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ABSTRACT
Recent studies have focused on dissolved organic matter (DOM) cycling throughout river
corridors or in reservoirs, but few have explored DOM cycling in commonplace but understudied
run-of-river (ROR) reservoir systems. Impoundments disrupt river flow patterns, as they increase
hydraulic residence time and alter the flow of DOM downstream. During storms when the
majority of DOM loading occurs, impoundments become less likely to hold DOM and will
increase export of DOM downstream. In this study, we quantified DOM bioavailability and
composition, carbon flux, and carbon dioxide (CO2) gas evasion in a ROR reservoir system at
baseflow conditions and across a 1.5-year storm event. This study used a combination of high
frequency spatial sensor data geotagged to GPS coordinates along the river to reservoir
transition, and grab samples of surface water taken at two U.S. Geological Survey stream gauges
and three additional sites. The landscape and shallow flow paths to ROR reservoir systems
resulted in the export of both aromatic carbon and labile organic matter present within these
waters, as water was mixed and exported downstream. Additionally, the reservoir was a net sink
of DOC and BDOC flux, while also a source of DIC flux. Finally, CO2 evasion was magnified
by high flow, with the reservoir changing from a sink to a source of CO2 to the atmosphere. ROR
reservoirs may undergo “short-circuiting” during high flow, which alters DOM transformations
and transport of carbon downstream. Our results provide critical insight on carbon dynamics in
ROR reservoir systems and highlight the need to incorporate riverine DOM into carbon budgets,
especially under variable flow conditions.
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GENERAL AUDIENCE ABSTRACT
Recent studies have focused on dissolved organic matter (DOM) cycling through river corridors,
as DOM provides energy to aquatic food webs and can be converted to carbon dioxide (CO2)
through microbial respiration. Few studies have explored DOM cycling in commonplace but
understudied run-of-river (ROR) reservoir systems. ROR reservoirs are created by the
implementation of a dam across a river channel and use the flow of the river to generate
hydroelectric power. During storms, when the majority of DOM loading occurs, impoundments
become less likely to hold DOM and will increase export of DOM downstream. In this study, we
quantified DOM quality and composition, DOM transport, and carbon dioxide (CO2) gas evasion
in a ROR reservoir system at baseflow conditions and across a 1.5 year storm event. This study
used a combination of high frequency spatial sensor data combined with GPS coordinates along
the river to reservoir transition, and grab samples of surface water taken at two U.S. Geological
Survey stream gauges and three additional sites. Results show that the landscape and shallow
flow paths to ROR reservoir systems resulted in the export of both high and low quality carbon
present within these waters, as water was mixed and exported downstream. Additionally, the
reservoir was a net sink of DOM flux, retaining 40.7% of the total DOM loading for the storm
event. Finally, CO2 evasion was magnified by the storm event, with the reservoir changing from
a sink to a source of CO2 to the atmosphere. Our results provide critical insight on carbon
dynamics in ROR reservoir systems and highlight the need to incorporate riverine DOM into
carbon budgets, especially under variable flow conditions.
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1. Literature Review

1.1 Introduction
Organic carbon is the backbone of biology in both terrestrial and aquatic systems. A large
fraction of organic carbon within aquatic ecosystems is dissolved organic matter (DOM)
(Aitkenhead-Peterson et al. 2003, Battin et al. 2008). While approximately 50% of DOM is
carbon, the remaining percentage includes nitrogen (N), phosphorus (P), hydrogen (H), and
oxygen (O) (Thurman 1985, Johnson 2010, McDowell et al. 2006). DOM influences
geochemical reactions, nutrient uptake and cycling, and productivity of food webs (Kaplan and
Cory 2016, Jane et al. 2017). DOM has the capacity to bind pollutants, such as heavy metals, and
transport them downstream (Weng et al. 2002). DOM also plays a role in drinking water
treatment, as treated water pulled from rivers can create chlorine (Cl-) disinfection by-products
from its reactions with DOM (Dotson et al 2009).
DOM cycling within a river network should therefore be a significant component of
climate change studies, as DOM contributes carbon to global carbon cycles and is converted to
carbon dioxide (CO2) through microbial respiration (Metting 1993). Though the production of
CO2 from DOM and its subsequent release to the atmosphere is not as large a flux as that
produced by anthropogenic sources, present estimates are around 2.1 Pg C yr (Raymond et al.
-1

2013). These fluxes are significant to global carbon balances, as they can change diurnally,
seasonally, and with variable flow (Aitkenhead-Peterson et al. 2003, Raymond et al. 2016).
Recent studies have focused on understanding DOM cycling throughout river corridors
(Raymond et al. 2016, Kaiser et al. 2017). One such system that is not well-understood is run-ofriver reservoirs (ROR), defined as rivers that have been impounded to create hydroelectric
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impoundments, using the flow rate of the river to generate power (Office of Energy Efficiency &
Renewable Energy 2017). These systems disrupt the normal flow pattern of the river by creating
reservoirs along their flow paths to hold water for electrical production. Furthermore, reservoirs
increase water residence times which likely alters biogeochemical cycling and DOM transport
(Paerl and Huisman 2008). Reservoirs created from impoundments can also change the flux of
both organic and inorganic carbon to the atmosphere and to downstream waters (AitkenheadPeterson et al. 2003, Tranvik et al. 2009).
This review examines DOM sources to better understand different contributions of
carbon to river ecosystems. This review will then examine the composition of DOM and how it
affects the transformations of DOM. Lastly, this review will describe typical transport processes
for DOM, and inorganic carbon’s role in DOM processes.

1.2 Dissolved Organic Matter – Transformations and Transport
1.2.1 Sources of Dissolved Organic Matter
DOM in natural waters is sourced from both the terrestrial and aquatic landscapes.
Terrestrial sources include soils, leaf detritus, and products of incomplete decomposition of
plants and animals (Aiken et al. 1985). Terrestrial DOM within freshwater is referred to as
allochthonous carbon, and enters rivers and stream networks via shallow subsurface flow,
groundwater, and high-discharge storm events (Kaplan and Cory, 2016, Raymond et al. 2016).
DOM within freshwater sourced from photosynthesis by aquatic plants, bacteria, and algae, and
by the decomposition of detritus is known as autochthonous carbon (Carlson and Hansell 2015,
Jane et al. 2017). The contribution of these DOM sources changes spatially and temporally along
a river network due to changes in riverbed geomorphology, land use, and hydrology. For
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instance, a large storm event could provide a significant influx of allochthonous carbon to the
river, thus altering the DOM pool within the river network. DOM concentrations, measured as
dissolved organic carbon (DOC), tend to vary with different ecosystem types, as shown by Table
1 below. Soils from the terrestrial landscape tend to have the highest concentrations of DOM,
while ocean waters typically have the lowest concentrations.

Table 1.1. Examples of DOC and SUVA254 values
Ecosystem
DOC (mg L-1)

SUVA254 (L m-1mg-1)

Soils

35 – 4517

2.8 – 3.317

Wetland

15 – 3037

2.8 – 4.223,40

Groundwater

0.5 – 3.71

1.7 – 3.723

1 – 252

3.2 – 4.327

0.5 – 302,25,26,48

2.8 – 5.321.57

0.5 - 3.02

0 - 1.759

Lake
Stream / River
Ocean

Spatial changes in sources of DOM are often understood through the river continuum
concept (RCC) (Vannote et al. 1980). The RCC stipulates that a river’s physical conditions
change along a gradient of headwater streams to larger rivers. The gradient of changes along the
river continuum have a great effect on the sources and transformations of DOM, and rivers are
inclined towards chemostasis (Vannote et al. 1980, Creed et al. 2015). It is expected that there
would be greater amounts of allochthonous carbon in headwater streams, since there is more
shade and greater terrestrial inputs of DOM. As these streams transition along the RCC to larger,
wider rivers without shade, there are greater concentrations of autochthonous carbon, as
terrestrial inputs of carbon decrease and more primary production of carbon can occur (Vannote
et al. 1980, Creed et al. 2015). DOC concentrations are directly related to discharge,
6

Anthropogenic alterations to river systems, such as the implementation of impoundments, are
also likely to alter the spatial distribution of DOM. Impoundments create slow flow and increase
residence time in rivers, and will likely change the normal transport and transformations of DOM
(Duan et al. 2007).
1.2.2 Composition of Dissolved Organic Matter
DOM is comprised of many different components, including plant biomass, litter, humus,
amino acids, lignins and proteins (Nelson and Sommers 1965, Thurman 1985). As mentioned
previously, DOM is sourced from a combination of allochthonous or autochthonous sources.
Allochthonous carbon is primarily made up of fulvic and humic substances, and accounts for
approximately 50% of total DOM composition (Thurman 1985). Allochthonous carbon also
contains stable lignins, lipids, and pyrogenics, which tend to be structurally complex and more
persistent in freshwaters (Lehmann and Kleber 2015). Conversely, autochthonous carbon tends
to be less structurally complex and more biologically available than allochthonous carbon (Thorp
and Delong 2002, Kritzberg et al. 2005, Guillemette et al. 2013). Autochthonous carbon is
comprised of low molecular weight materials, such as carbohydrates, proteins and organic acids
(Hansen et al. 2016).
The carbon contained in DOM is generally divided into two classes based on its availability to
organisms. The two classes - labile and refractory - do not completely define the composition of
carbon in DOM; rather a combination of the two classes exists. Labile carbon is the fraction of
organic matter that has the most rapid turnover times and its oxidation drives fluxes of CO

2

between soils and water to the atmosphere. Labile carbon is easily consumed due to its saturated,
chain-like structure, and supports heterotrophic metabolism (Kaplan and Cory 2016). Refractory
carbon can only be slowly decomposed because it is partially oxidized and is essentially inert
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due to its aromatic, ring structure (Kaplan and Cory 2016). Overall, labile carbon tends to be
more reactive in river ecosystems, while refractory carbon tends to be more persistent. The
quality of this DOM changes downstream as its sources become less allochthonous and more
autochthonous (Creed et al. 2015).
1.2.3 Transformations of Dissolved Organic Matter
Within a ROR network, DOM undergoes many transformations and its concentration
alters as it moves downstream (Wollheim et al. 2015). When allochthonous carbon enters a
stream, its compounds are broken down by bacteria, which then respire CO2 to the water column.
The CO2 is either released to the atmosphere or transported downstream to be used by primary
producers for photosynthesis (Aiken et al. 1985). The primary producers transform CO2 into
organic compounds, which are then released by secretion or autolysis (Carlson and Hansell
2015). Primary consumers, such as heterotrophic aerobic bacteria, utilize the organic compounds
for energy and mineralize them into CO2 (Aiken et al. 1985, Carlson and Hansell 2015).
Metabolism of DOM is not 100% efficient, and refractory, persistent compounds not utilized will
be transported downstream. Generally, it is expected that higher rates of respiration rather than
gross primary production will occur in headwater streams where primary production is low due
to shading effects and external inputs of carbon are high. The mineralization of DOM to CO2 is
altered down this continuum, as respiration is highest in headwaters but internal primary
production increases downstream with decreases in shading (Odum 1956, Hotchkiss et al. 2015).
DOM can also be transformed through photodegradation or complexation, which occurs
when DOM becomes photoexcited by light energy from the sun and is broken down into simpler
compounds. The simper compounds created include labile, low-molecular weight DOM,
refractory, partially oxidized DOM, and CO2 (Kaplan and Cory 2016). Photodegradation can
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have mixed effects, increasing or decreasing DOM lability, and can either reduce or increase the
rate of bacterial respiration (Tranvik and Bertilsson 2001). Thus, photodegraded DOM that has
become less labile will result in reduced mineralization of DOM to CO2. Alternatively, DOM can
become more labile and broken down more quickly through metabolism (Kaplan and Cory
2016).
Differing hydrologic regimes play a large role in the transformations of DOM, and the
damming of rivers is likely to alter these transformations in many ways (McCully 2001; Catalan
2016). Short residence times found in rivers create reduced time for microorganisms to use and
break down organic carbon in DOM (Harvey 2016). Conversely, long residence times found in
lakes and reservoirs allow for greater time for microorganisms to break down the organic carbon
in DOM, greater contact surface time with river sediments, and increased fixation of carbon as
CO2 from the atmosphere or release of CO2 from respiration (Harvey 2016, Covino 2017). Thus,
the productivity of the aquatic food web is likely to change as the DOM pool is altered by
hydrologic regime from more labile to more refractory carbon or vice versa.
1.2.4 Transportation of Dissolved Organic Matter
The transport characteristics of DOM affect the chemical and physical changes it will
undergo. As mentioned previously, terrestrial inputs of carbon will occur on a regular basis to a
stream. Some of this carbon comes from overland flow, while other sources include groundwater
flow into a system. The distance DOM travels downstream is known as its spiraling length, and
is largely dependent on its bioavailability and river flow (Newbold et al. 1982). Labile carbon
will travel shorter distances due to its high bioavailability, and thus it has a short spiraling length
(Covino 2017). Refractory or persistent carbon will travel longer distances downstream due to its
low bioavailability, so it has a long spiraling length (Kaplan and Cory 2016, Covino 2017). The
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spiraling length of all DOM increases as river size grows larger downstream and discharge
increases (Kaplan and Cory 2016, Covino 2017).
A large flux of allochthonous carbon enters through runoff during a storm due to
increased overland flow, which increases water connection to the terrestrial landscape (Raymond
et al. 2016). The runoff flushes less processed carbon in, which alters the DOM pool from higher
loads of autochthonous carbon to higher loads of allochthonous carbon. A storm can also
increase water discharge within the aquatic ecosystem, which decreases residence time and
increases export of DOM downstream. This is likely to affect the typical composition and
bioavailability of DOM transported downstream (Raymond and Spencer 2015, Raymond et al.
2016).

1.3 Dissolved Inorganic Carbon – Transport and Processes
Inorganic carbon exists as CO2 in the atmosphere, and in many forms dissolved in water,
including CO2, carbonic acid (H2CO3), bicarbonate(HCO3-) and carbonate(CO32-). The fractions
of inorganic carbon within the water column depends largely on the surrounding pH and
buffering capacity (Dodds and Whiles 2010). The role of inorganic carbon (specifically CO2) in
rivers and reservoirs to biogeochemical cycling is important, as studies have shown that rivers
tend to be supersaturated with CO2 compared to the atmosphere (e.g. Raymond et al. 1997,
Raymond et al. 2013).
Inorganic carbon enters the stream ecosystem from the terrestrial environment through
many different pathways. CO2 produced from metabolism in soils and H2CO3 and HCO3produced from weathering in groundwater are hydrologically transported into streams (Finlay
2002). Mineralization of these inputs tends to be greater than primary production, particularly in
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smaller streams. These waters tend to be supersaturated with CO2. As mentioned previously, CO2
plays a role in the metabolism of all aquatic organisms, and is used to produce carbon (as DOC)
and oxygen (O2) (Aiken et al. 1985, Carlson and Hansell 2015). CO2 concentrations, in lakes and
reservoirs especially, can vary spatially and temporally and may limit gross primary productivity
in periods of low CO2 (Hamden et al. 2018).
Running waters have the potential to evade CO2 to or draw in CO2 from the atmosphere
based on saturation, and therefore can either be sources or sinks of CO2 (La Quere et al 2009,
Butman and Raymond 2011). Nutrients can also play a role in the evasion of CO , as it has been
2

shown that an increase in the emission of CO2 to the atmosphere can occur after the addition of
nutrients, such as nitrogen (N) and phosphorus (P), due to increased microbial respiration
(Rosemond et al. 2016). Geomorphology and discharge will also influence the transport and
cycling of CO2. CO2 concentrations within the water column tend to decrease with increasing
stream size during baseflow conditions, largely due to increased algal uptake with increasing
stream size (Finlay 2002). CO2 concentrations in water tend to decrease with increasing
discharge, though this is likely driven by sources of CO2. Low discharge results in higher CO2
concentrations due to low degassing, unlike in higher flows where CO2 concentrations are lower
due to higher turbulence in the water which allows for high degassing of CO2 to the atmosphere
(Finlay 2002, Covino 2017).

1.4 Characterization of DOM: A multi-pronged approach
Due to the chemical complexity of DOM, characterizing its makeup and concentration is a
multi-pronged approach. The concentration of DOM found in river ecosystems is measured by
collecting DOC concentrations. The operational definition of DOC is any organic carbon in
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solution that can pass through a 0.22um GFF filter (Hedges 1992). DOC is a measure of the total
organic carbon concentration of DOM, including organic carbon from plant biomass, litter, and
humus. The composition of carbon in DOM is difficult to measure due to the chemical
complexity of DOM. One method for determining the aromatic character of DOM is using a
measure of specific ultraviolet absorbance (SUVA254) (Weishaar et al. 2003). SUVA254 is
calculated by dividing a sample’s ultraviolet absorbance at 254 nanometers (m-1) by the DOC
concentration (mg L-1). SUVA is a simple measure of the aromaticity of the molecules that
254

comprise DOM. SUVA values tend to vary with ecosystem types (Table 1.1). One other
254

method for determining DOM’s aromatic character has been to use fluorescence spectroscopy to
distinguish pools of compounds within DOM (Mopper and Schultz 1993, Chen et al. 2003).
These methods allow for the distinction of aromatic compounds within DOM, and allow for a
better understanding of the type of DOM carbon present within a system.
Many studies have focused on the transfer of carbon and water between air and surface
waters, but it has been difficult to identify the factors that specifically control these fluxes in
freshwaters. It has also been difficult to correctly identify concentrations and types of carbon in
river networks as they are transported downstream and decomposed. One method of “tracking”
carbon cycling and transport has been to use isotopic signatures. 13C is a value that indicates the
origin and migration pathways for carbon sources for both dissolved organic carbon and
dissolved inorganic carbon (van Geldern et al. 2013). 13C is an isotope ratio of heavy to light
isotopes, 13C/12C, and is used to determine levels of processed carbon, respiration and primary
production, and gas transfer velocity (k) (van Geldern et al. 2013). More positive values for the
isotopic ratios indicate that “lighter”, more processed carbon dominates; whereas more negative
values indicate that “heavier”, more enriched carbon dominates (van Geldern et al. 2013).
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Tracers composed of 13C have been utilized in many studies to quantify pathways and
carbon cycling in freshwater systems (Hall 1995, Cole et al. 2002, Lyon and Ziegler 2009,
Hotchkiss and Hall 2015). Carbon isotopes give insight into how available the carbon is as an
energy source. Since the focus of this paper is to quantify changes in carbon species resulting
from high flow, it is expected that younger, less processed carbon released to stream water after a
storm will dominate the species of carbon within the water column, and will likely be flushed
downstream with increasing discharge (Schiff et al. 1997, Neff et al. 2006, Raymond et al. 2007,
Sanderman et al. 2009).

1.5 Conclusion
Previous studies on DOM transport and cycling show rivers and streams alter carbon
quality and quantity both spatially and temporally. The implementation of impoundments on
these waters changes the hydrologic regime by slowing river flow and increasing residence time.
This in turn alters the biogeochemical processes and the timing and location of reaction sites
with which these processes occur naturally. Flood pulses from high precipitation storm events
will likely further change the transport and cycling of DOM along this discontinuum, as new
water from the landscape and upstream will replace or mix with older water in the system. The
water column stability could be disrupted as hydraulic residence time is altered. DOM transport
after a storm event is well-known (Raymond et al. 2015), but how DOM fluxes, bioavailability,
and transformations are altered in a ROR and during high flow is less extensively studied (Awad
et al. 2017, Chow et al. 2011).
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1.6 Research Objectives
We quantified DOM concentrations, flux, bioavailability and composition, as well as CO2
gas evasion, spatially along a river to reservoir transect at baseflow and during high flow. Our
objectives were to determine:
(1) how a reservoir alters DOM bioavailability and composition during high flow versus
baseflow;
(2) how high flow alters the flux of carbon in a ROR reservoir system; and
(3) how high flow affects CO2 gas evasion in a ROR reservoir system.
This study contributes to the discussion on the impacts of man-made impoundments on
riverine biogeochemistry and overall function.

1.7 Organization of Thesis
This document is organized around a journal article that will be submitted for publication
in Limnology and Oceanography. A literature review precedes the article, providing an overview
of biogeochemical cycling, transport, and controls on DOM in rivers and reservoirs. Chapter 2
will be the paper submitted for publication in Limnology and Oceanography.
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2.1 Introduction
Dissolved organic matter (DOM) generally represents greater than 50% of the total
organic carbon pool within rivers, with the remaining organic carbon bound within sediments or
detritus (e.g. leaves and wood) (Malcolm 1985). DOM is composed primarily of carbon, but is
also composed of nitrogen (N), phosphorus (P), hydrogen (H), and oxygen (O) (Thurman 1985,
Johnson 2010, McDowell et al. 2006). DOM supports geochemical reactions, nutrient uptake and
cycling, and productivity of food webs (Kaplan and Cory 2016; Jane et al. 2017). DOM
contributes to global carbon cycles and is oxidized to carbon dioxide (CO2) through microbial
respiration (Metting 1993; Hotchkiss et al. 2015). Rivers and other inland waters contribute CO2
gas emissions to the atmosphere, which are sourced from DOM mineralization or by CO2 - rich
groundwater and soil water inputs (Butman and Raymond 2011; Lauerwald et al. 2015). Current
estimates of CO2 emissions from inland waters are around 2100 mil. metric tonsC yr-1 (Raymond
et al. 2013), a small fraction compared to the 9855 mil. metric tonsC yr-1 emitted from
anthropogenic sources (Boden et al. 2017). DOM and CO2 fluxes should be a key component of
climate change studies and represented in global carbon balances since they can change
diurnally, seasonally, and with variable flow (Aitkenhead-Peterson et al. 2003; Raymond et al.
2016).
Recent studies have focused on DOM cycling throughout river corridors (Raymond et al.
2016, Kaiser et al. 2017); however, one such system that is not well-understood is run-of-river
(ROR) reservoirs. These systems disrupt normal river flow patterns, creating a reservoir formed
by the construction of an impoundment. Reservoirs serve multiple functions, such as water level
and flood control, irrigation, recreational activities, municipal drinking water, and generation of
hydroelectric power (Rutledge et al. 2011; Office of Energy Efficiency & Renewable Energy
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2017). Reservoirs also increase water residence time, which alters biogeochemical cycling and
transport of DOM (Parks and Baker 1997; Paerl and Huisman 2008; Oliver et al. 2016).
Additionally, reservoirs are likely to change the flux of both organic and inorganic carbon to the
atmosphere and downstream (Aitkenhead-Peterson et al. 2003; Tranvik et al. 2009; Williamson
et al. 2009; Oliver et al. 2016).
At baseflow conditions, deep groundwater is the primary source of river water. After a
storm, shallow subsurface flow paths from the terrestrial landscape are activated by precipitation
and runoff, shifting water source contribution between “old” and “new” water (Pearce et al.
1986). Reservoirs, which are generally stratified into water layers based on salinity and
temperature, receive river water before releasing water downstream. The contribution of water
from each of the layers to downstream flow is likely to change as discharge, temperature, and
other water quality parameters are altered by high flow.
Export of DOM in rivers and reservoirs is expected to increase during high flow (Inamdar
et al. 2006; Raymond and Saiers 2010). Large fluxes of external, allochthonous carbon enters
through shallow subsurface flow paths and increased overland flow, which increases landscape
connectivity (Raymond et al. 2016). The contribution of allochthonous carbon alters the DOM
pool composition from more autochthonous, or algal, carbon to a mixture of old and new carbon
with varying composition and reactivity (Hood et al. 2006; Tranvik et al. 2009). As residence
time, source contribution of water, and discharge are altered, the composition and bioavailability
of DOM found within and downstream of an ROR reservoir is likely to change (Raymond and
Spencer 2015; Raymond et al. 2016).
In this study, we quantified DOM cycling and transport through an ROR reservoir system
during variable flow and weather. We quantified DOM concentrations, flux, bioavailability and
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composition, and CO gas evasion along a river to reservoir transect at baseflow and during a
2

1.5-yr storm event (USGS 2017). Our objectives were to determine (1) how the reservoir altered
DOM bioavailability and composition during transitions from baseflow to high flow; (2) how
high flow altered the flux of carbon in the ROR reservoir system; and (3) how high flow affected
CO2 gas evasion in the ROR reservoir system. Our results will provide critical insight on carbon
dynamics in commonplace but understudied ROR reservoir systems and highlight the need to
incorporate riverine DOM into carbon budgets.

2.2 Methods
2.2.1 Site description
The New River is a 6th order river that flows north from North Carolina, into Virginia,
and then into the Kanawha River in West Virginia (USGS 2017). This study focuses on a 42 km
segment of the New River extending from USGS gauge 03168000 in Allisonia, VA, through an
impounded reservoir (Claytor Lake), and extending downstream to USGS gauge 03171000 in
Radford, VA (Figure 2.1). The entire study reach contains 15 km of river transitioning into 17
km of reservoir with 10 km of river downstream. Claytor Lake is a moderately eutrophic lake
with an average depth of 15 m, a maximum depth of 37.5 m, a surface area of 18 km2 and ranges
from approximately 0.29 to 0.95 km wide (Roseberry 1951; Boaze 1972; Kohler et al. 1986;
Copeland 1999). Claytor Lake is primarily used for hydroelectric power generation and is
operated by the Appalachian Power Company (AEP 2008; VA State Parks 2018).
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Figure 2.1. Site map of Claytor Lake / New River. This figure depicts USGS gauge locations (white and
black checkered circles), grab sample locations (yellow circles), and the study reach of Claytor Lake /
New River (blue polygon).

Radford

Allisonia

2.2.2 Sampling campaigns
Sampling campaigns were conducted, one at baseflow and five across a storm
hydrograph, using a combination of sensor observations and grab samples of surface water. The
first sampling campaign was conducted on September 25, 2017 to capture the ROR reservoir
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system while at baseflow. The following five sampling campaigns were conducted from October
24 to October 28, 2017, immediately following a 1.5-year storm event (Figure 2.2).

Figure 2.2 Stream gauge flow (m3 s-1) versus time in 2017. Points represent flow at USGS gauge
03168000 in Allisonia, VA (black) and USGS gauge 03171000 in Radford, VA (gray). Samples were
collected at baseflow (red dashed line) and at the peak and falling limb of the high flow hydrograph (red
box). Inset figure shows annual streamflow at USGS gauge 03168000 (black) and USGS gauge 03171000
(gray), with the measured high flow event highlighted in red.

Sensor observations were collected using a high frequency sampling approach adapted
from Crawford et al. (2014). Water was continuously pumped from surface water on a moving
boat while data was collected using an S::CAN spectrometer, a YSI data sonde, and a Eosense
CO2 probe. Data collected from the sensors included DOC, temperature, dissolved oxygen (DO),
26

conductivity, turbidity, pH, and CO2 concentrations in water. S::CAN readings between 220 nm 750 nm were calibrated to measured DOC concentrations (mg L-1) using grab sample analyses (R2
= 0.971, Appendix Figure B.2.1).
Grab samples of surface water were collected in 40 ml ashed glass amber vials at five
sampling locations, and filtered through a pre-ashed 45 µm filter using a Geotech Peristaltic
GeoPump (Denver, CO). Field blanks were collected simultaneously as a quality control
measure. The grab samples were transported on ice and refrigerated in the lab prior to analysis.
After each sampling campaign, water samples were analyzed for: (1) DOC and dissolved
inorganic carbon (DIC) using a Shimadzu TOC-V CPH analyzer; (2) Specific Ultraviolet
Absorbance (SUVA254) using the Shimadzu TOC-V analyzer in combination with a Shimadzu
Spectrophotometer (Weishaar 2003); (3) carbon isotopic signature (13C) using a Picarro G2131-i
Analyzer for Isotopic CO2 and an Aurora 1030W TOC Analyzer; and (4) bioavailable dissolved
organic carbon (BDOC) measured via an incubation technique (Fellman et al 2008, Hosen et al
2014).
2.2.3 River carbon flux calculations
USGS gauge 03168000 at Allisonia, VA and USGS gauge 03171000 at Radford, VA
provided flow data at the boundaries of the sampling transect, while the operator of Claytor
Dam, AEP, provided tailwater flow data from the impoundment. All other flow data were
collected using an acoustic doppler current profiler (ADCP) mounted to the boat. Analyte fluxes
(DOC, DIC, BDOC) at each sampling location were then calculated from water sample
concentrations and flow data using the following equation:
𝐹𝑙𝑢𝑥 = 𝑄 ∗ 𝐶
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(1)

where Flux is the rate of exchange of the parameter (Mg d-1), Q is measured discharge (m3 s-1),
and C is the concentration for a desired water quality parameter (mg L-1).
2.2.4 CO2 evasion calculations
Dissolved CO2 concentrations were used to calculate CO2 evasion within the ROR
system. Calculations were adapted from Crawford et al. 2015 to determine daily total stream CO2
evasion (moles d-1). It was assumed that the atmospheric concentration of CO2 was 400 ppm
(NOAA, 2017). CO2 evasion was calculated as a function of the difference between CO2
concentration (moles m-3) in the stream and the atmospheric equilibrium CO2 concentration
(moles m-3), gas transfer velocity (m d-1), and water surface area (m2) (Crawford et al. 2015):
𝐶𝑂2,𝑇𝑜𝑡 = (𝐶𝑂2,𝑚𝑒𝑎𝑠 − 𝐶𝑂2,𝑠𝑎𝑡 ) ∗ 𝑘 ∗ 𝑆𝐴

(2)

Stream surface area (SA) was measured via spatial analysis in ArcGIS 10.4 using
National Hydrography Dataset (NHD) polygons. Gas transfer velocity (k) within the river
portion of the study reach was calculated using the methods from Crawford et al. (2015) and
Raymond et al. (2013). We used a k value of 1.0 m d-1 for the reservoir portion of the study reach
based on the global average gas transfer velocity for lakes and reservoirs (McDonald et al. 2013;
Raymond et al. 2013).
2.2.5 Bioavailable DOC incubation
BDOC was measured via an incubation technique adapted from Fellman et al. (2008) and
Hosen et al. (2014). In this method, ashed amber glass vials were filled with 24 ml of grab
sample and 1 ml of bacterial inoculum made from the Fellman et al. method (2008). One vial
from each sampling location was filtered through a 0.2 micron GFF filter into new ashed amber
glass vials and measured for Day 1 DOC concentrations using a Shimadzu TOC-V CPH
analyzer. A second set of vials prepared for the experiment, using the same mixture of 24 ml of
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grab sample from each site and 1 ml of inoculum, was incubated in the dark at 25°C for 14 days.
After 14 days the inoculated samples were filtered through 0.2 micron GFF filters into new ashed
amber glass vials, then measured for DOC concentration. A vial containing 24 ml of Millipore
water and 1 ml of inoculum was used as a quality control measure for each set of vials. BDOC
(mg L-1) was then calculated as the difference between DOC concentration (mg L-1) on Day 1
and Day 14 of the incubation experiment:
𝐵𝐷𝑂𝐶 = 𝐷𝑂𝐶𝑑𝑎𝑦 1 − 𝐷𝑂𝐶𝑑𝑎𝑦 14

(3)

2.2.6 Hydrology calculations
To better understand the movement of water through the ROR reservoir during high flow,
we calculated the stratification of water in Claytor Lake Reservoir and the contribution of water
from the surface and deep water layers to downstream flow. We first calculated the contribution
of water to downstream flow at baseflow conditions, where temperature was used as a
conservative variable. Then, surface water temperature measurements in the reservoir and
downstream of the impoundment were used to estimate the contribution of deep water to
downstream flow, as this variable was not directly measured (Equation 4):
(𝑇

−10)

%𝐷𝑊 𝐶𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 = (𝑇 𝐷𝑆 −10)
𝑆𝑊

(4)

Where % DW Contribution is the percentage of deep water contribution to downstream flow, 𝑇𝐷𝑆
is temperature measured below the impoundment, and 𝑇𝑆𝑊 is temperature measured in surface
water of the reservoir.
2.2.6 Statistics
Statistical differences between DOC, BDOC and DIC fluxes for upstream and
immediately downstream of the impoundment were examined. First, normality of the data at the
Allisonia USGS gauge site and downstream of Claytor Lake Dam was evaluated using a Shapiro
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- Wilk test and quantile - quantile plots. The flux data was found to be non-normally distributed,
and thus non-parametric statistics were used for further evaluation. The Kruskal-Wallis test was
used to determine if there were statistical differences in carbon fluxes among the sites located at
the Allisonia USGS gauge, downstream of Claytor Dam, and the Radford USGS gauge site.
Wilcoxon Rank Sum tests were used for pairwise comparisons for flux data between the
Allisonia USGS gauge and downstream of Claytor Dam, between Claytor Dam and the Radford
USGS gauge, and lastly between the Allisonia and Radford USGS gauges. P-values were then
corrected using a post hoc Bonferroni correction, and statistical differences were evaluated at an
alpha value of 0.05. The same statistical analyses were used for CO2 gas evasion comparisons
between baseflow and during high flow.

2.3 Results
2.3.1 Hydrology and water quality parameters
Streamflow and surface water quality were altered by high flow. Peak recorded
streamflow values were 663 m3 s-1 and 762 m3 s-1 at the Allisonia and Radford USGS gauges
respectively (Figure 2.2). Spatial and temporal differences for each solute were observed across
high flow in surface water along the study reach (Figure 2.3, Appendix Table A.1). Baseflow
conductivity remained constant, with values ranging from 250 μS cm-1 to 280 μS cm-1 along the
river to reservoir transition, and 250 μS cm-1 to 300 μS cm-1 downstream (Figure 2.3a). Surface
water temperature during baseflow ranged from 21.6 °C to 24.3 °C from river to reservoir, and
decreased downstream to approximately 22 °C (Figure 2.3b). High flow conductivity and
temperature were increased along the river to reservoir transition, with conductivity increasing
from 145 μS cm-1 to 250 μS cm-1 (Figure 2.3a), and temperature increasing from 10 °C to 19.9
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°C (Figure 2.3b). Downstream of the impoundment, both conductivity and temperature
decreased compared to upstream (Figure 2.3a, 2.3b). Turbidity at baseflow was undetectable
along the river to reservoir transition and downstream of the impoundment (Figure 2.3c). During
high flow, turbidity increased in the river and decreased noticeably at the river to reservoir
transition point (15 km) where concentrations fell from 350 NTU to 16 NTU, and then continued
to decrease to 0 NTU in the reservoir (Figure 2.3c). Turbidity increased downstream of the
impoundment from 0 to 50 NTU following high flow (Figure 2.3c).
As mentioned previously, we calculated the movement of water within the reservoir by
determining the stratification of water within the reservoir and the contribution of water to
downstream flow. We found that at baseflow, the contribution of water to downstream flow was
85.2% surface water and 14.8% deep water (Appendix Table B.3.1). During high flow, the
contribution of reservoir water to downstream flow shifted to 77.2% surface water and 22.8%
deep water (Appendix Table B.3.1). While only an estimation, this source water contribution
analysis suggests diving of river water during high flow, pushing deep water up and downstream.
Further analysis and depth profiles are needed to confirm our analysis.
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Figure 2.3 Longitudinal profiles of (a) conductivity, (b) temperature, and (c) turbidity in surface water
versus distance downstream from the Allisonia stream gauge. Data plotted show water quality parameters
at baseflow (black), high flow day 2 (red) and high flow day 4 (blue). The impoundment is represented by
the black dashed line. The Radford stream gauge is the endpoint of the longitudinal profiles. The blue
color bars at the top of the figure show the transition from river to reservoir, and the transition back to
river below the impoundment.
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2.3.2 DOM: Bioavailability and Composition
DOM concentration, measured by DOC concentration, remained fairly constant during
baseflow conditions, with values decreasing from approximately 3 mg L-1 to 2 mg L-1 along the
river to reservoir transition, and 1 mg L-1 to 1.5 mg L-1 downstream of the impoundment (Figure
2.4a, Appendix Table A.1.). During high flow DOC concentrations were much higher in the river
than in the reservoir, with values decreasing from 7 mg L-1 to 3 mg L-1 along the river to
reservoir transition (Figure 2.4a). Downstream of the impoundment, DOC concentrations
decreased further to approximately 2 to 3 mg L-1 (Figure 2.4a).
Baseflow SUVA254 values ranged from approximately 3 L mgC-1 m-1 to 4 L mgC-1 m-1
(Figure 2.4a, Appendix Table A.3), which is within the typical surface water range of 1 L mgC-1
m-1 to 6 L mgC-1 m-1 (Hansen et al. 2016). SUVA254 values increased by day 3 of high flow to a
range of 3.7 mgC-1 m-1 to 4.6 L mgC-1 m-1 upstream and downstream of the impoundment
(Figure 2.4b, Appendix Table A.3). This indicated an increase in the aromaticity of carbon in
DOM both upstream and downstream of the reservoir. No changes were seen within the reservoir
itself, which suggests that DOM from upstream was transported to downstream waters by day 3
of high flow. BDOC concentrations also changed. At baseflow, BDOC values were
approximately 0 mg L-1 (Figure 2.4c). During high flow, BDOC concentration increased to 3 mg
L-1 in the river portion of the ROR reservoir system, but did not increase in the reservoir or
downstream of Claytor Dam (Figure 2.4c, Appendix Table A.3).
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Figure 2.4 Longitudinal profile of (a) DOC in surface water versus distance downstream from the Allisonia
stream gauge. Data show DOC at baseflow (black), high flow day 2 (red) and high flow day 4 (blue). The
impoundment is represented by the black dashed line. The Radford stream gauge is the endpoint of the
longitudinal profile. The blue color bar at the top of (a) shows the transition from river to reservoir, and the
transition back to river below the impoundment.
Color matrix t-graphs illustrate spatiotemporal variability of b) SUVA, c) BDOC, d) δ13CIC and e)
δ13COC in surface water. These t-graphs show change in time along the x-axis from baseflow to high flow
days 1 through 5, change in location along the y-axis from upstream to downstream with Claytor Lake
Dam located at 31 km, and concentration or value indicated by color, with color bar scales above each
graph for reference.

13

C/12C ratios were used to determine levels of processed carbon at baseflow and during

high flow. δCIC ranged from -12 to -9 at baseflow, but increased to approximately -3 to -8 during
high flow (Figure 2.4d, Appendix Table A.3). More negative values of δ13CIC generally indicate
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higher levels of respiration in water, though these values are generally between -22 to -36
(Raymond and Bauer, 2001a, 2001b; Finlay and Kendall 2008). More positive values indicate
degassing/exchange between -18 to -6, or photosynthesis (-20 to -8). δ13COC ranged from -28 to 29 at baseflow, but increased to approximately -27 to -28 during high flow before falling to -32
to -29 by the end of the sampling period (Figure 2.4d, Appendix Table A.3). Riverine δ13COC
values are approximately equal to -28.2 (Finlay and Kendall 2008). More positive values of
δ13COC indicate greater source contribution from soil organic matter, whereas more negative
values indicate source contribution from autotrophs (Finlay and Kendall 2008).
2.3.3 Carbon flux
DOC concentration from water grab samples (Appendix Table A.3.) and streamflow were
used to estimate DOC flux during high flow at the most upstream location (Allisonia) and
immediately below Claytor Dam. DOC flux peaked on day 1 of the high flow at Allisonia, with
values increasing from 3.3 Mg d-1 at baseflow to approximately 380 Mg d-1 (Table 2.1).
Downstream DOM flux also peaked on day 1 of the high flow, and values increased from 4.1 Mg
d-1 at baseflow to approximately 213 Mg d-1 (Table 2.1, Appendix Table A.4). Flux between
Allisonia and downstream of Claytor Dam were not statistically different (p-value > 0.05)
(Appendix Table A.5). Overall, DOM flux at both sampling sites declined on the descending
limb of the hydrograph.
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Table 2.1 DOC flux (Mg d-1) for the Allisonia stream gauge and downstream of Claytor Lake Reservoir at
baseflow (September 25) and during high flow (October 24 through October 28).

Date

Allisonia - DOC Flux (Mg d-1) DS Impoundment - DOC Flux (Mg d-1)

25 September 2017

3.32

4.08

24 October 2017

380

213

25 October 2017

98.2

67.3

26 October 2017

28.4

46.7

27 October 2017

25.2

22.2

28 October 2017

11.7

20.1

(+/-) 155

(+/-) 77.1

Standard
Deviation

Table 2.2 Total carbon fluxes upstream (Allisonia) and downstream of the impoundment. The final column
contains the calculated difference in fluxes from upstream to downstream, indicating whether the reservoir
was a source or sink of carbon fluxes.

Parameter Flux

Allisonia DS Impoundment Delta Flux Standard Deviation

DOC Flux (Mg d-1)

775

460

-315

(+/-) 78.0

BDOC Flux (Mg d-1)

119

9.01

-110

(+/-) 11.5

DIC Flux (Mg d-1)

418

631

212

(+/-) 79.0
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Total carbon fluxes in upstream and downstream surface water were also calculated for the
high flow event. Fluxes were calculated by integrating fluxes (Appendix Table A.4.) for each
parameter over time for the entire high flow event (October 25 - October 28). DOC flux at Allisonia
was 774.8 Mg d-1, and 459.7 Mg d-1 immediately downstream of Claytor Dam (Table 2.2). The
difference in flux between the two sites revealed that the impoundment was a net sink of DOC as
it retained 315.1Mg d-1 of DOC across high flow (Table 2.2). The impoundment was also found to
be a sink of BDOC flux, as flux decreased from 118 Mg d-1 upstream to 9.01 Mg d-1 downstream
of the impoundment and 109.9 Mg d-1 was retained (Table 2.2). DIC flux showed a different trend,
as flux increased from upstream to downstream and values ranged from 418 Mg d-1 to 630.6 Mg
d-1 respectively. The impoundment acted as a source of DIC and released 212.2 Mg d-1 DIC flux.
(Table 2.2). Flux between Allisonia and downstream of Claytor Dam was not statistically different
(p-value > 0.05) for DOC and BDOC, but was statistically different for DIC (Appendix Table
A.5).
2.3.4 Spatial variation in CO2 gas evasion
Baseflow DO saturation increased along the river to reservoir transition from
approximately 85% to approximately 100%, and then decreased to 55% saturation immediately
below the impoundment. DO saturation then increased moving downstream as influence from the
reservoir decreased and water returned to upstream conditions (Figure 2.5a, Appendix Table A.1.).
During high flow, DO saturation decreased along the river to reservoir transition from 90% to 60%
saturation, with the most noticeable decreases at the river to reservoir transition point (15 km)
(Figure 2.5a, Appendix Table A.1.). Data for DO saturation were not collected on day 2 of the
event, as the sensor malfunctioned at that time. However, DO saturation below the impoundment
was similar to surface water DO saturation by event day 4, and then increased downstream (Figure
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2.5a, Appendix Table A.1.). Baseflow CO2 concentrations ranged from less than 50 ppm to greater
than 500 ppm at baseflow (sd = 0.117), with the highest concentrations at the transition point
between the New River and Claytor Lake (km 15) (Figure 2.5b, Appendix Table A.1.). Contrary
to high flow DO saturation, CO2 concentrations increased downstream along the river to reservoir
transition, with values increasing from approximately 250 ppm to 2400 ppm (Figure 2.5b,
Appendix Table A.1.)
To calculate CO2 evasion, the difference between CO2 partial pressure of surface water
and the atmospheric equilibrium concentration of CO2 was first calculated (Table A.2.). For a
majority of the baseflow CO2 measurements, surface water CO2 was undersaturated with respect
to the atmosphere and dCO2 values ranged from -11 mol m-3 to 8 mol m-3. Conversely, most of
the storm event surface water CO2 was supersaturated with respect to the atmosphere. Storm
event day 2 dCO2 measurements ranged from -4 mol m-3 to 41 mol m-3, and storm event day 4
dCO2 measurements ranged from -6 mol m-3 to 30 mol m-3 (Table A.2.).
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Figure 2.5. Longitudinal profiles of a) CO evasion versus distance downstream and b) delta CO versus
2

2

distance downstream in the ROR system. Data plotted show flux at baseflow (black), high flow day 2
(red) and high flow day 4 (blue). Data for high flow day 4 end at 25 km downstream due to sensor error.
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During high flow, CO2 evasion in the reservoir section of the ROR reservoir system
shifted from drawing into the reservoir at baseflow to evasion out of the reservoir (Figure 2.5c,
Appendix Table A.2.). Baseflow evasion ranged from -4.00 x 108 mol to 5.09 x 107 mol, but the
largely negative measurements showed a drawing-in of CO2 from the atmosphere (Figure 2.5c).
Conversely, most of the high flow surface water CO2 was supersaturated with respect to the
atmosphere. High flow event day 2 dCO2 measurements ranged from -5.47 x 106 mol to 1.2 x 109
mol, and day 4 dCO2 measurements ranged from -3.21 x 107 mol to 4.96 x 108 mol (Figure 2.5c).
High flow CO2 measurements showed CO2 evasion to the atmosphere (Figure 2.5c). Flux data
for CO2 was statistically different from baseflow to high flow days 2 and 4 (p-values < 0.05)
(Appendix Table A.6.).

2.4. Discussion
2.4.1 Hydrologic flow alteration from storm event and ROR reservoir system
Hydrologic flow variability within the ROR reservoir system and from the storm affected
DOM dynamics. Storm flow contributed higher concentrations of solutes to the system as a
result of increased discharge from precipitation, overland flow, and runoff (Raymond et al.
2016). Water residence time in the reservoir varied throughout the storm event, and was
influenced by the change in discharge of incoming river water from upstream. Average annual
residence time calculated from mean streamflow in the reservoir is generally around 11.76 mo;
however, during the October storm event residence time decreased from about 18.6 mo to just 32
d (Figure A.1). Decreased residence time may be one explanation for the changes in DOM flux
and other solutes post-storm.
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Our results suggest the importance of “short circuiting” in the ROR reservoir system
immediately post-storm. At baseflow, water used for hydroelectric power is sourced from the
metalimnion of the reservoir (AEP 2008). Decreased mixing from stratification causes warmer
waters at the surface to be moved through a reservoir above the denser, cool water in the
hypolimnion (Oliver et al. 2016). Our source water contribution analysis suggests a slightly
different path for river water transported through the reservoir. As mentioned previously, we
found that surface water contribution decreased post-storm, and that residence time of water
within the reservoir decreased (B.3, Table B.3.1, Figure A.1.). Even so, it is likely that incoming
water from the river may have “short-circuited” its flow path through the reservoir, as many of
the variables that increased upstream after the storm event generally showed increases in the
surface water of the reservoir and downstream of the impoundment only a few days later (Figure
2.3, Figure 2.4, Figure 2.5). This suggests that the reservoir could behave as a sink of solutes
during baseflow conditions and high residence times, but may revert to a source of solutes and
CO2 emissions to downstream waters when residence time is short and storage in the reservoir is
bypassed during high flow.
2.4.2 Compositional changes in DOM
As sources of DOM become less autochthonous and more allochthonous due to increased
landscape connectivity from a storm, it is expected that aromaticity and humic content of DOC
will both increase (Tranvik et al. 2009). In this study, DOM composition analyses showed an
increase in both aromaticity and in the lability of carbon in the river section of the ROR system.
Higher DOM loading from the storm increased SUVA254 values and BDOC concentrations
within the river, though reservoir values remained relatively unaltered. Downstream of the
reservoir, SUVA254 values increased while BDOC concentrations remained relatively unaltered.
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These findings coincide with previous research, which states that storm events are expected to
alter river and reservoir DOM dynamics by supplying increased inputs of coarse DOM (CDOM)
as well as some labile DOC (Tranvik et al. 2009). One would expect to see an increase in the
aromaticity and decrease in the lability of DOM after a storm, but runoff from our high flow
event flushed aromatic carbon into the river, which then mixed with labile carbon already
present. This altered the DOM pool composition to a mixture of allochthonous and
autochthonous carbon. The SUVA254 value data also suggest that shorter residence time in the
reservoir from the storm event allowed for most of the aromatic carbon in the river to be
immediately transported downstream of the reservoir.
We found that both δ13COC and δ13CIC values increased from baseflow to the storm event.
This finding explains our results for DOM composition from SUVA254, BDOC, and DIC because
we observed a shift from more autochthonous, microbial sources at baseflow to more
allochthonous, terrestrially derived DOC post-storm. δ13CIC values measured at baseflow showed
respiration as the greatest source of DIC, while post-storm values indicated high CO2 outgassing
in the surface waters due to increased discharge and decreased water residence time. Increased
concentrations of CO2 within the reservoir resulted in an increase in downstream DIC
concentrations, and δ13CIC values indicated an enrichment in DIC in these waters.
2.4.3 Reservoirs as sources of CO2 gas evasion
CO2 gas evasion varied spatially throughout the falling limb of the storm hydrograph. At
baseflow, the reservoir acted as a sink for CO2 gas evasion and exhibited a net uptake of CO2
from the atmosphere (-4.00 x 108 to approximately 0 mol). Post-storm, the reservoir exhibited a
net CO2 gas evasion because CO2 concentrations were super-saturated in the surface water and
degassed to the atmosphere (approximately 0 mol to 1.28 x 109 mol). There are two potential
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reasons for this result. One is that higher turbulence in the surface water due to increased
discharge from the storm allowed for degassing of CO2 to the atmosphere (Finlay 2002; Covino
2017). From the source contribution analysis, we found that deeper water may have been pushed
towards the surface with increasing river discharge (Appendix B.3). Mixing and higher
contribution of deep, oxygen-depleted water may have been a contributor to the net efflux of
CO2 to the atmosphere. Further, the influx of higher loads of DOM, especially BDOC, may have
provided a source of energy to primary consumers in the surface water. This would allow for the
mineralization of carbon from DOM to CO2. The reservoir acted as a sink of BDOC flux across
the storm event (-110 Mg d-1, Table 2.1b), which suggests BDOC was consumed and
mineralized to CO2 and evaded to the atmosphere. These findings contribute to knowledge of
rivers and reservoirs as sources of CO2 to the atmosphere, and further emphasize the need to
include river and reservoir CO2 evasion in carbon budgets.

2.5 Conclusion
In this study, we quantified spatial and temporal transitions in the composition and
transport of carbon through an ROR reservoir system during variable flow. We determined how
the ROR reservoir altered DOM bioavailability and composition, carbon flux, and CO2 gas
evasion during transitions from baseflow to high flow. Findings from this research indicate that
runoff from storms connects landscape and shallow flow paths to ROR reservoir systems,
resulting in an export of both terrestrial, aromatic carbon and labile organic matter already
present in these waters. Additionally, reservoirs may undergo “short circuiting”, allowing for
increased DOM and solute loading upstream to somewhat bypass the reservoir and continue its
export downstream. Finally, this research dictates that reservoirs morph from sinks to sources of
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CO2 gas evasion during storm events. Our results provide critical insight on carbon dynamics in
ROR reservoir systems and highlight the need to incorporate riverine DOM into carbon budgets,
especially under variable flow conditions. We advise future studies to pursue interactions
between systems to capture the whole nature of inland waters. By studying only rivers or
reservoirs and failing to investigate the connection between them, future research will not be able
to fully understand carbon composition and transport. Water quality managers and impoundment
personnel will need to monitor carbon dynamics in the future because water quality within
reservoirs and downstream will be altered as storms become more frequent due to climate
change.
2.5.1 Future Recommendations
Additional spectroscopic analyses such as fluorescence would be helpful in identifying
the material composition of DOM (McKnight et al. 2001). Fluorescence would aid in identifying
compositional changes of DOM in ROR reservoir systems from baseflow to post-storm and in
explaining SUVA254 values and source contribution of DOM to these systems (McGlynn and
McDonnell 2003). We also suggest using depth profiles to help quantify source contribution of
water and stratification in ROR reservoirs. Depth profiles would help to understand whether
water within the reservoir mixes with incoming river water, is pushed out of the reservoir, or
remains in place as river water moves across the top. DOM and other solute fluxes are likely to
change depending on the behavior of water within the ROR reservoir system.
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Appendix
Appendix A: Additional site tables and figures
Table A.1. Longitudinal data for temperature, conductivity, pH, turbidity, dissolved oxygen saturation,
and DOC in surface water versus distance downstream from the Allisonia stream gauge in the ROR
system. Data are water quality parameters at baseflow (September 25), high flow day 2 (October 25) and
high flow day 4 (October 27). The Radford stream gauge is the endpoint of the longitudinal data.
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Table A.2. Longitudinal data for CO2 and CO2 evasion in surface water versus distance downstream
from the Allisonia stream gauge in the ROR system. Data are water quality parameters at baseflow
(September 25), high flow day 2 (October 25) and high flow day 4 (October 27). The Radford stream
gauge is the endpoint of the longitudinal data.
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Table A.3. Grab sample data for DOC, BDOC, DIC, SUVA, d13IC, and d13OC in surface water versus
distance downstream from the Allisonia stream gauge to the Radford stream gauge in the ROR system.
Data are water quality parameters at baseflow (September 25), and high flow days 1 through 5 (October
24 - October 28).
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Table A.4. Fluxes of DOC, BDOC, and DIC (Mg d-1) in surface water versus distance downstream from
the Allisonia stream gauge to the Radford stream gauge in the ROR system. Data are water quality
parameter fluxes at baseflow (September 25), and high flow days 1 through 5 (October 24 - October 28).
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Table A.5. Summary of p-values from (a) Kruskal-Wallis and (b) Wilcoxon Rank Sum tests with
Bonferroni’s correction conducted on DOC, BDOC, and DIC fluxes to determine significant differences
between upstream (Allisonia), downstream of the impoundment (DS), and downstream in the New River
(Radford) from baseflow through high flow. (* indicates significance)
(a)

(b)
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Parameter

Kruskal – Wallis p-value

DOC

0.970

BDOC

0.535

DIC

0.140

Parameter

Allisonia vs.
DS Stormflow
– Wilcoxon

Allisonia vs.
Radford Stormflow
– Wilcoxon

Radford vs. DS
Stormflow –
Wilcoxon

DOC

0.688

0.844

0.688

BDOC

0.563

0.563

0.219

DIC

0.031*

0.031*

0.031*

Table A.6. Summary of Kruskal-Wallis and Wilcoxon Rank Sum tests with Bonferroni’s correction
conducted on CO2 evasion to determine significant differences between baseflow and high flow days 2
and 4.
Parameter

Baseflow vs
Storm Day 2 –
Kruskal-Wallis

Baseflow vs
Storm Day 2 –
Kruskal-Wallis

Baseflow vs
Storm Day 2 –
Wilcoxon

Baseflow vs
Storm Day 4 –
Wilcoxon

CO2 Evasion

3.24 x 10-16*

4.80 x 10-10*

4.4 x 10-16*

4.4 x 10-16*

Figure A.1. Residence time of water in Claytor Lake, 2017. Points indicate residence time calculated
from 15-minute data, red points indicate the high flow event studied in this experiment.
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Appendix B: Additional code and calculations
B.1. Creating longitudinal profiles from sensor data
The following standard operating procedure (SOP) details the process used in R Studio and
ArcGIS to create longitudinal profiles of sensor data. Longitudinal profiles were created using
sensor data geotagged to GPS data points. Data matched to GPS coordinates were imported into
ArcGIS and snapped to the NHD Flowline for the New River and Claytor Lake. Distance
measurements were then created between each point and exported to excel. Data for each day of
sampling were then compiled into one meta datasheet to create the longitudinal profiles (Table
A.1 and Table A.2).

###################### Data Code for Boat Analyses ####################
## Created by Madeline Ryan and Tyler Keys
## 5/16/2018
# Open RStudio
rm(list = ls())
library(dplyr)
library(tidyr)
library(readxl)
library(lubridate)
##########################################################################
##### Part 1: Data Matching Code
##########################################################################
# Before you begin:
# Make sure that times are adjusted to proper time zone such that all instruments matchup
# Make sure times are in proper format (i.e. hh:mm:ss)
# Make sure that all .csv files have a column titled "Time"
##############################################################################
# Step 1: Setup Workspace
setwd("input work destination here")
library(data.table)
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##############################################################################
# Step 2: Read in data and change timestamps from characters to numeric values
GPS <- read.csv(file="(file containing GPS data).csv", head=TRUE,sep=",")
GPS$Time <- as.POSIXct(GPS$Time,format="%H:%M:%S")
GPS2 <- data.table(GPS)
GPS2
Sensor <- read.csv(file="(file containing sensor data).csv", head=TRUE,sep=",")
Sensor$Time <- as.POSIXct(Scan$Time,format="%H:%M:%S")
Sensor2 <- data.table(Scan)
Sensor2
# Repeat sensor step for all sensor datasets
##############################################################################
# Step 3: Data matching
# Merge data based on closest GPS time data point
# Note: If two points are equidistant, the code will select the first time point.
setkey(GPS2,Time)
Combined_Sensor <-GPS2[Sensor2,roll="nearest"]
# Check to make sure that data looks correct
Combined_Sensor
##############################################################################
# Step 4: Exporting Data
# Create new .csv files with merged data
write.csv(Combined_Sensor, file = "Sensor_Location_MMDDYY_GIS_Input.csv")

##############################################################################
##### Part 2: ArcGIS Processing
##############################################################################
## In this part, we are going to:
## 1) Snap data points to NHD flowline
## 2) Convert gps points to UTM coordinates
## 3) Use Distance Along Route function in GIS
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## 4) Export distance measurements to excel
#############################################################################
## Step 1: Import data to Arcmap
# Import .csv file into ArcGIS
# - Click add data, select .csv file
# - Right click on .csv dataset, select Display XY Data, set X Field as lon, Y Field as lat, Z Field
as elev, and set coordinate system by selecting Edit > Geographic Coordinate Systems > World,
WGS_1984 > OK (data points should appear)
# Create point shapefile
# - Right click data point layer in the Table of Contents, select data,
# export data, and save file
# - Add new shapefile to map
# Add NHD flowline shapefile to arcmap
#############################################################################
## Step 2: Snap data to NHD flowline
# Search for Snap tool
# - Input = use newly created shapefile of data
# - Snap environment = NHD flowline shapefile
# In table, specify snap by vertex or edge, then specify distance you want to # tool to search out
to (i.e. 200m etc.)
# Click "OK"
#############################################################################
## Step 3: Convert lat/long to UTM (skip this step if GPS already in UTM)
# Search for Project (data management) tool
# Select Input layer (data that has been snapped to NHD)
# - Note: Input Coordinate System is set automatically.
# Specify output location and name.
# Click the icon next to Output Coordinate System and
# select Projected > UTM > NAD 1983 >UTM Zone 17N, OK.
# Click "OK"
# Now search for Add XY Coordinates tool
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# Specify the projected layer (just created). OK
# When the tool finishes open the attribute table for the projected Layer
# It should now contain fields Point_X and Point_Y in UTM.
#############################################################################
## Step 4: Distance along route
# Search for Generate Near Table (analysis) tool
# Select Input layer (projected data)
# Select Near features (projected data)
# Click OK
# Table output should have distance output which can be added to projected
# data table to see distance in meters between points
#############################################################################
## Step 5: Export distance measurements to excel
# Right click on table or shapefile > Open attribute table
# Click Table options (top left icon that looks like a paper with lines)
# Table options > Export
# Export as text, then convert to csv in file explorer
#############################################################################
## Step 6: Convert distance measurements to km (in excel)
# use formula:
# Distance (km) = Distance (m) / 1000
##############################################################################
#Step 7: Correct distance to exclude points where boat is stopped
# To do this, assume that where the change in distance between points is =
# 0, then water sampling has been switched to low port and boat is stopped
# By removing these points, we assume all data used for longitudinal profiles
# is sampled from high port
# Again in excel:
# find distance for points, exclude points where boat is stopped
# use function =IF(AND(Delta Dist>-0.1,Delta Dist<0.1),0,Dist (km))
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##############################################################################
##### Part 3: Plotting Data from Allisonia to Claytor
##############################################################################
## Step 1: Compile Data into one Mastersheet for day of sampling
# To do this, you will need to match up data in excel by time or location
# All data saved in mastersheet
#############################################################################
## Step 2: Plot multiple longitudinal profiles for each water quality parameter
setwd("input work destination here")
sensor_data <- read_excel("(file containing sensor data).xlsx")
distance <- sensor_data$Distance
parameter <- sensor_data$parameter
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B.2. Validation of sensor data with lab measurements
Figure B.2.1. In-situ measurements of DOC concentration (mg L-1) in the New River and Claytor Lake
Reservoir were validated with laboratory measurements of DOC concentration measured by a Shimadzu
TOC-V CPH analyzer. The R2 value produced for the comparison was 0.971.
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B.3. Stratification and water contribution from Claytor Lake Reservoir to downstream flow
Table B.3.1. Contribution of water from the epilimnion and hypolimnion of Claytor Lake
Reservoir during high flow.

Claytor Lake
SW

Time
10/24/17 11:21
10/25/17 10:15
10/26/17 9:30
10/27/17 11:16
10/28/17 10:20
% SW water
contributed
% DW water
contributed
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Temperature
(°C)
17.8
18.35
19.89
17.8

77.2
22.8

Total temp
change for
high flow

53.5

Time
10/24/17 12:50
10/25/17 14:37
10/26/17 11:05
10/27/17 15:30
10/28/17 11:25

Temperature
(°C)

Claytor Lake
DS
Total temp
change for
high flow

15.2
14.3
16.49
15.2

43.6

