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A B S T R A C T

As the interface between riverine and coastal systems, estuaries play a key role in receiving, transporting, and
processing terrestrial organic carbon prior to export to downstream coastal systems. Estuaries can switch from
terrestrial organic carbon reactors under low river flow to pipelines under high flow, but it remains unclear how
estuarine terrestrial organic carbon processing responds to the full spectrum of discharge conditions, which are
bracketed by these high and low discharge events. The amount of terrestrial dissolved organic carbon and colored
dissolved organic matter imported, processed, and exported was assessed for riverine discharge events spanning
from the 4th to 99th flow quantiles in the Neuse River Estuary, North Carolina, USA using spatially and temporally
(July 2015–December 2016) resolved measurements. The extent of dissolved organic matter processing in the
estuary under various flow conditions was estimated using a non-steady state box model to calculate estuary-wide
terrestrial dissolved organic carbon and colored dissolved organic matter source & sink terms. Under mid-range
riverine discharge conditions (4th to 89th flow quantiles), the Neuse River Estuary was a sink for terrestrial
dissolved organic carbon, retaining and/or processing (i.e., flocculation; photochemical and microbial degrada-
tion) on average ∼29% of terrestrial dissolved organic carbon. Following floods due to extreme precipitation
events (99th flow quantile), however, over 99% of the terrestrial dissolved organic carbon loaded from the riverine
end-member was exported directly to the downstream coastal system. Following such extreme weather events, the
estuary acts as a pipeline for direct export of terrestrial dissolved organic carbon, drastically altering the amount
and quality of dissolved organic carbon loaded to downstream coastal systems. This has important implications
under future climate scenarios, where extreme weather events are expected to increase.

1. Introduction

The past two decades have witnessed an increased focus on the
function, transport, cycling, and storage of dissolved organic carbon
(DOC) from headwater streams to the coastal ocean (Bauer et al., 2013;
Bianchi, 2011). Much of this research has centered on the transport of
terrestrial DOC (tDOC) from soils to streams, specifically how the
quantity and quality of tDOC in streams change in response to factors
like: discharge, antecedent soil wetness, temperature, and seasonality
(Dhillon and Inamdar, 2013; Raymond and Saiers, 2010; Sanderman
et al., 2009; Yoon and Raymond, 2012). It is well documented that
extreme weather events (EWEs) defined here as river flow ≥ 99th flow
quantile, including tropical storms and hurricanes, magnify precipita-
tion and discharge in streams and rivers, resulting in increased fluxes of

tDOC in downstream aquatic systems (Bauer et al., 2013; Raymond
et al., 2016; Raymond and Saiers, 2010), including coastal rivers and
estuaries (Bianchi et al., 2013; Osburn et al., 2012; Paerl et al., 2018).

During EWEs, there is a ‘pulse’ of tDOC exported from land to ad-
jacent streams and rivers, as conceptualized by the pulse-shunt concept
(PSC) (Raymond et al., 2016). This tDOC pulse is then ‘shunted’ and
transported further downstream than would typically occur under
baseflow conditions. The pulse-shunt mechanism results in the upper
stream and river systems acting as a pipeline for the transport of tDOC
to downstream ecosystems. While the PSC has been applied to head-
water streams and rivers, it has yet to be applied to downstream, es-
tuarine systems. Previous studies examining the impact of tropical cy-
clone events on estuaries show that under these conditions, minimal
amounts of the tDOC received by estuaries is processed, leading to
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subsequent export of tDOC to coastal waters (Bauer et al., 2013; Bianchi
et al., 2013).

Under baseflow conditions when flushing times are relatively long,
estuaries are thought to be sites of tDOC processing prior to export to
the coastal ocean (Del Giorgio and Pace, 2008). Processing of tDOC
includes its conversion to dissolved inorganic C (DIC) via microbial and
photochemical degradation, which may push estuaries towards net CO2

emission (Bauer et al., 2013; Bianchi et al., 2013; Crosswell et al., 2014,
2012; Van Dam et al., 2018). The role estuaries play, as either reactors
or conduits for tDOC under varying discharge conditions, has important
implications for understanding their function as sites of tDOC con-
sumption and DIC production prior to export to the coastal ocean. This
is especially important in the larger context of climate change, where
the frequency and intensity of EWEs are predicted to increase, including
along the US east coast (Bender et al., 2009; Janssen et al., 2016).

While several studies have assessed the binary impact of variable river
discharge, as either baseflow or extreme-flow, on tDOC in estuaries
(Bianchi et al., 2013; Dixon et al., 2014; Osburn et al., 2012; Paerl et al.,
2006, 2001), few studies have evaluated the full continuum of flow con-
ditions, from baseflow to extreme-flow. Prior studies conducted in the
Neuse River Estuary (NRE), North Carolina indicate that, under low-flow
conditions, physical factors like river discharge, wind speed and wind di-
rection are dominant controls on estuarine dissolved organic matter (DOM)
quantity and quality (Dixon et al., 2014). Following tropical cyclone events,
associated with elevated precipitation and river discharge, studies con-
ducted in this system have demonstrated tDOC enrichment from elevated
river inputs throughout the estuary and adjacent sound, including after
Hurricane Fran in 1996 (Paerl et al., 1998), Hurricanes Dennis, Floyd and
Irene in 1999 (Paerl et al., 2001, 2006), and Hurricane Irene in 2011
(Osburn et al., 2012). The 1999 hurricane season resulted in organic matter
(OM) inputs which led to long-term internal nutrient loading to the NRE
(Paerl et al., 2006), indicating that tropical cyclone events and associated
precipitation and river discharge can have long-term impacts on coastal
lagoons due to their long flushing times (Peierls et al., 2003).

More recent studies in the NRE assessing the impact of Hurricane Irene
in September 2011 also demonstrated an increase in tDOC following this
event and observed changes in DOM and particulate OM (POM) quality
from that produced by phytoplankton to more terrestrial OM sources

(Osburn et al., 2012). The large CO2 efflux out of the NRE observed during
and immediately following (∼1 day) Hurricane Irene, was partially at-
tributed to conversion of re-suspended sedimentary OC to DIC. However,
in the ∼2 weeks following this event, the sustained CO2 efflux was at-
tributed to increased rates of biological and photochemical tDOC proces-
sing, loaded into the system during the storm (Crosswell et al., 2014).
While tDOC processing and air-water CO2 exchange in estuaries may re-
present significant fluxes in the global C cycle, quantitative links between
these processes have yet to be clarified, especially after EWEs.

The goal of this study was to examine the response of DOC quantity
and quality to a range of flow conditions spanning from baseflow to a
99th flow quantile event in a shallow, microtidal estuary, the NRE, by
analyzing seven discrete discharge events captured from July 20, 2015
to December 13, 2016. We hypothesized that large-scale changes in
tDOC dynamics of the NRE following EWEs indicate the system may be
able to move from a simple “pipeline” of tDOC export immediately
following an event to a reactor in the weeks (∼2–3 weeks) following
these events as the system returns to normal flow conditions.

2. Methods

2.1. Study site and sampling methods

The NRE is a shallow (average depth ∼3.5 m), micro-tidal (< 4 cm
tidal range) estuary located in the coastal plain of NC (Luettich et al.,
2002) (Fig. 1). The NRE watershed extends from the urbanized Raleigh-
Durham metropolitan area through rural eastern NC, where land use is
mainly characterized as agricultural (row crop; concentrated animal
feeding operations), forested, and freshwater wetlands (Rothenberger
et al., 2009; Stow et al., 2001). The NRE extends from Streets Ferry
Bridge (station 0), north of New Bern, NC to the outlet into Pamlico
Sound (PS) (station 180) (Fig. 1). Combined, the NRE-PS is the USA's
largest lagoonal estuarine complex. It is bounded to the east by the
Outer Banks barrier islands which limit exchange between NRE-PS and
W. Atlantic ocean waters, leading to long flushing times in the NRE
(average ∼ 5–8 weeks) (Peierls et al., 2012). This allows sufficient time
for consumption of inorganic nutrients and degradation of OM in the
estuary (Christian et al., 1991; Paerl et al., 1998).

Fig. 1. Map of the NRE located in Eastern NC. ModMon sampling stations start at Station 0 at the head of the estuary to Station 180 at the mouth of the estuary. Ft.
Barnwell is the location of the USGS gaging station used for riverine discharge.



The NRE has been the site of extensive water quality monitoring
assessments (1994 - present) conducted by the University of North
Carolina – Chapel Hill (UNCeCH), Institute of Marine Sciences (IMS),
Neuse River Monitoring and Modeling project (ModMon; http://
paerllab.web.unc.edu/projects/modmon/) (Luettich et al., 2000). We
used ModMon data for the NRE from July 20, 2015 to December 13,
2016. Water quality assessments including DOC, colored DOM (CDOM),
and primary production (PP) were conducted on samples collected from
the middle channel of the NRE at 11 stations across the estuary (SI,
Table S2), from the location of maximum salinity intrusion (station 0)
to the estuary mouth near PS (station 180) (Fig. 1). Assessments from
July 20, 2015 to October 3, 2016 were conducted twice-monthly from
March to October and monthly from November to February. Assess-
ments from October 17, 2016 to December 13, 2016 were conducted
weekly as part of a project to assess the impacts of Hurricane Matthew
(October 7–8, 2016) on PP and water quality in the NRE following this
extreme flood event (Musser et al., 2017).

At each sampling station and time point salinity was measured from
surface (0.2 m below surface) to bottom (0.5 m above bottom) at 0.5 m
intervals 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 bottom)
water samples were collected for various chemical analyses at each of the
11 stations. Samples were maintained in the dark at ambient temperature
and returned to UNC-CH IMS located in Morehead City, NC within ∼6 h of
collection then filtered through a combusted (450 °C, 4 h) 0.7 μm mesh
size, GF/F glass fiber filter. The filtrate was collected and frozen at −20 °C
in the dark until DOM quantitative and qualitative analyses.

DOC concentration ([DOC]) was determined via high-temperature
catalytic oxidation, using a Shimadzu TOC-5000 analyzer (Peierls et al.,
2003). CDOM absorbance was measured on samples collected from July
20, 2015 to July 18, 2016 and from October 3, 2016 to December 13,
2016. UNC-CH IMS measured absorbance on samples collected prior to
Hurricane Matthew (July 2015–July 2016; October 3, 2016). Absor-
bance spectra (200–800 nm) on filtered surface samples were measured
on a Shimadzu UV-1700 Pharma-Spec spectrophotometer. For samples
following Hurricane Matthew (October 17, 2016 to December 13,
2016), absorbance spectra were determined by the Osburn Laboratory
at North Carolina State University (NCSU) on a Varian Cary 300UV
spectrophotometer. Absorbance spectra were corrected using a Nano-
pure (UNCeCH IMS) or Milli-Q (NCSU) water blank collected on the
same day as analysis. All samples with > 0.4 raw absorbance units at
240 nm were diluted (Osburn et al., 2012). Absorbance values at
350 nm were converted to Naperian absorbance coefficients (aλ, m−1)
(Spencer et al., 2013). A comparison between UNC-CH IMS and NCSU
measured absorbance values at 350 nm (a350) is presented in the SI,
Appendix 1 (n = 6) (Table S1). NCSU values were on average, 11%
greater than values measured at UNC-CH IMS.

Neuse River (NR) freshwater discharge data were collected from
USGS gauging station #02091814 located at Ft. Barnwell, NC about
26 km upstream of station 0 (Paerl et al., 2014). To account for

freshwater inputs downstream of the gauging station, discharge data
from Ft. Barnwell was scaled to the area of the un-gaged watershed
(31% un-gaged watershed) (Peierls et al., 2012).

2.2. DOM load

To assess changes in DOC quantity and quality related to specific
discharge events, the sampling period was divided into seven discrete
segments. Each event corresponded to a ∼40 day time span (range: 29–44
days; mean = 38 days; median = 41 days) between ModMon sampling
dates with each time span starting prior to the defined discharge event and
spanning the rising and falling limb of the hydrograph (Fig. 2; Table 1). A
baseline period was designated at the beginning of sampling which cor-
responded to a period of below median discharge (< 67 m3 s−1). This was
followed by an increase in discharge during September–October 2015
associated with bands of Hurricane Joaquin and its associated Nor'easter.
Joaquin was followed by a winter period of above average discharge,
which was divided into three distinct events termed: Pulse 1, Pulse 2, and
Pulse 3. In the spring of 2016, there was a distinct discharge event in the
NRE which was designated as Spring Q. Finally, in fall 2016 Hurricane
Matthew delivered extreme amounts of rainfall over the study area and its
watershed, resulting in record discharge measured at Ft. Barnwell.

The freshwater flushing time for station 160 was calculated using
the date-specific fraction of freshwater method (Alber and Sheldon,
1999) as described in Peierls et al. (2012). The date-specific average
discharge is an iterative calculation that averages the riverine discharge
over the flushing time period. This allows for the most accurate cal-
culation of the freshwater flushing time in an estuary experiencing
highly variable discharge conditions (Alber and Sheldon, 1999).

For each discrete discharge event and the entire sampling period,
DOC and a350 loads at station 0 were calculated using weighted re-
gressions on time, discharge and season (WRTDS) (Stackpoole et al.,
2017). WRTDS fits a relationship between continuous discharge (Q) and
discrete measurements of [DOC] and a350 to model DOC and a350 riv-
erine concentration accounting for variation in discharge, season, and
time using the following equation:

= + + + + +c Q T T Tln( ) (ln( )) ( ) sin(2 ) cos(2 )1 2 3 4 5 (1)

where c is the concentration, Q is the measured discharge, T is time in
decimal years, ε is the error, and β1-β5 are the coefficients estimated
from the sample data. [DOC] and a350 were calculated by WRTDS using
the EGRET R-package (Hirsch and De Cicco, 2015; https://CRAN.R-
project.org/package=EGRET). By coupling continuous discharge (Q)
measurements at Ft. Barnwell with measurements of [DOC] and a350

collected discretely at Station 0, it is possible to interpolate the total
DOC and a350 load to the estuary, using the WRTDS concentration es-
timates, over the entire time period (July 20, 2015–December 13, 2016)
and across each discrete discharge event.

There is some uncertainty associated with these load estimates,
particularly as the discharge and [DOC] and a350 measurements were

Fig. 2. Daily discharge (black lines) obtained from Ft.
Barnwell USGS gaging station plotted for the study period.
The grey dashed line corresponds to the median daily dis-
charge from 1997 to 2017. Dashed vertical lines correspond
to ModMon sampling dates. Bolded dashed vertical lines are
bounds for each discrete discharge event (1–7) (Table 1).

http://paerllab.web.unc.edu/projects/modmon/
http://paerllab.web.unc.edu/projects/modmon/
https://CRAN.R-project.org/package=EGRET
https://CRAN.R-project.org/package=EGRET


collected at two different locations. The greatest uncertainty is asso-
ciated with the discharge measurements, as these values were measured
26 km upstream from the head of the estuary. However, there are no
large tributaries to the NR between Ft. Barnwell and the head of the
estuary (Station 0). Additionally, the discharge measured at Ft.
Barnwell was scaled to the area of un-gaged watershed to account for
any additional tributaries (Peierls et al., 2012). Therefore, while we
acknowledge the [DOC] and a350 loads are estimates, we feel confident
that they accurately capture the variability and dynamics of riverine OC
loading to the NRE.

2.3. Volume weighted DOM concentrations

Volume-weighted averaged salinity, [DOC] and a350 were calcu-
lated for each sampling date in the NRE from station 20 to 160. Briefly,
the mean value for each station (as surface and bottom) was multiplied
by the volume of each segment centered on the respective station, as
calculated for the box models (SI Fig. S1). The product for each segment
was then summed and divided by the total volume of the estuary
(Peierls et al., 2012). These volume-weighted averages serve as a re-
presentation of the total DOM (as [DOC] or a350) pool contained in the
NRE at each ModMon sampling accounting for differences in volume in
the upper versus lower estuary.

2.4. DOM source/sink term

A box model approach following Hagy et al. (2000), was used to
estimate flow out of the estuary (surface flow) and into the estuary
(bottom flow) at station 160 for each ModMon date (SI, Appendix 4).
Briefly, the estuary was divided into nine boxes with each box centered
on a ModMon sampling station (station 20–160). For each sampling
date, the head of the estuary was defined as the most upstream site with
measurable salinity and vertical stratification. The defined head of the
estuary ranged from station 20 during low flow to station 140 following
the Pulse 3 event, when discharge was consistently above the historical
median. Stations upstream of the designated head of the estuary were
treated as ‘river boxes’. The head of the estuary was designated as a
‘transition box’ where the river transitions into the estuary, the first
signs of salt were observed, and estuarine circulation began. Down-
stream of the transition box, each box was divided by the depth of the
pycnocline into a surface and bottom layer to represent stratification.
These boxes were designated ‘estuarine boxes’ and the surface dis-
charge out of each box was calculated along with the bottom salt water
influx. A more detailed description of the salinity box model can be
found in the SI (Appendix 4). The 95% confidence intervals were de-
termined for all box model calculations assuming that discharge data
varied up to 14% from the measured value (Q ± 14%), [DOC] varied
up to 2.3% ([DOC] ± 2.3%), and a350 varied 11% (a350 ± 11%). A
discussion of uncertainty values is included in the SI (Appendix 5).

Once flows into and out of each designated box were determine
using the salinity box model, it was possible to calculate a DOC (kg d−1)
and a350 (m2 d−1) source & sink term for each box (SI, Appendix 4). A
cumulative source & sink term was calculated for the entire estuary at
each time point by summing the nine individual box source & sink
terms. The respective DOM source & sink term represented any source
& sink processes that occur in the estuary besides conservative mixing.
A source indicates internal estuarine production of terrestrial-like DOC
not accounted for in the box model (i.e., porewater resuspension; inputs
from un-gaged tributaries and wetlands; production by primary and
microbial production), while a sink indicates internal estuarine con-
sumption of tDOC (i.e., microbial or photochemical oxidation and
conversion to DIC; flocculation). For consistency with other parameters
(i.e., CO2 flux), the final calculated source & sink term was multiplied
by −1 to ensure source terms were positive and sink terms were ne-
gative. Time points where the confidence intervals spanned zero were
not plotted in subsequent graphs (DOC: 9/19/2016; a350: 11/8/16, 11/Ta
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15/16). A more detailed description of the DOC and a350 box model can
be found in the SI (Appendix 4). Associated code and datasets used for
the salinity and DOC and a350 box models can be accessed on the
projects GitHub page (DOI: https://doi.org/10.5281/zenodo.2550075).

2.5. Estimates of biological processes

CO2 flux out of the estuary and production of DOC by PP were used
to constrain the major biological sources and sinks of DOC in the NRE.
Determinations of sea-to-air CO2 flux were obtained from Van Dam
et al. (2018) for July 20, 2015 to October 17, 2016. Briefly, Van Dam
et al. (2018) measured in-situ, surface water partial pressure CO2

(pCO2) using a shower-head gas equilibrator paired with an infrared
detector (LI-COR, Li-840A) along longitudinal transects from the head
of the NRE (Station 30) to the outlet at PS (Station 180). The NRE was
divided into upper-, mid-, and lower-estuary sections and CO2 fluxes
were calculated for each section from distance-weighted pCO2, tem-
perature and salinity, along with gas transfer velocities derived from
daily-average wind speed (Jiang et al., 2008). The upper-, mid-, and
lower-estuary CO2 fluxes as reported by Van Dam et al. (2018) were
aerially weighted to calculate the total CO2 flux for the NRE at each
time point. It is important to note these CO2 fluxes represent the net
sea-to-air CO2 flux, and include CO2 transported in from the river, as
well as net biological and photochemical processes in the estuary.

PP was measured using the 14C method on surface water samples
under natural irradiance and temperature conditions (Paerl et al.,
1998). To estimate total C-production by phytoplankton for each
ModMon sampling time point, the surface PP measurements for each
station were multiplied by two to convert the daylight incubation
period from 4 to 8 h (approximate length of daylight) and then multi-
plied by the surface volume (volume above the pycnocline) as defined
for the salinity box model at each station and sampling date (Wetzel
and Likens, 2000). The PP values as calculated for each station were
then summed across the estuary for each ModMon date. Previous stu-
dies have estimated DOC production by phytoplankton as about
15–25% (averaged: 19%) of total C-production for coastal, eutrophic

systems (Marañón et al., 2004). Therefore, the amount of DOC pro-
duced by phytoplankton was estimated as 15–25% of the total PP, with
an averaged value of 19%, for the estuary. This represents a maximum
amount of [DOC] produced by phytoplankton and does not capture net
[DOC] from phytoplankton (i.e., [DOC] production by phytoplankton
minus that removed by heterotrophic consumption).

All calculations, linear regression models, and statistical analyses
were conducted in Matlab (2017b). Linear regression models were
fitted using the Matlab fitlm function.

3. Results

3.1. Discrete discharge events

The time period used for this study encompassed a range of fresh-
water discharge conditions, spanning the 4th to 99th flow quantiles and
included two hurricane-associated discharge events (Fig. 2, Table 1). The
NRE was impacted by fringing effects from Hurricane Joaquin and an
associated Nor'easter in September 2015, which resulted in elevated
discharge from the NR and moderate wind conditions (∼9 m s−1 max.
wind speed) over the NRE. In October 2016, the NRE and its watershed
were directly impacted by Hurricane Matthew, which resulted in a his-
toric 500-year flood event in the NR watershed (Musser et al., 2017). In
addition to these two tropical storms, there were also several notable
seasonal discharge events, including three sequential events in the winter
of 2015–2016 and a spring discharge event in April 2016. All of these
events were compared to a low-flow baseline period captured during
summer 2015. We acknowledge the location of rainfall within the NR
basin is important in altering the quantity and quality of DOC flushed
from the watershed into the NRE following various discharge events. A
discussion of this variability is included in the SI (Appendix 6).

3.2. DOM load

At the head of the estuary, [DOC] and a350 were positively and linearly
correlated with discharge measured at Ft. Barnwell (p < 0.001 for both

Figure 3. a. [DOC] (mg L−1) and b. a350 (m−1) plotted
against discharge (m3 s−1). c. DOC load (kg d−1) plotted
against a350 load (m2 d−1). Discrete discharge events are
identified by colors and symbols as indicated in Fig. 3c. A
linear regression equation, coefficient of determination (r2)
and p-value from a t-test comparing the slope to zero are
displayed on each graph (bolded line; mid-graph, right). A
linear regression excluding the anomalously high discharge
event occurring immediately after Hurricane Matthew is also
plotted (thin line; bottom, left).

https://doi.org/10.5281/zenodo.2550075


estuary, following normal estuarine circulation (Geyer and MacCready,
2014) (Fig. 5c). Surface outflow at station 160 generally tracked riv-
erine flow as measured at Ft. Barnwell, and DOC export was often
driven by river flow (Figs. 3 and 5). However, under periods where
there was significant stratification in the estuary, surface flow was
largely driven by bottom water inflow from PS as would be predicted
under normal estuarine circulation conditions (Geyer and MacCready,
2014). This large bottom water inflow from PS resulted in high surface
water outflows at Station 160 that were not associated with especially
high river flow, e.g. during the spring of 2016 and can be seen as the
three time points associated with flow > 1000 m3 s−1 (Fig. 5a and b).
Additionally, there were periods when the estuary exhibited reverse
estuarine flow such that there was little to no flow in the surface waters
at Station 160 and negative flows (i.e., flow out of the estuary) in the
bottom water. Reverse estuarine flow has been documented in the
lower NRE under NE winds (SI, Appendix 10) (Luettich et al., 2000).

3.5. Estimates of biological processes

Generally, the NRE was a sink for both a350 and DOC (Fig. 6a and b),
with the highest sink terms in the weeks following tropical cyclone
events (i.e., Joaquin, Matthew). Coinciding with this behavior, the es-
tuary was a source of CO2 to the atmosphere immediately following these
events (∼1 week) (Fig. 6c). PP was a significant source of total C, as both
particulate OC (POC) and DOC, produced in the estuary (Fig. 6d) (Paerl
et al., 1998). The magnitude of total C (POC + DOC) produced by PP
was similar in magnitude to the DOC source & sink term for the NRE.
However, assuming DOC production by phytoplankton is only 15–25% of
total estuarine PP (Marañón et al., 2004), phytoplankton DOC produc-
tion represents only a small fraction (< 10%) of the overall DOC source
& sink term calculated for the NRE (Fig. 6d).

To assess tDOC removal in the estuary, the percent tDOC removed
was calculated by dividing the DOC source & sink term as calculated for
each time point by the river DOC load averaged across the flushing time
at station 160 (Fig. 7; SI Appendix 7). Results plotted against averaged
river DOC load demonstrate an exponential decrease. Values below 0%

Figure 4. a. Volume weighted [DOC] (mg L−1) plotted in the black circles and volume weighted a350 (m−1) plotted in white circles. b. Volume weighted salinity.
Dashed vertical lines indicate the boundaries of each of the 7 discrete discharge events.

parameters, with and without Hurricane Matthew) (Fig. 3a and b). DOC 
loads were positively and linearly correlated with a350 loads (Fig. 3c), 
indicating the DOC loaded into the estuary from the riverine end member 
was derived from terrestrial sources (Spencer et al., 2013). DOC and a350 

loads were approximately twice as high immediately following Hurricane 
Matthew as for the other discharge events which had a large impact on the 
linear relationship between DOC and a350 loads and discharge.

3.3. Volume weighted DOM concentrations

Volume weighted [DOC] and a350 at each sampling time point clo-
sely followed the amount of freshwater in the estuary as indicated by its 
inverse relationship with salinity (Fig. 4; SI Fig. S13). The impacts of 
the wet 2015–2016 winter and Hurricane Matthew were obvious in 
both volume weighted DOM parameters ([DOC] and a350) and volume-
weighted salinity. In terms of volume-weighted salinity, there were si-
milar values following the winter 2016 Pulse 3 event and Hurricane 
Matthew (∼2 PSU), indicating the same volume of freshwater was 
flushed i nto t he e stuary d uring b oth o f t hese e vents. T he difference 
between these two events, however, was their duration: Pulses 1 
through 3 occurred over several months while Hurricane Matthew's 
freshwater loading occurred within a span of days to weeks.

3.4. DOM estuarine processes

Unlike at the head of the estuary (Fig. 3a and b), [DOC] and a350 

were not linearly correlated with estuarine inflow or outflow at station 
160 (surface and bottom respectively) (Fig. 5a and b), indicating pro-
cesses besides flow w ere d ictating c oncentrations a t t he c oastal end 
member. These processes could include biological (e. g. , DOM con-
sumption or production) or secondary sources of DOM within the es-
tuary (e.g., wetlands; porewater resuspension).

3.4.1. Estuarine flow
For calculated estuarine flow at station 160, surface estuarine flow 

was generally out of the estuary with bottom estuarine flow into the



indicate time points when DOC was ‘produced’ in the NRE (i.e., sediment
resuspension; un-gaged tributaries; DOC production by PP) while values
above 100% represent time points when the DOC pool in the NRE was
dominated by mixing with DOC from PS, as further discussed below.

4. Discussion

It is well established that increasing freshwater discharge leads to in-
creasing [DOC] and an increase in the terrestrial nature of DOC to
downstream ecosystems, a paradigm that has previously been shown to
apply in the NRE under both baseline and extreme discharge conditions
(Dixon et al., 2014; Osburn et al., 2012; Paerl et al., 1998). Often lacking,
though, are estimates of fluxes for individual estuaries based on observed
properties of DOM and not inferred from modeled net ecosystem rates for
large geographical regions (e.g., Herrmann et al., 2014; Najjar et al.,
2018). Results from this study show that this paradigm applies when as-
sessed for a single estuary, especially pertaining to DOC and a350 loading
from the riverine end-member, where increasing riverine discharge re-
sulted in a statistically significant, positive linear relationship between
discharge and [DOC] and a350 both when including the high discharge
value following Hurricane Matthew and when excluding this time point
(Fig. 3a and b). These relationships led to increased DOM loads at the head
of the estuary under elevated discharge conditions (Fig. 3c). Following
Hurricane Matthew, there were indications of the ‘dilution effect’, where
anomalously high discharge led to a decrease in [DOC] compared to what
would be predicted by the positive, linear relationship between [DOC] and
discharge under more normal flows (Q < 750 m3 s−1), as [DOC] was
flushed from the watershed into the estuary.

The statistically significant, positive, linear relationship between DOC
and a350 riverine loads indicate the DOC flushed into the estuary following
these events is derived from terrestrial material stored in the NRE's wa-
tershed (Spencer et al., 2013). In the NRE, these terrestrial sources likely
include flushing of terrestrial soils and freshwater wetlands, the latter of
which are abundant between Ft. Barnwell and head of tides at station 0
(Rudolph, 2018). The extreme discharge following Hurricane Matthew,
resulted in DOM loads that were as much as double those from any other

discrete discharge event during this study (Fig. 3). The DOC and a350 loads
computed following Hurricane Matthew demonstrated that the primary
control on the NRE's C-cycle is likely caused by hydrologic connectivity of
wetlands to the main river channel following EWEs, as was observed in the
nearby Yadkin-PeeDee River basin (Majidzadeh et al., 2017).

4.1. DOM processes in the NRE

The goal of the project was to assess how the NRE responds to different
discrete discharge events and establish under what discharge conditions
the estuary might act as a sink for tDOC versus as a pipeline for export of
un-altered tDOC to the downstream PS. To accomplish this, a DOC and
a350 source & sink term was calculated for each ModMon date (Fig. 6a and
b; Table 2). Overall, the NRE was a sink for DOC and a350 over the entire
study period (∼1.5 years), indicating the estuary was net heterotrophic;
which has been observed for estuaries over annual time scales (Vlahos and
Whitney, 2017). Annual-scale variation in river discharge has also been
shown to affect net ecosystem metabolism in the nearby New River Es-
tuary, NC, which varied between net autotrophy during a dry year, and net
heterotrophy during a wet year (Crosswell et al., 2017).

In the present study, the box model occasionally indicated the NRE
was a source of DOC and a350, indicating that either DOM was produced
internally or that secondary and tertiary sources of DOM were not ac-
counted for with the box model (i.e., sedimentary and porewater re-
suspension; inputs from un-gaged tributaries and wetlands). While PP in
the NRE is a significant source of total OC (TOC, as POC + DOC), the
maximum amount of DOC possibly produced by PP, calculated as 19% of
the total PP in the estuary (Marañón et al., 2004), is more than an order
of magnitude less than DOC delivered to the estuary from the riverine
end member (Fig. 6d). Therefore, we conclude that while DOC produc-
tion by PP in the NRE represents a small source of DOC to the estuary
(1.61 × 104 ± 9.73 × 102 kg C d−1, averaged), the magnitude of DOC
produced by phytoplankton is often not large enough to account for the
total amount of DOC produced in the estuary as estimated with the DOC
source term. However, during the Spring Q period, the NRE was a weak
source of DOC (8.08 × 103 kg C d−1), despite relatively high riverine

Figure 5. a. [DOC] (mg L−1) and b. a350 (m−1) plotted for
station 160 versus estuarine flow. Black circles represent
surface water at 160S and white circles represent bottom
water at 180B. c. Estuarine flow (m3 s−1) as calculated for
station 160. Surface outflow is plotted in the black circles,
bottom inflow in the black triangles, and river flow as the
white circles. Linear relationships were not statistically sig-
nificant (p > 0.1).



DOC loading (1.18 × 105 kg C d−1). During this time period, PP was
estimated to produce 2.02 × 104 kg C d−1; enough to account for the
observed source term in the NRE, indicating PP may become a relatively
important DOC source in this estuary during the spring season.

While it was beyond the scope of this study to specifically identify
other sources of DOM to the estuary, we can speculate on potential
mechanisms modulating DOM dynamics. The NRE is a relatively

shallow estuary (average depth ∼3.5 m) where resuspension events are
common and well documented (Corbett, 2010). It is possible these re-
suspension events resulted in the release of previously deposited and
stored C back to the water column (Crosswell et al., 2014; Luettich
et al., 2000). Evidence from bottom water observations of DOM con-
centrations and properties from the NRE in 2010–2011 suggested
higher [DOC] and more terrestrial-like DOM in bottom waters following

Fig. 6. Box model results showing a. a350 (m2 d−1) and b. DOC (kg C d−1) source & sink terms for each ModMon sampling date. Values represent internal estuarine
a350 and DOC processing, respectively in excess of fluxes in and out of the system. c. water-air CO2 flux (kg C d−1). d. PPR (primary productivity, kg C d−1) measured
for the NRE plotted as black circles. DOC production by PP (estimated as 15–25% of total PP) is plotted in the shaded black area. In all graphs, the vertical dashed
lines indicate bounds of the 7 discrete discharge events. The horizontal dashed line indicates 0.

Figure 7. a. Percent tDOC removed plotted through time. b. Percent tDOC removed plotted against river DOC load (kg d−1). The dashed line indicates 0%.



wind-driven mixing events (Dixon et al., 2014). We approximated the
DOC pool in sedimentary porewater to be about 1.66 × 105 kg C in the
top 2.2 cm of sediment (SI, Appendix 8) which represents an additional
source of DOC to the NRE, especially when riverine DOC loading is low
and wind speeds are elevated. Preliminary experiments conducted
during the summer of 2018 in the NRE indicate little [DOC] diffuses
from the sediment porewater to the water column under calm condi-
tions (Clerkin et al., unpublished).

Another source of DOC not accounted for in the calculated DOM
source & sink term is un-gaged and un-characterized streams and tribu-
taries lining the NRE. For example, the Trent River intersects the NRE
between station 30 and 50 and contains dark, humic-rich water that has
[DOC] and a350 about the same as the upper NRE, and which may re-
present an additional DOM source (Vähätalo et al., 2005). Additionally,
there are several other smaller tributaries, pocosins, and wetlands along
the NRE that could contribute to this un-accounted source of DOC.
Generally, the NRE is a source of DOC under low flow conditions when
contributions from the NR are relatively small in magnitude and DOC
from these additional sources (i.e., PP, sediment porewater resuspension)
may contribute relatively higher percentages of tDOC to the estuary.

A key result of this study is that the NRE is a tDOC sink in the weeks
following elevated precipitation events and EWEs. This was especially
evident 2 weeks following Joaquin and Hurricane Matthew. Previously,
sustained (> 2 weeks) CO2 efflux from estuaries following storm events
has been attributed to in situ photochemical and microbial degradation
of tDOC to CO2 (Bianchi et al., 2013; Crosswell et al., 2014; Van Dam
et al., 2018; Osburn et al., In Review). Approximately 2 weeks after
Joaquin, estuarine-wide CO2 efflux was estimated at 2.5 × 105 kg C
d−1, which was similar in magnitude to the −1.66× 105 ± 910 kg C
d−1 rate of DOC consumption (Fig. 8). Therefore, it appears that the
conversion of tDOC to CO2 by photochemical and microbial processes
can explain approximately half (∼66%) of the CO2 efflux in the weeks
following Joaquin. The remainder (∼44%) of CO2 emissions following
Joaquin can then be attributed to a combination of CO2 release from
supersaturated riverine waters and sediment porewater resuspension.
This is contrasted with large CO2 fluxes observed immediately (0–7
days) following storm events that are largely driven by the delivery of
poorly buffered river water, particularly in up-stream portions of the
estuary heavily influenced by river inputs (Evans et al., 2013; Hunt
et al., 2011; Van Dam et al., 2018).

Immediately following Hurricane Matthew (∼7 days), measured CO2

flux (3.93 × 105 kg C d−1) was disproportionately large, relative to the
DOC sink term (−1.97 × 104 ± 1.30 × 103 kg C d−1) (Fig. 6b and c, 8).
The DOC sink term at this sampling time point was low under the short
residence time, indicating the observed CO2 flux likely was not due to
oxidation of tDOC, as has been observed elsewhere (Crosswell et al.,
2012; Evans et al., 2013; Hunt et al., 2011; Van Dam et al., 2018). Here,
the NRE was dominated by outgassing of riverine CO2 and the export of

TOC to downstream waters. In the weeks following Hurricane Matthew
(∼2 weeks post storm), as residence time increased, the NRE became a
large sink for tDOC (−2.74 × 105 ± 4.8 × 103 kg d−1). While we only
have direct estimates of CO2 immediately following Matthew (∼7 days),
we hypothesize the positive CO2 flux during this post-storm period would
remain elevated in part due to microbial and photochemical oxidation of
tDOC to DIC, as indicated by the large tDOC sink term (Crosswell et al.,
2014). Additionally, PP measured in the weeks following Matthew was
an order of magnitude lower (5.55× 103 kg d−1) than the average PP
measured for the 1.5 year study (8.47 × 104 kg d−1), indicating PP was
not able to temper observed positive CO2 fluxes in the weeks following
Matthew. This is in contrast to the period following Joaquin, when a
post-storm phytoplankton bloom caused the middle NRE to transition
into a pCO2 sink (Van Dam et al., 2018).

Therefore, we hypothesize that the NRE acted as a CO2 source to the
atmosphere operating under two separate, but related modes, following
EWEs (Fig. 6b and c, 8). First, a ventilation mode occurred immediately
(∼1 week) following Hurricane Matthew (Van Dam et al., 2018). A low
tDOC sink term combined with relatively poor carbonate system buf-
fering, which together likely caused large and rapid ventilation of CO2

to the atmosphere. Second, during the weeks (> 2 weeks) following
Hurricane Matthew, we hypothesize the estuary switched to a reactor

Table 2
Summary of C fluxes as averaged over each discrete discharge event including river DOC load as calculated for each ModMon sampling date, estuarine DOC export as
calculated for station 160, the DOC source & sink term, PP production of DOC (assuming 19% of PP is produced as DOC), and CO2 flux as reported in Van Dam et al.
(2018). Confidence intervals are reported.

River DOC load (kg
C d−1)a

Estuarine DOC export (kg C
d−1)a

PS DOC import (kg C d−1)a DOC source & sink term (kg C
d−1)a

PP DOC production
(kg C d−1)**

CO2 flux (kg C d−1)b

All 1.81 × 105 ± 260 4.35 × 105 ± 6.02 × 103 2.41 × 105 ± 6.42 × 103 −2.64 × 104 ± 1.21 × 104 1.61 × 104 ± 28 5.29 × 104 ± 1.00 × 105

Baseline 1.74 × 104 ± 22 1.47 × 105 ± 5.46 × 103 1.08 × 105 ± 5.46 × 103 −2.35 × 104 ± 950 1.68 × 104 ± 32 7.77 × 103 ± 2.98 × 104

Joaquin 1.11 × 105 ± 160 1.29 × 105 ± 3.58 × 103 2.52 × 104 ± 3.58 × 103 −6.37 × 104 ± 920 2.75 × 104 ± 51 1.06 × 105 ± 1.42 × 105

Pulse #1 1.88 × 105 ± 230 3.05 × 105 ± 2.01 × 103 7.43 × 104 ± 2.01 × 103 −3.87 × 104 ± 800 2.59 × 104 ± 44 4.67 × 104 ± 6.52 × 104

Pulse #2 2.58 × 105 ± 280 5.43 × 105 ± 2.47 × 103 1.74 × 105 ± 2.47 × 103 −1.16 × 105 ± 870 1.81 × 104 ± 43 5.95 × 104 ± 5.52 × 104

Pulse #3 3.21 × 105 ± 350 6.28 × 105 ± 2.31 × 103 1.99 × 105 ± 2.31 × 103 −8.55 × 104 ± 900 1.14 × 104 ± 25 5.24 × 104 ± 4.40 × 104

Spring Q 1.18 × 105 ± 150 5.16 × 105 ± 1.48 × 104 3.96 × 105 ± 1.48 × 104 8.08 × 103 ± 1.01 × 103 2.02 × 104 ± 31 8.58 × 103 ± 5.80 × 103

Hurr Matt 5.47 × 105 ± 900 1.02 × 106 ± 6.00 × 103 3.94 × 105 ± 6.00 × 103 −7.72 × 104 ± 2.05 × 103 5.63 × 103 ± 10 n.d.

a 95% confidence intervals calculated for each ModMon date using 1001 model runs, then averaged over the time period of interest. ** 95% confidence intervals
calculated assuming PP ± 6% (SI, Appendix 2) then averaged over the time period of interest.

b Standard deviation of CO2 flux calculated over each time period of interest. n.d. indicates no data.

Fig. 8. CO2 flux (kg C d−1) from Van Dam et al. (2018) versus DOC source &
sink term (kg C d−1) for each sampling date. The 1:1 line is plotted (solid black
line). The time points following Joaquin, Pulse 3, and Hurricane Matthew are
identified.



mode in which large and positive CO2 fluxes were sustained due to
respiration of tDOC and DOC re-suspended from sedimentary pore
waters (Crosswell et al., 2014; Dixon et al., 2014). Accordingly, in the
weeks following Hurricane Matthew (> 2 weeks) we hypothesize the
lower NRE became a sink for tDOC, in which its oxidation may have
maintained this estuary as a source of CO2 to the atmosphere. Thus,
processes in the estuary may dramatically alter the terrestrial DOM pool
before its eventual export to the coastal ocean in the weeks (2–3 weeks)
following EWEs.

The DOC and CO2 responses post Hurricane Matthew are markedly
different from the responses following the Pulse 3 event (Fig. 8). Based
on volume weighted salinity (Fig. 4), the same magnitude of freshwater
was contained in the estuary following the Pulse 3 event as following
Hurricane Matthew, however, the duration of these two events were
different; the Pulse 3 event occurred over weeks to months while
Matthew lasted days to weeks. This may have resulted in the mobili-
zation of different DOC pools from the watershed, which could have
affected the differential DOC and CO2 responses following these two
events (Rudolph, 2018; Osburn et al., In Review). Unlike the post-
Matthew period, the NRE was a weak DOC sink (−8.86 × 104 ±
700 kg d−1) and a weak CO2 source (4.79 × 104 kg d−1), falling below
the 1:1 line. This indicates the CO2 dynamics after Pulse 3 were largely
controlled by tDOC oxidation (i.e., microbially or photochemically
mediated) and positive CO2 fluxes were potentially mitigated by in-
creasing PP (Fig. 8) in contrast to the impact of Hurricane Matthew as
discussed previously.

4.2. Pulse-shunt concept in estuarine ecosystems

The PSC suggests that under high river flow events (99th flow
quantile), DOC pulsed from watersheds is shunted downstream
(Raymond et al., 2016). Indeed, we observed the NRE acting as a source
of tDOC to PS under high river flow events as has been shown pre-
viously (Osburn et al., 2016) (Fig. 6b). However, at mid-range river
flow conditions the NRE acts as a weak sink for tDOC. Therefore,
adapting the PSC as a paradigm for estuaries requires an assessment of
what river discharge conditions the NRE acts as a sink for tDOC versus
when the NRE acts as a source for tDOC export. The percentages of
tDOC removed by the estuary at each sampling time point were cal-
culated to quantify these modes and to adapt the PSC to estuaries
(Fig. 7). Under certain river flow conditions (< 572 m3 s−1), model
results showed that other sources of terrestrial-like DOC (i.e., sediment
porewater diffusion and resuspension, un-gaged tributaries, adjacent

tidal wetlands) were likely important. Additionally, under two river
flow conditions (Q = 665 and 489 m3 s−1, respectively) when vertical
stratification was strong, bottom water inflow at station 160 may have
been high enough such that the dominant control on DOC dynamics in
the NRE was mixing with PS water. Under these conditions, import of
DOC from PS is much greater than import of tDOC from the riverine end
member resulting in values of percent tDOC removed > 100%. This
suggests two important possibilities: 1) despite the water residence time
of months to more than a year in the PS (Paerl et al., 2018), its DOC is
largely terrestrial in nature, and 2) tidal wetlands fringing the mouth of
the NRE may contribute a large and unrealized amount of tDOC to this
estuary under low flow conditions (Crosswell et al., 2014).

Immediately after extreme, 500-year flood events, like Hurricane
Matthew (discharge > 1800 m3 s−1), only a small portion (∼1%) of
tDOC was removed in the NRE, indicating up to 99% of tDOC was ex-
ported directly to PS. This event resulted in an export of 1.86 ×
106 kg C d−1 tDOC from the NRE to PS out of the 1.88 × 106 kg C d−1

tDOC for the total river load. However, under mid river flow conditions
(340–1800 m3 s−1), between low- and high-flow, ∼29% of tDOC was
removed in the NRE (averaged for values between 0 and 100% tDOC
removed excluding EWEs when river DOC load > 10 × 105 kg C d−1;
n = 21). Under these conditions, ∼2.6 × 105 kg C d−1 of DOC was
loaded into the NRE from the river end-member of which 1.8 ×
105 kg C d−1 tDOC was exported to PS. These results indicate the ‘pulse-
mode’ of the PSC holds true for river-dominated estuaries but only
immediately following EWEs, like Hurricane Matthew (99th flow
quantile), when nearly all tDOC was exported to adjacent coastal wa-
ters. Under all other ranges of flow conditions (4th to 89th flow
quantile), as demonstrated in this multi-year study, the NRE acted as a
weak to moderate sink for tDOC, processing an average of 29% tDOC
which is close to the value estimated by Herrmann et al., 2014 for all US
East Coast estuaries. The current study further indicates EWEs (> 99th
flow quantile) can dramatically increase tDOC export from the NRE by
an order of magnitude compared to moderate flow events, further de-
monstrating the role EWEs have on the C budget of coastal zones
(Bianchi et al., 2013; Crosswell et al., 2014; Paerl et al., 2006).

Rainfall associated with Hurricane Matthew largely fell in the
upper- and mid-NR watershed, meaning it took several weeks (> 2
weeks) for the NRE to receive the entire river pulse associated with
Matthew (SI, Appendix 6). This resulted in elevated river DOC loading
to the NRE even two weeks post-storm, which suggests that the ‘pulse’
from the NRE's watershed was gradual. Extensive flooding of riparian
wetlands after Matthew's passage was observed and likely represented

Table 3
Estuarine C export (as DOC and TOC) estimated across systems located along the US east coast. Confidence intervals are reported when available.

Study system Watershed area
(km2)a

C fractionb Estuarine C export (kg C d−1) Estuarine C export scaled to watershed (kg C
d−1 km−2)

Reference

NRE 14,066
All DOC 4.35 × 105 ± 6.02 × 103 30.9 ± 0.4 This study
Baseline DOC 1.47 × 105 ± 5.46 × 103 10.5 ± 0.4 This study
Joaquin DOC 1.29 × 105 ± 3.58 × 103 9.2 ± 0.3 This study
Pulse #1 DOC 3.05 × 105 ± 2.01 × 103 21.7 ± 0.1 This study
Pulse #2 DOC 5.43 × 105 ± 2.47 × 103 38.6 ± 0.2 This study
Pulse #3 DOC 6.28 × 105 ± 2.31 × 103 44.6 ± 0.2 This study
Spring Q DOC 5.16 × 105 ± 1.48 × 104 36.7 ± 1.1 This study
Hurr Matt DOC 1.02 × 106 ± 6.00 × 103 72.5 ± 0.4 This study
South Atlantic Bight

Estuaries
330,944 TOC 5.48 × 106 ± 2.47 × 106 16.6 ± 7.5 Herrmann et al. (2014)

East Coast Estuaries 714,289 TOC 9.32 × 106 ± 3.84 × 106 13.0 ± 5.4 Herrmann et al. (2014)
Long Island Sound, NY 42,373 DOC 1.53 × 105 ± 1.75 × 105 3.6 ± 4.1 Vlahos and Whitney

(2017)
Chesapeake Bay, VA 166,793 TOC 7.70 × 105 4.6 Kemp et al. (1997)
New River Estuary, NC 1177 TOC 1.29 × 104 11.0 Crosswell et al. (2017)

a Data obtained from Bricker et al. (2008).
b Indicates the fraction of C for which export values were calculated. DOC = dissolved organic carbon; TOC = total organic carbon (particulate OC

(POC) + DOC).



5. Conclusion

This study provided estimates of the major role EWEs play in mod-
ulating the coastal C-cycle and demonstrated that episodic events largely
control lateral export of tDOC to coastal waters and flux of CO2 from
estuaries to the atmosphere. Evidence suggests the PSC paradigm for
stream and river systems (Raymond et al., 2016) can be extended to
estuaries, but only following extreme (99th flow quantile) events. Under
all other flow conditions, as captured by this study, estuaries play an
important role in modulating the terrestrial DOM pool prior to export to
the coastal ocean, indicating the PSC as applied to estuaries should in-
clude a “process” component in order to have a holistic paradigm of the
coastal C-cycle ranges from watershed to coastal ocean. Further, this
study quantitatively linked tDOC oxidation in the estuary with observed
CO2 fluxes following several elevated precipitation events (Fig. 6b and c,
8); including Hurricane Matthew (Osburn et al., In Review), as shown for
other events (Bianchi et al., 2013; Crosswell et al., 2014).

Results from this study indicate EWEs rapidly flush terrestrial DOM
from the watershed into the estuary, which acts in concert with riverine
CO2 (Van Dam et al., 2018) to support very large CO2 emissions. Soon
after passage (∼2 weeks) of these EWEs, the estuary switches back to a
mode of tDOC processing. Due to the large tDOC inventories within the
estuary following EWEs, large positive CO2 fluxes are sustained due to
photochemical and microbial processes which convert tDOC to CO2 in
the estuary. Therefore, EWEs will alter C-cycling in estuaries two ways:
1) increasing the amount of tDOC exported to downstream coastal
systems and 2) enhancing efflux of riverine and estuarine CO2 following
these events. Both of these mechanisms should be incorporated into our
understanding of how C-cycling will change in the future especially
under predictions of increasing frequency and intensity of EWEs as
predicted by climate change models (Bender et al., 2009; Janssen et al.,
2016).
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