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A R T I C L E  I N F O

Keywords:
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A B S T R A C T

Land-use changes were assessed using isotopic and elemental composition of organic matter (OM) and organic 
pollutants in estuarine sediments from two Brazilian basins: the Caeté River (CR, Amazon Rainforest) and the 
Paraíba do Sul River (PSR, Atlantic Rainforest). Between 1985 and 2024, anthropogenic land use in CR increased 
in 39%, while PSR decreased by 2.6%. CR sediments exhibited lower δ13Corg (− 27.3 ± 0.9‰) and δ15Ntotal (2.1 
± 2.2‰) than PSR (− 23.6 ± 2.9‰ and 5.6 ± 1.0‰, respectively). Seasonal variability occurred only in CR, with 
more 13C-depleted and 15N-enriched values in the rainy season, suggesting surface runoff of C3-derived OM from 
rainforest or mangroves and upstream anthropogenic inputs. The Bayesian mixing model (MixSIAR) indicated 
clear contrasts in OM sources between basins. In the CR basin, sedimentary OM was predominantly derived from 
mangroves (median = 0.76), with a secondary contribution from sewage (0.18). In contrast, in the PSR basin, 
sewage was the dominant OM source (0.65), followed by mangrove contributions (0.28). Organic pollutants 
correlated with OC, showing that contaminant distribution is partly governed by OM dynamics. PAH diagnostic 
ratios revealed the sewage, biomass/coal burning as the main source in PSR, with additional fossil-fuel inputs, 
while CR reflected mixed combustion sources linked to agricultural fires and boat traffic. Organochlorine pat
terns in CR suggest historical pesticide use and diffuse atmospheric input, while PSR shows lindane and local/ 
industrial influences. These results highlight contrasting OM dynamics under different land-use intensities and 
the dual role of estuaries in storing carbon and pollutants.

1. Introduction

Brazil hosts the world's largest area of native tropical forests 
(Turubanova et al., 2018), and the second largest mangrove (Bunting 
et al., 2022). These ecosystems regulate climate, sequester carbon, 
maintain hydrological balance, and shelter biodiversity (Pinto et al., 
2023). However, land-use expansion, mainly livestock, has intensified 
deforestation, replacing native vegetation with agriculture, pasture, and 
secondary forests, placing Brazil among the nations with greatest 

tropical forest loss (Lapola et al., 2014; Pinto et al., 2023).
The Amazon and Atlantic Rainforests hold global importance but 

differ in conservation status (Pinto et al., 2023). The Atlantic retains 
only 12% of its original cover, now fragmented (Lapola et al., 2014), 
while the Amazon still harbors the largest continuous tropical forest, 
crucial for global climate regulation, though deforestation has surged 
from livestock, logging, mining, and urbanization (Lapola et al., 2014). 
Both biomes are highly biodiverse, but the Atlantic shows greater 
endemism (Broggio et al., 2024) and illustrates potential future 
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scenarios for the Amazon under similar pressures.
Replacing native forests with pastures alters soil C and N stocks, 

increases erosion and runoff, and mobilizes organic matter (OM) toward 
river systems (Serafim et al., 2023; Dow et al., 2024). During transport, 
OM is transformed through leaching, mineral associations, photo
chemical alteration, and microbial degradation, processes that prefer
entially mineralize labile, nutrient-rich compounds and enrich the 
remaining pool in refractory material and heavier isotopes (Ward et al., 
2017; Bianchi et al., 2018). The preservation of these isotopic signatures 
is further modulated by sediment granulometry, where fine-grained 
fractions promote mineral-organic associations that protect OM from 
rapid mineralization (Keil and Mayer, 2014). Stable isotopes (δ13Corg 
and δ15Ntotal) and the (C:N)a are widely used to trace these sources and 
transformation pathways. Native tropical forests dominated by C3- 
plants, show lower δ13Corg values (− 32.0 to − 28.6‰) and moderate 
δ15Ntotal (4.4 to 7.7‰) (Ometto et al., 2006; Ribas, 2012; Martinelli 
et al., 2020), whereas land-use change alters OM composition 
(Bernardes et al., 2004). While δ13Corg mainly reflects vegetation type, 
δ15Ntotal is more sensitive to land-use practices (Lizaga et al., 2021; 
Vezzone et al., 2021; Park et al., 2023). Pastures and croplands domi
nated by C4-plants display higher δ13C values (− 15 to − 10‰) (Bouillon 
et al., 2011; Ribas, 2012), while manure and sewage inputs enrich δ15N 
through nitrification and denitrification (Li et al., 2023). In aquatic 
systems, terrestrial OM mixes with autochthonous and mangrove-C3 
inputs, forming isotopic gradients along the land–ocean continuum 
(Thornton and McManus, 1994; Serafim et al., 2023).

Estuaries, transitional zones between land and sea, retain, transform, 
and export OM via remineralization, photodegradation, flocculation, 
and sorption, preserving refractory fractions (Eisma et al., 1994; 
Lämmle et al., 2022; Serafim et al., 2023). Their sediments reflect 
combined terrestrial, anthropogenic, and marine inputs. Within estua
rine systems, mangroves act as biogeochemical hotspots with large 
carbon stocks, intense OM cycling, and export of OM (Bouillon et al., 
2008; Santos-Andrade et al., 2021; Zhao et al., 2024).

Molecular markers complement isotopic tracers by identifying 
anthropogenic inputs. Polycyclic aromatic hydrocarbons (PAHs) indi
cate contributions from sewage, biomass and fossil-fuel burning, and 
petroleum sources (Nam et al., 2008; Martins et al., 2010; Gurgatz et al., 
2023). Persistent organic pollutants (POPs) such as the pesticides hex
achlorocyclohexane (HCH) and dichlorodiphenyltrichloroethane (DDT), 
as well as the industrial chemical compounds polychlorinated biphenyls 
(PCBs), trace agricultural and urban-industrial runoff, respectively 
(Nam et al., 2008; Oliveira et al., 2016; Mao et al., 2021). Their hy
drophobicity promotes strong adsorption to OM, coupling their trans
port and accumulation to the same processes controlling OM export 
from drainage basins to estuarine sediments (Cornelissen et al., 2005; 
Bianchi et al., 2018). Thus, changes in land use simultaneously affect (i) 
the sources and isotopic composition of OM and (ii) the type and 
magnitude of contaminant inputs, linking both proxies to common 
watershed-scale processes. Interpreted together with land-use trajec
tories, these complementary proxies provide a framework to investigate 
how human activities influence both OM dynamics and contaminant 
accumulation in estuarine sediments.

Despite extensive research on tropical estuaries, most studies have 
addressed either OM sources using stable isotopes or contaminant dis
tributions using molecular markers, rarely integrating both approaches. 
This limitation constrains the understanding of how long-term land-use 
trajectories influence the coupled dynamics of OM composition and 
pollutant accumulation in estuarine sediments. Here, we investigate 
land-use and cover changes (1985–2024) in two contrasting Brazilian 
basins within the Amazon and Atlantic Rainforests and evaluate their 
influence on δ13Corg, δ15Ntotal, (C:N)a, PAHs and POPs in estuarine sed
iments and mangrove soils along the land–ocean continuum. We hy
pothesize that basins with contrasting land-use histories will exhibit 
coherent shifts between isotopic signatures and contaminant profiles, 
reflecting the joint control of vegetation change, anthropogenic 

emissions, and OM-associated transport processes.

2. Material and methods

2.1. Amazon hydrographic basin

Located in northeastern Pará State, the Caeté River (CR) basin rep
resents the Amazonian system investigated in this study, covering 
~2230 km2 with a 149 km main channel flowing from its headwaters in 
Bonito to the Caeté-Urumajó Bay. Part of the basin lies within the Caeté- 
Taperaçu Marine Extractive Reserve (RESEX) and includes seven mu
nicipalities and 19 traditional communities (Abdala et al., 2012; Gomes 
et al., 2013; Asp et al., 2018; Pereira et al., 2021).

The CR basin exhibits a markedly seasonal climate, with rainfall 
concentrated in the first half of the year and a pronounced dry period in 
the last quarter. According to the Instituto Chico Mendes de Con
servação da Biodiversidade (ICMBio), average annual precipitation is 
2755 mm, with a dry season in October–November (near zero rainfall), 
and a rainy season from December to August, peaking in March. The CR 
shows a mean discharge of ~50 m3 s− 1, ranging from 7 m3 s− 1 in 
November to 90 m3 s− 1, usually in April (Asp et al., 2018). Although 
other studies delimit the seasons slightly differently (Dittmar et al., 
2001; Gomes et al., 2013), they all agree on high annual rainfall and a 
strongly seasonal hydrological regime. The system is macro-tidal, with 
spring tides about 5 m (Dittmar et al., 2001; Asp et al., 2018).

Although sparsely populated, the basin faces socio-environmental 
challenges due to inadequate sanitation and resource exploitation 
encouraged since the 1970s. Issues include open solid-waste disposal, 
lack of sewage treatment, and pressures from agro-industrial, logging, 
mining, and fishing activities (Gorayeb et al., 2009, 2011; Guimarães, 
2011).

2.2. Atlantic Rainforest hydrographic basin

The Paraíba do Sul River (PSR) basin is in southeastern Brazil, the 
country's most densely populated and industrialized region. It covers 
approximately 56,927 km2, with the main river extending 1100 km from 
the confluence of the Paraibuna and Paraitinga Rivers to its mouth in 
São João da Barra, Rio de Janeiro State (Dittmar et al., 2012; Serafim 
et al., 2023). The basin supplies water to several urban centers (ANA, 
2011). The climate is strongly seasonal, with dry period from April to 
early October and rainy period from late October to March, with average 
river discharge ranging from 200 to 2600 m3 s− 1 (Marques et al., 2017; 
Cotovicz et al., 2020; Neves and Vilanova, 2021; Serafim et al., 2023). 
Although studies delimit the dry and rainy seasons differently, they all 
agree that the region exhibits a strong seasonal climate.

The PSR basin is heavily impacted by industrial effluents and un
treated domestic sewage (Pfeiffer et al., 1986; AGEVAP, 2020). Intensive 
agriculture and livestock production also contribute to environmental 
pressures, historically including the use of organomercury-based 
fungicide, which have increased mercury and other metal loads. The 
basin has additionally experienced several environmental accidents 
involving industrial spills and contaminant releases (Álvarez and Val
passos, 2023). More recently, reports of illegal gold mining have intro
duced additional mercury inputs to the system (Gomes et al., 2022).

2.3. Field sampling

Surface sediment and soil samples from estuarine/coastal and 
mangrove areas were collected in the PSR (Atlantic Rainforest) and CR 
(Amazon Rainforest) basins between 2022 and 2023, during both dry 
and rainy seasons, totaling 54 samples (Fig. 1). Half were obtained along 
a salinity gradient (0–36 PSU), and the remainder from adjacent 
mangrove areas (Table S1). Samples were transported in thermal boxes 
and frozen at − 20 ◦C upon arrival for analysis.
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2.4. Laboratory analysis

Samples were sieved to <2.0 mm and homogenized for elemental 
and stable isotope analysis following Sartori et al. (2023). Ten mg of 
each sample were weighed in tin capsules for TN and δ15Ntotal, and in 
silver capsules (after decarbonation with 2 mol L− 1 HCl and drying at 
110 ◦C) for OC and δ13Corg. The analysis was performed using an 
elemental analyzer (Flash 2000) connected to a mass spectrometer 
(Delta V Advantage, Thermo Scientific) via a CONFLO IV interface. 
Quantification employed acetanilide standards, with ~97% inter- 
replicate precision. OC and TN contents were expressed as percentages 
(detection limits: 0.05% and 0.02%, respectively). δ13Corg and δ15Ntotal 
values were expressed in ‰ relative to PDB and atmospheric N, with 
analytical precision of 0.1‰.

For organic contaminants (PAHs, PCBs, PBDEs, and OCPs), extrac
tion and analysis followed Santos et al. (2020). Briefly, 15 g of freeze- 
dried sediment were processed, and target compounds were identified 
and quantified by GC–MS/MS in MRM mode. Calibration was based on 
certified standards. Quantification limits (QLs) corresponded to the 
lowest calibration levels (0.002 ng g− 1 for OCPs, 0.001 ng g− 1 for PCBs, 
and 0.006 ng g− 1 for PAHs), and concentrations below these limits were 
excluded. QA/QC procedures included blanks (no interferences detec
ted), surrogate recoveries (50–110%), spiked blanks and samples 
(50–110%), and certified reference material (IAEA-417), with measured 
concentrations within 60–90% (PAHs) and 75–90% (PCBs/OCPs) of 
certified values. The list of compounds analyzed and detailed informa
tion are provided in Table S2 and Fig. S2.

To evaluate the sources for PAH compounds, the diagnostics ratios 
were plotted to detect combustion-derived PAH following Yunker et al. 
(2002) and Martins et al. (2010). The combined Fl/Fl + Py (Fl: Fluo
ranthene; Py: Pyrene) and IP/IP + Bghi (IP: Indeno[123 cd]pyrene; Bghi: 
Benzo[ghi]perylene) ratios help distinguish between petrogenic, petro
leum combustion and biomass combustion: 0.2–0.4 indicates petroleum 
dominance; 0.4–0.5 petroleum combustion; and > 0.5 sewage and/or 
biomass/coal combustion. Ratios of HCH isomers and DDT were used to 

evaluate historical pesticide use. PCB congeners were grouped according 
to IUPAC classification to differentiate regional atmospheric deposition 
from industrial or local sources.

2.5. Land use analysis

Land use and land cover data were obtained from the MapBiomas 
database (https://plataforma.brasil.mapbiomas.org), which provides 
annual land use maps for Brazil at 30 m spatial resolution from e to 
2024. Basin shapefiles were used to extract the area (km2) occupied by 
each land-use class for each year. The proportional area (%) of each 
category was then calculated relative to the total basin area (Tables S4 
and S5). Full numerical precision is provided in the supplementary ta
bles. Changes are expressed as percentage points relative to the total 
basin area.

2.6. Statistical analysis

Linear regression models (lm function, base package, R Core Team, 
2024) were used to assess temporal trends in land-use proportions (%) as 
a function of year for each basin. Additional linear models were applied 
to evaluate the relationship between TN and OC concentrations (%).

Differences between the basins were assessed by one-way ANOVA 
(aov, base package, R Core Team, 2024) or Kruskal-Wallis test for non- 
parametric (kruskal.test, base package, R Core Team, 2024). Two-way 
ANOVA was applied to test the effects of sampling environment (estu
ary and mangrove) and seasonality (and their interaction) within each 
basin. For non-parametric, the effects were evaluated using a two-way 
approach based on the Aligned Rank Transform (ART) method (art, 
ARTool package, Kay et al., 2025), due to non-normality of residuals 
(Shapiro-Wilk test, p < 0.05). Post-hoc comparisons for significant in
teractions were performed using Tukey test (HSD.test, agricolae pack
age, Mendiburu, 2023) and Dunn's test with Bonferroni adjustment 
(dunnTest, FSA package, Ogle et al., 2023; multcompLetters, mult
compView package, Graves et al., 2024).

Fig. 1. Location of sediment and soil sampling sites at Caeté River (Northern Brazil, Amazon Rainforest) and Paraíba do Sul River (Southeastern Brazil, Atlantic 
Rainforest) estuaries.
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Isotopic biplot (δ13Corg vs. δ15Ntotal and δ13Corg vs. [C:N]a), were used 
to explore the distribution of sedimentary OM and to identify potential 
source endmembers. Endmember signatures were compiled from this 
study and previous literature. Marine OM signatures were defined as 
δ13Corg and δ15Ntotal were − 20.1 ± 0.8 and 5.3 ± 3.1, respectively (Gatts 
et al., 2020; Serafim et al., 2023). Mangrove soil endmembers corre
spond to signatures measured in this study for both basin (δ13Corg =

− 27.3 ± 0.6; δ15Ntotal = 3.6 ± 2.4). For C4 vegetation δ13Corg and 
δ15Ntotal were − 18.0 ± 0.7 and 4.6 ± 1.1, respectively (Ribas, 2012). 
Sewage endmembers followed Vezzone et al. (2021), who reported 
isotopic signatures (δ13Corg = − 23.5 ± 0.7; δ15Ntotal = 5.9 ± 0.5) from a 
lagoon chronically impacted by sewage discharge, where mixing model 
results indicated ~50% OM contribution from untreated wastewater. 
Discrimination factors for C3, C4 and marine endmembers were 
retrieved from Serafim et al. (2023).

To estimate the relative contribution of potential OM sources to 
sedimentary pool, a Bayesian isotope mixing model was implemented 
(MixSIAR, MixSIAR package, Stock et al., 2018). Basin (CR and PSR) was 
included as a factor to estimate source contributions for each estuary 
separately. Convergence and model performance were assessed using 
standard diagnostics, including the Gelman–Rubin statistic, effective 
sample size, and visual inspection of trace plots and posterior density 
distributions. Source proportions were estimated using uniform Dirich
let priors (α = 1). Model sensitivity to prior specification was evaluated 
by comparing results with weakly informative priors (α = 2,1,1,2). 
Posterior source contributions showed minimal variation between prior 
configurations, indicating that model outputs were primarily driven by 
isotopic data rather than prior assumptions.

Spearman's rank correlation (rcorr, Hmisc package, Harrell Jr., 
2024) and Principal Component Analysis (PCA, FactoMineR package, Le 
et al., 2008) were used to evaluate the correlations among variables and 
to discriminate between the basins. Correlations were considered 
moderate between 0.4 and 0.7 and strong above 0.7. All data were 
standardized using decostand function by vegan package for PCA anal
ysis (Oksanen et al., 2024).

Models' assumptions were validated using diagnostic plots (Altman 
and Krzywinski, 2016), and when necessary, data were transformed to 
meet ANOVA premises (linearity, normality, homoscedasticity, 
leverage), using a maximum likelihood function (boxcox, MASS pack
age, Venables and Ripley, 2002). All analyses were conducted at a 95% 
confidence level. All statistics and analyses were performed using R 
version 4.4.0 (R Core Team, 2024).

3. Results

3.1. Land-use change between 1985 and 2024

The MapBiomas data, in both basins, classify the land cover and use 
into: forest (i.e., forest formation, savanna formation, mangrove, 
floodable forest, wooded sandbank vegetation, wetland, grassland for
mation, hypersaline tidal flat, rocky outcrop and herbaceous sandbank 
vegetation), farming (i.e., pasture, agriculture, forest plantation, mosaic 
of uses), non-vegetated (i.e., beach, dune and sand spot, urban area, 
mining, other non-vegetated areas, photovoltaic power plant) and water 
(i.e., aquaculture, river, lake and ocean; Table S3).

Table 1 and Fig. S1 summarize the temporal dynamics of land use 
and land cover between 1985 and 2024 in the drainage basins of the CR 
(Amazon Rainforest) and the PSR basin (Atlantic Rainforest). In the CR 
basin, natural vegetation predominated throughout the period but 
declined from 93.1% in 1985 to 54.1% in 2024 (− 39.0 percentage 
points), mainly due to farming expansion that increased 37.6 percentage 
points over the same period. In the PSR basin, anthropogenic land use 
remained dominant above 70%, with farming occupying 72.0% in 1985 
and slightly declining to 68.2% in 2024 (− 3.8 percentage points). Nat
ural cover showed a modest increase of 2.6 percentage points, largely 
explained by forest recovery from 24.4% to 26.9% (+2.5 percentage 

points).
Beyond the general contrast between natural and anthropogenic land 

use, subclass analysis highlights finer patterns. In the CR basin 
(Table S4), forest cover declined by 38.6 percentage points while 
pasture expanded by 35.8 percentage points, representing a shift from 
forest-dominated to pasture-dominated land use. The PSR basin 
(Table S5) forest cover showed a slight recovery of 2.5 percentage 
points, but pasture remained dominant (>48%) throughout the years, 
likely linked to reduced mosaic uses through improved landscape 
distinction. Additionally, forest plantations expanded, and urban areas 
more than doubled, underscoring the intensification and diversification 
of anthropogenic pressures. These patterns are consistent with the 
strong and significant temporal trend of increasing anthropogenic land 
use in the CR basin (slope = 1.175, R2 = 0.94, p < 0.0001) and a slight 
but significant declining trend in the PSR basin (slope = − 0.075, R2 =

0.88, p < 0.0001), indicating contrasting temporal trajectories of land 
use between basins.

3.2. Elemental and isotopic composition of organic matter

Fig. 2 illustrates the elemental and isotopic composition of surface 
sediment and mangrove soil from both estuarine zones, revealing 
distinct spatial and seasonal patterns between biomes, ecosystems, and 
hydrological periods.

Overall, PSR basin sediments showed higher OC concentration range 
compared to CR basin (from 0.02 to 5.4% [1.3 ± 1.5%], and from 0.04 
to 1.3% [0.6 ± 0.6%], respectively), although the difference between 
the basins was not statistically significant (Fig. 2a; anova, p > 0.05). 
Seasonal variation was not significant when tested within each basin 
separately (Fig. 2b–c; p > 0.05). Differences were observed only be
tween estuary and mangrove areas within basins (anova, p < 0.0001). In 
both basins, OC concentration was 3.9 and 4.7 times higher in man
groves areas compared to estuarine sediments for CR and PSR basins, 
respectively. TN concentration in the sediments from CR basin (from 
0.03 to 3.5% [0.7 ± 1.1%]) was generally higher than PSR (from 0.02 to 
0.6% [0.3 ± 0.2%]), but not statistically (Kruskal-Wallis, p > 0.05; 
Fig. 2d). In CR (Fig. 2e), TN concentration also showed a significant 
interaction between environment and season (anova, p < 0.05), with 
similarly high at mangrove and estuarine sites in the dry season, fol
lowed by a marked seasonal decline that was strongest at estuarine sites, 
where concentrations reached the lowest values during the rainy season. 
For PSR basin (Fig. 2f), only season had significant effects, with high 
values during the dry season (anova, p < 0.05). The (C:N)a ratio was 
generally lower in the PSR basin (10.9 ± 5.6), but not statistically 

Table 1 
Land use and land cover in the past 40 years in the hydrographic basins of the 
Caeté River (Amazon Rainforest) and the Paraíba do Sul River (Atlantic 
Rainforest).

Year

Amazon Rainforest land use (%) 1985 1995 2005 2015 2024

Forest 91.81 83.11 66.79 56.20 52.83
Herbaceous and shrubby vegetation 0.20 0.14 0.05 0.05 0.05
Farming 6.31 14.86 30.35 40.74 43.90
Non-vegetated área 0.58 0.81 1.47 1.67 1.99
Water 1.10 1.08 1.35 1.34 1.23
Natural 93.1 84.3 68.2 57.6 54.1
Anthropogenic 6.9 15.7 31.8 42.4 45.9

Atlantic Rainforest land use (%)
Forest 24.44 24.26 24.70 26.09 26.89
Herbaceous and shrubby vegetation 1.11 0.86 1.12 1.13 1.05
Farming 71.99 71.91 70.84 69.25 68.16
Non-vegetated área 1.27 1.60 1.95 2.24 2.48
Water 1.19 1.13 1.13 1.05 1.20
Natural 26.8 26.5 27.2 28.6 29.4
Anthropogenic 73.2 73.5 72.8 71.4 70.6
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different (anova, p > 0.05) from CR basin (Fig. 2g; 15.0 ± 2.0). The (C: 
N)a showed no statistical difference (anova, p > 0.05) in seasonality for 
both basins (~13.0). In contrast, across environments (mangrove soils 
and estuarine sediments), (C:N)a values differed statistically, with 
higher values in mangrove soil (CR: 12.7 ± 1.8 and PSR: 17.8 ± 1.5) 
samples compared to estuarine sediments (CR: 15.0 ± 2.0 and PSR: 10.9 
± 5.5) for CR (Fig. 2h; anova, p < 0.05) and PSR (Fig. 2i; anova, p <
0.001) basin.

The sediment samples from CR basin were more 13C-depleted (− 27.3 
± 0.9‰), compared with PSR basin (− 23.6 ± 2.9‰) (Kruskal-Wallis, p 
< 0.01; Fig. 2j). In the CR basin (Fig. 2k), δ13Corg showed a significant 
interaction between environment and season (art, p < 0.05). Mangrove 
and estuary in dry season showed a significant 13C-enrichement 
compared to both environment types in rainy season, but within season, 
environments did not show a significant difference. PSR basin (Fig. 2l), 
δ13Corg also showed a significant interaction between environment and 

season (art, p < 0.05), with estuarine sites consistently more 13C- 
enriched than mangroves, regardless of the season. Moreover, δ15Ntotal 
showed moderate enrichment (5.6 ± 1.0‰; art, p < 0.01) in PSR basin 
compared with CR basin (2.1 ± 2.2‰; Fig. 2m). δ15Ntotal values were 
significantly (art, p < 0.0001) more 15N-depleted during the dry season 
(0.1 ± 0.1‰) compared to rainy season (4.1 ± 1.3‰) in CR basin 
(Fig. 2n), but for PSR basin (Fig. 2o), no statistical difference was 
observed (art, p > 0.05).

The biplots of δ13Corg vs. δ15Ntotal (Fig. 3a) allowed the identification 
of potential OM sources. Most CR samples clustered within the δ13Corg 
and δ15Ntotal ranges typical of C3 mangrove vegetation, indicating a 
predominantly autochthonous contribution. Conversely, PSR sediments 
exhibit a broader isotopic dispersion, with several samples plotting be
tween the mangrove and sewage endmembers, and some approaching 
the marine range, probably the samples located further east (lower 
longitudes), reflecting the increasing marine influence along the 

Fig. 2. Boxplots of OC and TN concentration (%), δ13Corg (‰), δ15Ntotal (‰), and (C:N)a ratios in surface sediments and soils from estuarine and mangrove envi
ronments in the CR and PSR (Amazon and Atlantic Rainforests, respectively). Comparisons are shown by biome (1st column) and season (2nd and 3rd column). 
Significant differences are indicated above or below the boxplots with brackets: **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05, ns = not significant. When 
the interaction between factors is not significant, brackets represent only main effects. When the interaction is significant, multiple comparisons are performed 
among all factor combinations. Gray boxplots correspond to estuarine sediments only, as they reflect basin-scale changes.

É. Sartori et al.                                                                                                                                                                                                                                  Marine Pollution Bulletin 230 (2026) 119899 

5 



estuarine gradient toward the river mouth.
The Bayesian mixing model indicated contrasting OM sources be

tween the two estuarine systems. In the CR basin (Amazon Rainforest), 
mangrove-derived OM dominated sediment composition (median =
0.76), followed by sewage (0.18), while marine (0.03) and C4-derived 
OM (0.02) contributed minimally. In contrast, in the PSR basin (Atlantic 
Rainforest), sewage represented the dominant source (0.65), whereas 
mangrove showed a secondary contribution (0.28). Contributions from 
marine and C4 sources remained comparatively low in this basin 
(Fig. 3b). Although the PSR basin showed a tendency toward higher 
sewage contribution, the wide credible intervals of sewage and 
mangrove sources indicate and overlap, indicating an uncertainty in 
distinguishing these sources.

The relationship between TN and OC concentrations differed mark
edly between basins. In the PSR basin, TN increased linearly with OC 
(R2 = 0.95, p < 0.001), indicating a strong covariation between both 
elements across the estuarine samples. In contrast, no significant rela
tionship was observed in the CR basin (R2 = 0.04, p > 0.05), suggesting a 
weaker coupling between TN and OC concentrations. These contrasting 
patterns indicate differences in the distribution and association of TN 
and OC between the two estuarine systems.

3.3. Organic pollutants distribution and sources

Among the analyzed compounds, several organochlorines and pol
ybrominated substances exhibited concentrations below the analytical 
quantification limit (QL) of the method employed (Table S6). These 
include organochlorine pesticides (HCB, heptachlor and its epoxides, 
aldrin, isodrin, dieldrin, endrin, endosulfan I and II, methoxychlor, 
mirex, and chlordanes isomers) and PBDEs.

Correlation analysis for CR basin reveals that OC concentration is 

significantly positive moderate correlated with PAHs (sum of parental 
and alkylated PAHs), 16-PAHs, Alkyl-PAHs, high molecular weight 
(HMW)-PAHs, PCBs, DDTs and OCPs concentration (rs = 0.58, 0.53, 
0.51, 0.54, 0.52, 0.47 and 0.46, respectively). They are also positive and 
moderate correlated with the DDT concentrations (rs = ~0.50), except 
low molecular weight (LMW)-PAHs. PSR basin also showed significantly 
and positively moderate to higher correlation among OC concentration 
and PAHs, 16-PAHs, Alkyl-PAHs, LMW-PAHs, HMW-PAHs, PCBs and 
OCPs concentration (rs = 0.70, 0.68, 0.68, 0.65, 0.69, 0.54 and 0.45, 
respectively).

PCA results (Fig. S3) highlight the clear differences between the 
basins. PC1 explains 42% of the total variance and reflects industrial 
pollution and agricultural practices (PAHs, PCBs and DDTs) and is 
dominated by PSR estuarine samples. PC2 (20%) captures specifically 
agricultural contamination (OCPs, HCHs) and is associated with CR 
basin. Isotopic variables (δ13Corg and δ15Ntotal) are aligned with PC1, 
showing enriched values in PSR and depleted values in CR, indicating 
that isotopic composition and contaminant concentrations co-vary be
tween basins.

Fig. 4 shows the sum of each POP group in surface soil and sediment 
for CR and PSR basin. In general, CR basin (53.1 ± 48.6 ng g− 1) presents 
PAH concentrations 13.8 times lower (anova, p < 0.0001) than PSR 
basin (736.4 ± 880.3 ng g− 1; Fig. 4a). Fig. 4b exhibited a significant 
interaction between seasons and environment type in CR basin (anova, 
p < 0.01), with estuarine sediments during the rainy season presenting 
lower concentrations compared to sediments of dry season estuary and 
mangrove soils in both seasons. No differences were observed for PSR 
basin (Fig. 4c). Regarding HCH compounds, CR basin (0.7 ± 0.5 ng g− 1) 
showed concentrations more than 3 times higher (anova, p < 0.0001) 
compared PSR (0.2 ± 0.3 ng g− 1; Fig. 4d). Additionally, CR differed 
between environments and seasonality (Fig. 4e), with higher values in 
mangroves soils and dry season (anova, p < 0.001). In contrast, only 
seasonal effects were observed for PSR basin (anova, p < 0.01; Fig. 4f). 
As for DDT concentrations, PSR (0.3 ± 0.2 ng g− 1) was 1.7 times higher 
(anova, p < 0.05) than CR basin (0.1 ± 0.1 ng g− 1; Fig. 4g). No envi
ronmental or seasonal differences were observed within CR basin 
(Fig. 4h; anova, p > 0.05), while seasonal differences (anova, p < 0.001) 
were observed for PSR (Fig. 4i). For PCBs, PSR (1.5 ± 1.8 ng g− 1) pre
sented concentrations more than 5 times higher (anova, p < 0.0001) 
compared to CR (0.3 ± 0.3 ng g− 1; Fig. 4j). Moreover, CR basin (Fig. 4k) 
statistically differs only between environments, with higher concentra
tions in mangrove soils (anova, p < 0.01). On the other hand, Fig. 4l 
showed significant interactions with only estuarine sites differing be
tween seasonality (anova, p < 0.01).

The diagnostic ratio between parent PAHs illustrates the distribution 
of samples according to their potential sources in both basins (Fig. 5). 
The results based on the IP/IP + Bghi and Fl/Fl + Py ratios indicate a 
predominance of pyrogenic sources, but with different sources contri
bution, ranging from petroleum to sewage and biomass/coal combus
tion (Fl/Fl + Py). While samples from the PSR basin showed particularly 
strong signatures of sewage and biomass combustion, samples from CR 
basin plot closer to the petroleum combustion and petrogenic sources, 
indicating mixed inputs with a stronger influence of fossil fuel-related 
sources. In addition, the spatial pattern of the samples supports 
distinct combustion sources between both basins, with elevated DDT 
concentrations co-occurring with biomass combustion sources, espe
cially in the PSR basin, suggesting the overlap of agricultural pesticides 
use and burning practices or shared transport.

A relatively high proportion of β-HCH was observed in the CR basin 
(59% and 62% during dry and rainy seasons, respectively), whereas 
HCHs in the PSR basin consisted entirely of the γ-HCH isomer. The 
β-HCH/(α + γ-HCH) ratio in CR samples was consistently above 0.5. 
Both basins showed mean (DDE + DDD)/DDT ratios above 0.50 (0.77 in 
CR and 0.85 in PSR), and DDD/DDE ratios lower than 1, except for one 
mangrove soil sample in each season. These ratios are commonly asso
ciated with aged residues and aerobic transformation processes reported 

Fig. 3. Biplots of δ13Corg (‰) vs. δ15Ntotal (‰) (a) and posterior probability 
distributions of the proportional contribution of potential organic matter 
sources to sedimentary organic matter estimated using the Bayesian mixing 
model implemented in MixSIAR (b). Colored areas represent the mean and 
standard deviation of each end-member described in material and methods (e. 
g., C3 and C4 vegetation, sewage, marine sources). Violin plots represent the 
posterior density distributions of source contributions. The data were organized 
only with the results of δ13Corg (‰) vs. δ15Ntotal (‰).
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in the literature.
The basins also exhibit distinct average distributions of PCB 

congener classes, with the PSR basin showing percentages up to two 
times higher in penta-, hexa-, and hepta-chlorinated PCB compared to 
the CR basin (24.6, 25.6, 13.3 and 14.5, 12.7, 0.25% respectively). This 
pattern is consistent with our PCA results (Table S6), which highlight the 
association of higher-chlorinated PCBs (penta, hexa and hepta-CB) with 
the PSR basin (PC1: 63% of the total variance), suggesting stronger 
contributions from local and industrial sources, in contrast to the CR 
basin, where lower-chlorinated congeners prevail (tri-CBs, PC2: 13% of 
the total variance), indicative of long-range atmospheric transport.

4. Discussion

4.1. Deforestation legacies and urban pressures

The PSR (Atlantic Rainforest) and CR (Amazon Rainforest) basins 
exhibit distinct trajectories in land-use dynamics, face different 
anthropogenic pressures and their mangrove ecosystems exhibit con
trasting biogeochemical responses, especially in OM composition. These 
differences reflect their distinct histories of human occupation. Land-use 
change affects estuarine sediments through multiple interconnected 
pathways. Alterations in vegetation cover and agricultural expansion 
modify the quantity and composition of OM exported from drainage 
basins, which can be traced using stable isotopes. At the same time, 
different anthropogenic activities, such as urbanization, agriculture, fire 
management and fossil fuel combustion, release organic pollutants that 

Fig. 4. Boxplots of PAHs, HCHs, DDTs and PCBs concentrations in surface sediments and soils from estuarine and mangrove environments in the CR and PSR 
(Amazon and Atlantic rainforest biomes, respectively). Comparisons are shown by biome (1st column) and season (2nd and 3rd column). Concentrations are given in 
ng g− 1. Significant differences are indicated above or below the boxplots with brackets: **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05, ns = not significant. 
When the interaction between factors is not significant, brackets represent only main effects. When the interaction is significant, multiple comparisons are performed 
among all factor combinations. A logarithmic scale was applied to the y-axis for PAHs and PCBs concentration for better visualization. Gray boxplots correspond to 
estuarine sediments only.
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are preferentially transported and preserved in sediments due to their 
strong affinity for OM (Gao et al., 2012; Bianchi et al., 2018). Taken 
together, the co-variation between isotopic composition and contami
nant concentrations observed in the PCA (Fig. S3) indicates that these 
proxies respond different processes occurring in the basins.

The Atlantic Rainforest, subject to land conversion since the 16th 
century (Dittmar et al., 2012; Solórzano et al., 2021; Pinto et al., 2023), 
has become Brazil's most industrialized and urbanized region. Within 
this biome, the PSR basin shows a long-standing and stable anthropo
genic alteration, with over 70% of its area under human use for at least 
four decades. The remaining forest fragments are largely restricted to 
protected areas (Pinto et al., 2023). Although anthropogenic areas have 
slightly declined in recent decades, their persistence reflects the 
enduring legacy of historical degradation. Current pressures include 
deforestation (Lämmle et al., 2022; Pinto et al., 2023), industrial efflu
ents (Pfeiffer et al., 1986; Tonhá et al., 2021), untreated sewage 
(AGEVAP, 2020), and coastal urban expansion, all contributing to global 
mangrove loss (Lämmle et al., 2022; Pinto et al., 2023). A linear increase 
in non-vegetated areas is evident (Fig. S1), particularly in urban zones 
(Table S5).

The CR basin represents a recent phase of intense land-use change, 
though not yet marked by extensive anthropogenic expansion. Driven by 
government-led colonization policies since the 1970s (Gorayeb et al., 
2009, 2011), this basin exhibits active landscape recovery dynamics, 
contrasting sharply with the long-term degradation legacies of the PSR 
basin. Between 1985 and 2024, pastures expanded from 6 to 41%, 
reflecting farming intensification in northeastern Pará (Raiol et al., 
2019), where forests were converted into pasture (Table S4). Coastal 
mangroves, however, show notable resilience, safeguarded by RESEX 
creation in the early 2000s (Gorayeb et al., 2011; Abdala et al., 2012; 
Pereira et al., 2021). These contrasting land-use trajectories provide a 
consistent framework to interpret the coupled variations in OM 
composition and contaminant signatures observed between basins.

4.2. Stable isotopes reflect land-use legacies

Overall, the elemental and isotopic composition of OM from surface 

sediments capture these contrasting land-use settings, providing a 
geochemical fingerprint of past and ongoing human influence (Fig. 2a, 
d, g, j and m).

Surface sediments from the Amazon and Atlantic Rainforest estuaries 
exhibited clear contrasts in their δ13Corg and δ15Ntotal values, while OC 
concentration remained relatively similar between both biomes (Fig. 2). 
The Amazon estuary sediments were more 13C-depleted, indicating the 
dominance of C3-plants as the main source. In contrast, the isotopic 
enrichment and clustering of PSR sediments near sewage, marine, and 
C4-vegetation endmembers indicate a mixture of anthropogenic and 
natural inputs shaping the estuarine OM pool (do Prado et al., 2020; 
Serafim et al., 2023), consistent with the higher contaminant concen
trations observed in this basin. Earlier studies in the Amazon basin re
ported δ13Corg values between − 27.5 and − 25.8‰ for riverine 
sediments (Bouchez et al., 2014), consistent with C₃-vegetation, while a 
broader range, from − 28.4 to − 17.5‰, was found in the estuarine zone 
reflecting a mixture of terrestrial and marine sources (Cai et al., 1988). 
More detailed spatial assessments show that the most 13C-depleted 
values (− 31 to − 27‰) occur in the inner estuary, while values gradually 
increase toward the estuary mouth, reaching approximately − 25‰ 
(Weirich et al., 2025). More recently, Serafim et al. (2023) compared 
δ13Corg values of coastal sediments from both biomes and found 13C- 
enriched values for the Atlantic Rainforest (− 22.6 ± 1.3‰) compared to 
the Amazon Rainforest (− 25.0 ± 3.1‰) coastal sediments, with C3- 
plants contributing to 35.6 and 51.3% to the OC concentration from the 
areas, respectively. Lower (C:N)a ratios in Atlantic Rainforest sediments 
further indicate greater contribution from primary producers and/or N- 
enriched anthropogenic sources, while higher ratios in the Amazon 
reflect more vascular plant-derived material. Overall, these isotopic 
patterns capture the stronger historical and ongoing anthropogenic 
imprint on the Atlantic Rainforest basin, while the Amazon system still 
retains a largely natural, vegetation-dominated composition.

Within the Amazon Rainforest, the CR basin, macrotidal dynamics 
strongly modulate the composition of OM (Fig. 2b, e, h, k and n; Fig. 3). 
While the elemental composition does not change over season, the δ13C 
and δ15N varies. During the dry season, low river discharge enhances 
tidal exchange and marine intrusion, with mangrove flats acting 

Fig. 5. PAH diagnostic ratios used to infer the sources of PAHs in the estuarine sediment samples from the Caeté River and Paraíba do Sul River colored by DDT. 
Many samples are not shown in the figure due to PAH concentrations below QL, preventing ratio calculations.
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predominantly as sediment importers (Asp et al., 2018). This hydrody
namic setting increases the relative marine contribution, leading to 
comparatively more 13C-enriched and 15N-depleted signatures in estu
arine sediments and mangrove soils. Conversely, during the rainy sea
son, mangrove OM export is intensified, with both dissolved and 
particulate fractions being exported in similar proportions (Dittmar 
et al., 2001). This enhanced export, together with increased surface 
runoff, results in more 13C-depleted and 15N-enriched values, consistent 
with anthropogenic inputs such as sewage discharge (Ribas, 2012; do 
Prado et al., 2020; Vezzone et al., 2021; Park et al., 2023). Effluent 
discharges reported by Monteiro et al. (2016) have shown that the CR 
estuary is affected, emphasizing sewage as an additional OM source. 
Despite upstream anthropogenic disturbances, the mangrove area has 
remained relatively stable over the last four decades (McLachlan et al., 
2020; Table S4), displaying 13C-depleted values controlled by the sea
sonality rather than progressive degradation. This pattern is further 
supported by the mixing model results, which indicate dominance of 
mangrove-derived OM in CR and sewage-derived OM in PSR.

The lack of relationship between TN and OC concentrations in the CR 
basin (R2 = 0.043, p > 0.05) points to a biogeochemical decoupling 
potentially driven by post-depositional alteration and selective degra
dation (Gao et al., 2012; Guo et al., 2020). In such dynamic environ
ments, nitrogen typically undergoes more rapid mineralization than 
carbon, leading to a loss of original biogenic signatures and a conver
gence of C/N ratios that may mask source identification. This decoupling 
might be also mediated by granulometric control, where the sediment 
texture governs the physical protection and preservation of OM (Craig, 
1953; Thornton and McManus, 1994; Keil and Mayer, 2014; Bianchi 
et al., 2018). These findings align with the intense OM remineralization 
processes reported for the Amazon River plume by Serafim et al. (2023), 
reinforcing the role of mangroves as biogeochemical filters that atten
uate upstream anthropogenic signals before they reach the ocean. In 
contrast, the PSR estuary, characterized by a microtidal regime, is more 
strongly influenced by river discharge (Shi et al., 2023). This hydrody
namic setting, combined with long-term land-use transformation, gov
erns the isotopic and elemental composition of surface sediments in the 
PSR basin. The strong linear relationship between TN and OC (R2 =

0.95) is consistent with a conservative mixing regime of refractory OM 
from distinct terrestrial and marine endmembers. This coupling suggests 
that distributions of TN and OC in the PSR basin are primarily governed 
by hydrodynamic transport and continental runoff, reflecting a pool 
dominated by organic nitrogen with limited contribution from mineral- 
bound nitrogen (Thornton and McManus, 1994; Keil and Mayer, 2014; 
Sartori et al., 2023).

In the Atlantic Rainforest, the PSR basin shows that spatial vari
ability rather than seasonality drives the composition of OM in the 
estuarine sediment (Fig. 2c, d, i and l; Fig. 3). This lack of seasonality is 
likely explained by the decrease in runoff rates due to decades of human 
activities upstream and the decrease in river flow and precipitation 
rates, intensifying drought conditions during the dry season and 
reducing rainfall even in the rainy season (Oliveira et al., 2023). Distinct 
isotopic values between the mangrove and estuarine sites revealed 
contrasting OM composition: mangrove soils presented 13C-depleted 
and 15N-enriched values, reflecting their own contribution, while estu
arine sediments had shown a different pattern, indicating a greater 
marine influence and likely reflecting the changes in the drainage basin. 
This spatial gradient highlights the efficient mixing and transformation 
of OM along the land-ocean continuum, controlled by geomorphology 
and limited tidal exchange. These findings are consistent with other 
southeastern Brazilian estuary under moderate hydrodynamic exchange 
and anthropogenic influence (Brandini et al., 2022). Nevertheless, it is 
important to note the wider range of δ13Corg values observed during the 
rainy season (Fig. 2i). The more 13C-depleted signatures likely reflect a 
greater contribution of historical C3-plant material leached from deeper 
soils, combined with inputs from mangrove soils, as previously reported 
by Marques et al. (2017) and Serafim et al. (2023) for dissolved OM and 

coastal sediments, respectively.
Previous studies (e.g., Marques et al., 2017; Lizaga et al., 2021; 

Serafim et al., 2023, Dow et al., 2024) have shown that historical land- 
cover changes and continuous anthropogenic pressure have left a lasting 
isotopic legacy in estuarine sediments, often overriding natural sorting 
processes. Together, the isotopic and elemental composition patterns 
across both basins emphasize the diagnostic power of stable isotopes to 
disentangle natural and anthropogenic signals in tropical estuarine 
systems. While the estuarine sediments in the CR basin still reflect a 
system under dynamic yet partially buffered conditions, where 
mangrove productivity and tidal exchange mitigate the effects of land- 
use change upstream, in the PSR basin, reflects a higher persistent 
anthropogenic imprint, marked specially by δ13Corg values as a result to 
the long-term anthropogenic pressure as well agricultural inputs.

4.3. Fingerprints of anthropogenic land-use through POPs

Extending the perspective on molecular markers of anthropogenic 
pressure, the distribution of POPs further illustrates how human activ
ities are recorded in tropical estuarine sediments. While stable isotopes 
and elemental ratios primarily trace the origin and transformation of 
OM, POPs provide a complementary and more direct signal of industrial, 
agricultural, and urban emissions associated with land-use history. 
Because most POPs are hydrophobic, their environmental behavior is 
closely coupled with the transport and burial of OM. The co-occurrence 
of enriched isotopic signatures and elevated contaminant concentrations 
in PSR, as indicated by PCA (Fig. S3), reinforces this coupling between 
OM dynamics and pollutant accumulation (Hu et al., 2010).

Estuarine surface sediments from the Amazon and Atlantic Rain
forests showed clear contrasts in POP concentrations (Fig. 4a, d, g, j), 
reflecting the distinct land-use trajectories of their drainage basins 
(Table 1). In the PSR estuary, PAH, DDT and PCB concentrations were 
markedly higher than in the CR estuary, consistent with the long-term 
legacy of land conversion, industrialization and urbanization. PAH 
concentrations in PSR (<QL – 2808.28 ng g− 1, 16-PAHs) exceeded 
values reported for several tropical estuaries, including the Sub
arnarekha (India, 181.2–511.3 ng g− 1; Ambade et al., 2021), Yellow 
River (China, 31.0–133.0 ng g− 1; Li et al., 2006), and surface sediments 
from Todos os Santos Bay (Brazil, 11.59–1825.35 ng g− 1; Nascimento 
et al., 2017), placing PSR among the most contaminated tropical estu
arine systems. PCB concentrations were also higher in PSR (<DL – 8.94 
ng g− 1), consistent with enrichment typically observed near industrial 
and urban centers (up to 4.78 ng g− 1; Souza et al., 2018a). Higher values 
have also been documented in other tropical estuaries in Brazil, such as 
the Santos estuary, with PCBs concentrations reaching 190.7 ng g− 1 

(Souza et al., 2018b).
In contrast, the CR estuary exhibited overall lower POP loads, but a 

contamination pattern dominated by OCPs. HCH concentrations were 
higher in the CR estuarine sediments (< QL – 1.84 ng g− 1) compared to 
PSR estuary (< QL – 1.43 ng g− 1), consistent with a stronger agricultural 
influence. This pattern aligns with the ongoing land-use change in CR 
basin, where rapid agricultural expansion (from 6.31 to 43.90%, from 
1985 to 2024; Table 1) and limited regulatory control have shaped a 
contamination profile dominated by pesticides rather than industrial or 
combustion-derived pollutants. These levels are comparable to those 
reported for the Paranaguá Estuarine System (Brazil, < DL – 1.68 ng 
g− 1; Souza et al., 2018a). DDT concentrations in both estuaries (<QL – 
0.43 in CR; <QL – 0.62 in PSR) were lower than those reported for 
Paranaguá (Brazil, <DL – 3.22 ng g− 1

; Souza et al., 2018a). Overall, the 
observed concentration ranges indicate that POP accumulation in PSR 
aligns with the upper end reported for tropical estuaries due to persis
tent industrial and urban influence, while CR basin reflects an 
agricultural-driven profile marked primarily by HCH contamination.

The predominance of HMW-PAHs in PSR basin may indicate fossil 
fuel combustion linked to urban centers and vehicular emissions (Maioli 
et al., 2011). Beyond these inputs, the dominance of combustion-derived 
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PAHs in our samples (Fig. 4), along with depleted δ13Corg values (Fig. 2) 
and the documented use of agricultural fire management practices over 
the past four decades (Table 1), suggest a strong influence of both pe
troleum and biomass burning on sedimentary OM. Additionally, Fig. 5
reveals signal consistent with pyrogenic sources, although some diag
nostic ratios (e.g., Fl/(Fl + Py)) can also reflect sewage/urban effluent 
inputs. Therefore, we interpret these signals as indicative of mixed 
combustion and/or sewage-related inputs rather than exclusively py
rogenic sources (Martins et al., 2010). Previous analyses of black carbon 
(BC), another proxy for biomass and fossil fuel incomplete combustion 
showed that historical burning of the Atlantic Rainforest and agricul
tural practices substantially increase the deposition of combustion 
products, which are transported from terrestrial systems to coastal en
vironments along with the bulk OM (Dittmar et al., 2012; Marques et al., 
2017; Serafim et al., 2023). In addition, the marked variability in DDT 
concentrations in the PSR indicates the influence of agricultural and 
pasture-management practices, such as pesticide application and 
biomass burning, which modulate the molecular markers observed in 
the system, consistent with high agricultural land use observed for this 
basin along the years. Distinctly, although the CR estuary presents an 
overall agricultural contamination profile, its PAH signatures indicate 
mixed combustion sources, with samples ranging from petrogenic to 
pyrogenic inputs (Fig. 5), likely reflecting contributions from localized 
seasonal field fire, small-scale boat traffic and fuel-oil spills (Yunker 
et al., 2002; Gorayeb et al., 2009).

HCH and DDT can also enter aquatic systems through surface runoff 
and sorption to particles (Parween et al., 2014). These OCPs were widely 
used in Brazilian agriculture and as a disease vector control from the 
1940s until their complete ban in 2009, making Brazil a notable case on 
the global stage (Oliveira et al., 2016; Fernandes et al., 2020). Our re
sults are consistent with this historical pattern in the CR basin, given the 
high proportion of β-HCH (~60%) and β-HCH/(α + γ-HCH) ratios above 
0.5. β-HCH is the most stable, persistent and resistant isomer among the 
HCH (Yi et al., 2013). In the absence of significant recent inputs of 
technical HCH, the α-HCH and γ-HCH can be progressively transformed 
into β-HCH, increasing its relative proportion (Yang et al., 2010). In 
addition, technical HCH typically contains 5–14% β-HCH (Hu et al., 
2010), thus the enrichment to ~60% is consistent with degradation and 
long-term environmental persistence of the other isomers (Hu et al., 
2010; Tang et al., 2020). The predominance of β-HCH in the CR basin is 
consistent with the historical use of technical HCH, a low-cost formu
lation widely applied in Brazil, particularly in socioeconomically 
vulnerable regions such as Pará State, where limited access to more 
expensive lindane (γ-HCH) and weak regulatory enforcement likely 
favored its use (Gorayeb et al., 2009; Oliveira et al., 2016). PSR basin on 
the other hand, show only γ-HCH concentration, which is associated 
with lindane use (Yi et al., 2013).

Regarding the DDT class of compounds, the (DDE + DDD)/DDT ra
tios for both basins exceeded the threshold of 0.5, which is commonly 
interpreted as indicative of aged residues rather than recent inputs 
(Yang et al., 2010; Sreedevi and Harikumar, 2023). The predominance 
of DDE over DDD is generally associated with aerobic biodegradation 
processes (Oliveira et al., 2016). Such conditions may be favored by 
environmental factors such as tidal currents and sediment reworking, 
which enhance oxygen penetration and promote the persistence of DDE 
as the dominant metabolite.

PCBs are unintentionally formed and released during incomplete 
combustion of materials that contain chlorine; however, they are pri
marily associated with industrial activities and electrical applications 
(Nam et al., 2008; Mao et al., 2021). The observed differences in PCB 
concentration and congener distributions between the PSR and CR ba
sins highlight these contrasting contamination patterns (Table S6). The 
PSR basin exhibits notably higher proportions and association with 
heavier PCBs suggesting a predominance of local/industrial sources 
(Mao et al., 2021), while the CR basin is dominated by lower-chlorinated 
congeners (tri-CBs), indicating inputs likely associated with long-range 

atmospheric transport (Nam et al., 2008; Mao et al., 2021). Such pat
terns reinforce the distinct anthropogenic signatures of each basin and 
the role of hydrodynamics in regulating contaminant deposition and 
export.

Hydrodynamic setting further modulates POPs behavior. Macrotidal 
dynamics in CR can promote resuspension and dilution, enhancing 
contaminant export to adjacent shelves, while the microtidal PSR estu
ary favors fine-sediment accumulation and long-term pollutant reten
tion. The CR and PSR basins show the tendency to present lower 
concentrations for all POPs in estuarine sediments during the rainy 
season. However, no seasonal or spatial differences were observed for 
PAHs in the PSR basin, and DDTs and PCBs in CR basin suggesting a 
continuous input of mixed combustion sources, pesticides byproducts 
and atmospheric deposition, respectively. This pattern may be associ
ated with persistent emissions from fossil fuel combustion, particularly 
in urban and industrial areas, as well as biomass burning linked to 
agricultural practices for PSR and pest control in agricultural, household 
and boat paint for CR basin (Maioli et al., 2011; Oliveira et al., 2016; 
Tang et al., 2020; Gurgatz et al., 2023). These anthropogenic molecular 
markers capture persistent inputs from combustion, agriculture, and 
industrial sources, reflecting distinct land-use legacies in the CR and PSR 
basins. Despite their relevance, such integrative approaches remain 
scarce in Brazilian estuarine research, underscoring the contribution of 
this study to understanding human impacts in tropical coastal 
environments.

Overall, the combined analysis of stable isotopes, organic contami
nants, and land-use trajectories demonstrates that these systems exhibit 
coherent and coupled responses, where OM sources, contaminant in
puts, and transport processes are mutually controlled by watershed- 
scale anthropogenic activities.

5. Conclusion

Our study highlights a clear contrast in the biogeochemical responses 
of Amazonia (CR) and Atlantic (PSR) Rainforest estuarine-mangrove 
systems under anthropogenic pressures. The CR basin, despite recent 
land-use changes, shows resilient mangroves attenuate upstream inputs, 
whereas the PSR basin reflects profound alteration from historical and 
ongoing human impacts. Stable isotopes and elemental ratios reveal 
contrasting sources and transformations of OM between the basins, 
while the distribution and composition of POPs provide complementary 
evidence of the dominant anthropogenic activities influencing each 
system. The co-occurrence of isotopic signatures and contaminant pat
terns, supported by multivariate analysis, demonstrates that these 
proxies respond to common watershed-scale processes linked to land- 
use trajectories. When interpreted, these proxies indicate that persis
tent pressures in the PSR basin, associated with intensive land use and 
urban emissions, override natural estuarine processes and produce a 
distinct geochemical imprint in surface sediments. In contrast, the CR 
basin, where mangroves remain largely preserved despite farming 
expansion, still exhibits OM signatures dominated by C3-derived inputs 
and comparatively lower contamination levels. POP signatures further 
distinguish these anthropogenic drivers: PAH ratios confirm pyrogenic 
sources in both basins, with PSR influenced by sewage/biomass burning, 
and fossil fuels, and CR with mixed combustion. PSR samples also show 
lindane and heavy PCB congeners from industrial activities, whereas CR 
sediments reflect historical HCH use and lighter PCB congeners consis
tent with diffuse atmospheric transport.

Together, these results indicate that OM composition and contami
nant accumulation, are coupled and controlled not only by hydrody
namic conditions, but also reflects land-use history across basins. These 
findings underscore contrasting pollution patterns and the need for 
region-specific management. Overall, the combined use of isotopic 
tracers, molecular markers, and land-use reconstruction provides a 
coherent framework for understanding how different histories of human 
occupation shape OM dynamics and pollutant accumulation in tropical 
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estuarine systems, reinforces mangroves as biogeochemical barriers and 
informs future studies on human impacts in coastal systems.
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