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• Multi-year and seasonal biogeochemical 
variability across an urban-estuary 
gradient 

• Clear gradients in DOM amount and 
quality, in response to urban influence 

• Riverine-plume DOC quality impacted 
by discharge, residence-time and 
wetland export 

• DOC-CDOM uncoupling near NYC urban 
core was driven by eutrophic conditions 

• Fluorescence analysis reveals seasonal 
dependence in estuarine CDOM 
transformation  
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A B S T R A C T   

The role of estuaries in sourcing and transforming dissolved organic matter - the largest reservoir of organic 
carbon in the ocean - still presents many unknowns for coastal biogeochemical cycles, and is further complicated 
by increasing human pressures and a changing climate. Here, we examined the major drivers of colored dissolved 
organic matter (CDOM) dynamics in Long Island Sound (LIS), a heavily urbanized estuary of National Signifi
cance with a storied water quality past. A comprehensive new optical dataset, including measurements of CDOM 
absorption and fluorescence signatures, was integrated with biological and hydrological measurements to cap
ture the spatiotemporal heterogeneities of LIS, including its urban-to-rural gradient, dynamic river mouths, and 
blue carbon ecosystems across seasons, following episodic storm events, and over five years. Results reveal 
longitudinal gradients in both DOM amount and quality. While carbon-rich and humic terrigenous DOM was 
dominant in the heavily riverine-influenced Central to Eastern LIS, an uncoupling between CDOM absorption 
(aCDOM) and dissolved organic carbon (DOC) concentration in Western LIS, and a stronger correlation with 
Chlorophyll-a, indicated increased autochthonous CDOM production. Closer to the New York City urban core, 
aCDOM was highly correlated to turbidity, consistent with increased wastewater influences. Fluorescence PAR
AFAC analysis provided strong evidence for seasonal processing of CDOM in LIS, related to increased sum
mertime photochemical degradation of humic-like components and shoulder-season microbial processing. 
Riverine CDOM export was influenced by discharge amount, residence time, and coastal wetlands acting as 
additional sources of strongly humic and aromatic organic matter. These measurements allowed us to assess how 
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hydrologic, biological, and anthropogenic processes impact DOM dynamics and, subsequently, biogeochemical 
variability and trophic status in this complex urbanized estuary, with implications for water quality management 
and policy. Results discussed here are applicable beyond LIS, as urbanized estuaries globally face similar hy
drological and anthropogenic forcings.   

1. Introduction 

Estuaries play an important, yet sometimes mechanistically elusive, 
role as connectors, transporters, and transformers of biogeochemical 
constituents across the land-ocean continuum (Bauer et al., 2013; Najjar 
et al., 2018; Cory and Kling, 2018; Xiao et al., 2022; Regnier et al., 
2022). Within these systems, dissolved organic matter (DOM) (defined 
as <0.2 μm) is a diverse mixture of compounds that impact a wide range 
of estuarine processes and originate from various – natural and 
anthropogenic – terrestrial, atmospheric, and marine sources (Vodacek 
et al., 1997; Stedmon et al., 2000; Raymond and Bauer, 2001; Hernes 
and Benner, 2003; Boyd and Osburn, 2004; Fellman et al., 2010; 
Romera-Castillo et al., 2011; Tzortziou et al., 2011; Zhang et al., 2018; 
Menendez et al., 2022). DOM plays a significant role in aquatic 
ecosystem functioning because of its role as an energy and nutrient 
source (D’Andrilli et al., 2019), its control on bacterial abundances and 
composition (Judd et al., 2006), and the impacts of its colored pool 
(colored dissolved organic matter, or CDOM) on underwater light 
availability (Nelson and Siegel, 2002) and temperature (Cory et al., 
2015; Kim et al., 2016). The amount and quality (or composition) of 
CDOM, measured through its optical absorption and fluorescence sig
natures, when coupled with other environmental variables, reveal in
formation about organic matter provenance, which provides context for 
carbon cycling regimes (D’Andrilli et al., 2019). The optical properties 
of CDOM allow for remote detection (Bricaud et al., 1981), which fa
cilitates carbon cycling and water quality insights from CDOM to be 
attained at more encompassing spatial and temporal scales. 

Long Island Sound (LIS) is a complex urban estuary, with about nine 
million people residing within its watershed and a strong urban-rural 
gradient driven by New York City on its western boundary. In such a 

dynamic and heterogeneous landscape, multiple sources and sinks of 
DOM coexist, and their signatures become integrated. Along with dis
solved oxygen (DO), chlorophyll-a (Chl-a), and water clarity, dissolved 
organic carbon concentration (DOC) is a key water quality indicator 
frequently measured by water quality monitoring programs. The 
nonprofit Save the Sound has released water quality report cards across 
five regions of LIS since 2016 to assess ecological health and the Sound’s 
ability to support aquatic life. The Western Narrows, located closest to 
the urban core of New York City, has consistently received failing water 
quality grades, largely due to high nutrient levels from anthropogenic 
sources resulting in high DOC, low water clarity, and eutrophic condi
tions that can eventually lead to hypoxia. There have been significant 
improvements in wastewater treatment technology in and around LIS; 
notably, from an Environmental Protection Agency mandate, the New 
York City Department of Environmental Protection reduced nitrogen 
effluent in its East River plants by 60 % by 2016 from a 1990 baseline. 
Still, anthropogenic perturbations persist. Almost half (48 %) of the 
Sound’s entire nitrogen budget can be attributed to sewer sources 
(Vaudrie, 2017). Within the East River, flowing into Western Narrows, 
97 % of the nitrogen load is attributed to wastewater treatment plants 
(Vaudrie, 2017). 

In addition to anthropogenic gradients within LIS, river inputs 
contribute to regional dynamics in estuarine optical properties and 
biogeochemistry. The Hudson River (Fig. 1), which influences the East 
River and Western Narrows, is a high CDOM and high biomass end
member within the LIS system (Supino, 2020; Aurin et al., 2010). The 
Connecticut River, delivering 68 % of LIS freshwater (Vlahos and 
Whitney, 2017) and 23 % of nitrogen loads adjusted for impact (Save the 
Sound, 2017), has been identified as a high backscattering endmember 
due to abundant suspended sediment loads within its plumes (Aurin 

Fig. 1. Locations of measurements collected in Long Island Sound (2017–2022). Triangles indicate sampling sites visited year-round by the Connecticut Department 
of Energy & Environmental Protection (CT DEEP). 
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et al., 2010). Another major river in Connecticut, the Housatonic, is 
responsible for 15 % of LIS freshwater and 17 % of nitrogen loads (Save 
the Sound, 2017) (adjusted for impact) entering Central LIS. This 
network of major river systems and many smaller tributaries along the 
Connecticut shoreline increases riverine loading moving east across LIS, 
impacting DOM quality. A slight increase in surface water DOC: DON 
(dissolved organic nitrogen) moving from west to east in 2008–2014 was 
attributed to more autochthonous material from primary production in 
Western LIS and higher delivery of terrestrial, humic, and carbon-rich 
DOM from the Housatonic and Connecticut Rivers moving towards 
Central and Eastern LIS (Vlahos and Whitney, 2017). 

Biogeochemical variability in LIS has been shown to be even greater 
at seasonal than interannual scales (Gay and O’Donnell, 2009; Vlahos 
et al., 2020). This is primarily because of the prominent late winter-early 
spring peak in freshwater from storms and snowmelt that leads to the 
highest total nitrogen loads in spring and a secondary peak in fall. In 
Western LIS, spring phytoplankton blooms are supported by the high 
nitrogen point sources of the East River (Sherman et al., 2023a). Excess 
nutrient loadings, phytoplankton growth followed by organic matter 
decomposition, warming temperatures, and enhanced stratification 
promote the development of recurring, seasonal hypoxia that impacts up 
to half of the Sound’s waters each summer (Valle-Levinson et al., 1995). 
Increased horizontal exchange, wind mixing, and reduced microbial 
activity combined with organic matter depletion (Lee and Lwiza, 2008), 
typically lead to bottom-water DO rebound in late summer and early 
fall. 

In this study, we examined the controls on LIS CDOM variability, 
specifically the role of rivers and New York City’s urban center in 
sourcing CDOM and the estuary’s role in its transformations. With sparse 
existing CDOM data in LIS and limited biogeochemical and water quality 
indicators across the Sound’s nearshore waters and tributaries, we 
developed a new, rich dataset that captures the optical signatures of 
CDOM from diverse pools by sampling at regions of anthropogenic and 
terrestrial exchange, across the main stem of LIS, during all seasons, and 
over five years. Such comprehensive in situ knowledge of organic matter 
dynamics is critical for accurate modeling and satellite remote sensing 
products of LIS biogeochemical constituents. Results discussed here are 
applicable beyond LIS, as urbanized estuaries globally face similar hy
drological and anthropogenic forcings, and characterizing complex 
estuarine responses is critical to improving Earth system models (Ward 
et al., 2020). Finally, enhanced understanding of the main drivers of 
estuarine CDOM dynamics would allow for better management of 
estuarine water quality and resources in the face of climate change. 

2. Methods 

2.1. In situ sample collection 

Measurements were collected throughout LIS between September 
2017 and June 2022 (collection of 709 unique surface samples), 
capturing seasonal transitions and a range of environmental conditions 
(Fig. 1). Main stem sites across the Narrows, Western, Central, and 
Eastern LIS were sampled in coordination with the Connecticut 
Department of Energy & Environmental Protection (CT DEEP). CT DEEP 
has been sampling these locations during monthly to bi-weekly Water 
Quality and Hypoxia surveys aboard the R/V Dempsey since 1991 (https: 
//portal.ct.gov/DEEP/Water/LIS-Monitoring/LIS-Water-Quality-and- 
Hypoxia-Monitoring-Program-Overview), offering historical context for 
this newly collected dataset. Sampling in the Housatonic and Con
necticut Rivers, and within wetland channels near their river mouths, 
was done using small charter boats. Five nearshore sites were sampled 
once a month from November 2020 through December 2021. They were 
accessed by land, including the Saugatuck River, two locations on the 
Western Connecticut coastline, from City Island, Bronx, and Alley Creek, 
Queens, in New York City. Only surface water samples (≤0.5 m depth) 
were included in this study. Water temperature, salinity, pH, dissolved 

oxygen, and turbidity were measured using a YSI EXO2 multiparameter 
sonde. The EXO2 was calibrated and maintained using the standards and 
protocols delineated in the instrument manual (YSI). Profiles for EXO2 
parameters were also analyzed from CT DEEP cruises for surface mea
surements when samples were collected as part of their water quality 
monitoring program (https://lisicos.uconn.edu/dep_portal.php). Water 
samples were collected in clean Nalgene bottles scrubbed, acid-washed, 
deionized water (DI)-rinsed, and rinsed with sample water. Water 
samples were kept dark and cold and filtered immediately upon 
collection (<8 h). When possible, filtering was done within <1 h from 
collection while onboard the CT DEEP’s R/V Dempsey. 

2.2. Optical analysis 

For measurements of CDOM optical (absorption and fluorescence) 
properties, samples were filtered, first, using a 0.7 μm Whatman GF/F 
glass microfiber filter and then, a Whatman Nuclepore polycarbonate 
0.2 μm filter at low vacuum (Cao et al., 2018). Filtered water was stored 
in acid-washed and pre-combusted (450 ◦C) amber glass bottles in the 
dark at 4 ◦C for less than a week before further optical analysis. 

2.2.1. CDOM absorption 
CDOM absorbance measurements were run in triplicate from 240 to 

750 nm (at 1-nm bandwidth intervals) on a Cary 300 UV–VIS Spectro
photometer for samples brought to room temperature. We used 5-cm 
pathlength quartz cuvettes, cleaned thoroughly before analysis, and 
rinsed with DI and subsequently by water sample between samples, 
following the protocol of Tzortziou et al. (2008). Sample absorbances 
were DI-baseline corrected, and DI blanks were subtracted from sample 
spectra. Potential outliers for triplicate absorbance scans were identified 
and removed, resulting in quality-controlled mean absorbance spectra 
for each sample. CDOM absorbance was converted to CDOM absorption 
using: 

aCDOM(λ) =
2.303A(λ)

l
(1)  

where aCDOM(λ) is CDOM absorption at reference wavelength λ (nm), A 
is CDOM absorbance at that wavelength, and l is cuvette pathlength in m 
(0.05 here). The spectral slope of aCDOM (S) was calculated for the range 
of 275–295 nm (S275–295) and 350–400 nm (S350–400) by fitting: 

aCDOM(λ) = aCDOM
(
λref

)
e− S(λ− λref ) (2)  

where λref is the reference wavelength, which here is the average 
wavelength for the spectral range being fitted (285 or 375 nm, respec
tively), and S is the spectral slope (nm− 1) (Helms et al., 2008). The 
spectral slope ratio (SR) was calculated as: 

SR =
S275− 295

S350− 400
(3)  

(Helms et al., 2008). These metrics of absorption spectral slopes and 
their ratios were calculated because they have been shown to be good 
proxies for DOM molecular weight and indicators of DOM source and 
extent of photochemical or microbial processing (i.e., CDOM quality) in 
natural waters (Helms et al., 2008; Del Vecchio and Blough, 2002). 

2.2.2. CDOM fluorescence 
CDOM fluorescence was measured on a Horiba Aqualog Spectroflu

orometer at excitation wavelengths of 240–650 nm in 5-nm bands using 
a 1-cm quartz cuvette and 1-s integration time. Excitation emission 
matrices (EEMs) were garnered, representing the emission detector’s 
output to the reference detector’s signal, after both the emission and 
reference detector had dark signals subtracted and spectral corrections 
applied within the Aqualog software. Using the fdomcorrect function in 
the drEEM toolbox (v0.6.0) for Matlab, inner filter corrections were 
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applied to sample EEMs using sample absorbance averages. A DI EEM 
blank, run on the same day as a sample, was subsequently subtracted 
from absorbance-corrected sample EEMs. Raman peaks of DI EEMs were 
used to convert corrected sample EEMs from raw fluorescence units to 
Raman Units. 

PARAllel FACtor analysis (PARAFAC) was employed to identify un
derlying fluorescence components within the dataset. Using the Matlab 
drEEM toolbox, each sample EEM was normalized to its total fluores
cence intensity signal, allowing high and low fluorescence samples to 
have more similar weightings within the model (Murphy et al., 2013). 
For PARAFAC, 25 samples were identified as outliers and excluded from 
the model, which left 735 unique sample EEMs remaining. PARAFAC 
modeled results were validated using split-half analysis (four splits with 
six combinations and three validations, ‘S4C6T3’), and through analysis 
of sample residuals (Murphy et al., 2013). 

PARAFAC component model values were converted to Fmax in Raman 
Units by multiplying each sample’s modeled component fluorescence 
intensities by the overall sample fluorescence intensity. Percentage Fmax 
of each sample component was found by dividing the Fmax of a given 
sample component by the total Fmax for all components within that 
sample, multiplied by 100. This is discussed moving forward as 
component percentage (Ci%) and represents each component’s contri
bution to total sample fluorescence. 

Ci% =
CiFmax

∑7

i=1
CiFmax

*100 (4)  

2.3. DOC analysis 

Samples for measurements of DOC concentrations, [DOC], were 
filtered and stored identically to filtrate for CDOM, except DOC samples 
were in duplicate bottles and acidified to pH ~2–3 using 10 % HCl 
immediately after filtering. [DOC] was measured in duplicate with a 
Shimadzu TOC-V (Total Organic Carbon) Autoanalyzer. Samples for 
DOC were flagged and excluded from analysis if the coefficient of 
variation between duplicates was >15 %. A total of 505 samples were 
included in our analysis. DOC-specific CDOM absorption (a*CDOM(300) 
(m2 g− 1)) was calculated as the ratio of aCDOM amount at 300 nm (aCDOM 
(300) (m− 1) to [DOC] (g m− 3)). Previous studies have shown that 
a*CDOM is a good proxy for DOM composition, increasing with increasing 
molecular weight and aromaticity (e.g., Del Vecchio and Blough, 2004; 
Tzortziou et al., 2008). 

2.4. Chlorophyll-a analysis 

Samples for chlorophyll-a (Chl-a) measurements were filtered 
simultaneously as CDOM and DOC, in duplicate, using 0.7 μm Whatman 
GF/F glass microfiber filters. Filters were stored between − 20 and 
− 80 ◦C. Chl-a was extracted from its filters in 90 % acetone and 
measured fluorometrically in duplicate using a Turner Designs Trilogy 
fluorometer. Samples for Chl-a were flagged and excluded from analysis 
if the coefficient of variation between duplicates was >15 %. A total of 
552 samples were included in our analysis. 

2.5. Discharge and precipitation analysis 

United States Geological Survey tidally filtered discharge data from 
the Connecticut River at Middle Haddam, CT (site 01193050, Lat =
41◦32′30″, Lon = − 72◦33′13″) and discharge data from the Housatonic 
River at Stevenson, CT (site 01205500, Lat = 41◦23′01.69″, Lon =
− 73◦09′59.90″) were compiled and converted from their native sam
pling frequency (ft3 s− 1 discharge averages at hourly and 15-minute 
sampling intervals, respectively) to m3 s− 1 mean daily discharge for 
the project duration. Mean daily discharges for both rivers were 
extracted on days of sample collection. 

We used meteorological data from the National Oceanographic and 
Atmospheric Administration’s Applied Climate Information System 
(ACIS), following the methodology of Sherman et al. (2023a). Daily 
precipitation data gridded to 5 × 5 km resolution was interpolated from 
the National Weather Service Cooperative observer network by the 
Northeast Regional Climate Center, which was chosen to align with 
meteorological LIS reports produced by CT DEEP. Regional averages of 
daily precipitation data were generated to capture precipitation impacts 
on LIS across its spatial domain. For sampling date, we calculated daily 
precipitation summations for the preceding seven days to account for 
possible lags of precipitation impacts reaching the estuary; this pre
ceding seven-day summation is referred to as ‘precipitation’ moving 
forward. 

2.6. Regional binning 

Regions of LIS were defined using the boundaries of the Save the 
Sound water quality report card, which demarcates Western Narrows 
(WN), Eastern Narrows (EN), Western (WLIS), Central (CLIS), and 
Eastern LIS (ELIS) (Fig. 1). A second filtering using a salinity threshold of 
24 was applied to distinguish between Housatonic River and CLIS 
samples, and between Connecticut River and ELIS samples, where tidal 
phase and discharge extremity can dictate what water is sampled sur
rounding the dynamic river mouths. This salinity threshold was chosen 
based on visual clustering when examining aCDOM(300) versus salinity 
for the entire LIS dataset. With this salinity threshold, higher salinity 
samples were characterized as CLIS or ELIS, and lower salinity 
(brackish) samples were classified as riverine. Water samples taken from 
shore along the CT coastline were classified as Nearshore. 

2.7. Correlation, PCA, and multilinear regression analysis 

Pearson correlation coefficients (r) were calculated between selected 
optical, biogeochemical, and physicochemical variables subject to spe
cific regional, temporal, or salinity binning, using standardized data 
(standard scaler) and Matlab’s corrcoef function. Principal component 
coefficients (loadings) and principal component scores for data obser
vations were calculated on the standardized dataset using Matlab’s 
Principal Component Analysis (PCA) pca function. [DOC] and 
aCDOM(300) were modeled using Matlab’s stepwiselm function, which 
successively takes in and out predictors based on statistical significance 
(we used p-value ≤ 0.05 for removal). This was done using data from all 
regions, months, and years together. [DOC] was modeled with the 
possible predictor variables of Chl-a, salinity, pH, dissolved oxygen, 
water temperature, turbidity, Connecticut River discharge, Housatonic 
River discharge, and precipitation. We modeled aCDOM(300) from the 
complete list of predictor variables above, with the addition of [DOC]. 
Predictor variables were standardized prior to input to stepwiselm. 

3. Results and discussion 

3.1. Spatiotemporal dynamics in CDOM across the main stem of the 
Sound 

CDOM absorption showed strong longitudinal trends across the LIS 
main stem, with aCDOM(300) decreasing by ~40 %, from 4.15 m− 1 in WN 
to 2.53 m− 1 in ELIS (Fig. 3f–j). In WN, aCDOM(300) remained within a 
narrow and overall elevated range of ~3.3–5.0 m− 1 (Fig. 3f) across 
seasons, consistent with failing water quality grades in this region due to 
intense anthropogenic pollution, including continuous pulses of waste
water (Save the Sound, 2022). In addition to CDOM absorption magni
tude, the spectral signature of CDOM also showed considerable spatial 
gradients across the Sound. S275–295 increased from 0.0204 nm− 1 in WN 
to 0.0213 nm− 1 in CLIS yet decreased again to 0.0206 nm− 1 in ELIS, 
capturing the influence of freshwater inputs from the Connecticut River 
(Fig. 3k–o). High variability in a*CDOM and S275–295, both proxies for 
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DOM molecular weight and aromaticity, were observed in CLIS and ELIS 
(Fig. 3n, o, s, t), indicating the coupled influence of freshwater inputs 
from the two largest LIS rivers as well as photochemical and microbial 
transformations (Tzortziou et al., 2008; Helms et al., 2008). An exten
sive range in aCDOM(300) (Fig. 3j) and S275–295 (Fig. 3o) was found in 
ELIS, highlighting the additional influence and complex mixing of ma
rine water from the Atlantic Ocean (with ocean waters characterized by 
lower aCDOM(300) and higher S275–295 (Yamashita et al., 2013)). 

Similar to CDOM, DOC also showed strong longitudinal trends across 
the LIS main stem, decreasing by ~25 %, from 1.93 g m− 3 in WN to 1.47 
g m− 3 in ELIS (Fig. 3a–e). Strong relationships between CDOM absorp
tion and DOC concentration have been previously documented across 
coastal waters (e.g., Mannino et al., 2008; Vantrepotte et al., 2015; Joshi 
et al., 2017; Juhls et al., 2019; Sanwlani et al., 2022). Yet, in inland and 
estuarine systems, the DOC: CDOM relationship varies due to the com
plex interplay of multiple biogeochemical, physicochemical, and hy
drological processes that impact the source and composition of DOC (e. 
g., Del Vecchio and Blough, 2002; Fichot and Benner, 2011; Stedmon 
and Nelson, 2015). Across the main stem of the Sound, aCDOM(300) and 

[DOC] were strongly coupled in ELIS (r = 0.90; p < 0.001) and 
moderately correlated in CLIS (r = 0.45; p < 0.01), with strong negative 
correlation between aCDOM(300) and salinity (r of − 0.8 to − 0.84; p <
0.001) (Fig. S1) indicating the dominant role of freshwater inputs of C- 
rich and strongly colored DOM in driving biogeochemical variability. 
Yet, aCDOM(300) and [DOC] were not significantly correlated in WN, EN, 
or WLIS, and in these regions there was a decrease in the correlation 
between CDOM and salinity (r of − 0.42 to − 0.56; all with p < 0.05), and 
a significant correlation between aCDOM(300) and Chl-a in EN and WLIS 
(r of 0.33–0.37; p < 0.01) (Fig. S1). Higher Chl-a concentrations in WN 
(7.15 mg m− 3 median) compared to ELIS (2.76 mg m− 3 median) indicate 
a more important role of autochthonous production of organic carbon 
that contributes to the regional decoupling of aCDOM(300) and [DOC] in 
the western regions of LIS. These results also agree with the increase in 
surface water DOC: DON moving from west to east reported in previous 
studies, attributed to more autochthonous material from primary pro
duction in Western LIS (Vlahos and Whitney, 2017). In addition to 
biological activity, wastewater impacts nutrient dynamics in Western 
LIS (Humphries et al., 2023). In Western Narrows, aCDOM(300) was 

Fig. 2. Surface [DOC] (a, d, g, j), surface aCDOM(300) (b, e, h, k), and surface S275–295 (c, f, i, l) collected in and around LIS waters during this study by season. The 
sizes of circles illustrate interannual variability. 
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strongly correlated to turbidity (r = 0.75; p < 0.001) (Fig. S1). Changes 
in turbidity were previously shown to be linked to wastewater effluent 
inputs in the New York Harbor Upper Bay (Sherman et al., 2023a). 
Bordering New York City, WN is directly impacted by the East River 
(Blumberg and Pritchard, 1997), where there is high wastewater 
loading. A strong positive correlation was also found between 
aCDOM(300) and total precipitation in Alley Creek (r = 0.87; p < 0.01) 
(Fig. S1), highlighting the strong influence of wetland and sewage DOM 
inputs, both sources previously shown to result in disproportionate 
export of strongly absorbing organic matter under flooding conditions 
(D’Sa et al., 2023; Cao and Tzortziou, 2021; Ayad et al., 2020). 

Beyond their influence on CDOM spatial variability, hydrological 
processes, human activity, and biological production are expected to 
impact temporal transitions in CDOM across the main stem of the Sound. 
Interestingly, seasonal variability is larger than interannual variability 
for total nitrogen inputs in LIS, typically showing maxima during spring 
runoff and snowmelt, a decrease in summer, and an increase again by 

fall (Vlahos et al., 2020). Within mainstem LIS, seasonal transitions were 
depicted in CDOM quality, as captured by changes in S275–295 (Fig. 2c, f, 
I, l; Fig. 3k–o) and a*CDOM (Fig. 3p–t). The highest S275–295 and lowest 
a*CDOM were consistently observed in summer, mainly in July, partic
ularly in the Eastern Narrows, Western, and Central LIS (Fig. 3l, m, n, q, 
s). These regions are less directly impacted by human activity, compared 
to the Western Narrows, or episodic discharge events, compared to 
Eastern LIS, both processes often masking seasonal cycles. Higher 
S275–295 and lower a*CDOM during summer are both indicative of 
increased photochemical degradation (Helms et al., 2008; Fichot and 
Benner, 2012) and/or biological production (Nelson et al., 2004; 
Steinberg et al., 2004). Biological processes such as grazing and mi
crobial activity in early summer, following intense spring phytoplankton 
blooms, could be responsible for the accumulation of semi-labile, less- 
absorbing DOM (Mannino et al., 2008), contributing to the decrease in 
a*CDOM and increase in S275–295 that we observed in May and June in EN 
and WLIS (Fig. 3b, c, g, h, q, r). 

Fig. 3. Monthly boxplot distributions (depicting median, 25th percentile, 75th percentile, and whiskers extending to ±2.7 σ, and outliers in red) of [DOC], 
aCDOM(300), S275–295, and a*CDOM(300) for WN, EN, WLIS, CLIS, and ELIS. 
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Interestingly, aCDOM(300) did not show strong seasonality in EN and 
WLIS (Fig. 3g, h). However, we found seasonal changes in the magnitude 
and direction of correlations between aCDOM, hydrological forcing, and 
Chl-a concentrations in EN and WLIS that provide insight into the 
observed seasonality in CDOM quality (i.e., S and a*CDOM). In winter, 
hydrologic conditions were highly correlated to aCDOM(300), both in 
terms of total precipitation (r = 0.79, p < 0.01 for EN; r = 0.97, p < 0.001 
for WLIS) as well as Connecticut River discharge (r = 0.80, p < 0.01 for 
EN; r = 0.92, p < 0.01 for WLIS) and Housatonic River discharge (r =
0.82, p < 0.01 for EN; r = 0.97, p < 0.001 for WLIS). These results 
suggest that wintertime aCDOM(300) is heavily allochthonous in these 
regions, driven by winter storms and predominantly Northerly winds 
that favor extensive river plumes in LIS (Cao and Tzortziou, 2024). 
Besides the Connecticut and Housatonic Rivers that, together, account 
for 83 % of freshwater entering LIS (Save the Sound, 2017), EN and 
WLIS directly experience freshwater inflows from the Byram, Mianus, 
Rippowam, Norwalk, and Saugatuck Rivers. These smaller rivers have 
been demonstrated to have faster freshwater delivery to the coast after 
storm events than larger neighboring river systems (Deignan-Schmidt 
and Whitney, 2017), which may make these LIS regions particularly 
sensitive to allochthonous delivery of high-CDOM waters after seasonal 
storms. Chl-a concentration was the strongest predictor of WLIS 
aCDOM(300) in spring (r = 0.78, p < 0.001), and of both EN and WLIS 
aCDOM(300) in summer (r = 0.55, p < 0.001 and r = 0.62, p < 0.001, 
respectively), indicating dominant autochthonous production and sea
sonal shifts in CDOM composition as captured by the CDOM spectral 
signature (i.e., a*CDOM and S275–295). 

3.2. Further insights from fluorescence analysis 

PARAFAC modeling resulted in seven components for our dataset 
that explained ~99.89 % of the variability in the DOM fluorescence 
signal, with component excitation and emission maximums and classi
fications shown in Table 1. These components were compared to the 
OpenFluor (Murphy et al., 2014) database and literature matches. 
Components 1 to 7 (C1–C7) had 100, 44, 36, 18, 89, 23, and 6 OpenFluor 
matches, respectively. Based on these results, we designated our seven 
modeled components as long-wavelength humic (C1), visible humic 
(C2), degraded humic (C3), marine/UV humic (C3), tryptophan-like 
(Trp) (C5), tyrosine-like (Tyr) (C6), and phenolic compound (C7) 
(Table 1). Notably, 5-out-of-25 PARAFAC surface samples identified as 
outliers for the model were from Alley Creek. Their anomalous distinct 
fluorescence peaks indicate that the samples with the strongest waste
water signals were excluded from this analysis for PARAFAC to validate. 

3.2.1. Humic-like fluorescent components 
Humic-like components C1 and C2 had a combined contribution of 

19–60 % to total fluorescence signal across LIS and were highly corre
lated – suggesting similar sources and sinks – both in the brackish and 
higher salinity LIS waters (r = 0.94 and 0.91, respectively; p < 0.001; 
Fig. 4). These fluorescence components have been associated with 

terrestrial material (Coble, 1996; Stedmon et al., 2003; Murphy et al., 
2008), with C1 corresponding more likely to higher molecular weight 
DOM than C2 based on the longer wavelength emission (Table 1; Fig. 5a, 
b) (Stedmon et al., 2003; McKnight et al., 2001). 

C1 and C2 had the highest percent contribution in samples collected 
from the Housatonic and Connecticut Rivers (Fig. 5o, p). They showed 
similar seasonal variability, with the lowest relative contributions in 
July and August and the highest in January and December (Fig. 5h, i). 
These patterns are consistent with lower terrigenous DOM inputs in 
summer (due to lower river discharge; (Cao and Tzortziou, 2024)) and 
the highest summertime loss of humic DOM from photochemical 
degradation (Tzortziou et al., 2007). C1% and C2% showed strong 
negative correlations with S275–295 in brackish waters (r = − 0.81 and −
0.87, respectively; p < 0.001; Fig. 4a), supporting riverine delivery of 
terrestrial material that is less degraded or altered (Helms et al., 2008). 
In the higher salinity sample pool (>24), C1% and C2% were still 
correlated to S275–295 (p < 0.001; Fig. 4b), highlighting that S275–295 is a 
sensitive indicator of terrigenous influence in LIS waters that have un
dergone mixing (for comparison, aCDOM(300) had substantially weaker 
marine subset C1% and C2% correlations; p < 0.01). 

Humic-like C3 was overall the most ubiquitous and prominent 
component contributing to total fluorescence (Fig. 5j, q, x), with a me
dian sample contribution of 20 %. Classically defined as peak A (Coble, 
1996), C3 has been characterized as humic-like material, but despite 
terrestrial precursors, it has been shown to persist into the estuarine 
realm (Stedmon and Markager, 2005). Interannually, C3 fluorescence 
contributions were reduced in 2020 (Fig. 5x), the year of lowest riverine 
freshwater discharge in this study (Fig. S2). Previous studies suggest that 
C3 is more prevalent in warmer months (Stedmon and Markager, 2005; 
Kothawala et al., 2014), and may be a photoproduct of terrestrial DOM 
resistant to further photodegradation (Stedmon et al., 2007; Stedmon 
and Markager, 2005). This is consistent with our findings of increased 
contributions of C3 to the fluorescence pool in summer, particularly in 
June and September (Fig. 5j). C3 has also been found to be resistant to 
biodegradation (Stubbins et al., 2014; Ishii and Boyer, 2012). Interest
ingly, C3% in LIS brackish waters (<24) showed a positive correlation 
with S350–400 (p < 0.001; Fig. 4a), which has been linked to microbial 
degradation (Helms et al., 2008; Grunert et al., 2021). Grunert et al. 
(2021) found that both photochemically and biologically labile mole
cules can contribute to this component and that there is competitive 
degradation by sunlight and microbes of the precursor compounds that 
produce C3. 

Marine/UV humic-like peak C4 has similar excitation and emission 
wavelengths to the classically defined M peak (Coble, 1996), charac
terized as less aromatic and of lower molecular weight than C1, C2, and 
C3 (Fellman et al., 2010). Marine humic fluorophores have been 
demonstrated to be exudated during the exponential growth phase of a 
phytoplankton bloom (Romera-Castillo et al., 2009) and attributed to 
the degradation of tryptophan-like DOM freshly produced from a bloom 
(Yamashita and Tanoue, 2004). Similar peaks have also been associated 
with wastewater and terrestrial sources (Murphy et al., 2008; Fellman 
et al., 2010). In LIS brackish waters, C4% was positively correlated to 
S275–295 (p < 0.05) and negatively correlated to Connecticut River 
discharge (p < 0.05), all indicators of autochthonous origin (Fig. 4a). 
Spatially, C4 had the highest contribution in Western Narrows (Fig. 5r), 
characterized by high Chl-a concentrations and intense microbial pro
cessing, further supporting a C4 relationship to biological production. 

Omori et al. (2020) explored the diurnal cycling of marine humic 
DOM, showing microbial production of humic DOM at night and 
simultaneous photobleaching (degradation) and microbial production 
during the day, described as an equilibrium. C4% showed a negative 
correlation with the humic component C1% (p < 0.05) and was not 
significantly correlated to C2% in the brackish LIS river plumes (Fig. 4a), 
but had positive correlations to C1% and C2% in the main stem (p <
0.001; Fig. 4b), consistent with previous studies showing the production 
of humic-like DOM during microbial processing, particularly after 

Table 1 
Characterizations of PARAFAC components with excitation (Ex.) and emission 
(Em.) maximum wavelengths. Secondary excitation peaks are shown in 
parentheses.  

Component Ex. max λ 
(nm) 

Em. max λ 
(nm) 

Characterization 

C1 260 (365)  482 Long-wavelength humic (red- 
shifted) 

C2 250 (330)  422 Visible humic (blue-shifted) 
C3 <250  436 Degraded humic byproduct 
C4 305 (<250)  380 Marine/UV humic 
C5 280  340 Free tryptophan-like 
C6 270  300 Tyrosine-like 
C7 255  330 Phenolic compound  
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photobleaching (Mann et al., 2012; Grunert et al., 2021). Across PCA 
Dimension 2 (PC2) (explaining 12.1 % of variability), we found strong 
correlations between C4% and S350–400 (known to increase with mi
crobial activity) (Table S1), particularly in March (Fig. 6b) that corre
spond to typical post-phytoplankton bloom periods in LIS (Sherman 
et al., 2023b; Rice and Stewart, 2013). Interestingly, Chl-a and C4 were 
negatively correlated in brackish waters (p < 0.05) and not correlated in 
the marine waters (Fig. 4; Fig. 6a–b), potentially due to the time lag 
between the occurrence of a bloom and associated fluorescent DOM 
production from viral lysis (Shimotori et al., 2009). In LIS Narrows, 
bacterial biomass increased from July through August with temperature, 
and bacterial net production peaks lagged Chl-a by about a week 
(Anderson and Taylor, 2001). Increased daylight in summer, leading to 
greater photochemical degradation than microbial production of C4, 
could help explain why the maximum marine humic C4% does not occur 
in summer (in sync with potentially highest bacterial biomass) (Omori 
et al., 2020). 

In our analysis, 5-out-of-25 EEMs flagged as outliers in PARAFAC 
analysis were Eastern Narrows samples from August 26, 2020 (Fig. S3), 
that all contained prominent fluorescence near the region of the classi
cally defined humic peak D (reported at Ex. 390 nm and Em. 509 nm), 
associated with soil fulvic acid (Stedmon et al., 2003). However, soil 
fulvic acid inputs were inconsistent with the East Narrows location of 
these samples, which were subject to little soil/terrestrial influence at 
the sampling time. Instead, whole water phytoplankton analysis (pre
served with Lugol’s iodine solution) from FlowCam imagery suggests a 
link to harmful algal bloom conditions. FlowCam analysis (data not 
shown here) indicated that these five samples contained a high number 
of dinoflagellates, including possibly Akashiwo sanguinea, of which 
blooms have coincided with high stratification (Menden-Deuer and 
Montalbano, 2015) and eutrophic conditions in Eastern Narrows in late 
August. While the toxicity of Akashiwo sanguinea is unclear, it has been 
linked to seabird, microzooplankton, and larvae deaths (Menden-Deuer 
and Montalbano, 2015). Fukuzaki et al. (2014) have detected humic-like 
fluorescence DOM peaks (Ex. 370 nm, Em. 450–470 nm) associated with 
exudates from Heterosigma akashiwo, not directly related to Akashiwo 
sanguinea, but another species of harmful algae, and emphasize this 
unique finding considering this fluorescence region is traditionally 
associated with terrestrial substances. 

3.2.2. Protein-like fluorescent components 
Phytoplankton and bacteria have been shown to produce protein-like 

fluorophores (e.g., Determann et al., 1998; Yamashita and Tanoue, 
2003; Stedmon and Markager, 2005). In the Sound, C5 (consistent with 
free tryptophan (Trp) in literature; Stedmon and Nelson, 2015) was the 

protein-like component with the greatest median percent contribution 
(16 %) to sample fluorescence (Fig. 5l, s, z) and the only component 
positively correlated to Chl-a concentration, both in the LIS mainstem 
and the nearshore/brackish waters (p < 0.01) (Fig. 4). Spatially, C5 had 
the greatest contribution to total fluorescence in the most productive 
WN region (Fig. 5s). Although C5% was negatively correlated with 
[DOC] in nearshore brackish LIS waters (p < 0.01) (where the signal 
from terrigenous DOC would dominate) (Fig. 4a), it was the only 
component that had a substantial positive correlation to [DOC] in the 
higher salinity sample pool (p < 0.001) (Fig. 4b), suggesting that C5 is a 
good indicator for marine production of DOC in LIS. 

Component 6, consistent with tyrosine-like (Tyr) fluorescence in 
literature, had the most considerable variability in percent contribution 
to total fluorescence (ranging from 0 to 40 %) with a median contri
bution of 8.7 % (Fig. 5m, t, aa). C6 did not show any apparent seasonal 
or interannual variability, potentially due to the fluorescence intensity 
of tyrosine being strongly affected by its free-or-bound status with 
proteins. Determann et al. (1998) found that free-Trp and free-Tyr had 
similar emission fluorescence efficiencies. However, when bound to 
proteins, Trp had 3–5 times higher intensity than Tyr due to a transfer of 
energy from Tyr emission to the excitation of Trp (i.e., Tyr is quenched) 
(Lakowicz, 2006; Aiken, 2014). Unlike the linkages between [DOC] and 
the other two protein-like components in the LIS main stem (with C5 
corresponding to DOC production and C7 to DOC loss), C6 was not 
significantly correlated to [DOC] (Fig. 4b). The C6 Tyr-like peak has 
been described as indicative of more degraded peptide material than the 
Trp-like C5 peak (Fellman et al., 2008), consistent with the higher 
contributions of C6% in the less productive eastern LIS (Fig. 5t). 

Component 7 had spectral characteristics similar to tryptophan-like 
fluorescence but slightly blue-shifted, corresponding spectrally to 
phenolic compounds from gallic acid (Wünsch et al., 2015) and 
condensed tannins from red mangrove leaves (Maie et al., 2007). Free 
phenolic compounds in seawaters could have multiple sources, 
including phytoplankton exudates, degradation of lignin compounds, or 
atmospheric sources, such as biomass burning (Zangrando et al., 2019). 
Scully et al. (2004) suggested that the low molecular weight fraction of 
polyphenols exported from mangroves and seagrass can be removed 
through photooxidation by reactive oxygen species, with photochemical 
half-lives of 9–22 h. In LIS, C7% had the highest contribution in July
–August, was positively correlated to S275–295 in marine waters (p <
0.001), and was the only component in the higher salinity sample pool to 
correlate to a loss of aCDOM(300) (p < 0.001) and an even greater loss of 
DOC (p < 0.001) (Fig. 4b), suggesting degradation of autochthonous 
DOM as a possible source, especially in summer (Scully et al., 2004). 
This is consistent with PC5, explaining 6.9 % of variability, correlating 

Fig. 4. Heatmaps show Pearson correlation coefficients for comparisons between PARAFAC component fluorescence contributions and optical, biogeochemical, and 
ancillary parameters. The data presented is separated into two salinity ranges with brackish waters shown on the left (<24) (a) and main stem waters shown on the 
right (>24) (b). Asterisks correspond to significance levels, with *** = p < 0.001, ** = p < 0.01, and * = p < 0.05. 
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positively to Chl-a (loading of 0.36), C5% (loading of 0.34), and [DOC] 
(loading of 0.23), but correlating negatively to C7% (loading of − 0.36) 
(Table S1). 

3.3. DOM dynamics in LIS rivers and plumes 

Compared to mainstem LIS, almost twofold higher DOC concentra
tions were consistently measured in the Housatonic and Connecticut 
rivers, with median values of 3.06 g m− 3 (N = 53) and 2.97 g m− 3 (N =
11), respectively. Even more pronounced was the riverine impact on 
CDOM absorption, with both rivers having median aCDOM(300) 3–4.5 
times the main stem values (Housatonic River 11.68 m− 1 (N = 71) and 
Connecticut River 12.15 m− 1 (N = 30)) and maxima 2.5–7 times higher 
than main stem regional maxima in aCDOM(300) (Housatonic River 
37.32 m− 1 and Connecticut River 20.26 m− 1). S275–295 showed steep 
differences between main stem basins (median of 0.020–0.021 nm− 1, 
Fig. 3k–o) and river sites (0.0150–0.0153 nm− 1). Both major rivers had 
S275–295 values reaching as low as 0.0127 nm− 1. 

Rivers have been shown to have a significant influence on LIS carbon 

budgets (Vlahos and Whitney, 2017), nitrogen fluxes (Vlahos et al., 
2020), and optical complexity (Aurin et al., 2010). Yet, their impact on 
DOM quality and distribution across the LIS urban-to-rural and 
freshwater-to-marine continuum has not been thoroughly examined. 
Our high-resolution measurements along the Housatonic and Con
necticut River plumes allowed us to assess how this allochthonous 
CDOM is mixed as it enters LIS under conditions of varying discharge. 
Positive deviations from lines representing conservative mixing with 
salinity (Fig. 7) indicated additional sources of strongly colored DOM in 
regions dominated by extensive brackish wetlands in the Connecticut 
and Housatonic River mouths. Wetlands have been shown to be strong 
sources of aromatic, humic, photoreactive, and optically distinctive 
(higher a*CDOM and lower S275–295) CDOM across a range of estuarine 
and coastal systems (Tzortziou et al., 2008; Logozzo et al., 2021; 
Menendez et al., 2022). We found that in the wetland-dominated river 
mouths, a*CDOM(300), C1, and C2 Fmax were higher than expected based 
on conservative mixing, suggesting additional input of humic and 
strongly aromatic DOM. These instances are depicted with the dark 
green shading in Fig. 7 (a, b, g, h) for the lower discharge transects (June 

Fig. 5. Fingerprints of excitation (x-axis) and emission (y-axis) intensities for the seven fluorescence components identified from the PARAFAC model (a–g), along 
with boxplots of monthly (h–n), regional (o–u), and interannual (v–bb) component percent contributions to total sample fluorescence, for all samples (boxplots depict 
median, 25th percentile, 75th percentile, whiskers extend to ±2.7 σ, and outliers are shown with circles). 
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27, 2018, Wheeler Marsh at the Housatonic mouth and June 8, 2018, 
Lord Cove Marsh at the Connecticut River mouth). Interestingly, these 
samples show not just additions of terrestrial-associated fluorescence 
components (C1 and C2) but also consistent additions of C3, C4, and C5 
for all four of these wetland channel samples, indicating photo
biogeochemical transformation and/or riverine biological production 
during lower flow periods. For these two low-discharge June transects, 
Chl-a was found to be higher in the river than estuary endmember, with 
concentrations of 10.7 mg m− 3 at a salinity of ~6 vs. 5.6 mg m− 3 at 
salinity ~28 on June 27, 2018, and in the range of 33–43 mg m− 3 for the 
freshwater samples vs. 4.0 mg m− 3 at salinity ~29 on June 8, 2018. 
Longer water residence times at lower discharge can result in significant 
degradation of allochthonous DOM and stimulate new autochthonous 
DOM production from localized phytoplankton blooms (i.e., the River 
Continuum Concept) (Vannote et al., 1980; Paerl et al., 1998; Dixon 
et al., 2014). Phytoplankton grazing in wetland channels could also be 
responsible for fluorescence byproducts (Tzortziou et al., 2011), sup
ported by high phaeophytin− a in Lord Cove on June 8, 2018 (10.1 mg 
m− 3 with Chl-a of 11.8 mg m− 3). 

In both river systems, for the lower river discharge June transects, we 
found higher C3 Fmax than C1 and C2 Fmax in the river endmembers 
(Fig. 7b, h), consistent with enhanced photochemical transformations 
under low flow conditions and long residence times (Yoon et al., 2021), 
especially during summer. In contrast, the April 24, 2019, Housatonic 
and the May 6, 2021, Connecticut River transects occur during higher 
discharge periods (spring runoff), and C1 and C2 Fmax exceed C3 Fmax, 
consistent with the Pulse Shunt Concept and export of more humic and 
less degraded terrigenous organic matter (Raymond et al., 2016). For the 
higher discharge transects, deviations of aCDOM(300) and DOC from 
conservative mixing in areas extensively covered by coastal marshes 
highlight the critical role of wetlands as a source of strongly colored 
DOC to LIS across a range of environmental and hydrological conditions. 

3.4. Drivers of DOM variability across the Sound 

PCA allowed us to assess system-wide CDOM variability in LIS 
further. To do this, it was necessary to analyze CDOM in the context of its 
environment (D’Andrilli et al., 2022), and therefore, ancillary biogeo
chemical, physicochemical, and hydrological parameters were 

incorporated. Samples across the freshwater-to-estuary marine gradient 
(0 to 35 salinity) were included for PCA, reflecting our understanding of 
this system as a complicated continuum without definitive endmembers. 
This is exemplified in Fig. 7, where there is no consistent optical 
signature of an “endmember” based on salinity because both “ends” are 
subject to highly variable physical, chemical, and biological conditions. 

The first two dimensions from PCA accounted for 47.4 % of the 
variability (Fig. 6), while the first six dimensions from PCA accounted 
for 76.0 % of the variability (Table S1), and these dimensions can be 
attributed to LIS phenomena based on variable coefficient loadings and 
sample scores. PC1, accounting for most of the observed variability 
(35.2 %), reveals the transition of terrestrial to marine waters and 
highlights the importance of discharge-driven gradients as a key driver 
of CDOM variability across the LIS ecosystem. PC1 has the strongest 
correlations with salinity, aCDOM(300), a*CDOM(300), SR, and S275–295 
(loadings all ≥0.30) (Fig. 6; Table S1). Like PC1, PC3 shows the 
importance of freshwater discharge, but PC3 better demonstrates tem
poral, rather than spatial, controls on LIS hydrology, with positive cor
relations to Connecticut and Housatonic River discharge and 
precipitation (loadings all >0.40; Table S1). PC2 represents the seasonal 
control on LIS, with water temperature having the highest correlation 
(loading of 0.46; Table S1), and a separation between summer months 
vs. spring and winter months in sample scores (Fig. 6b). 

The first two principal components corresponding to the freshwater- 
marine continuum and the seasonality for LIS estuary are consistent with 
findings from Regier et al. (2016), where they explored drivers of DOC 
fluxes in a subtropical coastal estuary. PCA distilled the most important 
phenomena contributing to the LIS system-wide surface water vari
ability captured in this study. That six principal components only 
captured three-quarters of variability suggests dynamism and 
complexity in this dataset and system. To more explicitly identify the 
features that control LIS DOC and aCDOM(300), we used multilinear 
regression models to predict [DOC] and aCDOM(300) in this system. 
Across all LIS samples from this study (spatiotemporal heterogeneities) 
(N = 298), [DOC] was able to be moderately retrieved (R2 = 0.52) with 
the statistically significant variables of Chl-a, salinity, dissolved oxygen, 
both river discharges, and precipitation, as well as an interacting term of 
Chl-a with Connecticut River discharge (Table S2). These predictor 
variables ascertain the allochthonous and autochthonous controls of 

Fig. 6. Principal Component Analysis (PCA) for dimension 2 (PC2) versus dimension 1 (PC1) along with the explained variability captured with each principal 
component. Variable loadings are shown in black lines and sample scores are colored by region (a) and month (b). The subset of data (with no missing parameters) for 
PCA analysis had N = 277. 
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Fig. 7. Selected transects across the Housatonic (a–f) and Connecticut (g–l) Rivers are shown, along with changes in aCDOM(300), [DOC], a*CDOM(300) (left panel) 
and component Fmax (middle panel) across the salinity range. Solid lines connect the freshwater “endmember” to marine “endmember”, representing linear con
servative mixing with respect to salinity. Horizontal error bars reflect ± one standard deviation for salinity measurements. In the third panel, sample locations, 
colored by salinity, are shown across the river mouths. Samples taken directly within wetland channels are shaded by the dark green blocks. 
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DOC in LIS. We were able to strongly predict aCDOM(300) (R2 = 0.90) 
across space and time in LIS (N = 298) using the statistically significant 
variables of [DOC], salinity, pH, and turbidity, as well as the interacting 
terms of [DOC] with salinity, and salinity with turbidity (Table S3). The 
inclusion of pH and turbidity reflect the biological and anthropogenic 
influences on estuarine CDOM, respectively. Interestingly, [DOC] alone 
can only moderately (R2 = 0.63) predict aCDOM(300) across LIS. 

[DOC] is routinely measured across the main stem of LIS as part of CT 
DEEP water quality monitoring and is an important biogeochemical 
parameter with direct ties to carbon cycling and budgets (Vlahos and 
Whitney, 2017). Together, our measurements of CDOM optical proper
ties and DOC concentrations expand our understanding of DOC quality, 
source, and fate. For example, a DOC measurement of 2.5 g m− 3 taken 
across LIS waters could correspond to aCDOM(300) in the range of 
~3.5–10 m− 1 (Fig. 8). With knowledge of just salinity, it is possible to 
better constrain the relationship between these two parameters at this 
higher range of DOC (Fig. 8a). Similarly, for aCDOM(300) with a value of 
3.5 m− 1, common across all regions of main stem LIS (Fig. 3f–j), C5% 
would be a strong indicator of higher [DOC] per constant aCDOM(300) (i. 
e., lower a*CDOM), indicative of biological DOC production. 

4. Summary and conclusions 

Comprehensive measurements across the river-estuary continuum 
over different seasons and multiple years revealed the major drivers of 
CDOM variability in Long Island Sound, an Estuary of National Signifi
cance that is home to >1200 invertebrate species, 170 fish species, and 
four million people living within its coastal communities (Long Island 
Sound Study). Similar to our results, previous studies showed that 
freshwater discharge strongly controls temporal biogeochemical vari
ability and trophic status in LIS (Vlahos and Whitney, 2017; Vlahos 
et al., 2020). Under the most common conditions, LIS is net heterotro
phic (i.e., in-situ OM production less than consumption) and a source of 
(primarily riverine) DOC to the Mid-Atlantic Bight (MAB) (Vlahos and 
Whitney, 2017). Under relatively low river flow conditions (<19 km3 

yr− 1), while still heterotrophic, LIS has been shown to import DOC from 
the MAB, although more refractory material from rivers may still be 
exported (Vlahos and Whitney, 2017). However, during exceptionally 
high river flow conditions (>26 km3 yr− 1), LIS shifts to net autotrophic 
(i.e., in-situ OM production larger than consumption), and the Eastern 
LIS becomes a strong source of DOC that is highly enriched by in situ 
primary production (Vlahos and Whitney, 2017). Water discharge into 
LIS during the years of this study reached thresholds that imply DOC 
export and heterotrophic conditions (Vlahos and Whitney, 2017). Lower 
discharge observed in 2020 (Fig. S2) implies less LIS heterotrophy, but 
still DOC export to the Mid-Atlantic Bight. Future work should investi
gate whether our interannual findings from 2020 (lower C3% and higher 

C4% fluorescence contributions; Fig. 5x, y) are emblematic of a system- 
wide metabolic response to an altered flow regime. 

The integration of CDOM optical measurements with environmental 
observations in this study allowed us to capture the spatiotemporal 
heterogeneities of LIS, including its urban-to-rural longitudinal gradient 
and its dynamic river mouths, across all months of the year and over five 
years. While carbon-rich and strongly colored terrigenous DOM was 
dominant in the heavily riverine-influenced Central to Eastern LIS, a 
clear uncoupling between CDOM absorption and DOC in Western LIS, 
accompanied by stronger correlations to Chl-a, indicated increased 
marine, or autochthonous, CDOM production. Detailed fluorescence 
analysis from PARAFAC multi-way decomposition showed clear evi
dence for seasonal processing of CDOM in LIS, especially increased 
summertime photochemical degradation of terrestrial humic-like com
ponents and shoulder-season microbial processing. The quality of 
riverine CDOM export was influenced by discharge fluxes, residence 
time, and coastal wetlands acting as additional sources of strongly 
humic and colored organic matter. These new and comprehensive in situ 
measurements allowed us to elucidate the impact of hydrologic, 
anthropogenic, and biological processes on DOM dynamics and, subse
quently, biogeochemical variability and trophic status in this complex 
urban estuary. 

The mechanisms identified from PCA analysis and multilinear 
regression models that exhibit control on LIS CDOM – freshwater 
discharge, wastewater inputs, and primary productivity – all are subject 
to climate change impacts. In LIS, water quality management efforts 
have focused on reducing nitrogen loads (Save the Sound, 2017). 
However, there will be a need to reassess our current thresholds for 
water quality (e.g., from wastewater treatment plants) as LIS faces rising 
water temperatures and precipitation loads (Staniec and Vlahos, 2017; 
Whitney and Vlahos, 2021; USGCRP, 2018). Capturing this changing 
hydrological, biogeochemical, and ecological connectivity of complex 
urban-riverine-estuarine systems is key for enhanced resource man
agement and policies that promote the maintenance of estuarine func
tions in the face of increased perturbations and uncertainty. 
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