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Abstract  Flocculation of riverine dissolved organic 
matter (DOM) in estuaries is crucial for transform-
ing and removing terrestrial carbon inputs across the 
land-to-ocean aquatic continuum. We measured vari-
ations in chromophoric DOM (CDOM) absorption 
and fluorescence of riverine DOM through mixing 
experiments conducted across various seasons and 
environments, identifying patterns in salt-induced 
flocculation. Our observations show a systematic 
reduction in CDOM absorption in the 250–450  nm 
range at salinity 2, with a sharper decrease at higher 
wavelengths. Flocculation led to decreased relative 
fluorescence intensity below emission wavelength of 
360 nm and an increased intensity at higher emission 
wavelengths across the excitation spectrum measured 

(250–450 nm). We introduce a new metric, red shift 
ratio, a fluorescence-based metric calculated as the 
ratio of emission intensity at 300–350  nm to that 
at 360–500  nm, at excitation wavelengths between 
250 and 300  nm, for detecting flocculation-induced 
changes in CDOM across estuarine systems. The 
observed sensitivity of CDOM to flocculation in low 
salinities challenges its use as a conservative tracer in 
coastal gradients, suggesting that recalibrations are 
required for remote sensing algorithms and carbon 
flux estimations across land-sea continuum, particu-
larly in systems with similar characteristics.
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Introduction

Estuaries act as coastal filters where biogeochemical 
processes modulate carbon (C) fluxes from terrestrial 
to marine ecosystems (Carstensen et al. 2020). Recent 
decades have seen increases in terrestrial organic car-
bon (OC) loading globally (Filella and Rodríguez-
Murillo 2014; Asmala et  al. 2019, 2021a). Floccu-
lation, occurring at freshwater-seawater interfaces, 
involves seawater cations neutralizing the negative 
surface charge on dissolved organic matter (DOM; a 
complex mixture of organic substances that are small 
enough to pass through a filter, typically < 0.2–0.7 
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µm) molecules, allowing DOM to aggregate into 
potentially sinking particles, ultimately being buried 
in coastal sediments (Ho et  al. 2022). Flocculation 
is a key process in regulating OC sedimentation and 
subsequent burial and is thus significant for carbon 
cycling. However, its quantification is challenging 
due to the overlapping gradients in coastal systems 
and a variety of methodological approaches compli-
cating cross-system comparisons.

Traditionally, flocculation has been studied by 
measuring suspended particulate matter (SPM) accu-
mulation and the loss of dissolved constituents like 
dissolved organic carbon (DOC), providing insights 
into flocculation rates (Mikes et al. 2004; Khoo et al. 
2022). Additionally, changes in optical characteris-
tics such as chromophoric dissolved organic matter 
(CDOM) absorbance and fluorescence help under-
stand the qualitative transformations (Asmala et  al. 
2014; Zhao et al. 2024). CDOM is the light-absorbing 
fraction of DOM, which affects water color and par-
ticipates in key photochemical and biogeochemical 
processes. These varied methods highlight the chal-
lenge of precisely parameterizing flocculation-driven 
carbon transformations globally (Ward et  al. 2020; 
Powley et al. 2024).

A unified methodological approach is crucial to 
improve estimates of terrestrial OC fate, influencing 
the distribution and deposition of OC and affecting 
coastal carbon sequestration (Bianchi and Allison 
2009; Van de Broek et al. 2018). Variability in floc-
culation efficiency, i.e. removal of terrestrial DOC 
loading by flocculation is estimated to range from < 1 
to 22%, which complicates understanding of land-to-
sea carbon fluxes (Gustafsson et al. 2014; Clark et al. 
2022; Powley et al. 2024). CDOM, a key variable in 
remote sensing applications, is used to trace terres-
trial matter and correct data for chlorophyll, turbid-
ity, and salinity (Fichot and Benner 2012; Matthews 
2011). Specifically, CDOM absorbance in the visible 
range can be measured from satellite or airborne sen-
sors to indicate the presence of terrestrially derived 
DOM in coastal and estuarine waters. This informa-
tion helps differentiate between signals from organic 
matter and those from phytoplankton pigments or 
suspended sediments, thereby improving the accu-
racy of remote estimates of water quality parameters 
such as chlorophyll concentration and water clarity. 
Despite CDOM representing only a fraction of the 
DOC pool (Asmala et  al. 2012), it is a widely used 

proxy for organic carbon due to its tight relation-
ship with DOC across different aquatic environments 
(Massicotte et al. 2017).

The overall objective of this study was to exam-
ine the effect of salt-induced flocculation on CDOM 
absorption and fluorescence in five rivers in the 
United States and one in Finland  and across sea-
sons, to identify potential similarities in CDOM 
responses to flocculation. For this purpose, we quan-
tified the changes in spectral CDOM absorption and 
fluorescence excitation-emission matrices (EEMs) in 
river  water-seawater mixing experiments. We aimed 
to increase the amount of information gained from 
CDOM analysis by formulating the red shift ratio 
(balance between shorter and longer wavelength fluo-
rescence signals) as a framework to compare the floc-
culation potential among various DOM sources.

Material and methods

Sampling sites

Five subtropical rivers in southeastern United States 
were sampled in June 2019 and boreal river Kar-
jaanjoki in southern Finland was sampled six times 
throughout an annual cycle in 2017–2018 (Fig. S1). 
The five rivers sampled in North Carolina, United 
States, were Harvey Creek (Tar River basin), Neuse 
River (Neuse River basin), New River (Cape Fear 
basin), Newport River (White Oak basin), and Tar 
River (Tar River basin). These rivers were selected 
to cover latitudinal differences, as the United States 
rivers are located on 35°N and Karjaanjoki river on 
60°N. River discharge data for Karjaanjoki was con-
tinuously measured from a gauged station (Table S2).

Mixing experiments

We carried out flocculation experiments by mixing 
sample water from study rivers with artificial seawa-
ter into final salinity of 2, and comparing the changes 
in DOM characteristics to reference units without salt 
addition (see Fig. S2 for a schematic representation 
of the experiment). This salinity value has previously 
been reported to be an important threshold for the 
flocculation of organic matter along estuarine mix-
ing gradients (Lisitsyn 1995; Asmala et al. 2022). To 
avoid particle interference by adding incompletely 
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dissolved salt, we first prepared a salt solution (salin-
ity 35) by diluting synthetic sea salt (Aquarium Sys-
tem Instant Ocean; EAN 3443980257502; Table S1) 
in ultrapure water. This solution was filtered through 
pre-combusted glass fiber filters (GF/F—nominal 
mesh size 0.7 µm; Cytiva Whatman) to remove any 
non-dissolved salts. Artificial salt solution (60 ml) 
was then mixed with the river water (940 ml) to the 
final salinity of 2, and reference samples were treated 
with equal volumes of ultrapure water. Incubations 
were carried out in acid-washed glass bottles in the 
dark at room temperature for 24 h (Asmala et  al. 
2014). At the end of the incubation, experimental 
samples were gently filtered through pre-combusted, 
pre-weighed GF/F filters, and the filtrates were col-
lected for analyses. Aliquots of the filtrate for CDOM 
were stored at 4 °C until absorbance and fluorescence 
measurements were made within 72 h from sam-
pling. Aliquots of the filtrate for DOC analyses were 
taken for US samples, acidified with 85% H3PO4, and 
stored frozen at −  20 °C until measurement. DOC 
analysis was not successful for Finnish samples due 
to issues with the instrumentation.

Laboratory analyses

We quantified CDOM absorbance using either a 
Shimadzu 2401PC (Karjaanjoki River) or a Varian 
Cary 300UV (US rivers) spectrophotometer, each 
equipped with a 1 cm quartz cuvette and covering a 
spectral range from 200 to 800 nm at 1 nm intervals. 
For all samples, we used ultrapure water as blank. 
We calculated the Napierian absorption coefficient 
(α, m⁻1) from measured absorbance (A) using the 
equation α = 2.303 × A/l, where l is the optical path 
length of the cuvette (m). The S275–295 and S350–400 
values, representing non-linear slopes of absorbance 
spectra within the 275–295 nm and 350–400 nm 
ranges, were determined with the cdom package in 
R software (Massicotte 2016a; Fig. S3). Further, we 
calculated the E2:E3 ratio, i.e. the ratio of absorption 
coefficients at 250 and 365 nm. For the measurement 
of fluorescent DOM (FDOM), a Varian Cary Eclipse 
fluorometer (Agilent Technologies, Santa Clara, 
CA, USA) was used (excitation range 220–450 
nm; emission range 300–600 nm). We displayed 
results as excitation-emission matrices (EEMs). 
The EEMs were processed using the package eemR 
in R software (Massicotte 2016b). Each EEM was 

adjusted by deducting an ultrapure water blank, and 
after calibration Rayleigh and Raman scattering 
bands were discarded. Vendor-supplied corrections 
for excitation lamp energy and emission detector 
response were applied to each EEM. Calibration 
of EEMs involved normalization to the Raman 
water scatter peak area (at an excitation wavelength 
350 nm) from an ultrapure water sample analyzed 
during the same session, and corrections for inner 
filter effects were applied using absorbance spectra 
(Murphy et  al. 2010). From these corrected EEMs, 
the humification index (HIX) (Zsolnay et  al. 1999) 
and biological index (BIX) (Huguet et al. 2009) were 
determined. We also calculated a red shift ratio to 
assess the potential systematic changes in EEMs from 
shorter emission wavelengths to longer wavelengths; 
specifically, the emission between 300 and 350 nm 
was divided by emission between 360 and 500 nm, at 
excitation 250–350 nm. This wavelength range was 
selected based on consistent patterns observed across 
samples, where fluorescence tended to decrease at 
shorter emission wavelengths and increase at longer 
wavelengths after flocculation. To standardize 
fluorescence data across laboratories, EEMs were 
averaged into 10 nm × 10 nm bins, compensating 
for differing original matrix dimensions. The 
concentration of DOC (µmol L−1) was measured 
on an OI Analytical 1030D Aurora TOC analyzer 
in wet oxidation mode (Osburn and St-Jean 2007). 
Samples were sparged with ultrapure argon gas for 
20 min to ensure that all dissolved inorganic carbon 
was removed. Calibration of DOC concentrations 
was done with NIST-traceable caffeine standards 
(typical error < 3%). Stable carbon isotope values 
were corrected for reagent blanks and normalized 
to the Vienna Pee Dee Belemnite (VPDB) scale 
using IAEA standards of sucrose (− 10.8‰) and 
caffeine (− 27.77‰). SUVA254 is defined as the UV 
absorbance at 254 nm in (m−1) divided by the DOC 
concentration (in milligrams per liter).

Statistical analyses

CDOM absorption and fluorescence measurements 
were corrected for the dilution introduced by addi-
tion of ultrapure water (reference samples) and arti-
ficial saltwater (treatment samples). In order to sepa-
rate the effect of salt addition on from other effects 
caused by the experimental manipulations (dilution, 
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mixing etc.) on CDOM characteristics, the changes 
in reference samples were subtracted from the treat-
ment samples. Changes to CDOM absorption or fluo-
rescence due to flocculation are expressed as Eq.  1, 
where CDOMBLANK and CDOMASW BLANK represents 
the absorption or fluorescence of ultrapure water 
and artificial salt solution, and CDOMREFERENCE and 
CDOMTREATMENT absorption or fluorescence values 
after additions of ultrapure water or artificial saltwa-
ter, respectively.

It should be noted that artificial saltwater contained 
some additional CDOM signal compared to ultrapure 
water, but its effect on the final absorption and fluo-
rescence was negligible (0.27% at 250 nm and 0.93% 
at 450 nm, on average) due to low amount added 
(~ 5% of the final volume) and the relatively high 
CDOM signal in our river water samples. Finally, 
CDOM absorption and fluorescence in reference sam-
ples was subtracted from the treatment samples (with 
saltwater addition). With this approach, spontaneous 
particle formation, sorption of DOM to the glass fiber 
filters, and other processes not caused by salt addition 
did not influence the results presented. Also, in this 
study the proportion of CDOM changes occurring 
due to “true” flocculation (particle formation from 
DOM due salt) or due to changes in DOM molecular 
conformations cannot be estimated, thus all changes 
are collectively attributed to salt-induced flocculation.

A Wilcoxon signed-rank test was used to evalu-
ate if the median of the differential CDOM spec-
trum (before and after salt-induced flocculation) sig-
nificantly differed from 0 to across all wavelengths. 
Simple linear regression was used to examine rela-
tionships between optical proxies and environmental 
variables.

Results

We observed considerable differences in changes in 
spectral CDOM absorption among seasons and sites 
(Fig. 1). Original CDOM spectra are presented in Fig. 
S4. In general, the absolute changes were the largest 
in shorter wavelengths, while relative changes were 

(1)

CDOM
FLOC

=

(

CDOM
TREATMENT

− CDOM
ASWBLANK

)

−

(

CDOM
REFERENCE

− CDOM
BLANK

)

largest in longer wavelengths. Most observed changes 
were negative, meaning loss of CDOM absorp-
tion due to flocculation. In the Karjaanjoki River, 
where seasonal variability was examined, the larg-
est changes due to flocculation in CDOM absorption 
occurred in November (− 1.4 m−1; − 23% at 450 nm). 
In July, the changes were the smallest (0.09 m−1; 3% 
at 450 nm). Spatial variability was studied in five riv-
ers across four river basins in the Southeastern United 
States, and the decrease in absorption ranged from 
− 0.16 m−1 (− 3%) in the New River to − 0.51 m−1 
(− 15%) in the Neuse River at 450 nm.

Changes in CDOM fluorescence varied largely 
among seasons and sites (Figs.  2 and 3). Original 
excitation-emission matrices in Raman units (R.U.) 
are presented in Fig. S5. As a general pattern, we 
observed decreased fluorescence intensity in the 
emission region below ca. 350 nm, which corre-
sponds roughly to the protein-like peaks B and T 
(Coble 1996). Conversely, in the higher emission 
wavelengths (350–500 nm; including e.g. humic-
like peak C), the fluorescence intensity was typi-
cally increasing due to flocculation. This pattern is 
also apparent in humification index (HIX), which 
increases in all but one occasion (Fig. S6). Changes in 
EEMs ranged between − 0.10 and 0.12 R.U., with the 
strongest decreases in Newport River and increases 
in Neuse River. Karjaanjoki River showed high tem-
poral variability in both original fluorescence inten-
sities and the absolute difference caused by floccula-
tion. In Karjaanjoki samples, there was a decrease in 
the lower emission wavelength region (Ex 250–330 
nm; Em < 350 nm) in all but one of the six sampling 
occasions, ranging from − 9.3 to − 1.9%. In August, 
we observed an increase of 3.5% in the fluorescence 
intensity in this region dominated by protein-like fluo-
rescence. In the five United States rivers, the observed 
change in this lower emission wavelength region of 
EEMs ranged from −13.6% (Newport River) to 9.7% 
(Neuse River). The changes in the higher emission 
wavelengths (Ex > 250 nm; Em  > 350 nm) ranged 
from − 1.0% (May) to 3.7% (August) in Karjaanjoki, 
whereas in United States rivers the observed changes 
were − 1.7% (Neuse River)—3.5% (New River).

Using the observed changes in individual CDOM 
absorption spectra and fluorescence EEMs (Figs.  1, 
2 and 3), we summarized the universal change in 
CDOM properties due to flocculation (Fig. 4). Across 
all 11 samples from study sites, the relative change 
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in CDOM absorption followed a negative exponen-
tial curve (Fig.  4a), where the rate of decrease in 
CDOM absorption signal increased with increasing 
wavelength. The CDOM absorption decrease was 4.7 
± 4.1% at 250 nm, and 10.8 ± 8.8% at 450 nm (mean 
± 1SD). From the CDOM fluorescence, we identi-
fied a breakpoint between emission wavelengths 360 
and 370 nm, where change in fluorescence intensity 
shifted from negative to positive (Fig. 3b). The largest 

decrease (− 11.7%) was observed at ex/em 250/300 
nm, and the largest increase at ex/em 390/460 nm.   

The E2:E3 ratio (ratio between A250 and A365) 
ranged from 4.27 to 6.45, varying across seasons 
and locations (Fig.  5). The changes in E2:E3 were 
mostly positive, meaning that the ratios increased due 
to flocculation, ranging from − 0.17 to 0.28. On the 
other hand, the red shift ratio (Em300–350:Em360–500 
at Ex250–300) showed consistent decrease (Fig.  4). 
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Fig. 1   Changes in spectral colored dissolved organic matter 
(CDOM) absorption in the wavelength range 250–450 nm (top 
row absolute values; bottom row relative values) due to floc-
culation at salinity 2. Temporal dynamics are presented from 
Karjaanjoki River (left column) and system-specific dynam-

ics in five different river systems (right column). Positive 
relative values indicate net increase in CDOM absorption at a 
given wavelength, negative values indicate decrease in CDOM 
absorption
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The red shift ratio values ranged between 0.0161 and 
0.0277, and the change values between − 0.0036 and 
0.0002.

Exploring the linkages between flocculation sensi-
tivity and environmental drivers showed that change 
in E2:E3 (ΔE2:E3) due to flocculation was tightly 
coupled to river discharge (Fig.  6a). The relation-
ship was direct, meaning that the changes in E2:E3 
increased with increasing discharge values. Change in 
red shift ratio (ΔEm300–350:Em360–500) showed no sig-
nificant relationship with discharge (Fig.  6b). Initial 
DOM characteristics, as indicated by DOC-specific 
UV absorbance (SUVA254) and stable carbon iso-
tope signature of DOC (δ13C-DOC), were also linked 
with changes in ratios (data shown in Table  S3). 
SUVA254 had a positive relationship with ΔE2:E3, 

and δ13C-DOC showed a positive relationship with 
ΔEm300–350:Em360–500.

Discussion

Spatio‑temporal variability in CDOM changes

We observed decreases throughout the CDOM 
absorption spectrum due to salt-induced floccu-
lation, and also notable changes in the CDOM 
fluorescence EEMs (Figs.  1 and 2). Compared to 
CDOM absorption, which showed more uniform 
relative decreases across systems, FDOM responses 
appeared more site-specific, likely reflecting local-
ized differences in DOM composition, sources, 
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Fig. 2   Changes in colored dissolved organic matter (CDOM) 
fluorescence excitation-emission matrices (in Raman units) 
due to flocculation at salinity 2. Changes are expressed as 
Raman units. Temporal dynamics are presented from Karjaan-
joki River and system-specific dynamics in five different river 

systems. Positive values (red) indicate an increase in CDOM 
fluorescence at a given excitation-emission wavelength, nega-
tive values (blue) indicate decrease in CDOM fluorescence 
excitation-emission
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and biogeochemical processing prior to mixing. 
Our observations concur with previous experi-
mental findings, where consistent changes along 
the UV–Vis absorption spectrum and fluorescence 
EEMs have been observed (Asmala et al. 2014; Vir-
tasalo et  al. 2023). Spectral CDOM absorption in 
samples from Finland decreased more during spring 
and autumn, periods characterized by cooler tem-
peratures and higher river discharge, compared to 
the smaller changes observed in summer. This sea-
sonality was mirrored in the changes in EEMs, with 
notable decreases in spring and autumn and smaller 
decreases coupled with larger increases in summer. 
These seasonal differences can be attributed to the 

origin and reactivity of DOM, which changes sea-
sonally due to altering hydrological conditions 
(Stedmon et al. 2006; Spencer et al. 2008; Fellman 
et  al. 2009). During the high flow regime, fresher, 
more labile humic DOM is introduced into subtrop-
ical river networks from adjacent wetlands, which 
is reflected in our samples from the United States 
(Rudolph et  al. 2020). On the other hand, and in 
particular for boreal rivers, low precipitation condi-
tions result in the transport of older, more humified 
DOM through groundwater pathways, character-
ized by higher aromaticity and a greater propor-
tion of less bioavailable humic substances (Singh 
et al. 2014; Fasching et al. 2016). Spatially, despite 
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initially considerable differences in spectral CDOM 
absorption and EEMs across study locations, the 
changes post-flocculation were surprisingly uniform 
(Fig. 1). The temporal control of changes in CDOM 
is clear also in the tight coupling of ΔE2:E3 with 
discharge (Fig.  6a). Our results suggest that sea-
sonal and temporal variations in biogeochemical 
processes, such as changes in hydrological pathways 
(including catchment characteristics), microbial 
activities, and sunlight exposure, are a major factor 
influencing the sensitivity of DOM to salt-induced 
flocculation. These processes affect both the con-
centration and the composition of DOM by altering 
its molecular structure, aromaticity, and reactivity. 
In particular, the origin and processing history of 
DOM, shaped by upstream biological and photo-
chemical transformations, may determine how read-
ily it flocculates upon mixing with saltwater. These 
effects act in combination with the inherent chemi-
cal properties of DOM, such as molecular weight 
and functional group composition, to shape its floc-
culation response (Fig.  6c–f). While the intrinsic 
characteristics of DOM do vary with the seasons, 
these fluctuations are potentially  overshadowed by 

the more pronounced effects of environmental fac-
tors described above in shaping DOM responses.

Mechanisms behind observed changes in CDOM 
absorption and fluorescence

The decrease in CDOM absorption was not uni-
form throughout the measured spectrum (250–450 
nm), but the decrease was more pronounced within 
the visible wavelength range compared to the UV 
range (Figs. 1 and 4a). CDOM absorption increased 
on only one occasion (July sampling) due to floc-
culation, suggesting that under low river discharge 
conditions, salt-induced molecular rearrangement 
(charge screening and structural reorganization) 
likely exposed previously quenched chromophores, 
thus enhancing UV–Vis absorption (Cuss and 
Guéguen 2015; Stedmon and Markager 2001). The 
non-linear change across the absorption spectrum 
is very pronounced in the changes in E2:E3 ratio, 
showing systematic increases due to flocculation 
(Fig. 5). This change suggests a preferential removal 
of high-molecular-weight, aromatic DOM, leaving 
behind a relatively greater proportion of (originally) 
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low-molecular-weight DOM (Santos et  al. 2016; 
Aulló-Maestro et al. 2017). This pattern is consistent 
with the concept of flocculation-driven fractionation, 
where larger, more aromatic molecules aggregate and 
are removed, while smaller, less condensed structures 
remain in solution, shifting the DOM pool toward a 
higher E2:E3 ratio.

Fluorescence responses also varied, but in most 
cases we observed an increase in absolute fluores-
cence values at higher emission wavelengths, and 
a decrease in shorter emission wavelengths (Fig.  2). 
In few cases, we observed a decreasing fluorescence 
at higher emission wavelengths (Fig.  2), and these 
occurred when protein-like fluorescence was the 
lowest. This suggests that flocculation was particu-
larly efficient at removing not only freshly produced, 
microbial DOM (Peak T) but also a fraction of humic-
like, high-molecular-weight DOM during these occa-
sions. Overall, we observed a systematic decrease in 

emission at 300–350 nm and an increase at 360–500 
nm (excitation wavelength 250–300 nm) (Figs. 2 and 
4b). This change is well represented by the red shift 
ratio (Em300–350:Em360–500), which decreased in all but 
one experimental unit (Fig. 5). The observed increase 
in E2:E3 (A250/A365) and simultaneous decrease in 
the red shift ratio due to salt-induced flocculation 
suggests a selective transformation in DOM composi-
tion rather than uniform removal.

The preferential flocculation of low-molecular-
weight, protein-like DOM led to a greater loss of 
fluorescence at Em 300–350 nm, while charge 
screening and molecular restructuring increased 
fluorescence efficiency at Em 360–500 nm. Also, 
the decrease in spectral CDOM absorption and 
fluorescence intensities at < 350 nm implies a 
transformation of smaller, aromatic terrestrial-derived 
compounds into larger aggregates (Baalousha et  al. 
2006; Asmala et  al. 2021b), while the increase in 
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fluorescence at higher wavelengths indicates the 
relative enrichment or formation of larger, more 
complex molecules (Cuss and Guéguen 2015). 
Further, humification index (HIX), which compares 
two broad aromatic-dominated fluorescence maxima 
at emission wavelengths 435–480 nm and 300–345 
nm, increased in general, implying an increase in 
the carbon-to-hydrogen ratio and with a resulting 
shift to longer emission wavelength (Zsolnay et  al. 
1999). These findings further support the molecular 
alterations and aggregation processes due to salt-
induced flocculation, leading to changes in the 
chemical structure or aggregation state of organic 
matter (Souza Sierra et  al. 1997; Ho et  al. 2022). 
These alterations highlight the nuanced interplay 
between conformational changes, quenching effects 
and the formation of new complexes due to salt-
induced flocculation, collectively contributing to the 
observed red shift in CDOM fluorescence (Esteves 
et al. 1999; Romera-Castillo et al. 2014).

The linkages between the observed increase in 
E2:E3 (ΔE2:E3) and SUVA254 values, along with 
the decrease in the red shift ratio and δ13C-DOC sig-
nature (Fig.  6), suggest a structured transformation 
in DOM composition during salt-induced floccula-
tion (Fig. 7). The preferential removal of low-molec-
ular-weight, aliphatic-rich DOM (A250-associated 
CDOM) led to an enrichment of high-molecular-
weight, aromatic compounds, resulting in higher 
SUVA254 and E2:E3 values, consistent with previ-
ous findings that flocculation selectively removes less 
aromatic DOM while leaving behind more humic-rich 
material (Asmala et al. 2014; Stedmon and Markager 
2001). Simultaneously, the stronger decrease in pro-
tein-like fluorescence (Em 300–350 nm) relative to 
humic-like fluorescence (Em 360–500 nm) contrib-
uted to a declining red shift ratio, while the associ-
ated removal of microbially processed, 13C-enriched 
DOM led to a shift in δ13C-DOC toward more nega-
tive values, reflecting a greater relative contribution 
of terrestrial-derived, lignin-rich DOC (Raymond and 
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Bauer 2001; Fellman et al. 2010). These patterns sug-
gest that flocculation not only acts as a removal pro-
cess for riverine CDOM but also alters its optical and 
isotopic characteristics in a way that favors the reten-
tion of more aromatic and terrestrial-like components 
in the dissolved phase. This restructuring of the DOM 
pool during estuarine mixing has important implica-
tions for DOM bioavailability, microbial utilization, 
and carbon sequestration in coastal waters.

Optical changes and conservative mixing

In estuarine systems, freshwater and seawater inter-
actions are often modeled using conservative mix-
ing assumptions, where the concentration of dis-
solved substances changes linearly along a salinity 
gradient (Liss 1976). However, non-conservative 
processes such as flocculation disrupt this assump-
tion by altering the transport, deposition, and trans-
formation of DOM and particulates (Uher et  al. 
2001; Jilbert et  al. 2018). A simplified representa-
tion of these two scenarios is presented in Fig.  8, 
showing how flocculation leads to deviations from 
the conservative mixing line. When optical meas-
urements are employed to infer terrestrial DOC 

loading or biogeochemical processes within the 
estuarine salinity gradient, assuming conservative 
mixing can introduce systematic errors by neglect-
ing flocculation as a removal term for DOC. These 
findings suggest that integrating optical parameters, 
such as E2:E3 and fluorescence red shift, into estua-
rine models could improve the accuracy of DOM 
flux estimates.

By parameterizing optical flocculation proxies 
(such as red shift ratio), models could simulate 
the variable efficiency of OC removal through 
flocculation under different environmental 
conditions (e.g., salinity, DOC composition, 
turbulence). The parameterization could involve 
for example: (1) empirical relationships between 
flocculation “efficiency” and environmental 
variables (e.g., salinity, SPM concentration) (Ho 
et  al. 2022), (2) empirical relationships between 
flocculation and source OC characteristics 
(chemical composition, catchment land-use, 
elemental stoichiometry etc.) (Khoo et al. 2022), (3) 
process-based models that simulate the kinetics of 
floc formation and sedimentation based on optical 
data (Maerz et al. 2011), and (4) spatial variability 
of optical proxies across different estuarine 

Fig. 7   Schematic illustration of dissolved organic matter 
(DOM) transformation during salt-induced flocculation. The 
initial DOM pool (left) has relatively higher proportion of pro-
tein-like, low molecular weight DOM (short-wavelength fluo-
rescent DOM; FDOM), with a smaller fraction of humic-like, 
high molecular weight DOM (long-wavelength FDOM). Dur-
ing the flocculation process (center), salt-induced aggregation 
leads to the conversion of small-size DOM to larger aggregates 

and formation of particles, accompanied by a red shift in DOM 
fluorescence. As a result, the transformed DOM pool (right) 
exhibits an increased proportion of humic-like DOM and 
decreased protein-like DOM. This transformation leads to an 
increase in humification index (HIX) and E2:E3 ratio, reflect-
ing the preferential removal of protein-like, freshly produced 
DOM and relative enrichment of aromatic, humic-like com-
pounds
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systems to capture the heterogeneity in flocculation 
processes globally.

Implications for carbon biogeochemistry

Our observations suggest a common response in 
spectral CDOM absorption and fluorescence EEMs 
to salt-induced flocculation across both boreal and 
subtropical coastal rivers. This implies ubiquity 
of the process and warrants further investigation 
in other coastal regions. Use of optical proxies is 
justified to confirm the universality of flocculation 
as a mechanism for the aggregation and subsequent 
removal by sedimentation of organic carbon across 

coastal rivers, over seasons, and in response to 
climate change. We revealed a 5–10% decrease in 
CDOM absorption due to flocculation, indicative of 
removal of colored dissolved compounds via particle 
formation. Using this information, we can estimate the 
flocculation sink term for riverine DOC in by using 
the observed reduction of 4.8% in CDOM absorption 
at 254 nm due to flocculation. At this wavelength, the 
colored fraction of the total DOC pool has a lower 
bound of 41% and an upper bound of 82% (Asmala 
et  al. 2012). Assuming that flocculation affects only 
this colored fraction, we applied the CDOM loss 
specifically to this portion of the DOC pool. We then 
considered global estimates of riverine DOC inputs 

Fig. 8   Schematic overview of the effect of flocculation on 
assumed conservative mixing along an estuarine salinity gradi-
ent. The main panel shows the concentration of a proxy value 
(e.g. aCDOM(254)) on two mixing lines along a salinity gradient: 
(1) conservative mixing line between two end-members (gray 

line), and (2) non-conservative mixing line between two end-
members, affected by flocculation (red line). Flocculation is 
assumed to peak at salinity 2 (inset figure) and be negligible at 
other salinities
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to the coastal ocean, ranging from 238 Tg yr⁻1 (Li 
et al. 2017) to 420 Tg yr⁻1 (Battin et al. 2023). As a 
result, we estimate that the potential flocculation sink 
term for terrestrial DOC ranges from 4.7 Tg yr⁻1 to 
16.7 Tg yr⁻1. This estimated sink term corresponds to 
1.9% to 6.6% of the annual carbon sink in the global 
coastal ocean, including estuaries (Dai et al. 2022). It 
should be noted that this estimate is based on findings 
from the limited number of locations used in this 
study, increasing its uncertainty in the global context. 
However, to quantitatively estimate terrestrial organic 
carbon sedimentation resulting from flocculation, 
future studies need data on geochemical markers 
that trace freshly formed flocs from surface waters 
to sediments in estuaries, and specific biomarkers to 
identify the sources of organic carbon.

Better spatial coverage of optical flocculation 
indices would improve our understanding about the 
variability of flocculation across different systems 
and help identify regions where terrestrial OC is 
more likely to be flocculated and potentially creating 
sedimentary carbon burial hot spots (Bianchi et  al. 
2018). These together would refine models of carbon 
cycling and storage at regional and global scales. 
Correspondingly, this has significant implications 
for the use of CDOM as a conservative tracer of 
terrestrial DOC and for remote sensing of DOC in 
coastal and estuarine waters. Notably, the absorption 
loss was most pronounced in the visible wavelength 
range, critical for remote sensing applications 
(Brezonik et  al. 2015), and was closely associated 
with discharge levels, highlighting the role of 
hydrological variability in carbon fluxes along the 
land-sea continuum, considering climate-influenced 
weather drivers of that variability (e.g., Osburn et al. 
2019). These findings caution the applicability of 
CDOM as a conservative tracer along the land-sea 
continuum, suggesting adjustments in remote sensing 
algorithms and estimations of carbon mass fluxes in 
coastal and estuarine environments may be necessary.

The observed optical changes have broader impli-
cations for carbon cycling in estuaries and coastal 
environments. The shift from high molecular weight, 
humic-rich DOM to more low molecular weight, 
microbially available DOM has implications for 
microbial carbon processing and burial efficiency. 
Flocculation-induced removal of CDOM represents 
a mechanism by which terrestrially derived organic 
carbon is sequestered in estuarine sediments rather 

than transported to the open ocean. This process 
likely varies seasonally and spatially, influencing the 
efficiency of estuarine carbon burial. Given the sensi-
tivity of E2:E3 and fluorescence red shift to salinity-
driven DOM transformations, these optical ratios may 
serve as valuable proxies for quantifying floccula-
tion effects in future studies. Further research should 
focus on integrating optical metrics with geochemi-
cal markers to trace flocculation-derived sedimentary 
carbon pools across different estuarine environments.
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