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Abstract
Estuaries function as important transporters, transformers, and producers of organic matter (OM). Along the freshwater to
saltwater gradient, the composition of OM is influenced by physical and biogeochemical processes that change spatially and
temporally, making it difficult to constrain OM in these ecosystems. In addition, many of the environmental parameters (tem-
perature, precipitation, riverine discharge) controlling OM are expected to change due to climate change. To better understand the
environmental drivers of OM quantity (concentration) and quality (absorbance, fluorescence), we assessed both dissolved OM
(DOM) and particulate OM (POM) spatially, along the freshwater to saltwater gradient and temporally, for a full year. We found
seasonal differences in salinity throughout the estuary due to elevated riverine discharge during the late fall to early spring, with
corresponding changes to OM quantity and quality. Using redundancy analysis, we found DOM covaried with salinity (adjusted
r2 = 0.35, 0.41 for surface and bottom), indicating terrestrial sources of DOM in riverine discharge were the dominant DOM
sources throughout the estuary, while POM covaried with environmental indictors of terrestrial sources (turbidity, adjusted r2 =
0.16, 0.23 for surface and bottom) as well as phytoplankton biomass (chlorophyll-a, adjusted r2 = 0.25, 0.14 for surface and
bottom). Responses in OMquantity and quality observed during the period of elevated discharge were similar to studies assessing
OM quality following extreme storm events suggesting that regional changes in precipitation, as predicted by climate change,
will be as important in changing the estuarine OM pool as episodic storm events in the future.
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Estuaries

Introduction

Estuaries encompass the transition from freshwater to saltwa-
ter and are important and dynamic sites for the production,
transformation, and storage of nutrients and organic matter

(OM), prior to export to the coastal ocean (Paerl et al. 1998;
Raymond and Bauer 2001; Vlahos and Whitney 2017). Due
to their transitional nature, estuaries contain complex mixtures
of terrestrially derived and autochthonously produced OM,
each of which have unique molecular structures, characteris-
tics, and bioavailabilities (Asmala et al. 2018; Markager et al.
2011; Osburn et al. 2012). OM dynamics in estuaries, includ-
ing the sources and composition of OM (allochthonous vs.
autochthonous), physical and biological degradation and pro-
duction in situ, mixing with the oceanic waters, and transport
of OM through estuarine ecosystems are expected to change
under future climate conditions, primarily due to changes in
precipitation and resulting riverine inflow (Canuel et al. 2012;
Singh et al. 2019). Long-term studies in estuaries that measure
OM quantity and quality, however, are few but are needed to
fully understand how OM dynamics in these ecosystems may
respond to future environmental change (Canuel et al. 2012).

OM is often divided into two pools operationally defined
by filtration; here, the dissolved OM (DOM) pool is any
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organic substance passing through a 0.7μmnominal pore-size
glass fiber filter while the particulate OM (POM) pool is
any organic component retained on that filter. Generally,
DOM is considered to be more bioavailable to heterotro-
phic microorganisms than POM and frequently occurs at
much greater concentrations (McCallister et al. 2006;
Raymond and Bauer 2001). Both DOM and POM can
be derived from either allochthonous (terrestrial, wet-
land) or autochthonous (planktonic, benthic) sources.
The composition, relative dominance, and sources of
these two pools change down-estuary in response to
physical, chemical, and biological processes along the
estuarine salinity gradient (Huguet et al . 2009;
McCallister et al. 2006). These biogeochemical responses
are largely dependent on individual estuarine characteris-
tics including size, geomorphology, stratification pat-
terns, and watershed area, making it difficult to general-
ize OM patterns and processes across multiple estuarine
ecosystems (Canuel et al. 2012).

For coastal plain estuaries specifically, the OM pool in the
landward, freshwater reach of the estuary is largely composed
of terrestrial, humic-like material flushed from the surround-
ing watershed and primarily delivered to the estuary by river-
ine discharge (Fellman et al. 2010; Middelburg and Herman,
2007; Savoye et al. 2012). Seaward, as salinity and mixing
with marine waters increase, the estuarine OM pool becomes
characteristically more autochthonous and planktonic-like.
This shift in OM composition down-estuary can be due to
several processes including: removal of terrestrial-like
OM via photochemical and biological degradation; floc-
culation or sedimentation; dilution with marine waters;
and production of autochthonous-like OM by phytoplank-
ton and microbial assemblages (Asmala et al. 2016; Brym
et al. 2014; Fellman et al. 2010; Osburn et al. 2012).
While both OM pools undergo dilution, transformation,
and production processes along the estuarine salinity gra-
dient, the DOM pool often retains more of its allochtho-
nous, terrestrial character than the POM pool (McCallister
et al. 2006; Osburn et al. 2012).

Despite previous studies that assessed the DOM and/or
POM pool in estuaries (i.e., Brym et al. 2014; Dixon et al.
2014; Loh et al. 2006; McCallister et al. 2006; Osburn et al.
2012; Raymond and Bauer 2001; Thibault et al. 2019), few
studies have simultaneously assessed the quantity and quality
of both the DOM and POM pools over the predominate tem-
poral (i.e., seasonal) and spatial (i.e., down-estuary) gradients
within estuaries. Due to the physical differences and various
filtration, isolation, and sample preparation constraints, simul-
taneously measuring DOM and POM quality can be difficult,
time-consuming, and expensive. The use of absorbance and
fluorescence in conjunction with concentration measurements
over the past several decades has allowed rapid and broad
characterization of both the quantity and quality of colored

and fluorescent dissolved OM (CDOM and FDOM, respec-
tively) in a variety of aquatic ecosystems, including estuaries
(Coble 1996; Jaffé et al. 2014; Markager et al. 2011; Osburn
et al. 2012; Stedmon and Markager 2005). While originally
limited to measuring DOM, more recently, base-extraction
techniques initially developed for the extraction of fluorescent
OM from soils, have been applied to seston collected in aquat-
ic systems (i.e., base-extracted particulate organic matter,
BEPOM; Brym et al. 2014; Osburn et al. 2012). These two
techniques, fluorescent DOM and fluorescent BEPOM, can
now be used simultaneously to assess the relative quality of
both the DOM and POM pools in aquatic ecosystems on rel-
evant spatial and temporal scales.

These techniques (concentration, absorbance, fluores-
cence) have been successfully used in synoptic studies of
our study site, the Neuse River Estuary (NRE), North
Carolina (NC), USA (Brym et al. 2014; Dixon et al. 2014;
Osburn et al. 2012). Over annual timescales, these studies
have demonstrated a consistent shift from allochthonous OM
in the upper estuary to autochthonous, planktonic-like OM in
the mid- to lower-estuary for both DOM (Dixon et al. 2014)
and POM (Brym et al. 2014). Following flooding related to
passage of Hurricane Irene (August 2011), however, both OM
pools shifted to more allochthonous-like material throughout
the estuary, suggesting that storm events, characterized by
elevated riverine flow, have a dramatic impact on the sources
and distribution of OM throughout the estuary (Osburn et al.
2012). What has yet to be demonstrated is how longer-term
changes in precipitation (i.e., increased occurrence, intensity
and duration of precipitation events) will influence the
sources, composition, transformation, and transport of
both DOM and POM through the estuarine continuum.
This is particularly relevant to the southeastern USA,
where observed (Paerl et al. 2020) and predicted increases
in precipitation events and duration are occurring due to
climate change, particularly in the fall and winter
(Easterling et al. 2017).

The goal of this study was to advance our understanding of
annual (July 2015–July 2016) dynamics of DOM and POM in
the eutrophic, river-dominated NRE, using established optical
and chemical measurements. We achieved this goal using
multivariate statistical analyses to determine correlative rela-
tionships between measurements of OM quantity and quality
and environmental parameters to understand potential drivers
of DOM and POM along the estuarine continuum.
Additionally, results from this study were used to assess
how climate change, which may lead to changes in riverine
discharge, may influence OM quality and quantity in this
coastal plain estuary. Results further our understanding of
the environmental co-variables, processes, and function of
DOMand POM in estuarine environments and provide insight
into how estuarine carbon cycling may change under future
climate conditions.
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Materials and Methods

Study Site and Sampling Methods

The NRE is a eutrophic, river-dominated, micro-tidal estuary
located in the coastal plain of eastern North Carolina (NC),
USA (Fig. 1). The Neuse River flows through the urbanized
Raleigh-Durham area and several downstream municipalities
(Goldsboro, Kinston, and New Bern, NC) before entering the
estuary. Watershed land use is characterized by agriculture
(concentrated animal feeding and row crop operations),
wetlands, and forests (Bhattacharya and Osburn 2020;
Rothenberger et al. 2009). Due to the diverse land use, a
variety of nutrient and OM sources are present within both
the Neuse River and NRE watersheds (Bhattacharya and
Osburn 2020; Osburn et al. 2016). The estuary drains into
Pamlico Sound, a large (5335 km2) lagoonal system with
weak tidal exchange with the Atlantic Ocean. In the NRE,
negligible tides (amplitude ~ 0.04 m) lead to residence
times of ~ 5–8 weeks which are largely controlled by fresh-
water discharge (Peierls et al. 2012). Long residence time
provides ample time for phytoplankton and associated mi-
crobial assemblages to utilize both inorganic and organic
nutrients discharged to the NRE (Christian et al. 1991;
Luettich et al. 2000).

Samples for physical, chemical, biological, and OM anal-
yses were collected as part of the Neuse River Monitoring and
Modeling Program (ModMon; http://paerllab.web.unc.edu/
projects/modmon/) conducted by the University of North
Carolina – Chapel Hill, Institute of Marine Sciences (UNC-
CH IMS) (Paerl et al. 2018). Samples were collected for a full
year from 20 July 2015 to 28 July 2016; bi-weekly from
March through October and monthly from November through
February. For each of the 22 sampling dates, samples were

collected at 11 stations in the NRE spanning the upstream-
most location of salinity intrusion (station 0) to the mouth of
the estuary (station 180) (Fig. 1). Temperature (Temp), salin-
ity (Sal), turbidity (Turb), and percent saturation of dissolved
oxygen (%DO) were measured at surface (0.2 m below sur-
face) and bottom (0.5 m above bottom) depths using a YSI
6600 multi-parameter, water quality sonde (Hall et al. 2013).
Surface (0.2 m below surface) and bottom (0.5 m above bot-
tom) water samples were collected for chemical, biological,
and OM analyses at each of the 11 stations. Collected samples
were maintained in the dark at ambient temperature and
returned to UNC-CH IMS within ~ 6 h of collection.
Samples were filtered through pre-combusted (450 °C, 4 h)
GF/F glass fiber filters (0.7μmnominal pore size). The filtrate
was collected and stored frozen at − 20 °C in the dark until
dissolved nutrient and DOM quantitative and qualitative anal-
ysis (Appendix S1). Filters were collected and stored frozen at
− 20 °C in the dark until chlorophyll-a (Chl a) analysis, con-
ducted within 1 month of collection, and POM quantitative
and qualitative analyses, as described below.

Neuse River discharge data were obtained 26 km upstream
from the head of the NRE (station 0) at USGS gaging station
#02091814 located at Ft. Barnwell, NC (Fig. 1). Discharge
data were scaled up by 31% to account for drainage from
the area of un-gaged watershed (Peierls et al. 2012). Median
discharge, along with the 25th and 75th percentiles, were cal-
culated by USGS for data collected from 1996 to 2019. For
data analysis and visualization, samples were divided into five
seasonal periods: Summer 2015 = July 2015–August 2015;
Fall = September 2015–November 2015; Winter =
December 2015–February 2016; Spring = March 2016–May
2016; and Summer 2016 = June 2016–July 2016. Samples
were also divided into surface (0.2 m below surface) and bot-
tom (0.5 m above bottom) datasets.

Fig. 1 Map of the Neuse River
Estuary (NRE) located in Eastern
North Carolina, USA. ModMon
sampling locations are designated
as stations 0–180. The location of
the USGS gage (#02091814)
used for riverine discharge data is
designated as Ft. Barnwell
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Organic Matter Analysis

DOC concentration ([DOC]) was measured via high-
temperature catalytic oxidation on a Shimadzu TOC-5000 an-
alyzer (Peierls et al. 2003). [DOC] quality control checks were
conducted using DOC standards (12.5 mg C L−1; NSI Lab
Solutions, Raleigh, NC) with an analytical uncertainty of
4.4% (Paerl et al. 2018). Total dissolved nitrogen (TDN, ana-
lytical uncertainty = 3.6%), nitrate + nitrite (NO3

− + NO2
−,

analytical uncertainty = 4.7%), and ammonium (NH4
+, ana-

lytical uncertainty = 1.5%) were determined colorimetrically
using a Lachat QuickChem flow-injection autoanalyzer (Paerl
et al. 2018; Peierls et al. 2003, 2012). Dissolved organic ni-
trogen ([DON]) was determined by subtracting the dissolved
inorganic nitrogen species (DIN, as NO3

− + NO2
− + NH3

+)
from TDN (analytical uncertainty = 3.6%; Paerl et al. 2018).
Particulate organic carbon ([POC]) and particulate nitrogen
([PN]) were determined on one set of collected filters via high
temperature combustion on a Costech ECS 4010 elemental
analyzer, after vapor acidification (HCl) to remove inorganic
carbon (Paerl et al. 2018). Atropine standards were used to
develop a calibration curve (70.56% C and 4.64% N) for anal-
ysis. [POC] and [PN] analytical uncertainty was 6.2% and
7.5% (Paerl et al. 2018).

Samples for absorbance and fluorescent BEPOM were ex-
tracted following Osburn et al. (2012). Briefly, seston on col-
lected filters was extracted using 10 mL of 0.1 M NaOH and
stored in the dark at 4 °C for 24 h. Samples were then neutral-
ized with concentrated HCl (~ 100 μL) to measured neutral
pH (~ 7.0) and filtered through 0.2 μm porosity, polyethersul-
fone (PES) filters. Filtered extracts were immediately ana-
lyzed for absorbance and fluorescence as described below.
For absorbance and fluorescence, DOM and neutralized
BEPOM samples were filtered through 0.2 μm pore size,
PES filters immediately prior to analysis to ensure optical
consistency (Appendix S1).

Absorbance spectra for filtered DOM and extracted POM
samples were measured on a Shimadzu UV-1700 Pharma-
Spec spectrophotometer. Absorbance spectra were corrected
using a Nanopure water blank measured at the beginning of
each day of analysis. All samples with > 0.4 raw absorbance
units at 240 nm were diluted, and final results were corrected
for dilution (Osburn et al. 2012). Absorbance values at
254 nm (A254) were converted to Napierian absorbance coef-
ficients (a254, m

−1) (Spencer et al. 2013). Specific UV absor-
bance (SUVA254) (L mg−1 C m−1) was calculated as decadal
A254/[OC] (as [DOC] or [POC], respectively) for each sample
(Weishaar et al. 2003).

Fluorescence spectra (i.e., excitation-emission matrices,
EEMs) were measured on a Varian Cary Eclipse spectrofluo-
rometer. Excitation wavelengths were scanned from 240 to
450 nm at 5 nm increments, and emission wavelengths were
scanned from 300 to 600 nm at 2 nm increments. All sample

EEMswere blank corrected using fluorescence spectra obtain-
ed for Nanopure water on the same day of sample analysis,
which also removed most Rayleigh and Raman scatter.
Additional scattering was removed using in-house scripts
written in Matlab. Instrument excitation and emission correc-
tions were applied to each sample in addition to corrections for
inner-filtering effects, calibrated against the Raman signal of
Nanopure water, and standardized to quinine sulfate equiva-
lents (Q.S.E.) (Murphy et al. 2013).

The humification index (HIX) and biological index (BIX)
were calculated from measured fluorescence spectra and used
as indicators of the relative quality of OM in estuaries from
more terrestrial, humic-like OM to more biological, autoch-
thonously produced OM (Huguet et al. 2009). HIX is the ratio
of the H (435–480 nm) and L (300–345 nm) regions of fluo-
rescence measured at an excitation wavelength of 254 nm.
HIX is indicative of the degree of humification and aromatic-
ity of the fluorescent OM in a sample (Table 1). BIX is calcu-
lated as the ratio between theβ (380 nm) (PeakM) andα (430
nm) (Peak C) regions of fluorescence measured at an excita-
tion wavelength of 310 nm. BIX is an indicator of autochtho-
nous, recently produced fluorescent OM (Huguet et al. 2009)
(Table 1). Molar ratios of DOC:DON and POC:PN were ad-
ditionally calculated as indicators of OM quality.

Chlorophyll-a Analysis

Phytoplankton biomass was measured as Chl a using a mod-
ified version of EPA fluorometric method 445.0 (Arar and
Collins 1997). Briefly, collected filters were extracted over-
night in 90% acetone followed by processing in a tissue grind-
er. Extracts were analyzed un-acidified on a Turner Designs
TD-700 fluorometer with a narrow bandpass filter.

Statistical Analyses

Previous studies have demonstrated the unique geochemical
properties of DOM and POM in estuarine ecosystems and
have used multivariate statistical analyses to identify environ-
mental controls on DOM and POM composition before and
after a hurricane event (Osburn et al. 2012). Following this
study, we divided the collected data into separate DOM and
POM datasets for statistical analysis in addition to the collect-
ed environmental data used to explain variation in the DOM
and POM datasets, respectively. Thus, we characterized envi-
ronmental data as temperature, salinity, turbidity, %DO, and
Chl a; the DOM dataset as all concentration ([DOC], [DON],
DOC:DON), absorbance (a254, SUVA254), and fluorescence
(HIX, BIX) measurements for the DOM pool; and the POM
dataset as all concentration ([POC], [PN], POC:PN), absor-
bance (a254, SUVA254), and fluorescence (HIX, BIX) mea-
surements for the POM pool. For the redundancy analysis,
the environmental dataset was used as the explanatory
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variables with the DOM and POM datasets used as the re-
sponse variables, respectively. In addition, we separated each
dataset (environmental, DOM, POM) into surface and bottom
samples to explore the influence of stratification on DOM and
POM in this eutrophic estuary. Prior to conducting multivar-
iate statistical analyses, each dataset (environmental surface
and bottom; DOM surface and bottom; POM surface and bot-
tom) was examined individually for collinearity among vari-
ables. Collinear variables (r2 > 0.80) were removed from sub-
sequent multivariate analyses (Table 2).

Principal components analysis (PCA) was conducted on
each individual dataset (environmental surface, environmental
bottom, DOM surface, DOM bottom, POM surface, and POM
bottom) to assess relationships and correlations among the
various measurements collected. PCA was conducted on each
dataset after normalization (z-scores) and removal of collinear
variables (r2 > 0.80). Redundancy analysis (RDA) is a com-
bination of PCA and multiple linear regression and allows for
an explanatory (i.e., environmental data) and response (i.e.,
DOM or POM datasets respectively) dataset to assess un-
derlying patterns in the data. RDA was conducted utiliz-
ing forward, stepwise addition, to select environmental

variables (Temp, Sal, Turb, %DO, Chl a) that explained
the most variation in the response datasets (Borcard et al.
2018). Variables were included based on a pre-defined
alpha-level (α < 0.05) and stopped when the adjusted r2

exceeded the global model. Reverse, step-wise subtraction
was used to confirm results.

All multivariate statistical analyses were conducted in R
version 4.0.2. PCA and RDAwere conducted using the vegan
package for R (https://cran.r-project.org/web/packages/vegan/
index.html). All data corrections and calculations for
absorbance and fluorescent indices were conducted in
Matlab R2017b. Environmental, DOM, and POM data
collected as part of this project are available on the
Environmental Data Initiative (Hounshell et al. 2021).

Results

Environmental and organic matter parameters

From late fall 2015 to early spring 2016, Neuse River dis-
charge was elevated with values about twice the long-term

Table 1 Previously characterized
fluorescent indices (humification
index (HIX) and biological index
(BIX)) as identified in the litera-
ture Huguet et al. (2009)

Fluorescent
identification

Excitation, emission
wavelength (nm)

Characterization

Humification
index (HIX)

254, 435–480/300–345 > 16: Humic, terrestrial-like

6–10: Mainly humic, terrestrial-like with some weak au-
tochthonous influence

4–6: Little humic, terrestrial-like influence with greater
autochthonous influence

< 4: Autochthonous, biological sources

Biological index
(BIX)

310, 380/430 > 1: Autochthonous, biological sources

0.8–1: Relatively large, autochthonous contribution

0.7–0.8: Small autochthonous contribution

0.6–0.7: Very low autochthonous contribution

Table 2 Parameters that were not collinear (r2 < 0.80) nor highly
correlated in principal component analysis (PCA) space and were includ-
ed in subsequent multivariate analyses for each data set. Abbreviations
include: dissolved organic matter, DOM; particulate organic matter,
POM; dissolved organic carbon concentration, DOC; particulate organic

carbon concentration, POC; dissolved organic nitrogen concentration,
DON; molar ratios of DOC and DON, DOC:DON; molar ratios of
POC and particulate nitrogen (PN), POC:PN; SUVA at 254 nm,
SUVA254; absorbance measured at 254 nm, a254; biological index, BIX;
and humification index, HIX

Environmental, surface Environmental, bottom DOM, surface DOM, bottom POM, surface POM, bottom

Salinity Salinity DOC DOC POC POC

Temperature Temperature DOC:DON DON POC:PN POC:PN

Turbidity Turbidity SUVA254 DOC:DON a254 a254
Chlorophyll-a Chlorophyll-a BIX BIX SUVA254 SUVA254

% Dissolved oxygen HIX HIX

BIX BIX
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daily median (Fig. 2). The extended period of elevated river-
ine discharge resulted in depressed estuarine salinity for both
surface and bottom samples at all stations throughout the NRE
starting in late fall 2015 (Fig. 3a, c). Temporally, the elevated
riverine discharge led to depressed salinity values in both sur-
face and bottom samples in the winter and spring 2016 as
compared to the summer and fall 2015, which persisted until
summer 2016 (Fig. 3b, d). During the late summer and early
fall of 2015, Chl a peaks in the surface were distributed
throughout the estuary (from station 30 to 180; Fig. 3e).
During winter to early spring 2016, however, surface Chl a
was highest in the lower estuary (stations 160–180), with low-
est median Chl a concentrations throughout the estuary
(Fig. 3f, h) followed by a return of surface Chl a peaks
into the mid-estuary (station 70) during late spring and
summer 2016 and an increase in median Chl a concentra-
tions throughout the estuary (Fig. 3e, f). Similar patterns
were observed in Chl a measured in the bottom waters,
though bottom water Chl a was about half that of the
surface waters (Fig. 3g, h).

Spatially, in summer 2015, [DOC] was highest in the upper
estuary (< 60 km downstream) for both surface and bottom
samples (Figs. 4a, c and S3). Following increased riverine
discharge in late fall 2015, there was a noticeable increase in
[DOC] throughout the estuary, with maximum [DOC] in the
upper estuary for both depths (Fig. 4a, c). This was followed
by elevated [DOC] throughout the estuary during the winter at
all stations in the NRE (Fig. 4a, c). Temporally, surface
[DOC], plotted seasonally during the study period, was in-
versely related to salinity in the estuary (Figs. 3b and 4b) with
the highest surface [DOC] in the winter and lower surface
[DOC] during the spring and summer 2016. Similar patterns
were observed in bottom [DOC] with highest bottom [DOC]

observed in the winter followed by decreasing concentrations
in spring and summer 2016 (Fig. 4d). Compared to [DOC],
[POC] was lower for all seasons and depths and exhibited less
seasonal variation (Fig. 4). Spatially, [POC] visually followed
trends observed in the Chl a data for both surface and bottom
(Figs. 3e–h and 4e–h).

As an indicator of the quality of the two OM pools, the C:N
molar ratio, SUVA254, BIX, and HIX were plotted spatially
down-estuary (Fig. 5) and temporally by season for both sur-
face and bottom DOM and POM (Fig. 6). Overall, dissolved
C:N ratios were higher throughout the estuary as compared to
particulate C:N ratios with little observed difference in surface
and bottom samples (Figs. 5a, b and 6a, b). While there ap-
pears to be little variation in DOC:DON down-estuary (Fig.
5a), POC:PN generally decreased down-estuary from ~ 10 in
the upper estuary to ~ 6 in the lower estuary (Fig. 5b).
Similarly, dissolved SUVA254 (~ 3–4 L mg−1 C m−1) was
higher than particulate SUVA254 (~ 1–2 L mg−1 C m−1) indi-
cating there was less aromatic, humic-like OM in the POM
versus DOM pool (Weishaar et al. 2003; Figs. 5c, d and 6c, d).
For DOM SUVA254, there was a slight decrease down-estu-
ary, with greater variability in the lower estuary as compared
to the upper estuary as well as generally lower SUVA254

values in the bottom as compared to the surface waters (Fig.
5c). Temporally, there was an increase in DOM SUVA254 in
the winter following increases in discharge (Fig. 6c). For
POM SUVA254, there was a noticeable decrease in
SUVA254 down-estuary with decreasing variability (Fig. 5d).
Seasonally, there was increasing POM SUVA254 following
the increased riverine discharge in addition to increased vari-
ability, especially in the winter and spring (Fig. 6d).

For the fluorescent indicators of OM quality (BIX, HIX),
there was generally increasing BIX for both DOM and POM

Fig. 2 Riverine discharge from July 1, 2015–July 31, 2016, measured at
the USGS gaging station located 20 km upstream from station 0 at Ft.
Barnwell, NC, and scaled to account for the un-gaged fraction of the
watershed (31%). Daily discharge measured during the study is plotted
in the solid line. The dashed black line represents the median daily dis-
charge calculated from 1996 to 2019. Gray shading extends from the 25th

to 75th percentile of daily discharge calculated from 1996 to 2019. Solid
vertical grey lines indicate sampling time points in the NRE during the
study period while dashed vertical gray lines indicate seasonal designa-
tions (Summer 2015 = July 2015–August 2015; Fall = September 2015–
November 2015; Winter = December 2015–February 2016; Spring =
March 2016–Mary 2016; Summer 2016 = June 2016–July 2016)
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down-estuary accompanied by decreasing HIX (Fig 5e–h).
For DOM BIX, samples in the upper estuary were largely
characterized as very low autochthonous contribution (BIX
< 0.6). In the lower estuary, dissolved BIX values increased
and were characterized as OM with a small autochthonous
contribution (BIX 0.6–0.7; Fig. 5e). Similarly, POMBIX also

increased from low autochthonous contribution in the upper
estuary to a small autochthonous contribution in the lower
estuary (Fig. 5f). Unlike DOM BIX, POM BIX had much
greater variability in the lower estuary, with some samples
characterized as autochthonous biological sources (BIX >
1.0). Temporally, DOM BIX was lowest in the winter

Fig. 3 Heatmaps for surface and bottom salinity (Sal, A and C,
respectively) and surface and bottom chlorophyll-a (Chl a, μg L−1; E
and G, respectively). Heatmaps were generated from data collected in
the NRE from July 2015 to July 2016 at 11 locations throughout the
estuary. White dots represent time and location where data was
collected. Data were linearly interpolated between sampling points.
Gray vertical lines indicate seasonal designations. Seasonal box plots
for B surface salinity, D bottom salinity, F surface Chl a, and H bottom
Chl a. Seasons were separated as Summer 2015 (Sum ‘15; July 2015–

August 2015), Fall (September 2015–November 2015), Winter
(December 2015–February 2016); Spring (Spr; March 2016–May
2016), and Summer 2016 (Sum ‘16; June 2016–July 2016). Box plots
include all surface or bottom samples, respectively, collected during each
season for all stations (0–180). For each box plot, the median is repre-
sented by the bolded line while the 25th and 75th percentile are repre-
sented by the bottom and top of the box, respectively. The whiskers
represent the minimum and maximum values (1.5 × interquartile range)
while outliers are plotted as circles
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following increased riverine discharge while POM BIX ex-
hibited little seasonal variation but much greater sample var-
iability (Fig. 6e, f). There appeared to be little variation in
surface and bottom samples for either DOM or POM BIX.
For DOM HIX, the upper estuarine samples were character-
ized as mainly humic, terrestrial-like (HIX > 10) decreasing to

humic, terrestrial-like with some weak autochthonous influ-
ence (HIX 6–10) in the lower estuary (Fig. 5g). Temporally,
DOMHIX showed a large increase in the winter, followed by
decreasing values from spring to summer 2016 (Fig. 6g).
POM HIX was generally lower than DOM with values char-
acterized as humic, terrestrial-like with some weak

Fig. 4 Heatmaps for surface and bottom dissolved organic carbon (DOC)
concentration (mg L−1; A and C, respectively) and surface and bottom
particulate organic carbon (POC) concentration (mg L−1; E and G, re-
spectively). Heatmaps were generated from data collected in the NRE
from July 2015 to July 2016 at 11 locations throughout the estuary.
Data were linearly interpolated between sampling points. Gray vertical
lines indicate seasonal designations. Seasonal box plots for B surface
DOC,D bottomDOC, F surface POC, andH bottom POC. Seasons were
separated as Summer 2015 (Sum ‘15; July 2015–August 2015), Fall

(September 2015–November 2015), Winter (December 2015–February
2016); Spring (Spr; March 2016–May 2016), and Summer 2016 (Sum
‘16; June 2016–July 2016). Box plots include all surface or bottom sam-
ples, respectively, collected during each season for all stations (0–180).
For each box plot, the median is represented by the bolded line while the
25th and 75th percentile are represented by the bottom and top of the box,
respectively. The whiskers represent the minimum and maximum values
(1.5 × interquartile range) while outliers are plotted as circles
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autochthonous influence in the upper estuary decreasing to
little humic, terrestrial-like influence with greater autochtho-
nous influence in the lower estuary (Fig. 5h). Seasonally, there
was increasing POM HIX from summer to winter 2015
followed by decreasing values from winter to spring 2016
(Fig. 6h).

Prior to multivariate analysis (PCA, RDA), we tested each
dataset (environmental surface, environmental bottom, DOM
surface, DOM bottom, POM surface, POM bottom) for col-
linearity (r2 > 0.80). Several variables within each of the data
matrices were collinear (r2 > 0.80) and were removed prior to
multivariate statistical analyses. For environmental surface

Fig. 5 Boxplots showing distribution of samples with distance down-
estuary for dissolved organic matter (DOM) and particulate organic mat-
ter (POM) quality parameters including A the molar ratio of dissolved
organic carbon (DOC) to dissolved organic nitrogen (DON), DOC:DON;
Bmolar ratios of particulate organic carbon (POC) to particulate nitrogen
(PN), POC:PN; C DOM SUVA254 (L mg−1 C m−1) measured at absor-
bance 254 nm; D POM SUVA254 (L mg−1 C m−1) measured at absor-
bance 254 nm; E DOM biological index (BIX); F POM BIX; G DOM
humification index (HIX); andH POM HIX. Note the difference in scale

for DOC:DON and POC:PN. Each box represents all samples collected at
that station throughout the study period (July 2015–July 2016) separated
by depth (surface and bottom). For each box plot, the median is repre-
sented by the bolded line while the 25th and 75th percentile are repre-
sented by the bottom and top of the box, respectively. The whiskers
represent the minimum and maximum values (1.5 × interquartile range)
while outliers are plotted as circles. The horizontal dashed lines corre-
spond to the distinctions for HIX and BIX described in Table 1
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samples, %DO and Chl awere highly correlated in PCA space
and therefore, %DO was removed (Fig. S4). Phytoplankton
blooms, as measured by peaks in Chl a, are often associated
with elevated %DO and are a common driver of observed DO

super-saturation in eutrophic surface waters, including in the
NRE (O’Boyle et al. 2013 and references within). All envi-
ronmental parameters were retained for the bottom samples
(Fig. S5).

Fig. 6 Seasonal boxplots for A molar ratios of dissolved organic carbon
(DOC) to dissolved organic nitrogen (DON), DOC:DON; B molar ratios
of particulate organic carbon (POC) to particulate nitrogen (PN),
POC:PN; C dissolved organic matter (DOM) SUVA254 (L mg−1 C
m−1) measured at absorbance 254 nm; D particulate organic matter
(POM) SUVA254 (L mg−1 C m−1) measured at absorbance 254 nm, E
DOM biological index (BIX), F POM BIX, G DOM humification index
(HIX), andH POM HIX. Note the difference in scale for the DOC:DON
and POC:PN ratios. Samples are divided into season as Summer 2015
(Sum ‘15; July 2015–August 2015), Fall (September 2015–November

2015), Winter (December 2015–February 2016), Spring (March 2016–
May 2016), and Summer 2016 (Sum ‘16; June 2016–July 2016). Samples
are also divided into surface (black) and bottom (gray). Each box repre-
sents all samples at all stations collected for that season and depth. For
each box plot, the median is represented by the bolded line while the 25th
and 75th percentile are represented by the bottom and top of the box,
respectively. The whiskers represent the minimum and maximum values
(1.5 × interquartile range) while outliers are plotted as circles. The hori-
zontal dashed lines correspond to the distinctions for HIX and BIX de-
scribed in Table 1
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For the DOM datasets (both surface and bottom), there
were several parameters which were collinear with [DOC]
and were removed (surface: [DON], a254, HIX; bottom: a254,
SUVA254, HIX) (Figs. S6 and S7). Several indicators of hu-
mic-like, terrestrial OM (a254–surface and bottom; SUVA254–
bottom; HIX–surface and bottom) were correlated with
[DOC], indicating that terrestrial, humic-like DOM makes
up a significant portion of the total DOM pool in the NRE.
Notably, [DON] was strongly correlated with [DOC] in the
surface but not in the bottom waters. There were fewer in-
stances of collinearity among POM parameters. Both [POC]
and [PN] were collinear for surface and bottom datasets, and
thus, [PN] was removed (Figs. S8 and S9), indicating that
most POM contained both [POC] and [PN] at fairly consistent
ratios.

Principal Component Analysis

PCA was conducted on each individual data set (environmen-
tal surface and bottom; DOM surface and bottom; POM sur-
face and bottom) after normalization (z-scores) and removal of
collinear variables (Fig. 7). For each individual data set, PC1
characterized about 40–60% of the variance while PC2 char-
acterized about 20–30% of the variance. Overall, there were
few visible differences among seasons, designated as summer
2015 (July 2015–August 2015), fall (September 2015–
November 2015), winter (December 2015–February 2016),
spring (March 2016–May 2016), and summer 2016 (June
2016–July 2016) for any of the six datasets indicating season-
ality, as defined broadly above, did not produce any clear
patterns in the datasets.

The orientation of variables within PCA space for surface
and bottom datasets were similar among different data pools
(i.e., environmental, DOM, POM), indicating that there was
likely little difference between surface and bottom samples
(Fig. 7). A notable exception is the relationship of %DO in
the surface and bottom of the environmental dataset. As ex-
plained previously, %DO in surface samples was strongly
correlated with Chl a in PCA space, resulting in the removal
of %DO from this dataset. For the bottom data set, %DO was
not tightly coupled with Chl a and was thus included in the
PCA. PCA results for the bottom environmental samples dem-
onstrate that %DO was not strongly correlated with Chl a and
was oriented 180° from temperature. Consequently, unlike for
surface samples where %DOwas associated with DO produc-
tion by phytoplankton, the dominant correlation with %DO in
the bottom waters was likely a negative correlation with tem-
perature, reflective of bottomwater hypoxia often exhibited in
the NRE in the summer (Buzzelli et al. 2002). For the DOM
and POM pools, respectively, similar relationships among
variables were identified in both the surface and bottom sam-
ples, indicating that despite slight differences in

environmental parameters, there were no discernible differ-
ences between the OM pools of surface and bottom waters.

There were clear differences in the orientation of indicators
of terrestrial-like and autochthonous, planktonic-like OM for
both the DOM and POM pools. For the surface DOM pool,
BIX, an indicator of autochthonous-like, microbial OM was
oriented 180° from SUVA254, an indicator of more terrestrial-
like allochthonous OM (Fig. 7). Similarly, in surface and bot-
tom POM, BIX was oriented 180° from HIX as well as
SUVA254. In addition, the orientation of [DOC] and [POC]
with various indicators of OM quality can reveal potential
sources of OM in the NRE. Specifically, in the DOM pool,
[DOC] was oriented opposite of BIX but was correlated with
indicators of more allochthonous like material (SUVA254 for
surface; DOC:DON for bottom). In surface and bottom POM,
[POC] was most closely aligned with BIX an indicator of
autochthonous, microbial-like OM (Fig. 7).

Redundancy Analysis

Redundancy analysis (RDA) is a combination of PCA and
multiple linear regression such that an explanatory dataset
(i.e., environmental parameters) is used to explain the varia-
tion in a response data matrix (i.e., DOM or POM, respective-
ly). As with PCA, RDA was conducted on separate surface
and bottom datasets for DOM and POM, respectively to allow
for differences in depth to be identified. For the DOM surface
and bottom parameters, salinity was identified as the environ-
mental variable which explained the most variation in DOM
followed by temperature (Table 3, left column). For the POM
surface dataset, Chl a and then turbidity explained the most
variability in POM quality and quantity (Table 3, right
column). For the POM bottom dataset, turbidity and then
Chl a explained the most variability. As in the PCA, RDA
revealed only slight differences between the DOM and POM
pools for surface and bottom samples (Fig. 8). For POM sur-
face samples, a larger percent of the variability in the dataset
was explained by Chl a, likely due to the larger Chl a values
measured in the surface versus bottom waters for the NRE
(Fig. 3e–h). This result may indicate that phytoplankton con-
tributed a greater percentage to the total POM pool in the
surface versus bottom waters, due to periodic bloom
formation.

Discussion

While previous studies have measured either the DOM or
POM pools individually or both pools over short temporal
(i.e., weeks) or spatial scales (i.e., Brym et al., 2014; Dixon
et al. 2014; Loh et al. 2006; McCallister et al. 2006; Osburn
et al. 2012; Raymond and Bauer 2001; Thibault et al. 2019),
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this is one of the first studies to use optical indices (as absor-
bance and fluorescence) measured for both the DOM and
POM pools to assess spatial (i.e., throughout the estuary)
and temporal (i.e., seasonal) OM variability. Results from this
study, when compared to previous studies of OM variability
following storm events (Paerl et al. 2020; Osburn et al. 2012)

as well as under more normal riverine discharge conditions
(Brym et al. 2014; Dixon et al. 2014; Peierls et al. 2012), can
be used to understand how long-term changes in precipitation
patterns, as predicted in the future due to climate change
Lehmann et al. (2015) will impact OM cycling in the NRE
and similar eutrophic, temperate estuaries.

Fig. 7 Principal component analysis (PCA) results for theA environmen-
tal surface samples,B environmental bottom samples,C dissolved organ-
ic matter (DOM) surface samples,DDOM bottom samples, E particulate

organic matter (POM) surface samples, andF POMbottom samples. Data
points are plotted by season (key in C). Arrows represent variable loads
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Table 3 Redundancy analysis (RDA) results for dissolved organic matter (DOM; surface and bottom) and particulate organic matter (POM; surface
and bottom) data. Variables were selected for inclusion based on forward selection and confirmed with reverse selection

DOM surface samples POM surface samples

Environmental variable Cumulative adjusted r2 p value Environmental variable Cumulative adjusted r2 p value

Salinity 0.35 0.001 Chlorophyll-a 0.25 0.001

Temperature 0.46 0.001 Turbidity 0.41 0.001

Turbidity 0.49 0.001 Salinity 0.44 0.001

DOM bottom samples POM bottom samples

Environmental variable Cumulative adjusted r2 p value Environmental variable Cumulative Adjusted r2 p value

Salinity 0.41 0.001 Turbidity 0.23 0.001

Temperature 0.47 0.001 Chlorophyll-a 0.37 0.001

% Dissolved oxygen 0.49 0.001 Salinity 0.40 0.001

Chlorophyll-a 0.50 0.005

Fig. 8 Redundancy analysis
(RDA) correlation plots for A
dissolved organic matter (DOM)
surface samples, B DOM bottom
samples, C particulate organic
matter (POM) surface samples,
and D POM bottom samples.
Data points are plotted by season
(key in C). Organic matter vari-
ables (loadings) are displayed as
dashed lines. Environmental vari-
ables (loadings) are plotted as
solid arrows
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Spatial and Temporal Variability in the OM Pool Is
Driven by Salinity and Chlorophyll a

Spatially, we observed decreasing [DOC] down-estuary but
increasing [POC] over an annual time scale (July 2015–July
2016; Figs. 4a, c and S3), indicating differing sources, sinks,
and processes for these two pools in the NRE. By assessing
OM quality, we were able to identify the potential sources of
DOM and POM throughout the estuary, as terrestrial, humic-
like allochthonous material versus planktonic-like, autochtho-
nous material. Specifically, using absorbance and
fluorescence-based metrics, we found decreases in allochtho-
nous, humic-like OM down-estuary for both DOM and POM
(SUVA254, HIX) along with increases in autochthonous,
planktonic-like material (BIX; Fig. 5). These observed spatial
gradients in OM quality were stronger for POM as compared
to DOM, as observed in previous studies (Paerl et al. 2020),
and consistent with the much greater overall variability in the
POM versus the DOM pool throughout the estuary (Fig. 5).
This implies that generally the DOM is more stable than
POM, for the most part being conservatively mixed across
the salinity gradient, while POM is attuned to biological pro-
duction in the estuary. Our results for the NRE support the
concept of the estuary as a filter where OM is comprised of
changing combinations of allochthonous and autochthonous
material where humic-like, allochthonous material dominates
the upper-estuary and transitions proportionally to more
planktonic-like, autochthonous material in the lower estuary
(Canuel and Hardison 2016; Dürr et al. 2011).

PCA results showed a similar story with [DOC] clustered
with indicators of humic-like, terrestrial OM (i.e., DOC:DON,
SUVA254) in PCA space as compared to [POC] which was
clustered with indicators of planktonic-like, autochthonous
OM (BIX) (Fig. 7). While the spatial analysis described above
suggests changes in the DOM and POM pools through the
estuary, PCA results highlight the dominant sources and pro-
cesses in these two pools: with DOM predominately charac-
terized as humic-like, allochthonous material and POM pre-
dominately characterized as planktonic-like, autochthonous
OM. Other studies have highlighted similar associations with
the DOM and POM pools in estuarine ecosystems following
storm events (Letourneau and Medeiros, 2019; Lu and Liu,
2019).

Quantitatively, RDA demonstrated that salinity explained
the greatest variability in both the surface and bottom DOM
datasets (r2 = 0.35 and 0.41, respectively). Salinity is a tracer
of freshwater flow in estuaries, where lower salinity corre-
sponds to more river-dominated, terrestrial processes and
higher salinity is indicative of more marine, autochthonous
processes. In RDA space, the orientation of [DOC] was about
180o opposite of salinity and was clustered with indicators of
terrestrial, humic-like OM (i.e., SUVA254, DOC:DON); con-
versely, indicators of autochthonous like DOM (i.e., BIX) are

oriented with high salinity (Fig. 8). These results illustrate that
riverine processes dominate DOM throughout the estuary,
with some contribution of autochthonous-like DOM in the
lower estuary.

Conversely, RDA identified Chl a and turbidity as
explaining the most variation in the POM dataset (Table 2).
This suggests that both autochthonous (Chl a production) and
allochthonous (high turbidity riverine water) were important
sources of POM. For both the surface and bottom POM
datasets, [POC] was closely related to Chl a in RDA space
(Fig. 8). Both [POC] and Chl a were oriented in the same
direction as indicators of autochthonous-like POM (BIX)
and oriented opposite of more terrestrial, humic-like POM
(a254, SUVA254, HIX, POC:PN). Turbidity was also identified
as an important indicator of POM variability in both the sur-
face and bottom datasets and was most closely associated with
indicators of terrestrial, humic-like POM (i.e., POC: PN,
SUVA254, a254). This indicates that while [POC] is most
closely aligned with autochthonous POM produced by phyto-
plankton, [POC] characterized as humic-like, allochthonous
material is likely derived from riverine water characterized
by high turbidity (Figs. 8, S10, and S11). Indeed, turbidity
and the associated indicators of allochthonous POM are ori-
ented 180° from salinity. Turbidity, especially in the fresher
waters of the upper- and mid-estuary, has been shown to play
an important role in the POM cycle in estuarine ecosystems as
fresh and saltwater meet and result in a turbidity maximum
which is characterized by high rates of flocculation and POM
formation before being sedimented out (Canuel and Hardison
2016; Dürr et al. 2011). It is likely that the NRE follows
similar patterns where POM is largely comprised of
terrestrial-like material in the upper and mid-estuary with a
transition to predominantly autochthonous-like POM in the
mid- to lower-estuary following flocculation in the turbidity
maximum and phytoplankton production in the mid- to lower-
estuary (Fig. 3). The location of this POM processing likely
changes temporally based on the extent of freshwater influ-
ence within the estuary.

Temporally, we found some evidence to indicate OM pro-
cesses differed with season, although this was largely ob-
scured by increased riverine discharge in the late fall 2015 to
early spring 2016 (Fig. 2). There was a clear increase in ter-
restrial, humic-like DOM and POM during the winter when
riverine discharge was an important influence in both the up-
per and lower estuary (Fig. 4), yet there was no obvious sea-
sonal variation in PCA or RDA results for either the DOM or
POM pools or by depth (surface or bottom; Figs. 7 and 8). The
increased riverine discharge during winter 2015 was naturally
coupled with decreasing seasonal autochthonous primary pro-
duction typically observed in the NRE (Pinckney et al. 1998),
potentially confounding any patterns due to seasonality that
would otherwise have been identified during a more normal
period of riverine discharge. Despite this, RDA results suggest
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temperature, a proxy for seasonal variability, may be an im-
portant driver for the DOM pool. Specifically, we found tem-
perature explained a small amount of variation in the DOM
pool for both surface and bottom samples (adjusted r2 = 0.09
and 0.06, respectively). During a year when riverine discharge
was closer to the long-term median, we might expect temper-
ature and thus seasonality to play a more important role in the
DOM pool. For the POM pool, temperature was not identified
as an important environmental variable. Although phyto-
plankton production exhibits a pronounced seasonality with
a summer maximum and winter minimum (Pinckney et al.
1998), a similar pattern of grazing mortality mutes the phyto-
plankton biomass response and causes weak seasonality of
Chl a in the NRE (Pinckney et al.1998; Litaker et al. 2002).
Thus, the lack of a strong temperature impact on POM is
consistent with what we know about seasonality of phyto-
plankton biomass.

In addition to analyzing spatial variability in OM down-
estuary as well as temporal variability throughout the year, we
also examined differences between surface and bottom sam-
ples for both OM pools. Estuarine stratification, driven by
layering of fresh, riverine water over saltier, marine water,
periodically led to notable differences in surface and bottom
water quality (i.e., salinity, temperature, turbidity, %DO; Figs.
3, S11, and S12). Therefore, we expected distinct differences
in the quantity and quality of the DOM and POM pools with
depth. However, PCA and RDA conducted on separate data
sets of surface and bottom samples indicated little difference
in either DOM or POM quantity and quality with depth (Figs.
5 and 6). Notably, RDA identified Chl a (adjusted r2 = 0.25)
followed by turbidity (adjusted r2 = 0.16) as the two most
important variables for explaining POM variability in the sur-
face waters while for the bottom dataset, turbidity (adjusted r2

= 0.23) then Chl a (adjusted r2 = 0.14) was identified. The
differences in the adjusted r2 values were relatively small and
likely reflect the higher Chl a and lower turbidity in the sur-
face versus bottom waters (Figs. 3 and S10).

Finally, elevated riverine discharge during the fall and win-
ter resulted in depressed salinity values throughout the water
column during winter 2015 and spring 2016 (Fig. 3), which
mixed the water column in the upper- and mid-estuary, com-
pared to the lower estuary. Indeed, during winter when river-
ine discharge was elevated we saw reduced stratification in-
tensity (estimated by subtracting bottom density from surface
density following Hall et al. 2015) down to station 100 as
compared to previous seasons (Summer 2015, Fall 2015;
Fig. S12). Similarly, there was reduced stratification intensity
at all stations in spring 2016 (Fig. S12). Although vertical
salinity stratification occurs in the NRE, the estuary is shallow
and susceptible to mixing by wind events (Luettich et al.
2000) which often homogenizes OM properties (Dixon et al.
2014). Consequently, periods of stratification that last more
than a couple of weeks are uncommon. Specifically, the

estuary can fully mix, homogenizing surface and bottoms wa-
ters, but then re-stratify within a few days or even hours (Hall
et al. 2015). Hence, another possible reason for a lack of
vertical differences in DOM and POM quality may be that
the time scales of the rate processes acting on DOM and
POM quantity and quality (multiple weeks to months) are
slow compared to stratification-destratification cycles (days
to weeks).

Climatic Changes Leading to Changes in Estuarine
DOM and POM

A clear result of this study is the role riverine discharge can
play in altering the DOM and POM pools throughout the
estuary. Understanding how seasonal and climatic variability
(i.e., temperature, storm events, variable riverine discharge)
influence DOM and POM loading and cycling in estuarine
ecosystems is particularly important as many of these seasonal
and climatic variables are expected to change in the future as a
result of climate change (Canuel et al. 2012; Easterling et al.
2017; Janssen et al. 2016). As demonstrated by this and other
studies conducted in the river-dominated NRE, changes in
riverine discharge, as modulated by precipitation, will have a
substantial influence on how the estuary receives, processes,
and transports terrestrial and autochthonous OM in the future
(Hounshell et al. 2019; Osburn et al. 2012, 2019; Paerl et al.
2018; Rudolph et al. 2020).

Specifically, in addition to following storm events, in-
creases in riverine discharge associated with climatic shifts
in precipitation patterns could result in drastic changes to the
OM pool in this and similar river-dominated estuaries. During
the winter of 2015–2016, elevated riverine discharge led to
reduced salinities in the NRE, similar to those following pas-
sage of Hurricane Matthew in 2016 (Hounshell et al. 2019),
leading to changes in the concentration and composition of
both OM pools, but particularly the DOM pool. As demon-
strated following Hurricane Matthew, the change in composi-
tion in the OM pool was likely caused by hydrologic connec-
tivity of the river’s main stem to adjacent riparian wetlands in
the lower coastal plain (Rudolph et al. 2020). The increase in
wetland-derived DOM had a direct impact on the transport of
OM into the downstream Pamlico Sound, switching the sys-
tem from a CO2 sink to a CO2 source (Osburn et al. 2019). We
hypothesize that a key regulator of OM flushed into the NRE
during elevated riverine flow, exemplified in winter 2015–
2016, is due to this same hydrologic connectivity, and resulted
in similar changes to OM processing downstream of the NRE.
This indicates that not only do single extreme storm events
have the potential to drastically change OM and carbon cy-
cling in these ecosystems (Rudolph et al. 2020), but longer-
term climatic changes such as increasing frequency and dura-
tion of precipitation events will as well.
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Indeed, we can compare results from this study (Summer
2015–Summer 2016) to previous studies using similar con-
centration, absorbance, and fluorescence indices to assess
DOM under more average riverine discharge conditions
(2010–2011; Dixon et al. 2014). The additional freshwater
in 2015–2016 led to higher [DOC] and more terrestrial-like
OM (i.e., HIX) observed in the estuary, especially in the later
fall early winter following elevated riverine discharge in
2015–2016, with little difference in SUVA254 between studies
(Fig. S13). These comparisons confirm that hydrology is the
key driver of carbon and DOM transfer in this system, both
following storm events but also following longer-term, sea-
sonally driven increases in riverine discharge.

Similarly, for the POM pool we hypothesize the elevated
riverine discharge in winter 2015-2016 was high enough to
result in enhanced flushing of phytoplankton biomass (i.e.,
autochthonous POM) out of the NRE and replaced by the
influx of terrestrial-like POM from the watershed. Our results
show that high discharge events can cause these changes out-
side of a hurricane event. Indeed, visual analysis of salinity
and Chl a plotted spatially down-estuary and temporally
through time indicates decreased surface salinity throughout
the estuary following increased riverine discharge in the late
fall 2015 which was associated with low Chl a in the upper
estuary (Fig. 3). In addition, the median flushing time as cal-
culated for all stations and sampling times during the winter of
2015–2016 was ~ 5 days (Fig. S14). Previous studies in the
NRE noted minimum Chl a concentrations during low ob-
served flushing times (2 h to < 10 days), with maximum Chl
a concentrations measured during a flushing time of ~ 10 days
(Peierls et al. 2012; Paerl et al. 2013). We contend that the 10–
15% increases in fall and winter precipitation observed over
the past 30 years (Easterling et al. 2017) has elevated riverine
processes in the NRE, reflected in the increased allochthonous
characteristics of DOM and POM following elevated river
discharge.

While changes in riverine discharge had a clear impact on
the OM pools in the NRE, seasonal changes in temperature
were identified as less important drivers, indicating that the
dominant climatic drivers in this temperate river-dominated
estuary were linked with changes in riverine discharge.
Therefore, we expect climate-driven changes in OM cycling
in the NRE and other temperate estuaries in the future will
likely be a result of changing precipitation patterns as com-
pared to increasing temperature. Indeed, long-term changes in
precipitation patterns and amounts, which have been docu-
mented for this region (Paerl et al. 2020) have been highlight-
ed as an important control on OM cycling in estuaries in the
future by changing the delivery of nutrients leading to changes
in primary production in addition to changes in the delivery of
allochthonous C (Canuel et al. 2012 and references therein).
However, what has yet to be shown is how changes in precip-
itation as well as evapotranspiration, due to increasing

temperatures in the future, will not only influence riverine
discharge but OM cycling as well, especially in temperate
estuaries like the NRE (Qi et al. 2009).

Overall, using fluorescence, absorbance, and concentration
based metrics to assess both the DOM and POM pools simul-
taneously in the NRE over an annual timescale revealed that,
spatially and temporally, the DOM pool is largely composed
of humic-like, terrestrial material delivered from riverine dis-
charge throughout the study period. In contrast, the main
source of POM in the NRE was autochthonous planktonic
production, as indicated by Chl a, with some influence from
terrestrial-sources associated with riverine discharge, especial-
ly in the upper and mid-estuary. Thus, while DOM is predom-
inantly terrigenous throughout the estuary, the origin of POM
in the NRE is spatially explicit, with the upper estuary largely
consisting of humic-like, terrestrial material delivered by riv-
erine inflow and the lower estuary being dominated by
phytoplankton-mediated primary production. Temporally, re-
sults for both OM pools demonstrate the importance of ele-
vated riverine discharge in controlling the quantity and quality
of both DOM and POM throughout the estuary, with similar
impacts on estuarine OM sources and cycling as following
extreme discharge events. This has important implications
for our understanding of how OM cycling in estuaries will
change in a stormier, high rainfall and riverine discharge
future.
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