
ABSTRACT 

RUDOLPH, JACOB. Hurricane Matthew’s Effect on Wetland Organic Matter Sources to North 
Carolina Coastal Waters (Under the direction of Dr. Christopher L. Osburn). 
 

During flooding from extreme weather events, such as hurricanes, large amounts of both 

dissolved and particulate organic matter (DOM and POM) are exported to estuaries and coastal 

waters globally. The Neuse River Watershed, in eastern North Carolina, has been affected by 

extreme weather for decades, and recent evidence shows that the frequency and intensity of these 

events has been on the rise in NC for the past ca. 20 years. Hydrologic connectivity of wetlands 

to adjacent river channels during flood events can influence the quality of DOM and POM 

exported to the coastal ocean. Organic matter (OM) characteristics, such as the specific UV 

Absorbance at 254 nm (SUVA254) and bulk stable isotope ratios of dissolved and particulate 

carbon (d13C-DOC and d13C-POC) are useful in determine such changes and can provide insight 

to the reactivity of DOM and POM in estuaries and coastal waters. Terrestrial OM (riverine and 

wetland), especially, is highly reactive in estuaries and coastal waters and can be converted into 

greenhouse gases such as CO2 through its photooxidation and/or microbial respiration. Changes 

to terrestrial OM quality in large coastal river watersheds due to floodwaters from extreme 

weather events are poorly known. The purpose of this study was to determine how Hurricane 

Matthew in 2016, affected the amount and source of OM exported to NC coastal waters. A new 

application of an ArcGIS flood model was created to determine the volume of flooded land in the 

river corridor during the hurricane, to compute the fluxes of DOM and POM, and to quantify the 

wetland sources of OM exported to the Neuse River Estuary and Pamlico Sound (NRE-PS) from 

Hurricane Matthew’s floodwaters compared to long-term averages. This geospatial hydrologic 

approach was validated with geochemical measurements of DOM and POM quality. Finally, we 

applied the pulse-shunt concept (PSC; Raymond et al., 2016) to estuaries in response to a large 

precipitation event. The major findings from this study were that 1) freshwater riparian wetlands 



were the primary sources of OM that were exported into the Neuse River Estuary-Pamlico Sound 

System after Matthew and 2) those sources lingered in these coastal waters in the months after 

the storm. Wetlands were thus the primary source of the OM “shunted” from the terrestrial 

environment to the estuary and sound. In fact, from the wetlands alone, this one event constituted 

ca. 25% of the annual loading of DOC from the Neuse River Watershed to the NRE-PS. Results 

were consistent with findings from prior studies in this system, as well as other coastal 

ecosystems, that attributed a high reactivity of DOM as the underlying reason for large CO2 

releases following extreme weather events. Adapting PSC to estuaries requires the addition of a 

“processing” step to account for the DOM to CO2 dynamic, thus a new concept is proposed: 

Pulse Shunt Process (PSP). Overall, the results in this study suggest that with increasing 

frequency and intensity of extreme weather events, strengthening of the lateral transfer of DOM 

from land to ocean will occur and have the potential to cause major impacts on coastal carbon 

cycling. 
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INTRODUCTION 

Transport of organic matter (OM) from the terrestrial environment to estuarine and 

coastal ocean ecosystems is essential to aquatic biogeochemistry, given that coastal systems are 

the largest reactive reservoirs of reduced carbon on Earth (Bianchi, 2011; Raymond and Spencer, 

2014). OM is composed of both dissolved (DOM) and particulate (POM) pools. DOM can be 

defined as a fine colloidal suspension that passes through a 0.7 µm filter, including some smaller 

bacteria, viruses, and biochemicals, while POM consists of material that will not pass through 

the filter and includes larger bacteria, plankton and sediments (Repeta, 2014). OM is made up of 

about 50% of organic carbon (OC); therefore, both dissolved and particulate OC (DOC and 

POC) are reliable proxies for tracking OM in aquatic systems. OC is a contributing factor to 

global carbon cycles through its remineralization to carbon dioxide and by being exported and 

buried in coastal margins (Bianchi, 2013; Bauer et al., 2013; Paerl et al., 2018). Furthermore, 

increasing OC and other nutrients from the terrestrial ecosystem during transport in extreme 

weather events can lead to increased consumption of oxygen in aquatic ecosystems through OM 

respiration. This has led to detrimental ecological and economic impacts to coastal communities 

(Paerl et al. 2001; Paerl et al., 2006).  

Frequency and intensity of extreme weather events, such as tropical cyclones have been 

on the rise in the recent decades (Paerl et al., 2018) and precipitation from these storms will 

continue to rise by ca. 7% with each degree Celsius of warming in the future (Prein et al., 2016). 

Flooding associated with extreme precipitation events can result in a ‘flushing’ of terrestrial OM 

from land to coastal waters (Bianchi et al., 2013). These less frequent, larger storm events can 

account for ca. 40% of annual DOM transport from streams to higher-order riverine 

environments downstream (Raymond et al., 2016). During large storm events the quantity and 

quality of DOM and POM in coastal waters can change because of export from inland systems. 
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Flooding also can cause a freshening of coastal estuaries water which can affect marine 

organisms (Burkholder et al., 2004) and density driven stratification leading to low oxygen and 

pH in bottom waters. Overall, the impact of large floods on carbon cycling in estuaries and 

coastal systems are considerable (Paerl et al. 2001, Paerl et al., 2006; Osburn et al., 2012; 

Bianchi et al. 2013; Brown et al., 2014; Paerl et al., 2018) and thus require a further study of 

their effects on sources and the transport of OM across the land-ocean continuum. 

The origin of OM can vary widely in estuaries and coastal waters. Sources of DOM and 

POM can either be allochthonous or autochthonous (Bianchi, 2007). Allochthonous OM, such as 

terrestrial plant material and soils, is formed elsewhere (i.e. rivers, streams, wetlands) and then 

transported into estuaries. Autochthonous OM is formed in situ in estuaries and coastal waters by 

primary production of plants and microorganisms (Wetzel, 1992; Bianchi, 2007). During large 

precipitation events, OM in estuaries and the coastal ocean can change from a heterogeneous 

mixture of allochthonous and autochthonous sources to primarily allochthonous-sourced material 

(Bianchi et al., 2013). Photochemistry and stable carbon isotope analysis can be used to 

determine the change in quality of OM. Past studies have shown that certain biogeochemical 

parameters, such as the specific UV absorption at 254 nm (SUVA254) or the bulk stable carbon 

isotopes of POC and DOC (d13C-POC and d13C-DOC) can indicate whether OM is sourced from 

terrestrial or aquatic environments (Bauer, 2002; Cloern et al., 2002; Weishaar et al., 2003; 

McCallister et al., 2004; Bianchi et al., 2007; Jaffe et al. 2008; Spencer et al., 2012 Bianchi et al., 

2013). 

Since the mid-1990s the coast of North Carolina has experienced many hurricanes and 

large precipitation events. Hurricane Matthew, which occurred in October 2016, is the most 

recent example of a highly impactful extreme weather to affect eastern North Carolina and its 

coastal waters. Hurricane Matthew was a much stronger storm initially (Category 5) and was 
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downgraded in intensity (Cat. 1) by the time it made landfall in the Carolinas. However, there 

was still ca. $1.6 billion dollars in damage and 28 deaths in North Carolina alone (Stewart, 

2017). Pearl et al. (2018) classified previous storms in the Neuse River Estuary and Pamlico 

Sound (NRE-PS) into three categories (dry and windy, wet and calm, and wet and windy) and 

compared each category to non-storm conditions to show how different types of storms would 

affect the system. “Wet and windy” storms, such as Matthew, showed statistical differences in 

DOC and inorganic nitrogen concentrations, partial pressure of carbon dioxide (pCO2), and pH 

in the NRE, indicating that extreme events like Matthew cause major effects to estuarine and 

coastal water chemistry as well as to sources of OM. 

Although there was a mild storm surge and moderate hurricane force winds associated 

with Matthew, the major impact from the storm was extreme inland precipitation that resulted in 

extensive flooding upstream of the NRE-PS. The National Ocean and Atmospheric 

Administration (NOAA) designated the flooding in eastern North Carolina from Matthew to be a 

1 in 1000- year flood event (https://www.colorlines.com/articles/noaa-declares-hurricane-

matthew-1-1000-year-flood-event). Similar flooding in the region was seen during the 1 in 500-

year flood event caused by Hurricane Floyd in 1999, indicating that large flooding events are on 

the rise and have been predicted to be increasing up to ca. 200% in eastern NC (Prein et al., 

2016). Flooding can be compounded by occurring on saturated ground caused by multiple storm 

systems in a short amount of time, such as Floyd (1999) or Matthew (2016) (Paerl et al, 2006; 

Musser et al., 2017). The massive flooding that resulted from Matthew’s precipitation inland 

caused extreme loading of both DOM and POM to the NRE-PS.  

Pulse shunt concept was proposed by Raymond et al. (2016) as an extension of the river 

continuum concept proposed by Vannote et al. (1980) and the flood pulse concept proposed by 

Junk et al. (1989). River continuum concept suggests that biological communities downstream 
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are adapted to utilize excess OM not used by upstream communities and that DOM is less 

diverse as stream order increases; while flood pulse concept suggested that the pulsing of river 

discharge had more control on communities in the floodplain that the locations of the 

communities along the river continuum. Pulse shut concept builds on both of these models by 

stating that lower order streams and rivers act as passive pipes during high discharge, from low-

frequency large storm events and that up to 40% of labile terrestrial DOM is shunted 

downstream into higher order rivers where it can be processed. Pulse shunt concept was only 

applied to upland streams and did not account for wetlands, estuaries or coastal waters.  

Wetlands are one of the most important natural ecosystems due to their roles in carbon 

sequestration and in buffering the marine environment (Mitra et al., 2005). As a result of high 

rates of carbon sequestration and sediment trapping, wetlands are considered major carbon sinks 

that store between 350-535 Gt C (IPCC, 2001; Mitra et al., 2005; Gorham, 1995). During 

flooding events, wetlands have been shown to switch from sinks of atmospheric CO2 to sources 

of it (Mladenov et al., 2005) and also wetlands can become sources of carbon through 

methanogenesis (Mitsch et al., 2013). Vähätalo and Wetzel (2008) proposed that the long-term 

microbial decomposition and photooxidation that occurs during long water-residence times in 

wetlands could remineralize between 51-97% of recalcitrant DOM to nutrients and CO2. 

Allochthonous OM delivery to estuaries and coastal waters such as OM from upstream wetlands 

is considered to be biologically recalcitrant (Thurman, 1985); however, less lignin-rich or 13C-

depleted terrestrial OM is found in marine sediments or oceanic waters than should be expected 

(Hedges, 1992). During floods, isolated wetlands can become hydrologically-connected to a 

river’s main channel and thus be flushed of accumulated recalcitrant OM (Wolf et al., 2013). 

However, recalcitrant OM in one system may become labile in another system (Boyd and 
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Osburn 2004); microorganisms in coastal waters are poised to break down the recalcitrant 

wetland OM to CO2, returning stores of terrestrial carbon to the atmosphere (Bauer et al., 2013).  

Although wetlands play significant roles in the carbon cycle, they are often not well 

represented in global climate models and Earth system models (Suni et al., 2015). Because 

wetlands are large carbon sinks that can turn into sources of carbon during storm events, 

studying them in respect to climate change and extreme weather is a need for current research. 

The main objective of this research was to determine the sources of dissolved and particulate 

organic matter (DOM and POM) to the Neuse River Estuary and Pamlico Sound as part of a 

larger study to quantify the short-term (several months) response of carbon and nitrogen cycling 

in this system ecosystem to floodwaters associated with Hurricane Matthew. To address the 

impact of freshwater riparian wetlands on OM cycling during large floods it was hypothesized 

that freshwater riparian wetlands upstream of the NRE would become a dominant source of 

dissolved and particulate OM transported in floodwaters from extreme precipitation events, such 

as Hurricane Matthew, and that the wetlands would have an undocumented impact on the quality 

and quantity of OM to coastal waters in the months following the event. We also hypothesized 

that the change in OM quality would affect the estuary and sound for much longer than the 

quantity of OM. 

The main research questions used to examine these hypotheses were as follows: 

1. What role does hydrologic-connectivity have on OM flushing of freshwater riparian 

wetlands to a coastal river and its estuary? 

2. How did Hurricane Matthew’s floodwaters affect the change in quantity and quality 

of OM exported from terrestrial environments to coastal waters? 

3. Does the pulse-shunt concept apply to wetlands and estuaries in response to large 

flood events? 
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The NRE-PS ecosystem was chosen for this study primarily because of the natural 

experiment provided by Hurricane Matthew. There have been many previous studies of 

biogeochemical cycling and past extreme events in the NRE-PS (Paerl et al., 2001; Burkholder et 

al., 2004; Paerl et al., 2006; Osburn et al., 2012; Crosswell et al., 2014; Paerl et al., 2018). 

Access to a long-term geochemical data set (ModMon) in the NRE-PS also provides a long-term 

record against which compare the system’s response to the storm. Hydrologic-connectivity of the 

freshwater riparian wetlands to the Neuse River was determined by use of a relative elevation 

flood model in ArcGIS. This model was also used to determine the extent of flooding that 

occurred in response to Hurricane Matthew’s floodwaters. Concentrations of DOM and POM in 

the NRE and its watershed were determined using the absorbance coefficient at 254 nm (a254), 

dissolved organic carbon (DOC), and particulate organic carbon and particulate nitrogen (POC, 

PN). Quality or source of OM in this system was measured through use of common parameters: 

bulk carbon stable isotopes of DOC and POC (d13C-DOC and d13C-POC), specific UV 

absorbance at 254 nm (SUVA254), and the atomic ratio of carbon to nitrogen (C:N). These 

analyses characterize different fractions of OM and have varying rates of source specificity in an 

ecosystem (Bianchi and Canuel, 2011). By implementing the model and these analyses, the 

change in quality and quantity of OM from the wetlands to the NRE-PS resulting from 

Matthew’s floodwaters was quantified.  
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METHODS AND MATERIALS 

Study site and sample collection 

This study was conducted in the main-stem of the Neuse River in the Coastal Plain of 

North Carolina (Figure 1). Along the lower reach of the river above the head of tides, abundant 

freshwater riparian wetlands fringe the main channel of the river, before it flows southeast into 

the Neuse River Estuary and Pamlico Sound (NRE-PS) along the coast of North Carolina (NC-

DEQ, 2018). The Neuse River Estuary is the largest tributary to the Pamlico Sound (Paerl et al., 

2018). The Pamlico Sound is the larger portion of the Albemarle-Pamlico Estuarine System 

(APES), which is the second largest estuarine complex in the continental United States (NC-

DEQ, 2018). Characteristics of each system are summarized in Table 1. Both are relatively 

shallow (average depths are ca. 3 and 5 m, respectively). There is little tidal effect (0.31-0.61 m; 

Giese et al., 1985) in this microtidal estuarine complex due to embayment by the barrier islands 

off the coast of NC (NC-DEQ, 2018). Mixing in the system is strongly affected by winds (Dixon 

et al. 2014). Moreover, the Neuse River’s discharge can vary greatly over the course of a year. 

The embayment of this lagoonal system under low to modest river flow causes the NRE-PS to 

generally have long water residence times; however, during high flow events like Hurricane 

Matthew the residence time can decrease greatly (Table 1). 

Surface water samples were collected at sites along the Neuse River (NR), Neuse River 

Estuary (NRE), and Pamlico Sound (PS) in North Carolina over a period of three months, 

between October and December 2016, following the passage of Hurricane Matthew on October 

9, 2016 (Fig. 1a-b). Sampling was conducted approximately weekly across the NR, NRE, and PS 

sites (Table 2). Riverine samples were collected using a bucket, in 1 L brown HDPE bottles, 

from bridge overpasses along the main-stem of the NR at USGS gaged locations (Clayton, 

Smithfield, Goldsboro, Kinston, and Fort Barnwell; Fig. 1b).  
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Estuarine and sound samples were collected by pumping from the surface, in 1 L opaque 

HDPE bottles and frozen for shipment to North Carolina State University, by the Neuse River 

Estuary Modeling and Monitoring Project (“ModMon”) located at the University of North 

Carolina at Chapel Hill’s Institute of Marine Science (UNC-IMS) in Morehead City, NC (Fig. 

1b). Collection bottles were cleansed in a detergent bath, rinsed profusely with Milli-Q ultrapure 

water, and left to air dry before sampling. We conducted additional surface water sampling in an 

area of freshwater riparian wetlands between the last riverine site on the NR near Fort Barnwell, 

NC and first estuarine site on the NRE at the Street’s Ferry Bridge crossing near Vanceboro, NC 

in March and October 2017 (Fig. 1c).  

Sample processing and optical analyses 

Surface water samples were thawed at room temperature, and a measured volume of 

water was filtered through pre-combusted (at 450°C for 5 hours) 0.7 µm Whatman glass fiber 

filters (GF/F) via vacuum. Prior to sample filtration, 150 mL of Milli-Q water was used to rinse 

each filter. The filtrate was collected into 60 mL polycarbonate bottles (detergent-washed and 

rinsed thoroughly with Milli-Q water) for optical analyses and 40 mL amber-tinted borosilicate 

glass vials (detergent-washed, rinsed thoroughly with Milli-Q water, and combusted at 450° C 

for 5 hours) for dissolved organic carbon (DOC) concentration and stable carbon isotope (d13C-

DOC, see below) analyses. Filtrate was stored at 4°C until optical measurements were made, 

generally within 48 hours. Filtrate for DOC analysis was acidified to a pH of 2 with 85% 

phosphoric acid (H3PO4), then stored at 4°C until measurements were completed. GF/F filters 

were stored at -20°C until particulate organic carbon (POC) concentration and stable carbon 

isotopes (d13C-POC, see below) could be measured. 

Absorbance measurements were made with a Varian Cary 300UV spectrophotometer in 1 

cm quartz cuvettes, over a range of wavelengths (200-800 nm), and then blank corrected using 
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Milli-Q ultrapure water. The Napierian absorption coefficient (a) was determined using the 

formula: 

!"l#$%&'() =
+"l#$%&'( − l-'$./)

0
∗ 2.303 

(1) 

 

 

where a is absorption coefficient (m-1), l is the wavelength (nm), A is the absorbance measured 

on the spectrophotometer, and L is pathlength of the quartz cuvette (m) (Osburn and Morris, 

2003). Helms et al. (2008) suggested that an absorption coefficient at 254 nm (a254) could be 

used as a proxy for DOC concentration, due to high correlation of DOC concentration and a254. 

The specific UV absorbance at 254 nm (SUVA254), which is the ratio of the decadal UV 

absorption at 254 nm divided by the DOC concentration, has been found to be useful in 

estimating DOM quality parameters such as: the aromaticity of DOM (Weishaar et al., 2003), the 

molecular weight (Chowdhury, 2013), and the source and type of environmental degradation 

(Hansen et al., 2016).   

Dissolved organic carbon and stable carbon isotope analyses 

To quantify DOC concentration, [DOC], samples were first sparged with ultrapure Argon 

gas for 20 minutes to remove dissolved inorganic carbon (DIC). Sparged samples were analyzed 

on an OI Analytical 1030D Aurora total organic carbon analyzer, using wet chemical oxidation, 

coupled to a Thermo Delta V Plus isotope ratio mass spectrometer (IRMS) to determine stable 

isotope values, expressed as the standard delta notation, d13C-DOC, using Equation 2: 

6789	(‰) = >?
@#$%&'(
@#A$.B$CB

− 1E × 1000G (2) 
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where d13C is the stable isotope ratio of carbon in parts per thousand, Rsample is the ratio of 13C to 

12C for the unknown sample, and Rstandard is the ratio of 13C to 12C for the known standard 

(Osburn and St. Jean, 2007).  

 [DOC] were blank-corrected for ultra-pure Milli-Q water, then calculated using a linear 

regression curve of known caffeine standards with concentrations from 1 to 20 mg C L-1. d13C-

DOC values were blank corrected and referenced to the Vienna Pee Dee Belemnite (VPDB) 

scale via a linear regression of six caffeine (IAEA-600, -27.7±0.04‰) and two sucrose (IAEA-

C6, -10.8±0.03‰) International Atomic Energy Agency (IAEA) standards. Precision for [DOC] 

and d13C-DOC values were ±0.4‰ based on reproducibility and calibration to sucrose standard. 

Milli-Q blanks were run every 10 samples for quality control.  

Particulate organic matter and stable carbon isotope analyses 

Frozen GF/F filters were thawed, then dried at 60°C for at least 24 hours in an oven to 

prepare for measurement of particulate carbon and nitrogen concentrations ([POC] and [PN] 

respectively) and the stable isotope of [POC], d13C-POC. Analysis was conducted on a Thermo 

Finnigan Flash Series 1112 Elemental Analyzer (EA), coupled to a Delta V IRMS via a Conflo 

III interface. Calibration curves were made using acetanilide, L-glutamic acid (USGS-40), 

caffeine (IAEA-600), oxalic acid (NIST-4990C), and sucrose (IAEA-C6) standards. Weighed 

standards (0.200-0.600 mg) were placed in low blank tin capsules (4 x 6mm), while dried GF/F 

filters were folded then placed in larger, low blank tin capsules (10 x 12mm). Carbon and 

nitrogen peak locations on the EA, [POC], and [PN] were determined using acetanilide standards 

with percent content values of 71.09% and 10.36% for carbon and nitrogen, respectively. d13C-

POC for each sample was determined by converting the measured value to the VPDB scale using 

a linear fit regression of the L-glutamic acid (-26.39‰), caffeine (-27.77‰), oxalic acid (-

17.8‰), and sucrose (-10.8‰) standards. Similar to the precision for [DOC] and d13C-DOC, 
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d13C-POC values were ±0.4‰ based on reproducibility and calibration to standards. DOC and 

POC stable isotope values for different sources of natural OM from previous studies were 

tabulated for reference (Table 3).  

Carbon stock change 

The estimated change in carbon stock in Gg of DOC or POC resulting from Hurricane 

Matthew was calculated in both the NRE and PS. The maximum value for daily means of [DOC] 

and [POC] (mg C L-1) after Matthew were multiplied by the modeled volume of the NRE (0.996 

km3) and PS (4.17 km3) reported by Bales and Robbins (1999) to be converted to Gg C. 

Similarly, the long-term mean (~20 years, from the ModMon database) [DOC] and [POC] (mg C 

L-1) were also converted to Gg C to determine the initial carbon stock change in response to 

Hurricane Matthew.  

Wetland flood model 

The area and type of freshwater wetlands that were flooded in response to Hurricane 

Matthew was determined using ERSI’s ArcMap 10.5.1. Input variables included: 1) a high-

resolution LiDAR (Light Detection and Ranging) digital elevation model (DEM) raster dataset 

with 6.3 cm vertical accuracy and 100 cm horizontal accuracy (OCM Partners, 2017), 2) USGS 

gage height and discharge rates, and 3) a coastal wetland ArcGIS dataset (Sutter, 1999). The 

relative elevation model (REM) toolbox (Wall, pers. comm.; Dilts et al., 2010) was used for 

removal of the slope trend of the floodplain from the DEM. Removal of slope trend of the 

floodplain was required because the slight slope of the ground to coastal water surface (1:1.8 m 

over the area of our survey) would cause the lower wetlands to become more flooded than the 

upper wetlands. Once removed, the water surface at base flow in the river and upper estuary was 

set to 0 m (REM) to flood an otherwise linear surface.  
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The study area (Fig. 1c) was extracted from the DEM using the Spatial Analyst toolbox 

(ERSI, 2011). The extracted wetland DEM was processed by the REM toolbox to remove the 

slope trend from the surface water using kernel density (Wall, pers. comm.; Dilts et al., 2010). 

Kernel density search radius was set to 3000 meters; this search radius is arbitrary and depends 

on the size of the floodplain. The 3D Analyst toolbox (ERSI, 2011) was used to determine six 

surfaces of the flooded area and volume of the detrended freshwater riparian zone during 

Hurricane Matthew: relative 0 m, NWS flood stage, moderate flood stage, major flood stage, and 

maximum gage height. A surface also was determined for mean gage height over the period of 

October-December 2016, after the storm (Fig. 9-14). Gage height and discharge rate were 

obtained from the USGS gaging station on the Neuse River near Fort Barnwell, NC (#02091814) 

(Table 4). The value from the DEM at Ft. Barnwell (1.770 m) was removed from the gage height 

values to account for removal of slope trend in the REM. In ArcMap, a constant planer raster 

layer was created (Spatial Analyst toolbox; ERSI, 2011) using the gage height value, then Cut 

Fill (3D Analyst toolbox; ERSI, 2011) was used to subtract the constant layer from the DEM. 

The Cut Fill tool is generally used to calculate soil removal or addition for construction, 

sediment deposition and erosion, or to study areas that become inundated during mudslides 

(ERSI, 2011). When used, the Cut Fill tool takes areas that need to be filled and makes the 

volume of that area positive, while areas that need to be cut will be negative for the volume. 

Here, it has been adapted to compute flood and wetland water volumes for use in flux 

calculations. The Cut Fill raster layer was then extracted by attributes (Spatial Analyst toolbox; 

ERSI, 2011) where the volume was negative, to obtain the volume (VT) and area (AT) of the total 

flooded surface.  

One assumption of this model is that the area studied would flood linearly from Ft. 

Barnwell to Streets Ferry Bridge. Inherently this could cause some uncertainty in the model if in 
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fact the study area flooded more towards Ft. Barnwell and less at Streets Ferry Bridge, however 

without a gaging station present near Streets Ferry Bridge knowing this change is not possible. 

Another part of this model that could cause uncertainty in the DOC flux measurements is the 

lack of river samples before the end of October. Sampling was not possible at Ft. Barnwell closer 

to the storm flood pulse due to flooded roads. Therefore, using DOC concentration from a later 

date could underestimate the riverine DOC component. Additionally, the model assumes that the 

wetland stays connected during the entire flood period of 30 days. Mladenov et al. (2005) 

showed that during seasonal flooding in a pristine wetland DOC export would increase during 

the rising limb of the flood and then would continue to be released by leaching of plant litter 

during the flood. Given that this flooding occurred during autumn, there would be increased leaf 

fall leading to an extended potential for leaching to occur. Thus, the wetland component could 

potentially be under or overestimated in the model depending on unknown leaching of DOM 

from plant litter. 

Next, North Carolina’s Department of Coastal Management (DCM) wetland mapping 

layer for ArcGIS (Sutter, 1999) was overlain on the flooded surface and extracted by mask 

(Spatial Analyst toolbox; ERSI, 2011) to determine the area (AW), volume (VW), and type (TW) 

of wetlands present during various flood stages (Tables 5-6 and 9). The cell size of the DEM was 

1.5 x 1.5 m. AW was calculated by multiplying the cell area (2.25 m2) by the cell count of each 

TW from the raster attribute table.  

DOC mass loading (L) to the NRE from the Neuse River Watershed was calculated from 

the volumes determined in the ArcGIS flood model by first subtracting the VW from the VT (Eq. 

3) to obtain the volume of the non-wetland area (VnW), then the DOC mass loading from the 

wetlands (LDOCW) was determined by multiplying the flooded volume of the wetlands by the 

DOC concentration from the wetlands (CW) and dividing by 1000 to get units of kg C (Eq. 4). 
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Next, riverine DOC mass loading (LDOCR) was calculated by multiplying the DOC concentration 

from Fort Barnwell, NC (riverine site; CFB) by the non-wetland flooded volume and dividing by 

1000 to value in units of kg C (Eq.5). Finally, total DOC mass loading (LDOCT) was determined 

by adding the DOC mass loads of the wetlands and the river and then converting to Gg C (eq.6).   

H.I = HJ − HI (3) 

0KLMI =
HI9I
1000

 (4) 

0KLMN =
H.I9OP
1000

 (5) 

0KLMJ =
(0KLMI + 0KLMN)

1 × 10R
 

(6) 

 

Statistical Modeling 

The Kruskal-Wallis test was performed on the nonparametric data to assess differences 

between locations and sampling dates for quantitative and qualitative geochemical measurements 

listed above. The Kruskal-Wallis test is an analysis of variance (ANOVA) on ranks. A multiple 

comparison test was then performed on the results of the Kruskal-Wallis test using the Dunn and 

Sidák procedure to determine which groups of measurements were significantly different from 

each other at p<0.01.  
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RESULTS 

Flow characteristics of the Neuse River watershed in response to Hurricane Matthew 

Hurricane Matthew’s floodwaters caused a major impact on the Neuse River watershed 

and the Pamlico Sound. The Neuse River watershed received large amounts of precipitation from 

Hurricane Matthew (239 mm Raleigh, NC; 393 mm Goldsboro, NC; 419 mm Kinston, NC; 195 

mm New Bern, NC) over a two-day period from October 8 to October 10 (Fig. 1a; Stewart, 

2107). The precipitation associated with the storm caused extensive flooding throughout the 

watershed (Musser et al., 2017; Stewart, 2017). Flooding was most prevalent in the mid to lower 

Neuse River Basin, with flood recurrence intervals ranging from approximately 100 to 500 years 

(Musser et al., 2017).  

The USGS gaging station at the Neuse River at Fort Barnwell recorded gage heights 

above the National Weather Service (NWS) flood stage from October 9 through October 22, 

2016 (Fig. 2). NWS major flood stage was recorded from October 12 through October 18, 2016 

(Figs. 2 and 3). The maximum gage height recorded at Fort Barnwell during the storm event was 

the second highest crest ever recorded, with flooding related to Hurricane Floyd in 1999 the 

highest recorded (6.25 m and 6.93 m, respectively; NWS, 2017). These flood stages coincided 

with extremely high discharge at Fort Barnwell (1614 m3 s-1, Floyd; 1399 m3 s-1, Matthew; 

USGS, 2018). For context, mean annual gage height at Fort Barnwell has ranged from 1.32 m to 

1.98 m over the past 17 years, while mean annual discharge at Fort Barnwell has ranged from 50 

m3 s-1 to 181 m3 s-1 over the past 21 years (USGS, 2018). After Matthew’s floodwaters moved 

downstream, there was of release of water from the Falls Lake Reservoir into the NR, indicated 

by the bench on the mean gage height curve, from October 30 to November 7, 2016 (Fig. 2). 

This secondary flood pulse was followed by a return to base flow, due to a lack of measurable 

precipitation in the months after Hurricane Matthew (NWS, 2016; USGS, 2018). In the context 
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of the past 10 years (2008-2018), Hurricane Matthew’s floodwaters at Fort Barnwell, NC were 

the only time moderate or major flood stage was attained (Fig. 3).  

The Neuse River Estuary and Pamlico Sound were affected by both the upstream 

floodwaters and storm surge from Hurricane Matthew. The initial storm surge increased gage 

height at an emergency gaging station (02092576) near New Bern, NC to 1.01 m on October 8 

and decreased to -0.09 m on October 22, 2016 (both values referenced to NAVD88). This 

emergency gaging station was removed prior to the arrival of the flood pulse on the Neuse River, 

therefore the increase of water surface height in the NRE-PS due to Hurricane Matthew’s 

floodwaters was difficult to determine.  

Downstream of the gaging station at Fort Barnwell and upstream of the upper NRE 

ModMon sampling station NR0 at Streets Ferry Bridge is an area of semi-disconnected to 

disconnected freshwater wetlands adjacent to the Neuse River’s main channel (Figs. 1c and 4). 

At low gage height and discharge, the wetlands are inundated with water; however, they are not 

connected via surface water to the Neuse River (Fig. 4a). Groundwater connectivity was 

assumed, but not known, so it is not considered in this study. During high gage height and 

discharge caused by Matthew’s rainfall, these wetlands became hydrologically-connected to the 

Neuse River, which allowed for flushing of the water and organic matter present in these 

wetlands downstream into the NRE-PS. (Fig. 4b).  

Bulk carbon changes in NRE-PS after Hurricane Matthew 

DOM quantity 

The mean [DOC] in the Neuse River proper decreased after passage of Hurricane 

Matthew across the region as the discharge returned to baseflow in late November-early 

December (Fig. 5). Mean [DOC] was ca. 8 mg L-1 on 28 October and 04 November, and then fell 

to ca. 6 mg L-1 by 18 November (Fig. 5a). The range of [DOC] was narrow for the river. Mean 
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[DOC] in the wetlands was 6.2±2.3 mg L-1 in autumn and showed little change in spring (6.0±2.4 

mg L-1, n=21). Comparatively, the [DOC] ranges for the riverine wetlands (RW) in the 

floodplain of the lower NR between Ft. Barnwell and the head-of-tides at station NR0 both in 

autumn (4.1-14.5 mg L-1) and in spring (4.6-15.9 mg L-1) spanned the range of all of the estuary 

sample dates.   

Mean [DOC] in the NRE was highest among the different ecosystems sampled during 

this study. As stated previously, wetlands were not sampled until months after the storm and its 

flood pulse passed through the system. Mean [DOC] in the estuary increased sharply between 17 

and 24 October by 3 mg L-1, then decreased steadily to about 7 mg L-1 in the months following 

Hurricane Matthew (Table 7 and Fig. 5a). The highest mean [DOC] in the estuary was measured 

on 24 October 2016 (12.3±1.7 mg L-1) and the lowest mean [DOC] was measured on 13 

December 2016 (7.5±0.6 mg L-1). The range of [DOC] in the NRE demonstrated the movement 

of the flood pulse through the estuary. The range of [DOC] was initially small (9.3-10.7 mg L-1); 

however, after the flood pulse arrived in the upper part of the estuary around 24 October, the 

range expanded from 8.6-14.1 mg L-1. There were larger ranges in [DOC] on 01 and 08 

November, 7.8-13.1 and 7.5-12.0 mg L-1, respectively, as the pulse attenuated through the 

estuary. Finally, the range in [DOC] decreased on 15 November from 8.8-11.0 mg L-1 after 

passage of the flood pulse (Fig. 5a).  

In the Pamlico Sound, [DOC] showed a similar decrease in the months after Matthew 

passed across the region, but the effects were minimized as the flood pulse was primarily 

attenuated through the estuary (Fig.5a). Note that the first sample date in the sound (27 October) 

was 10 days after the first NRE sample date (17 October), so the initial increase in [DOC] likely 

was not observed because logistical constraints prohibited sampling of Pamlico Sound until that 

later date. Mean [DOC] was overall lower in the sound compared to the NRE by 30% and 25% 
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during high flow and low flow, respectively (Table 7). The range of [DOC] also was lower in the 

sound than in the estuary, however it was comparable to the range in the Neuse River proper. 

Mean [DOC] was actually higher in Pamlico Sound on 27 October than in the upper Neuse River 

from 28 October onward.  

Chromophoric dissolved organic matter (CDOM) abundance, as reflected by a254, showed 

similar trends as the [DOC] in the NRE and PS (Table 7 and Figs. 6a-b). The range of mean a254 

values for the riverine sites (40.07±5.93 to 64.66±11.60 m-1) was less than estuary or sound but 

was bounded by the range of mean a254 values for riparian wetlands both in autumn and in the 

spring (Table 7 and Figs. 6a-b). Mean a254 values for the riparian wetlands were lower than all 

NRE sample dates with exception of the 13 December sampling (Autumn: 69.28±20.84 m-1; 

Spring: 51.20±16.13 m-1), while the range of a254 values for riparian wetlands  in autumn (32.50-

132.49 m-1) and in spring (41.12-119.77 m-1) were similar to the total range of all NRE samples 

(39.25-144.25 m-1; Table 7 and Fig. 6a). Mean a254 values for the autumn riparian wetlands were 

not significantly different from every sampling date across the Neuse River Watershed with 

exception of the 24 October sampling trip in the NRE (p<0.05, Kruskal-Wallis test). Mean a254 

values in the NRE initially increased in late October then decreased over the months following 

Hurricane Matthew (Fig. 6a). The highest a254 mean value occurred in the NRE on 24 October 

when the flood pulse entered the estuary, while the lowest value was on 13 December 

(125.92±16.61 and 69.58±3.88 m-1, respectively).  

Similar to [DOC], mean a254 values in the sound declined steadily from late October to 

mid-December 2016 (Fig. 6b). The highest mean a254 value for the PS (72.43±6.77 m-1) occurred 

on 27 October, and the lowest mean value (57.66±16.61 m-1) was on 14 December. The highest 

a254 value in the sound occurred on 27 October (83.05 m-1) and the lowest value was measured 

on 14 December (51.12 m-1). The range of Pamlico Sound’s mean a254 values (57.66±3.90 to 
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72.43±6.77 m-1) was overall less than the range of Neuse River Estuary’s values (69.58±3.88 to 

125.92±16.61 m-1; Fig. 6a). 

POM quantity 

Suspended [POC] in the Neuse River watershed showed somewhat different trends than 

in other carbon quantity measurements in this study (Fig. 7). Neuse River mean [POC] decreased 

initially from 696±321 µg L-1 in late October to 424±57 µg L-1 the following week (01 

November), then there was a slight increase of ca. 220 µg L-1 in the following week before 

decreasing again to 440±69 µg L-1 on 18 November. The mean [POC] in riparian wetlands were 

somewhat larger than the river’s mean values at 937±605 µg L-1 in autumn and 1446±306 µg L-1 

in spring (Table 7 and Figs. 7a-b). Riverine and wetland mean [POC] were comparatively 

smaller, but not significantly different than all PS and some NRE values (p< 0.05, Kruskal-

Wallis test).  

Unlike [DOC] and a254 values in the NRE, mean [POC] was higher on 17 October 

(1978±524 µg L-1) than 24 October (1914±1155 µg L-1) before the flood pulse moved 

downstream into the estuary (Fig. 2). Mean [POC] in the NRE then decreased by ca. 400 µg L-1 

in early November before increasing again by ca. 300 µg L-1 (08 November). After 08 

November, mean [POC] continued to decrease to 1331±460 µg L-1 on 13 December. Mean 

[POC] increased in the NRE around the same time as [POC] in the river did (08 and 11 

November, respectively; Fig. 6a). The increase in [POC] coincided with the secondary flood 

pulse following release of water from Falls Lake at the head of the Neuse River (Fig. 2). The 

ranges of estuary [POC] were largest in October, likely due to larger sediment loads from the 

primary flood pulse following Matthew (Fig. 7a). The ranges of riparian wetland [POC] both in 

autumn (471-1313 µg L-1) and in spring (884-1973 µg L-1) were smaller than those in the NRE 
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when outliers were excluded, however they spanned the full range of the PS values (567-1927 µg 

L-1). The trend in Pamlico Sound’s mean [POC] is similar to the estuary samples; however, the 

range of mean values was smaller in the PS (702±101-1374±271 µg L-1) than the NRE 

(1331±460-1978±524 µg L-1; Fig. 7a), indicating that less particulates flowed into Pamlico 

Sound.  

Carbon stock change 

Floodwaters from Hurricane Matthew increased carbon export from the terrestrial 

environment into the NRE-PS. DOC stock in the estuary increased significantly by 48% in 

comparison to the 20-year mean (12.3 vs. 7.5 Gg, respectively; two sample t-test, p<0.001; Table 

8 and Fig. 8). Similar results were seen in the sound, with a significant increase in DOC stock by 

48% in comparison to the 20-year mean (35.8 vs. 21.9 Gg, respectively; two sample t-test, 

p<0.001; Table 8 and Fig. 8). The change in POC stock from Hurricane Matthew’s floodwaters 

was less consistent between the NRE and PS. In the NRE, POC stock from Matthew (1.0 Gg) 

decreased by 42% when compared with the 20-year mean (1.6 Gg; Table 8 and Fig. 8). Given 

that the standard deviation of the NRE POC 20-year mean was ±1.2 Gg, the stock change was 

not significant. POC stock in the PS from Matthew increased by 4% in comparison to the 20-

year mean stock value (5.1 and 4.9 Gg, respectively; Table 8 and Fig. 8). It should be noted that 

this comparison is using a fixed volume of water for both estuary and sound (Bales and Robbins, 

1999). This could cause underestimation of carbon stock change from Hurricane Matthew 

because the volume of the NRE and PS were likely higher after Hurricane Matthew than reported 

from Bales and Robbins model. 

DOM quality 

Mean d13C-DOC values in the Neuse River Estuary initially were more enriched on 

October sampling dates, shortly after the storm (Oct. 17: -27.8±0.8‰; Oct. 24: -27.8±0.4‰) 
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when compared to early November NRE values (Nov. 1: -29.4±0.5‰; Nov. 8: -29.5±1.1‰; 

Nov. 15: -29.2±0.4‰), although more depleted than the Neuse River sites over the entire study 

period (-25.9±0.4‰, Fig. 5c). When compared to range of river values from November (-

25.9±0.1 to -25.5±0.4‰), mean d13C-DOC values in the estuary in October were depleted by ca. 

4‰. In late November there was an increase in mean d13C-DOC values to -27.3±0.9‰, but then 

in the December, the estuary experienced another decrease in mean d13C-DOC values to -

29.4±1.0‰. These d13C-DOC values for the NRE oscillated between the mean values for 

riparian wetlands  in spring (-27.7±0.4‰) and in autumn (-29.4±0.7‰; Figs. 5c-d). Mean d13C-

DOC values from the autumn riparian wetlands were significantly different from the riverine 

values, however there was not a significant difference between the autumn riparian wetlands 

values and most of the NRE sampling dates with exception of 17 October and 28 November 

(p<0.05, Kruskal-Wallis test). 

Similar to the NRE, mean d13C-DOC values in Pamlico Sound were bounded between the 

Neuse River and riparian wetland values (Figs. 5c-d). The PS values were most similar to the 

mean d13C-DOC values of riparian wetlands in spring. Mean d13C-DOC values for the sound 

were depleted relative to those for the river, while PS values were enriched relative to mean 

values for the wetlands in autumn. Also, ranges of mean d13C-DOC values in PS (-28.0±0.2 to -

26.7±0.3‰) were slightly enriched compared to the NRE values (-29.5±1.1 to -27.3±0.9‰; Fig. 

5c). Attenuation of the flood pulse appeared to create less variability (about 1‰) in the d13C-

DOC values of the sound over the sampling period, with exception of the 09 November and 08 

December when ranges in the sound were 2-3‰ (Fig. 5c).  

Mean SUVA254 values in the Neuse River Estuary decreased from a high value of 4.9±0.3 

L mg C-1 m-1 (17 October) in late October and throughout November before increasing slightly 
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on 13 December (4.1±0.3 L mg C-1 m-1); NRE values were larger than all of the river samples 

throughout the period following the hurricane (Fig. 6c). Mean SUVA254 values for the riparian 

wetlands in autumn were significantly different to all sampling dates with exception of the NRE 

October, early November (01 and 15 November), and December values (p<0.05, Kruskal-Wallis 

test). The range of wetland SUVA254 values for both autumn (3.8-5.4 L mg C-1 m-1) and spring 

(3.1-4.4 L mg C-1 m-1) spanned the full range of estuarine values (3.2-5.3 L mg C-1 m-1), while 

the range of autumn wetlands were larger than all river and sound sampling dates (Table 7 and 

Figs. 6c-d). Mean SUVA254 values for PS, like d13C-DOC values, were most similar to spring 

riparian wetland values and also greater than all of the river samples (Table 7 and Figs. 6c-d). 

POM quality 

In the NRE, mean d13C-POC values were -27.9±0.5‰ after the storm (17 October), then 

as the inland floodwater pulse entered the estuary mean values became depleted by ca. 3‰ in 

mid-November (-31.2±1.1‰), and then increased to match initial values on 13 December (-

28.8±1.6‰). Likewise, the trend in the Neuse River’s mean d13C-POC values was similar to the 

estuary with a depletion of d13C-POC values occurring in mid-November then an increase of the 

values in late November (Fig. 7c). Comparatively, mean d13C-POC values of the riparian 

wetlands in autumn (-29.3±1.2‰) and spring (-30.1±1.6‰) were similarly depleted as were the 

riverine values in mid-November; however, the estuary’s mean values were the most depleted 

when compared to all other sample locations. Mean d13C-POC values for the autumn riparian 

wetlands were not significantly different from all locations and sampling dates throughout the 

study. 

Mean d13C-POC values in Pamlico Sound displayed a similar trend to the river and 

estuary values, although the change in the sound occurred ca. 10 days after the estuary (Fig. 7c).  
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Initially mean d13C-POC values in PS were enriched in late October to early November (-

27.9±0.9 to -28.3±0.8‰) when compared to mean values in mid -November to early December 

(-29.6±0.5 to -29.2±0.3‰), then increased in mid-December (-28.1±0.5‰). Attenuation of the 

flood pulse was most noticeable in the sample dates in the NRE in November, while there was 

little noticeable flood pulse attenuation in the PS (Fig. 7c).  

Mean C:N ratios in the NRE increased initially from 15.2±6.4 on 17 October to 

17.4±11.2 on 24 October as the flood pulse entered the estuary. During the rest of the sampling 

period mean C:N ratios ranged from 10.6±6.5 to 13.8±6.9. When compared to the NR proper, 

ranges of mean C:N ratios in the NRE were larger (8.7±0.9 to 10.2±1.4 and 10.6±6.5 to 

17.4±11.2, respectively). Comparatively to POC isotope values, mean C:N ratios of the riparian 

wetlands in autumn (9.7±0.8) and spring (11.0±1.3) were similar to mean C:N ratios in the river 

throughout the sampling period, although smaller than C:N ratios in the estuary. The range of 

C:N ratios was greatest in the NRE samples (4.0-40.8). The trend in Pamlico Sound’s mean C:N 

ratios was similar to NR proper C:N ratios, however mean C:N ratios for the sound were less 

than all other sampling sites and ranged from 7.6±1.0 to 9.0±0.7.  

Wetland connectivity and carbon export as a result of flood waters from Hurricane Matthew 

Export of dissolved and particulate organic carbon from the riparian wetlands into the 

lower Neuse River occurred following the passing of Hurricane Matthew due to high 

precipitation and floodwaters associated with the storm. The floodwaters caused hydrologic 

connectivity of the riparian wetlands in the Neuse River’s floodplain with the main channel, and 

thus flushed DOM and POM from those wetlands downstream to the NRE and PS. This 

connectivity was apparent when examining results of the REM flood model (Figs. 10-14). 

During base flow and low gage height conditions (0 m, REM) some wetlands were inundated; 
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however, the river was not connected via surface flow to these areas (Fig. 9, inset). The total area 

and volume that was flooded during base flow was 1.88 x 107 m2 and 2.11 x 106 m3, respectively, 

while the flooded wetland area and volume were 1.55 x 107 m2 and 1.76 x 106 m3. The type of 

wetlands that was flooded the most was riverine swamp forest (99.33%), followed by bottomland 

hardwoods (0.55%; Table 7 and Fig. 9).  

As the gage height at Fort Barnwell, NC increased, the quantity and number of different 

types of wetlands that were inundated also increased. At NWS flood stage (3.598 m and 1.828 

m; actual and relative gage height, respectively) there was hydrologic connectivity of the 

wetlands to the Neuse River (Fig. 10). AT and VT were 2.7 and 33.8 times larger during NWS 

flood stage than at 0 m (REM) (5.03 x 107 m2 and 7.12 x 107 m3, respectively). Similarly, 

increases in the AW and VW were present during NWS flood stage (2.6 and 35.3 times larger, 

respectively). Compared to base flow in which only six TW were inundated, 22 TW became 

inundated at NWS flood stage (Table 9). AT, VT, AW, VW, and TW increased similarly in the 

moderate and major flood stage models as it did in the flood stage model (Tables 5-6 and 9 and 

Figs. 10-12). The VT and VW for the major flood stage were two orders of magnitude higher than 

at relative base flow (Table 5-6). Moderate and major flood stage models also had more areas of 

inundated ground surface that was not classified as wetlands (Figs. 11-12). 

Following the passage of Hurricane Matthew over eastern NC, the peak of the flood pulse 

on 16 October 2016 caused the most flooding of the RW. The AT was 4.4 times greater than base 

flow, while the VT was two orders of magnitude higher than base flow (Table 5 and Figs. 9 and 

13). Likewise, the AW (4.65 x 107 m2) was ca. 3 times larger than base flow, and the VW (1.57 x 

108 m3) was two orders of magnitude greater than base flow (1.55 x 107 m2 and 1.76 x 106 m3, 

respectively). The number of TW was greatest during the passing of the flood pulse (25 types; 

Table 9). Also, the area of flooded land that was not considered wetlands was greatest at this 
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gage height (Fig. 13). Comparatively, the AT, VT, Aw, VW, and TW at the mean gage height from 

01 October to 31 December (1.930 m, actual; 0.160 m, REM) was more similar to base flow than 

during the flood pulse (Figs. 9 and 14). 

Once volumes were determined for the AT and the AW, the estimated DOC mass loading 

from the riparian wetlands and river into the NRE and PS was calculated using Eq. 3-6 (Table 8). 

Carbon mass loading from the wetlands was assumed to occur from the start of wetland 

connectivity until the wetlands became disconnected after the flood pulse had passed. This 

period was ca. 31 days (08 October through 08 November 2016). Connectivity was assumed to 

occur at a gage height above 0.7 m on the REM (actual gage height 2.47 m). The gage height at 

each day was matched with the model from different flood stages (2-days, maximum flood stage; 

5-days, major flood stage; 3-days, moderate flood stage; 3-days, flood stage; 18-days, 0.7 m 

REM; Figs. 9-14). These values were summed to determine the total DOC and POC loading in 

the NRE.  

The LDOCR was determined to be 3.76 Gg C, while the LDOCW was 12.58 Gg C, thus the 

total LDOCT was 16.33 Gg C. The calculated DOC stock change from the storm in the estuary 

using only concentrations and volume estimates was 4.74 Gg C. Therefore, the modeled LDOCT 

was ca. 12 Gg greater than the calculated LDOCT. However, this discrepancy in DOC mass 

loading can be explained by the calculations for the DOC stock change only covering one week 

of the sample period, while the LDOCT was computed over the entire connectivity period (31-

days). Multiplying the DOC stock change in the NRE by 4 gives a value comparable to our 

modeled number (18.96 and 16.33 Gg C, respectively). For context with annual loads in this 

system, LOADEST (Runkel et al., 2004) was used to determine the estimated annual load from 

the Neuse River during 2016 (51.32 Gg C). Combined, LDOCR and LDOCW were a large proportion 
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(ca. 32%) of the annual estimated load (7.3% and 24.5%, respectively). Overall the riparian 

exported the most carbon to the NRE in response to the storm event. 
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DISCUSSION 

This study was among the first few studies to focus on the effects on the quality of OM 

exported from land to the coastal ocean after an extreme weather event. The focus of this study 

was to determine: 1) the role of hydrological-connectivity has on OM flushing of freshwater 

riparian wetlands to a coastal river and its estuary, 2) how floodwaters from extreme 

precipitation events, such as Hurricane Matthew, affect the quantity and quality of OM exported 

from the terrestrial environment to coastal waters, and finally 3) how the pulse-shunt concept 

(Raymond et al., 2016) applies to wetlands and estuaries in response to large precipitation 

events. Implementation of rapid field measurements and GIS modeling were key components in 

revealing the important role of riparian wetlands in OM dynamics across the land-ocean aquatic 

interface, in response to extreme weather events like Hurricane Matthew in October 2016. 

Pulse: Riparian wetlands as source of carbon to NRE-PS during high flow events 

The main hypothesis of this study was that freshwater riparian wetlands surrounding the 

Neuse River, directly upstream of the NRE-PS, would have a previously undocumented impact 

on quality and quantity of OM in the months after Hurricane Matthew. This study confirmed that 

hypothesis in two ways: First, by utilizing geospatial analysis to quantify the amount of OC 

loaded into the NRE-PS via hydrological connectivity of RW to the main stem of the river 

(Tables 11-12 and Figs. 11-14); Secondly, this study utilized stable C isotopes, DOM SUVA254 

values, and POM C:N ratios to demonstrate differential effects of the wetlands on each C pool 

(Figs. 15-16). Using the pulse shut concept, the change in quality in the estuary was shown to be 

caused by the “pulse” of DOM primarily from wetlands as the flood increased hydrologically-

connectivity to the river. While the effects of extreme events on the NRE-PS has been studied 

extensively in the past (Paerl et al. 1998, Paerl et al. 2000, Peierls et al. 2003, Burkholder et al. 

2004, Crosswell et al. 2014, Paerl et al. 2018), few studies have focused on how OM quality 
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changes during such events (Osburn et al. 2012, Brown et al. 2014). Using ArcGIS flood 

modeling we documented the connectivity of these wetlands to the NR caused by Hurricane 

Matthew’s floodwaters (Figs. 4 and 13), and confirmed the pulse of wetland-derived OM 

transported downstream into the NRE-PS. Through this analysis, it was determined that initial 

connectivity of the wetlands to the main channel of the Neuse River will occur between a gage 

height of 2.274-2.774 m (0.5-1.0 m, REM), though the exact level is variable between the upper 

and lower wetlands. Therefore, the increase in downstream export of wetland OM could occur 

prior to NWS flood stage at Fort Barnwell (3.598 m).  

DOM quality results indicated a substantial impact on DOM in the estuary and sound 

from terrestrial sources. Marine-sourced DOM generally has more enriched d13C-DOC (Table 2; 

Raymond and Bauer, 2001) and lower SUVA254 values (Jaffe et al., 2008) when compared to 

terrestrial organic matter. The NRE-PS is a river-dominated estuary (Osburn et al., 2012), 

therefore it is expected that the river should be the dominant source of DOM to the estuary and 

sound downstream, especially during riverine high-flow as is the case in other coastal rivers such 

as the Amazon (Hedges et al., 1997), Congo (Spencer et al., 2016), and Lower Mississippi 

Rivers (Bianchi et al., 2013). Geochemical results indicated that the estuary and the sound had 

more depleted d13C-DOC and higher SUVA254 values than the upland region of the river and 

suggested the important contribution from freshwater wetlands (Fig. 1c). While the wetlands 

were sampled after the storm in spring and again in autumn, their characteristics provided strong 

support that they were a dominant additional source of terrestrial OM during periods of high 

flow in the river. The range of our riverine d13C-DOC values were similar to results reported 

from other rivers in the literature including the Tar (NC) and Santa Clara (CA) Rivers (Table 2). 

However, our estuarine values were much more depleted than other estuaries in NC including the 

New River Estuary and White Oak River Estuary (-26.6±0.51‰ and -25.2±2.01‰, respectively; 
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Atar, 2017). Rather, mean δ13C-DOC values of the NRE were consistent with the freshwater 

reach of the Newport River Estuary which drains Cypress swamp (-28.5±1.0‰; Atar, 2017). 

Results also indicated that larger SUVA254 values as well as more depleted d13C-DOC values in 

the estuary and sound were consistent with observations of the riparian wetlands. Thus, the latter 

had a greater effect on the DOM quality of the estuary and sound than did the river (Figs. 5-6 and 

15). This outcome agrees with a study completed on pristine wetlands of the Okavango Delta in 

Botswana, in which it was determined that freshwater wetlands had larger SUVA values than 

non-wetland areas and that those wetlands contributed large amounts of DOC downstream 

during annual major flooding of this freshwater delta (Mladenov et al., 2005).  

The quality of POM after the storm was harder to attribute solely to wetlands. Results 

showed that the wetlands (spring and autumn) and the river were both contributing to the estuary 

and the sound similarly (Figs. 7 and 16). The pathways that POM travels during storm events 

could be partly responsible for this similarity. During the high-flow of the initial flood pulse it is 

unlikely that in situ production of OM would occur and be another source of OM. Paerl et al. 

(2018) showed that when Matthew’s flood pulse entered the estuary, primary production 

decreased from >40 to ca. 0-10 µg L-1 as the pulse of DOC increased and once there was a return 

to baseflow, increased input of DOM (and nutrients) to the NRE-PS could cause autochthonous 

production to occur. Driving this process is light attenuation from higher particle loads from the 

terrestrial environment during high flow, which can limit production of in situ POM. 

Additionally, the short residence time of the NRE under high river flow also provides a 

constraint on primary production. Similar limits to primary production were seen in the estuary 

during the combined hurricanes of Dennis, Floyd, and Irene in September-October 1999 (Paerl et 

al. 2006) and during high flow in both the Neuse River Estuary and New River Estuary by ca. 

25% in 2009 and 2010 (Peierls et al., 2012).  
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d13C-POC values in the estuary and sound covered the range of terrestrial sources 

including vascular plants, soil OM, and riverine POM in other systems (Tables 3 and 8). Atar 

(2017) showed that increased precipitation caused d13C-POC values to become more depleted 

and C:N ratios to increase in estuaries in North Carolina (from ca. -20 to -28 and ca. 9 to 15, 

respectively) and inferred this was due to mobilization of wetland soil and sediment particles. 

Results from this study showed C:N ratios throughout the lower Neuse River into the PS 

indicated a mostly heterogeneous composition, with the exception of the estuary, which had a 

larger range of values and more impact from the pulse of floodwaters (Fig. 16). Allochthonous 

sources of POM generally have C:N ratios of 12 or higher, while autochthonous sources of POM 

were usually <10 (Lamb et al., 2006). POM samples in the present study had a mean value for 

C:N of ca. 10, reflecting a tight cluster of means: 9.8±2.1 for the river; 9.7±0.8 for autumn 

wetlands; 11.0±1.3 for spring wetlands; 14.4±12.3 for the estuary; and 8.7±1.7 for the sound. 

Higher C:N ratios and more depleted d13C-POC values in the estuary was thus likely due to 

transfer of wetland sourced POM during flooding. These higher C:N ratios and more depleted 

d13C-POC values arise due to a variety of anaerobic processes that occur in wetlands, e.g., 

methanogenesis, methane oxidation and denitrification, as well as direct transfer of high C:N, 

isotopically-depleted OM from recent plant litter (Cloern et al., 2002; Goñi and Thomas, 2000; 

Van Cleemput et al., 2007). 

Shunt: Change in DOC and POC stocks in NRE-PS in response to Hurricane Matthew 

Another question to be answered during this study was to determine what affect 

Hurricane Matthew’s floodwaters had on quantity of OM in the NRE-PS. Use of long-term 

monitoring data sets such as ModMon in the NRE-PS allowed for comparisons to be made 

between extreme events and long-term averages in these systems. Inland precipitation related to 
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Matthew resulted in a “shunting” of the wetland “pulse” of OM into the NRE-PS which was 

quantified by implementation of hydrological modeling and OC concentrations. 

Bianchi et al. (2013) showed that during flooding from storm events in the Lower 

Mississippi River, the DOC export to coastal waters increased from ca. 5 to ca. 22 Gg C d-1.  

This finding was much larger compared to what we determined for terrestrial DOC flux to the 

NRE (0.53 Gg C d-1); however, the flow and the watershed size of the Mississippi are much 

larger than the Neuse River therefore some difference should be expected. DOC export was also 

shown to more than double in two streams in Costa Rica (Osburn et al., 2018) and about 30-70% 

of annual carbon export from watersheds occur during storms (Raymond and Saiers, 2010). 

Thus, our results demonstrated that flooding associated with large precipitation events like 

Hurricane Matthew will increase the DOC stock in NRE-PS.  

Increases in stock of DOC in the NRE-PS increases the potential for it to be converted to 

atmospheric CO2 via microbial respiration and photooxidation during a long enough residence 

time (Spencer et al., 2009; Bauer et al., 2013; Ward et al., 2017). Photooxidation not only 

removes DOC from coastal waters, but also can change quality measurements like d13C-DOC, 

because it results in increased isotope values with increasing residence times (Spencer et al., 

2009). Conversion of allochthonous DOM that would normally be stored in the terrestrial 

environment in soils or wetland sediments to CO2 in coastal waters creates a feedback loop to the 

atmosphere, which potentially could contribute to global warming, or to ocean acidification 

(Bauer and Bianchi, 2011).  

POC stock in the NRE decreased by ca. 40% from the 20-year mean following Matthew, 

though the variability in this long-term data set was larger than the decrease in POC. Variability 

in POC stock estimates is likely due to integrating the mean over distance downstream, 

depositional processes, and primary production and changes in sediment loading from the river. 
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Additionally, POC stock could be underestimated due to sampling at the surface as opposed to 

the entire water column. Another potential cause of variability is from the change in volume of 

the NRE and PS during these storms, which could cause our value for POC stock from Matthew 

to be underestimated. Paerl and others (2018) indicated that there was no significant change in 

POC concentration in the NRE-PS between non-storm conditions and “wet and windy” storms 

such as Matthew, consistent with the present estimates. However, Osburn et al. (2012) showed 

that at station NR0 in the tidal freshwater reach of estuary there was a significant increase in 

POC (68 to 416 µM) in response to Hurricane Irene (2011), while there was no significant 

increase in POC at station NR180 at the estuary mouth. Their study indicated that a proportion of 

POC was deposited in the lower NRE and PS after passage of Irene. Overall, results from the 

present study indicated that the floodwaters from Matthew caused a large increase in carbon to 

the NRE-PS when compared to the 20-year means from each system, including a significant 

increase on DOC stock in both the NRE and PS. POC stock changes to the NRE and PS, on the 

other hand, were more varied with slight increases (PS) or decreases (NRE) compared to the 20-

year mean. 

The change in quantity of the OM was not as long lasting as the change in quality of the 

OM in the NRE-PS (Figs. 6-8). The estuary’s DOC showed an initial increase in concentration, 

due to the floodwater pulse, but then a return to approximately long-term mean [DOC] 

(7.57±2.14 mg L-1) by mid-December. However, the quality measurement for DOC (d13C-DOC) 

indicated that mean values for the NRE were still depleted by ca. 3‰ in mid-December than 

before the flood pulse (Figs. 6a, c). Similar results were seen in the lower Mississippi River 

(Bianchi et al., 2013), and during Hurricane Irene (2011) in the NRE-PS (Osburn et al. 2012) that 

showed changes in quantity of DOM ([DOC]) recovered faster than DOM quality measurements 

(SUVA254). Further, long-term observations in the NRE, albeit under drier conditions in 2010 
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and 2011, demonstrate both the strong variability in river OM at NR0, akin to what is described 

in this study, but also that hydrology is a key driver of increased terrestrial DOM export to the 

NRE-PS. These results suggest that although the OM quantity recovered faster than OM quality 

in the NRE-PS, the increase in terrestrial OC stock has potential long-term effects on carbon 

cycling in estuaries and coastal waters. In fact, results of this study are consistent with the Pulse 

Shut Concept in that we have demonstrated the pulse was clearly from flooded riparian wetlands 

which became hydrologically-connected to the main channel of the Neuse River. Adapting the 

flood model to estimate DOC stocks, we have documented the shunt as the quantity of DOC 

exported from the Neuse River basin through its estuary and into the receiving waters of Pamlico 

Sound. In sum, the combined hydrologic modeling and geochemical characterization done for 

this study has provided one of the first attempts to demonstrate how the Pulse Shunt Concept 

operates in an estuarine setting and to quantify the role of wetland-sourced DOC in the total 

export of terrestrial DOM resulting from a major hurricane.  

Process: Significance of extreme events on coastal carbon cycles 

The floodwater “pulse” from Hurricane Matthew caused the RW and the upper NRE to 

act as passive pipes to “shunt” terrestrial DOM to the lower NRE, PS, and coastal Atlantic 

Ocean. The idea of the Pulse Shunt Concept was proposed by Raymond et al. (2016), which 

suggested that during high discharge, from low-frequency large storm events, lower order 

streams and rivers are turned into passive pipes where up to ca. 40% of the annual load of labile 

terrestrial DOM is shunted downstream into higher order rivers where it can be processed. This 

concept was mainly applied to upland streams and did not account for riparian wetlands, 

estuaries or coastal waters. A major outcome of this study is that we demonstrate a similar 

dynamic will occur in coastal environments (i.e., the river to estuaries) in response to high 

discharge from storms, with effects that linger for several weeks to months.  
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A second major outcome of this study was adapting ArcGIS flood modeling and organic 

geochemical measurements to quantify the relative export of wetland vs. (upland) river OM from 

Hurricane Matthew. This storm’s floodwaters caused a total terrestrial DOC load of 16.33 Gg C 

from 08 October-08 November, during the period that the riparian wetlands were hydrologically-

connected to the Neuse River. This episodic load of DOC accounted for ca. 32% of the estimated 

annual load of DOC for the NRE (Table 11) which is similar to what other studies have shown in 

larger systems (ca. 50% estimate carbon load, Bianchi et al., 2013). These estimates were 

conducted using a different approach than prior work, which strongly suggests a convergence on 

accurately estimating the DOC load caused by storms. Paerl et al. (2018) estimated similar 

loading of DOC from storm events in the estuary during 2016 using the Weighted Regressions 

on Time Discharge and Season (WRTDS; Hirsch and DeCicco, 2014; Hirsch et al., 2010) model. 

When compared to other storm events in the NRE the present DOC mass loading results were 

higher than estimated DOC loads from Hurricanes Fran (1996) and Irene (2011) although much 

lower than estimates from the combination of sequential Hurricanes Dennis, Floyd, and Irene in 

1999 (7.4-8.4, 14 (TOC), and ca. 60 Gg C, respectively; Brown et al., 2014; Crosswell et al., 

2014; Paerl et al., 1998; Paerl et al., 2018). Altogether, this work adds to the invaluable prior 

work done on the NRE-PS as one of the only regions in the world where carbon export and 

extreme weather events have been studied in such detail within a 20-plus year record.  

Our findings suggest that during extreme precipitation events the riparian wetlands do 

conform to PSC by acting as passive pipes for DOC to coastal waters. Moreover, we have 

demonstrated that for extreme weather events such as Matthew, the second 500-year storm to 

occur in NC within the past 20 years, substantial amounts of terrestrial C are transferred to 

coastal waters in just a few weeks. This last point is important; this study demonstrated the 
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lingering effect of these episodic and infrequent storms and suggest that coastal ecosystems such 

as the NRE attenuate the floodwater pulse over long periods of time. 

The geomorphological properties at the land-ocean continuum can also affect the 

transport and fate of OC to coastal oceans (Bianchi et al., 2007). For example, the NRE-PS is an 

embayed estuarine system which allows for some export of OM to the coastal Atlantic Ocean 

through three small inlets. However, the Mississippi and Amazon rivers are open deltas that 

permit OM to be transferred out into the open ocean (Hedges et al., 1997; Bianchi et al., 2013). 

Much of the work done on effects of hurricanes on C export has been done on the Mississippi 

River and other systems in the Gulf of Mexico. These differences suggest that in similar 

embayed lagoons and semi-enclosed estuaries the fate of a large portion of the OM that would 

normally be stored in the estuaries (e.g. POM in sediments) or exported to the coastal ocean 

(e.g., DOM in large river plumes) due to flooding caused by extreme precipitation events, is 

rather processed in situ. 

Therefore, the present work on OM dynamics in the NRE-PS suggests that the Pulse 

Shunt Concept could be modified prior to application to estuaries. Storms can cause estuaries 

such as the Neuse River Estuary to adhere to the concept, due to the altered hydrodynamics 

caused by extensive freshwater inputs (Paerl et al. 2006; 2018). However, in Pamlico Sound, 

where residence times are typically ca. 1 year but may decrease to several weeks to a few 

months, the concept is less applicable. Instead, the concept should be modified to include 

processing of material pulsed from watersheds and shunted to receiving waters. Hence, a second 

important outcome of this work is modification of PSC to PSP – a Pulse-Shunt-Process concept 

for OM transport and ultimate its fate in coastal waters. 

Extreme weather events are increasing in intensity due to a positive feedback loop 

created by global warming (Trenberth, 2011). Increased heating leads to longer periods of 
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drought (Trenberth 2011); extensive dry periods can cause stores of terrestrial carbon to build up 

in hydrologically-isolated wetlands. However, warming also increases atmospheric water vapor, 

which leads to a larger moisture supply to fuel more intense precipitation events (Trenberth 

2011) and thus more flooding events. Large pulses of reactive terrestrial OM to coastal waters 

have the potential to contribute to the increase in atmospheric CO2 through photooxidation and 

microbial respiration of DOC in estuaries (Bauer et al, 2013). Saturated soils from heavy rainfall 

in the Neuse River Watershed prior to Hurricanes Fran and Matthew caused similar exports of 

total organic carbon to coastal waters (ca. 14 and 21 Gg C, respectively), indicating the 

importance of extreme precipitation events and flooding on the transference of terrestrial OM to 

the coastal ocean. Combining larger stores of terrestrial carbon with an increase of more intense 

precipitation events, including a predicted rise in major hurricanes in the Atlantic (Bender et al., 

2010), suggest that the impact of extreme weather events will be much more significant on 

estuaries and coastal waters in the future.  
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CONCLUSIONS 

This study was the first to combine observational OM measurements with a flood model 

to examine the effects of hydrological-connectivity of freshwater riparian wetlands to riverine 

systems to determine the loading and flux of organic carbon to estuaries and coastal oceans in 

response to floodwaters from an extreme storm event. First, approximately weekly water 

sampling was completed across the coastal watershed of Neuse River, its estuary, and the 

Pamlico Sound (5 riverine sites, 22 wetland sites, 11 estuary sites, and 9 sound sites) in the days 

after Hurricane Matthew (2016) passed the coast of North Carolina to collect measurements of 

both OM quantity and quality. High resolution spatial and temporal sampling allowed for 

comparisons to be made on both long term and event level scales.  

A Light Detection and Ranging (LiDAR) produced Digital Elevation Model (DEM) was 

then used to produce a Relative Elevation Model (REM). This REM was combined with a 

wetland raster data set to determine the area and volume of flooded riparian wetlands upstream 

of the NRE-PS. Once the volume of the flooded area was attained, the volumes were multiplied 

by the [DOC] or [POC] and then integrated across the storm recovery period (ca. one month) to 

assess OC loading and flux from the terrestrial environment (wetlands and river). The approach 

in the study could be used by government officials to determine how wetlands become connected 

to rivers and for tracking wetland organic matter in estuaries in response to future extreme 

weather events. 

Stable carbon isotope analysis coupled with SUVA254 revealed new insights into the 

effects of extreme events on this system, improving upon prior work in which OM sourced from 

the riparian wetlands has not been demonstrated (Paerl et al. 1998, Paerl et al. 2000, Peierls et al. 

2003, Burkholder et al. 2004, Osburn et al. 2012, Brown et al. 2014, Crosswell et al. 2014, Paerl 

et al. 2018). These methods for determining sources combined with our hydrological-
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connectivity flood model allowed for a further understanding of the processes that occur in the 

Neuse River Watershed during extreme weather events. Through our analyses, we determined 

that there was a large impact on the quality of OM in the NRE-PS due to the export of DOM and 

POM from the riparian wetlands during Hurricane Matthew’s floodwaters.  

Changes in DOM and POM quality and quantity in the NRE-PS also were observed in 

response to floodwaters from Hurricane Matthew. There was a significantly larger stock of DOC 

(ca. 48%) from the hurricane when compared to long-term mean values in both the estuary and 

the sound. We observed a more terrestrial quality to the OM in the NRE-PS for months after the 

storm passed, indicating that the floodwaters from the storm caused lasting effects on the estuary 

and sound. Terrestrial organic matter that would normally be stored in wetlands was transported 

downstream to the NRE-PS where it could be exported to the atmosphere as CO2. The results 

from this study indicate a need to determine the reactivity of different sources of OM to the 

NRE-PS to understand what the fate of OM is in this system during extreme events. 

Finally, we examined if wetlands and estuaries mimicked rivers in the pulse-shunt 

concept (PSC), where low-frequency large storm events caused rivers to become passive pipes, 

resulting in ~40% of the annual load of DOM to be “shunted” downstream to higher order 

streams (Raymond et al., 2016). We determined that the “pulse” of DOM from the wetlands 

during Hurricane Matthew accounted for ca. 25% of the estimated annual load to the Neuse 

River Estuary, thus confirming that the Pulse Shunt Concept does apply to riparian wetlands 

during large discharge events. Secondly, the wetland “pulse” of OM was then “shunted” 

downstream into the NRE showing that estuaries can be included in the PSC as well. However, 

we proposed that a third idea be added to PSC, where processing (P) occurs in estuaries and 

coastal waters by either converting DOM into CO2 by photooxidation or microbial respiration in 

these systems. Our results suggest that extreme weather events, such as tropical cyclones, have a 
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significant effect to coastal carbon cycles, due to large pulses of terrestrial OM from floodwaters 

associated with extreme weather events.  

Because extreme precipitation events are expected to continue to increase in intensity in 

the future, the effect storms have on coastal water quality needs to be further studied. Estuaries 

and coastal waters are home to more than half of the world’s population and are important 

economic, recreational, and environmental ecosystems (Paerl et al., 2014). However, a lack of 

high resolution observational data can hinder what we know about the effects of extreme weather 

events on coastal biogeochemistry (Brown et al, 2014). Therefore, implementation of new 

methods to determine water quality changes will help with understanding the processes that 

occur in coastal waters during and after extreme events. 
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TABLES 

Table 1: Watershed characteristics for the Neuse River Estuary and Pamlico Sound, NC. Values 
from Luettich et al., 2000; Reynolds-Fleming and Luettich, 2004; Crosswell et al., 2012. 

 

 

Characteristic Neuse River Estuary Pamlico Sound 

Watershed size (km2) 16,108 80,400 

Surface area (km2) 455 5335 

Average depth (m) 2.7 5 

Discharge (m3 s-1) 50-1000 600-1500 

Freshwater flushing time (d) 7-200 200->400 

Hypoxic area (% of bottom) 20->70 Not known 
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Table 2: Locations of sample sites with dates and parameters collected. 
 

Location Sitea Sample 
Datesb,c 

Sample 
Parametersd 

Latitude Longitude 

Neuse 
River 

Clayton 

28OCT, 
04NOV, 
11NOV, 
18NOV 

1 L HDPE 
surface water 

sample, YSI Pro 
Plus 

multiparameter 
meter, Dissolved 

Inorganic 
Carbon (DIC)  

35.675053 -78.43605 
Smithfield 35.5125 -78.34944 
Goldsboro 35.3375 -77.9975 

Kinston 35.25778 -7758556 
Fort 

Barnwell 
35.31389 -77.30278 

Neuse 
River 

Estuary 

NR0 

17OCT, 
24OCT, 
01NOV, 
08NOV, 
15NOV, 
28NOV, 
13DEC 

1 L HDPE 
surface water 
sample, YSI 

multiparameter 
Sonde, 

Dissolved 
Inorganic 

Carbon (DIC) 

35.21060 -77.12220 
NR20 35.1533 -77.0765 
NR30 35.11375 -77.0353 
NR50 35.07952 -77.0064 
NR60 35.02465 -76.9693 
NR70 35.01472 -76.9442 
NR100 34.9766 -76.8755 
NR120 34.94888 -76.8152 
NR140 34.9661 -76.7374 
NR160 35.0144 -76.6641 
NR180 35.06413 -76.526 

Pamlico 
Sound 

PS1 
27OCT, 
02NOV, 
09NOV, 
16NOV, 
08DEC, 
14DEC 

1 L HDPE 
surface water 
sample, YSI 

multiparameter 
Sonde, 

Dissolved 
Inorganic 

Carbon (DIC) 

35.1201 -76.47653 
PS2 35.15057 -76.42758 
PS3 35.13125 -76.34330 
PS4 35.11842 -76.26680 
PS5 35.1225 -76.20060 
PS6 35.08255 -76.24867 
PS7 35.03205 -76.22947 
PS8 35.02617 -76.30570 
PS9 35.09987 -76.37275 

 
a) Riverine sites are at USGS gaged stations along the Neuse River, Estuarine and Sound sites are ModMon sampling locations. 
b) All dates occur during 2016. 
c) All sites sampled each day with exception of NR0 and NR20 on 08Nov. due to train trestle closure. 
d) YSI measurements were made on either a hand-held Pro Plus multiparameter meter or a ship-attached YSI 6600 

multiparameter sonde. DIC was filtered in the field through 0.2 µm syringe filter.  
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Table 3: Common values of DOC and POC stable carbon isotopes and their source water  
 
Source Location d13C-DOC (‰) d13C-POC (‰) Reference 
Terrestrial     
River Amazon -28.0 -26.6 Raymond and 

Bauer (2001a) 
Tar (NC) -26.2 to -25.5 -27.7 to -27.0a Matson and 

Brinson (1990) 
York (VA) -28.8 to -27.9 -30.0 to -28.2 Raymond and 

Bauer (2001a) 
Parker (MA) -29.0 to -28.3 -33.7 to -30.0 Raymond and 

Bauer (2001a) 
Santa Clara (CA) -27.8 to -25.0 -33.3 to -19.7 Masiello and 

Druffel (2001) 
Vascular plant n.a.  -30 to -26 Fry and Sherr 

(1984); Degan and 
Garritt (1997) 

Soils/Forest Litter n.a. -28.0 to -27.5 -27 to -23 Cloem et al. 
(2002); Richter et 
al. (1999); Bauer 
and Bianchi 
(2012) 

Marsh OM York (VA) -27.0 to -23.3 -26.4 to -22.3 Raymond and 
Bauer (2001a)  

Freshwater 
Phytoplankton 

York (VA) -34.5 to -26.0 -34.6 to -27.5 Raymond and 
Bauer (2001a); 
Bauer and Bianchi 
(2012) 

C-3 Freshwater 
marsh plants 

n.a. -25.3 -26 to -23 Fry and Sherr 
(1984); Sullivan 
and Moncreiff 
(1990); Mladenov 
et al. (2007) 

Marine     
Coastal Ocean Atlantic -22.4 -21.4 Atar (2017) 

CA Basins, shelf -22.2 to -21.9 -25.3 to -23.6 Wiliams et al. 
(1992) 

Mid-Atlantic Bight -22.9 to -21.9 -24.3 to -19.9 Bauer et al. (2001) 
C-4 salt marsh 
plants 

n.a. -12.2 to -11.6 -14 to -12 Fry and Sherr 
(1984); Currin et 
al. (1995); 
Mladenov et al. 
(2007) 

Phytoplankton York (VA) -23.5 to -21.0 -22.8 to -20.1 Raymond and 
Bauer (2001a); 
Bauer and Bianchi 
(2012) 

a Range in values for sediment POC. 
n.a. – Not Applicable.  
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Table 4: Gage height and discharge rates from USGS gaging station 02091814 on the Neuse River 
near Fort Barnwell, NC modeled in ArcGIS. NOAA flood stage, moderate flood stage, and major 
flood stage discharge values determined from 95% confidence intervals of linear regression model 
of gage height and discharge. Gage height values are vertically referenced to NAVD88.  
 

Modeled Gage Height Period Gage height (m) Discharge (m3 s-1) 
68th quantile (27 Jan 2014) 0.000 (1.770)a 218.3 
Hurricane Matthew maximum flood 

stage (16 Oct 2016) 4.074 (5.844)a 1376.2 

Flood stage 1.828 (3.598)a 513-656b 

Moderate flood stage 2.742 (4.512)a 849-990b 

Major flood stage 3.352 (5.122)a 1075+b 

Mean Oct.-Dec. 2016 0.160 (1.930)a 234.6 
a) DEM relative gage height, actual gage height in parenthesis referenced to NAVD88. 
b) 95% confidence interval from linear regression of discharge and gage height. 
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Table 5: Total flooded area, volume, and average depth from ArcGIS flood model. Gage height 
values are vertically referenced to NAVD88.  
 

Modeled Gage Height (m) Total Area (m2) Total Volume 
(m3) 

Average Depth 
(m) 

0.000a 1.88 x 107 2.11 x 106 0.11 
4.074a,b 7.96 x 107 2.16 x 108 2.71 
1.828a,c 5.03 x 107 7.12 x 107 1.42 

2.742a,d 6.11 x 107 1.22 x 108 2.00 

3.352a,e 6.93 x 107 1.62 x 108 2.34 

0.160a,f 2.35 x 107 3.39 x 106 0.14 
a) Relative Elevation Model (REM) value. 
b) Hurricane Matthew maximum value (20.57ft) (16 Oct 2016). 
c) NOAA Flood Stage (13ft). 
d) NOAA Moderate Flood Stage (16ft). 
e) NOAA Major Flood Stage (18ft). 
f) Mean value (1 Oct 2016 to 31 Dec 2016).
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Table 6: Total wetland flooded area, volume, and average depth from ArcGIS flood model. Gage 
height values are vertically referenced to NAVD88.  
 

Modeled Gage Height (m) Total Wetland 
Area (m2) 

Total Wetland 
Volume (m3) 

Average Wetland 
Depth (m) 

0.000a 1.55 x 107 1.76 x 106 0.11 
4.074a,b 4.65 x 107 1.57 x 108 3.37 
1.828a,c 3.98 x 107 6.03 x 107 1.52 
2.742a,d 4.24 x 107 9.80 x 107 2.31 
3.352a,e 4.40 x 107 1.24 x 108 2.83 
0.160a,f 2.02 x 107 2.83 x 106 0.14 

a) Relative Elevation Model (REM) value. 
b) Hurricane Matthew maximum value (20.57ft) (16 Oct 2016). 
c) NOAA Flood Stage (13ft). 
d) NOAA Moderate Flood Stage (16ft). 
e) NOAA Major Flood Stage (18ft). 
f) Mean value (1 Oct 2016 to 31 Dec 2016).
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Table 7: Comparison of bulk carbon and optical sample measurements in relation to flow across the Neuse River watershed, over 
the period October-December 2016 after Hurricane Matthew. Wetland samples were collected in March and October 2017.  
 

µ=mean; N=# of samples per trip; NRE=Neuse River Estuary; PS=Pamlico Sound

Location DOC 
(mg C L-1) a254 (m-1) POC 

(mg C L-1) d13C-DOC (‰) SUVA254 
(L mg C-1 m-1) d13C-POC (‰) 

 min µ max min µ max min µ max min µ max min µ max min µ max 

Neuse River 
N=10 

                  

 High flow 6.75 7.429 8.46 43.247 58.636 80.562 0.253 0.696 1.131 -26.40 -25.90 -25.34 2.78 3.41 4.40 -31.02 -30.08 -29.01 

 Low flow 5.69 6.01 6.26 32.917 40.067 45.632 0.359 0.440 0.537 -25.84 -25.47 -24.94 2.36 2.89 3.23 -30.23 -29.45 -28.99 

Wetland 
N=22 

                  

 Autumn 
(Oct 17) 4.06 6.15 14.45 35.498 69.283 132.488 0.433 0.937 2.431 -32.00 -29.41 -28.15 3.80 4.94 5.44 -32.40 -29.33 -27.57 

 Spring 
(Mar 17) 4.56 6.02 15.90 41.119 51.195 119.772 0.884 1.446 1.973 -28.60 -27.71 -26.54 3.12 3.78 4.40 -32.05 -30.02 -25.35 

NRE  
N=11                   

 High flow 8.58 12.34 14.13 85.682 125.920 144.253 0.695 1.032 1.375 -28.41 -27.80 -27.26 4.22 4.44 4.60 -29.39 -28.61 -28.16 

 Low flow 6.49 8.95 12.04 39.250 72.450 85.713 0.308 1.507 2.950 -28.73 -27.34 -26.08 2.46 3.51 4.09 -30.98 -29.40 -28.06 

PS 
N=9 

                  

 High flow 7.35 8.58 9.30 59.730 72.428 80.467 0.821 1.23 2.54 -26.97 -26.65 -26.17 3.22 3.67 4.08 -29.26 -27.85 -26.17 

 Low flow 6.55 6.94 7.58 51.119 57.661 63.199 0.567 0.689 0.823 -28.41 -28.05 -27.87 3.38 3.61 3.80 -29.11 -28.10 -27.57 
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Table 7: DOC and POC stock values from after Hurricane Matthew (HM) and ~20-year long-term 
mean. 
 

Location Period DOC Stock  
(Gg C) 

POC Stock  
(Gg C) 

NRE 
NREHMa

 12.3±1.7 1.0±0.2 
20 year mean 7.6±2.2 1.6±1.2 

%diff  47.8% -41.6% 
T-Test  p<0.001 Not significant 

    

PS 
PSHMb 35.8±0.6 5.1±0.6 

20 year mean 21.9±1.7 4.9±0.6 
%diff  48.0% 4.4% 
T-Test  p<0.001 Not significant 

 
a) Maximum mean daily concentration during Hurricane Matthew sampling in NRE (24 Oct 2016) 
b) Maximum mean daily concentration during Hurricane Matthew sampling in PS (2 Nov 2016)
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Table 9: Comparison of ArcGIS model wetland type and flooded area at NOAA indicated flood stage gage height (flood stage, moderate 
flood stage, major flood stage), Maximum gage height during Hurricane Matthew, and zero gage height in the model.  
 

Wetland Type Flooded Wetland Area (m2) 
 0.000a Flood Stageb Moderate FSc Major FSd Oct.-Dec. 2016e HM (16Oct2016) 
       

Riverine Swamp Forest 1.54 x 107 3.74 x 107 3.80 x 107 3.83 x 107 2.00 x 107 3.86 x 107 
Depressional Swamp Forest 0 1.85 x 105 5.51 x 105 1.16 x 106 0 2.45 x 106 
Bottomland Hardwood 8.63 x 104 1.61 x 106 2.19 x 106 2.33 x 106 1.22 x 105 2.41 x 106 
Managed Pineland 6.19 x 102 1.17 x 105 3.65 x 105 4.76 x 105 8.37 x 102 6.47 x 105 
Hardwood Flat 9.13 x 103 1.08 x 105 1.54 x 105 1.65 x 105 1.38 x 104 4.61 x 105 
Drained Headwater Swamp 0 2.00 x 100 1.97 x 105 2.68 x 105 0 3.44 x 105 
Headwater Swamp 1.13 x 102 5.78 x 104 1.35 x 105 2.73 x 105 9.86 x 102 3.14 x 105 
Pine Flat 0 1.10 x 103 1.27 x 104 1.07 x 105 0 2.92 x 105 
Human Impacted 0 2.36 x 104 1.19 x 105 1.41 x 105 0 1.70 x 105 
Drained Depressional Swamp Forest 0 5.56 x 104 1.42 x 105 1.47 x 105 0 1.48 x 105 
Drained Pine Flat 0 6.56 x 103 7.82 x 104 1.34 x 105 0 1.41 x 105 
Cutover Bottomland Hardwood 0 5.26 x 104 1.10 x 105 1.21 x 105 0 1.26 x 105 
Drained Hardwood Flat 0 7.41 x 104 8.77 x 104 8.77 x 104 0 8.77 x 104 
Freshwater Marsh 7.28 x 103 8.45 x 104 8.51 x 104 8.56 x 104 8.39 x 103 8.59 x 104 
Cleared Depressional Swamp Forest 0 8.24 x 103 3.80 x 104 4.55 x 104 0 6.39 x 104 
Drained Bottomland Hardwood 0 2.56 x 103 5.78 x 104 6.02 x 104 0 6.02 x 104 
Cleared Bottomland Hardwood 0 1.61 x 104 4.68 x 104 5.42 x 104 0 5.71 x 104 
Cutover Depressional Swamp Forest 0 1.78 x 102 3.76 x 103 7.85 x 103 0 1.76 x 104 
Drained Riverine Swamp Forest 0 7.10 x 103 1.41 x 104 1.44 x 104 0 1.46 x 104 
Cleared Headwater Swamp 0 0 2.39 x 103 1.18 x 104 0 1.37 x 104 
Cutover Pine Flat 0 4.23 x 102 1.67 x 103 4.78 x 103 0 1.30 x 104 
Cutover Hardwood Flat 0 0 1.10 x 103 1.88 x 103 0 8.08 x 103 
Cutover Headwater Swamp 0 7.92 x 102 1.37 x 103 4.87 x 103 0 7.01 x 103 
Cleared Hardwood Flat 0 0 0 7.40 x 101 0 3.36 x 103 
Cleared Pine Flat 0 3.40 x 102 1.24 x 103 1.75 x 103 0 2.81 x 103 

       
Total Wetland Area Flooded 1.55 x 107 3.98 x 107 4.24 x 107 4.40 x 107 2.02 x 107 4.65 x 107 

Total Area Flooded 1.88 x 107 5.03 x 107 6.11 x 107 6.93 x 107 2.35 x 107 7.96 x 107 
a) Relative Elevation Model (REM) value. 
b) 13ft (3.598m) NAVD88. 
c) 16ft (4.512m) NAVD88. 
d) 18ft (5.122m) NAVD88. 
e) Mean (1 Oct. 2016 to 31 Dec. 2016) (0.160m) NAVD88.
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Table 10: DOC mass loading from Neuse River and freshwater wetlands into the NRE-PS, during 
initial flood pulse, in response to Hurricane Matthew.  
 

Location 
 

Total DOC mass 
(Gg C) NRE DOC (%) PS DOC (%) 

Fort Barnwell, NC 1 da 0.436 9.2 3.1 
 7 da 3.042 64.1 22.0 

Wetlands Maxb 2.260 47.7 16.3 
 Meanc 0.965 20.4 7.0 

NRE Maxd 4.741 - 34.2 
PS Maxe 13.849 - - 

a) Mean [DOC] value from high discharge (7.429 mg C L-1). 
b) Maximum [DOC] from freshwater wetlands in autumn (14.4 mg C L-1). 
c) Mean [DOC] from freshwater wetlands in autumn (6.15 mg C L-1). 
d) Maximum [DOC] stock change from NRE. 
e) Maximum [DOC] stock change from PS. 
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Table 11: Calculated load of DOC exported by Hurricane Matthew’s floodwaters for the Neuse 
River, wetlands, and the NRE. Annual load of DOC was estimated using LOADEST software 
(USGS). DOC mass flux from the terrestrial environment was determined by dividing the DOC 
load by the number of days the wetlands were hydrologically-connected. 
 

Parameter DOC Load 
(Gg C) 

% Annual 
Load DOC 

DOC Mass 
Flux (Gg d-1) 

 

LDOCR 3.76 7.3% 0.12 

LDOCW 12.58 24.5% 0.41 

LDOCT 16.33 31.8%- 0.53 

Estimated Annual Load 51.32 n.a. n.a. 
n.a.-Not Applicable  
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Table 12: Calculated load of POC exported by Hurricane Matthew’s floodwaters for the Neuse 
River, wetlands, and the NRE. Annual load of POC was estimated using LOADEST software 
(USGS). POC mass flux from the terrestrial environment was determined by dividing the POC 
load by the number of days the wetlands were hydrologically-connected. 
 

Parameter POC Load (Gg 
C) 

% Annual Load 
POC 

POC Mass 
Flux (Gg d-1) 

 

LPOCR 0.34 6.3% 0.01 

LPOCW 1.98 36.7% 0.06 

LPOCT 2.32 43.0% 0.07 

Estimated Annual Load 5.38 n.a. n.a. 
n.a.-Not Applicable  
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FIGURES 

 
 

Figure 1: a) Map from Stewart (2017) showing the rainfall totals and path of Hurricane Matthew during the period of 4-10 October 

2016; b) Map of sampling locations in the Neuse River watershed and Pamlico Sound, NC; c) Map of freshwater riparian wetlands along 

the lower Neuse River, NC.  

a. 
b. 

c. 
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Figure 2: Hydrograph. Mean daily gage height and mean daily discharge from USGS gaging station 02021814 near Fort Barnwell, 

NC prior to and after Hurricane Matthew (Sept. 2016-Jan. 2017). NWS flood stage, moderate flood stage, and major flood stage are 

plotted in dotted lines.   
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Figure 3: Mean daily gage height and mean daily discharge from USGS gaging station 02021814 near Fort Barnwell, NC for the past 

10 years (Jan. 2008-Jan. 2018). NWS flood stage, moderate flood stage, and major flood stage are plotted in dotted lines.   
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Figure 4: Conceptual diagram and Google Earth Imagery of flow conditions along the Neuse 
River riparian wetlands during a) low discharge (base flow) and b) high discharge (flood stage). 
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Figure 5: (a, c) [DOC] and d13C-DOC values during the sampling period in the Neuse River (NR), Neuse River Estuary (NRE), and 
Pamlico Sound (PS). (b, d) [DOC] and d13C-DOC values during the sampling period in the freshwater riparian wetlands (spring and 
autumn). On each boxplot: red line is median, black dot is mean, lower and upper extent of box refers to 25th and 75th percentiles, 
respectively, the whiskers on ends of box are range of samples, not considered outliers, and red (+) are outliers. 
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Figure 6: (a, c) a254 and SUVA254 values during the sampling period in the Neuse River (NR), Neuse River Estuary (NRE), and Pamlico 
Sound (PS). (b, d) [DOC] and d13C-DOC values during the sampling period in the freshwater riparian wetlands (spring and autumn). 
On each boxplot: red line is median, black dot is mean, lower and upper extent of box refers to 25th and 75th percentiles, respectively, 
the whiskers on ends of box are range of samples, not considered outliers, and red (+) are outliers. 
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Figure 7: (a, c) [POC] and d13C-POC values during the sampling period in the Neuse River (NR), Neuse River Estuary (NRE), and 
Pamlico Sound (PS). (b, d) [DOC] and d13C-DOC values during the sampling period in the freshwater riparian wetlands (spring and 
autumn). On each boxplot: red line is median, black dot is mean, lower and upper extent of box refers to 25th and 75th percentiles, 
respectively, the whiskers on ends of box are range of samples, not considered outliers, and red (+) are outliers.
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Figure 8: (a) Change in dissolved organic carbon (DOC) and (b) particulate organic carbon (POC) 
stocks (Gg) in the Neuse River Estuary and Pamlico Sound, NC.  Solid bars are mean stocks from 
high discharge days after Hurricane Matthew. Striped bars are 20-year mean stocks from NRE and 
PS. 
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Figure 9:  Map showing relative 0m gage height at USGS gaging station 02021814 near Fort Barnwell, NC of freshwater wetlands 
with DEM (Black and White), flooded area (red), and wetland type plotted. Inset, area showing lack of hydrologic connectivity. 
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Figure 10: Map showing NWS flood stage gage height (3.598m) at USGS gaging station 02021814 near Fort Barnwell, NC of 
freshwater wetlands with DEM (Black and White), flooded area (red), and wetland type plotted.   
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Figure 11: Map showing NWS moderate flood stage gage height (4.512m) at USGS gaging station 02021814 near Fort Barnwell, NC 
of freshwater wetlands with DEM (Black and White), flooded area (red), and wetland type plotted.  
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Figure 12: Map showing NWS major flood stage gage height (5.122m) at USGS gaging station 02021814 near Fort Barnwell, NC of 
freshwater wetlands with DEM (Black and White), flooded area (red), and wetland type plotted.  
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Figure 13: Map showing maximum gage height (5.844m) from 16 October 2016 at USGS gaging station 02021814 near Fort 
Barnwell, NC of freshwater wetlands with DEM (Black and White), flooded area (red), and wetland type plotted.  
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Figure 14: Map showing mean gage height (1.930m) from October-December 2016 at USGS gaging station 02021814 near Fort 
Barnwell, NC of freshwater wetlands with DEM (Black and White), flooded area (red), and wetland type plotted. 
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Figure 15: Comparison of stable isotope ratio of dissolved carbon (d13C-DOC) and specific UV 
absorbance at 254 nm (SUVA254) during the sampling period after Hurricane Matthew in the Neuse 
River, Neuse River Estuary, freshwater riparian wetlands (Spring and Autumn), and Pamlico 
Sound, NC. Blue star indicates coastal Atlantic Ocean value (Atar, 2017). Colored boxed indicate 
the range of samples in the NR and wetlands (spring and autumn). 
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Figure 16: Comparison of stable isotope ratio of particulate carbon (d13C-POC) and the atomic 
carbon to nitrogen ratio (C:N) during the sampling period after Hurricane Matthew in the Neuse 
River, Neuse River Estuary, freshwater riparian wetlands (Spring and Autumn), and Pamlico 
Sound, NC. Ovals represent the range of measurements for the NR and wetlands (spring and 
autumn). 
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