients Cu, Se, and Mo, were all detected at 3 sites or 
less.

The spatial organization across sites on the first two principal com
ponents of the PCA explained 57.6 % of the total variance (PC1 = 39.5 
%, PC2 = 18.1 %) and several patterns emerged (Fig. 5). Sites located at 
the island’s western and eastern tips (1. Kalki and 18. Eastpoint, 
respectively) were separated from the other sites along PC1 and char
acterized by higher concentrations of macronutrients C, K, N, and P. 
Contrastingly, sites near the island’s capital (11. Water factory, 12. 

Table 1 
Linear regression results reporting the relationships across sites between δ15N, δ13C and C:N ratios measured in Dictyota spp. and two predictors: altered surface (degree 
of human-modified shoreline) and collection depth. Measured Dictyota spp. samples were collected during the 2021 wet (October–November) and 2022 dry season 
(April–May). Reported statistics include unstandardized regression coefficients (B), standard errors (SE), standardized regression coefficients (β), t statistics, and 
significance levels (p; significant relationships are highlighted in bold).

Season Predictor B SE β t p

δ15N 2021 wet Altered surface 2.566 0.230 0.645 11.13 < 0.001
Depth − 0.147 0.035 − 0.246 − 4.25 < 0.001

2022 dry
Altered surface 1.026 0.188 0.316 5.45 < 0.001
Depth − 0.082 0.029 − 0.163 − 2.82 < 0.01

δ13C
2021 wet Altered surface − 1.770 0.734 − 0.173 − 2.41 < 0.05

Depth − 0.058 0.011 − 0.378 − 5.26 < 0.001

2022 dry
Altered surface − 2.570 0.462 − 0.231 − 5.55 < 0.001
Depth − 0.122 0.007 − 0.751 − 17.2 < 0.001

C:N ratio
2021 wet

Altered surface − 2.405 1.193 − 0.157 − 2.02 < 0.05
Depth 0.082 0.179 0.036 0.46 0.65

2022 dry
Altered surface − 4.046 1.293 − 0.183 − 3.13 < 0.01
Depth − 1.087 0.200 − 0.318 − 5.43 < 0.001
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Punda) clustered in the opposite direction along PC1, in association with 
elevated δ15N values, and increased tissue concentrations of non- 
essential elements and several micronutrients. One site on the west 
side away from the island’s urban center (7. Kokomo) clustered among 
urban sites. Interestingly, this site is located downstream of the water
shed holding the island’s major landfill. Along PC2, two sites (8. Boka 
Sami and 9. Buoy 1) were distinguished based on elevated concentra
tions of Ag, Li, S, and Mg. The remaining sites clustered centrally 
without distinct patterns of elemental composition. Nutrient ratios (C:N 
and N:P) contributed minimally to the separation among sites. C:N ratios 

correlated negatively with the degree of human alteration of neigh
boring coasts (ρ = − 0.54, p < 0.001), however, no relationship was 
found for N:P ratios (ρ = 0.01, p = 0.98, Fig. 4).

4. Discussion

This study shows a clear spatial pattern of land-derived anthropo
genic inputs to nearshore waters, indicated by elevated levels of δ15N 
and most micronutrients and non-essential elements. Building on an 
island-wide survey in 2015 showing elevated δ15N in tissues of the 

Fig. 2. The spatial distribution of δ15N (in ‰) in Dictyota spp. at three water depths (5-8, 10-15, and 25-30 m) collected during the wet season of 2021 (middle panel) 
and the dry season of 2022 (bottom panel) along the coast of Curaçao, with its corresponding altered surface proportion (top panel).
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macroalgae Dictyota spp. near highly urbanized areas, we found that, in 
addition to coastal development, higher δ15N values and availability of 
nitrogen (indicated by lower C:N ratios) corresponded to increased 
rainfall and shallower depths. The latter suggests freshwater input from 
runoff, groundwater flow, and direct sewage discharge as important 
pathways by which anthropogenic pollutants reach nearby reefs. Our 
finding that rainfall amplified the effect of coastal development on 
pollutant loading on nearby reefs, aligns with observations in other 
Caribbean and Pacific reefs showing storm events amplifying land-based 
nutrient and pollutant loading (e.g. Carlson et al., 2019; Lapointe et al., 
2005; Risk et al., 2009).

4.1. Tracking anthropogenic substance input on reefs through δ15N, δ13C 
and C:N ratios

The δ15N values of Dictyota spp. on the fringing reefs of Curaçao 
between 5 and 8 m water depth were significantly elevated towards 
more developed coastlines during the wet seasons of 2021 and 2022. 
Under undisturbed conditions, macroalgae often display low δ15N 
values (< 3 ‰, Skinner et al., 2022) that foremost reflect inputs from N₂- 
fixation or unpolluted oceanic sources (Umezawa et al., 2002). In 
contrast, sites affected by contamination with sewage show markedly 
higher δ15N signatures (Risk et al., 2009; Skinner et al., 2022). The δ15N 
values of Dictyota spp. tissues collected from shallow reefs during the 
wet season in the present study were consistent with values obtained in 
other studies: < 3 ‰ at sites with little human impact and 3.0–19.0 ‰ at 
sites affected by known anthropogenic DIN sources (Baker et al., 2010; 
Lachs et al., 2019; Lapointe et al., 2015; Risk et al., 2009; Todd et al., 

2009). While other factors can influence local δ15N levels (e.g., up
welling, export, N2-fixation), the strong relationship between elevated 
δ15N values and coastal development observed in this study (and earlier 
ones, see Sandin et al., 2022) suggests that sewage waters enter Cura
çao’s nearshore reef water near urbanized coastlines, as has been 
observed in many other locations (Dailer et al., 2010; Lachs et al., 2019; 
Risk et al., 2009). Curaçao’s wastewater system does not separate 
sewage and rainwater, often referred to as a “combined sewer system”. 
In and around the island’s capital, sewage is commonly discharged 
directly into the ocean when the system’s capacity is exceeded during 
heavy rainfall (Snijders et al., 2023). Such overflow could explain the 
observed increased δ15N values in Dictyota spp. near the urbanized 
areas. Rainfall will also enhance surface runoff and groundwater flow, 
further increasing the amount of nitrogen moving from land towards 
coastal waters (Bainbridge et al., 2018; Carlson et al., 2019), especially 
in areas with suboptimal sewage infrastructure in the form of cesspits or 
dysfunctional septic systems (Kruczynski and McManus, 2002; Risk 
et al., 2009). Our observation that δ15N enrichment in Dictyota spp. 
foremost occurred in shallow waters (5–8 m) supports a freshwater- 
based origin of excess N in Curaçao’s coastal waters. Such inputs from 
runoff, groundwater intrusion, and direct discharge all consist of 
freshwater that likely concentrates at the surface of denser coastal water 
bodies. Dilution through mixing with (offshore) marine waters will 
reduce the anthropogenic signal with increasing depth and distance 
from shore (Bertoncelj et al., 2024; Michael et al., 2005; Wyatt et al., 
2012). δ15N enrichment of +8 to 12 ‰ on shallow reefs near sewage 
outfalls has been reported elsewhere in the Caribbean with declines to 
+3 ‰ in an offshore direction and towards greater depths (Lapointe 

Fig. 3. Bivariate locally estimated scatterplot smoothing (LOESS) surface of δ15N (‰; left panel) and C:N ratio (molar; right panel) in Dictyota spp. as a function of 
rainfall (in mm) and the proportion of altered surface. A locally weighted polynomial regression was fitted (LOESS; span = 0.65, degree = 2; interpolation only, no 
extrapolation beyond the data hull). The colored surface shows model predictions. Black points are observed site-level values (means across replicates per site and 
rainfall; plotted at the site’s observed altered-surface value).

Table 2 
Linear regression reporting the relationships across sites between δ15N, δ13C and C:N ratios measured in Dictyota spp. and two predictors: altered surface (degree of 
human-modified shoreline) and average seasonal precipitation. Analyses include all four sampling seasons: the 2021 and 2022 wet (October–November) and 2022 and 
2023 dry seasons (April–May). Reported statistics include unstandardized regression coefficients (B), standard errors (SE), standardized coefficients (β), t statistics, and 
significance levels (p; significant relationships are highlighted in bold).

Response Season Predictor B SE β t p

δ15N All seasons combined
Altered surface 1.751 0.237 0.388 7.379 < 0.001
Rainfall 0.002 0.000 0.399 7.587 < 0.001

δ13C All seasons combined
Altered surface − 3.090 0.667 − 2.83 − 4.62 < 0.001
Rainfall 0.001 0.001 0.076 1.24 0.217

C:N ratio All seasons combined Altered surface − 6.369 1.168 − 0.310 − 5.451 < 0.001
Rainfall − 0.008 0.001 − 0.364 − 6.402 < 0.001
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et al., 2005, 2010; Risk et al., 2009). The δ15N values measured in this 
study were at the lower end of the expected range for anthropogenic 
inputs, indicating limited anthropogenic N input on all reefs surround
ing Curaçao during our study period. However, δ15N is an integrated 
tracer, susceptible to dilution by isotopically-depleted nitrogen sources, 
such as synthetic fertilizers (Kreitler and Browning, 1983), oceanic ni
trogen or products of N2 fixation (Minagawa and Wada, 1986) and thus 
potentially masking the extent of wastewater-derived nutrient loading 
(Baker et al., 2010).

The strong correlation between elevated δ15N values and coastal 
development observed in this study (and earlier ones, see Sandin et al., 
2022) demonstrates that δ15N in macroalgae is a sensitive bioindicator 
for detecting anthropogenic influences. Additionally, organisms occur
ring in shallow reef sections are likely most exposed to pollutants from 
land and therefore most suitable to serve as bioindicators for anthro
pogenic pollution compared to organisms that occur deeper or farther 
from shore (Atkinson and Falter, 2003; Wolanski et al., 2005).

In contrast to δ15N, macroalgal δ13C signatures were decoupled from 
rainfall and the macroalga became more depleted of 13C near developed 
coastlines, consistent with inputs of isotopically light terrestrial and 
sewage-derived carbon (Lapointe et al., 2021; Letourneur et al., 2013). 

Alternatively, this gradient could reflect physiological changes driven 
by, e.g., higher productivity, leading to more enriched δ13C values due 
to reduced photosynthetic fractionation (Lovelock et al., 2020; Ocz
kowski et al., 2014). A second spatial trend is the depletion of 13C with 
increasing water depth, which points towards a larger contribution of 
pelagic carbon sources or the influence of light limitation on photo
synthesis, which both result in more negative δ13C values (Lovelock 
et al., 2020; Godinez-Espinosa et al., 2023). The absence of a correlation 
between δ13C and rainfall may indicate that δ13C signatures in Dictyota 
are predominantly driven by ambient (a)biotic factors, and not by land- 
derived substances. However, as δ13C is influenced by multiple, inter
acting drivers that were not measured during this study, no firm con
clusions can be made without further investigation.

While isotopic signatures of macroalgae reflect nitrogen sources and 
trophic transformations, C:N ratios can indicate potential nitrogen lim
itation (Lapointe et al., 2021; Umezawa et al., 2002). The C:N ratios of 
Dictyota spp. decreased, indicating relatively more N availability, to
wards more developed coasts during our study in 2022, whereas no such 
relationship was observed in 2015 (Sandin et al., 2022), illustrating the 
dynamic nature of this relationship. C:N ratios were higher during the 
dry seasons in our study, suggesting lower nitrogen availability, possibly 

Fig. 4. Pearson correlation coefficients (r) between the proportion of altered surface and (i) population density, (ii) δ15N values, (iii) molar C:N ratio (reported for 
2015 survey and wet 2022 dataset), (iv) N:P ratios, and (v) elemental concentrations (wet 2022 dataset) in Dictyota spp. The wet 2022 dataset comprises of samples 
from 10 reef sites on the island of Curaçao (5-8 m depth, October and November 2022). Bars indicate the strength and direction of the correlation for each element, 
grouped by element type (macronutrient, micronutrient, non-essential element). Darker shading indicates statistically significant correlations (p < 0.05).
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due to reduced inputs of terrestrial N associated with lower rainfall. 
Nevertheless, N limitation appeared absent in Dictyota spp. as C:N ratios 
below ~20 indicate the absence of nitrogen-limited growth in macro
algae (Atkinson and Smith, 1983). The decreasing C:N ratios with 
increased coastal development suggest eutrophication of Curaçao’s 
leeward urbanized coast.

4.2. Elemental composition of algal tissues in response to coastal 
modification

Based on our sampling during the wet season of 2022, we examined 
to what degree spatial patterns of human disturbance of nearshore 
marine communities, derived from δ15N measurements, reflected 
broader pollution patterns, such as those of other nutrients and non- 
essential elements. The average concentrations of most micronutrients 
and non-essential elements (17 out of 18) especially increased with 
human modification of coastal areas, mirroring the patterns of δ15N. The 
concentration of macronutrients either significantly increased (Ca) or 
decreased (C, K) at sites experiencing increased coastal development. 
Increased Ca concentrations could result from increased reef dissolution 
at reef sites close to urban development and point to reef degradation 
(Eyre et al., 2014). Many macronutrients (C, K, N, and P) trended to
wards higher concentrations near sparsely developed areas at the 
island’s tips, which may reflect input from oceanic nutrient sources 
through upwelling, as shown in a recent study (Bertoncelj et al., 2024). 
This combination of higher total N content in macroalgae and a low δ15N 
signature as observed specifically at the island’s tips, can be explained 
by processes like N2-fixation, which reduces the δ15N signature (France 
et al., 1998) or isotopic differences between natural oceanic and 
anthropogenic nitrogen sources. DIN derived from anthropogenic 
sources, such as sewage, is typically enriched in 15N (Risk et al., 2009), 
whereas oceanic nitrogen is more isotopically depleted (Kreitler and 
Browning, 1983). Therefore, a low δ15N signature at the island tips 
suggests higher rates of N2 fixation and/or the assimilation of oceanic- 
derived nitrogen by algae. In combination with the high total nitrogen 
content in the macroalgae, this indicates that nitrogen is predominantly 
sourced from unperturbed marine biogeochemical processes (Todd 

et al., 2009). While moderate nutrient enrichment can enhance the 
growth and photosynthetic activity of primary producers (D’Angelo and 
Wiedenmann, 2014; Den Haan et al., 2016; Nalley et al., 2021), exces
sive increases in nutrient concentrations often promote algal overgrowth 
of corals and reduces corals’ resilience to thermal stress (Adam et al., 
2021; D’Angelo and Wiedenmann, 2014; Nalley et al., 2021; Jung et al., 
2025).

The concentrations of certain micronutrients, such as Fe, Mn, and Zn, 
were strongly related to increased coastal development, which corrob
orates earlier studies that identified these elements as indicators of 
terrestrial runoff, wastewater input, and industrial discharge (Billah 
et al., 2017; Govers et al., 2014; Nitopi et al., 2024). These micro
nutrients are nonetheless essential for the functioning of macroalgae. 
For example, Fe plays a vital role in photosynthesis, while Zn serves as a 
cofactor in several metabolic processes (Billah et al., 2017). However, 
excess concentrations of those same micronutrients will induce oxida
tive stress, especially in organisms at higher trophic levels through 
biomagnification (Billah et al., 2017; Méndez et al., 2021).

Six out of seven non-essential elements, that were detected in Dic
tyota, increased in concentration near developed shores. Anthropogenic 
activities related to wastewater, coastal development, and industrial 
activities (e.g., oil refining, which was historically present in Curaçao; 
Bond, 2017) are all well-studied sources of these non-essential elements, 
such as Pb, Al, and Ti (Van Dam et al., 2011; Elumalai et al., 2024). In 
contrast to micro- and macronutrients, organisms do not require non- 
essential elements, though these can bioaccumulate in their tissues 
where they become more toxic as their concentrations increase 
(Ouédraogo et al., 2023). For example, Pb is a legacy contaminant 
originating from industrial activities, shipping, construction, and bat
tery production, which are (or were) common on Curaçao. Pb can 
accumulate and exert toxic effects on marine invertebrates, fish, and 
mammals through a multitude of toxicity pathways, including oxidative 
stress, neurotoxicity, developmental toxicity, and immunotoxicity 
(Botté et al., 2022; Flora et al., 2008; Lee et al., 2019; Paradas and 
Amado Filho, 2007). Biotic Pb concentrations in macroalgae exceeding 
100 μg g− 1 dry weight have been associated with very polluted waters 
(Storelli et al., 2010; Burdon-Jones et al., 1975) and are comparable to 

Fig. 5. Principal component analysis (PCA) of δ15N (‰), C:N ratio (molar) and elemental concentrations in Dictyota spp. at 5-8 from 10 reef sites along the coast of 
Curaçao. The biplot shows the distribution of sampling sites based on their chemical profiles, with vectors indicating the strength and direction of elemental and 
isotopic signatures on the principal components. See Fig. 1 for site locations.
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Pb toxicity thresholds for marine invertebrates other than corals (112 μg 
g− 1, Casado-Martinez et al., 2010). While this threshold was not 
exceeded in our study, algal concentrations of Pb approached this value 
(82 μg g− 1 dry weight) at one site near the center of the island’s capital 
(site 12. Punda). Zn concentrations in Dictyota spp. observed during our 
study were generally lower (26 ± 17 μg g− 1) compared to values re
ported in other studies (65 ± 66 μg g− 1, Gulf of Kutch, India, Chakra
borty et al., 2014; 248 ± 53 μg g− 1, Sarawak estuary, Malaysia, Billah 
et al., 2017), but algae collected from two sites (11. Water factory and 
12. Punda) contained Zn concentrations of around 60 μg g− 1 dry weight, 
closer to the 100 μg g− 1 that is proposed as a threshold for sites to be 
considered as polluted (Moore and Ramamoorthy, 1984). Other detec
ted non-essential elements and micronutrients also approached known 
toxicity thresholds (Ouédraogo et al., 2023), pointing to a risk from 
multiple contaminants. Specific toxic threshold values are often not 
available for typical Caribbean reef organisms, highlighting a knowl
edge gap in pollution assessment on coral reefs. A review by Nalley et al. 
(2021) highlighted the susceptibility of corals to several metals based on 
water concentrations, with the highest susceptibility to Cu, followed by 
Ti, Zn, Pb, V, Ni, Al, Cd, and Fe, many of which were detected in this 
study. As for Al, no tissue-based thresholds exist for coral reef taxa, we 
applied a surrogate benchmark of 100 μg g− 1 dry weight for freshwater 
fish (Wauer and Teien, 2010). Al concentrations in Dictyota spp. 
exceeded this value at 9 of out 10 sites. Combined, the observations 
point towards local, but severe pollution of specific sites, as also 
revealed by the multivariate analysis, based on known toxicity thresh
olds for non-reef marine and aquatic organisms. Such sites were 
generally found near heavily developed (industrialized) or near specific 
pollution sources, such as landfills. The comparison of toxicity bench
marks for species other than macroalgae in general, and Dictyota spp. 
specifically, must, however, be interpreted with caution due to species- 
specific uptake, accumulation, and sensitivities, and differences in tro
phic level and bioavailability (Rainbow, 2002). Hence, a thorough 
assessment of potential ecotoxicological risks resulting from pollution 
with non-essential elements was not possible and stresses the need to 
define ecotoxicological thresholds for marine organisms in general and 
coral reef keystone species (e.g., hard and soft coral, macroalgae, 
sponges) specifically (De Jong et al., 2025).

4.3. The use of δ15N as a proxy for broader chemical pollution

While δ15N is a well-established indicator of anthropogenic nitrogen 
input (Risk et al., 2009; Skinner et al., 2022), it has not yet been 
established whether it can serve as a proxy for a broader chemical 
pollution footprint in reef ecosystems. In this study, the δ15N values in 
Dictyota spp. were positively correlated with a broad range of elemental 
concentrations, including micronutrients, and non-essential elements. 
These relationships support the proposed use of δ15N as a proxy for 
forms of pollution other than N pollution. In other ecosystems, δ15N was 
found to be a suitable proxy for trace metal pollution (Cheung and 
Wang, 2008; Gray, 2002), and our findings provide additional support 
for using δ15N in primary producers on reefs, such as Dictyota spp., as a 
proxy for pollution by other anthropogenic substances, including 
potentially harmful non-essential elements (Nalley et al., 2021; Nitopi 
et al., 2024). Whether elevated δ15N is also indicative of exposure to and 
accumulation of organic chemicals, including pesticides, pharmaceuti
cals, and personal care products, and industrial chemicals, is yet to be 
determined.

The present observations also show that higher δ15N values 
measured near more developed coasts, in shallow reef sections, and after 
increased rain correspond to higher levels of elemental pollution. 
However, while the coastal development is a useful metric for human 
impact, it may overlook localized point-source pollution, and hydrody
namic factors such as current direction and speed, and connectivity 
strongly influence pollutant distribution (Bertoncelj et al., 2024). Hence, 
δ15N emerges as a readily available proxy for land-derived pollution that 

is representative of local exposure of organisms to potentially toxic 
elements.

4.4. Broader implications

Anthropogenic input of substances, as demonstrated in this study on 
reefs adjacent to urbanized areas, can increase element concentrations 
in reef biota to unnaturally high, and potentially toxic levels, affecting 
the physiology, biochemical processes, behavior, and ultimately the 
survival of such organisms (D’Angelo and Wiedenmann, 2014; Flora 
et al., 2008; Leonard et al., 2004; Nalley et al., 2021). These direct toxic 
effects may eventually lead to the alteration and deterioration of 
ecosystem structure and functioning (D’Angelo and Wiedenmann, 2014; 
Nalley et al., 2021; Sigmund et al., 2023). Macroalgae, as primary 
producers and key food sources for various invertebrates and fish, are 
likely entry points for contaminants into the wider food web (Briand 
et al., 2018; Lee et al., 2019). Contaminants, especially non-essential 
elements that, in our study, were locally already present near concen
trations associated with acute toxic effects in other taxa, will be trans
ferred towards organisms at higher trophic levels, potentially leading to 
biomagnification of toxic elements such as Pb and Al (Briand et al., 
2018; Botté et al., 2022). However, information on toxicity thresholds 
for reef organisms is scarce (Nalley et al., 2021), highlighting a need for 
further research into toxic effect concentrations for such organisms. 
Since water quality is one of the drivers commonly associated with coral 
reef deterioration and recovery (MacNeil et al., 2019), pollutant moni
toring in combination with representative toxicity thresholds for coral 
reef organisms would benefit ecological risk assessments and reef con
servation strategies (Nalley et al., 2021).

The degree of anthropogenic nutrient pollution is positively corre
lated with increased rainfall across sampling years. However, this pos
itive correlation only occurs in areas that are altered by humans (Fig. 3). 
Moreover, this correlation is amplified by the degree of anthropogenic 
influence on land. In other words, the higher the level of altered surface, 
the higher the effect of rainfall on land-based pollution to adjacent coral 
reefs. This indicates that the level of local pollution depends on the 
extend of coastal development combined with regional and temporal 
variation in climatic factors, such as rainfall. This relationship is likely 
driven by differences in water dynamics between urbanized and natural 
environments. Urban development is characterized by impervious sur
faces, such as roads and pavement, which significantly increase the 
velocity and volume of runoff (Carlson et al., 2019). In contrast, natural, 
vegetated land cover buffers rainfall, slowing overland flow and pro
moting groundwater recharge (Carlson et al., 2019). Consequently, 
when rainfall occurs, urbanized areas experience significantly amplified 
runoff, leading to a much greater flux of contaminants towards the ocean 
compared to naturally buffered areas.

The strong positive correlation between δ15N values and multiple 
non-essential elements suggests δ15N in primary producers is a proxy for 
a broader set of chemical pollutants. The δ15N signatures point towards 
wastewater and urban runoff as pollution sources, suggesting that 
mitigation efforts should focus on upgrading wastewater treatment 
infrastructure and implementing strategies to capture and treat storm
water. Specifically, the increase of pollution during rainfall events re
quires solutions that address storm-driven runoff, such as separating 
wastewater systems from those receiving rainfall. By using δ15N as a 
cost-effective bioindicator of overall chemical pollution load, manage
ment can target interventions based on quantifiable levels of pollution 
that can also be used to monitor the effectiveness of existing and future 
sewage treatment infrastructure.
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Chrysargyris, A., Höfte, M., Tzortzakis, N., Petropoulos, S.A., Di Gioia, F., 2022. 
Micronutrients: the borderline between their beneficial role and toxicity in plants. 
Front. Plant Sci. 13, 840624. https://doi.org/10.3389/fpls.2022.840624.

Cole, M.L., Valiela, I., Kroeger, K.D., Tomasky, G.L., Cebrian, J., Wigand, C., 
McKinney, R.A., Grady, S.P., Carvalho Da Silva, M.H., 2004. Assessment of a δ15N 
isotopic method to indicate anthropogenic eutrophication in aquatic ecosystems. 
J. Environ. Qual. 33 (1), 124–132. https://doi.org/10.2134/jeq2004.1240.

Cooper, T.F., Gilmour, J.P., Fabricius, K.E., 2009. Bioindicators of changes in water 
quality on coral reefs: review and recommendations for monitoring programmes. 
Coral Reefs 28 (3), 589–606. https://doi.org/10.1007/s00338-009-0512-x.

Crossland, C.J., Hatcher, B.G., Smith, S.V., 1991. Role of coral reefs in global ocean 
production. Coral Reefs 10 (2), 55–64. https://doi.org/10.1007/BF00571824.

Dailer, M.L., Knox, R.S., Smith, J.E., Napier, M., Smith, C.M., 2010. Using δ15N values in 
algal tissue to map locations and potential sources of anthropogenic nutrient inputs 
on the island of Maui, Hawai‘i, USA. Mar. Pollut. Bull. 60 (5), 655–671. https://doi. 
org/10.1016/j.marpolbul.2009.12.021.

D’Angelo, C., Wiedenmann, J., 2014. Impacts of nutrient enrichment on coral reefs: new 
perspectives and implications for coastal management and reef survival. Curr. Opin. 
Environ. Sustain. 7, 82–93. https://doi.org/10.1016/j.cosust.2013.11.029.

De Goeij, J.M., Van Oevelen, D., Vermeij, M.J., Osinga, R., Middelburg, J.J., De Goeij, A. 
F., Admiraal, W., 2013. Surviving in a marine desert: the sponge loop retains 
resources within coral reefs. Science 342 (6154), 108–110. https://doi.org/10.1126/ 
science.1241981.

De Jong, C., van Os, I., Sepúlveda-Rodríguez, G., de Baat, M.L., Schoepf, V., 2025. High- 
resolution temporal assessment of physicochemical variability and water quality in 
tropical semi-enclosed bays and coral reefs. Sci. Total Environ. 968, 178810. https:// 
doi.org/10.1016/j.scitotenv.2025.178810.

Den Haan, J., Huisman, J., Brocke, H.J., Goehlich, H., Latijnhouwers, K.R.W., Van 
Heeringen, S., Honcoop, S.A.S., Bleyenberg, T.E., Schouten, S., Cerli, C., Hoitinga, L., 
Vermeij, M.J.A., Visser, P.M., 2016. Nitrogen and phosphorus uptake rates of 
different species from a coral reef community after a nutrient pulse. Sci. Rep. 6 (1), 
28821. https://doi.org/10.1038/srep28821.

Elumalai, P., Parthipan, P., Gao, X., Cui, J., Kumar, A.S., Dhandapani, P., Rajasekar, A., 
Sarma, H., Ganapathy, N.R.V., Theerthagiri, J., Min, A., Choi, M.Y., 2024. Impact of 
petroleum hydrocarbon and heavy metal pollution on coral reefs and mangroves: a 
review. Environ. Chem. Lett. 22 (3), 1413–1435. https://doi.org/10.1007/s10311- 
024-01728-0.

Ennis, R.S., Brandt, M.E., Wilson Grimes, K.R., Smith, T.B., 2016. Coral reef health 
response to chronic and acute changes in water quality in St. Thomas, United States 
Virgin Islands. Mar. Pollut. Bull. 111 (1–2), 418–427. https://doi.org/10.1016/j. 
marpolbul.2016.07.033.

Epstein, E., 1965. Mineral metabolism. In: Bonner, J., Varner, J.E. (Eds.), Plant 
Biochemistry. Academic Press, London, pp. 438–466.

Eyre, B.D., Andersson, A.J., Cyronak, T., 2014. Benthic coral reef calcium carbonate 
dissolution in an acidifying ocean. Nat. Clim. Chang. 4 (11), 969–976. https://doi. 
org/10.1038/nclimate2380.

Fabricius, K.E., 2005. Effects of terrestrial runoff on the ecology of corals and coral reefs: 
review and synthesis. Mar. Pollut. Bull. 50 (2), 125–146. https://doi.org/10.1016/j. 
marpolbul.2004.11.028.

Firstater, F.N., Hidalgo, F.J., Lomovasky, B.J., Tarazona, J., Flores, G., Iribarne, O.O., 
2010. Coastal upwelling may overwhelm the effect of sewage discharges in rocky 
intertidal communities of the Peruvian coast. Mar. Freshw. Res. 61 (3), 309–319.

Flora, S.J.S., Mittal, M., Mehta, A., 2008. Heavy metal induced oxidative stress & its 
possible reversal by chelation therapy. Indian J. Med. Res. 128 (4), 501–523.

N.C.J. van de Loosdrecht et al.                                                                                                                                                                                                              Marine Pollution Bulletin 223 (2026) 118967 

10 

https://doi.org/10.1016/j.marpolbul.2025.118967
https://doi.org/10.1016/j.marpolbul.2025.118967
https://doi.org/10.1002/eap.2227
http://refhub.elsevier.com/S0025-326X(25)01443-2/rf0010
http://refhub.elsevier.com/S0025-326X(25)01443-2/rf0010
http://refhub.elsevier.com/S0025-326X(25)01443-2/rf0015
http://refhub.elsevier.com/S0025-326X(25)01443-2/rf0015
https://doi.org/10.1016/j.marpolbul.2018.08.002
https://doi.org/10.1163/26660644-04502002
https://doi.org/10.1163/26660644-04502002
https://doi.org/10.1111/j.1365-2486.2010.02167.x
https://doi.org/10.1016/B978-0-12-802772-1.00003-8
https://doi.org/10.1016/B978-0-12-802772-1.00003-8
https://doi.org/10.1038/nature02691
https://doi.org/10.5194/egusphere-2024-3112
https://doi.org/10.1007/s11270-017-3500-8
https://doi.org/10.1017/S0010417517000184
https://doi.org/10.1017/S0010417517000184
https://doi.org/10.1007/s10646-021-02504-4
https://doi.org/10.1016/j.scitotenv.2017.08.257
http://refhub.elsevier.com/S0025-326X(25)01443-2/rf0065
http://refhub.elsevier.com/S0025-326X(25)01443-2/rf0065
http://refhub.elsevier.com/S0025-326X(25)01443-2/rf0065
https://doi.org/10.3389/fmars.2022.956474
https://doi.org/10.3389/fmars.2019.00562
https://doi.org/10.3389/fmars.2019.00562
https://doi.org/10.1016/j.envpol.2010.06.026
https://doi.org/10.1016/j.envpol.2010.06.026
https://www.cbs.cw/census-of-2023
https://doi.org/10.1016/j.ecoenv.2013.12.003
https://doi.org/10.1897/07-423.1
https://doi.org/10.3389/fpls.2022.840624
https://doi.org/10.2134/jeq2004.1240
https://doi.org/10.1007/s00338-009-0512-x
https://doi.org/10.1007/BF00571824
https://doi.org/10.1016/j.marpolbul.2009.12.021
https://doi.org/10.1016/j.marpolbul.2009.12.021
https://doi.org/10.1016/j.cosust.2013.11.029
https://doi.org/10.1126/science.1241981
https://doi.org/10.1126/science.1241981
https://doi.org/10.1016/j.scitotenv.2025.178810
https://doi.org/10.1016/j.scitotenv.2025.178810
https://doi.org/10.1038/srep28821
https://doi.org/10.1007/s10311-024-01728-0
https://doi.org/10.1007/s10311-024-01728-0
https://doi.org/10.1016/j.marpolbul.2016.07.033
https://doi.org/10.1016/j.marpolbul.2016.07.033
http://refhub.elsevier.com/S0025-326X(25)01443-2/rf0150
http://refhub.elsevier.com/S0025-326X(25)01443-2/rf0150
https://doi.org/10.1038/nclimate2380
https://doi.org/10.1038/nclimate2380
https://doi.org/10.1016/j.marpolbul.2004.11.028
https://doi.org/10.1016/j.marpolbul.2004.11.028
http://refhub.elsevier.com/S0025-326X(25)01443-2/rf0170
http://refhub.elsevier.com/S0025-326X(25)01443-2/rf0170
http://refhub.elsevier.com/S0025-326X(25)01443-2/rf0170
http://refhub.elsevier.com/S0025-326X(25)01443-2/rf0175
http://refhub.elsevier.com/S0025-326X(25)01443-2/rf0175


França, F.M., Benkwitt, C.E., Peralta, G., Robinson, J.P.W., Graham, N.A.J., Tylianakis, J. 
M., Berenguer, E., Lees, A.C., Ferreira, J., Louzada, J., Barlow, J., 2020. Climatic and 
local stressor interactions threaten tropical forests and coral reefs. Philos. Trans. R. 
Soc. B 375 (1794), 20190116. https://doi.org/10.1098/rstb.2019.0116.

France, R., Holmquist, J., Chandler, M., Cattaneo, A., 1998. δ15N evidence for nitrogen 
fixation associated with macroalgae from a seagrass-mangrove-coral reef system. 
Mar. Ecol. Prog. Ser. 167, 297–299. https://doi.org/10.3354/meps167297.

Godinez-Espinosa, S., Raoult, V., Smith, T.M., Gaston, T.F., Williamson, J.E., 2023. 
Functional roles of coral reef primary producers examined with stable isotopes. Mar. 
Freshw. Res. 74 (7), 601–613. https://doi.org/10.1071/MF22103.

Govers, L.L., Lamers, L.P.M., Bouma, T.J., Eygensteyn, J., De Brouwer, J.H.F., 
Hendriks, A.J., Huijbers, C.M., Van Katwijk, M.M., 2014. Seagrasses as indicators for 
coastal trace metal pollution: a global meta-analysis serving as a benchmark, and a 
Caribbean case study. Environ. Pollut. 195, 210–217. https://doi.org/10.1016/j. 
envpol.2014.08.028.

Gray, J.S., 2002. Biomagnification in marine systems: the perspective of an ecologist. 
Mar. Pollut. Bull. 45 (1− 12), 46–52. https://doi.org/10.1016/S0025-326X(01) 
00323-X.
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