
ABSTRACT 

HATTENBERGER, DYLANA MARGARET. Comparing Carbon Dioxide and Methane 

Emissions from Restored and Unrestored Sections of Three North Carolina Streams. (Under the 

direction of Dr. David Genereux). 

 

Greenhouse gas (GHG) emissions from streams may contribute to climate change, and 

there are plausible biogeochemical reasons to suspect such emissions may be increased by 

stream restoration. Although there has been significant research addressing the effects of wetland 

restoration on GHG emissions from wetland surfaces, analogous studies for stream restoration 

are lacking. Nationally, stream restoration is a significant part of a growing $9.5B/yr ecosystem 

restoration industry, suggesting the relationship between stream restoration and GHG emissions 

may be a useful new area of investigation.  

This pilot project in NC investigated the impact of stream restoration on CO2 and CH4 

emissions. In each of three North Carolina Piedmont streams, the steady-state tracer gas method 

and analyses of CO2 and CH4 in stream water were used to determine CO2 and CH4 emissions 

for an unrestored stream reach (upstream) and a restored stream reach (downstream), during both 

fall 2017 and winter 2018. This provided 12 restored-vs-unrestored comparisons (2 gases x 2 

seasons x 3 streams). Chloride and propane served as conservative hydrologic and gaseous 

tracers, respectively, in the streams.  

All 12 of the possible comparisons showed higher GHG emission to the atmosphere from 

the restored reach than from the corresponding unrestored reach in the same stream. In restored 

reaches, CO2 emissions averaged 854 mmol C m-2 d-1, ranging from 250-2,200 mmol C m-2 d-1, 

and CH4 emissions averaged 4.08 mmol C m-2 d-1, ranging from 2.9 – 5.9 mmol C m-2 d-1. In 

unrestored reaches, CO2 emissions averaged 140 mmol C m-2 d-1, ranging from -3.5 – 570 mmol 

C m-2 d-1 and CH4 emissions averaged 0.433 mmol C m-2 d-1, ranging from -0.05 – 1.9 mmol C 



m-2 d-1. Restored emission averages from the 12 comparisons were significantly higher than 

unrestored emission averages according to two-sample t-tests at 95% confidence (p = 4.2x10-2 

and 1.8x10-4 for CO2 and CH4 emissions, respectively). While pre-restoration gas emission data 

are not available for the streams, the results are consistent with an increase in CO2 and CH4 

emissions following stream restoration.  

Additionally, I investigated the relationships between GHG emissions and potential 

controlling factors such as labile C supply (benthic organic matter, large woody debris, sediment 

organic matter content), pool percentages in each reach, groundwater concentrations (and fluxes) 

of CO2 and CH4, and hyporheic exchange (using OTIS modeling to find the size and exchange 

rate for stream transient storage zones). Overall, correlation results suggest greater amounts of 

large woody debris and larger transient storage zones may translate to increased CO2 and CH4 

emissions from stream surfaces. Additionally, smaller rate constants for transient storage 

exchange may correlate to increased CO2 and CH4 emissions from stream surfaces. However, 

large woody debris had the only consistent relationship with emissions (average p-value = 0.135) 

in all four of the comparisons (2 gases x 2 seasons). 

Stream restoration can be highly beneficial for water quality, flood control, and aquatic 

habitat, but this research suggests further work is needed to weigh those benefits against the 

potential costs of increased GHG emissions.  
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1. Introduction 

The growing domestic ecological restoration industry in the US is estimated to make $9.5 

billion in sales annually [BenDor 2015]. Many stream (and wetland) restoration projects, 

particularly in North Carolina, are designed and completed due to compensatory mitigation 

regulations detailed in the Clean Water Act Section 404 [EPA 2017]. The most common goals 

for stream restoration projects are to improve water quality, manage riparian zones, enhance in-

stream habitat, increase fish passage, and improve bank stabilization [Bernhardt et al. 2005]. 

Urban stream restoration projects typically alter stream hydrology by restoring natural channel 

meander patterns, installing in-stream obstacles to create deeper pools separated by shallow 

riffles, and generally re-connecting stream channels with their adjacent floodplains [Kelly 2001; 

USDA 2007; Kaushal et al. 2008].  Such measures often improve water quality while restoring 

natural habitat for plants, microbes, and fish and wildlife.  

However, it seems plausible that at least some stream restoration projects might 

inadvertently increase GHG emissions.  For example, stream restoration projects commonly seek 

to reduce nitrate by promoting denitrification [Kaushal et al. 2008], a process that produces 

carbon dioxide; also, in-stream obstacles might locally raise the water table, a change that has 

been associated with increased methane production in some places.  Thus, it seems plausible to 

ask, do stream restoration projects increase GHG emissions from stream surfaces?  If the answer 

is "yes", then stream restoration might have an additional environmental cost that would need to 

be balanced against the benefits, i.e., restoration might be exacerbating climate change. 

As restoration projects have grown in number, researchers have begun to study changes 

in GHG emissions due to wetland (but not stream) restoration projects. For example, in 

Denmark, Audet et al. [2013] discovered one wetland restoration project increased CH4 
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emissions and decreased CO2 emissions from wetland surfaces. Although there has been 

significant research addressing the effects of wetland restoration on GHG emissions from 

wetland surfaces [Stadmark and Leonardson 2005; Hernandez and Mitsch 2006; Altor and 

Mitsch 2008; Badiou et al. 2011; Morse et al. 2012; Shiau et al. 2016], the analogous changes in 

emissions from restored streams have not been largely documented or researched.  

Meanwhile, interest in greenhouse gas (GHG) emissions from streams has intensified, 

leading researchers to show that it is an important component of the carbon cycle. Aufdenkampe 

et al. [2011] reviewed recent research into GHG emissions from streams, confirming that streams 

have a higher GHG emission rate per unit area than other aquatic systems such as lakes and 

wetlands in temperate, tropical, and arctic regions. Similarly, Teodoru et al. [2009] show small 

streams in Quebec consistently produced higher CO2 emissions per unit area than other aquatic 

surfaces (large rivers, lakes) in the same region, and despite their smaller areal coverage stream 

emissions contributed 25% of the total aquatic C emissions in the region considered. In three 

New Zealand lowland agricultural streams Wilcock and Sorrell [2008] estimated CH4 emissions 

on a per area basis to be comparable to those of major global sources of CH4 such as boreal 

peatlands, temperate wetlands, and tropical rice paddies [Houghton et al. 2001]. These studies 

attest to the ability of streams to produce large emissions per surface area, but the impact of 

restoration on those emissions is yet unstudied.  

This pilot project is the first I know of to assess the impact stream restoration has on 

stream emissions of two GHGs (CO2 and CH4). The overarching question is: Are GHG 

emissions from restored sections of a stream higher than from unrestored sections of the same 

stream? The research objectives were to quantify CO2 and CH4 emissions to the atmosphere from 

a restored reach and an unrestored reach in each of three streams in the Piedmont region of NC 
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during the fall and winter seasons of 2017-2018, and investigate potential controlling factors for 

differences in GHG emissions from restored and unrestored reaches such as: (1) amount of 

streambed organic matter (OM), specifically benthic OM, streambed sediment OM, and large 

woody debris (LWD), (2) land use, (3) transient solute storage in the streams (investigated using 

the OTIS-P solute transport model from the USGS), (4) GHG concentrations in groundwater, (5) 

percent of total stream reach length occupied by pools, and (6) stream width and depth. 

 

2. Background 

2.1. Stream GHG Emissions 

As interest in climate change grows in the US, scientists have tried to better understand 

the role of GHG emissions from streams and rivers in the carbon cycle. Researchers have begun 

to delve more deeply into the topic of global surface waters and their importance in the carbon 

cycle [Richey et al. 2002; Tranvik et al. 2009; Battin et al. 2009; Aufdenkampe et. al. 2011]. 

Battin et al. [2009] details how GHG emissions from streams can represent a positive feedback 

on climate change (or global warming). Historically, global emission estimates have 

underestimated the C flux coming from inland waters by leaving out the estimated 1.2 Pg C per 

year that is released to the atmosphere from inland waters (Fig. 2.1) [Richey et al. 2002; Cole et 

al. 2007; Battin et al. 2008; Tranvik et al. 2009]. Figure 2.1 also shows annual degassing from 

fresh water systems (1.2 Pg C) is estimated to be larger than the export to oceans (0.9 Pg C). 

Oviedo-Vargas et al. [2015] show annual stream emissions of C (mainly CO2) in two 

Costa Rican watersheds contributed 4 and 18% of the cumulative watershed CO2 efflux (land + 

stream), even though the streams only occupied 1.5% of the total watershed area. The CO2 

emissions per unit area averaged more than 2x higher from the stream than from the surrounding 
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land area. Similarly, Teodoru et al. [2009] found that streams have greater emissions than other 

freshwater bodies such as lakes or rivers. This study found small streams accounted for a large 

fraction (24%) of total “aquatic emissions” (streams + lakes + rivers) even though they 

accounted for a small fraction of the area (only 1%) of aquatic systems. Additionally, pCO2 was 

elevated above saturation in all study streams, and was higher in streams than rivers. 

Butman and Raymond [2011] estimated CO2 concentration in US rivers and streams (48 

contiguous states) using alkalinity, morphology and surface area data of bodies of water, 

temperature, and pH data, and concluded stream and river water is supersaturated with CO2 in 

relation to the atmosphere. They estimated annual emissions of 356 Tg of CO2 from streams and 

rivers in the contiguous U.S. The EPA [2017] estimates 2016 total anthropogenic GHG 

emissions from the US (including Alaska and Hawaii) to be equivalent in global warming 

potential (GWP) to 6,511 Tg of CO2. Of the 6,511 Tg, 5,311 Tg was attributed to CO2 and 657.4 

Tg to CH4. Methane is considered to trap heat in the atmosphere more efficiently than CO2, 

leading the IPCC [2007] to estimate methane’s global warming potential (GWP) as 28-36x that 

of CO2). 

Stanley et al. [2016] estimated methane emissions from streams on a global-scale using 

existing data and research, attributing 26.8 Tg of CH4 (about 15-40% of wetland and lake fluxes, 

respectively). This study suggests controls on methane generation (i.e., controls on 

methanogenesis) include: organic matter, temperature, nutrients, and alternative electron 

acceptors. These controls, distal geomorphic and hydrologic drivers, methane’s extreme redox 

status and low solubility result in large temporal and spatial variance of methane in stream 

systems. 
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Figure 2.1. Image from Battin et al. [2009] showing C fluxes in inland waters [Tranvik et al. 2009], with 

pre-industrial [Denman et al. 2007] and anthropogenic fluxes [Canadell et al. 2007] where Battin et al. 

(2009) states “values are net fluxes between pools (black) or rates of change within pools (red); units are 

Pg C yr-1; negative signs indicate a sink from the atmosphere. Gross fluxes from the atmosphere to land 

and oceans, and the natural (Nat) and anthropogenic (Ant) components of net primary production (the net 

uptake of C by photosynthetic organisms) are shown for land and oceans.” Gross primary production 

(GPP), ecosystem respiration (R) [Luyssaert et al. 2009 and Del Giorgio et al. 2002], non-biological 

dissolution of anthropogenic CO2 by the oceans, and lithosphere fluxes to land (erosion of sedimentary 

rocks) are also shown [Denman et al. 2007]. 

 

In the US, main contributors to methane emissions were enteric fermentation, natural gas 

systems, and landfills, while the main source for CO2 emissions was fossil fuel combustion for 

electricity generation and transportation [EPA 2017]. The research reported in this thesis focuses 

on the US’ top two contributing GHGs: CO2 and CH4, making up 82.2% and 10% of US 

emissions, respectively, in terms of GWP [EPA 2017]. In the past 250 years, methane 

concentration in the atmosphere has increased by 162% [IPCC 2013]. 

The EPA acknowledges natural carbon sources may contribute to our overall CO2 

emissions, although they assume C fluxes among all land reservoirs ‘roughly’ balance with C 
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sinks [EPA 2017]. However, according to Butman and Raymond [2011], streams and rivers in 

the contiguous U.S. states are emitting 356 Tg of CO2 per year (1 MMT = 1 Tg), suggesting 

natural stream CO2 emissions in the contiguous U.S. are about 6.7% that of U.S. (all states) 

anthropogenic emissions of CO2 (this percentage may be higher if Alaska and Hawaii are 

included in the estimate of stream emissions, as they are in the EPA estimate of anthropogenic 

emissions). 

2.2. Stream Restoration Projects 

Many US restoration projects are set in place due to compensatory mitigation regulations, 

in compliance with activities regulated under Section 404 of the Clean Water Act. According to 

the EPA (and discussed in the 1990 Memorandum Agreement), compensatory mitigation is 

“mitigating an aquatic resource impact by replacing or providing substitute aquatic resources for 

impacts that remain after avoidance and minimization measures have been applied, and is 

achieved through appropriate and practicable restoration, establishment, enhancement, and/or 

preservation of aquatic resource functions and services.”  

The segment of this act important for this research is the practicable restoration of 

streams (and to some degree enhancement), through which projects attempt to return 

natural/historic conditions to a degraded stream. In compliance with regulations, persons/parties 

responsible for aquatic impacts can restore the same site where impacts occurred or another 

location in the same watershed. According to Bernhardt et al. (2005), 37,099 stream restoration 

projects were undertaken as of July 2004 nationally. In North Carolina as of 2013, the EEP 

(Ecosystem Enhancement Project, as of 2015 the Division of Mitigation Services, DMS) has 

enhanced, conserved or restored over 640 miles of streams and 700 acres of riparian buffers 

[Elliot 2013]. 
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Stream restoration projects typically attempt to restore streams to their "natural" 

conditions. This would revert the stream to the way it looked and functioned without human 

interference or urbanization, based on a Rosgen natural channel design approach [Rosgen 1994, 

USDA 2007]. Natural channel design is thought to enhance and create habitats, thereby restoring 

biotic integrity in the stream [Bernhardt and Palmer 2007] and is the dominant approach to 

stream restoration in NC [Sudduth et al. 2007]. Restoration projects often reshape the stream 

channel to reconnect it to its floodplain by creating meandering channels from unnaturally 

straight channels. Similarly, many projects further alter stream hydrology by creating pool and 

riffle sections to promote water quality and provide habitat. Pools and riffles are constructed in 

an alternating sequence, where pools are deeper sections (much deeper than the stream’s average 

depth) with slower velocities commonly created as side pools from thalwegs (only pooled on 

outside sides of a meander) or bank-to-bank pools created by placing large rocks or steps in the 

stream immediately upstream of the pool sections (called a step-pool) [USDA 2007]. Riffle and 

run/glide sections (the latter are transitional features between riffles and pools) are characterized 

by higher velocity, shallow areas commonly enhanced with additional cobbles/pebbles on the 

streambed [USDA 2007]. Under low flow conditions, riffles provide oxygen in the stream while 

removing find sediment [Doll et al. 2001]. 
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Figure 2.2. Rock vane and root wad structures in planar and cross-sectional view, respectively (from KCI 

Associates 2009). 

 

Additionally, restoration projects tend to alter riparian buffers and floodplains by planting 

more native vegetation. Riparian vegetation can have many positive impacts on the stream such 

as: increasing stabilization and habitat, reducing stream warming and flood impacts, setting 

development limits for riparian buffers, maintaining infiltration and providing a source of large 

woody debris to the stream [Kelly 2001]. When project areas are facing flooding concerns, 

engineers typically try to increase the areal coverage of floodplains by excavating channel banks 

for bankfull benches [Harman and Star 2011], a technique utilized in the streams studied for this 

thesis. Stream restoration projects also use stream stabilization structures such as root wads, rock 

vanes, large boulders, and erosion control matting [USDA 2007]. Root wads are root masses 

which protect streambanks by redirecting stream flow away from banks and creating structural 

support for the bank, as well as providing aquatic habitat. Vanes are usually made from boulders 

(i.e., rock vane, although they can also consist of logs) placed in the stream to protect banks by 
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redirecting thalwegs, thereby improving habitat by creating pools and providing oxygen and 

protection/cover for aquatic organisms (Figure 2.2) [Doll et al. 2001]. In-stream structures such 

as large woody debris, debris dams, and stream boulders are also integral parts of restoration 

efforts to enhance aquatic habitat and water quality (usually by increasing organic matter 

retention) [USDA 2007; Kelly 2001].  

2.3. Wetland Studies on GHG Emissions 

Previous work has been done on GHG emissions from restored wetlands showing 

restoration has the potential to alter GHG emissions from wetlands, though analogous work on 

streams has not been reported. Although restored wetlands provide C sequestration, 

improvements in water quality, flood mitigation, and habitats, they also have the potential to 

produce high GHG emissions from oxidation-reduction reactions causing microbes to release 

carbon dioxide, nitrous oxide, and methane, though that does not appear to have occurred at all 

restored wetlands (Table 1). While the effect of stream restorations on stream GHG emissions 

has not been studied, it’s reasonable to think there may be an effect, in at least some cases. 

Many of the wetland studies in Table 1, such as Audet et al. [2013] in Denmark, show 

wetland restoration projects may increase CH4 emissions. This study determined wetland 

restoration practices decreased CO2 emissions, while making little to no impact on N2O 

emissions and no overall significant change in total GHG emissions. However, Badiou et al. 

[2011] found both CH4 and N2O emissions were higher after wetland restoration projects in 

Canada, (they also determined N2O emissions weren’t significant when compared to CH4). 

While Table 1 may not incorporate all wetland restoration publications addressing GHG 

emissions available, it is clear there has been a large amount of work in wetlands to address the 

impact of restoration on GHG emissions, while surprisingly no such work has been done 
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addressing emissions on restored streams.  

 
Table 1.  Restored or constructed wetland studies investigating GHG emissions from wetland surfaces. 

Study Location Gases Findings 

Shiau et al. 

(2016) 

North 

Carolina 

CO2, 

CH4, 

N2O 

 Higher restored emissions of each GHG was noted in at least 

1 of 2 constructed wetland sites in 1-4 of the 4 seasons. 

Audet et al. 

(2013) 
Denmark 

CO2, 

CH4, 

N2O 

Decrease in CO2 emissions and increase in CH4 emissions 

from restoration, increase in CH4 (large summer spike) at one 

site but not two others, no significant change in N2O, no 

overall significant change in GHG emissions. 

Morse et al. 

(2012) 

North 

Carolina 

CO2, 

CH4, 

N2O 

CO2 emission lower only at wet, restored wetland site (all 

others similar), CH4 higher only at wet, restored wetland site 

and wet, forested wetland, N2O higher only at the dry, 

forested wetland and agricultural site. 

Badiou et al. 

(2011) 
Canada 

CH4, 

N2O 

Emissions of both gases generally higher after restoration, 

N2O emission not significant relative to CH4. 

Waddington 

et al. (2007) 
Quebec CH4 

Peatland site, 3 years after restoration CH4 emission was 4.6 

times greater at restored site, greater emission at ponds, 

ditches, and areas of herbaceous vegetation. 

Tuittila et al. 

(2000) 
Finland CH4 

Peatland site, CH4 flux higher after restoration, but still lower 

than that in nearby pristine mires. 

Komulainen 

et al. (1998) 
Finland CH4 

Peatland sites (bog and fen), after restoration CH4 emission 21 

times higher at fen and 5.75 times higher at bog, but still 

lower than emissions from similar pristine sites. 

Freeman et 

al. (1997) 
Wales N2O 

N2O emission drops greatly when wetland is made drier 

(water input is cut) and increases back to original level when 

water input is restored. 

Sovik et al. 

(2007) 
Norway 

CH4, 

N2O 

Constructed wetland for chemically treated municipal 

wastewater, N2O highest emissions in autumn, and CH4 

showed no variation seasonally. Both gases gave equal 

contributions to the global warming potential. 

Stadmark et 

al. (2005) 
Sweden 

CO2, 

CH4, 

N2O 

Constructed pond for nitrate removal, results indicate these 

ponds emit GHG comparable to temperate lakes. CH4 

emissions were greater with higher temperatures, CO2 was 

higher with increasing [NO3], and N2O was positively 

correlated with [NO3]. 

Altor and 

Mitsch 

(2008) 

Ohio CH4 

Used replicated wetland mesocosms to find implications for 

wetland restoration. Dynamic hydrology with growing season 

drawdowns may minimize CH4 fluxes through time. Flood-

pulse hydrology over time can reduce CH4 fluxes, while CO2 

may not be significantly affected. 

Hernandez 

and Mitch 

(2006) 

Ohio N2O 

Two 1-ha created riverine wetlands, the higher elevation plot 

with alternate wet and dry seasons received the most N2O 

fluxes, especially in the summer months. In permanently 

flooded areas lacking vegetation, the fluxes were low. 
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2.4. Ecological Studies on Stream Restoration 

Although research into the effect of stream restoration projects on GHG emissions is 

largely missing in scientific literature, some scientists have begun to research the effect stream 

restoration has on ecological processes in streambanks. Bukaveckas [2007], Roberts et al. 

[2007], and Kaushal et al. [2008] have shown nutrient uptake increases from stream restoration 

projects. Bukaveckas [2007] determined the increase in nutrient uptake was likely due to 

increased transient storage (from slowing water velocity), while Roberts et al. [2007] and 

Kaushal et al. [2008] attributed the increase to metabolism stimulation and the hydrological 

reconnection of riparian soils, respectively. Kaushal et al. [2008] determined removal of nitrate 

was highly correlated to residence times and the reconnection between channels and floodplains 

likely increases denitrification rates. They also observe there is a large variability in restoration 

designs, suggesting some designs may be more effective than others in reducing nitrate 

(promoting denitrification would increase CO2 production). Sudduth et al. [2011] also show 

restored stream reaches in NC had much higher nitrate uptake rates in the summer than 

unrestored reaches; however, they attributed most of the variation in nitrate uptake to stream 

temperature and canopy cover. Riparian trees are frequently removed in the first stage of stream 

restoration projects, so restored streams initially have less canopy cover and higher temperatures 

when compared to unrestored streams. Hester and Gooseff [2010] discuss the potential impacts 

of various stream restoration methods on microbial processes that produce GHGs. For example, 

common restoration elements such as created morphological features (riffles, pools, log dams, 

steps, meander beds), inputs of large woody debris (LWD), and riparian planting (providing a 

source of organic matter) may promote hyporheic exchange (mixing of groundwater and surface 

water in the streambed). The hyporheic zone contains microbial communities important to 
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nitrogen, carbon, and phosphorous cycling [Hester and Gooseff 2010]. 

Additionally, an ecological study completed in Baltimore, Maryland [Harrison et al. 

2012] investigated changes in methane fluxes from restoration projects in streams. However, the 

methods for this work included estimating reach scale fluxes from net nitrification, DEA and 

methanogenesis based on “potential” rates of activity in the laboratory, without consideration of 

the hyporheic zone and long-term changes to fluxes that may happen in geomorphic features 

from streams. The results from this study suggests process rates from restored and urban 

degraded reaches were very similar, and methane fluxes in restored and unrestored streams were 

statistically insignificant (albeit restored reaches did exhibit somewhat higher methane fluxes).  

 

3. Study Sites 

3.1. Site Locations and Overview 

The study sites are in the physiographic region of the Piedmont in NC and the Neuse 

River watershed. The Neuse River has been impaired, creating problems for its estuary since 

1980. It has experienced widespread nutrient pollution (primarily N and P) from animal and crop 

agriculture, as well as other sources in its watershed leading to fish kills and harmful algal 

blooms. Because of this, in 1997 NC implemented a strategy to regulate this pollution 

(wastewater, storm water, agricultural nutrient sources) including protection for riparian buffers 

and mandated training for fertilizer use [NC DEQ 2009]. Many of the rivers/streams feeding into 

the Neuse River are also listed as impaired and as such many have been restored due to 

compensatory mitigation regulations. According to a 2010 Neuse River Basin Watershed 

Restoration Plan, 73 Hydrologic Units were designated as “Targeted Local Watersheds” which 

then receive priority for EEP project planning and funds for restoration or protection of streams, 
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riparian buffers, and wetlands [Breeding 2010]. 

Three small streams were studied (Tables 2, 3; Fig. 3.1); all are shallower than 1.5 meters 

(even in pooled sections) with bank-to-bank widths ranging primarily from 1-5 meters. In each 

stream, measurements were made in paired unrestored and restored reaches (the latter reach was 

always downstream of the former).  All unrestored reaches are surrounded by residential land use 

areas or public parks/greenways, while the restored reaches are in a public park/greenway or golf 

course with surrounding residential areas. Each stream was investigated in a study reach, i.e., the 

length between station U (upstream) and station D (downstream). The GPS coordinates for each 

station and average width and depths of each study reach are detailed in Table 3. 

 

Table 2. Restored sites and their locations, dates (year) of restoration, lengths of restoration, known 

reasons for restoration, and restoration design plans (KCI Associates 2009; Buck 2001).  

Site 
NC Town 

and year 

Length 

(m) 
Reasons for Restoration Restoration Design 

Hatchet’s 

Grove 

Tributary 

Morrisville 

2004 
1,166 

Stream was biologically 

impaired with high turbidity 

and low O2 levels. 

Establish 30-ft riparian plant 

community, integrate golf course, 

ensure bank stabilization, modification 

of maintenance practices, construct 

bankfull bench, riffles, runs, pools, 

glides. Change channel dimension, 

pattern, profile. Add rock wads, rock 

vanes, and meandering areas. 

Smith 

Creek 

Wake 

Forest 

2004 

1,622 

Stream was channelized with 

high flood risk, unstable 

banks and bed features (from 

high shear stress and poor 

vegetation). In several spots, 

there were multiple channels. 

Development of a public park 

was desired. 

Sandy riffles and runs, pools created 

by Large Woody Debris (LWD). Form 

meandering channel in previously 

existing floodplain. Ensure 

stabilization: woody transplants, sod 

mats, root wads and rock vanes. Other 

instream structures placed (for grade 

control and enhanced bedform). 

Austin 

Creek 

Wake 

Forest 

2004 

1,800 

In areas lacking trees (the 

right bank), bank erosion was 

high. Past channelization 

created low-sinuosity and 

incision, and unstable banks 

and bed features (from high 

shear stress and poor 

vegetation). Development of 

a public park was desired. 

Change channel pattern, dimension, 

and profile. Only minor changes to left 

streambank. Right streambank 

excavated for 2 bankfull benches 

(widths: 14 & 29 m). Terrace scarp, 

streambanks, and benches seeded with 

millet and erosion control matting. 

Instream structures: root wads, log 

vanes, rock vanes, cross vanes. 
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The study sites were investigated in fall 2017 (October/November) and again in winter 

2018 (January/February). According to the NC Climate Office, average temperature and total 

rainfall were 63.4° F and 4.3 inches in October 2017, and 49.7° F and 1.31 inches in November 

2017. According to the National Weather Service Forecast Office in Raleigh-Durham, October 

2017 had higher average temperature and total precipitation compared to the historical means 

from 1981 to 2010 (61.2°F and 3.25 inches, respectively). The November 2017 precipitation 

total was below the November average of 3.12 inches while the mean temperature was near the 

average of 52.2° F [NOAA 2018]. Average temperatures in January and February 2018 were 

37.2° F and 52° F, with rain totals of 3.92 and 1.70 inches, respectively (according to the NC 

Climate Office). Long term averages for January are 41.0°F and 3.5 inches (2018 had cooler 

average temperatures and near average precipitation totals); for February the long-term averages 

are 44.5°F and 3.23 inches (2018 was warmer and dryer) [NOAA 2018].  

3.2. Smith and Austin Creeks 

3.2.1. Overview 

Smith and Austin Creeks are in Wake Forest, straddling Wake and Franklin County, and 

are tributaries to the Neuse River (USGS Hydrologic Unit # 03020201). The drainage area for 

the entire restoration project (both Smith and Austin Creek) is 32.37 km2. Topography in this 

area is mainly gently rolling hills with wide alluvial valleys and streams exhibiting a dendritic 

pattern [Buck 2001].  

The geology in the area is predominantly foliated granitic rocks (Paleozoic), although 

some of the watershed is on the edge of the Raleigh Geologic Belt -- characterized by 

metamorphic rocks such as gneiss, schist, and amphibolite. Part of Smith Creeks upper 

watershed goes into a rock unit of injected gneiss with lithology of biotite gneiss and schist 
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(Cambrian/Late Proterozoic), while the restored portion of Smith Creek and all of Austin Creek 

lies in foliated to massive granitic rock (Permian/Pennsylvanian) [NC Dept Env, Health, Nat 

Resources 1998; Rhodes et al. 1985]. 

Figure 3.1.  Locations of Smith Creek, Austin Creek, and Hatchets Grove Tributary (HGT). The 

watershed of the restored reach for each stream (the topographically-defined watershed draining to the 

downstream station of the restored reach) encompasses the watershed of the unrestored reach of the same 

stream (the unrestored reach is always upstream of the restored reach [USGS 2013 for digital elevation 

model (DEM) used]. 
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Table 3. Locations and average cross-sectional stream width and maximum depths of study sites. 

‘Lat,long’ represent ‘latitude, longitude’ of GPS measurements, and ‘Average Max Depth’ represents the 

average maximum depths determined in 5-10 cross-sections of each study reach. 

Stream 
Study 

Reach 
Station U coordinates 

(lat,long) 

Station D coordinates 

(lat,long) 

 Average 

Width (m) 

Average Max 

depth (cm) 

Smith 
Restored 35.955186,-78.502871 35.954735,-78.503389 2.29 12.2 

Unrestored 35.964488,-78.502119 35.963968,-78.502394 1.74 10.8 

Austin 
Restored 35.953841,-78.501823 35.953123,-78.502710 3.51 10.8 

Unrestored 35.962003,-78.479392 35.961753,-78.480097 3.63 15.5 

HGT 
Restored 35.815024,-78.835212 35.815315,-78.834294 3.78 29.7 

Unrestored 35.815466,-78.838766 35.815357,-78.838155 3.92 19.0 

 

3.2.2. Land Use 

In each stream, the restored study reach was downstream of the unrestored study reach, 

therefore, the watershed of the restored reach includes the watershed of the unrestored reach plus 

an additional increment of area downstream of the watershed of the unrestored reach (e.g., 

Figure 3.2). The restored or unrestored reach for each stream is defined as the topographically-

defined contributing area that lies upstream of the downstream end of the restored or unrestored 

reach. 

For Smith and Austin Creek (Figures 3.2, 3.3), developed land made up: 

 54% of the watershed of the restored reach in Smith Creek  

 40.3% of the watershed of the unrestored reach in Smith Creek 

 23.1% of the watershed of the restored reach in Austin Creek 

 22.3% of the watershed of the unrestored reach in Austin Creek 

The restored section of Austin Creek runs through a soccer center and a golf course. The 

watershed of the restored reach has 23.1% developed land with much of the land use falling 

under forest or hay/pasture categories. The upstream, unrestored section of the stream runs 

through residential areas of Wake Forest, NC. The watershed of the unrestored reach has 22.3% 

developed land. For Austin Creek, the watersheds of the restored and unrestored reaches cover 
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22.4 km2 and 9.78 km2, respectively. In Smith Creek, the watersheds of the restored and 

unrestored reaches cover 9.14 km2 and 5.48 km2, respectively 

Figure 3.2. NLCD 2011 land use in the watersheds of Smith and Austin Creek. [Homer 2015 for land use 

data, USGS 2013 for DEM used]. 
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Figure 3.3. From left to right Smith Creek and Austin Creek watershed land use comparing the 

watersheds defined by the downstream ends of the restored and unrestored stream reaches studied [Homer 

2015 for land use data; USGS 2013 for DEM used]. 

 

3.2.3. Soil Type 

Soil types from the Cecil unit and Rawlings-Rion complex are the predominant soil types 

in the watershed areas of the study reaches [Soil Survey Staff 2018]. The Cecil unit is 

characterized as a well-drained sandy loam with a moderately high to high Ksat (1.5-5 cm/hr), a 

typical depth to water table of more than 2 m, no tendency to flood or pond, and a plant available 

water storage of 19 cm per 2 m of soil. Cecil sandy loam has a typical soil profile of sandy loam 

at 0-0.2 m, clay at 0.2-1 m, clay loam at 1-1.3 m, and loam at 1.3-2 m. The typical Rawlings-

Rion complex is sandy loam at 0-0.2 m, sandy clay loam at 0.2-0.5 m, gravelly sandy loam at 

0.5-1 m, and bedrock starting at 1-2 m. This soil complex is not prone to flooding or ponding, 

with low available water storage (12 cm water available for plant use per 150 cm soil profile) 

[Soil Survey Staff 2018]. The watershed of the restored reach of Smith Creek predominantly has 
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the following soil types in order of abundance [USGS 2013;Soil Survey Staff 2018]: 

1. Cecil sandy loam (54.2%) 

2. Rawlings-Rion complex (12.5%) 

3. Chewacla soil (5.0%) 

The watershed of the restored reach of Austin Creek has the following soil types in order 

of abundance [USGS 2013; Soil Survey Staff 2018]: 

1. Rawlings-Rion complex (34.0%) 

2.  Wedowee-Saw complex (6.6%) 

3.  Wedowee-Urban land complex (6.6%) 

4. Wake Rolesville complex (5.5%) 

3.2.4. Smith and Austin Creeks Restoration 

Smith and Austin Creeks were both restored in 2004 with 1,622 m of restoration for 

Smith Creek and 1,800 m of restoration on Austin Creek. Restoration significantly altered both 

streams, as bankfull benches were excavated on both creeks and the previously unnatural straight 

channel was replaced with a meandering channel in 2004 (Fig. 3.4). The riffles and pools 

created, and the in-stream stabilization structures installed (erosion control matting, root wads, 

rock vanes, large woody debris (LWD)) are not shown in Figure 3.4. The 2004 restoration was 

completed under the NC Wetlands Restoration Program (combined with EEP for what is now the 

Division of Mitigation Services (DMS)) for mitigation credits from unavoidable impacts to other 

streams in the same Hydrologic Unit Code as the restoration project. Reasons for the restoration 

designs used are stated in Table 2 [Buck 2001]. 
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Figure 3.4. Smith and Austin Creek’s restoration design, only showing the restored sections of both 

streams, from the NC Dept. of Environment and Natural Resources Wetlands Restoration Program (a 

statewide program for wetland restorations, now called the Division of Mitigation Services). The blue 

highlighted areas indicate the restored study reaches for Smith and Austin Creek. The terms "proposed 

new channel" and "proposed bankfull bench" shown in the image are now the existing channels and 

bankfull benches, while "existing channel" refers to what existed before the restoration was completed in 

2004 [Buck 2001]. 

 

3.3. Hatchet’s Grove Tributary 

3.3.1. Overview 

Hatchet’s Grove Tributary (HGT) is a third order stream located in the Piedmont region 

and serves as a tributary to Crabtree Creek in the Neuse River Basin (USGS HUC 

0302021088010, NCDWQ Sub-basin 03-04-2). The bedrock of this research site, in contrast to 

the igneous and metamorphic rocks at Smith and Austin Creek, are sedimentary rocks of the 

Triassic Basin, namely conglomerate (primary) and sandstones (secondary) in the Chatham 

group, Newark supergroup [Rhodes et al. 1985; NC Dept Env, Health, Nat Resources 1998]. 

 



21 

 

 

3.3.2. Land Use 

The restored section of HGT runs through Prestonwood Golf Course. The unrestored 

section goes through a community park containing a baseball field, a children’s playground, and 

running trails. On the north side of the unrestored section (and the edge of the park), residential 

townhomes run along the length of the stream reach. HGT's restored section has 30% of 

impervious cover in its watershed according to the restoration document [KCI Associates 2009].  

Figure 3.5. Land use in the watersheds defined by the downstream ends of the restored and unrestored 

stream reaches studied in HGT [USGS 2013 for the DEM used; Homer 2015 for land use data]. 

 

The watersheds of the unrestored and restored reaches of HGT are 9.39 and 9.78 km2 in 

area, respectively, and have similar land use as the reaches are only 265 meters apart. Developed 

land makes up most of both watersheds (~75% for each), with much of the developed land 

falling under the category of “Developed, Open Space” (Figures 3.5, 3.6), a category that 

includes park and golf course areas.  
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3.3.3. Soil Type 

The dominate soil types in the watershed of both HGT study reaches are Creedmore-

Green and Chewacla and Wehadkee [Soil Survey Staff 2018]. According to the NRCS web soil 

survey, the soil types in the watershed, in descending order of abundance are: Creedmoor-Green 

complex (30.9%), Chewacla and Wehadkee soils (8%) which become frequently flooded, and 

Cecil sandy loam (5.6%) [USGS 2013]. Creedmoor-Green complex soils have a typical soil 

profile of sandy loam at 0-0.25 m, clay at 0.25-1.14 m, and sandy clay loam at 1.14-2 m. 

Creedmoor-Green soils are in a moderately well-drained drainage class with an average water 

table depth of 0.46-0.6 m, and the capacity of the most limited layer to transmit water (Ksat) is 

moderately low to moderately high (0.15-1.5 cm/hr). This soil type doesn’t frequently flood or 

pond. Chewacla and Wehadkee soils have a typical soil profile of loam at 0-0.1 m, silty clay 

loam at 0.1-0.7 m, clay loam at 0.7-1.5 m, and loam at 1.5-2 m. These soils are somewhat poorly 

drained, with a moderately high to high Ksat (1.4-5 cm/hr), a depth to water table of 15-61 cm, 

and a frequent tendency to flood. The available water storage for plants in Chewacla and 

Wehadkee soil profiles are high (25 cm water per 150 cm of soil). This type of soil is usually 

present in floodplains [Soil Survey Staff 2018]. 

The restored section of HGT is surrounded by trees and foliage except in the area 

upstream of the study reach which only has bushes and other small hedges in the golf course. 

The restored channel bed is made up of predominantly fine to coarse grained sand. The 

unrestored section of HGT is surrounded by trees and foliage in the community park. Much of 

the streambed in the unrestored study reach of HGT (0-60 m out of 90 m total research length) 

has exposed bedrock. In this area it was not possible to take groundwater samples from beneath 

the streambed or collect streambed core samples.  
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3.3.4. Hatchet’s Grove Tributary Restoration 

Hatchet’s Grove Tributary was restored in 2004 by Soil & Environmental Consultants as 

NC Ecosystem Enhancement Project (EEP) Project No. 289. Most of the restoration (1,167 m) 

was on Hatchet’s Grove Tributary, with a minor component (90 m) on a small tributary between 

the restored and unrestored reaches. Stream bank plots and buffer plots (3 of each) were 

monitored one year after restoration [KCI Associates 2009]. 

Per EEP’s requests, in 2006 the site was assessed using the Carolina Vegetation Survey 

protocol with three new plots set in place for the next monitoring year. EEP added 260 3-year old 

trees including oaks, sycamore, ash, birch, buttonbush, and chokeberry. Beaver were taken off 

the restored site, and the site was on track to meet 5th monitoring year vegetation requirements 

(260 stems per acre). During the fifth monitoring year, findings included decreased bank erosion 

as planted vegetation stabilized what was once bare banks (from vegetation inputs of 668 stems 

planted per acre) and 92% of the restoration’s in-stream structures were in reach of maintaining 

grade control. Furthermore, the overall placement of the in-stream structures had led to bed 

degradation and reduced riffle habitat downstream, leading the overall number of pools to 

increase after the restoration. Five years after the restoration, the total number of riffles in the 

restored length was 44 with 30% in stable condition, while the restoration’s pools increased from 

42 added/planned pools to 49 observed pools after monitoring (117% stable). Additionally, 66% 

of the 44 meanders present from the restoration were stable and 91% of stream banks were 

considered stable. As for the in-stream stabilization structures: 25 vanes and 35 wads/boulders 

were reported as stable [KCI Associates 2009].  
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Figure 3.6. Land use in the watershed of HGT based on NLCD 2011 land use data [USGS 2013 for DEM 

used; Homer 2015 for land use data]. 
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4. Methods 

4.1. Greenhouse Gas Fluxes 

4.1.1. Overview 

Steady injections of propane and slug injections of NaCl were used to determine the gas 

exchange rate constant, kC3H8, for propane in reaches (sections) of three streams [Yotsukura et al. 

1983; Duran and Hemond 1984; Kilpatrick et al. 1989; Genereux and Hemond 1992; Oviedo-

Vargas et al. 2015], expressed in Equation 1:    
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                                    Equation 1 

where kC3H8 has dimensions of time-1, [C3H8] is propane concentration in the stream water, Q is 

volumetric stream discharge (derived from the injected salt), subscripts U and D indicate the 

upstream and downstream measurement stations that define the ends of a stream reach, and τ 

represents the stream water travel time through the reach, estimated as the difference in time-to-

peak between the upstream and downstream ends of the reach, for the peaks of the NaCl 

breakthrough curves at the two ends of the reach.  kC3H8 values were converted to kCO2 and kCH4 

values (as explained in Section 4.1.3) and were used with measurements of [CO2] and [CH4] in 

stream water (the brackets indicate concentration) to determine rates of emission of CO2 and CH4 

from stream water to the overlying air [Kilpatrick et al. 1989; Genereux and Hemond 1992; 

Oviedo-Vargas et al. 2015]. 

All field work, in one restored reach and one unrestored reach of each stream (6 total 

reaches), was completed between September 2017 and February 2018 (Table 4). In each stream, 

the unrestored reach was always upstream of the restored reach, and GHG emissions from each 

stream were investigated twice:  once in fall 2017 and once in winter 2018. 
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Table 4. Dates of field data collection for determination of GHG fluxes or variables potentially related to 

the GHG fluxes (listed in the last column). R and UR represent restored and unrestored reaches, 

respectively. "Injection to U" refers to the distance between the tracer injection site and the upstream end 

of the reach.  The reach length for each study site is the channel length between stations U and D. LWD 

represents "Large Woody Debris" counts, and LOI represents the organic matter measurement technique 

of "loss-on-ignition".  
Date Stream 

Reach 

Injection to 

U (m) 

Reach Length 

(m)   

GHG 

fluxes 

Variables potentially related to 

emissions 

9/15/17 
R Smith 

UR Smith 

30 

20 

95 

70.5 
X 

X 

Groundwater, pH, depth 

Groundwater, pH, depth 

10/5/17 
R Austin 

UR Austin 

30 

15 

90.5 

90 
X 

X 

Groundwater, pH, depth 

Groundwater, pH, depth 

11/27/17 R HGT 30 70 X Groundwater, pH, depth 

11/28/17 UR HGT 30 60 X Groundwater, pH, depth 

12/12/17 

R Smith 

UR Smith 

R Austin 

UR Austin 

30 

20 

30 

15 

95 

70.5 

90.5 

90 

 OM (LOI, collection) 

OM (LOI, collection) 

OM (LOI, collection) 

OM (LOI, collection) 

12/13/17 
R HGT 

UR HGT 

30 

30 

70 

60 
 OM (LOI, collection) 

OM (LOI, collection) 

1/15/18 
R Smith 

R Austin 

30 

30 

95 

90.5 
 LWD, pool %, depth, width 

LWD, pool %, depth, width 

1/22/18 
R HGT 

UR HGT 

30 

30 

70 

60 
 LWD, pool %, depth, width 

LWD, pool %, depth, width 

1/26/18 

R Austin 

UR Smith 

UR Austin 

30 

30 

15 

90.5 

95 

90 

X 

 

X 

Groundwater, pH 
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4.1.2. NaCl Hydrologic (Stream Gauging) Tracer 

To generate the Q values needed for Equation 1, an NaCl "slug" (known amount of NaCl 

dissolved into about 7 L of stream water) was released into the stream at the tracer injection site 

upstream of each study reach. The NaCl breakthrough curve at each measurement station (each 

end of the reach; Fig. 4.1) was determined using a hand-held conductivity meter (YSI 

Professional Plus) and/or a HOBO Conductivity Logger [Oviedo-Vargas et al. 2015]. Each 

breakthrough curve was integrated as described below to determine a Q value.  Additionally, the 

𝜏  value needed in Equation 1 was determined from the breakthrough curves (Figure 4.1). 
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Figure 4.1. NaCl breakthrough curves at the restored reach of Smith Creek on 9/15/2017. 

 

The mass of NaCl released at each tracer injection ranged from 0.7-1.2 kg and was 

measured beforehand to an accuracy of 0.001 g using an Ainsworth M-310 scale. In the field, the 

known mass of salt was dissolved into about 7 L of stream water, and the salt water was poured 

quickly into the stream at a known time.  

Prior to pouring the slug, at each of the two measurement stations downstream from the 

injection station a HOBO was deployed in the center of the stream channel, attached to a wooden 

stake by a zip-tie. Also, at the downstream measurement station, the probe of a manual 

conductivity meter (YSI Professional Plus) was deployed, within a few centimeters of the HOBO 

Conductivity Logger. A researcher at this station read and recorded background conductivity for 

10-15 minutes before the salt slug injection, then recorded conductivity every 30-60 seconds 

after release of the salt slug, until the tracer salt had passed by the station. 

 Conductivity values recorded from the YSI were automatically temperature-adjusted to 

25°C by the meter, at 1.9 % increase in conductivity per °C (the standard for KCl according to 

the YSI manual), while conductivity values from the HOBOs had to be temperature corrected in 

τ 
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a spreadsheet operation after the data collection. HOBO data were temperature-compensated to 

25° C using [Radtke 2005]:  

25
1 0.019( 25)

S
S

T


 
                               Equation 2 

 

where T represents temperature in degrees Celsius and S25 represents the temperature-corrected 

conductivity of the stream water.  The temperature compensation used was 1.9 %/°C, (the same 

as the default for the YSI Conductivity Meter). Stream temperature was logged every 10 seconds 

with the HOBO Conductivity Loggers.  

Temperature-compensated conductivity (S25 in μS/cm) was then converted to [NaCl] 

using an empirical linear regression determined in the lab. For accurate stream water 

representation, I collected buckets of stream water at each stream. Using stream water so that 

regression "standards" would mimic the behavior of the streams with salt added, I made a set of 

standards of known [NaCl] for each stream. A known (pre-measured) mass of NaCl was added to 

370-650 mL of stream water in a beaker. After sufficient mixing, each HOBO and YSI 

Conductivity Logger was left in the mixture for 2-3 minutes. The process was repeated for 5-7 

salt solutions with different concentrations to find the linear relationship between [NaCl] and S25 

– S25
o (where S25

o is the temperature-corrected background conductivity) for each logger/meter 

and stream (e.g., Fig. 4.2).  

Using each plotted breakthrough curve of [NaCl] vs. time, Matlab was used to calculate 

the area under each curve using "trapz", a function in Matlab that executes the trapezoidal 

method of integration. Discharge (Q in m3 s-1) was then calculated as the mass of NaCl released 

into the stream (kg) divided by the area under the breakthrough curve (kg s m-3) [Kilpatrick et al 

1985; Oviedo-Vargas et al. 2015]. An example calculation, as well as a breakdown of step-by-
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step outputs for discharge calculations in the restored reach of Smith Creek, are detailed in 

Appendix A. 

Figure 4.2. The linear relationship between temperature- corrected conductivity above background, S25 –  

S25
o, and [NaCl] in HGT stream water on 1/27/2018.  

 

4.1.3. Gaseous Tracer (Propane) 

Propane was bubbled into each stream through 1-2 Point Four micro bubble diffusers 

(14.5” x 1.75”) that sat on the streambed connected with clear, flexible PVC tubing to a regulator 

on a standard 20 pound back-yard propane (liquefied petroleum gas) tank. During bubbling, a 

constant pressure of 18-20 psi was maintained on the regulator. Propane injection was initiated 

just before the release of the NaCl slug, at the same location as the release of the NaCl slug.  A 

floating, rigid plastic lid (76 x 52 cm) from a large plastic crate was placed on the stream surface 

over the diffuser to lengthen the contact time between stream water and propane bubbles (to 

promote as much dissolution of propane as possible) [Genereux and Hemond 1992]. To keep the 

floating plastic lid in place, 2-3 wooden stakes were driven into the streambed around the plastic 

lid. The propane gas exchange rate constant (kC3H8) for a given reach was based in part on the 

aqueous concentrations of propane, at steady state during the injection, at the two ends of the 

stream reach (Equation 1).  
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In the field, time to steady state at a given stream measurement station was taken to be 

four times the “time to peak” for the NaCl tracer at that station [Yotsukura et al. 1983]. Once the 

steady state time was met or exceeded at a given measurement station, water samples for analysis 

of dissolved propane concentration were collected at that station. For example, if the peak of an 

NaCl breakthrough curve arrived 15 minutes after release of the NaCl slug upstream, then I 

waited until at least 60 minutes after the time of release of the NaCl slug to collect stream water 

samples for propane analysis. 

All water samples were collected in 60 mL syringes with air-tight 3-way luer-lock 

stopcocks. Each water sample was 40 mL, to allow room in the syringes for the gaseous 

headspace that was added in the lab. After collection stream water samples were immediately put 

into coolers full of ice.  Back at the lab, samples were transferred into a lab refrigerator until just 

before analysis [Oviedo-Vargas et al. 2015]. 

Once the samples were transferred to the lab, their dissolved propane concentrations were 

determined using an SRI 8610C gas chromatograph equipped with a flame ionization detector 

(FID, with a 1 ppm sensitivity) to detect hydrocarbons like methane and propane, a methanizer 

(that converted CO2 into CH4, allowing it to be quantified as a separate CH4 peak) and a 

HayesSep-D packed column. According to the SRI 8610C FID manual, the detection of 

hydrocarbons ranges from 0.1 ppm to 100%. All stream water and air samples were run on 

"high" gain, the proper setting for low-level hydrocarbon detection, and H2 was utilized as the 

carrier gas.  

Two to three hours prior to analysis, the water samples were taken out of the refrigerator 

to warm up to room temperature (22-25° C). Before analysis, approximately10 mL of N2 gas 

were introduced into each water sample syringe for a headspace equilibration, followed by 15 
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minutes of carefully shaking the water samples.  The samples were then left at rest for over an 

hour. After this period, the headspace was injected into the gas chromatograph through a gas 

sampling valve with a sample loop [Oviedo-Vargas et al. 2015].  An example gas chromatogram 

for this research is in the Results section of this thesis. 

Prior to field work, calibration standards were run through the gas chromatograph to 

determine the best-fit linear regression (e.g., Figure 4.3) between gas concentration (ppm) and 

peak area (mV sec) for each analyte (methane, propane, and CO2). A primary standard was 

purchased from AirGas with gaseous concentrations of 10,000 ppm carbon dioxide, 200 ppm 

methane, and 200 ppm propane, with an uncertainty of ±5%. Calibration standards were prepared 

by taking precise volumes of the primary standard (using plastic/glass syringes) and diluting 

them with high purity N2 (the same N2 used for headspace in water samples) inside tedlar bags. 

For determination of the primary standard volumes needed (for 3-4 mixed calibration standards), 

Equation 3 was utilized:  

2211 VCVC                                   Equation 3 

where C represents gaseous concentrations (ppm) and V represents gas volume (mL). V1 is the 

volume of primary standard needed for a dilution (the unknown variable), C1 is the primary 

standard concentration, C2 is the desired calibration standard concentration, and V2 is the total 

volume of gas to be injected into the tedlar bag (the total volume of primary standard + N2 gas). 
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Figure 4.3. Linear regression between gas chromatogram peak area and the gaseous concentrations of the 

hydrocarbons of interest (methane and propane) completed on December 7, 2017. Error bars show 5% 

uncertainty from the primary standard. 

 

For fall sampling at HGT, propane samples from the unrestored reach (2 out of 3 samples 

at station U) were accidentally run through the gas chromatograph while the flame on the FID 

had gone out, leading to misleading zero area peaks for the hydrocarbons of interest. The flame 

was relit and the samples in question were rerun after drawing a second headspace into each 

syringe. The following equations (based on propane mass balance in a syringe containing a water 

sample subjected to two sequential head space equilibrations) were implemented to find the 

original aqueous concentration of propane for these water samples (C0w): 
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                                 Equation 4 
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                               Equation 5 

where C, K and V represent concentration, volume and Henry’s Constant (μM, mL, and unitless, 

respectively), the subscript 0 represents the original water sample, the subscript 1 represents the 

y = 0.2103x + 18.577
R² = 0.9582
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first headspace equilibration, and the subscript 2 represents the second headspace equilibration. 

The subscripts g and w represent gaseous and aqueous phases, respectively.  

To compute stream emissions of CO2 and CH4, first an estimate of kCO2 and kCH4 from 

kC3H8 is needed. To calculate these gas exchange rate constants, an estimate for each GHG’s 

Schmidt number (Sc) is also needed: 

D
Sc






                                  Equation 6 

where μ is the dynamic viscosity of water (Pa s), ρ is the density of water (kg m-3), and D is the 

aqueous diffusion coefficient of the gas of interest (m2s-1). All the variables in Equation 6 are 

temperature dependent.  

Equation 1 is applicable in gaining stream reaches. However, on 3 occasions in this 

study, stream reaches were losing (net lateral outflow of water to the surroundings) based on 

discharge data from salt slug injections. Under these unusual circumstances a modification to 

Equation 1 was utilized (Equation 7), wherein the discharge ratio was taken out of the equation 

due to the propane tracer remaining undiluted by outgoing groundwater sources [personal 

communication, D.P. Genereux, September 2018]. 

3 8
3 8

3 8
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                               Equation 7 

Using Schmidt numbers and the gas exchange coefficient for propane kC3H8 at each study 

reach (Equation 1 or 7), I calculated the gas exchange coefficient for each gas of interest using 

the following equations [Wanninkhof et al. 1985, 1987; Raymond et al. 2012]: 

3 8
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                               Equation 8 
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                               Equation 9 

The value of the exponent “n” was assumed to be 0.7 based on several prior publications: 

Hammond [1977], Deacon [1977], Jahne et al. [1987a, 2007], Torgersen et al. [1982], Genereux 

and Hemond [1992], and Madsen et al. [2007]. Five of these publications reported “n” values of 

0.6-0.74 with varying levels of uncertainty (0.15-0.9). All the publications listed reported values 

in the range of 0.4-1. The average of all the values considered came out to about 0.7.  

Using the definition of Schmidt numbers (from Equation 6) and compiled literature, 

Oviedo-Vargas et al. [2015] fit cubic polynomial functions to Sc versus T values for each gas (as 

in Raymond et al. 2012): 

32

2 018.007.266.8902.1686 TTTScCO                            Equation 10 

32

83 0404.078.441.20360.3545 TTTSc HC                      Equation 11 

32

4 003.08186.030.585.1517 TTTScCH                          Equation 12 

where T represents temperature in °C. Schmidt numbers were calculated from Equations 10-12, 

using measured stream water temperatures, and were then used in Equations 8 and 9 for 

computation of gas exchange rate constants for carbon dioxide and methane, kCO2 and kCH4. 

4.1.4. [CO2] and [CH4] in Stream Water, Depth and GHG Fluxes from Streams 

Stream water samples for analysis of [CO2] and [CH4] were collected prior to the tracer 

injections (four water samples at each end of each study reach). All water samples were collected 

in 60 mL syringes with air-tight 3-way luer-lock stopcocks. The steps for sample collection and 

lab analysis were the same for methane and carbon dioxide as for propane. Similarly, one air 

sample was collected directly above the stream surface using a syringe, in each study reach. The 

air samples were not kept on ice and were injected directly into the GC to determine air 
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concentrations of CO2 and CH4 [Oviedo-Vargas et al. 2015]. 

Carbon dioxide and methane emission fluxes from the stream water of each study reach 

were computed as [Genereux and Hemond 1992; Oviedo-Vargas et al. 2015]: 

2 2 2 2([ ] [ ] )CO CO aq eqf k Z CO CO                               Equation 13 

4 4 4 4([ ] [ ] )CH CH aq eqf k Z CH CH                               Equation 14 

where Z is the average stream water depth in the reach, the subscript "aq" refers to the average 

aqueous concentration of the gas in the stream water of the reach (determined by averaging 

measured values from the two ends of the reach), and the subscript "eq" refers to the hypothetical 

stream water gas concentration that would be in equilibrium with the measured air concentration 

directly above the reach, based on the known Henry's Law constant for the gas and the measured 

stream water temperature. An example calculation for flux measurements is detailed in Appendix 

A. 

Stream depth was measured every 10-30 m in each study reach; in each case what 

seemed to be the deepest depth in each cross-section of the stream was recorded. Similarly, 

detailed depth cross-sections were measured 10 meters downstream from station U and 10 

meters upstream from station D in each reach. Each detailed cross-section had five depth values: 

1 near the left bank, 1 near the center, 1 near the right bank of the stream when looking upstream, 

and two “0 m” values representing the edges of the stream. The average depth in each cross-

section was calculated and divided by the deepest depth in the cross-section; values of this ratio 

were 0.3-0.6, a range that surrounds the 0.5 value expected for a channel of triangular cross-

section. For each reach, the best final estimate for Z (m) was calculated as the channel geometry 

ratio (a number between 0.3 and 0.6) multiplied by the "average deepest depth" (the average of 

the deepest depth measurements that were made every 10-30 m along the reach). 
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4.2. Variables Potentially Related to Emissions 

4.2.1. Overview 

The sections below describe the measurement of variables potentially related to GHG 

emissions in the study reaches, including:  

1. percent pool in the reach 

2. groundwater sampling 

3. organic matter (benthic, sediment, large woody debris) 

4. transient storage 

A very similar spatial arrangement of measurement locations was used in each study 

reach (Fig. 4.4).  The sampling plan shown in Figure 4.4 was implemented in December 2017 

(between the fall and winter gas exchange experiments).  

Three modes of investigation of streambed organic matter were implemented: (1) surveys 

of large woody debris (LWD) in the streambeds [Davis et al. 2001], and two techniques detailed 

in Sudduth et al. [2011]: (2) surveys of organic matter on top of the streambed and (3) mass loss 

on ignition of streambed sediments. Large woody debris counts were done throughout the full 

length of each restored and unrestored study reach (between measurement stations) according to 

Davis et al. [2001]. Benthic OM collection involved gathering and weighing all the organic 

matter (leaves and other debris) from the stream bed at two 0.5-m-wide transects in each study 

reach.  Given that the average channel width is about 2 meters for the study streams, the typical 

sampling area for this was about 1 m2 per transect. 
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Figure 4.4. Study reach sampling for potential controlling factors: groundwater, pH, and organic matter 

sampling. Occurrence of LWD (large woody debris) was investigated throughout the reach (station U to 

D). The three sediment cores were denoted as left to right when looking upstream. 

 

4.2.2. Percent Pool in the Reach 

In each study reach, lengths of pool were measured and the cumulative percentage of 

pool length in each reach was calculated. Pools represent deeper sections of the stream (either on 

the sides of the channel or throughout the channel); stream areas with water depth of 15 cm or 

more were considered pools. Shallower sections of the stream not meeting the criterion for pools 

were designated as riffles. Riffle sections are usually characterized by gravel or large rocks on 

the channel bed, while pool sections tend to be wider, deeper, and without large rocks or "steps".  
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4.2.3. Groundwater Sampling 

Groundwater samples were collected at the ends of each stream reach (2 samples per 

reach) using a piezomanometer in sandy areas where the channel sediment was easily penetrated. 

A piezomanometer is an instrument utilized in Kennedy et al. [2007, 2009] for nitrate flux 

research. The device features a drive point and short 5 cm screen at the bottom of a narrow (1-

inch diameter) push-able steel probe, and a three-way stopcock attached to a plastic syringe for 

water sample collection. For this study, the piezomanometer was only utilized to collect 

groundwater samples (not to measure vertical head gradient). The top of the screen was pushed 

into the stream bed to a depth of 20 cm (such that the top of the screen was 20 cm below the top 

of the streambed), a depth chosen in the hopes of bypassing the hyporheic zone where 

groundwater and surface water mix in the streambed. About 300-400 mL of groundwater was 

purged prior to collection of each groundwater sample (groundwater became less turbid as 

purging progressed, and samples collected were mostly clear).  

Groundwater samples were run on the gas chromatograph in the same fashion as stream 

water samples, to quantify carbon dioxide and methane. Due to large carbon dioxide 

concentrations in the winter months, winter samples had to be run on medium gain to reduce the 

peak areas (for hydrocarbons the maximum peak height is about 5,000 mV). However, when 

detecting for methane or other hydrocarbons, best practices would be to run samples on high gain 

(high gain exaggerates peak area x20 relative to medium gain). Some samples run on medium 

gain instead of high gain showed peak areas of zero for methane. This occurred at each station of 

the unrestored reach of Smith Creek and each station of the restored reach of Austin Creek in the 

winter. Each value is reported in the Results section of this research as ≤0.16 μM, as 0.16 μM is 

the threshold of detection for CH4 on medium gain (i.e., because of the small non-zero y-



39 

 

 

intercept in the best-fit calibration line (e.g., Figure 4.3), “0” CH4 chromatogram peak area 

equates to 0.16 μM for a water sample (40 mL) run at a normal lab temperature (near 23° C) with 

around 10 mL of N2 headspace). 

Additionally, the discharge of groundwater (Qgw) was calculated as the difference QD – 

QU. If station D had a larger discharge than station U (upstream), than the reach was considered a 

gaining reach, and vice versa (QU>QD indicates a losing reach). 

4.2.4. Loss-on-Ignition (OM) 

To measure the amount of organic matter present in streambed sediment, the widely-used 

technique of "Loss-on-Ignition" [Sudduth et al. 2011] was implemented. I collected 6 cores of 

streambed sediment at each study reach (Fig. 4.4). The cores were taken from streambed surface 

down to a known depth (11-13 cm), both 10 meters downstream of station U and 10 meters 

upstream of station D in each reach. The sediment cores were collected on December 12-13th of 

2017.  No cores were collected 10 m downstream from the Hatchet’s Grove Tributary unrestored 

station U as the channel bed consisted only of impenetrable, exposed conglomerate bedrock 

instead of the fine sandy sediment seen at all other sites. Each core was dug out of the streambed 

with a shovel, after its location (distance from the left or right channel bank when facing 

upstream) was recorded in a field book. Additionally, the water depth at each core location was 

recorded, to find accurate stream cross-sectional areas at each OM sampling site (as discussed 

below).  In all, 33 cores were collected. 

In the lab, the sediment in each core was manually mixed, then 1-5 g of sediment from 

each core was transferred into small (~50 ml) borosilicate glass beakers and vials. These samples 

were arranged in a baking pan, and then dried overnight in a laboratory oven at 60-65°C. The 

next morning, they were weighed to the nearest 0.0001 g. Samples were covered with aluminum 
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foil and incinerated at a temperature of 510°C in a muffle furnace in NC State’s Sedimentology 

Lab. 

Once the muffle furnace had cooled enough for safe handling, the samples were quickly 

weighed (~5 minutes after being taken out of the muffle furnace). The samples were weighed 

precisely after exposure to incineration to avoid the samples rehydration. Using a desiccator after 

incineration was deemed unnecessary as the lab air was dry in the winter time when these 

samples were weighed. The difference in weight before and after incineration (i.e., "mass loss on 

ignition") is the measure of the amount of organic matter present in the original sediment. Steps 

followed are further detailed in Davis et al. [2001]. This organic matter sampling was based 

loosely on Sudduth et al. [2011] in their approach to finding differences in organic matter for 

restored and unrestored sections of streams in Wake County. 

4.2.5. Benthic OM 

To measure the amount of OM present on the surface of the channel bed, leaves and other 

organic debris were collected within two transects across the channel in each reach [Sudduth et. 

al. 2011], with each transect 0.5 m wide (Fig. 4.4). The OM was collected by hand when 

possible, or by lightly raking the bottom of the channel and then placing the organic matter in 

pre-labeled trash bags to be brought back to the lab and weighed.  

The collected OM was laid out on laboratory benches on top of aluminum foil for drying, 

then rinsed to cleanse the OM of mud and fine sediments as well as macroinvertebrates. This was 

done with care to avoid losing small OM on the leaves or other OM debris. Samples were then 

left out to air dry again for 1-2 more days before being weighed on a precise laboratory scale. 

The organic matter included small sticks, bark, and leaves. Samples which contained small sticks 

and bark (as they outweigh leaves) were noted [Sudduth et al. 2011]. 
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4.2.6. Large Woody Debris Measurements 

Large Woody Debris (LWD) serves as a stream channel stabilizer, and a source for 

organic matter and nutrients in the stream channel. Because of its important role in stream 

channel dynamics, measuring large woody debris is a commonly used forestry technique. A 

Stage 2 LWD survey (total piece volume, by size class, and in zones 1 and 2) was carried out in 

each study reach [Davis et. al. 2001]. Stage 2 was chosen as it accounts for total LWD counts as 

well as debris dams, the relative size of the stream, the LWD’s position in the channel, and the 

stability of the LWD to properly determine the importance and influence of LWD on each stream 

site. Characterization of LWD is based on 7 variables while characterization of debris dams is 

based on 5 variables (with a 1-5 scale 1-5 for each variable). LWD is defined as non-living wood 

with a length greater than 1 m and largest diameter greater than 10 cm, and debris dams are 

defined as 3 or more pieces of wood touching each other in the stream channel. LWD and debris 

dam counts were adjusted according to each reach's stream length (60-90.5 m), and average 

bankfull width and depth (ranges were 4.6-9 m for bankfull widths and 0.4-1.6 m for bankfull 

depths) [Harman et. al. 2017]. 

4.2.7. Transient Storage 

Transient storage is the temporary detainment of solutes in sediments of the streambed 

(hyporheic zone), and in small eddies, and stagnant waters of the stream channel [Bencala and 

Walters 1983]. OTIS, One-Dimensional Transport with Inflow and Storage, is a mathematical 

simulation model, provided by USGS, and commonly used with tracer field data to quantify 

advection, dispersion, and transient storage in streams and rivers. OTIS considers solute 

transport in the main channel from advection and dispersion, lateral inflow from overland flow, 

interflow and groundwater discharge, lateral outflow from water discharging to the surrounding 
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watershed, and solute exchange between the main channel and transient storage [Runkel 1998]. 

OTIS includes coupled governing equations for solute concentration in the main channel and in 

the linked transient storage zone. OTIS-P modifies the original program, OTIS, by allowing 

inverse modeling based on the estimation technique of Nonlinear Least Squares for purposes of 

estimating parameter values. 

Transient storage is where many biological and chemical processes take place, making it 

important for stream biogeochemistry (and potentially the GHG production and degassing from 

stream surfaces).  In OTIS, three parameters govern solute exchange between transient storage 

and the main channel:  A and As are the vertical cross-sectional areas (m2) of the main channel 

and transient storage zone, respectively (they represent the relative sizes of these two pools for 

solute storage), and α is the storage zone exchange coefficient (s-1) which represents the rate of 

solute exchange between the main channel and the transient storage zone. 

  Inverse modeling with OTIS-P was done by Samantha Labertew, an undergraduate at 

NC State University.  Labertew [2018] modeled each stream NaCl breakthrough curve with 

OTIS-P to estimate the values of As and α for each study reach during each tracer release (values 

of A were measured directly rather than estimated from inverse modeling).  The goal was to 

assess if differences in GHG emissions between restored and unrestored reaches were related to 

differences in As and α [Labertew 2018]. 
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5. Results and Discussion 

5.1. GHG Concentrations 

Stream water samples were run through a GC for detection of the gases of interest with 

retention times of: 0.83-1.0 minutes for CH4, 1.19-1.99 minutes for CO2 and 3.72-4.40 minutes 

for C3H8. Ethane was detected in most of the stream water samples; the liquefied petroleum gas 

(LPG) bubbled into the stream was mostly propane but contained small amounts of ethane and 

other hydrocarbons (Figure 5.1). 

Figure 5.1. Gas chromatogram from the first of four stream water duplicates taken after tracer injections 

from station U at the restored reach of Austin Creek on 6 October 2017. Labels indicate the gas detected 

for each peak and its peak retention time (in minutes). 

 

Stream water samples collected for dissolved gas analysis were collected both before 

each propane tracer injection, and later in the day when the propane concentration was thought to 

be at steady state in the stream water. t-tests (at 95% confidence) showed [CH4] in stream water 

collected at steady state was somewhat higher than in the pre-injection stream water samples.  

This could be because of low levels of CH4 in the propane gas (LPG) which was introduced into 
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the stream. To compute methane emissions based on only natural levels of [CH4], the [CH4] 

value used in emission calculations (and Table 5) was the mean from only pre-injection stream 

water samples (n=6-8). Stream water [CO2] was not affected by the propane injection and the 

[CO2] value used in emission calculations was the mean based on all pre-injection and steady 

state samples (n=12-16). 

Of the 12 cases (2 gases x 2 seasons x 3 streams), 7 showed significantly higher mean 

GHG concentrations within the restored reach of the stream (Table 5, Figure 5.2). In one case 

(HGT in the fall), [CO2] in the unrestored reach was greater than in the restored reach. In the 

remaining 4 out of the 12 cases, there was no significant difference in GHG concentration 

between the restored and unrestored reach of the same stream. 

Two-sample t-tests [Zar 1996] for the significance of the difference between two means 

are used throughout this section.  Comparing mean [CO2] in restored and unrestored reaches of 

the same stream in the same season at 95% confidence, mean [CO2] in the restored reach was 

significantly higher (p = 5.8x10-5, 4.7x10-5, 2.9x10-11, 6.7x10-13) in 4 out of the 6 possible cases 

(3 streams, 2 seasons); mean [CO2] was significantly higher in the unrestored reach of HGT in 

the fall (p = 6.8x10-3), and was not significantly different between the restored and unrestored 

reaches of Austin Creek in the fall (p = 0.10). Similarly, mean [CH4] was significantly higher in 

restored reaches in 3 out of the 6 comparisons (p = 5.5x10-3, 7.0x10-4, 8.4x10-5). In the other 3 

cases, HGT in the fall (p = 0.05) and Austin Creek in both seasons (p = 0.97, 0.10), mean [CH4] 

was not significantly different between the restored and unrestored reaches.  

In the winter, 83.3% of the cases (5 out of 6) showed significantly higher GHG 

concentrations in the restored reaches according to two-sample t-tests at 95% confidence. In 

Austin Creek, mean [CH4] was not significantly different between reaches in the winter. In the 
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fall, only 33% of the cases (2 out of 6) showed significantly higher GHG concentrations in the 

restored reaches. 

Table 5. Average stream water [CO2] and [CH4] at the upstream (U) and downstream (D) ends of each 

study reach. “R” and “U” represent the restored and unrestored reaches, Q is the stream discharge rate, 

and Qgw represents the net rate of groundwater gain or loss by the stream reach (a negative value indicates 

a losing stream). Standard deviations are shown in parentheses. 

Site 
R/

U 

Average [CO2] (μM) Average [CH4] (μM) 
 

Q (m3 s-1) 

U 

n=6-8 

D 

n=6-8 

All 

n=12-

16 

U  

n=3-4 

D  

n=3-4 

All 

 n=6-8 U D Qgw 

Fall 

Smith 

Creek 

R 
78 

 (30) 

71 

 (12) 
75  

(16) 

0.82 

(0.35) 

0.61 

(0.16) 
0.71 

(0.32) 
3.24x10-2 3.43x10-2 1.9x10-3 

U 
28 

 (8.0) 

21 

 (15) 
25 

(12) 

0.13 

(0.01) 

0.055 

(0.004) 
0.09 

(0.01) 
1.34x10-2 1.49x10-2 1.5x10-3 

Austin 

Creek 

R 
136 

 (23) 

104 

 (16)  
120 

(26) 

0.85 

(0.22) 

0.50 

(0.09) 
0.68 

(0.26) 
3.18x10-2 3.29x10-2 1.1x10-3 

U 
112 

 (17) 

103 

 (17) 
107 

(17) 

0.45 

(0.08) 

0.60 

(0.08) 
0.53 

(0.14) 
1.80x10-2 1.98x10-2 1.7x10-3 

HGT 

R 
120 

 (12) 

113 

 (23) 
116 

(19) 

0.60 

(0.08) 

0.52 

(0.14) 
0.56 

(0.13) 
1.60x10-2 1.77x10-2 1.6x10-3 

U 
150 

 (28) 

138 

 (15) 
142 

(24) 

0.53 

(0.08) 

0.31 

(0.03) 
0.42 

(0.13) 
5.64x10-3 4.73x10-3 -9.2x10-4 

Winter 

Smith 

Creek 

R 
113 

 (18) 

108 

 (9.2) 
111 

(15) 

0.91 

(0.18) 

0.98 

(0.24) 
0.94 

(0.23) 
8.97x10-2 8.48x10-2 -4.8x10-3 

U 
51 

 (7.5) 

48 

 (9.2) 
49 

(7.7) 

0.44 

(0.06) 

0.45 

(0.04) 
0.44 

(0.05) 
4.75x10-2 5.20x10-2 4.6x10-3 

Austin 

Creek 

R 
160 

 (22) 

142 

 (13) 
150 

(21) 

0.90 

(0.21) 

0.62 

(0.07) 
0.76 

(0.23) 
9.94x10-2 1.03x10-1 3.4x10-3 

U 
111 

 (15) 

108 

 (25) 
110 

(22) 

0.65 

(0.16) 

0.47 

(0.08) 
0.57 

(0.17) 
6.62x10-2 6.68x10-2 5.8x10-4 

HGT 

R 
132 

 (17) 

132 

 (14) 
132 

(16) 

1.1 

(0.27) 

0.88 

(0.21) 
0.98 

(0.28) 
3.99x10-2 3.73x10-2 -2.6x10-3 

U 
109 

 (20) 

88 

 (18) 
99 

(22) 

0.75 

(0.10) 

0.42 

(0.05) 
0.59 

(0.20) 
3.67x10-2 3.37x10-2 -3.0x10-3 

 

When evaluating GHG concentrations with respect to seasonality (winter vs. fall), 8 of 

the 12 total comparisons exhibited higher GHG concentrations in the winter. In 4 out of the 6 

total seasonal comparisons (3 streams x 2 reaches), mean [CO2] was significantly higher in the 

winter (p = 2.9x10-3, 2.1x10-2, 1.9x10-6, 2.7x10-8). Mean [CO2] was significantly higher in the 

unrestored reach in HGT during fall (p = 3.1x10-5) rather than winter and was not significantly 
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different between seasons in the unrestored reach of Austin Creek (p = 0.62). It was interesting to 

have mainly higher mean [CO2] in the winter as microbial enzyme activity usually decreases 

with lower soil temperatures in the winter (Shiau et al. 2016). Mean [CH4] was significantly 

different between seasons in only 2 of the 6 cases: the unrestored reach of Smith Creek (p = 

2.7x10-8) and the restored reach of HGT (p = 1.6x10-3); in both comparisons mean [CH4] was 

significantly higher in the winter.  

Although rain totals in fall vs winter months were not drastically different (see Section 

3.1), Q values were always greater in the winter months.  Lower temperatures equating to less 

evapotranspiration during the winter likely explains the differences in seasonal discharge. 

Additionally, this could have led to higher soil moisture and larger inputs of soil organic matter 

to the stream in the winter. 
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Figure 5.2. Box plots showing [CO2] (top images) and [CH4] (lower images) in the restored and 

unrestored reaches of each research stream. Boxes cover the second and third quartiles of the dataset, 

vertical lines (whiskers) show the minimum and maximum values of the dataset, the horizontal lines 

within the boxed area indicates the median, and the “X” denotes the mean.  

 

5.2. GHG Emissions 

Stream variables directly related to emission calculations (Table 6) include results for gas 

exchange coefficients (k), Schmidt numbers (Sc) for the three research gases of interest, stream 

depth (Z), and τ (travel time through the stream reach). As mentioned in Section 4.1, stream 

water depth was measured in channel cross-sections in each study reach (Figure 5.3). The ratios 

of average depth to deepest depth in these cross-sections ranged from 0.33-0.55, a range that 
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surrounds the 0.5 value expected for a channel of triangular cross-section. For each reach, the 

best estimate for Z used in emission calculations was the product of the mean value of this ratio 

for the reach and the "average deepest depth" (the average of the deepest depth measurements 

that were made every 10-30 m along the reach, as mentioned in Section 4.1). 

Twelve out of 12 possible comparisons (2 gases x 2 seasons x 3 streams), 100%, showed 

higher GHG emissions to the atmosphere from restored stream reaches than from the 

corresponding unrestored stream reaches (Table 6). Additionally, 7 out of the 12 cases had 

higher emissions in fall than in the winter. Carbon dioxide emissions from Smith Creek ranged 

between 250-420 mmol C m-2 d-1 in the restored reach and -3.5-16 mmol C m-2 d-1 in the 

unrestored reach, while methane emissions ranged between 2.9-4.5 mmol C m-2 d-1 in the 

restored reach and -0.05 – 0.03 in the unrestored reach (Figure 5.4).Carbon dioxide emissions 

from Austin Creek ranged between 760-2210 mmol C m-2 d-1 in the restored reach and 6.8-160 

mmol C m-2 d-1 in the unrestored reach, while methane emissions ranged between 5.3-5.9 mmol 

C m-2 d-1 in the restored reach and 0.008-0.77 mmol C m-2 d-1 in the unrestored reach (Figure 

5.5). Carbon dioxide emissions from HGT ranged between 850-1,040 mmol C m-2 d-1 in the 

restored reach and 260-570 mmol C m-2 d-1 in the unrestored reach, while methane emissions 

were approximately 4.5 mmol C m-2 d-1 in the restored reach and 0.2 – 1.9 mmol C m-2 d-1 in the 

unrestored reach (Figure 5.6). 
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Figure 5.3. Cross-sections of stream water depth from data collected on 12/12/2018-12/13/2018. 

“Average/deepest" is the average depth in a cross-section divided by the deepest depth in the cross-

section.  

 

In Smith Creek, CO2 and CH4 emissions from the restored reach were at least 1-2 orders of 

magnitude higher than from the unrestored reach in fall and winter (a small negative CO2 

emission was calculated for the unrestored reach in fall, but considering the confidence limits the 

flux may have been small but positive). Emissions were also much larger from the restored reach 

than the unrestored reach in Austin Creek, and in HGT in the winter (Table 6, Figures 5.4-5.6). 

In fall HGT the emissions are less distinct between reaches, but the restored reach still had 

emissions that were 1.5x and 2x those of the unrestored reach for CO2 and CH4, respectively. 
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Additionally, the unrestored reach in HGT during the fall exhibited by far the lowest stream 

discharge (Q) in the study. According to correlation coefficient tests, CO2 and CH4 fluxes had a 

significant positive linear relationship (r = 0.84, p = 0.0006). 

Table 6. Emission results, and results of variables included in emission calculations where Z represents 

the stream water depth used in calculations, τ is travel time through the stream reach, and R/UR are 

restored and unrestored reaches, respectively. F and W refer to fall and winter, respectively. Standard 

deviations of Z values are within parentheses, and uncertainties (±) from error propagations are 70 % 

confidence intervals. The reach with a * indicates the k value was assumed to be the same as in the fall. 

Stream 

F

/

W 

R/ 

UR 

kC3H8 

(d-1) 
τ (s) Z (cm) 

Schmidt # Emissions (mmol C m-2 d-1) 

CO2 CH4 C3H8 CO2 CH4 

Smith 

Creek 

F 
R 43 ±45 410 6.7 (1.7) 556 641 1020 248 ±308 2.89 ±3.63 

UR 5.5 ±15 670 5.2 (2.7) 492 556 887 -3.48 ±10.0 0.03 ±0.09 

W 
R 22 ±68 230 6.7 (1.7) 1200 1200 2440 215 ±790 2.30 ±8.42 

UR 5.5 ±15* 350 5.2 (2.7) 1020 1050 2040 16.0 ±45.3 -0.05 ±0.15 

Austin 

Creek 

F 
R 93 ±12 900 5.8 (0.8) 640 730 1200 756 ±167 5.28 ±1.41 

UR 17 ±8.7 540 6.2 (4.2) 598 678 1110 156 ±106 0.77 ±0.54 

W 
R 178 ±42 410 5.8 (0.8)  1320 1280 2720 2210 ±863 5.87 ±2.80 

UR 0.7 ±7.7 670 6.2 (4.2) 1130 1140 2290 6.75 ±95.2 0.008 ±0.11 

HGT 

F 
R 35 ±33 1470 15 (8.6) 1130 1160 2290 851 ± 832 4.50±4.40 

UR 34 ±11 4580 8.0 (4.6) 1120 1170 2260 522 ±209 1.72 ±0.73 

W 
R 36 ±30 710 15 (8.6) 698 778 1330 843 ±778 3.63 ±3.53 

UR 15 ±4.7 610 8.0 (4.6) 682 761 1290 144 ±99 0.12 ±0.26 

 

A reliable kC3H8 value could not be calculated for the unrestored reach of Smith Creek in 

the winter, because the propane concentrations were very low and could not be reliably 

quantified and the upstream and downstream propane concentrations seemed very similar, 

suggesting little to no gas exchange during the short travel time through the reach. Therefore, 

winter GHG emissions from this reach were computed using the measured winter GHG 

concentrations for the reach and the kC3H8 value for the same reach measured in the fall. 

Uncertainties in kC3H8 and emission calculations were determined using error propagation 

[Genereux 1998] at 70% confidence (Appendix C), an approach previously used by Oviedo-

Vargas et al. [2015]. Most of the uncertainty was due to the variability among replicate [C3H8] 

measurements. Details are in Appendix C. According to Stanley et al. [2016] and the published 
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studies listed within, methane emission estimates are commonly highly variable with large 

standard deviations (similar to the results presented here). 

CO2 emissions from streams in Brazil and Costa Rica were similar to the results from this 

study for restored streams, and CO2 emissions from streams in Canada were similar to results 

presented here for unrestored streams (Table 7). Similarly, Stanley et al. [2016] estimated mean 

fluxes of methane emissions from 111 fluvial streams to be 4.23 mmol C m-2 d-1, an estimate 

very close to the mean restored methane emission presented here (4.07 mmol C m-2 d-1). 

Published gas exchange rate constants (using propane as a gaseous tracer, Table 7) from Costa 

Rica and Tennessee closely resemble the average k values estimated for restored and unrestored 

stream reaches (67.8 and 14.4 d-1, respectively). 

Additionally, the results show that GHG concentrations alone, in the absence of actual 

emission calculations based on gas exchange tracer experiments, would not be a reliable proxy 

for rates of GHG emission to the atmosphere. For example, the majority of GHG emissions were 

greater in the fall, but the majority of the GHG concentrations were greater in the winter months. 

If this research had only concentrated on GHG concentration data, the seasonal differences in 

surface water emissions for restored and unrestored reaches would not have been known. 
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Figure 5.4. GHG emission results in Smith Creek, Austin Creek, and HGT during both seasons. Methane 

emission was multiplied by 30 to account for its global warming potential relative to CO2 (IPCC 2013). 
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Table 7. Several published GHG emission and gas exchange rate constant (k) results from rivers or 

streams. Gas exchange rate constant values listed are exclusively from propane tracer tests. 
Study Location Surface Water 

Body 

k 

(d-1) 

fCO2 

(mmol C m-2 d-1) 

fCH4 

(mmol C m-2 d-1) 

Richey et al. 

2002 

South America Amazon basin  189  

Abril et al. 2005 South America River  30-460 0.432 

Oviedo-Vargas 

et al. 2015 

Costa Rica River 2.5-27 745 5.96 

Neu et al. 2011 Brazil Stream  1300-2200 121-276 

Alin et al. 2011 Brazil Amazon tributary  58-1050  

Sawakuchi et al. 

2014 

South America Amazon basin  - 0.009-40.3 

Schade et al. 

2016 

New Hampshire Headwater streams  20.6-79.4 0.3-3.12 

This study North Carolina Unrestored streams 14.4 140 0.433 

This study North Carolina Restored streams 67.8 854 4.07 

Crawford et al. 

2014 

Wisconsin and 

Michigan 

Multiple streams  490 8.5 

Stanley et al. 

2016 

International 

values 

Mean of 111 

fluvial streams 

  4.23 

Teodoru et al. 

2009 

Quebec, Canada Boreal streams  58.3 - 250  

Yotsukura et al. 

1983 

New York Creek 2.6   

Genereux and 

Hemond 1992 

Tennessee Stream 80-114   

Hope et al. 2001 Scotland Peatland stream 74-364   

Jin et al. 2012 Tennessee Streams 5.4-40   

 

With 12 of 12 possible comparisons showing GHG emissions from restored reaches 

being higher than from corresponding unrestored reaches (Table 6, Figures 5.4-5.6), the results 

are consistent with the restoration causing higher GHG emissions. Mean GHG emissions from 

restored reaches were 854 mmol C m-2 d-1 of CO2 and 4.08 mmol C m-2 d-1 of CH4; mean GHG 

emissions from unrestored reaches were 140 mmol C m-2 d-1 of CO2 and 0.433 mmol C m-2 d-1 of 

CH4. According to two sample t-tests at 95% confidence, restored fluxes are significantly higher 

than unrestored fluxes (for CO2, p = 0.04; for CH4, p = 1.9x10-4).  Cause and effect are not 

definitive in this pilot project alone (e.g., we have no way of knowing whether emissions from 

the restored reaches were higher even before restoration), but it is suggestive.  The next section 
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looks further into this by comparing, between restored and unrestored reaches, several variables 

that might be related to GHG production in, and/or emission from, streams. 

5.3. Variables Potentially Related to Emissions 

The variables investigated in this research that may have contributed to changes in GHG 

emissions were (Table 8): (1) LWDI, (2) percentage of reach length occupied by pools, (3,4) 

groundwater concentrations of CO2 and CH4, (5) maximum stream water depth, (6) stream water 

pH, (7) percent organic matter (OM) in streambed sediment based on “loss-on-ignition”, (8) 

benthic OM, and (9,10) transient storage parameters (α, the storage zone exchange coefficient, 

and As, the storage zone cross-sectional area). Groundwater fluxes of CO2 and CH4 were 

calculated by multiplying groundwater concentrations of CO2 and CH4 (Table 8) by Qgw (Table 

5). The products are groundwater fluxes (fgw) of these two dissolved gases (Table 9); they were 

also considered in addition to the variables in Table 8.  

Averages of α were 5.8x10-4 s-1 for restored and 7.8x10-4 s-1 for unrestored reaches; averages 

of As were 0.050 m2 for restored and 0.038 m2 for unrestored reaches. According to two-sample 

t-tests at 95% confidence, restored and unrestored means for As (p = 0.40) and α (p = 0.53) are 

not significantly different. However, these averages suggest restored streams may exhibit lower 

α and higher As (larger transient storage zones and smaller rate constants for exchange with those 

zones). 

 In 2 out of the 3 streams, sediment OM % was higher in the restored reach (i.e., the reach 

with the higher GHG emissions) than in the unrestored reach. A common stream restoration goal 

(and a goal of the three restoration projects that were investigated) is to enhance habitats for 

aquatic organism and improve water quality, which may increase sediment OM % and 

inadvertently increase GHG emissions from streams. Several studies [Wu et al. 2007; Baulch et 
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al. 2011a; Crawford et al. 2014b] have found sediment OM content often correlates with 

methane concentrations and emissions. The results presented here suggest there may be a link 

between sediment OM% and GHG emissions for some restored streams. Similarly, in 2 out of 

the 3 stream sites, pH was lower and pool percentages were higher in the restored reach. Greater 

pool percentages in restored reaches could be a direct result from restoration efforts and design. 

Five out of 6 cases (3 streams x 2 seasons) had higher groundwater [CO2] and lower groundwater 

[CH4] in the restored reach, the only exception being Smith Creek in the fall. It seems likely the 

differences in groundwater concentrations were affecting dissolved GHG concentrations in the 

stream, at least in the case of [CO2], as groundwater [CO2] was always greater than stream [CO2] 

(ranging 1.3 – 23x greater) (Table 5).  

Beneath each stream, groundwater [CH4] in the fall was consistently higher in unrestored 

reaches than restored reaches, and groundwater [CO2] in the winter was consistently higher in 

restored reaches. Other variables were not consistently higher or lower in restored or unrestored 

reaches. According to Hotchkiss et al. [2015], as stream or river discharge increases, the 

groundwater input rate of CO2 decreases exponentially; similarly, they suggested groundwater 

input of CO2 contributes to emissions more in small streams than large rivers. 
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Table 8. Variables potentially related to emissions where CGW represents the GHG concentration in groundwater, LWDI refers to the score on the 

large woody debris index, R and U represent the restored and unrestored reaches, F and W represent fall and winter, BOM and SOM represent 

benthic organic matter and sediment organic matter, and α and As are the values of the transient storage parameters in the solute transport model 

OTIS (see methods, Section 4.2.7). Parentheses indicate standard deviations; “n=#” represents the number of samples. The standard deviation 

shown for CGW values with n=1 is the value determined from 7 replicate groundwater samples taken at Smith Creek on 4 June 2018.  

 

 

 

Site 
R/ 

U 

1 

 

 

LWDI 

2 

 

Pool 

%  

3 

 

CGW [CO2] 

 (μM) 

4 

 

CGW [CH4] 

 (μM) 

5 

 

Z 

 (cm) 

6 

 

 

pH 

7 

 

SOM % 

(n=3-6) 

8 

 

BOM 

 (g m-2) 

(n=2) 

9 

 

α 

(s-1) 

10 

 

As 

(m2) 

F W F W F W F W F W 

Smith 

Creek 

R 341 7.50 

103 

(11) 

n=2 

1060 

(89) 

n=2 

0 

n=2 

4.00 

 (3.8) 

n=2 

6.7  

(1.7) 

n=5 

7.16 

(0) 

n=4 

6.42 

(0.05) 

n=8 

0.93 

(0.60) 

27.6 

(26.9) 
1.77x10-3 1.46x10-4 0.031 0.051 

U 465 8.70 

270 

(102) 

n=2 

284 

 (58) 

n=2 

0.162 

(0.001) 

n=2 

≤0.16 

n=2 

5.2 

(2.7)  

n=5 

7.54 

(0.01) 

n=6 

6.75 

(0.17) 

n=19 

0.64 

(0.32) 

34.0 

(4.0) 
1.06x10-3 5.90x10-4 0.041 0.027 

Austin 

Creek 

R 1190 20.4 

192 

(34) 

n=2 

1540 

(960) 

n=2 

0 

n=2 

≤ 0.16 

n=2 

5.8 

(0.8) 

n=4 

6.28 

(0.30) 

n=13 

6.67 

(0.02) 

n=5 

1.29 

(1.6) 

4.59 

(5.11) 
1.03x10-3 2.47x10-4 0.101 0.020 

U 571 13.8 

140 

(32) 

n=2 

251 

(13) 

n=2 

0.287 

(0.03) 

n=2 

0.874 

(0.09) 

n=2 

6.2 

(4.2) 

n=4 

6.22 

(0.43) 

n=18 

N/A 
0.30 

(0.03) 

64.1 

(77.7) 
1.42x10-3 3.54x10-4 0.041 0.031 

HGT 

R 745 57.9 

691 

(84) 

n=2 

2980 

(1740) 

n=2 

1.32 

 (7.7) 

n=1 

1.40 

(0.94) 

n=2 

15 

(8.6) 

n=10 

6.53 

(0.19) 

n=31 

6.80 

(0.03) 

n=12 

0.269 

(0.02) 

102 

(32.4) 
1.14x10-4 1.46x10-4 0.043 0.051 

U 512 36.7 

540 

(6.3) 

n=2 

815 

(36) 

n=1 

63.1  

(58) 

n=2 

3.54 

(7.7) 

n=1 

8.0 

(4.6) 

n=10 

6.72 

(0.24) 

n=53 

6.92 

(0.05) 

n=16 

9.14  

(12) 

6.50 

(0.05) 
6.83x10-4 5.90x10-4 0.063 0.027 
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Table 9. Groundwater fluxes, fgw, of CO2 and CH4 estimated at each stream reach in each season. 

Site R/UR 

CO2 fgw 

(μM m3 s-1) 

CH4 fgw 

(μM m3 s-1) 

CO2 fgw 

(μM m3 s-1) 

CH4 fgw 

(μM m3 s-1) 

Fall Winter 

Smith Creek 
R 0.196 0 -5.09 -1.92x10-2 

UR 0.405 2.43x10-4 1.31 7.36x10-4 

Austin Creek 
R 0.211 0 5.24 5.44x10-4 

UR 0.224 4.59x10-4 0.146 5.07x10-4 

HGT 
R 1.17 2.24x10-3 -7.75 -3.64x10-3 

UR -0.497 -5.81x10-2 -2.55 -1.06x10-2 

 

Correlation coefficient (r) statistical tests [Zar 1998] were used to determine if GHG 

emissions have a linear relationship to each variable measured/collected for each reach (Table 9) 

except for maximum stream water depth (5), as its value was already used within emission 

calculations. For a linear regression involving N data points, the p value indicates the probability 

of finding a correlation coefficient equal to the computed observed r value if the two variables 

are in fact uncorrelated [Taylor 1982]. r values lie between -1 (negative linear relationship) and 1 

(positive linear relationship) and p lies between 0, corresponding to a significant probable 

correlation (either positive or negative), and 1, indicating no correlation, and in the text below r 

and p-values are shown in parentheses for each correlation mentioned.  

The most significant relationships between the variables investigated and GHG emissions 

were for As, α, and LWDI (Table 10). For fall CO2 emissions, the most significant correlations 

were observed for (in order of most to least significant): pool % (r = 0.79 p = 0.06), LWDI (r = 

0.70 p = 0.12), α (r = -0.69, p = 0.13), groundwater [CO2] (r = 0.6, p = 0.19), As (r = 0.56, p = 

0.24) and stream pH (r = -0.57, p = 0.24), where positive r indicates a positive correlation and 

negative r a negative correlation. For fall CH4 emissions, the most significant correlations were 

observed for LWDI (r = 0.73, p = 0.10) and As (r = 0.55, p = 0.24).  

For winter CO2 emissions, the most significant correlation was observed for LWDI (r = 0.84, 
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p = 0.08) and α (r = -0.76, p = 0.14). For winter CH4 emissions, the most significant correlations 

were observed for: LWDI (r = 0.84, p = 0.07) and α (r = -0.76, p = 0.13)   

Table 10. r values for linear relationships between GHG emissions and other variables with p-values in 

parentheses (where positive r indicates a positive correlation and negative r a negative correlation). 

Darker shaded values represent a significant linear relationship where p < 0.1; lightly shaded values 

represent a less significant linear relationship where 0.11< p < 0.25. 

Potentially 

Correlated Variables 

CO2 Emissions 

in Fall 

CO2 

Emissions in 

Winter 

CH4 Emissions 

in Fall 

CH4 Emissions 

in Winter 

 LWDI 0.70 (0.12) 0.84 (0.08) 0.73 (0.10) 0.84 (0.07) 

 Pool % 0.79 (0.06) 0.19 (0.76) 0.47 (0.34) 0.19 (0.76) 

Groundwater [CO2] 0.60 (0.21) -0.35 (0.57) - - 

Groundwater [CH4] - - -0.19 (0.72) -0.35 (0.57) 

CO2 groundwater 

flux 
0.28 (0.59) 0.51 (0.38) - - 

CH4 groundwater 

flux 
- - 0.20 (0.70) 0.51 (0.38) 

Stream pH -0.57 (0.23) -0.31 (0.61) -0.48 (0.33) -0.31 (0.61) 

Sediment OM % 0.16 (0.76) -0.46 (0.43) -0.14 (0.79) -0.46 (0.43) 

Benthic OM 0.15 (0.77) 0.11 (0.85) 0.05 (0.92) 0.11 (0.85) 

As 0.56 (0.24) 0.03 (0.97) 0.55 (0.25) 0.02 (0.96) 

α -0.69 (0.13) -0.76 (0.14) -0.33 (0.51) -0.76 (0.13) 

 

Overall, LWDI had a positive correlation to CO2 and CH4 emissions in both seasons. Large 

woody debris (LWD) serves as habitat for fish and aquatic organisms (by creating lower energy 

areas), provides food for aquatic organisms, plays a role in the cycling of nutrients, retains 

transported OM and provides substrate for aquatic invertebrates [Scherer 2004], so it seems 

reasonable that larger amounts of LWD in streams could increase production of biogenic C 

gases. Similarly, LWDI had a stronger correlation to emissions in the winter. It’s possible all of 

the leaves that fell in the fall months, collected around the LWD in the stream to then serve as a 

food source for aquatic organisms in the winter. Harrison et al. [2012] investigated differences in 

denitrification, methanogenesis, and methane fluxes from debris dams, pools, and riffle sections 

in restored and unrestored streams in Maryland. Their results also suggest organic debris dams 
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(and to a lesser extent, pools) have elevated denitrification potential (i.e. potentially a higher 

capacity for production of CO2). Other studies have suggested debris dams are hotspots for OM 

processing [Bilby and Likens 1980] and denitrification [Groffman et al. 2005] from supporting 

large amounts of microbial biomass and facilitating anaerobic conditions. Additionally, stream 

restoration designs commonly call for additional LWD in restoration projects.  

Figure 5.5. Linear relationships between LWDI and GHG emissions in both seasons. Fall and winter data 

points are shown as diamonds and circles, respectively.  

 

As had a positive linear correlation to CO2 and CH4 emissions in the fall, suggesting that a 

larger transient storage zone seems to lead to increased production of biogenic C gases, leading 

to higher emissions (at least in the fall). Surprisingly, α had a negative correlation to emissions of 

both gases (CO2 emissions in both seasons and CH4 emissions in the winter), suggesting a 

smaller transient storage exchange rate (perhaps paired with a larger As) may influence higher 

emissions in some cases. However, the exchange rate and transient storage cross-sectional area 

doesn’t have a consistent relationship with emissions. Overall, LWDI has the most consistent 

significant relationship among all the variables in Table 7 (Figure 5.7).   

While it was not the main objective of the work, I used a mass-balance for CO2 in one 

stream reach to make an estimate of in-stream biological activity: 
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Qout flux P gw Qin RF F F F F F                                   Equation 15 

where each term represents a CO2 flux into or out of the stream reach (in mmol C d-1), and the 

subscripts are as follows:  "Qin" and "Qout" refer to stream water inflow at the upstream end of 

the reach (QU multiplied by the mean [CO2] at station U) and outflow at the downstream end of 

the reach (QD multiplied by the mean [CO2] at station D), respectively, "flux" refers to emission 

to the air (fCO2), "gw" refers to inputs from groundwater in-seepage to the reach (the CO2 fgw 

from Table 9), "P" refers to photosynthesis (a loss of CO2 from the stream water), and "R" refers 

to respiration (a source of CO2 to the stream water). FP-FR was solved for as the unknown 

variable representing net in-stream biological gain or loss of CO2.  

To get an idea of the in-stream metabolism of one of the study streams, FP-FR was 

estimated for Austin Creek in the fall at both reaches (restored and unrestored) using average 

widths from Table 3, giving FP-FR values of approximately -2.78 and -0.590 mmol C s-1 for 

restored and unrestored reaches respectively (Table 11).  

Table 11. In-stream metabolism rates (and variables needed for estimation) for Austin Creek. “R” and 

“UR” represent restored and unrestored reaches and “SA” represents the surface area of the stream (i.e. 

reach length x average width). 

Austin 

Reach 

FQin 

(mmol C s-1) 

FQout 

(mmol C s-1) 

Fflux 

(mmol C s-1) 

Fgw 

(mmol C s-1) 

SA 
(m2) 

FP-FR 

(mmol C s-1) 

FP-FR 

(g O2 m-2 d-1) 

R 4.32x10-3 3.42x10-3 2.78 2.11x10-4 318 -2.78 -24.2 

UR 2.02x10-3 2.04x10-3 0.590 2.24x10-4 327 -0.590 -4.99 

 

Sudduth et al. [2010] found in-stream respiration rates (in the winter months in NC) of -

3.26 to -0.08 g O2 m
-2 d-1, primary production rates of 0.02 to 3.3 g O2 m

-2 d-1, and net daily 

metabolism (i.e., “P-R”) of approximately -1.75 to 1.16 g O2 m
-2 d-1.  To compare these results to 

others, Austin Creek’s “P-R” value was divided by the surface area of the reach (length x width) 

and converted into g of O2 using stoichiometry from the following balanced reaction for gross 

primary production and ecosystem respiration [Cole et al., 2000]: 
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2 2 6 12 6 26 6 6P

RH O CO C H O O                                                            Equation 16 

where arrows labeled “P” and “R” denote the direction of primary production and respiration, 

respectively. Austin Creek’s “P-R” value was -24.2 and -4.99 g O2 m
-2 d-1 for the restored and 

unrestored reaches, respectively. Sudduth et al. [2010] did not find significant differences in “P-

R” between stream types (urban, restored and unrestored forested streams). According to 

Hotchkiss et al. [2015], 28% of CO2 evasion from streams and rivers is likely produced by 

aquatic metabolism, and aquatic metabolism contributes to emissions when “P-R” is negative 

i.e., when respiration is greater than primary production. “P-R” in Austin Creek was found to be 

lower than the range of values for NC streams estimated in Sudduth et al. [2010], reflecting a 

greater than average excess of respiration over production for Austin Creek. However, it’s only 

one example (one stream during one season), and although the balance between P and R depends 

on light and other variables, “P-R” could be investigated with the type of measurements used in 

this study.  

 

6. Conclusion 

This pilot project investigated CO2 and CH4 emissions in fall and winter of 2017-2018 

from restored and unrestored reaches of three streams near Raleigh, North Carolina: Smith 

Creek, Austin Creek and Hatchet’s Grove Tributary (HGT). A portion of each stream had been 

restored using the natural channel design stream restoration technique in 2004. The watersheds 

draining to the study reaches were in predominantly developed, forested, or hay/pasture land use 

categories. To determine emissions from each stream surface (a restored reach and an unrestored 

reach in each stream), steady injections of propane and slug injections of NaCl were 

administered in each stream reach to determine the propane gas exchange rate constant, kC3H8, 
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from which the gas exchange rate constants for CO2 and CH4 were calculated. The gas exchange 

rate constants, stream depth measurements, and the collection of stream water samples for 

determination of dissolved [CO2] and [CH4] in the stream water were ultimately used to calculate 

fCO2 and fCH4 (rates of GHG emission) for each stream reach.  

All 12 of the possible comparisons (2 seasons x 2 gases x 3 streams) showed higher GHG 

emission to the atmosphere from the restored reach than from the corresponding unrestored reach 

in the same stream. In restored reaches, CO2 emissions ranged from 220-2,200 mmol C m-2 d-1 

and CH4 emissions ranged from 2.3 – 5.9 mmol C m-2 d-1. In unrestored reaches, CO2 emissions 

ranged from -3.5 – 520 mmol C m-2 d-1 and CH4 emissions ranged from -0.05 – 1.7 mmol C m-2 

d-1. Average GHG emissions from restored reaches were 854 mmol C m-2 d-1 of CO2 and 4.08 

mmol C m-2 d-1 of CH4; mean GHG emissions from unrestored reaches were 140 mmol C m-2 d-1 

of CO2 and 0.433 mmol C m-2 d-1 of CH4. According to two sample t-tests at 95% confidence, 

restored fluxes were significantly higher than unrestored fluxes. The results are consistent with 

an increase in GHG emissions (at least for CO2 and CH4) from stream surfaces following 

restoration, though no data are available on pre-restoration emissions from the study streams. 

Additionally, relationships between GHG emissions and several other stream 

characteristics were investigated: LWDI, pool percentages in each reach, groundwater 

concentrations (and fluxes) of CO2 and CH4, pH, “loss-on-ignition” sediment OM percentages, 

benthic OM, and transient storage parameters in the OTIS solute transport model (As and α, 

reflecting the size and exchange rate for stream channel transient storage zones, respectively). 

Overall, GHG emissions increased linearly as the LWDI increased in both seasons, suggesting 

increased large woody debris in the stream may lead to increased production of biogenic C gases, 

leading to higher emissions. The mechanism for this effect of large woody debris was not 
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investigated, but it may involve trapping/collecting organic matter in the reach and/or increasing 

stream ecosystem metabolism in some way by providing improved habitat.  In the fall, CO2 and 

CH4 emissions increased as As increased, suggesting that a larger transient storage zone may also 

lead to higher emissions in some cases. Additionally, CO2 emissions in the fall and CH4 

emissions in the winter decreased as α increased. These results suggest there may be a direct 

relationship between GHG emissions and at least three of the variables investigated: LWDI, As 

and α.  

At the start of this work, an extensive literature search only identified one published 

investigation (Harrison et al. 2012 for CH4 emissions) into how stream restoration projects may 

influence GHG emissions from streams. As such, this work could prove a stepping stone to 

further investigations into this topic at more detailed and larger-scales, e.g., with additional 

restoration locations and seasonal monitoring beyond fall and winter. Some additional questions 

could be addressed in future work: perhaps most importantly, is there a definitive link between 

all stream restoration practices and increased GHG emissions from streams? Also, do different 

engineering designs affect GHG emissions from streams differently? For example, could 

watershed restoration projects increase/decrease GHG emissions from streams relative to natural 

channel design stream restoration projects? If further investigations agree with the main findings 

of this research, it is also worth investigating whether it is possible to restore streams effectively 

without enhancing their GHG emissions. 
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APPENDIX A. Flux Calculations 

This appendix details the main data analysis steps in this project. The explanations below 

involve example calculations for fall sampling (September 15, 2017) in the restored reach of 

Smith Creek. Data analysis is split into three sections: stream discharge, aqueous dissolved gas 

concentrations, and gas emission calculations. 

A.1. Stream Discharge 

Stream discharge (volume/time) at each stream measurement station was determined from 

the slug injections of NaCl as outlined below: 

1. Release a salt tracer (concentrated NaCl solution) in the stream, measure stream water 

conductivity (S) and temperature at two stations downstream of the injection. 

2. Temperature-correct S values from the measured stream temperature to 25° C (S25). 

3. Convert S25 to NaCl concentration using a linear regression of [NaCl] vs. S25 – S25
o 

(where S25
o is the background conductivity of stream water at 25° C, before addition of 

any NaCl), determined in the lab by making known additions of NaCl to stream water. 

4. Plot [NaCl] vs. time (breakthrough curve) at each measurement station, and numerically 

integrate to find the area under each breakthrough curve (kg s m-3). 

5. Calculate stream discharge (Q) as the mass of NaCl released divided by the area under 

the breakthrough curve [USGS 1982]. 

Table A1.- Salt slug stream gauging results at the upstream (U) and downstream (D) ends of the restored 

study reach in Smith Creek on September 15, 2017.  

Station Distance from 

Injection (m) 

Mass 

NaCl (kg) 

S25
o 

 (μS/cm) 

Time to 

peak (s) 

Discharge 

 (m3 s-`1) 

U 30 1.026 130.8 110  3.24 x 10-2 

D 120.5 1.026 129.2 520  3.43 x 10-2 

 

 



75 

 

 

Step 1 

The NaCl tracer was released into the stream 10-15 minutes after the start of the steady 

propane release into the stream (the injection time of NaCl will be referred to as "time 0" for 

stream discharge analysis).  Stream water conductivity (S) was measured at two stations 

downstream from the tracer injection site; these two stations represent the upstream and 

downstream ends (U and D, respectively) of the stream reach for which GHG emissions were 

determined.  

Step 2 

Once conductivity data had been collected at the ambient field stream water temperature, 

a temperature correction was applied to estimate the conductivity at 25° C (S25), using the 

following equation [Radtke 2005]: 

25
1 0.019( 25)

S
S

T


 
                             Equation A1 

Step 3 

The temperature-corrected conductivity data were then converted to NaCl concentration, 

[NaCl], using the following empirical linear relationship determined in the lab: 

25 25[ ] ( )oNaCl S S slope                                Equation A2 

where S25
o represents the background conductivity of the stream water collected in the field and 

taken to the lab to prepare solutions of different [NaCl] as described below, and "slope" 

represents the slope of a best-fit line from linear regression (Fig. A1). 

To find data points showing the correlation of [NaCl] to S25. a jug of stream water was 

collected from each stream (for example, from Smith Creek on September 15, 2017) to be 

brought back to the lab (the same was done for the other two streams on their fall field sampling 

dates). Known amounts of NaCl were added to stream water to create solutions with the range of 
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conductivity values observed in the stream during tracer releases. Ultimately this led to data 

points showing the correlation of [NaCl] to S25.  

Figure A1. NaCl concentration ([NaCl]) vs conductivity above background at 25°C (S25 – S25
o) in stream 

water from Smith Creek (left; used for Smith and Austin Creeks) and HGT (right). 

 

First, 625 mL of Smith Creek water was measured with a beaker in the lab. The HOBO 

conductivity logger was then placed in the beaker to find the background conductivity of the 

stream water (which was then temperature-corrected to 25°C to give S25
o). After a few minutes, 

the HOBO was removed from the beaker and 0.0355 grams of was added to the stream water. 

The salt solution (0.0355 grams in 625 mL of Smith Creek stream water) was then mixed 

thoroughly. Once the solution was without visibly suspending salt particles, the HOBO logger 

was placed into the beaker to measure conductivity, which was then temperature-corrected to 

25°C for each data point. S25
o (the background conductivity) was subtracted from each S25 value 

and plotted with its corresponding [NaCl] (e.g., Figure A1). The data point for this NaCl solution 

plots on Figure A1 as (5.68x10-5 g L-1, 113.27 μS cm-1). After removing the HOBO, another 

increment of pre-measured NaCl was added to the same beaker, and the whole process was 

repeated 4-5 times for additional data points. An additional beaker was used for Smith Creek 

(600 mL instead of 625) for 2 of the data points as the cumulative salt concentration went well 

above field conductivity measurements. This method was implemented once for Smith Creek 
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(and applied to data from both Smith and Austin Creeks, because of their proximity and 

similarity) and once for HGT (using two separate beakers with 500 and 625 mL of stream water) 

in December 2017.   

Table A2. Dates of gas exchange field work, mass of NaCl released into the stream, area under the NaCl 

breakthrough curves (e.g., Figure A2), and the discharge calculated at the upstream (U) and downstream 

(D) stations at the ends of each stream reach. 

Stream Reach Date 
Mass NaCl 

(g) 

Area under curve 

(kg s m-3) 

Discharge (Q) 

(m3 s-1) 

   U D U D 

Smith – Restored 9/15/17 1,026 31.6 29.9 0.0324 0.0343 

Smith - Unrestored 9/15/17 1,005 74.9 67.2 0.0134 0.0149 

Austin – Restored 10/5/17 961.7 30.2 29.2 0.0318 0.0329 

Austin – 

Unrestored 

10/5/17 963.2 44.1 3.17 0.0180 0.0198 

HGT - Restored 11/26/17 1,047 65.2 59.3 0.0161 0.0177 

HGT – Unrestored 11/27/17 964.2 171 204 0.0056 0.0047 

Smith – Restored 2/09/18 738.1 8.23 8.70 0.0875 0.0831 

Smith– Unrestored 2/09/18 727.9 15.3 14.0 0.0468 0.0497 

Austin – Restored 1/26/18 937.2 9.43 9.13 0.0993 0.1027 

Austin – 

Unrestored 

1/26/18 874.2 13.2 13.1 0.0662 0.0668 

HGT - Restored 2/22/18 742.0 18.6 19.9 0.0399 0.0373 

HGT - Unrestored 2/22/18 739.3 20.1 21.9 0.0367 0.0337 

 

Steps 4 and 5 

The NaCl breakthrough curve (concentration as a function of time) was then plotted for 

each stream measurement station (e.g., Figure A2), and the stream discharge (Q) at each station 

was computed as the ratio:   

Q (m3 s-1) = mass NaCl (kg) / Area under curve (kg s m-3)                            Equation A3 

where "mass NaCl" refers to the mass of salt released into the stream, upstream of the 

measurement station, and "area under curve" refers to the area under the breakthrough curve, 

computed using the "trapz" trapezoidal integration method in Matlab (Table A2). 
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Figure A2. NaCl breakthrough curves at the upstream and downstream ends of each study reach in the 

order from top to bottom: Smith Creek, Austin Creek, HGT. For each stream, the two fall graphs are on 

the left, the two winter graphs on the right. 
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In Smith Creek at the upstream station in the restored reach, the area under the breakthrough 

curve was 31.417 (kg s m-3), and the computed Q was 0.0324 m3 s-1 : 

Q = (1.026 kg)/(31.6347 kg s m-3) = 0.0324 m3 s-1 

A.2. Aqueous Dissolved Gas Concentrations 

Before and after tracer tests in the field, water samples were collected to determine 

dissolved stream water concentrations of the greenhouse gases of interest (CO2 and CH4), and 

propane (the gas exchange tracer). The Methods section gives an overview of the field and 

laboratory steps taken: water sample collection, laboratory methods for headspace equilibration 

of samples and injection of the sample headspaces into the gas chromatograph (GC). This section 

of the appendix picks up from there with the steps needed to convert the GC output to an 

aqueous concentration. The discussion here concentrates on [CO2], where brackets indicate 

concentration (the overall process was the same for CH4 and propane). Aqueous concentrations 

of the research gases of interest were determined as outlined below: 

1. Find the gas concentration in the sample headspace, [CO2]gas, in ppm, from the GC 

peak area for CO2. 

2. Convert [CO2]gas from ppm to μM using the gas law: PV=nRT. 

3. Find the empirical relationship for the Henry’s law constant of CO2 as a function of 

temperature, in the NIST webbook (https://webbook.nist.gov/chemistry), to allow 

calculation of aqueous concentration [CO2]aq from [CO2]gas.  

Step 1 

[CO2]gas was calculated using the following empirical calibration curve for the GC:  

[CO2 ]gas = 0.2615(Area) - 124.78                             Equation A4 
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where Area = the area under the CO2 peak on the chromatogram. Units for this calculation are: 

ppm = (ppm/mV min)(mV min).  For example, for the first of four replicate stream samples from 

the upstream station of the restored reach in Smith Creek on 15 September 2017, 

[CO2]gas = 0.2615(8793.956 mV min) - 124.78 = 2174.8395 ppm 

where the CO2 peak area was 8,794 mV min, which equated to [CO2]gas = 2,174.8 ppm.  

Equation A4 and other similar calibration lines for methane and propane were based on 

running calibration standards of known gas concentration on the GC.  Calibration standards were 

created in the lab from dilutions of a primary standard with high-purity N2 gas.  The primary 

standard purchased from AirGas was a small cylinder containing mostly N2 with known 

concentrations of the research gases of interest: 10,000 ppm CO2, 200 ppm CH4, and 200 ppm 

C3H8.  Each calibration standard was created by extracting known volumes of gas from the N2 

cylinder and the primary standard cylinder in the lab using two 50 mL gas-tight glass syringes, 

each with an attached three-way stopcock. Both gases, the N2 and the primary standard, were 

then carefully transferred from their syringes into evacuated Cali-5-Bond aluminum tedlar bags 

using a 26-gauge (3/4 inch long) needle attached to each syringe stopcock (each tedlar bag had a 

septum that was penetrated by the needle for gas transfer).  

The volume of primary standard needed to make a given calibration standard of a desired 

concentration was computed as V1=C2V2/C1 (Equation 4 in Methods), where C1 represents the 

gaseous concentration for the analyte gas in the primary standard (ppm), V1 is the volume (mL) 

of primary standard needed for a dilution (the unknown variable determined prior to making 

calibration standards in tedlar bags), C2 is the desired calibration standard concentration (ppm), 

and V2 is the total volume of gas (mL) to be injected into the tedlar bag (total volume of primary 

standard + N2 gas). 
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Figure A3. GC calibration curves created and used for methane, propane, and CO2.   Calibration was 

done at both medium and high gain on 7 December 2017; GC response on high gain is 20x larger than on 

medium gain. Error bars indicate ±5% (from primary standard uncertainty). 
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Figure A4. GC calibration curves created on high gain (8 June 2018) and used for sites with low propane 

concentrations. The left graph (data from 0-10 ppm) was used for Austin in the winter and HGT in the 

fall, and the right graph (data from 0-6 ppm) was used for Smith Creek in the winter to better constrain 

gaseous concentrations. Error bars indicate ±5% (from primary standard uncertainty). 

 

To run a calibration standard in the GC, another needle (attached to a gas-tight 50 mL 

syringe and stopcock) was plunged into the septa port on the tedlar bag to extract 10 mL of 

calibration standard from the tedlar bag to the syringe. The needle was then taken off the three-

way stopcock and the end of the stopcock was connected to the inlet line on the gas sampling 

valve (with sample loop) of the GC, for direct injection of 1 mL of the standard into the GC. By 

running the primary standard (undiluted) and the calibration standards through the GC, a GC 

calibration line was determined for each gas, e.g., Equation A4 shown in Figure A3 for CO2.  

The curves from 7/25/18 (Figure A3) were used for the fall samples from Smith Creek, 

the curves from 12/7/17 were used for the fall samples from Austin Creek and HGT, and the 

curves from 2/16/18 were used for all winter samples from the three streams. For stream sites 

with low propane concentrations (with peak areas < 25 mV min, seen in Smith and Austin Creek 

in the winter and HGT in the fall), the calibration curves shown in Figure A4 for determination 

of [C3H8]gas were used. Medium gain settings were only used for groundwater samples exhibiting 
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medium gain calibration curve for [CO2] includes data from calibration standards run on 12/7/17 

(green dots) and 5/30/18 (green triangles). 

Step 2 

[CO2]gas in ppm was converted to μM using the ideal gas law: 

2

2

([ ]  in ppm)
[ ]  in M = 

gas

gas

CO P
CO

RT
                             Equation A5 

Units: (ppm atm)/(atm L K-1 mol-1)( K) 

where P (atm) and T (K) are air pressure and temperature in the lab at the time the sample was 

run. For the sample mentioned above from Smith Creek, atmospheric pressure was 0.993 atm at 

the time of sample headspace injection to the GC (according to https://www.wunderground.com/ 

for reports near RDU airport), and the temperature in the lab at the time of the sample injection 

was 23.0° C, thus: 

 (2174.84 ppm) (0.993 atm)/ (0.0821 L atm K-1 mol-1) (23 C+273.15) = 88.865 μM 

Step 3 

The Henry’s Law constant Kh (in mol kg-1 atm-1) was calculated using empirical constants 

and an equation of state found on the NIST (National Institute of Standards and Technology) 

Chemistry WebBook (https://webbook.nist.gov/chemistry): 

-1 -1 1 1 1 
 (   ) exp  

273.15 298.15 0.9869 
h h

bar
K mol kg atm k K

T atm

  
  

 
               Equation A6 

where kh
0 is the Henry's Law constant at 25°C (298.15 K) and K is an empirical constant related 

to the sensitivity of Kh to temperature.  Units for Equation A6 are: mol kg-1 atm-1 = (mol kg-1 bar-

1) exp(K K-1) bar atm-1. Using values from the NIST site for CO2, kh
0 = 0.035 mol kg-1 bar-1 and 

2400 = d[ln(kh)]/d(1/T) = temperature dependence constant (K).  Thus, at 23°C: 

Kh = (0.035 e2400((1/(273.15+23 C)-(1/298.15))(1 bar/0.9869 atm) =  0.0374 mol kg-1 atm-1      
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To use the Henry's Law constant with the measured gas concentration in the headspace in 

μM, it was more convenient to have the dimensionless form of the constant, rather than the form 

with units of mol kg-1 atm-1.  Kh in mol kg-1 atm-1 from Equation A6 was converted to a 

dimensionless Kh (Kdim) using:  

dim

1

h

K
K RT

                              Equation A7 

where ρ is the density of water at the temperature of the lab, and T is the temperature of the lab. 

Units for the calculation are: dimensionless = 1/(mol kg-1 atm-1)(kg L-1)(L atm K-1mol-1)(K). 

The density of water was determined by using the following equation from Tanaka et al. 

[2001]: 

2

3

301.797
999.97495(1 ( 3.983035)

522528.9( 69.3488)
 (  )  

1000

T
T

T
kg m 

 
  

         Equation A8 

where T is the temperature of the lab in degrees C.  Results from Equation A8 had to be divided 

by 1000 to get ρ in units of kg/L for use in Equation A7. For this example, the first of four 

replicate stream samples at the upstream station of the restored reach in Smith Creek on 15 

September 2017, the Kdim was 1.1017:  

1/((0.0374)(0.998)(0.0821)(273.15+23))=1.1017 

The final step for computation of the aqueous concentration of carbon dioxide ([CO2]aq) 

for a water sample was: 

2
2 2

dim

1
[ ]  ( M) = [ ]  N

aq gas

aq

V
CO CO

V K


 
  

 

                            Equation A9 

where Vaq is the volume of the water sample in the syringe used for sample collection, and VN2 is 

the volume of the added N2 headspace in the syringe. For the Smith Creek stream water sample 
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mentioned above, [CO2]gas  from Equation A5 was 88.865 μM, and Kdim from Equation A8 was 

1.1017, Vaq was 40.5 mL, and VN2 was 10.5 mL (the latter two values read from the volumetric 

marks on the water sample syringe). The final aqueous concentration of CO2 was 103.7 μM: 

[CO2]aq = 88.87 μM ((10.5 mL/40.5 mL) + (1/1.1017)) = 103.7 μM  

A.3. Flux Data Calculations 

This section completes the example calculation for stream CO2 emissions (fCO2) using water 

samples and data collected at the restored reach of Smith Creek on September 15, 2017. The 

following steps provide an overview for the remaining flux calculations: 

1. Find gas exchange rate constant of propane (kC3H8) using tracer data (Section A.1). 

2. Find the gas exchange rate constant of carbon dioxide (kCO2) from kC3H8 using a Schmidt 

number correction. 

3. Determine flux values using aqueous and air concentrations of CO2, average depth in the 

stream reach (Z), and the gas exchange rate constant of carbon dioxide (kCO2). 

Step 1 

The gas exchange rate constant (k) of propane (C3H8) was computed for the restored 

study reach of Smith Creek using Equation A10:  

3 8

3 8

3 8

-1 [ ]
ln

[ ]

1
 ( ) U U

C H

D D

C H Q

C H Q
sk 


 
 
 

                           Equation A10 

Units: s-1 ln (μM m3s-1/ μM m3s-1) = s-1 

where the subscripts U and D denote propane concentrations ([C3H8]) and stream discharge (Q) 

at the upstream and downstream ends of the study reach, respectively, and τ represents the time 

(in seconds) elapsed between the arrival of the peak of the NaCl breakthrough curve at each 
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station (i.e., each end of the study reach).  For the restored study reach of Smith Creek on 

September 15, 2017: 

3 1

4 1

3 13 8

(0.2054 )0.03244
ln  5.00 10

(0.1581 )0.03434 

1

520 110C H

uM m s
s

uM m ss s
k



 


  

 
 

     

Step 2 

Samples were collected before and after the propane injection: before the injection for 

measurement of CH4 and CO2 concentrations in the stream water and overlying air, after the 

injection for measurement of CO2 and C3H8 concentrations in the stream water. The gas 

exchange rate constant for CO2 (kCO2) was estimated using Equation 7 in the Methods section:  

2 3
1

2 3 8 2 3

3545.6 203.41 4.78 0.0404
 ( )

1686.02 89.66 2.07 0.018

n

CO C H

T T T
k s k

T T T

    
  

   
                         Equation A11 

where the exponent “n” was taken to be 0.7 as explained in the Methods section and T is the 

stream water temperature in °C.  The numerator and denominator multiplied by kC3H8 in 

Equation A11 are Schmidt numbers for C3H8 and CO2 as functions of T, respectively, (Equations 

10 and 9 respectively in the Methods section). For the restored study reach of Smith Creek on 15 

September 2017: 

0.7
2 3

4 1 4 1

2 32 7.6559
3545.6 203(20.75) 4.78(20.75 ) 0.0404(20.75 )

(4.9998 10 10
1686.02 89.66(20.75) 2.07(20.75 ) 0.018(20.75 )

)CO xx s sk    


  


  

 
 
 

 

Step 3 

Finally, the rate of CO2 emission from the stream water (fCO2) was calculated as: 

 2 1

2 2 2 2

86400
 (   ) [ ] [ ]CO CO aq eq

s
f mmol C m d k Z CO CO

day

   
   

 
                       Equation A12 
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where [CO2]aq is the average CO2 concentration in the stream water of the study reach, [CO2]eq is 

the stream water CO2 concentration that would be in equilibrium with the overlying air at the 

temperature of the stream water (calculated from the CO2 concentration of the overlying air and 

the CO2 Henry's Law constant), and Z  is the average stream water depth determined as 

explained in the Methods section. The units of the calculation are:  mmol C m-2 d-1 = (s-

1)(m)(μM)(s d-1)=m μM d-1 (where 1mmol m-3 = 1μM). 

For the restored study reach of Smith Creek on 15 September 2017, the "average deepest 

depth" of the stream water (the average of the deepest depth measurements that were made every 

10-30 m along the reach) was 0.122 m, and multiplying that by the channel shape ratio (average 

depth divided by deepest depth in two cross-sections) of 0.55 gave Z = 0.0671 m.  The value of 

kCO2 for this reach is given above, 1.3581x10-4 s-1. [CO2]aq was calculated (using Equation A9 for 

each individual water sample) as the average of all [CO2]aq concentrations in each water sample 

(taken before and after propane injections) at both stations in the reach (n = 15 for the restored 

reach at Smith Creek in the fall). [CO2]eq was calculated from one air sample collected at the 

restored reach in Smith Creek before the propane injection. The steps for determining [CO2]eq 

from the air sample are generally the same as Section A.2 (discussing how to determine [CO2]aq) 

except T is the temperature at the time of the samples collection and Equation A9 becomes 

Equation A13:  

2

2

dim

[ ]
[ ]  ( M) =  

gas

eq

CO
CO

K
                            Equation A13 

At the restored reach of Smith Creek on 15 September 2017 [CO2]eq was: 

[CO2]aq = 27.9483 μM / 1.147311 = 18.972 μM 
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Thus, for this reach:

  -2 -1

2

4 1
(7.656 10 247.7 mmol C m d

86400
s )(0.0671 ) 74.7791 18.9724

CO
f x

s
m M M

day
  

 
 

  
 

 

 

APPENDIX B: Stream Water and Air Sample Concentrations 

The following three tables document all aqueous [CO2], [CH4], and [C3H8] found from 

air and stream samples at each study stream (in order: Smith Creek, Austin Creek and HGT). In 

each table, “R” and “UR” represent restored and unrestored reaches and the letter “B” or “I” at 

the beginning of each sample ID represents a sample taken before the propane injection or once 

the propane injection reached steady state, respectively.  The numbers "1" and "2" in the sample 

names indicate the upstream and downstream ends of each study reach, respectively. Outlier 

samples are indicated with an asterisk (*) after their concentrations.  
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Site R/UR Sample 
Fall (μM) Winter (μM) 

[CO2] [CH4] [C3H8] [CO2] [CH4] [C3H8] 
S

m
it

h
 C

re
ek

 

R
es

to
re

d
 

BR1-01 103.70 1.3380 - 93.08 0.8320 - 

BR1-03 68.35 0.8969 - 96.64 0.8875 - 

BR1-04 52.11 0.3699 - 95.29 0.7232 - 

BR1-05 67.51 0.6709 - 113.38 1.2002 - 

BR2-01 53.93 0.4769 - 122.04 1.1270 - 

BR2-02 88.47 0.8474 - 97.74 0.5645 - 

BR2-03 81.31 0.6578 - 115.12 1.0650 - 

BR2-05 56.98 0.4415 - 118.19 1.1523 - 

IR1-01 104.18 - 0.2881 - - - 

IR1-02 71.34 - 0.1537 146.80 - 0.0219 

IR1-03 67.09 - 0.1501 124.47 - 0.0159 

IR1-04 91.87 - 0.2298 123.20 - 0.0253 

IR2-01 74.03 - 0.1684 -  - -  

IR2-02 75.55 - 0.1800 99.83 - 0.0229 

IR2-03 93.40* - 0.2646* 105.46 - 0.0178 

IR2-04 65.27 - 0.1260 100.01 - 0.0188 

U
n
re

st
o

re
d
 

BUR1-01 28.03 0.1407 - 56.04 0.5341 - 

BUR1-02 25.27 0.1426 - 42.10 0.4352 - 

BUR1-05 16.35 0.1168 - 36.70 0.3846 - 

BUR1-04 19.85 0.1257 - 52.69 0.4145 - 

BUR2-02 5.90 0.1150 - - - - 

BUR2-03 13.53 0.1062 - 50.95 0.4547 - 

BUR2-04 5.80 0.0000 - 49.78 0.4973 - 

BUR2-06 32.83 0.0000 - 36.87 0.3941 - 

IUR1-01 27.31 - 0.0762 56.62 - 0.0189 

IUR1-02 44.61 - 0.0995 57.70 - 0.0186 

IUR1-03 33.37 - 0.0995 - - - 

IUR1-04 28.55 - 0.0715 53.94 - 0.0193 

IUR2-01 - - - 51.50 - 0.0162 

IUR2-02 17.70 - 0.0726 39.52 - 0.0207 

IUR2-03 26.39 - 0.0776 41.15 - 0.0199 

IUR2-04 46.24 - 0.0735 66.00 -  0.0136 

R AR 18.97 0.0000 0.0000 21.28 0.0000 0.0000 

UR AUR 33.01 0.0107 0.0000 14.60 0.5618 0.0000 

*Indicates an outlier sample taken out of calculations. 
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Site R/UR Sample 
Fall (μM) Winter (μM) 

[CO2] [CH4] [C3H8] [CO2] [CH4] [C3H8] 
A

u
st

in
 C

re
ek

 

R
es

to
re

d
 

BR1-01 184.39 1.1733 - 176.07 0.9725 -  

BR1-03 131.90 0.9018 - 139.50 0.6369  - 

BR1-04 115.79 0.7724 - 188.08 1.2035  - 

BR1-05 120.04 0.5695 - 152.22 0.7942  - 

BR2-01 93.62 0.5200 - 133.84 0.6696  - 

BR2-02 87.19 0.4228 - 125.53 0.6308  - 

BR2-03 124.43 0.6418 - 141.34 0.6619  - 

BR2-05 81.69 0.4290 - 121.75 0.5054  - 

IR1-01 150.73 - 0.5850 182.95 - 0.0950 

IR1-02 111.96* - 0.3569* - - - 

IR1-03 124.78 - 0.5194 118.49* - 0.0365* 

IR1-04 150.41 - 0.5995 130.40 - 0.1160 

IR2-01 123.76* - 0.4229* 153.89 - 0.0293 

IR2-02 111.62 - 0.2295 157.21 - 0.0352 

IR2-03 116.26 - 0.2181 153.50 - 0.0676 

IR2-04 91.41 - 0.1786 148.01 - 0.0437 

U
n
re

st
o

re
d
 

BUR1-01 118.64 0.5755 - 119.51 0.7969 - 

BUR1-02 106.33 0.4633 - 121.52 0.8149 - 

BUR1-05 92.63 0.3731 - 94.50 0.5812 - 

BUR1-04 83.77 0.4059 - 79.36 0.4238 - 

BUR2-02 101.17 0.7145 - 110.45 0.5490 - 

BUR2-03 102.46 0.6166 - 84.98 0.4955 - 

BUR2-04 79.43 0.6024 - 71.69 0.3599 - 

BUR2-06 75.44 0.4831 - - - - 

IUR1-01 108.16* - 0.1733* - - - 

IUR1-02 126.82 - 0.2116 113.54 - 0.0470 

IUR1-03 123.30 - 0.2126 117.01 - 0.0503 

IUR1-04 120.08 - 0.2178 121.47 - 0.0453 

IUR2-01 115.15 - 0.1864 115.15 - 0.0476 

IUR2-02 107.00 - 0.1682 117.43 - 0.0514 

IUR2-03 118.79 - 0.1803 117.69 - 0.0450 

IUR2-04 126.53 - 0.1692 157.20 - 0.0434 

R AR 30.19 0.0000 0.0000 21.28 0.4265 0.0000 

UR AUR 8.53 0.0000 0.0000 14.60 0.4641 0.0000 

*Indicates an outlier sample taken out of calculations. 
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Site R/UR Sample 
Fall (μM) Winter (μM) 

CO2 CH4 C3H8 CO2 CH4 C3H8 
H

at
ch

et
s 

G
ro

v
e 

T
ri

b
u

ta
ry

 

R
es

to
re

d
 

BR1-01 145.58 0.6788 - 152.14 1.1250 - 

BR1-03 115.45 0.5633 - 101.49 0.6397 - 

BR1-04 111.04 0.6567 - 139.47 1.1767 - 

BR1-05 129.62 0.4853 - 152.44 1.3599 - 

BR2-01 105.22 0.5394 - 118.99 0.6447 - 

BR2-02 93.10 0.4498 - 137.44 1.0196 - 

BR2-03 154.60 0.7402 - 157.04 1.1428 - 

BR2-05 85.16 0.3575 - 129.80 0.7115 - 

IR1-01 119.65 - 0.0710 114.99 - 0.4861 

IR1-02 108.90 - 0.0169 131.84 - 0.3023 

IR1-03 126.01 - 0.0185 130.70 - 0.2837 

IR1-04 104.51 - 0.0153 - - - 

IR2-01 138.99 - 0.0145 120.30 - 0.2975 

IR2-02 98.45 - 0.0155 149.23 - 0.2782 

IR2-03 101.60 - 0.0167 128.95 - 0.2525 

IR2-04 126.06 - 0.0148 116.79 - 0.2381 

U
n
re

st
o

re
d
 

BUR1-01 198.73 0.5910 - 135.29 0.8502 - 

BUR1-02 169.63 0.6204 - 141.61 0.8461 - 

BUR1-05 139.14 0.4807 - 110.54 0.6928 - 

BUR1-04 126.67 0.4239 - 100.40 0.6113 - 

BUR2-02 147.43 0.3594 - 102.43 0.4955 - 

BUR2-03 127.77 0.2799 - 90.41 0.3846 - 

BUR2-04 118.82 0.3172 - 93.15 0.4461 - 

BUR2-06 115.84 0.3014 - 105.34 0.3567 - 

IUR1-01 117.79 - 0.1259 111.82 - 0.1837 

IUR1-02 166.19 - 0.1376 103.05 - 0.1681 

IUR1-03 - - - 77.19 - 0.1661 

IUR1-04 137.94 - 0.0208 92.29 - 0.1640 

IUR2-01 151.46 - 0.0171 71.91 - 0.1578 

IUR2-02 138.79 - 0.0126 62.37 - 0.1430 

IUR2-03 140.37 - 0.0198 68.46 - 0.1471 

IUR2-04 162.52 - 0.0146 113.38 - 0.1666 

R AR 16.16 0.0331 0.0000 31.74 0.5136 0.0000 

UR AUR 22.63 0.0334 0.0000 20.68 0.5173 0.0000 
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APPENDIX C: Uncertainties in GHG Emissions 

This appendix details the uncertainty calculations for GHG emissions (fluxes). The 

uncertainties in kC3H8, fCO2, and fCH4 were estimated through standard approaches to error 

propagation [Peters et al. 1974; Meyer 1975; Kline 1985; Genereux 1998], i.e., if y is a function 

of x1, x2, etc., and the uncertainties in all x are independent of each other: 

22 2

1 2

1 2

y x x xn

n

y y y

x x x

  

  

    
          

     

                            Equation C1 

where Ω represents the uncertainty in each variable shown in subscripts. 

This analysis is split into three sections: uncertainty in kC3H8, fCO2 and fCH4 uncertainty 

calculations and a summary of errors. 

C.1. Uncertainty in kC3H8 

C.1.1. Overview 

As noted in the Methods section, the gas exchange rate constant for propane was 

calculated as: 

3 8
3 8

3 8

[ ]1
ln

[ ]

U U
C H

D D

C H Q
k

C H Q

 
  

 
                             Equation C2 

Standard methods for propagation of uncertainty (Equation C1) give the following for the 

uncertainty in kC3H8: 

3 8

2 2 2 22

[ 3 8] [ 3 8]3 8

2

3 8 3 8 3 8

[ ]
ln

[ ] [ ] [ ]C H

Qu Qd C H C H DU U

k

D D U D U D

UC H Q

C H Q Q Q C H C H



    

   
        

         
         

         
     Equation C3 

where Ω is the uncertainty in the variable shown in the subscript on the Ω.  The text below 

discusses the uncertainties in Q at the upstream and downstream stations, [C3H8] at the upstream 

and downstream stations, and τ. 
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C.1.2. Uncertainty in Q 

The equation “Q = m/A” was utilized to find stream discharge, where m is the mass of 

NaCl released into the stream and A is the area under the NaCl breakthrough curve at a given 

stream measurement station (the upstream or downstream end of a study reach).  Thus: 

2 2

2

1
Q m A

m

A A

   
        

   
                             Equation C4 

The mass was measured in kg with a precision of instrument of 0.1 mg. It's possible a 

small amount of the pre-measured salt within the Ziploc bag adhered to the baggie instead of 

being transferred to the bucket of stream water (used to mix the salt slug), but the total weight of 

the NaCl lost would be negligible (likely less than 1 g out of the total 0.7-1 kg mass of salt). 

Similarly, a small quantity of the salt slug solution could have adhered to the bucket when the 

solution was dumped into the stream (likely less than a couple ml out of the total of about 7500 

ml). Again, this source of uncertainty in Q was probably negligible (less than 0.1% of the salt 

slug). 

Most of the uncertainty in Q likely lies with the determination of the area under the 

breakthrough curve, A. To estimate ΩA, 1 μS cm-1 (the resolution of the HOBO U24-001) was 

first added to all S25 values along the breakthrough curve, and the resultant curve was integrated 

using the trapezoidal function in MATLAB to compute Amax, a maximum probable area. Then 1 

μS/cm was subtracted from all S25 values along the breakthrough curve, and the resultant curve 

was integrated to compute Amin, a minimum probable area. The uncertainty of A was then 

estimated using the following equation: 

   max min

2
A

A A A A  
                               Equation C5 
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After calculating ΩQ for gas exchange experiments in the winter at Austin Creek and in 

the fall at HGT (n = 8 measurement stations), all values were below 3% of total discharge at each 

station. The uncertainty in Q was taken to be 3% of the Q value at the station.  

C.1.3. Uncertainty in τ and [C3H8] 

The conductivity loggers, HOBO U-24-001, log temperature and specific conductivity 

values every 10 seconds, making the uncertainty approximately 5 seconds in identifying the time 

of the peak in the breakthrough curve. Since τ = tD - tU ,where t represents the time to peak for 

each breakthrough curve (subscripts D and U for downstream and upstream, respectively), 

uncertainty in τ was: 

2 2

tD tU                                 Equation C6 

Equation C6 gave a Ωτ of 7 seconds for all τ values in the study. 

 For [C3H8]U and [C3H8]D uncertainties, the standard error of duplicate water samples (3-4 

for each station) was multiplied by the Student’s t value at 70% confidence. 

C.2. Uncertainty in CO2 and CH4 Emissions 

Error propagation for fCO2 or fCH4 was determined using the following flux equations: 

 2 2 2 2[ ] [ ]CO CO aq eqf k Z CO CO                               Equation C7 

OR 

 
0.7

3 8
2 3 8 2 2

2

[ ] [ ]C H
CO C H aq eq

CO

Sc
f k Z CO CO

Sc

 
  

 
                            Equation C8 

where the equation for fCH4 is the same as Equations C7 and C8 but with kCO2 and ScCO2 replaced 

with kCH4 and ScCH4, respectively. Equation C8 combines Equation C7 and the equation for 

computation of kCO2 (see Methods section, Equation 7). Applying Equation C1 to Equation C8 

gives: 



95 

 

 

3 8

2 22 2 2 2

2 3 8 2 2 2

3 8 3 8 2 2 2
C H

fCO k ScC H ScCO Z CO aq CO eq

C H C H CO

n

aq eq

df df df df df df

dk dSc dSc dZ dCO dCO

df

dn
            

           
            

            

 

Equation C9 

The partial derivatives needed to use Equation C9 are:  
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                          Equation C15 

The text below discusses the uncertainties in each variable needed to compute the 

uncertainties in f with Equations C9-15. 

C.2.1. Uncertainty in Sc and n 

Oviedo-Vargas et al. [2015] determined uncertainties for ScCO2, ScC3H8, and ScCH4 based 

on the prediction bands at 95% confidence around best-fit polynomial functions of Sc vs. 

temperature. The uncertainty values predicted at 95% confidence were about: 30 for ΩScCO2, 175 
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for ΩScC3H8, and 100 for ΩScCH4. Although uncertainties at 70% confidence were used for other 

variables (besides the variables without an associated confidence level, see Table C1), and in 

general, it would be best to not mix uncertainties of different confidence levels, but in this case 

the 95% confidence intervals for Sc values were already available in graphs in Oviedo-Vargas et 

al. [2015], and fortunately uncertainties attributed to Sc numbers (even at 95% confidence) were 

usually at least an order of magnitude smaller than uncertainties from other variables, like 

[C3H8]U and [C3H8]D, in each stream reach. Since ΩSc didn’t dominate the error-budget of the 

emission rates, it seemed reasonable to take advantage of the Oviedo-Vargas et al. graphs in 

calculating the overall uncertainty in GHG emissions. 

Table C1. Notes on uncertainty for the variables considered in computation of fCO2 and fCH4. 

Variables Confidence Levels Assumptions or Details 

n None 
Estimated from literature to be 0.1 (at 70% 

confidence) 

Z 70% Only determined in the fall 

Sc 95% using graphs from Oviedo-Vargas et. al. [2015] 

[G]aq 70% 
computed confidence limits based on replicate 

stream water samples 

[G]eq 70% 
computed confidence limits based on replicate 

analyses of laboratory gas standard 

τ None 
± 7 s, based on precision of the conductivity 

loggers 

[C3H8] 70% 
computed confidence limits based on replicate 

stream water samples 

Q None 
± 3%, based on estimated uncertainty in area 

under breakthrough curves  

 

Based on experimental data in literature (Table C2), Ωn (where n = 0.7 within the 

experiment range of 0.4-1.2) was taken to be ± 0.1 (at roughly 70% confidence). Much of the 

literature shown in Table C2 (18 out of 20) estimate n ranges from 0.5-1, the same interval 

between two theoretical models: surface renewal model (n = 0.5) and the stagnant film model (n 

= 1) [Oviedo-Vargas et al. 2015]. 
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Table C2. Findings for “n” based on experimental data where D is the diffusion coefficient, k is the gas 

exchange constant and “high” and “low” represent high and low turbulence estimates. 

Study n in k = f(Dn) n in k = f(Sc-n) Basis for Study 

Madsen et. al. (2007) 0.73  Lab experiment: O2, C3H8 

Yongsiri et. al. (2004) 1  Lab experiment: O2, H2S 

Gulliver and Halverson 

(1989) 

0.5  Moving bed flume 

Genereux and Hemond 

(1992) 

0.7  Stream experiment: C3H8 and 

ethane 

Daniil and Gulliver 

(1988) 

 0.5 Re-analysis of other's gas data 

Jahne et. al. (1987)  0.7 Lab experiment: heat & CO2, 

He & CH4; smooth rigid surface 

Duran and Hemond 

(1984) 

0.5  Lab experiment: N2O, Freon-12 

Ledwel (1984) 0.5  Wind-wave tunnel experiment: 

N2O, CH4, and He 

Torgersen et. al. (1982) 1.22   Limnocorral experiment: He, 

Rn 

Smith et. al. (1985) 0.61  Lab experiment: C3H8, O2, CO2, 

Kr, other gases 

Siems (1980) 0.6  CO2, O2 

Jahne et. al. (1979) 0.41  “Mass and momentum 

comparisons” 

Deacon (1977) 0.67  “Mass and momentum 

comparisons” 

Shaw and Hanratty 

(1977) 

 0.704 Momentum, turbulent mass 

transfer analysis 

Flothmann (1975) 0.5  “Mass and momentum 

comparisons” 

Hammond (1975) 0.74  Re-analysis of other's gas data 

Metzger and Dobbins 

(1967) 

0.5 (high); 1 (low)  Gas exchange model 

Jahne et. al. (1987)  0.5 Lab experiment: heat & CO2, 

He & CH4; free surface with 

waves 

Jahne et. al. (1987) 0.73   Reanalysis of Torgersen et al. 

(1982) data, +- 0.15 

 

C.2.2. Uncertainty Calculations of Z 

Z was calculated as the average deepest depth measured in each reach multiplied by the 

“channel shape ratio.” The values determined to be the average deepest depth in each reach was 

based off 4-10 channel measurements, so the uncertainty was the standard error of the depth 
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measurements multiplied by the Student’s t value at 70% confidence. The “channel shape ratio” 

was considered a constant. Z was only determined from 9/15-11/29/2017, it was not investigated 

thoroughly during winter sampling, but water levels seemed to remain consistent from season to 

season (based on cross-sectional data and some depth data captured after fall measurements), 

while the velocity in the stream changed with increasing Q. Although at Smith and Austin Creek 

winter depth data was not collected at the exact location deepest depth measurements were 

collected, at HGT depth measurements documented on 1/22/18 were recorded as: 16 cm, 20 cm, 

and 20 cm at three known locations. Depth measurements were recorded prior to this from cross-

sectional data collection on 12/13/17 at the same locations in HGT with depth values of: 15 cm, 

19 cm, and 19 cm, respectively. Overall, the depth data collected during the winter was usually 

consistent with fall depth values, except in the case of the restored reach in Austin Creek (Table 

C3). However, only 3 depth measurements (compared to 4) were collected and they were not at 

the exact locations as the depth measurements within the fall. Since seasonal changes in Z were 

not captured fully, Z likely contributes some additional uncertainty to flux calculations. 

Table C3. Seasonal changes in depth measurements with mean deepest depths and the dates they were 

collected in parentheses. “R” and “UR” refer to restored and unrestored reaches, respectively. 

Site R/UR 
Mean fall deepest depth 

(cm, n = 4-10) 

Mean winter deepest 

depth (cm, n=1-3) 

Smith 
R 

UR 

12.2 (9/15/17) 

10.8 (9/15/17) 

11.3 (1/15/18) 

13.3 (2/9/18) 

Austin 
R 

UR 

10.8 (10/5/17) 

15.5 (10/5/17) 

25.3 (1/15/18) 

15.5 (2/9/18) 

HGT 
R 

UR 

29.7 (11/29/17) 

19.0 (11/29/17) 

17.0 (12/13/17) 

19.0 (12/13/17) 

 

C.2.3. Uncertainty Calculations of [G]aq & [G]eq 

[G]aq  is the average aqueous concentration of the gas of interest (G) in the stream water 

of the reach (determined by averaging measured values from the two ends of the reach). 
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Duplicate water samples (n = 6-16 for each reach) were collected at each station. The uncertainty 

used for [G]aq (e.g., ΩCO2aq or ΩCH4aq) was the standard error of the duplicate samples multiplied 

by the Student’s t value at 70% confidence.  

[G]eq is the hypothetical stream water gas concentration (G) that would be in equilibrium 

with the measured air concentration directly above the reach, based on the known Henry’s Law 

constant for the gas and the measured stream water temperature. Only one sample was taken per 

reach. Uncertainty for this variable was based on multiple runs (n=6) of 1:1 mixture of the 

primary standard and high-purity N2, which had 5,000 ppm CO2 and 100 ppm CH4. Multiple 

runs of the primary standard were considered, but some GC peaks of CO2 were cut off at 10,000 

ppm on high gain (the gain setting of all air samples). Additionally, the uncertainties of the 

Henry’s Law constants for CO2 and CH4 were not mentioned or cited in the NIST webbook, so 

uncertainties were assumed negligible. For a given gas, e.g., CO2, the standard deviation of the 6 

standard runs (the “standard” being the 1:1 mixture of primary standard and N2) was multiplied 

by the appropriate t value and was then divided by the mean [CO2] from the runs. The resultant 

percentage (7.2% for [CO2]eq and 7.4% for [CH4]eq) was taken as the uncertainty, at 70% 

confidence, in the [CO2] (or [CH4]) of air samples, and thus also in [CO2]eq (because of the 

assumption that Henry’s Law Constant has a negligible uncertainty). The resultant percentage 

was then multiplied by the computed [G]eq (leaving ΩCO2eq and ΩCH4eq in concentration units).  

C.2.4. Example: Error Propagation of Flux Uncertainty at Austin Creek 

Applying this approach to the restored reach of Austin Creek in the fall, the uncertainty in 

CO2 emission (756 mmol C m-2 d-1) was estimated to be 167 mmol C m-2 d-1 (Table C4).
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Table C4. Error propagation calculations for CO2 emissions in the restored reach of Austin Creek in the fall where“SD” represents the standard 

deviation, “SE” represents the standard error, “t” represents the t-value for calculation of 70% confidence limits, “Ω” is the uncertainty for each 

variable, and “df/dx” is the value of the relevant partial derivative (Equations C10-15). Each Z value in the table represents a measurement of 

"deepest depth" at a particular cross-section multiplied by the channel shape factor, 0.54. 

Samples τ 
(s) 

QU 

(m3 s-1) 
QD 

(m3 s-1) 
[C3H8]U 

(μM) 
[C3H8]D 

(μM) 
Z 

(m) 
ScC3H8 ScCO2 

[CO2]aq 

(μM) 
[CO2]eq 

(μM) 
n 

kC3H8 

(d-1) 

1 900 0.03181 0.03289 0.5850 0.2295 0.0486 1203 640.3 184.4 30.19 0.7 92.9 

2       0.5194 0.2181 0.0540     131.9      Flux 
(mmol C  

m-2 d-1)  

756.1  

3       0.5995 0.1786 0.0648     115.8     

4       
  

0.0650     120.0     

5                 93.62         

6                 87.19         

7                 124.4         

8                 81.69       
 9                 150.7         

10         91.41     

11                 111.6         

13                 116.3         

14                 124.8         

15                 150.4         

Average 900 0.03181 0.03289 0.5680 0.2087 0.05810 1203 640.3 120.3 30.19 0.7     

SD       4.27x10-2 0.027 8.16x10-3     28.2 2.17       

N       3 3 4 
  

14 6       

SE       2.46x10-2 1.54x10-2 4.08x10-3     7.54 0.89       

t (70%)       1.39 1.39 1.25     1.08 1.16       

Ω (70%) 7.07 9.54x10-4 9.87x10-4 3.42x10-2 2.14x10-2 5.10x10-3 176 30.0 8.14 1.03 0.1      

df/dx -7.39x10-6 0.283 -0.274 1.59x10-2 -4.32x10-2 0.115 3.87x10-6 -7.27x10-6 -9.71x10-5 7.41x10-5  5.52x10-3 
  

Ωf 

(df/dx*Ω)2  2.73x10-9 7.31x10-8 7.31x10-8 2.94x10-7 8.53x10-7 3.41x10-7 4.67x10-7 4.76x10-8 2.75x10-7 5.77x10-9 3.04x10-7  
  

166.8 
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C.3. Summary of Errors 

According to error propagation calculations, flux uncertainties (Table 6) were quite high. 

Out of 24 total emission uncertainties, 7 were 20-50% of the emission value, 6 were 51-100%, 

and 11 were greater than 100% of the emission value (each emission uncertainty from Smith 

Creek fell within the latter category). As illustrated in Table C4 (and seen in the 23 other 

emissions), uncertainties attributed to [C3H8] were consistently an important contributor to the 

uncertainty in emissions (although in Table C4 similar contributions were attributed to Z, n, 

ScC3H8 and [CO2]aq, this site in the fall was an exception to the rule likely because overall Ωf 

values were relatively low).  Reducing variability among propane replicates should be an 

important focus of future work. 

Sources of random error for [C3H8] could have occurred during water sampling, 

transporting samples to the lab or during headspace equilibrations. For example, it's possible 

bubbles in a water sample could have gone unnoticed and since the dimensionless Henry's Law 

constant for propane was quite large (~25), a 0.5 mL bubble could’ve led to different propane 

concentrations (e.g., higher concentrations if a gas bubble in the syringe had been initially in 

equilibrium with the stream water in the stream, and then dissolved when the sample was chilled 

after collection). Similarly, the plastic syringes for water samples were only marked to each mL; 

estimating volumes in the syringe required visually interpolating between the 1 mL markings. 

Additionally, only 4 water samples were collected at each station for mean [C3H8]. In a few cases 

(5), unrealistic propane analyses were left out of the calculations (Table C5), leaving only 2-3 

water samples for average [C3H8] calculations at some measurement stations. According to 

Taylor [1982], at least 5 duplicate samples should be considered (but preferably many more), so 
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it’s reasonable to assume a larger number of samples would’ve led to higher precision and lower 

uncertainties for emissions.  

Perhaps more importantly, some study reaches had low travel times. The study streams 

were chosen after careful consideration of numerous other local streams (e.g., Rocky Branch, 

Abbott Creek) that ended up exhibiting very large travel times caused by long water and tracer 

residence times in the deep water in engineered pools. For example, at Rocky Branch on NC 

State Campus, “time to peak” for breakthrough curves at Station D were 1.5-4 hours, and their 

breakthrough curves had tails of over 3 hours, leading to questionable discharge calculations as 

well as difficult field logistics. In other cases, monitoring after salt releases was abandoned after 

several hours with no tracer arrival downstream. In restored sections of Rocky Branch, stomach-

deep and chest-deep pools were encountered, separated by roughly ankle-deep runs; in this 

sense, some restored parts of Rocky Branch resemble a series of small reservoirs spilling into 

each other, more than they resemble a natural stream.  In the streams eventually chosen for 

study, short reaches (90-130 m) were chosen to avoid large and deep pools (creating slow-

moving waters) that would require many hours (possibly > 1 day) of salt tracer monitoring and 

steady propane injection, with possibly questionable discharge and gas exchange results. For 

lower emission uncertainties in future work, additional consideration should be given to how 

deep engineered pools in some restorations complicate the use of the injected tracer method.   

As mentioned above, a few [C3H8] outliers (n=5, Table C5) from Smith and Austin Creek 

were not used in gas exchange calculations. It seemed reasonable to discard two of the outliers 

within Table C5 (namely Smith fall IR2-03, Austin fall IR2-01) as downstream samples can not 

have more propane than upstream (unless some assumptions about good mixing and/or steady 

injection are hugely violated), and it’s hard to see how one sample could have double the 
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propane of the other replicates from the same location/time. For similar reasons, two of the 

outliers (Austin fall IR1-03 and IUR1-01, Austin winter IR1-02) at the upstream station were 

discarded as they exhibited unreasonably low [C3H8] compared to the duplicate samples and 

downstream samples. 

Table C5. Outlier samples left out of calculations for mean [C3H8]U and [C3H8]D.  F and W refer to fall 

and winter sampling, R and UR refer to restored and unrestored reaches, and U and D refer to upstream 

and downstream stations, respectively. The sample ID is also listed and documented as an outlier in 

Appendix B. 

Site Season 
Reach, 

Station 
Sample ID Reason for discarding from calculations 

S
m

it
h
 

C
re

ek
 

F R, D IR2-03 

Two times larger [C3H8] than the rest of the 

duplicate samples at this station, and higher than 3 of 

4 duplicate samples at the upstream station. 

A
u
st

in
 C

re
ek

 

F R, U IR1-03 

Noted within field: “tough syringe to use, hard to 

open 3-way luer-lock,” had a much lower [C3H8] 

than the other 3 replicates at station U. 

F R, D IR2-01 
Roughly double the [C3H8] of the other 3 replicates 

at station D. 

F UR, U IUR1-01 

Gave a negative k when paired with each of the 4 

downstream propane samples (the rest of the 

downstream samples gave a positive k) 

W R, U IR1-02 

[C3H8] less than half of that for the other two 

duplicate samples at station U, and less than ¾ of the 

value for the downstream samples from the same 

reach. 

 

 

 


