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A B S T R A C T

Variations in molecular weight distributions of dissolved organic matter (DOM) and PARAFAC-derived fluores-
cent components were investigated along a transect in the seasonally hypereutrophic lower Fox River-Green Bay
using the one-sample PARAFAC approach coupling flow field-flow fractionation for size-separation with fluores-
cence excitation-emission matrix (EEM) and PARAFAC analysis. Concentrations of dissolved organic carbon and
nitrogen, chromophoric-DOM, specific UV absorbance at 254 nm, and humification index all decreased monoto-
nically from river to open bay, showing a strong river-dominated DOM source and a dynamic change in DOM
quality along the river-lake transect. The relative abundance of colloidal DOM (>1 kDa) derived from ultrafiltra-
tion exhibited minimal variation, averaging 71 ± 4 % of the bulk DOM, across the entire estuarine transect al-
though the colloidal concentration decreased in general. Using the one-sample EEM-PARAFAC approach, the
identified major fluorescent components were distinct between stations along the river-estuary-open bay contin-
uum, with four components in river/upper-estuary but three components in open bay waters. Among the four
common fluorescent components (C475, C410, C320 and C290), the most abundant and refractory humic-like compo-
nent, C475, behaved conservatively and its relative abundance (%ΣFmax) remained fairly constant (50 ± 4 %)
along the transect, while the semi-labile humic-like component, C410, consistently decreased from river to estuary
and eventually vanished in open Green Bay. In contrast, the two autochthonous protein-like components (C320and C290) increased from river to open bay along the trophic gradient. The new results presented here provide an
improved understanding of the diverse and fluctuating characteristics in DOM composition, lability, and estuar-
ine mixing behavior across the river-lake interface and demonstrate the efficacy of the one-sample PARAFAC ap-
proach.

1. Introduction

Dissolved organic matter (DOM) plays an important role in regulat-
ing water quality, ecosystem dynamics, chemical speciation of trace el-
ements, and biogeochemical processes in aquatic environments (Cole et
al., 2007; Aiken et al., 2011; Lu et al., 2013). Over the past decades, flu-
orescence spectroscopy has been widely used since it provides informa-
tion about DOM composition and sources in aquatic environments
(Coble, 2007; Hudson et al., 2007; Fellman et al., 2010). When coupled
with parallel factor analysis (PARAFAC), a statistical tool to deconvo-
lute fluorescence (excitation-emission matrix, EEM) spectra into spe-
cific fluorescent components, EEM-PARAFAC delivers fingerprints in-

formation of DOM in different aquatic environments (Stedmon and Bro,
2008; Yang et al., 2015; Zhou et al., 2016a). However, PARAFAC analy-
sis requires a relatively large sample size to establish a robust model
(Stedmon et al., 2003; Murphy et al., 2013). Therefore, PARAFAC-
derived fluorescent components are traditionally obtained from a com-
bination of collective samples from different water depths and sampling
locations, that may span diverse trophic, hydrological, or environmen-
tal gradients with different DOM sources and composition, especially at
the river-lake and land-ocean interfaces (Osburn et al., 2015; Zhou et
al., 2016b; Lee and Kim, 2018). To decipher changes in DOM composi-
tion between stations across a dynamic trophic, hydrological, or bio-
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geochemical interface, methods for EEM-PARAFAC analysis in single
DOM samples are needed.

Wünsch et al. (2017) first introduced the one-sample PARAFAC ap-
proach that combines size exclusion chromatography and fluorescence
spectroscopy. Lin and Guo (2020) also developed a similar one-sample
PARAFAC approach coupling the flow field-flow fractionation (FlFFF)
with EEM-PARAFAC analysis to characterize DOM size-distribution
and fluorescent components for individual samples from different
aquatic environments. However, applications of these newly devel-
oped methods have been rarely reported, especially for estuarine envi-
ronments where changes in sources, composition and size spectra of
DOM are extremely dramatic along transects from river to coastal wa-
ters (Stolpe et al., 2014; Zhou et al., 2016b; Xu et al., 2018a).

The lower Fox River-Green Bay system is the largest freshwater estu-
ary in the world (Klump et al., 2009). Due to the dominance of nutrient
and DOM input from the Fox-Wolf watershed, eutrophic conditions and
seasonal hypoxia remain to be a persistent feature in the lower Green
Bay (Bartlett et al., 2018; Klump et al., 2018). Indeed, there is a strong
nutrient gradient in the lower Fox River-Green Bay ecosystem with hy-
pereutrophic conditions in the upper estuary but oligotrophic in north
Green Bay (DeVillbiss et al., 2016; Lin et al., 2016; Yang et al., 2021).
Thus, the lower Fox River-Green Bay provides a natural laboratory to
investigate variations in molecular size distribution and PARAFAC-
derived fluorescent components of DOM from river to estuary to open
bay waters using the one-sample PARAFAC approach.

Our hypothesis is that dynamic changes in water and environmental
quality along the trophic gradient across the river-bay interface should
result in distinguishable differences in PARAFAC-derived fluorescent
DOM components between various stations within the lower Fox River-
Green Bay ecosystem. One-sample EEM-PARAFAC analysis is thus an
excellent approach for revealing the dynamic changes in fluorescent
components across a gradient encompassing trophic, biogeochemical,
and hydrological factors in aquatic environments. Our main objectives
were 1) to examine the estuarine mixing behavior of chemical and opti-
cal properties of bulk DOM representing DOM quantity and quality, and
2) to assess changes in DOM fluorescent composition with molecular
size both within individual samples and between different stations
along the river-lake transect. We aimed to uncover the concealed
changes in heterogeneous DOM across the trophic, hydrological, and
biogeochemical interface.

2. Materials and methods

2.1. Study area

Green Bay is an arm of Lake Michigan (Fig. 1). The lower Fox River
and the upper estuary of Green Bay was designated as one of the Areas
of Concern (AOC) owing to extensive nutrient loadings and legacy or-
ganic pollutant input from the Fox River, which is the largest river
draining into Green Bay. Even though nutrient inputs have been regu-
lated for several decades in the United States including the Fox River-
Green Bay system (Robertson et al., 2018), eutrophic conditions and
seasonal hypoxia continued to be frequently observed in the study area
(Bartlett et al., 2018; Klump et al., 2018). In addition to legacy nutri-
ents and persistent organic pollutants, the Fox River also provides a ma-
jor source of terrestrial DOM and emerging contaminants, including
per- and polyfluorinated substances (PFAS), to Green Bay (DeVillbiss et
al., 2016; Balgooyen and Remucal, 2022). Compared to freshwater dis-
charge, the inflow from oligotrophic Lake Michigan is much higher
than that from the Fox River (Modling and Beeton, 1970), resulting in a
strong nutrient gradient from south (the upper estuary) to north (the
lower estuary or open bay). In addition, this estuary has been character-
ized as a negative estuary, exhibiting high conductivity at the head of
the estuary and lower conductivity in the open water areas (Xu et al.,
2018a; Yang et al., 2021).

Fig. 1. Map showing the lower Fox River - Green Bay estuary, Lake Michigan,
the sampling stations, and the distribution of surface water Chlorophyll a con-
centrations combining data from other stations.

2.2. Sample collection

Water samples were collected along a transect from the lower Fox
River to open water in southern Green Bay during summer 2018 (Fig.
1). Station 1 was at the downstream of the East River, a tributary drain-
ing to Fox River main channel. Water temperature (°C), chlorophyll a
concentration (μg/L) and specific conductivity (μS/cm) were obtained
in situ using a multi-sensor probe (YSI Sonde).

Surface water samples were collected in acid-cleaned HDPE bottles
and stored in a cooler filled with ice bags. Samples were filtered in the
lab on the same day using pre-combusted (450 °C) GF/F membranes
(0.7 μm, Whatman). Filtrates were collected in HDPE bottles (Nalgene)
for the measurements of optical properties and in pre-combusted 20 ml
glass vials for measurements of dissolved organic carbon (DOC) and to-
tal dissolved nitrogen (TDN). Samples were stored at 4 °C before pre-
concentration for FlFFF analysis.

2.3. Measurements of DOC, TDN, and optical properties

Concentrations of DOC and TDN were measured on Shimadzu TOC-
L analyzer with the high temperature combustion method (Guo and
Santschi, 1997; Guo et al., 2012). Filtered water samples were acidified
to pH < 2 before measurements of DOC. Analytical precision was
within 2 % in terms of coefficient of variation. Ultrapure water, work-
ing standards, and consensus reference seawater samples from Univer-
sity of Miami were frequently measured as samples to check instrument
performance and to ensure data quality. Concentrations of dissolved or-
ganic nitrogen (DON) were calculated from the difference between TDN
and dissolved inorganic nitrogen (DIN), including nitrate, nitrite, and
ammonium (Guo and Macdonald, 2006).

UV–visible absorption spectra (200–900 nm, 1 nm increments)
were measured using a spectrophotometer (Agilent 8453) with a
10 mm quartz cuvette. Ultrapure water was used as a reference blank.
UV-absorbance at 254 nm (A254) was used to calculate the absorption
coefficient at 254 nm (a254, in m−1, representing bulk CDOM) via
a254 = 2.303 × A254/l, where l is the length of the cuvette (in meter).
Spectral slope between 275 nm and 295 nm (S275–295), a proxy for the
molecular size of DOM, was calculated using non-linear regression to fit
the absorbance spectra between 275 nm to 295 nm (Helms et al.,
2008). Specific UV absorbance at 254 nm (SUVA254, in L mg−1 m−1), an
indicator of aromaticity, was calculated as SUVA254 = A254/DOC
(Weishaar et al., 2003). Absorbance ratio between 250 nm and 365 nm
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(known as E2:E3 ratio) was used to track relative molecular size change
(De Haan and De Boer, 1987), while the ratio of absorbance at 465 nm
to 665 nm (known as E4:E6) was used as a CDOM aromaticity indicator
(Summers et al., 1987; Piccolo et al., 1992).

Fluorescence EEM spectra were measured using a Horiba Fluoro-
max-4 spectrofluorometer with a 10 mm quartz cuvette, with excitation
wavelengths varying from 250 to 480 nm (5 nm increment) and emis-
sion wavelengths scanned from 300 to 600 nm with 5 nm increment.
Briefly, ultrapure water was used as a blank and scanned before sample
measurements. The fluorescence intensities were calibrated into qui-
nine sulfate equivalent (Q.S.E) using a series of quinine sulfate standard
solutions (Zhou et al., 2016a). Biological index (BIX) and humification
index (HIX) were calculated following published methods (Huguet et
al., 2009; Lin et al., 2021).

2.4. Size-fractionation of DOM and FlFFF analysis

Prior to FlFFF analysis, water samples were first preconcentrated us-
ing stirred cell ultrafiltration (Amicon 8200) with a 1 kDa membrane
(regenerated cellulose, YM1, Millipore). In addition, aliquots of the
<0.7 μm filtrates were ultrafiltered to determine the abundance of the
>1 kDa colloidal DOC and CDOM (in terms of a254). The preconcen-
trated DOM samples were analyzed using an asymmetrical FlFFF sys-
tem (Postnova, Salt Lake City, UT) for simultaneous online size separa-
tion and characterization (Zhou and Guo, 2015; Lin and Guo, 2020).
The carrier solution is made of 10 mM NaCl, 5 mM H3BO3, and adjusted
to pH = 8. The FlFFF system was coupled online with detectors, includ-
ing a UV-absorbance detector (SPD-20A, Shimadzu, Japan), targeting at
254 nm absorbance representing bulk CDOM, and two fluorescence de-
tectors (RF-20A, Shimadzu, Japan), measuring Ex/Em at 350/450 nm
(Fluor350/450) for humic-like DOM (Peak C) and 275/340 nm
(Fluor275/340) for protein-like DOM (Peak T), respectively.

2.5. EEM-PARAFAC analysis

Size-fractionated sub-samples were collected after the online detec-
tors for further EEM measurements. The drEEM toolbox (v.0.5.0) was
used to perform PARAFAC analysis on the Matlab (R2018b) platform
(Murphy et al., 2013). PARAFAC analysis was performed on EEM data
of size-fractionated samples from each individual sample. Therefore,
the one-sample PARAFAC analysis developed unique PARAFAC models
for each sample or station rather than for all stations (Lin and Guo,
2020). Non-negativity constraints were applied to established models
in order to guarantee all positive values (Stedmon and Bro, 2008).
Number of components was evaluated and determined by sum of
squared errors. Tucker's congruence coefficient (TCC) was used in both
the half-split validation and in comparisons and identification of com-
ponents between models. To guarantee the reliability of our models, the
threshold of TCC in the half-split validation was set at 0.95, but the TCC
was set at 0.90 in the inter-model comparisons.

3. Results

3.1. Characterization of bulk DOM

Concentrations of DOC ranged from 441 μmol L−1 to 869 μmol L−1,
and values of a254 (or bulk CDOM) ranged from 27.7 m−1 to 64.2 m−1.
Specific conductivity decreased from 463 μS/cm (salinity 0.30) at the
river water station to 322 μS/cm (salinity 0.20) in open bay waters dur-
ing the sampling time period, showing the feature of a negative estuary
(Xu et al., 2018a). Along with the declining specific conductivity, both
DOC and CDOM also decreased from the lower Fox River to open Green
Bay (Fig. 2), except the tributary sample that was collected away from
the main river channel. The aromaticity indicators (both SUVA254 and
E4:E6) and humification index (HIX) also decreased consistently from

the river to the bay, while both E2:E3 and S275–295, indicators of DOM
apparent molecular size, showed an opposite pattern (Fig. 2). Although
the Chlorophyll a concentration at river mouth was nine time higher
than those observed in open Green Bay (Fig. 1), values of biological in-
dex (BIX) showed an asynchronous pattern or increased gradually from
river mouth to open bay water, indicating a more complex relationship
between Chl-a and biogenic DOM. Similar to DOC and CDOM, concen-
trations of DON also decreased from river to open bay, with high DON
at the tributary station, while DOC/DON ratios increased from river to
open bay water (Fig. 2). Elevated DON concentration and low DOC/
DON ratio at the river station suggested a main terrestrial DON source
from the Fox River basin. In addition, different variation patterns in
DOM and optical properties indicated that, although bulk DOM had a
conservative mixing behavior, source and chemical properties of DOM
evidently changed along the river-bay transect. For example, the terres-
trial DOM was dominant in the Fox River and become progressively di-
luted in Green Bay, resulting in a rise in the proportion of fresh algal-
derived DOM from the Fox River to Green Bay. This observation is con-
sistent with the increasing trend in BIX along the river-bay transect
(Fig. 2).

3.2. Molecular weight distributions of DOM

Colloidal DOC (>1 kDa) was 66 % - 77 % of the bulk DOC with an
average of 71 ± 4 %, while colloidal CDOM was 65 % to 78 % of bulk
CDOM a254 with an average of 73 ± 5 % (Fig. S1). Both colloidal DOC
and CDOM abundances remained relatively constant along the river-
bay transect, 71 ± 4 % and 73 ± 5 %, respectively. High abundances
of colloidal DOC and CDOM have been widely reported for river waters
and other freshwater environments (Belzile and Guo, 2006; Zou et al.,
2006; Zhao et al., 2021). However, little changes in colloidal DOM
abundance in this negative estuary with higher conductivity in river
water are in contrast to those observed in marine estuaries where col-
loidal DOM significantly decreases from river water to seawater (Wen
et al., 1999; Guo et al., 2009). In addition, the percentage of colloidal
DOC here is significantly higher than those reported previously (e.g.,
Xu et al., 2018a; Zhao et al., 2021) due to the difference in membrane
cutoffs and manufacturers or types of ultrafiltration device (centrifugal
vs. disk membrane). As reported in Xu and Guo (2017), the actual mem-
brane cutoff of a manufacture-rated 1 kDa membrane in a centrifugal
ultrafiltration unit can be as high as 2.5 kDa. Thus, certain ultrafiltra-
tion devices might significantly underestimate the colloidal fraction (>
1 kDa) of DOM since the most abundant DOM component, humic-like
DOM, is largely in the 1–3 kDa size-fraction in natural waters (Lin and
Guo, 2020; Li et al., 2023). Moreover, different sampling seasons might
be another factor for the difference in colloidal DOC abundances.

Size spectra derived from FlFFF analysis showed that both UV254(bulk CDOM, Fig. S2) and Fluor350/450 (humic-like, Fig. S3) exhibited
fractograms with a single-narrow-peak, while Fluor275/340 (protein-like,
Fig. S4) had a shoulder extending from the main peak towards larger
molecular size regions. In general, Fluor275/340 (protein-like fluorescent
DOM) dominated in the 100 kDa −0.7 μm size-fraction (Fig. S4), while
UV254 and Fluor350/450 (humic-like) were mostly partitioned in the
lower molecular weight fractions, including the 1–3 kDa and 3–10 kDa
(Figs. S2 and S3). Similar distinct size-distributions between protein-
like and humic-like components have been observed in various other
aquatic environments (Stolpe et al., 2014; Wünsch et al., 2018; Lin and
Guo, 2020).

To facilitate comparisons with those reported in previous studies,
the FlFFF-divided size fractions were further integrated into four major
size-fractions, including the 0.3–1 kDa, 1–3 kDa, 3–10 kDa,
and > 10 kDa (Fig. 3). Within the four DOM size-fractions, the
3–10 kDa was the dominated UV254 size-fraction, followed by the
1–3 kDa and > 10 kDa size-fractions, while the 0.3–1 kDa was the
least size-fraction. For the humic-like Fluor350/450, the dominant size
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Fig. 2. Variations of UV absorption coefficient at 254 nm (a254), spectral slope between 275 and 295 nm (S275–295), specific UV absorbance at 254 nm (SUVA254),biological index (BIX), E2:E3 and E4:E6 ratios, humification index (HIX), dissolved organic carbon (DOC), dissolved organic nitrogen (DON), and DOC/DON ratio
with specific conductivity in the lower Fox River-Green Bay.

fractions included the 1–3 kDa and 3–10 kDa, followed by the >
10 kDa and then the 0.3–1 kDa. In contrast to both UV254 and
Fluor350/450, the >10 kDa was the most abundant Fluor275/340 (or pro-
tein-like) size-fraction (> 60 %, Fig. S5), and the other three size-
fractions had similar abundances although the 1–3 kDa and 3–10 kDa
had a relatively higher abundance than the 0.3–1 kDa size-fraction (Fig.
3). In general, both UV254 and Fluor350/450 (or humic-like) DOM had a
more even size distribution, while Fluor275/340 (or protein-like) DOM
was mostly partitioned in the >10 kDa HMW size fraction.

Overall, higher abundances of bulk CDOM (UV254) and humic-like
(Fluor350/450) DOM in all size fractions in the lower Fox River and mo-
notonic decrease from river water (high conductivity) to open bay wa-
ter (lower conductivity) attested to a dominant river source of both
UV254 and Fluor350/450. In contrast to bulk CDOM and humic-like DOM,
the protein-like Fluor275/340 in all size-fractions contained mostly HMW
components in the >10 kDa size-fraction. Similarly low abundances
were observed in other size-fractions of Fluor275/340 without a clear
variation trend along the river-bay transect (Fig. 3c). These indicated
mostly an in-situ source of protein-like Fluor275/340 from autochthonous
processes in the water column (Cuss and Guéguen, 2015) and the effect
of photochemical degradation on humic-like DOM (Chen and Jaffé,
2014; Xu et al., 2018c) especially in open waters.

3.3. Fluorescent components at each station derived from one-sample
PARAFAC approach

Using the one-sample PARAFAC approach combining FlFFF size-
separation and EEM-PARAFAC analysis (Lin and Guo, 2020), the

PARAFAC-derived fluorescent components were acquired for each sam-
pling station in the dynamic estuarine environment (Fig. 4). Although
the EEM contours of bulk water samples were highly seemingly similar
between each station (Fig. S6) in this river-dominated or terrestrial
DOM-dominated estuarine system, the one-sample PARAFAC-derived
fluorescent components are apparently different among sampling sta-
tions within the lower Fox River-Green Bay ecosystem (Fig. 4). For ex-
ample, four major fluorescent components (including C475, C410, C320and C290) were identified for stations in the lower Fox River and upper
estuarine region, but only a three-component model (with C475, C320and C290) could be validated for station 6 from open Green Bay (Fig. 4).

In addition, among those stations with four major fluorescent com-
ponents derived from the one sample PARAFAC approach (stations 1–5,
Fig. 4), the relative importance of the four major fluorescent compo-
nents was evidently different. For instance, they followed the order of
C475 > C320 > C410 > C290 at stations 1, 4 and 5, but
C475 > C320 > C290 > C410 at station 2 and C475 > C410 > C320 > C290at station 3. At the open bay station (station 6), one of the major fluo-
rescent components, a humic-like fluorescent component (C410), was
depleted or vanished although the most abundant humic-like compo-
nent (C475) persisted, showing different lability between humic-like flu-
orescent components during estuarine mixing and a composition
change in the bulk DOM pool across the river-lake interface.

To compare these fluorescent components among stations (Fig. 4),
inter-modal comparisons were performed using TCC method to identify
common major components (Table S1). Four major fluorescent compo-
nents, including C475, C320, C410 and C290, named after their characteris-
tic emission maximum in their loadings (Fig. 5), were identified from
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Fig. 3. Molecular weight distributions of different DOM components and their variations with specific conductivity from river water (higher conductivity) to open
bay water (lower conductivity) along the lower Fox River-Green Bay ecosystem: (a) UV254, (b) humic-like Fluor350/450 (c) protein-like Fluor275/340. The four different
size fractions, including the 0.3–1 kDa, 1–3 kDa, 3–10 kDa and > 10 kDa, were integrated from the fractograms analyzed by FlFFF.

all 23 components shown in Fig. 4. The most abundant humic-like com-
ponent, C475, has an emission maximum at 475 nm and covers Peak A
and Peak C areas including UVC and UVA humic-like fluorophores
(Stedmon and Bro, 2008). The excitation loadings for C475 of all sam-
ples were highly similar, while their emission loading maxima varied
from 435 nm to 475 nm (Fig. 5b). The second major fluorescent compo-
nent, C410 which overlaid with Peak M and Peak A areas, was also a hu-
mic-like component which is ubiquitous in natural waters (Coble et al.,
1998; Murphy et al., 2018; Wünsch et al., 2019). C475 and C410 are

highly similar with F450 and F420 observed in Murphy et al. (2018),
which have been reported as ubiquitous components in aquatic envi-
ronments.

The other two protein-like fluorescent components, C320 and C290,are both from autochthonous sources. C320 has similar fluorescence
characteristics to the tryptophan-like fluorophore (Peak T) detected in
other aquatic environments. C290 resembles the phenylalanine-like peak
(Peak B) in the Em < 300 nm area (Coble et al., 2014; Stedmon et al.,
2003; Stedmon and Markager, 2005). It is worth noting that there is a
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Fig. 4. PARAFAC-derived fluorescent DOM components at each station based on the one sample PARAFAC approach coupling FlFFF size separation and EEM-
PARAFAC analysis.

shoulder peak between 400 nm and 600 nm with its maximum at
550 nm shown in the emission loadings of C290. Although this shoulder
peak was consistently observed from Station 1 to Station 6, it was at the
edge of the 2nd Rayleigh and Raman scattering. This shoulder peak was
likely due to artefacts from PARAFAC analysis and needs to be removed
during data processing. However, identifying the peak was challenging
as C290 had weak fluorescence with a high noise/signal ratio.

Based on results from one-sample PARAFAC analysis, variations in
fluorescent components, in terms of total fluorescence intensity
(ΣFmax), and their relative abundance, normalized to total fluorescence
intensity (in %), with specific conductivity at stations along the river-
bay transect are summarized in Fig. 6.

In general, the fluorescence intensities (ΣFmax) of C475, C410 and C320,decreased from river water (high conductivity) to bay water (low con-
ductivity), whereas the fluorescence intensity of C290 increased along
the river-bay transect (Fig. 6a). It is noteworthy that C410, the second
abundant humic-like component, was not present at station 6 based on
results from the one-sample PARAFAC analysis. As for the relative
abundance, a somewhat constant C475 abundance, varying between
45 % and 55 % (average of 49.9 ± 4.0 %), was observed along the
river-bay transect. The other humic-like component, C410, likely a ter-
restrial fulvic acid like component (Stedmon et al., 2003; Su et al.,
2017), decreased from 36 % at Station 1 to 22 % at Station 5, and dis-
appeared in open Green Bay at Station 6. In contrast, the abundance of
C320 increased from 11 % in river water to 20 % in open bay water and
the C290, also a protein-like component, increased from 4 % to 28 %
from river to open Green Bay (Fig. 6b).

4. Discussion

4.1. Estuarine mixing behavior of bulk and size-fractionated DOM

As depicted in Fig. 2, bulk DOM properties, including DOC, DON,
CDOM (a254), all show a quasi-conservative mixing behavior during es-
tuarine mixing between Fox River water and open Green Bay water. Ac-
companying this conservative mixing behavior, other intensive proper-
ties (both optical and chemical), such as HIX, SUVA254, S275–295, E2/E3
and E4/E6 ratios, BIX, and DOC/DON ratio, also monotonically de-
creased or increased with specific conductivity from river water to open
bay water, demonstrating a similar conservative mixing behavior along
the river-bay transect. These results pointed to a strong river-dominant
DOM source from the Fox River and dynamic changes in DOM chemical
properties and composition along the trophic gradient from the lower
Fox River to open Green Bay. Similar changes in DOM concentration
and composition in other estuarine systems have been reported
(Abdulla et al., 2010; Zhou et al., 2016b; Lee and Kim, 2018; Xu et al.,
2018b).

In addition to bulk DOM properties, different DOM size-fractions
also showed a similar decrease trend in their abundances along the
river-bay transect. Based on the variations of DOM concentration in dif-
ferent size-fractions with specific conductivity (Fig. 3), all size-fractions
in both bulk CDOM (UV254) and humic-like (Fluor350/450) DOM, espe-
cially the 1–3 kDa, 3–10 kDa, and > 10 kDa, decreased consistently
from river water (high specific conductivity) to open bay water (low
specific conductivity), with a significant linear correlation with specific
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Fig. 5. (a) EEM contours and (b) Excitation/Emission loadings for the four common fluorescent components, C475, C410, C320 and C290, identified from the six one-
sample PARAFAC models (arranged by Emission wavelengths). The Ex/Em loadings from Station-1 bulk DOM sample were shown in blue line and red line, respec-
tively, while Ex/Em loadings from other stations were plotted in dash grey lines.

Fig. 6. Variations in (a) fluorescence intensities (ΣFmax) and (b) relative abundances (in %) of C475, C410, C320 and C290 with specific conductivity along the trophic
transect in the lower Fox River-Green Bay ecosystem.

conductivity (p-values <0.02). Significant correlations between size-
fractionated DOM abundance and specific conductivity are consistent
with the variation patterns of a254, HIX and other chemical/optical
properties in the whole water samples (Fig. 2). Together, these results
indicated that different DOM size-fractions of both UV254 and
Fluor350/450 all had a conservative mixing behavior between river water
and bay water. Similar conservative mixing behavior was reported for
bulk DOC and CDOM in the study area (DeVillbiss et al., 2016; Xu et al.,
2018a) and for humic-like DOM components in a northern Gulf of Mex-
ico estuary (Stolpe et al., 2014; Zhou et al., 2016b).

For the protein-like Fluor275/340, there existed no clear variation pat-
tern or concentration gradient for all size-fractions along the river-bay

transect (Fig. 3c), showing a non-conservative behavior and sources
predominantly from in-situ production or biological processes (Zhou et
al., 2016b). Thus, sources of both UV254 and Fluor350/450 are mostly
from river water or terrestrial input in the Green Bay estuary, while the
autochthonous DOM components (Fluor275/340) partitioned mostly in
the >10 kDa size-fraction was predominantly derived from biological
processes in the water column.

4.2. Reactivity of different fluorescent components during estuarine mixing

Compared to the classic all-sample PARAFAC analysis, the one-
sample PARAFAC approach provided different major fluorescent com-
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ponents at each station. For facilitating discussion, the two protein-like
fluorescent components, C320 and C290, exhibiting similar increase trend
from river to open bay, were combined into one autochthonous or
aquagenic component. As shown in Fig. 7, the combined autochthonous
component increased consistently from river to open Green Bay, which
agrees well with the trophic gradient along the river-bay transect and
the variation trend of BIX shown in Fig. 2. The abundance of C475 re-
mained relatively constant (49.9 ± 4.0 %), showing a seemingly re-
fractory nature during estuarine mixing, consistent with previous stud-
ies (Murphy et al., 2018). On the contrast, the relative abundance of
C410, a terrestrial fluvic acid-like component (Stedmon et al., 2003; Su
et al., 2017), gradually decreased from 36 % in river water (Station 1)
to 22 % at Station 5 and become unidentifiable at Station 6 in open
Green Bay. Therefore, in contrast to the refractory or persistent nature
of C475, component C410 could be considered as a semi-labile terrestrial
DOM component, which was removed gradually through biological and
photochemical processes during its transport along the river-lake tran-
sect (Blanchet et al., 2017; Fellman et al., 2010). Thus, the application
of one-sample PARAFAC approach provides more compelling results
and improves the understanding of DOM heterogeneity and its dynamic
changes across hydrological and trophic interfaces in aquatic environ-
ments, especially in estuaries. Further studies are needed to provide ad-
ditional structural and chemical evidence in different DOM size-
fractions using available modern analytical techniques (Minor et al.,
2014; Lu et al., 2023).

4.3. Differences in DOM size-distributions between freshwater and marine
estuaries

Compared to the molecular weight distributions of DOM in marine
estuaries showing higher colloidal abundances in end-member river
water but lower in seawater (Wen et al., 1999; Guo et al., 2009), our re-
sults revealed that the >1 kDa colloidal DOM, both DOC and CDOM, in

the freshwater estuary is relatively constant (Fig. S1). The difference
between freshwater and marine estuaries is largely due to little or no
change in salinity or ionic strength in freshwater estuaries. For exam-
ple, the specific conductivity in Fox River water was 463 μS/cm (salin-
ity 0.3) and 322 μS/cm (salinity 0.2) at station 6 in the open Green Bay
with a relatively small change in conductivity between river water and
bay water (Table 1). However, the specific conductivity in marine estu-
aries could increase over 100 times from <300 μS/cm in river water to
50,000 μS/cm in seawater or a salinity change from 0.2 in river water
to >30 in seawater, giving rise to coagulation and removal of DOM, es-
pecially colloidal DOM, during mixing of river water and seawater in
estuaries (Sholkovitz et al., 1978; Guo et al., 2009; Zhou et al., 2016b).
Furthermore, the lower Fox River-Green Bay is a negative freshwater
estuary with higher conductivity in river water and lower one in lake
water (Table 1, Xu et al., 2018a), which should theoretically result in
peptization of colloidal DOM and thus a decrease in colloidal DOM
abundance during estuarine mixing. However, changes in conductivity
or ionic strength seemed too small to result in evidential peptization or
changes in colloidal DOM abundances during estuarine mixing in this
negative estuary (Fig. 3).

In addition to salinity change, DOM in marine estuaries also suffers
from pH change between river water (~7) and seawater (~8.2), result-
ing in colloidal iron oxide/hydroxide precipitation and the removal of
DOM during estuarine mixing (e.g., Sholkovitz et al., 1978; Zhou et al.,
2016b) and changes in other biogeochemical processes in estuaries
(Yang and Hur, 2014; Lee et al., 2018), all of which affected the size dis-
tribution of DOM (Romera-Castillo et al., 2014). In the Fox River estu-
ary, pH changed little between river and bay waters, with an average of
8.9 ± 0.1 (Table 1). Negligible flocculation/aggregation was observed
despite both bulk CDOM and humic-like CDOM (represented by
Fluor350/450) decreased linearly. The relative abundance of each size-
fraction remained somewhat unchanged (Fig. 3 and Fig. S5) although
there was a small shift in size spectra of the two humic-like components

Fig. 7. Variations of fluorescent DOM components along the river-bay transect. “Aquagenic” represents components C320 and C290., while “Refractory” represents
component C475 and “Semi-Labile” represents component C410.
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Table 1
Sampling locations, temperature (Temp.), specific conductivity (Sp. Cond.),
pH, suspended particulate matter (SPM), and Chlorophyll a (Chl-a) concentra-
tions for surface waters at each sampling station in the lower Fox River-Green
Bay system.
Station Latitude

(°N)
Longitude
(°W)

Temp.
(°C)

Sp. Cond.
(μS/cm)

pH SPM
(mg/L)

Chl-a
(μg/L)

1 44.52 88.01 26.4 463.4 8.7 28.7 55.18
2 44.54 88.01 26.5 381.8 9.1 33.8 76.90
3 44.56 88.00 25.5 375.8 8.9 26.3 65.86
4 44.60 87.95 24.6 343.4 9.0 12.2 27.23
5 44.65 87.90 24.3 331.8 8.9 5.7 8.54
6 44.72 87.84 23.4 321.8 8.8 4.0 10.68

(C475 and C410) at Stations 1–5 (Fig. 8). For example, C475 and C410 were
accumulated and highly overlapped at the 1–10 kDa size interval in
spite of their different lability and sources, representing two groups of
small heterogeneous humic-like moieties (Her et al., 2003; Romera-
Castillo et al., 2014; Wünsch et al., 2017). Thus, our observations partly
support the self-assembly hypothesis proposed in previous studies, sug-
gesting that humic substances are comprised of humic-like moieties
with similar sizes (Peuravuori and Pihlaja, 2004; Kothawala et al.,
2006).

5. Conclusions

The one-sample PARAFAC approach combining FlFFF size-
separation and EEM-PARAFAC analysis was utilized to characterize the
size distribution of DOM and variations in PARAFAC-derived fluores-
cent components in a dynamic freshwater estuary in the lower Fox
River-Green Bay ecosystem. This approach yielded unique major fluo-
rescent components at each station, with four identified at river/estuar-
ine stations and three at open Green Bay. Based on their sources, com-
position, and lability, the major fluorescent components were consoli-
dated into three components, namely refractory (represented by humic-
like C475) semi-labile (humic-like C410) and labile components (protein-
like C320 and C290). Throughout the study area, the relative abundances
of the refractory component (C475) remained somewhat unchanged.
However, the semi-labile component (C410) decreased from river to es-
tuary and eventually vanished in open Green Bay, while the labile com-

ponents (C320 plus C290) increased consistently from river to open Green
Bay. These findings offer valuable insights into the dynamic changes in
both quantity and quality of bulk DOM along the trophic gradient
within the study area and enhance our understanding of the complex
biogeochemical processes involved in DOM cycling in the estuarine en-
vironment.
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