
1191Bulletin of Marine Science
© 2025 Rosenstiel School of Marine, Atmospheric & Earth Science of 
the University of Miami

Bull Mar Sci. 101(3):1191–1219. 2025
https://doi.org/10.5343/bms.2024.0021

Bulletin of Marine Science
research paper

The influence of mangrove forests on estuarine 
dynamics of dissolved organic matter

Mirco Wölfelschneider 1, 2 *
Thorsten Dittmar 3, 4

Vanessa Hatje 5

Michael Seidel 3

ABSTRACT.—Mangroves play a critical role in shaping the 
composition of dissolved organic matter (DOM) in tropical 
estuarine systems. They act as bioreactors that transform and 
degrade imported organic matter before releasing it as DOM 
and export large amounts of leaf litter that leach additional 
DOM into estuarine waters. These processes are coupled 
with highly dynamic hydrological conditions in estuaries, 
creating complex systems that remain poorly understood. In 
this study, we used ultra-high resolution Fourier-transform 
ion cyclotron resonance mass spectrometry (FT-ICR-MS) 
to characterize the molecular composition of solid-phase 
extracted DOM along the Jaguaripe River estuary, Bahia, 
Brazil, and from mangrove leaf leachates in combination 
with environmental parameters. Our findings indicate that 
mangroves fringing the estuary are a significant source 
of dissolved organic carbon (DOC). DOM derived from 
mangroves was rich in sulfur-containing and saturated 
compounds with low oxygen-to-carbon (O/C) ratios, 
particularly during the dry season. Interestingly, during 
the rainy season, mangroves also appeared to act as a sink 
for total dissolved nitrogen (TDN) and aliphatic nitrogen-
containing compounds. Mangrove leaf leachate DOM 
exhibited elevated levels of highly unsaturated compounds 
with low O/C ratios. We identified 432 unique compounds 
as indicators of DOM leached from mangrove leaf litter. 
Furthermore, we developed a novel molecular tracing index, 
IManL, which allowed us to successfully track mangrove leaf-
derived DOM within the estuary and beyond. By combining 
our index with other established DOM indices, we gained a 
deeper understanding of how diverse DOM sources shape 
estuarine DOM pools, underscoring the significant influence 
of fringing mangroves in these systems.
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Deltas and estuaries are important land-ocean interfaces shaping dissolved organic 
matter (DOM) and nutrient exchange between the two realms. Export processes at 
these interfaces often play significant roles in the budgets of essential elements, such 
as carbon and nitrogen, in the coastal waters (Medeiros et al. 2015a, Seidel et al. 
2015a, Mori et al. 2019). DOM can generally be divided into autochthonous sources 
(formed by processes directly in the estuarine waters) and allochthonous sources 
(introduced from other systems, such as marine and terrestrial ecosystems, including 
mangrove forests). In tropical and subtropical regions, the coastlines of deltaic and 
estuarine areas with brackish waters are often dominated by dense mangrove forests 
(Spalding et al. 2010). These forests growing at the land-sea interface only occupy 
about 150,000 km2 (Bunting et al. 2022), corresponding to less than 0.003% of the 
Earth’s surface. Even so, estimates attribute more than 10% of recalcitrant DOM 
transported to the coastal oceans to mangroves (Dittmar et al. 2006). Nevertheless, 
how mangrove forests influence DOM and nutrient dynamics at the land-ocean 
interface is still not fully understood.

Mangroves are very heterogeneous ecosystems regarding physical-geochemical 
parameters (Bouillon et al. 2008). Ecosystems at the land-ocean interface are 
shaped by many environmental factors, in particular tidal dynamics (Medeiros et 
al. 2015b, Mori et al. 2019) and seasonal changes in precipitation (Medeiros et al. 
2015b, Raymond et al. 2016). Especially seasonal changes not only directly influence 
nutrient and DOM dynamics in coastal tidal wetlands (e.g., Mori et al. 2019) but 
also indirectly by setting boundaries for biological processes and species dynamics 
(Mehlig 2001, Bernini and Rezende 2010, Hatje et al. 2021, Palit et al. 2022, Thomson 
et al. 2022). Previous studies have used conservative mixing models along salinity 
gradients to identify sinks and sources of nutrients and DOM (Seidel et al. 2015a, 
Mori et al. 2019). Furthermore, identified patterns of enrichment or depletion of 
nutrients and DOM were often coupled to seasonal changes such as precipitation 
(Dittmar et al. 2001, Dittmar and Lara 2001a, Seidel et al. 2017, Mori et al. 2019).

Another source of DOM in aquatic systems can be DOM released from plants and 
their leaf litter originating in terrestrial systems (Stenson et al. 2003, Brock et al. 
2020, Hensgens et al. 2021). Studies investigating the persistence of DOM leached 
from leaves against degradation have shown that such DOM compounds are rapidly 
degraded by photo-oxidation and microbial degradation (Rossel et al. 2013, Hensgens 
et al. 2021). Thus, DOM freshly leached from terrestrial litter originating from inland 
systems is likely to be highly degraded by the time it reaches coastal waters. However, 
the proximity of mangroves to the coastal ocean probably means that less degraded 
organic compounds reach these waters. A potential pathway is through leaf litter 
leaching directly into coastal waters. Litter exports from different mangrove systems 
across the world have been estimated to be 383 (±315) g m−2 yr−1 (Golley et al. 1962, 
Lugo and Snedaker 1974, Boto and Bunt 1981, Woodroffe 1985a, Wattayakorn et al. 
1990). Mangrove leaves leach up to 30% of their dry weight within the first 21 d in 
seawater (Camilleri and Ribi 1986, Tam et al. 1990, Chale 1993, Steinke et al. 1993, 
Davis and Childers 2007). This suggests a considerable potential for mangrove leaf 
litter to contribute significant amounts of DOM to estuarine and coastal waters. 
However, tracking such freshly released, and potentially readily degradable DOM 
remains challenging.

Ultra-high resolution Fourier-transform ion cyclotron resonance mass 
spectrometry (FT-ICR-MS) is a powerful tool for identifying compositional changes 
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in DOM within estuarine waters. Numerous studies have used this technique to gain 
insights into how the DOM composition evolves along estuaries and in wetlands 
(Rossel et al. 2013, Medeiros et al. 2015b, Hertkorn et al. 2016, Osterholz et al. 2016, 
Seidel et al. 2017). Tracing the sources of DOM in different aquatic ecosystems can 
be challenging but is crucial for a holistic understanding of biogeochemical drivers 
shaping DOM dynamics. However, DOM indices such as the one developed by 
Medeiros et al. (2016) for terrigenous DOM and the index by Knoke et al. (2024) for 
sulfurized porewater DOM highlight the effectiveness of such tools in unraveling the 
fate of DOM from different sources in complex environments.

In this study, we investigate the influence of various DOM sources on the estuarine 
DOM dynamics along a salinity gradient in a well-preserved mangrove-dominated 
estuary using FT-ICR-MS. We addressed the following research questions: How does 
the composition of DOM and concentration of dissolved nutrients change along 
an estuary with fringing mangroves? Can we track DOM leached from mangrove 
leaf litter using a novel molecular index (IManL) in estuarine waters? How do the 
contributions of DOM from mangrove leaf litter, the terrestrial hinterland, mangrove 
porewater, and coastal marine waters shape the DOM pools in the estuary? Lastly, 
we examined which DOM components are exported into estuarine waters and how 
their composition varies seasonally.

Material and Methods

Study Area.—The Jaguaripe River is located at the southern boundary of the 
Todos os Santos Bay, Bahia, Brazil (Fig. 1). It originates around 12°44´16.7˝S and 
39°24´07.8˝W. Along its length of approximately 110 km, the Jaguaripe River drains 
about 2200 km2, discharging its waters into the shelf region of the Atlantic Ocean 
(Hatje et al. 2010, Aguiar et al. 2019). The drainage area encompasses cultivated 
landscapes of open grassland, smaller urban areas, and mangrove forests. Mangrove 
forests, which dominate the margins of the Jaguaripe River estuary and cover around 
4100 hectares, are considered relatively undisturbed by human activities (Hatje and 
Barros 2012, Hatje et al. 2021).

Sampling.—We sampled during the dry (13–21 February, 2019) and the rainy 
season (27 April–12 May, 2019). Over the last decade, the dry season lasted from 
August until February with an average rainfall of about 78 mm m−2 (INMET 2019). 
With an average precipitation of about 200 mm m−2, the rainy season usually peaks 
in May and lasts 5 mo. Sample collections were conducted under the permit issued 
by the Instituto Chico Mendes de Conservação da Biodiversidade (ICMBio; SISBIO/ 
61269-3).

Sampling campaigns during both seasons took place along five transects located in 
the lower half of the estuary (Fig. 1). Transects 1, 2, and 3 were characterized by mostly 
polyhaline conditions (salinity 18–30), whereas transects 4 and 5 were characterized 
by euhaline (salinity 30–40) conditions (Krull et al. 2014). Estuarine water was 
sampled <0.2 m below the surface using 5 L PET bottles which were rinsed three times 
with samples. During the sampling and the transport, samples were stored on ice in a 
cooling box. The five transects started approximately 15 km upstream from the river 
mouth and ended with the last transect crossing the river mouth. The transects were 
established 3 to 4 km apart from each other. The position of the second transect was 
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next to the connection to a large mangrove creek. The third transect was located 
just after the confluence of the small da Dona River with the Jaguaripe River estuary. 
Each transect consisted of three sampling points. The two outer positions (LTX and 
RTX, with X being the number of the respective transect) were at the edges of the 
riverbanks during spring low tide at the left and right side of the estuary. The middle 
positions (MTX, with X being the number of the respective transect) were at the 
riverbed’s deepest points of each transect. An exception was the fourth transect, 
which contained a fourth sampling position (CBT4) at the beginning of the channel 
connecting the estuary to the bordering Todos os Santos Bay in the north. The outer 
estuary was sampled as a coastal marine endmember (OEDS and OERS; Fig. 1). As a 
reference representing the DOM composition of the riverine endmember, we chose 
a location as far upriver as we could reach by boat. This point was located roughly 31 
km upstream from the river mouth in the urban area of Nazaré, at which the river 
started to get much shallower and was covered with vast meadows of water grass 
(Luziola spruceana). At each sampling point, salinity, temperature, dissolved oxygen 
(DO; mg L−1), and pH were measured using a multiparameter water probe (WTW, 
Multi 3430) with a pH (SenTix 980), oxygen (TetraCon 925), and conductivity sensor 
(SenTix ORP).

Figure 1. Map of the sampling area. Inset: overview map of South America with the location of 
the Jaguaripe River estuary (black star). Large map: sampling sites (grey circles) with the general 
locations of the five sampling transects and the upper river along the Jaguaripe River, Bahia, 
Brazil. RSBS = upper river, T1–T5 = transects 1–5, L = left position, M = middle position, R = 
right position, CB = connection Todos os Santos Bay. Sampling positions of the outer estuary in 
the dry season (black circle) and rainy season (white circle). Connections between the estuary 
and one of the largest tidal creeks (green arrow) and the merging with the da Dona River (blue 
arrow) are indicated. The green areas along the estuary represent mangrove forests. This map 
was created using the “Planet OSM” layer derived from OpenStreetMap.
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Leaf Leaching Experiment.—For the analysis of DOM compounds leached by 
mangrove leaves into the estuarine waters, we focused on the four mangrove species 
growing at the margins of the estuary. We did not include other terrestrial plant 
species, as in our working area, the Jaguaripe River estuary is almost exclusively 
fringed by extensive mangrove forest. The species present were, with decreasing 
abundance, Rhizophora mangle, Avicennia schaueriana, Avicennia germinans and 
Laguncularia racemosa. Senescent leaf samples of about 550 g (wet weight) were 
collected from >15 individual trees per mangrove species. All leaves were collected 
at the beginning of May 2019. To ensure a representative mixture of senescent sun 
and shadow leaves for our leaching experiment, we only collected leaves that could 
be plugged without exerting much force from all positions within the canopy. As A. 
germinans trees were relatively rare in the study area, we also had about 50% less wet 
weight of leaves for the leaching experiment compared to the other three mangrove 
species, even after adding additional leaves of earlier stages of senescence. After the 
collection, we immediately cleaned the surfaces of the leaves from sediment particles 
using tap water, weighed, and fully submerged them in 4 L of ultrapure water in 
one 5 L PET bottle per species. All bottles were newly acquired and precleaned with 
ultrapure water before adding the leaves. The incubation bottles had no headspace, 
creating an anoxic setup that minimized oxic microbial degradation of the released 
DOM. While some anoxic microbial fermentation may have occurred (Kusel and 
Drake 1996, Reith et al. 2002), microbial activity was likely limited as the senescent 
leaves were precleaned. The leaching process occurred over 3 d at ambient temperature 
(about 28 °C). The experiments were conducted with minimal UV exposure, due to 
the PET bottles acting as a barrier to UV light (Fechine et al. 2004, Oyane et al. 
2014). However, this setup enabled us to partially simulate natural conditions. The 
anoxic environment was designed to preserve the bioavailable fraction of DOM by 
limiting microbial degradation. Additionally, limited photochemical degradation 
mimicked the breakdown of larger molecules, such as lignins, into smaller, more 
bioavailable compounds (Bauer and Bianchi 2011). This approach ensured that both 
DOM leaching and natural photochemical processes were captured.

Sample Preparation.—Water samples from transects and leaching experiment 
were filtered through a 1 µm Causa polypropylene depth cartridge filter and a 0.1 
µm Causa polyethersulfone membrane cartridge filter using a peristaltic pump 
(MasterFlex L/S Cole Parmer). Filter cartridges, tubing, and filtration containers had 
been presoaked in acidified ultrapure water (pH 2, HCl) for 24 hr before usage and 
were rinsed with ultrapure water immediately before filtration. To ensure sample 
purity, over 2 L of initial flow-through were discarded. Following filtration, samples 
were acidified to pH 2 (HCl, p.a.) and were stored in dark at 4 °C until further 
processing. Process blanks were prepared before the first, after the 18th, and after 
the 36th filtrations and extractions using ultrapure water. For dissolved organic 
carbon (DOC) and total dissolved nitrogen (TDN) analyses, triplicate subsamples 
(each 30 ml) were taken. Styrene-divinyl benzene polymer-filled cartridges (Agilent 
Bond Elut PPL, 1 g) were used for the solid-phase extraction (SPE) of DOM (filtered, 
pH 2) as described by Dittmar et al. (2008). Extractions were run until the flow rate 
of the sample through the cartridge approached 0 resulting in extracted sample 
volumes between 1259 and 1429 ml. After extraction, the cartridges were desalted 
with ultrapure water (pH 2, HCl) and were dried with nitrogen, and then stored at 
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4 °C until transportation back to Germany. The cartridges were eluted in Germany 
with 6 ml methanol (LC grade) and extracts were stored at −20 °C before analysis.

DOC and TDN Analysis.—DOC and TDN concentrations from filtered and 
acidified subsamples and DOC concentrations from solid-phase extracts (SPE-DOC) 
were analyzed by high-temperature catalytic combustion with a Shimadzu TOC-
VCPH instrument equipped with a TDN unit. For the SPE-DOC analysis, aliquots 
of the extracted SPE-DOM, ranging from 50 to 250 µl, were dried at 40 °C and 
subsequently re-dissolved in 10 ml acidified (pH 2) ultrapure water. Trueness and 
precision were tested against deep seawater reference material and low-carbon water 
(provided by DA Hansell, University of Miami, FL, USA), and both were better than 
5%. The extraction efficiencies were calculated by dividing the SPE-DOC values by 
the DOC concentrations of the water samples taking into account the concentration 
factor of the SPE.

DOM Molecular Analysis.—We diluted the methanol extracts with HPLC 
grade methanol (Sigma Aldrich) and ultrapure water to DOC concentrations of 2.5 
mg L−1 in a 1:1 (v/v) methanol to water mixture for FT-ICR-MS analysis. The solariX 
FT-ICR-MS (Bruker Daltonik GmbH, Bremen, Germany) used for the analysis was 
equipped with a 15 Tesla superconducting magnet (Bruker Biospin, Wissembourg, 
France). At a flow rate of 2 µL min−1, the capillary voltage was set to 4 kV and the 
electrospray ionization in negative mode, the prediluted samples were infused 
into the electrospray source. For 0.1 s, the charged ions were accumulated in the 
hexapole before being transferred into the ICR cell. Data acquisition was performed 
in broadband mode using 8 megaword data sets and a scan range of 100–2000 Da. 
Two hundred scans were accumulated for each spectrum. All samples were analyzed 
in duplicates in a randomized order. To verify the instrument stability, before and 
after each block of 8 to 10 samples a laboratory-internal reference sample (SPE-
DOM from North Equatorial Pacific Intermediate Water, see Green et al. 2014 for 
details) was measured. An internal calibration with a reference mass list of > 100 
known CxHyOz molecular formulae covering the mass range targeted in the samples, 
achieved a mass accuracy of <0.1 ppm. Molecular formula attribution was done with 
ICBM-OCEAN (Merder et al. 2020). The method detection limit (MDL) was applied 
(Riedel and Dittmar 2014) with a minimum signal-to-noise ratio (S/MDL) of 3. The 
minimum signal to MDL ratio as backbone for recalibration was one using mean 
recalibration mode. Molecular formulae were assigned with a tolerance of 0.2 ppm 
as C1–50, H2–120, O0–50, N0–4, S0–2, P0–1, in the mass range of 100 to 1000 Da. Molecular 
formulae assignments were accepted if the molecular formula was present in >10% 
of the samples. Contaminants were identified and excluded manually by visual 
inspection of the spectra, and by referencing the SPE-DOM procedural blanks that 
were processed along with samples. Signal intensities of peaks of identified peaks 
were normalized to the sum of all peak intensities per sample. Molecular formulae 
containing isotopes (13C, 18O, 15N, 34S) were removed from the data table for further 
processing, and molecular formulae with molar ratios of oxygen to carbon (O/C) > 1, 
and hydrogen to carbon (H/C) > 2.5 were removed as well. Duplicate samples were 
averaged and then normalized, and molecular formulae were retained only when 
present in both duplicates.
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For each sample, intensity weighted averages for formulae containing carbon (C), 
hydrogen (H), oxygen (O), nitrogen (N), sulfur (S), and phosphorus (P) atoms and 
double bound equivalents (DBE), molar ratios of hydrogen-to-carbon (H/C) and 
oxygen-to-carbon (O/C), as well as AImod, a parameter developed to identify aromatic 
and condensed aromatic structures in DOM molecular formulae data of ultra-
high resolution MS (Koch and Dittmar 2006, 2016) were calculated as described by 
Seidel et al. (2014). We assigned seven DOM compound groups following Seidel et 
al. (2017) to the molecular formulae: (g1) polycyclic aromatics, (g2) highly aromatic 
compounds, which can include lignin degradation products, (g3) highly unsaturated 
compounds, (g4) unsaturated aliphatic compounds, (g5) saturated compounds with 
low O/C ratios, which can include lipids, (g6) saturated compounds with high O/C 
ratios, which can include carbohydrates, (g7) unsaturated aliphatic compounds 
containing N, which can include peptide degradation products. Such an assignment 
of compound groups has to be interpreted with caution, as the assigned molecular 
formula may consist of several different structural isomers (Zark et al. 2017). 
Nevertheless, it can be a valuable tool to identify biogeochemical drivers shaping 
DOM compositions in coastal systems (Osterholz et al. 2016, Seidel et al. 2017, Mori 
et al. 2019).

Index Calculations.—To identify the contribution of terrigenous DOM we 
followed the approach described by Medeiros et al. (2016). In short, the corresponding 
index referred to as ITerr was calculated based on the normalized intensities of 
molecular formulae specified by Medeiros et al. [2016; sum magnitudes Terr/sum 
magnitudes (Terr + Mar)]. The 40 peaks identified in riverine sources associated 
with the highest positive δ13C correlations were picked as the targeted terrigenous 
peaks (Terr) together with the 40 peaks with the highest negative correlations to 
δ13C identified in ocean sources as the marine reference peaks (Mar) were used to 
calculate the index values for the samples as described by the authors.

The second index to evaluate the contribution of sulfidic porewater derived DOM 
(ISuP) was calculated after Knoke et al. (2024). The index was initially developed for 
the purpose of tracking and identifying the contribution of DOM from sulfidic 
porewater originating in mangrove forest sediments. The index was calculated 
based on the normalized intensity of molecular formulae described in Knoke et al. 
[2024; sum magnitudes SuP/sum magnitudes (SuP + Mar)]. The 40 peaks identified 
in mangrove porewater samples are terrigenous molecular formulae containing S 
that are strongly correlated with Ba concentrations. They were picked as the targeted 
sulfurized, porewater-derived peaks (SuP) together with the 40 peaks identified by 
Medeiros et al. (2016) as the marine reference peaks (Mar). These peaks were used to 
calculate the index values for the samples as described by the authors.

To identify the contribution of DOM leached from mangrove leaves into coastal 
waters we developed a third molecular index. We selected molecular formulae of 
interest from all formulae identified unambiguously from mangrove DOM leaf 
leachates of any mangrove species sampled after subtraction of formulae identified 
in any of the endmember samples. This ensured the exclusion of molecular formulae 
from DOM of other primary producers, such as terrestrial plants located upstream 
or coastal phytoplankton. Our selections of endmembers were based on salinity 
values. Samples collected from location “RSBS” with salinities of 0 (rainy season) 
and 5.3 (dry season) represented the riverine and samples from location “LT5” 



Bulletin of Marine Science. Vol 101, No 3. 20251198

with salinities of 34.6 (rainy season) and 35.6 (dry season) represented the marine 
endmembers. Locations at the estuary mouth had equally high salinities in the 
dry season. To identify the sample with the highest impact of marine input and 
consequently the lowest impact of terrestrial input of the three locations we used the 
calculated ITerr values of these samples. 622 molecular formulae were retained after 
subtracting all formulae identified in either of the endmember samples. Previous 
studies found high levels of highly unsaturated DOM compounds (H/C < 1.5, AImod ≤ 
0.5), especially with O/C ratios lower than 0.5 being leached from decaying leaf litter 
(Brock et al. 2020, Hensgens et al. 2021). Thus, we selected 40 molecular formulae 
of highly unsaturated compounds with low O/C ratios that were most abundant in 
the mangrove leaf leachates (ManL; Supplementary Table S1). These, together with 
the marine DOM molecular formulae identified by Medeiros et al. (2016; Mar), were 
used to calculate IManL, indicative of the direct input of DOM leached from mangrove 
leaves [sum magnitudes ManL/sum magnitudes (ManL + Mar) × 100].

Conservative Mixing Model.—To assess how concentrations of the measured 
DOC, TDN, and the abundance of the defined DOM compound groups deviated 
from a conservative two-end-member mixing with fluvial and marine endmembers, 
we applied linear regression analyses as described by Seidel et al. (2015a). The relative 
abundances of the DOM compound groups were scaled to the DOC concentrations 
of each corresponding sample before the normalization as described by Seidel et al. 
(2017). The calculated Δmix indicates the deviation of measured values and relative 
abundances of DOM compound groups from calculated conservative mixing. The 
selection of the riverine and marine endmembers was based on the lowest and 
highest salinity values respectively, as described earlier. To compensate for the 
potentially introduced bias of the DOC scaling for the compound groups, we decided 
to define possible differences as meaningful, if they differed from the conservative 
mixing behavior by at least 10% and by the mixing behavior seen in the normalized 
DOC values by at least two-fold. It is important to note that the Jaguaripe estuary 
is a complex system in which a simple linear mixing between two endmembers may 
not fully represent all source contributions. However, we intended to get a first-order 
insight into the dynamics of the DOM composition by this simplified approach. 
Deviations from the model can thus indicate an enrichment or depletion of DOM 
through interactions with the fringing mangroves, as well as the reworking of DOM 
compounds along the salinity gradient.

Statistical Analyses.—Multivariate statistical analyses were done using R v3.6.0 
(R Core Team 2019) and the package vegan (Oksanen et al. 2020). For comparison 
of the DOM molecular composition of our samples, we performed a principal 
coordinate analysis (PCoA) on a Bray–Curtis dissimilarity matrix calculated from 
the normalized signal intensities of the assigned molecular formulae. Based on the 
eigenvalues of the PCoA axes, we calculated percentages of relative importance 
(Mori et al. 2019). Using the envfit function provided by the vegan package, we fitted 
explanatory environmental parameters and intensity-weighted averages of DOM 
compound groups to the PCoA scores. Correlations were tested based on 1000 
permutations and considered significant if P ≤ 0.1. Linear relationships between 
DOM molecular compositions and environmental parameters were determined by 
using Pearson correlation analyses, allowing us to identify significant gradients and 
thus potential environmental drivers.
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Results

Biochemical and Physicochemical Parameters.—Water temperatures in 
the dry season ranged between 29.5 and 32.0 °C, decreasing downstream along the 
transects (Fig. 2A), with the 3rd transect exhibiting slightly higher temperatures. 
Water temperatures of the rainy season were between 25.9 and 28.9 °C, about 3 °C 
lower compared to the values of the dry season (Figs. 2B and 3B). Temperatures 
followed a similar trend as in the dry season decreasing downstream.

In the dry season, the lowest salinity (5.3) was at the upper river (RSBS; Fig. 2A). 
The highest salinity (35.6) was shared between the sampling positions MT5, LT5, 
and CBT4 (Fig. 2C). Except for the 5th transect, the middle position of each transect 
had lower salinity values compared to its flanking positions. Along transects, salinity 
slightly increased with decreasing distance to the coastal ocean, except transect 3, 
at which the salinity values were slightly lower compared to neighboring transects. 
Salinity levels of the rainy season ranged between 0 and 34.6 taken at locations of 
the upper river (RSBS) and the left sampling point of transect 5 (LT5) respectively 
(Fig. 3C). Downstream along the estuary, there was a trend of increasing salinity 
values from about 20 at the furthest upstream transect to about 34 at the furthest 
oceanward transect. The exception of this trend was the middle and left position of 
the 2nd transect (MT2 & LT2), which showed a drastic decrease in salinity to 11.2 
and 9.8 respectively.

DO values ranged from 2.22 mg L−1 for the upper river location (RSBS) to 6.57 
mg L−1 at the left position of the 5th transect (LT5). In the rainy season, DO values 
were between 4.30 mg L−1 for the position MT1 and 6.41 mg L−1 for the outer estuary 
location (OERS; Fig. 3D). Only for the rainy season, DO concentrations decreased 
with increasing distance from the coastal ocean (Fig. 3D).

In the dry season, pH values ranged from 7.26 at the upper river (RSBS) to 8.25 
at LT4. In the rainy season, pH values were highest (8.14) at the outer estuary, and 
lowest (7.36) at the upper river (RSBS). The trends in both seasons of increasing 
values towards the coastal ocean were only interrupted for the rainy season by low 
pH values (7.27) at the second transect (MT2, LT2; Fig. 3E).

Highest DOC and TDN values of 706 and 137 µmol L−1, respectively, were found in 
the upper river in the dry season (RSBS; Fig. 2F and G). The lowest DOC concentration 
of 106 µmol L−1 was found at position LT5, whereas the lowest level of TDN (8.68 µmol 
L−1) was found at LT4. The outer estuary had values of 138 µmol L−1 for DOC and 18.61 
µmol L−1 for TDN concentrations. DOC concentrations decreased with increasing 
salinity from the upper river to the coastal ocean (Fig. 2F). A pattern of decreasing 
TDN concentrations with increasing salinity was not observed (Fig. 2G). The highest 
DOC concentration was found during the rainy season at the riverine endmember 
(RSBS; 939 µmol L−1; Fig. 3F). The lowest DOC concentration of 112 µmol L−1 was 
found at MT5 (5th transect). TDN concentrations were between 103 and 9 µmol L−1 
between riverine and coastal ocean endmembers (RSBS and OERS) respectively (Fig. 
3G). Overall, DOC and TDN concentrations decreased with increasing salinity from 
the upper river to the coastal ocean (Fig. 3F and G).

DOM Molecular Composition.—Molecular analysis of the 108 SPE-DOM 
samples via FT-ICR-MS yielded overall 8788 molecular formulae with molecular 
masses between 101 and 800 Da. Extraction efficiencies were 67% ± 12% (n = 96) on 
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Figure 2. Surface water properties in the dry season and sampling locations along the Jaguaripe 
River estuary. (A) Sampling locations, (B) temperature (°C), (C) salinity, (D) dissolved oxygen 
(DO; mg L−1), (E) pH, (F) dissolved organic carbon (DOC; µmol L−1), (G) total dissolved nitrogen 
(TDN; µmol L−1), (H) ITerr, (I) ISuP, and (J) IManL.
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Figure 3. Surface water properties in the rainy season and sampling locations along the Jaguaripe 
River estuary. (A) Sampling locations, (B) temperature (°C), (C) salinity, (D) dissolved oxygen 
(DO; mg L−1), (E) pH, (F) dissolved organic carbon (DOC; µmol L−1), (G) total dissolved nitrogen 
(TDN; µmol L−1), (H) ITerr, (I) ISuP, and (J) IManL.
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a carbon basis and extraction efficiency was uncorrelated to salinity, demonstrating 
no preferential extractions of marine over terrestrial DOM or vice versa. The mean 
number of C, H, N, and P atoms in molecular formulae as well as intensity-weighted 
average H/C ratios, and AImod values were lower for the upstream transects compared 
to transect closer to the coastal ocean (Table 1). Averaged numbers of S atoms in 
molecular formulae, mean values of DBE, and mean molecular masses decreased 
from mangrove fringed transects upriver towards transect without fringing 
mangroves closer to the river mouth. The number of O atoms present and the O/C 
ratios were very similar across all transects.

In the rainy season, the number of molecular formulae decreased on average for 
samples from upriver transects compared to samples taken near the coastal ocean 
(Table 2). Averaged numbers of S atoms in molecular formulae and intensity-weighted 
average AImod decreased from the upper river transects towards the coastal ocean 
transects, while intensity-weighted average H/C ratios increased. Averaged numbers 

Table 1. Characteristics of molecular formulae [intensity-weighted averages (intensity-weighted standard 
deviation)] of the five transects along the estuary of the Jaguaripe River in the dry season. Formulae = 
formulae present in respective samples, mass (Da) = intensity-weighted molecular mass in Dalton. Element 
contribution: C = carbon, H = hydrogen, O = oxygen, N = nitrogen, S = sulfur, P = phosphorous. Molar ratios: 
H/C = hydrogen to carbon ratio, O/C = oxygen to carbon ratio. Molecular indices: AImod as described by 
Seidel et al. (2014), DBE = double bound equivalents.

Transect 1 Transect 2 Transect 3 Transect 4 Transect 5
Formulae 3,764 (727) 4,057 (689) 4,255 (793) 3,714 (718) 3,114 (184)
Mass (Da) 371 (8) 377  (3) 379  (10) 386  (4) 389 (7)
C 17.9 (0.2) 18.1 (0.1) 18.1 (0.2) 18.5 (0.1) 18.7 (0.2)
H 20.8 (0.2) 21.4 (0.4) 21.3 (0.2) 22.6 (0.8) 23.5 (0.5)
O 8.1 (0.3) 8.3 (0.1) 8.4 (0.4) 8.5 (0.2) 8.5 (0.3)
N 0.18 (0.02) 0.22 (0.01) 0.22 (0.03) 0.28 (0.05) 0.31 (0.03)
S 0.11 (0.01) 0.09 (0.02) 0.10 (0.01) 0.06 (0.03) 0.04 (0.01)
P 0.0003 (0.0005) 0.0005 (0.0004) 0.0004 (0.0006) 0.0019 (0.0022) 0.0030 (0.0018)
H/C 1.16 (0.02) 1.17 (0.02) 1.17 (0.02) 1.21 (0.04) 1.25 (0.02)
O/C 0.45 (0.01) 0.46 (0.01) 0.46 (0.01) 0.46 (0.01) 0.45 (0.01)
AImod 0.32 (0) 0.31 (0.01) 0.31 (0.01) 0.28 (0.03) 0.26 (0.01)
DBE 8.57 (0.25) 8.52 (0.20) 8.58 (0.28) 8.39 (0.36) 8.14 (0.10)

Table 2. Characteristics of molecular formulae [intensity-weighted averages (intensity-weighted standard 
deviation)] of the five transects along the estuary of the Jaguaripe River in the rainy season. Formulae = 
formulae present in respective samples, mass (Da) = intensity-weighted molecular mass in Dalton. Element 
contribution: C = carbon, H = hydrogen, O = oxygen, N = nitrogen, S = sulfur, P = phosphorous. Molar ratios: 
H/C = hydrogen to carbon ratio, O/C = oxygen to carbon ratio. Molecular indices: AImod as described by 
Seidel et al. (2014), DBE = double bound equivalents.

Transect 1 Transect 2 Transect 3 Transect 4 Transect 5
Formulae 3,915 (861) 4,441 (270) 3,489 (442) 3,391 (534) 2,775 (391)
Mass (Da) 373 (11) 391 (9) 392 (3) 379 (7) 384 (4)
C 18.3 (0.3) 19.0 (0.4) 19.0 (0.1) 18.6 (0.2) 18.6 (0.1)
H 20.8 (0.3) 20.8 (0.1) 20.8 (0.2) 21.4 (0.2) 23.3 (0.1)
O 8.1 (0.4) 8.7 (0.3) 8.8 (0.2) 8.3 (0.3) 8.3 (0.2)
N 0.15 (0.03) 0.12 (0.04) 0.10 (0.02) 0.17 (0.03) 0.29 (0.03)
S 0.06 (0.01) 0.06 (0.01) 0.04 (0.01) 0.04 (0.01) 0.02 (0.00)
P 0.0011 (0.0014) 0.0003 (0.0001) 0.0001 (0.0001) 0.0011 (0.0006) 0.0038 (0.0010)
H/C 1.13 (0.03) 1.09 (0.03) 1.08 (0.01) 1.14 (0.01) 1.25 (0.01)
O/C 0.44 (0.02) 0.46 (0.01) 0.46 (0.01) 0.45 (0.01) 0.45 (0.01)
AImod 0.34 (0.01) 0.36 (0.02) 0.36 (0.01) 0.33 (0.01) 0.26 (0.01)
DBE 8.95 (0.44) 9.60 (0.43) 9.69 (0.19) 8.93 (0.19) 8.10 (0.13)
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of H, P, and N atoms assigned to the identified compounds appeared comparable 
for transects 1 to 4, while averaged values for the 5th transect were much higher in 
comparison. Intensity-weighted averages of molecular masses were similar across all 
transects.

In the dry season, the PCoA analysis based on the dissimilarity matrix showed a 
clear separation of samples along different transects (Fig. 4A). Principal coordinate 
1 (PC1), which explained 60% of the variability in DOM molecular composition, 
revealed a gradual progression of transects along the estuary. Transects closer to 
the coastal ocean (4 and 5) were positively correlated with environmental factors 
such as pH, salinity, and DO, as well as compound groups 3, 4, 6, and 7. High 
levels of highly unsaturated compounds and N-containing unsaturated aliphatics 
(groups 3 and 7) were strongly associated with the separation of samples along PC1. 
Unsaturated aliphatics without N and oxygen-rich saturated compounds (groups 4 
and 6) were also correlated with PC1 but to a lesser extent. Samples closer to the river 
mouth were linked to N- and P-containing compounds. In contrast, samples from 
upstream transects and the riverine endmember correlated with higher DOC and 
TDN concentrations, S-containing compounds, and compound groups g1 and g2, 
as well as the indices ISuP and ITerr. Saturated compounds with low O/C ratios (group 
5) were less strongly associated with samples further from the coastal ocean. Along 
principal coordinate 2 (PC2), the separation of samples was less distinct, but samples 
nearer to the coastal ocean were generally correlated with higher molecular masses 
and higher O/C values.

In the rainy season, PCoA showed a less distinct separation of samples across 
transects compared to the dry season (Fig. 4B). However, along PC1 (explaining 
62% of variability), samples near the river mouth were generally on the positive 
side, while upriver samples were on the negative side, with two exceptions: an outer 
estuary sample and one from transect 2. Salinity, DO, pH, and compound groups 3, 
4, 6, and 7 were positively correlated with samples near the river mouth, though the 
separation was less clear than in the dry season and shifted towards PC2. Samples 
on the negative side of PC1 were associated with higher DOC concentrations, 
S-containing compounds, and compound groups 1 and 2. Five samples from 
transects 2 and 3 showed stronger correlations with highly aromatic and polycyclic 
aromatic compounds, disrupting the pattern. These differences caused separation 
along PC2 (explaining 15% of variability), with the outer estuary sample strongly 
correlated with compound group 1.

SPE-DOM samples of the mangrove leaf leachates contained 432 unique molecular 
formulae not present in the riverine or marine endmember samples. Overall, the 
mangrove leaf leachates had increased intensity-weighted averages of S-contents (0.11 
± 0.02) and decreased levels intensity-weighted averages of N-contents (0.04 ± 0.03) 
compared to the marine and riverine DOM endmembers (Supplementary Table S2). 
The intensity-weighted average H/C ratios (1.16 ± 0.16), intensity-weighted average 
AImod (0.34 ± 0.09) and DBE values (9.39 ± 0.97) were between values from riverine 
and marine endmember samples. The marine endmembers were characterized by 
the highest level of intensity-weighted average H/C ratio (1.23) and the lowest levels 
of intensity-weighted average AImod (0.27) and DBE (8.35) and had a total of 542 
compounds with unique formulae. The riverine endmember DOM had the lowest 
intensity-weighted average H/C ratio (1.11) and the highest levels for intensity-
weighted average AImod (0.35), DBE (9.29), and levels of S-containing compounds 
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Figure 4. Principal coordinate analyses (PCoA) based on Bray–Curtis dissimilarity of the rela-
tive FT-ICR-MS signal intensities of DOM molecular formulae of surface water samples taken 
(A) in the dry season and (B) in the rainy season. Colored circles represent the different sam-
pling locations: riverine endmember (yellow circles), transect 1 (orange circles), transect 2 (red 
circles), transect 3 (brown circles), transect 4 (purple circles), transect 5 (dark blue circles), and 
marine endmember (blue circles). Environmental parameters including DOC and TDN concen-
trations (black arrows) were significantly correlated with P ≤ 0.05; intensity-weighted averages of 
DOM molecular parameters (grey arrows) were significantly correlated with P ≤ 0.01, with N = 
nitrogen-containing compounds, S = sulfur containing compounds, P = phosphorous-containing 
compounds; intensity-weighted averages of DOM molecular compound groups after Seidel et al. 
(2017) and tracing indices after Medeiros et al. (2016) and Knoke et al. (2024; red arrows) were 
significantly correlated with P ≤ 0.05, with g1 = polycyclic aromatics, g2 = highly aromatic, g3 
= highly unsaturated compounds, g4 = unsaturated aliphatics, g5 = saturated compounds with 
low O/C ratios, g6 = saturated compounds with high O/C ratios, g7 = aliphatics containing N, 
ISuP = index to identify the contribution of mangrove porewater DOM, ITerr = index to identify the 
contribution of terrestrial DOM.
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(0.08). In total, we identified 1637 unique compound formulae shared with neither 
the marine endmember nor the mangrove leaf leachates. A major cluster of unique 
molecular formulae from the mangrove leaf leachates was found in van–Krevelen 
space between intensity-weighted average H/C 1 and 1.2 (Fig. 5), alongside with a 
smaller cluster with H/C ratios of 1.5–2.0 and O/C ratios of 0.2–0.4. Unique marine 
endmembers molecular formulae were found with intensity-weighted average H/C 
ratios of 1.2–1.5 and O/C ratios of 0.3–0.7. Unique riverine molecular formulae 
were in the range of H/C ratios between 0.5 and 1.0 and between 0.4 and 0.7 for the 
intensity-weighted average O/C ratios. The riverine cluster overlapped partly with 
the mangrove leaf leachates and the marine endmember cluster. This overlap was 
mainly in the range of intensity-weighted average H/C ratios between 1.0 and 1.5 and 
O/C ratios of 0.2–0.4.

Endmember Mixing.—In the dry season, DOC-scaled relative abundances of 
compounds containing P heteroatoms, saturated compounds with high O/C ratios 
(group 6), and unsaturated aliphatics containing N (group 7) were lowest at the 
riverine endmember and increased closer to the coastal ocean (Fig. 6). The values 
of compound groups 6 and 7 show a large scatter around the model of conservative 
mixing. Compounds containing P heteroatoms were distinctly lower compared to the 
conservative mixing values. DOC and TDN concentrations, as well as DOC-scaled 
relative abundances of N and S-containing compounds, aromatic (group 1), highly 
aromatic (group 2), highly unsaturated (group 3), unsaturated aliphatic compounds 
(group 4), and saturated compounds with low O/C ratios (group 5) displayed opposing 
trends with the highest values of the river endmember and distinctly lower values at 
the marine endmember.

In the rainy season, DOC concentrations, S, and P containing compounds, and 
unsaturated compounds with low O/C ratios (group 5) had levels exceeding those 
expected from conservative mixing. These values differed distinctly from the mean 
deviation of the normalized DOC values to the conservative mixing. Concentrations 
of TDN and N-containing compounds were below conservative mixing values. The 
compounds of groups 1 to 4 displayed values higher compared to the conservative 
mixing, but these values were indistinguishable from those of the normalized DOC 
values. Saturated compounds with high O/C ratios (group 6) were undetectable in 
over half the samples, but values above 0 were mostly found in transects near the 
coastal ocean.

Figure 5. Van–Krevelen plots of DOM molecular formulae for (A) mangrove leaf leachates, (B) 
marine endmembers of both seasons, and (C) riverine endmembers of both seasons. Unique 
formulae for the three groups are colored (green = mangrove leaf leachates, blue = marine end-
member, orange = riverine endmember). Shared formulae of all groups are colored in gray.
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In the rainy season, relative abundances scaled to DOC concentrations of 
compounds containing P, saturated compounds with low O/C ratios (group 5), and 
unsaturated aliphatics containing N (group 7) increased from the riverine to the 
marine endmember (Fig. 7). Values of P-containing compounds and compounds 
from group 5 were above values expected from conservative mixing. Values for 
compounds from group 7 were below conservative mixing values. DOC and TDN 
concentrations, as well as DOC-scaled relative abundances of N- and S-containing 
compounds, aromatic (group 1), highly aromatic (group 2), highly unsaturated (group 
3), and unsaturated aliphatic compounds (group 4) had values decreasing from the 
riverine to the marine endmembers. DOC concentrations and DOC-normalized 
values of the compound groups 2 to 4 were not distinctly higher compared to 
values expected from conservative mixing. For TDN concentrations, S-containing 
compounds and aliphatics containing nitrogen (group 7) values were distinctly lower 
than expected for conservative mixing. Values of DOC-scaled relative abundances of 
polycyclic aromatics and saturated compounds with low oxygen values (groups 1 and 
5) were distinctly higher compared to values from conservative mixing. DOC-scaled 
relative abundances of saturated compounds with high O/C ratios (group 6) were 

Figure 6. Conservative mixing plots of biochemical parameters and molecular DOM surface 
water parameters in the dry season. The theoretical conservative mixing behavior is represented 
by the solid black lines. For the abundance of biochemical parameters: concentrations of DOC 
(µmol L−1) and TDN (µmol L−1). For their minimum and maximum normalized and DOC scaled 
abundances of DOM molecular parameters and compound groups: N = nitrogen, S = sulfur, P 
= phosphorous containing DOM, g1 = polycyclic aromatics, g2 = highly aromatic, g3 = highly 
unsaturated compounds, g4 = unsaturated aliphatics, g5 = saturated compounds with low O/C 
ratios, g6 = saturated compounds with high O/C ratios, and g7 = aliphatics containing N. In-box 
numbers indicate whether is δmix is positive (+) or negative (−) for the respective parameter.
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mostly close to zero but had values above conservative mixing in transects closer to 
the marine endmember.

Tracing OM Sources.—In the dry season, ITerr values ranged from 0.096 (LT5) 
to 0.471 (RSBS), decreasing toward the coastal ocean, with middle transect locations 
generally showing higher values (Table 3, Fig. 2H). Left-side locations of transects 
2–5 had lower ITerr values than their right counterparts, except for a slight reversal 
upriver (Fig. 2H). ISuP values were between 0.014 and 0.168, following a similar pattern 
as ITerr, peaking at the middle positions (Fig. 2I), while IManL values (0 to 0.081) had no 
clear spatial pattern (Fig. 2J).

In the rainy season, ITerr values were highest at LT2 (0.510) and RSBS (0.500) and 
lowest at RT5 (0.160), decreasing toward the coastal ocean, with left-side positions 
consistently showing higher values (Table 4, Fig. 3H). ISuP values ranged from 0.006 to 
0.112, peaking at MT1, decreasing seaward (Fig. 3I). IManL values were highest at LT2 
(0.104), with a general pattern of decreasing values from left to right along transects 
2 to 4, while transect 1 showed the highest value at its middle position (Fig. 3J).

Figure 7. Conservative mixing plots of biochemical and molecular DOM surface water parame-
ters in the rainy season. The theoretical conservative mixing behavior is represented by the solid 
black lines. For the abundance of biochemical parameters: concentrations of DOC (µmol L−1) and 
TDN (µmol L−1). For their minimum and maximum normalized and DOC scaled abundances of 
DOM molecular parameters and compound groups: N = nitrogen, S = sulfur, P = phosphorous 
containing DOM, g1 = polycyclic aromatics, g2 = highly aromatic, g3 = highly unsaturated 
compounds, g4 = unsaturated aliphatics, g5 = saturated compounds with low O/C ratios, g6 = 
saturated compounds with high O/C ratios, and g7 = aliphatics containing N. In-box numbers 
indicate whether δmix is positive (+) or negative (−) for the respective parameter.
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Discussion

Seasonal Variability and Nonconservative Behavior of DOC and TDN 
Concentrations.—Environmental parameters deviated from conservative mixing 
along the estuary, with elevated DOC concentrations indicating an additional source 
in the mangrove-fringed section, particularly during the dry season (Figs. 6 and 7). 
DOC enrichments were more pronounced in the dry season, as indicated by higher 
positive deviations from conservative mixing compared to the rainy season (compare 
Δmix values in Figs. 6 and 7). Tidal-driven porewater outwelling from the mangroves 
was likely responsible for this additional DOC input in the estuary (Dittmar et al. 
2006, Kristensen et al. 2008, Maher et al. 2013, Ray et al. 2018), especially during 
the dry season (Dittmar and Lara 2001b, Santos et al. 2009, Mori et al. 2019). In the 
rainy season, however, this input was not evident. Additionally, the observed DOC 
concentrations were much higher in the rainy season compared to the dry season. 
In the rainy season, DOC concentrations were generally higher in the sampling 
transects than in the dry season, which was likely due to increased terrestrial runoff, 
which may also mask the input of DOC by tidal pumping (Raymond et al. 2016, Seidel 
et al. 2017, Letourneau and Medeiros 2019, Mori et al. 2019).

TDN concentrations in the dry season closely matched with conservative mixing 
values, suggesting no significant nitrogen input or removal within the mangroves 
(Fig. 6). However, during the rainy season, TDN concentrations were notably lower 
than values calculated by conservative mixing, indicating a seasonal sink of dissolved 
nitrogen along the estuary (Fig. 7). Dynamics of dissolved nitrogen in mangrove-
dominated estuaries are characterized by complex biogeochemical factors, such 
as microbial activity and uptake by coastal vegetation (Reis et al. 2017, Mori et al. 
2019). Whether a mangrove forest acts as a source or a sink of N strongly depends 
on its utilization capacity. Thus, mangrove forests can only act as nitrogen sources, 
if the nitrogen availability in the forest exceeds the demand of the mangroves and its 

Table 3. Index values calculated for the samples along the estuary of the Jaguaripe River in the dry season.

Sampling locations ITerr ISuP IManL

RSBS 0.470 0.168 0
RT1 0.383 0.104 0
MT1 0.407 0.113 0
LT1 0.385 0.132 0.005
RT2 0.305 0.083 0
MT2 0.394 0.126 0.008
LT2 0.294 0.072 0
RT3 0.329 0.083 0
MT3 0.379 0.116 0.008
LT3 0.284 0.090 0.005
RT4 0.248 0.064 0.003
MT4 0.296 0.077 0.002
LT4 0.154 0.026 0.003
CBT4 0.156 0.027 0
RT5 0.135 0.031 0
MT5 0.181 0.037 0
LT5 0.096 0.014 0
OEDS 0.156 0.040 0.008
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associated microbial community (Dittmar and Lara 2001a). Mangrove forests can 
act as nitrogen sinks, especially in periods of increased plant growth with elevated 
air temperatures, increased solar radiation, or rainfall (Cunha et al. 2006, Bernini 
and Rezende 2010). During the dry season, with very high salinity values and little 
freshwater input through rainfall, plant growth, and litter production are likely 
reduced due to induced salinity and dryness stress (Mehlig 2001). This seemed to 
be reflected in the more conservative mixing of TDN concentrations in the dry 
season (Fig. 6), even so, we did not cover the lower to intermediate salinity ranges. 
In contrast, negative deviations of TDN concentrations compared to conservative 
mixing suggested that mangrove forests fringing the estuary acted as a sink during 
the rainy season. This suggests a pronounced seasonal dependency of N uptake in 
mangrove forests along the estuary (Fig. 6). The observed negative deviations of TDN 
concentrations from conservative mixing in the rainy season can be explained by an 
increased N uptake during periods of floral growth with elevated litter production 
(Wang et al. 2019) and peaking abundances of microphytobenthos (Benny et al. 
2021). In the dry season, elevated salinity and dryness stress may cause reduced 
plant and microphytobenthos growth with lower nitrogen demand, resulting in more 
conservative TDN behavior.

Mangroves Change DOM Composition along an Estuarine Gradient.—
To better understand DOM dynamics in the mangrove-fringed estuarine waters, we 
analyzed its molecular composition in relation to environmental parameters (Fig. 4).

Upstream samples were associated with elevated levels of polycyclic aromatic and 
highly aromatic compounds characterized by intensity-weighted average AImod values 
> 0.5 (groups 1 + 2; Fig. 4). These compounds are generally associated with terrestrial 
DOM originating from vascular plants containing higher portions of lignins, 
tannins, and their degradation products (Medeiros et al. 2015a, Seidel et al. 2015a). 
These compounds are also abundant in mangrove porewater DOM (Mori et al. 2019). 
Our data revealed a relative enrichment of compound groups 1 & 2 compared to 

Table 4. Index values calculated for the samples along the estuary of the Jaguaripe River in the dry season.

Sampling locations ITerr ISuP IManL

RSBS 0.500 0.076 0
RT1 0.452 0.071 0
MT1 0.467 0.112 0.025
LT1 0.471 0.081 0.019
RT2 0.432 0.084 0.021
MT2 0.496 0.083 0.033
LT2 0.510 0.085 0.104
RT3 0.464 0.031 0.005
MT3 0.455 0.056 0.016
LT3 0.465 0.074 0.028
RT4 0.326 0.020 0.004
MT4 0.345 0.046 0.02
LT4 0.421 0.048 0.011
CBT4 0.408 0.053 0.027
RT5 0.160 0.012 0
MT5 0.164 0.006 0
LT5 0.215 0.020 0
OERS 0.347 0.018 0.032
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conservative mixing in the mangrove-fringed area in the dry season and rainy season 
(Figs. 6 and 7). These compounds can therefore be attributed to fluvial DOM with 
additional input from mangrove-derived DOM via porewater outwelling (Medeiros 
et al. 2015a, Seidel et al. 2015a, Mori et al. 2019) .

In the rainy season, samples from transects 2 and 3 were characterized by higher 
relative abundances of aromatic compounds (groups 1 and 2), values of intensity-
weighted average AImod, and DBE indicating fresher and less degraded DOM 
mangrove and terrestrial systems (Fig. 4B; Mori et al. 2019). We assume that this 
was caused by DOM input from surface runoff during the rainy season introduced 
though the waters of a major tidal creek and of the da Dona River estuary entering the 
estuary just before these two transects. Both areas are dominated by thick mangrove 
forests with large tidal creeks, and geomorphological depressions. This explains the 
alterations in the biogeochemical parameters particularly at the left and middle 
positions of the transect 2 and the right position of transect 3 (Fig. 4B). However, 
the introduction of DOM was more pronounced at transect 2 compared to transect 
3, as through the tidal creek surface runoff drains directly into the estuary along 
the transect without much time to mix with the estuarine waters causing notable 
changes of salinity and temperature (Fig. 3B and C). The runoff likely introduced 
fresher, less degraded terrestrial DOM from nearby mangrove forests, compared to 
more distant riverine stations upstream, where DOM travels longer distances before 
reaching the estuary. This may account for the additional input of fresher terrestrial 
DOM from the mangroves surrounding the Jaguaripe River estuary. Additionally, 
such flushing events have been shown in similar studies to increase sediment loads 
decreasing sunlight penetrating the water column (Medeiros and de Araújo 2013, Xu 
et al. 2021). Both, reduced resident times and decreased sunlight penetration depth, 
result in reduction of photochemical degradation (Rossel et al. 2013, Seidel et al. 
2017) transforming aromatic DOM. Therefore, we assume that these runoffs directly 
into the estuary introduce fresher and less degraded DOM, i.e. from the mangroves 
in the area around the Jaguaripe River estuary.

Samples collected at locations further upstream, i.e., from transects 1 and 2, were 
characterized by high relative abundance of S-containing compounds (Fig. 4), and 
their relative abundances exceeded values expected from conservative mixing (Figs. 
6 and 7). This indicated input from additional DOM sources along the transects 
in both, dry and rainy seasons. Similar trends have been observed in systems with 
prominent coastal vegetation, such as mangrove forests and salt marshes (Medeiros et 
al. 2015b, Mori et al. 2019, Knoke et al. 2024). These compounds likely originated from 
sulfidic mangrove-sediments where the abiotic incorporation of sulfide into DOM 
under sulfidic conditions leads to the formation of S-enriched DOM compounds 
(Seidel et al. 2014, Sleighter et al. 2014, Pohlabeln et al. 2017). Additionally, we found 
an increased input of saturated compounds with low O/C ratios along transects 
further away from the river mouth mainly in the dry season (group 5; Figs. 4A and 6). 
Patterns of increasing saturation levels can be linked to the increased utilization and 
reworking of DOM by microbes present in different aquatic environments (Seidel et 
al. 2015a, Osterholz et al. 2016). Microbial activity has been shown to cause a shift 
of DOM toward increased levels of saturated compounds with low O/C ratios (Kim 
et al. 2006, Seidel et al. 2014). An earlier study reported similar findings with an 
increased input of saturated, oxygen-poor compounds scattered along a mangrove-
fringed estuary in tropical Australia (Mori et al. 2019). We conclude that the presence 
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of these compounds in the Jaguaripe River estuary is closely tied to the influx of 
porewater and surface runoff from nearby mangrove ecosystems. The reduced input 
of these compounds during the rainy season was likely due to dilution and the rapid 
transport of fluvial DOM through the estuary (Raymond et al. 2016, Letourneau and 
Medeiros 2019).

Our statistical analyses revealed that samples collected from transects closer to 
the coastal ocean exhibited increases in salinity, DO, and pH. During both seasons, 
these samples also had higher relative abundances of highly unsaturated DOM 
compounds, saturated compounds with high O/C ratios including carbohydrates, 
unsaturated aliphatics with and without nitrogen heteroatoms, as well as N and 
P-containing compounds (groups 3, 4, 6, 7; Tables 1 and 2, Figs. 4, 6, 7). These findings 
were consistent with previous studies that linked increasing salinity with higher 
proportions of saturated DOM, as well as increasing levels of N- and P-containing 
compounds (Seidel et al. 2015a, Osterholz et al. 2016, Seidel et al. 2017, He et al. 2020, 
Zhou et al. 2021). The increase in saturation levels is due to degradation and dilution 
of aromatic terrestrial with more aliphatic, marine DOM (Sleighter and Hatcher 
2008, Seidel et al. 2015a, Osterholz et al. 2016, He et al. 2020). The increase in N- 
and P-containing DOM indicates an increased DOM input from autochthonous and 
marine sources linked to primary production (Sleighter and Hatcher 2008, Mori et 
al. 2019). However, our data also revealed the removal of N-containing and aliphatic 
DOM compounds along the transects in the rainy season (N and group 7; Fig. 7). We 
attribute this to the removal of TDN, as previously discussed. Nitrogen limitation 
in the system may cause microbial communities in mangrove sediments to utilize 
available nitrogen, including nitrogen-containing DOM, explaining its relative 
depletion during rainy season.

Additionally, P-containing compounds were removed in all transects as they 
traveled seaward during the rainy season (Fig. 7). A similar trend has been reported 
for a mangrove fringed estuary in a tropical region (Mori et al. 2019). The removal 
might be caused by the oligotrophy in the estuary and nearby Todos os Santos Bay 
resulting in an increased uptake by the mangrove associated microbial communities 
(Hatje et al. 2009, Reef et al. 2010, Ouyang and Guo 2016, Pan et al. 2017, Marins et 
al. 2020).

Tracing DOM Sources Based on Calculated Indices.—Analytical methods 
that have been used to trace terrestrial DOM at the land-ocean interface and in 
coastal waters commonly include measurements of δ13C DOC and lignin composition 
(Mannino and Harvey 2000, Hernes and Benner 2003, Leigh McCallister et al. 2006). 
Molecular indexes, such as the ITerr developed by Medeiros et al. (2016), using ultra-
high resolution mass spectrometry data are becoming more widely used (Degenhardt 
et al. 2021, Waska et al. 2021, Maurischat et al. 2023), helping to better constrain 
the molecular DOM transformations from land to sea. As expected, in our data set, 
the ITerr values decreased with increasing salinity (Figs. 2H and 3H), confirming its 
applicability to smaller tropical river systems, as it has been shown previously for 
subterranean and alpine river systems (Waska et al. 2021, Maurischat et al. 2023). 
In the rainy season, runoff from the mangrove creek north of transect 2 appeared to 
significantly impact estuarine waters, because elevated ITerr values identified a clear 
input of terrigenous DOM in the left part of transect 2 (Fig. 3H). This area contains a 
large mangrove creek and, to some extent, Atlantic Forest vegetation, which probably 
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served as sources of terrestrial DOM. The ITerr values indicated a dynamic shift of 
water exchange between the river and coastal ocean waters in the estuary. In the 
dry season, the seawater was pushed into the estuary along the left edge of the 
downstream transects, while riverine waters were pushed out on the right side of the 
river mouth (Fig. 2). In the rainy season, the ITerr values indicated a stronger influx on 
the left side of the two downstream transects (Fig. 3H). This influx either originated 
from the terrestrial areas north of the connecting channel between the Jaguaripe 
River estuary and the Todos os Santos Bay, or from riverine input into the bay, that 
was transported through the connection directly into the estuary. The elevated ITerr 
values on the left sides of transects 1 and 2 suggested increased terrigenous DOM 
input (Fig. 3H). This pattern likely resulted from surface runoff from the forests 
north of the estuary, which drains through tidal creeks in the mangrove zone into 
the estuary. The effect was especially pronounced in the left section of transect 2, 
where the largest tidal creeks probably contributed to the influx.

The ISuP values displayed a very similar distribution pattern compared to the ITerr. In 
the dry season, the seawater seemed to be pushed primarily into the left areas of the 
Jaguaripe River estuary (Fig. 2). The estuarine waters with high levels of DOM derived 
from the mangroves appeared to be flushed into the coastal waters on the right edge 
of the river mouth. The high ISuP values in the upper river samples in both seasons 
could be caused by the excessive presence of the watergrass Luziola spruceana in the 
area. The watergrass extends along the edges of the upper Jaguaripe River, and its 
shallow riverbed just upstream of our upper river sampling site may serve as a source. 
Vegetated wetlands with waterlogged soils are known to export DOM in the form 
of CHOS compounds similar to mangrove forests (Lu et al. 2015, Gomez-Saez et al. 
2017). A study in Delaware Bay found clusters of CHOS (1 < H/C < 2, 0.125 < O/C < 
0.625) likely originating from low salinity, potentially, sulfidic, saltmarshes (Powers 
et al. 2018). These molecular clusters aligned with three-quarters of the molecular 
formulae used for calculating the ISuP. This suggests the need to cross-validate the 
applicability for this index, especially for systems heavily influenced by wetlands 
other than mangroves.

During the dry season, the highest values of IManL were found at sampling 
locations along transects 2 and 3 and in the outer estuary (Fig. 2). In these areas we 
observed local accumulations of minimally degraded floating mangrove leaf litter 
on the surface waters of the estuary. Our molecular analysis revealed that the leaf 
litter released substantial amounts of highly unsaturated DOM compounds (Fig. 
6), including lignin degradation products and carboxyl-rich alicyclic molecules, 
confirming trends from previous studies (Brock et al. 2020, Hensgens et al. 2021). 
The elevated IManL value at the outer estuary likely corresponded to low tide sampling, 
when estuarine water flushed into the coastal zone, transporting fresh mangrove leaf 
litter and freshly leached leaf DOM.

Through tidal changes on average 1.05 (± 0.86) g of dry weight litter are being 
exported per m2 mangrove forest per day (Golley et al. 1962, Lugo and Snedaker 
1974, Woodroffe 1985a, b, Wattayakorn et al. 1990). Since only a small fraction of 
this leachate is transported into the coastal ocean within 24 hours (Camilleri and 
Ribi 1986, Tam et al. 1990, Chale 1993, Steinke et al. 1993, Davis and Childers 2007), 
developing an effective DOM tracing index was challenging. Additionally, fresh DOM 
is likely susceptible to rapid photo- and microbial-degradation (Rossel et al. 2013, 
Seidel et al. 2014, Seidel et al. 2015a), reducing the chance of detecting it. However, 
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we found low IManL values at the outer boundaries of the estuary (Tables 3 and 4, Fig. 
4), suggesting that these compounds may impact microbial communities beyond the 
estuary, although the extent of this impact needs to be further quantified in future 
research. Interestingly, samples from the rainy season samples exhibited IManL values 
approximately an order of magnitude higher than those collected during the dry 
season (Tables 3 and 4), with particularly higher values at the left transect locations 
(Fig. 2J). We therefore assume, that these higher values were linked to increased 
surface runoffs from mangrove areas due to increased precipitation thus flushing 
more fresh leachate DOM into the estuary. As we did not include leaf leachates 
from terrestrial plants, there is also the possibility, that some of the compounds 
used to calculate the mangrove leaf leachate index could also be derived from leaf 
litter or organic matter deposits of other vascular plants. The DOM flushed into 
the estuarine waters, therefore, may not have been exclusively mangrove-derived, 
but also from terrestrial vegetation such as remains of the tropical Atlantic Forest 
in the area. The highly unsaturated compounds used for our index calculations 
are known to originate from such terrestrial sources (Seidel et al. 2014, Seidel et 
al. 2015a, Brock et al. 2020, Hensgens et al. 2021). However, we tried to limit the 
influence of nonmangrove terrestrial DOM compounds on the IManL by subtracting 
all compounds found in upstream river samples. Nevertheless, further testing of the 
IManL with a broader variety of leaf leachate samples is essential for the verification 
and potential improvement of the index in future studies. Initial steps should include 
confirming the effective tracing capacity of the IManL in other estuarine systems and 
testing unique biomarkers against DOM leached from other mangrove and terrestrial 
plant leaves to refine the index.

Conclusions

By combining the analysis of environmental parameters with nontargeted 
molecular DOM analysis we identified the biogeochemical dynamics of DOM driven 
by the mangrove forests fringing the Jaguaripe River estuary. Especially in the dry 
season, mangroves were a source for DOM thereby shaping the DOM composition 
in the estuary. This effect was particularly strong near mangrove forests rivaling the 
influence of other terrestrial DOM sources. However, in the rainy season, the input 
of DOM was less pronounced probably due to the increased freshwater input from 
precipitation and runoff flushing the estuary. The mangroves acted as a sink for TDN 
and N-containing aliphatics in the rainy season, likely because their increased N 
demand reduced its availability in the system. Our results support previous studies 
indicating that mangroves can act simultaneously as both sources and sinks for 
different DOM groups. Using a novel mangrove index we were able to trace DOM 
leached from mangrove leaves directly into the estuarine waters and even detected 
this fresh, potentially bioavailable, DOM beyond the estuary. However, while this 
is a promising approach, the IManL index requires further validation and potential 
adjustments to ensure its broader applicability as a robust tool for tracing mangrove-
derived DOM in different systems.
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