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Spatial and Temporal Transitions in the Composition andTransport of Carbon under
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Madeline F. Ryan
ABSTRACT
Recent studies have focused on dissolved organic matter (DOM) cycling throughout river
corridors or in reservoirs, but few have explored DEYlingin 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, impoundmts 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 g @as evasion in a ROR reservoir system at
baseflow conditions anacrossa 1.5year 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 threeadditional sites. The landscape and shaflow pathsto 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. Additionallgstaieroir wa a net sink
of DOC and BDOGIux, while also a source of DIC flu¥inally, CQ evasion was magnified
by high flow, with the reservoir changing from a sink to a source oft€@e atmosphere. ROR
reservoirs macyi rucnudietrignog ofv,sahich aEltersgDOM tragdfornfatiors
and transport of carbon downstredur 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 flosonditions.
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GENERAL AUDIENCE ABSTRACT

Recent studies have focused on dissolved organic matter (DOM) cycling througtorngors,
as DOM provides energy to aquatic food webs and can be converted to carbon diox)de (CO
through microbial respiratiofrew studies have explored DOM cycling in commonplace but
understudied ruof-river (ROR) reservoir systemBOR reservoirs arcreated by the
implementation of a dam across a river channel and use the flow of the river to generate
hydroelectric powerDuring storms when the majority of DOM loading occursjpoundments
become less likely to hold DOM and will increase export @MMDdownstreamin this study, we
guantified DOMquality and compositionDOM transportand carbon dioxide (Cfpgas evasion
in a ROR reservoir system at baseflow conditionsaamdssa 1.5year storm event. This study
used a combination of highelquencyspatial sensor data combined wWiPS 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 pathsto ROR reservoir systems resulted in the export of bigh and low quality carbon
present within these wateess water was mixed and exported downstre&adlitionally, the
reservoirwas a net sink of DOMux, retaining 40.7% of the total DOMadng for the storm
event. Finally, CQevasion was magnified by the storm event, with the reservoir changing from
a sink to a source of G@o the atmospher@ur results provide critical insight on carbon
dynamics in ROR reservoir systems and highlightised 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 oforganic carbon within aquatic ecosystems is dissolved organic matter (DOM)
(AitkenheadPeterson 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 bedsyand
transport them downstream (Weng et al. 20@PM also plays a role in drinking water
treatment, as treated water pulled from rivers can create chloripei€ifection byproducts
from its reactions with DOM (Dotson et al 2009).

DOM cyclingwithin 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 (Cg) through microbial respiration (Metting 1993). Though the production of
CO: 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 iRp@mond et al.

2013). These fluxes are significant to global carbon balances, asathelange diurnally,
seasonally, and with variable flow (Aitkenhedterson 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 sybtnstnot weHunderstood is ruof-

river reservoirs (ROR), defined as rivers that have been impounded to create hydroelectric



impoundments, using the flow rate of the river to generate power (Office of Energy Efficiency &
Renewable Bergy 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 cgcichOM 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 (Aitkenhead
Peterson et al. 2003, Tranvik et al. 2009).

This review @amines 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 precesse

for DOM, and inorganic carbondés role in DOM

1.2 Dissolved Organic Matt@&rTransformations and Transport

1.2.1 Sources of Dissolved Organic Matter

DOM in natural waters is sourced from both the terrestrial and aquatic landscapes.
Terrestrialsources 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 subikawtace
groundwater, and higtlischarge 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 autochthonousrcé@aslson 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



instance, a large storm event could proxadggnificant 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 fom the terrestrial landscape tend to have the higlesentrations of DOM,

while ocean waters typically have the lowest concentrations.

Table 1.1Examples oDOC and SUV4éssvalues

Ecosystem DOC (mg L) SUVA2s4 (L mtmg?)
Soils 357 457 2.87 3.3
Wetland 1571 30% 2 87 4. 72340
Groundwater 0.57 3.7* 1.71 3.7
Lake 1i 28° 3.21 4.3
Stream / River 0.57 307252648 2 87 532157
Ocean 0.5-3.07 0-1.7°

Spatial changes in sources of DOM are often understood through the river continuum
concept (RCC) (Vannote et al. 1980). The RCC
change along a gradient of headwater streams to larger rivers. The gradiengekdidang 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 carbdreadwater 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 carbathecrease 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 structcwatiylex 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, Guilletaedt 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 classelbile and refractory do not completely define the composition of
carbon in DOM,; rather a combination of the two classes existilsile carbon is the fraction of
organic matter that has the most rapid turnover times aogidation drives fluxes of CO
between soils and water to the atmosphere. Labile carbon is easily consumed due to its saturated,
chaintlike structure, and supports heterotrophic metabolism (Kaplan and Cory 2016). Refractory

carbon can only be slowly decooged because it is partially oxidized and is essentially inert



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 peiBent.
guality 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 ast moves downstream (Wollheim et al. 2015). When allochthonous carbon enters a
stream, its compounds are broken down by bacteria, which then respite th® water column.
TheCOz is either released to the atmosphere or transported downstream to be used by primary
producers for photosynthesis (Aiken et al. 1985). The primary producers tra@arimto
organic compounds, which are then released by secretion or autolysis (Caddoansell
2015). Primary consumers, such as heterotrophic aerobic bacteria, utilize the organic compounds
for energy and mineralize them in@D, (Aiken et al. 1985, Carlson and Hansell 2015).
Metabolism of DOM is not 100% efficient, and refractory, pesit 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 extermaputs of carbon are high. The mineralization of DOMCI; 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 canalso 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 labilenlecular weight DOM,

refractay, partially oxidized DOM, an€ O, (Kaplan and Cory 2016). Photodegradation can



have mixed effects, increasing or decreasing DOM lability, and can either reduce or increase the
rate of bacterial respiration (Tranvik and Bertilsson 200Hus, photodegaded DOM that has
become less labile will result in reduced mineralization of DOK2@a. 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 thensformations 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 DOfflarvey 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
CO, from the atmosphere or releaseCGd, 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.

1.24 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 carboomes 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 lehdKaplan and Cory 2016, Covino 2017). The



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 stoenodu
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 allodotcarbon. 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 downstreaRaymond and Spencer 2015, Raymond et al.

2016).

1.3 Dissolved Inorganic CarbdnTransport and Processes

Inorganic carbon exists &0, in the atmosphere, and in many forms dissolved in water,
includingCOy, carbonic acidH>CQOs), bicarbonateCOs") andcarbonatelOs%). 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 (speci@&lyn
rivers and reservoirs to biogeochemicallmgis important, as studies have shown that rivers
tend to be supersaturated witkd, 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 dfferent pathwaysCO, produced from metabolism in soils aHdCOsand HCQ
produced 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 witAO®@entioned previously, GO
plays a role in the metabolism of all aquatic organisms, and is used to produce carbon (as DOC)
and oxygen (@ (Aiken et al. 1985, Carlson and Hansell 205} concentrations, in lakes and
reservoirs especially, can vary spatially and temporally and may limit gross primary productivity
in periods of lowCO, (Hamden et al. 2018).

Running waters have the potential to ev@d® to or draw inCO, from the atmosphere
based on saturation, and therefore can either be sources or SB®Rs(bh Quere et al 2009,
Butman and Raymond 2011). Nutrients can also play a role in the evasion, es@®as been
shown that an increase in the emissio€@k to the atmospherean 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 COp. CO» concentrations within gawater column tend to decrease with increasing
stream size during baseflow conditions, largely due to increased algal uptake with increasing
stream size (Finlay 200210, concentrations in water tend to decrease with increasing
discharge, though this i&ely driven by sources d€0». Low discharge results in high€O;
concentrations due to low degassing, unlike in higher flows wb@&econcentrations are lower
due to higher turbulence in the water which allows for high degassii@ab the atmosphe

(Finlay 2002, Covino 2017).

1.4 Characterization of DOM: A mulbgronged 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 argariyon 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 diffica@trheasure due to the chemical

complexity of DOM. One method for determining the aromatic character of DOM is using a
measure of specific ultraviolet absorbance (SWA)AWeishaar et al. 2003). SU\dé is
calculated by dividi mbanceat254aanpneterstpbythé DOCavi ol et
concentration (mg t). SUVA..is a simple measure of the aromaticity of the molecules that
comprise DOM. SUVA. values tend to vary with ecosystem types (Table 1.1). One other

met hod for det er mcharactergrasbhe2ivitd sse faiorescarece 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 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 haalso been difficult to correctly identify concentrations and types of carbon in
river networks as they are transported downst
carbon cycling and transport has been to use isotopic signdfirés.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. 2048)is an isotope ratio of heavy to light
isotopes*CA2C, and is used to detemnd levels of processed carbon, respiration and primary
production, and gas transfer velociky (van Geldern et al. 2013). More positive values for the
i sotopic ratios indicate that #Alightero, more

values ndi cate t hat fheavier o, more enriched carl
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Tracers composed &fC hawe 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 mkadb®ased 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 Gnclusion

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 flownarehsing 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 transpaahd 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 stornevent is welknown (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 conentrations, flux, bioavailability and composition, as well ag CO
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 compositiarning high flow versus

baseflow;

(2) how high flow alters the flux of carbon in a ROR reservoir system; and

(3) how high flow affects C&gas evasion in a ROR reservoir system.

This study contributes to the discussion on the impacts ofmaale impoundmes 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 Oceanographx 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 publicationLimnology 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 remainorganic carbon bound within seants or
detritus (e.g. leaves angbod) (Malcolm 1985)DOM is composed primarily of carbon, but is
also composed afitrogen (N), phosphorus (P), hydrogen (H), and oxygen (O) (Thurman 1985,
Johnson 2010, McDowell et al. @8). 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 dioxidg (@©ugh microbial
respiration Metting 1993;Hotchkiss et al. 2015). Rivers and other inland waters contribute CO
gas emissions to the atmosphere, which are sourced from DOM mineralization o -yoGO
groundwater and soil water inputs (Butman and Raymond 2011; Lauerwald et al.QQi&nt
estimates of C@emissions from inland waterseaaround 2100 mil. metric to@syr! (Raymond
et al. 2013), a small fraction compdrto the 9855 mil. metric to@syr! emitted from
anthropogenic sources (Boden et al. 2017). DOM anglfld&es shald be a key component of
climate change studies and represented in global carbon balances since they can change
diurnally, seasonally, and with variable flow (Aitkenhdeterson et al. 2003; Raymond et al.
2016).

Recent studies have focused on DOM cyglinroughout river corridors (Raymond et al.
2016, Kaiser et al. 2017); however, one such system that is nainagtstood is rwoef-river
(ROR) reservoirs. These systems disrupt normal river flow patterns, creating a reservoir formed
by the constructionf 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 & Reblevénergy
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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 bothamig and inorganic carbon to the
atmosphere and downstream (Aitkenh®atderson 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, shbow subsurface flow paths from the terrestrial landscape are activated by precipitation
and runoff, shifting water source contributio
1986). Reservoirs, which are generally stratified into water layers bassadioity 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.fl

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 floeh witreases 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 (Hootla. 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 ahROR reservoir is likely to change (Raymond and
Spencer 2015; Raymorad 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 C@as evasion along a river to reservoir transect at baseflow and during a
1.5yr storm event (USGS 2017). Our objectives were to determine (1) how the reservoir altered
DOM bioavailability and composition during transitions from baseflow to high flowh@2)

high flow altered the flux of carbon in the ROR reservoir system; and (3) how high flow affected
CQO, gas evasion in the ROR reservoir systédur results will provide critical insight on carbon
dynamics in commonplace but understudied ROR resentiersyg and highlight the need to

incorporate riverine DOM into carbon budgets.

2.2 Methods
2.2.1 Site description

The New River is a'6order river that flows north from North Carolina, into Virginia,
and then into the Kanawha River in West Virgilil5GS 2017)This study focuses on a 42 km
segment of the New River extending from USGS gauge 0316