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ABSTRACT

Studies coupling direct measurements of micro-scale nitrogen ¢M) psocesses with
ecosystem-scale flux estimates are needed to determine N retenspotsietithin river
networks, where up to 50% of terrestrial loading to aquatic systems is def@ime study
examined the role of denitrification, a microbially-mediated reactive Mvahpathway, in
ecosystem-scale N retention in 3 small (< Pkmshallow flood-control reservoirs. Annual
reservoir N retention was estimated through mass balance modeling of sysi¢srand
outputs. Annual denitrification rates were estimated by combining multgdesunements of
seasonal, habitat-specific dinitrogen gag) [ixes. Annual reservoir N retention ranged from
14 - 19 g rif in the reservoirs, while reactive N removal through denitrification was 13 - 25 g
m. Denitrification efficiency, or the portion of the retained N load that wasrifieit was
high relative to other lentic systems and was > 100% at 2 sites. Previous Ieittifiadgion
studies may have underestimated denitrification efficiency by not comgjdeater column
denitrification, which was 50% of total denitrification at one study reservamveder, not all
potential inputs, most importantly biologica} Rixation, were included in this study’s mass
balance model, which likely led to underestimation of N retention. This studyisds indicate
that reservoirs are N sinks in the landscape, and that denitrification piegjsrarole in

regulating long-term storage of both watershed and biologically-fixedd$ iodentic systems.
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1. INTRODUCTION

Anthropogenic activities including the production and widespread application of
synthetic nitrogen (N) fertilizers have dramatically increasednthe@ern biologically-active
terrestrial N pool and subsequent fluxes to adjacent aquatic systems (Kebatel997,
Galloway et al. 2008). The negative environmental impacts of increased N digilaliquatic
ecosystems, particularly in sensitive coastal waters, are nowegelnized and include
eutrophication, hypoxia, fish kills and biodiversity loss (Howarth et al. 1996, Vitaisak
1997). Hypoxia in the Gulf of Mexico not only affects the ecosystem’s health and bidgtivers
but also negatively impacts local economies dependent on fishing and tourism.

Despite the clearly identified impacts of increased N loading to the GMéxiico, as
much as 50% of terrestrial N loading to aquatic systems does not reach wadsts and is
intercepted within river networks (Wollheim 2008). These river networks arpresed of
wetlands, headwater streams, higher order rivers, and natural and marakeadall of which
have variable hydrologic regimes and nutrient cycling rates (Sanders dhadQdl, Seitzinger
et al. 2002, 2006). Within these varied ecosystems N is retained and transformed thegalgh N
processes including biological uptake, sedimentation, or denitrification, wehikbl microbially-
mediated conversion of reactive N to inert dinitrogen gasgNd the only permanent removal
pathway for bioavailable N from the biosphere. Quantifying the rates g€IN processes such
as N retention and denitrification in the landscape is vital in developing nmaeagstrategies
for reducing N loading to fragile coastal ecosystems.

The relative magnitude of N retention and denitrification is not well undersiods
aguatic systems. Within river networks of the northeastern United States)dge et al. (2002)

estimated that individual stream/river reaches retained approximatelpfd0&ging, though



retention increased to 37 — 76% when summed across all reaches within a @Watershe
Mullholand et al. (2008) found that denitrification accounted for more than 43% of N removal
a quarter of 72 stream reaches. On average, wetlands and natural lakeppedaimately 64

and 34% of N inputs, respectively (Saunders and Kalff 2001), though some natural lakes have
exhibited retention efficiency as high as 70% (Menghis et al. 1997). Within wedaddsatural
lakes, denitrification is believed to contribute significantly to m&bn due to increased

hydraulic residences times relative to lotic systems (Sanders afi@BGil).

Fewer studies have specifically investigated N retention and dieatidn in reservoir
ecosystems (David et al. 2006, Kozelnik et al. 2007). However, high area-speciéotnutr
loading (Kozelnik et al. 2007) and high rates of carbon burial (Downing et al. 2008) make man
made impoundments potential landscape-scale denitrification hotspots. The gawaitdble
data suggest that reservoirs may play a disproportionate role in landscape+stal#itin
relative to natural lakes, which comprise a larger proportion of the globial $gstem surface
area (Harrison et al. 2009). As much as 33% of global N retention in river netwaykscour
in reservoirs, despite the fact that reservoirs account for only 6% of theudte area of
lentic systems. When reservoir N retention rates are normalized teoieserface area,
estimated retention is estimated to be 7-8 x greater than by natural lakes.

Estimates of ecosystem N retention in lentic systems are algopaned with direct
measurements of denitrification. Lake and reservoir N budgets have offay squnated N
removal through denitrification with “missing” N in mass balance models€destsal. 1992,
Molot and Dillon 1993, Garnier et al. 1999). Two recent studies paired N retentiontestima
with direct laboratory measurements of denitrification, but reached ditergeciusions. David

et al. (2006) measured denitrification using acetylene inhibition in sedimenyt aésays,



concluding that over 50% of N retention in Shelbyville Reservoir (lllinois, USA)dcoel
attributed to denitrification, while Kozelnik et al. (2007) used isotope pairing techrdquesg
intact sediment core incubations and found low denitrification rates that accoomoediyf
16.4% of N retention at Solina Reservoir in Poland. These findings may representithiiyna
occurring variability in lentic denitrification efficiency, but mayaleflect limitations of the
methods employed to measure denitrification, particularly in regards toluleg@cosystem-
scale rates (Groffman et al. 2006, 2009).

Studies of lentic denitrification are largely limited by the cost,ilidéyg, and range of
currently available methods. Methods iR tracer studies that have been employed
successfully in relatively small-volume lotic systems are diffiant costly to apply in larger-
volume lakes and reservoirs (Mulholland et al. 2008). Other techniques that measure
denitrification indirectly, such as acetylene block in sediment slurriedad@aal. 2006), are
unable to provide information encompassing micro-scale intricacies, and@ifatult to
make relevant at the ecosystem scale (Groffman et al. 2006, 2009).

Intact sediment cores used in conjunction with membrane inlet mass spectrometry
(MIMS; Kana et al. 1994) can provide direct and accurate measurementstoficiion (Scott
et al. 2008), but these studies are also limited by the spatial scale meguidsethe cores and the
relatively small number of cores that can practically be accommodatest. ©tent studies have
used MIMS to measure naturally-occurring temporal and spatigtadiients in aquatic systems
(Deemer et al. 2011). This technique exploits water density gradients whiobrgzity isolate
the lower water column of many estuaries, lakes, and reservoirs. Trargéarmto virtually

closed systems results in a predictable depletion of oxidized compounds like oxygandO



nitrate, accompanied by the accumulation of reduced compounds;lildoStudies have yet
combined these approaches to generate whole-ecosystem denitrifistitivates.

The objectives of my study were 1) to estimate annual N retention in 3 reservoi
representing a relatively understudied, but potentially important, size(clasent) of
reservoirs, 2) to estimate annual whole-ecosystem denitrificaioes in the study reservoirs by
combining multiple direct measurements of denitrification suited to spéaifitats in reservoir
environments, and 3) to compare N retention and denitrification estimates to determi
denitrification efficiency, or the proportion of retained N permanently rechreen the study
reservoirs as inert NThe whole-reservoir total nitrogen (TN) flux was estimated as the
difference between system inputs and outputs in a mass balance model. Resatinoe&
through denitrification was estimated using intact sediment core incubatiepgiwinetic

sediments and fromMNaccumulation rates in the reservoir hypolimnia and anoxic metalimnia.
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2. PARTITIONING ECOSYSTEM-SCALE DENITRIFICATION IN THRESHALLOW
RESERVOIRS USING IN SITU DINITROGEN GAS ACCUMULATIONNMD
INTACT SEDIMENT CORE EXPERIMENTS

2.1 Introduction

Anthropogenic activities have increased the modern reactive nitrogen (N) pools@k
et al. 1997), and the resulting terrestrial loading of bioavailable N to adgapeatic ecosystems
has been tied to adverse environmental impacts and human economic losses (@akkbway
2008). Inland freshwater networks transport terrestrially-applied N to sengawnstream
ecosystems, but freshwater networks also retain up to 50% of watershed N inpliligi(dvet
al. 2008). The magnitude of this ecosystem service differs between aquatcssysith greater
N retention efficiency in systems with long water residence timeb,asi0atural lakes and
manmade reservoirs (Sanders and Kalff 2001, Kozelnik et al. 2007).

Watershed-scale N retention occurs through the sum of micro-scalesgotest retain,
transform, and remove reactive N, but the relative contribution of these procassewell
understood across freshwater ecosystems. Denitrification, defined hem@siahdinitrogen
gas (N) production through dissimilatory nitrate reduction or anaerobic ammonium oxidati
(annamox), occurs readily in aquatic sediments (Seitzinger et al. 1988)rarahpatly removes
reactive N from the system. An estimated 16% and 63% of N retained in logmsyand lakes,
respectively, has been attributed to denitrification (Mulholland et al. 2008, Saandefslff
2001). Fewer estimates of the contribution of denitrification to N retention irvoaseexist.
However, high area-specific nutrient loading (Kozelnik et al. 2007) and high ratehof ca

burial (Downing et al. 2008) make man-made impoundments potential landscape-scale



denitrification hotspots. Reservoirs that experience seasonal thermftatiam also represent
predictable hot moments for denitrification (Groffman et al. 2009).

Methods for estimating denitrification in lentic systems are oftenddrby their
feasibility and cost-effectiveness in large water bodies . Tnéracer studies employed
successfully in relatively small-volume lotic systems are diffitudipply in larger-volume lakes
and reservoirs (Mulholland et al. 2008). Other techniques that measure demdnificdirectly,
such as acetylene block in sediment slurries (David et al. 2006), are unable to provide
information encompassing micro-scale intricacies, and are alsaitificmake relevant at the
ecosystem scale (Groffman et al. 2006, 2009).

Intact sediment cores used in conjunction with membrane inlet mass spectrometry
(MIMS; Kana et al. 1994) can provide direct and accurate measurements ofickeinoin
(McCarthy et al. 2007, Scott et al. 2008), but these studies are also limited battakessale
represented by the cores and the relatively small number of cores thaacizajyy be
accommodated. Other recent studies have used MIMS to measure naturallyrxgdeanporal
and spatial hgradients in aquatic systems (Deemer et al. 2011). This technique exploits wate
density gradients which temporarily isolate the lower water column of estogries, lakes, and
reservoirs. Transformation into virtually closed systems results in atabld depletion of
oxidized compounds like oxygen {Cand nitrate, accompanied by the accumulation of reduced
compounds like B Combining these different approaches, particularly those that megsure N
directly, may allow for highly accurate and detailed measurements ofstéewsgcale
denitrification. But, no studies to our knowledge have combined these approaches inte system

level studies.



The objective of this study was to combine multiple direct measurements of
denitrification suited to specific habitats in reservoir environments to dehweke-ecosystem
denitrification estimates. We monitored hypolimnetic and metalimnetaoNcentrations
through time in 3 shallow reservoirs with inherently low stratificationiltgbnd combined
these estimates with denitrification measurements from intact cotestedlfrom sediments in
contact with reservoir epilimnia. This approach allowed us not only to derive acestiatates
of denitrification at the ecosystem scale, but to also quantify the retatntgbution of distinct
ecosystem compartments to the overall denitrification rate. We also useddapora
experimentation to confirm in situ patterns oef&¢cumulation in temporarily isolated and

anoxic environments.

2.2  Methods
2.2.1 Sudy Stes

Lakes Elmdale (36°11°'45.5"N, 94°12'50.8"W), Fayetteville (36°08'11.5"N,
94°07°'46.7"W) and Wedington (36°05'27.05”N, 94°22'02.9"W) are small (surface area <1
km?), shallow (average depth 3 m, maximum depth 9-10 m), and eutrophic flood control
impoundments located in and around Fayetteville, Arkansas, United States ofdmeri
Watersheds for each of the reservoirs are approximately 30 — 40x greater thafatteeagea of
the reservoirs, indicating that the reservoirs have comparable hydraeglence times, a factor
known to impact rates of N cycling and retention (Seitzinger 2002). The reseli@rsn their
primary watershed land use/land cover, introducing potential variability énne{tN loading.

The reservoirs all experience thermal stratification during summemanxdaavithin the
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hypolimnion and metalimnion. However, the timing and severity of these patterns diffe

between reservoirs.

2.2.2 Reservoir chemical stratification and seasonal N, accumulation

Vertical profile data and water samples were collected at thedoad maximum depth
in each reservoir weekly to biweekly from April — August 2010. Temperatussldesl oxygen
(DO) and oxidation-reduction potential (ORP) measurements were takenlamOirservals
using a multiparameter datasonde (Yellow Springs, Inc.). Water sampiesollected with a
Van Dorn horizontal sampler at 2-3 depths which were assigned based on the depth of the
oxycline. Sample depths were distributed evenly across the hypoxic/and&rccatamn and
varied among weeks, but were approximately 4, 6 and 8 m at Lakes EImdale aneviayaitid
6 and 8 m at Lake Wedington. Dissolved gas samples were transferred into 300 atbr'Wwhe
bottles by slowly filling from the bottom up. Samples were immediatelsygpved by adding 3.9
mL of 50% w/v zinc chloride (ZnG) solution, and bottles were capped with a ground-glass
stopper and wrapped with parafilm to prevent atmospheric exchange. Water gheamgiles
were collected concurrently at each depth and transferred into acidenasties. All samples
were stored on ice and returned to the laboratory.

Dissolved gas samples were analyzed for oxygen gas to argon ratdg @0d N:Ar
using MIMS (Kana et al. 1994). Samples were refrigerated in the dark priorysianahich
was conducted within 1 week of collection. Prior to MIMS analysis, sample tetmsenas
brought back to in situ temperature, and the temperature of the standard solution filEe M
was adjusted to match each sample. The MIMS method assumes 100% Ar saturatioirethat va

with temperature and salinity. Biological effects on thea@d N pool of samples were
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separated from physical effects using the Ar signal. Samptemtentration ([Asampid Was

defined as:

[NZ]: [Ar]exp > (1)

[N2]sample = (NZ:Arsample X [Ar]exp) (NZ:Arstandard
where N:ArsampieiS the measured sample signal, faghnd [N]:[Ar] exp are saturated
concentrations or ratios at a given temperature, amr dinqaraiS the measured signal for well-
mixed deionized water open to the atmosphere at the same temperaturaagptbs. f similar
equation was used to calculate sample@hcentrations. Excess {N2]exces)} Was the N
concentration exceeding saturation for a given temperature and wasddsgin
[N ]excess = [Nz]sample - [Nz]exp — min[Ny]excess  (2)

where [N]ex is the saturated Nconcentration at a given temperature, and mil[Nssis the
lowest value [M]excessin the dataset for each reservoir. Due to matrix differences between the
standard and samples, some]fhnpemeasurements were less thag]{ly, yielding [No]excess
slightly less than zero. The minffesswas used to correct for these matrix effects and to
redistribute the data so that saturation values]{Nss= 0) were site-specific.

Water chemistry samples were filtered through acid-washed Whd&ag filters within
24 hrs of collection and were frozen for later nitrate-N {NXQ and ammonia-N (NEIN)
analysis. Nitrate-N was analyzed colorimetrically using the casinéduction method, and
NH3-N was determined fluorometrically according to Holmes et al. (1999). Bothsasalere
carried out on a Turner Designs Trilogy Lab Fluorometer, with a spectrophetcadaptor
containing a 600 nm filter cell for NON analysis.

Gas and water chemistry data were grouped as either hypolimnion (Eandale
Fayetteville, ~6 and 8 m; Wedington, ~8 m) or metalimnion (Elmdale and Fayettevilm;

Wedington ~6 m) for each reservoir. Metalimnion]fzessdata were divided into early and late
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summer subsets and compared with reservoir stratification stability. Ghiannipe thermocline
depth and temperature were assumed to be indicative of partial mixing events @déseeibed
through the stratification stability index (SSI; Yu et al. 2010), which wasilzdéd for each
reservoir on each date as:

ssi= 2L (3
=45 ©

whereAT andAz are the change in temperature and depth, respectively, between the bottom of
the epilimnion and the top of the hypolimnion. When SSI > 1 9Cthe thermocline was
assumed to exist, and increasing SSI indicated increasing thermatys{almbne and Goldman
1994).

Volumetric denitrification rates () for the hypolimnion and metalimnion were
estimated as the slope of a linear regression analysis;h.ENversus time conducted in SAS
9.1. Trends in N@ -N and NH-N concentrations through time were also quantified using linear
regression in SAS 9.1, with negative and positive slopes indicating solute consumption and
production, respectively. Boundaries between thermally stratified layeesdetermined for
each sampling date with depth profiles and thermocline boundary estimates framalySes,
which were then averaged across the study period. Epilimnion thickness was defireed as
vertical distance between the surface and the upper thermocline boundary. The anoxi
metalimnion thickness was the distance between the average anoxic depth itatinene
and the average hypolimnion depth. The hypolimnion was considered to be the remainder of the
underlying water column. The volume and surface area of the thermal stratastimated
using bathymetry data from Lake Wedington. No bathymetry data watilalzle for Lakes
Elmdale and Fayetteville. But, because the reservoirs are located witldrpobegmity to each

other, it was assumed that their underlying topography was similar, and keathymodels were
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developed by interpolation using data from Lake Wedington. The water column volume
corresponding to each depth and the associated surface area at these deptbsmasdibt
calculating the volumes of sequential conical frustra. Volumetric hypolimmadraaoxic
metalimnion denitrification rates (¥ were converted to areal denitrification rateg,ffor
these locations using the estimates of water volume and surface aréa@dsaith each
stratum:

Kn2 X V.
Kanf = A > @)
S

where \{ and A are the volume and surface area, respectively, of a thermal stratum.

2.2.3 Metalimnetic water column denitrification experiment

Preliminary data suggested that the metalimnia of these reservoulsegperience
hypoxia or anoxia. A laboratory experiment was conducted to estimate the &édexlrie induce
water column denitrification following a partial mixing event in the metalimnand to quantify
what resource limitations may have existed on metalimnetic denitioficatwenty-five liters of
water were collected from Lake Fayetteville in June 2011 at a deptle ®itewas < 1 mgt
and ORP was ~ -100 mV. Two subsamples were immediately preserved in 300 mL Wheaton
bottles as previously described. A concentrated seston slurry was alsaddigcepeated
vertical tows of the upper 4 m depth with amB0mesh size Wisconsin net. In the laboratory,
the 25 L water sample was aerated for 24 hours, and the seston slurry was futibetratad
by centrifugation and refrigerated overnight. The following day the exbvadter was divided
into 24- 300 mL Wheaton bottles which were grouped into the following four treatments: 1) a
control receiving no additions, 2) a 71.4 pmdINOs-N addition, 3) a 0.5 mmolt particulate

carbon (PC) addition, and 4) a combined N and PC addition. The selected N@® addition
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rate reflected typical pre-stratification concentrations at Laketieville. The PC addition was
derived from the concentrated seston slurry and was intended to mimic a tyleicdlasganic

C sedimentation in a eutrophic reservoir over a two week period (Molongoski and Klug 1980).
The experimental rate of PC loading to bottles was determined post-hoebydiD.5 mL of

slurry onto a Whatman GFF filter and analyzing the filter for orgaroo @ Thermo Flash 2000
Organic Elemental Analyzer. The PC loading rate to the bottles was appi@yieguivalent to

a 0.13 mol C i day' sedimentation rate. Bottles were incubated at the average metalimnion in
situ temperature (15 °C) and analyzed ferADand N:Ar on days 1, 2, 5, 8, 13, and 16 as

described previously.

2.2.4 Intact core experiments
Intact cores were collected from sediments in contact with reservomaiailin
February, May, June, August and December 2010. Three to four cores with ovedyemgware
collected from each reservoir on each date in clear plastic tubes (sandace 40.6 chy height
=70 cm) using a manual gravity corer. Vertical temperature and DOegsrafdre collected on
each date to determine in situ temperature and sampling depth (May, June and Mngelst)
ranged from 5 to 7 m during seasonal mixing (February and December) and from 2 toil3gm dur
seasonal stratification (May, June and August). Epilimnetic water ollested in acid-washed
carboys from each reservoir on each date to supply inflow water for contifioaussres.
Continuous-flow sediment core incubations were conducted similarly to thoséddscri
by Scott et al. (2008). Cores were sealed airtight with rubber stoppers ahaviitt& eflon
tubing through the stopper to provide inflow and outflow paths for the incubation water. The

experiment was conducted inside an incubator set to in situ temperature. The iafévgupply
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was constantly aerated to simulate reservoir mixing and was pumped intot@raseaof 0.50-
0.75 mL min'. A control chamber (shorter core without sediment) for each water suppsetvas
up similarly using source water from each reservoir. After a 12-18 hour pre-iiocupariod,
effluent from each core chamber and influent from each reservoir weretedlla 20 mL glass
vials. Samples were immediately preserved by adding 0.26 mL 50% w/y, &n@lvials were
capped with ground glass stoppers and wrapped with parafilm. Inflow and outfidwias
analyzed within 24 hours using MIMS and were converted;tcoNcentrations as described in

Eq. 1. Areal sediment denitrification gk pmol m? h't) for each core was calculated as:

Knt = ([NZ]Out B [Nz]inA_ [Nz]control) xQ (5)

where [N]ou, [N2]in and [N]contror Were the outflow, inflow and control,Noncentrations,
respectively, Q was the measured flow rate for each core T artu A was the core surface
area in square meters. In February and May, control chambers were not uséakethigr

fluxes measured on these dates were not corrected for potential activityurethgng water
(IN2]contro = 0). Mean K,s and associated error rates were calculated from replicate cores from
each reservoir on each date. Positive values indicated sedimpraduction (i.e, net
denitrification), while negative fluxes indicated sedimeptbhsumption (i.e. net Nixation).

In addition to intact core experiments, water samples were colleotadtie upper water

column of each reservoir approximately monthly throughout 2010 and analyzedfFellNO

2.2.5 Annual whole-ecosystem denitrification estimates
Annual areal whole-ecosystem denitrification rates (RNE were estimated by
summing the habitat-specific and seasonally-specific areal rateshevagppropriate areas and

durations, respectively. Denitrification rates were assumed to represeaja seasonal rates;
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therefore, assigning time intervals to eachs kor all habitats was required. Meag,Krates
from sediment cores collected in February, May, June, August and December 201dtsedime
incubations were divided over a one-year period as follows: January 1-April 14, A5
31, June 1-July 31, August 1-October 15, and October 16-December 31 2010, respectively.
Negative N-N fluxes indicative of net hfixation were considered a0 in calculating
DNFannuat Denitrification rates from the hypolimnion and metalimnion were scaled up only
during the stratified period (April 15-October 15). Metalimnetjg:iKates were not extrapolated
past August and §; was set to zero on days when DO was greater than I'rttgdughout the
metalimnion.

An annual, whole lake estimate of N loss to denitrification was calculatet @ss:

Y (Kanr Xt X Ag)
DNFgnnuar = = A : (6)
0

wheret is number of days corresponding to a specifig #or a habitat, Ais the surface area of
the habitat corresponding to a specific measurggd &d A is the reservoir surface area.
Habitat-specific denitrification rates for each reservoir were divigettid estimated total
denitrification rate to obtain the percent denitrification that occurred in eadlath&sror rates
from habitat-specific and seasonal-specifig:¥vere propagated appropriately to provide error

rates for the annual whole-ecosystem denitrification rates for eaavaoes

2.3 Results
2.3.1 Reservoir chemical stratification and seasonal N, accumulation

Hypolimnion DO was rapidly depleted from all reservoirs following sedsona
stratification and DO was already below 31 pmoldt Lake Fayetteville when sampling

commenced in April (Figure 1 A-C). Hypolimnion ORP also declined rapidly atted, si
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fluctuating between -150 and -200 mV in late summer (Figure 1 D-F). Hypodtiaroxic
conditions also occurred in the reservoirs’ metalimnia. The average anogionméin depth
was 2.6 £0.744, 2.8 + 0.799 and 5.4 £ 1.03 at Elmdale, Fayetteville and Wedington,
respectively. The reservoirs all maintained seasonal thermdicdtatn, but some variation in
thermal stability did exist, which also influenced redox conditions in the metalirAhLake
Elmdale, metalimnion ORP declined from 100 to -112 mV from early June to mid-July, but
increased rapidly to ~ 100 mV in late-July when the reservoir experiencedrd®eejne in
thermal stability (Figure 1D). Metalimnetic ORP in Lake ElImdal dacreased again to ~ -100
mV by the end of August. At Lake Fayetteville, ORP at 4 m was similaygolimnion ORP
throughout the summer (Figure 1E). At Lake Wedington, metalimnetic ORPezhiagh
relative to the other reservoirs, not declining below zero until late-Julyr@=ig-).

Hypolimnetic NQ-N declined over the study period from 25.5, 19.8, and 12.4 pthol L
in April at EImdale, Fayetteville and Wedington, respectively, to below detecgtiond3June at
all reservoirs (Figure 2). Hypolimnetic NHN concentrations increased over this time, from
relatively low concentrations in all reservoirs in April to 158, 359, and 117 uthioi August at
Elmdale, Fayetteville and Wedington, respectively (Figure 2). Nitded@d NH-N patterns in
the metalimnion (data not shown) were similar to those observed in the hypolimnionyéut we
less pronounced and more variable through time.

Hypolimnion N>-N concentration increased by 66.6 + 10.1, 63.0 £ 10.2, and 50.3 £ 10.4
nmol L h'at Elmdale, Fayetteville and Wedington, respectively (Figure 3). MetaitrdeN
concentrations experienced two periods of approximate linear change iraltekervoirs and
these periods were separated by a brief period of drastic thermal ihs{&igure 4). The two

distinct periods of metalimnetic thermal stability in each reservoirtezsil metalimnetic
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denitrification rates ranging from 95 + 37.5 to 152 + 84.3 nmbhit, which were 2 — 3x greater

than the rates of volumetric denitrification observed in the reservoir hypolimnia.

2.3.2 Metalimnetic water column denitrification experiment

Following aeration of water to simulate a partial metalimnetic migient, complete
water column anoxia was only observed in the treatments that received orgierqA)
inputs (Figure 5A). Samples receiving PC were hypoxic by day 8 and comaletelic by day
13. Samples which did not receive PC remained at 70% DO saturation by the end of the
experiment on day 16. Samples which did not experience hypoxia or anoxia exhibited no
denitrification, but denitrification occurred in both the PC-containing treatménth
experienced anoxia (Figure 5B). Denitrification in these samples was fioopbto NG'-N
availability. Approximately 80% of N©-N added to the PC plus NEN treatment was
denitrified in the 16 day experimental period. The rates of denitrification olosiertlee PC and
PC plus N@-N treatments were ~ 100 and 200 nmolH* and were very similar to in situ

denitrification rates estimated for the reservoir metalimnia (Eigwr

2.3.3 Intact core experiments

Net denitrification was observed in all intact cores collected from setinegposed to
the epilimnion during winter conditions (Figure 6). In contrast, ndiXdtion was observed in
all intact cores collected during spring and summer, with the exception ofiightynet
denitrification in Lake Fayetteville in July. Nitrate concentrationthe epilimnion of all three
reservoirs were at or below detection levels during summer, with the exabalafaNO; -N

depletion varying by reservoir (Figure 6). However, annuad Mconcentrations were always
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at their maximum in winter and the annual maximumsNXDconcentrations always coincided

with net denitrification in sediments exposed to the epilimnion.

2.3.4 Annual whole-lake denitrification rates

Table 1 provides a summary of annual whole-lake denitrification estimattes study
reservoirs, the error associated with these rates, and the relative canmtrddutie three major
habitats to total denitrification in each reservoir. Whole-ecosystem dieation ranged from 13
— 25 g N n yeai*. Twenty percent of annual denitrification in all reservoirs occurred
consistently in the reservoir hypolimnion during summer stratification. Betw8% and 70%
of annual denitrification in Lakes Fayetteville and Wedington occurred in segimeposed to
the epilimnion. The metalimnetic contribution to annual denitrification in these \®40% to
30%. In contrast, 50% of annual denitrification occurred in the metalimnion and only 30%

occurred in epilimnetic sediments in Lake Elmdale.

2.4 Discussion

Measuring and modeling denitrification in diverse environments is challengihgril
recently has primarily been accomplished with indirect measurementsifinged samples
(Groffman et al. 2006, Groffman et al. 2009). Monitoringadcumulation in thermally stratified
waters may represent the most accurate method for estimating dexitnifim lakes and
reservoirs at very large scales. To our knowledge the current studyergpresly the second
attempt to quantify denitrification via hypolimnetig Blccumulation in freshwater lakes and
reservoirs. Interestingly, hypolimnetig lccumulation rates observed in this study were
strikingly similar to the rate observed by Deemer et al. (2011) for Lasémake in Washington,

U.S.A. (Table 2). Our study went one step further in that we combined hypotranelti
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metalimnetic N accumulation rates with denitrification estimates from intact cores teeder
ecosystem-scale denitrification measurements that included errmatesi

Denitrification estimates from the hypolimnion were the least varahbleng habitat-
types (13 — 22% error). Denitrification rates obtained from replicate indeeesperiments were
somewhat more variable (20-25% error). But, denitrification rates estirttataigh intact core
experiments were in range with other studies that have employed similar methedswater
ecosystems (McCarthy et al. 2007, Scott et al. 2008). In all the reservoirspinpol
denitrification accounted for approximately 20% of total annual denitribioaiihe relatively
small contribution of hypolimnetic denitrification to whole-ecosystem dénétion was
probably constrained by NGN availability in the hypolimnion. Nitrate was not measureable in
the hypolimnion throughout most of summer stratification. The contribution of hypolannet
denitrification to whole-ecosystem denitrification was also likely traimsed by the relatively
small proportion of hypolimnetic volume to total volume in these shallow reservbes. T
proportion of denitrification occurring in the hypolimnion may be much greater in muplkrdee
lakes and reservoirs like Lacamas Lake (Deemer et al. 2011).

The magnitude of denitrification rates observed in the metalimnia of our stwlyaokes
was unexpected and substantial compared to the other denitrification habitatise Elraale,
denitrification in the metalimnion during short-term anoxic conditions accountedofer thran
50% of annual ecosystem denitrification (Table 1). The temporal separation ostumotdi
hypoxic/anoxic periods in the metalimnia of all three reservoirs appeared dotballed by a
substantial decrease in thermal stability (Figure 4). This pattern astsotovious at Lake
Elmdale, where thermal stability decreased by more than 4*@uming July, which

corresponded with an approximate 150 prmibdecrease in [Nexcess We assume that this
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supersaturated Nvas lost to the atmosphere during metalimnion mixing. Although the
regression fits for excess through time in the metalimnia of each reservoir were admittedly
weak (Figure 4), experimental data confirmed that a relatively deepgrexent followed by a
long period of stable chemical stratification could result in denitriboatates similar to
estimates for reservoir metalimnia (Figure 5). These results gave udecmdfithat the observed
metalimnetic denitrification was a valid component of ecosystem-scalgifiigation, but more
work is needed to understand the physical-chemical controls on denitrificatiotraidgycally-
dynamic locations.

The annual whole-ecosystem denitrification rates for the study reseav@ins the lower
to middle range of annual denitrification rates reported for other reservadrgyeae also similar
to annual denitrification rates reported for natural lakes and riverine emosySEable 2).
Kozelnik et al. (2007) used an isotope-pairing technique on sediment cores from Solina
Reservoir, Poland to show that denitrification in sediments resulted in the removal of
approximately 6 g N fyeaf', but denitrification was positively correlated with total N
concentrations in the reservoir. In contrast, David et al. (2006) reported deatitifiin
Shelbyville Reservoir, lllinois, USA was as high as 230 g Nyea!, but NG-N
concentrations in this reservoir were commonly > 5 mg*'Nuhd presumably never limited
denitrification. Clearly the potential for more denitrification existedur study reservoirs, but
constraints on N@-N availability most likely kept rates low relative to the range rebait
Shelbyville Reservoir. Estimated annual reactive N removal through deatioh was of
similar magnitude at Lakes Elmdale and Fayetteville, but was appre@ynd@o less at Lake
Wedington. Seasonal DIN fluxes and concentrations were consistently lowekeat

Wedington, indicative of a smaller reactive N supply to fuel denitrification.
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Whole-ecosystem denitrification estimates from this study were iafslarsto recent
global model estimates of denitrification in lakes and rivers. Seitzihgér(@006) estimated a
global average lentic denitrification rate of 11.5 g K yri* based primarily on data from large
lakes (surface area > 55 KmThe estimate of global denitrification in rivers was slightly higher,
at 13 g N rif annually. Denitrification rates at Lakes Elmdale and Fayettevéle
approximately 2x greater than model estimates for natural lakes and Tives®. findings
support the idea that manmade impoundments act as hybrid ecosystems, blaaaictgristics
of both lakes and rivers that could enhance denitrification (Thornton et al. 1990). Beatitnf
rates from Lake Wedington were more similar to global averages for botrelattewers.

In modeling N retention globally across lakes and reservoirs, Harrisdn(2009) found
not only that reservoirs, but particularly small reservoirs retain dispropddigiharge N loads
relative to natural lakes, estimating annual N retention in small reseat®1 g N i yr. If
these estimates were accurate for our study reservoirs then approx#0a88% of N retained
would have been denitrified in the reservoirs in 2010, which would be among the highest
reported rates of denitrification efficiency for aquatic ecosyst&wozdlnik et al. 2007).

Some issues associated with our methods for measuring and scaling deratrificae
worthy of explanation. A plateau inlgroduction did not accompany the exhaustion ogNO
in the hypolimnion of the study reservoirs. If these hypolimnia were indeed functiasi
pseudo-closed systems, a saturation effect should have occurefLip.{NAlthough
hypolimnetic NQ'-N concentrations rapidly fell below detection limits following thermal
stratification, N accumulation in lower strata continued. In some caseac®imulation was
more than 5x greater than NEN consumption over the summer. This indicates that either

unmeasured inputs of NGN occurred in the hypolimnion or that another microbial process
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such as anaerobic ammonium oxidation (annamox) were contributingatchimulation in the
hypolimnion. Although sufficient ammonium certainly existed, the contribution fronnama
seems unlikely because this process also requires available nitrfeNNBurgin and Hamilton
2007). Our method for measuring B did not distinguish N@-N, therefore hypolimnetic
NO,-N concentrations were also below detection levels throughout most of the summer
stratified period in all three reservoirs.

Groundwater percolating into the reservoirs through sediment may have provided a
constant N@-N source to the hypolimnion and stimulated denitrification throughout the
summer. High surface to groundwater connectivity is a defining chasictef the Ozark
Plateau’s topography, resulting in similar water chemistry betweercewafal groundwater in
both pristine and non-point source impacted zones (Petersen et al. 1999, Haggard et al. 2005). In
urban and agricultural watersheds like those of the study reservoirs, stream and greundw
NOs-N concentration can reach levels of up to 4 ritg Bprings that formerly fed the
reservoirs’ parent streams would now discharge into the reservoirs diceetting secondary
denitrification zones deep within sediments (Sanders et al. 2007). Potential groumigats
inputs were not detected in the late summer hypolimniogi-N@ool, as they were likely
denitrified within the sediment before entering the water column, leavinglmnlyonstant
increase in [MexcessaS a signal of this activity.

None of the methods employed to estimate denitrification in this study ahpture
secondary denitrification products, the most important of which is nitrous ox@.(NElevated
N>O production relative to Nin reservoirs has been observed in the littoral zone (Wang et al.
year) and within the water column in conjunction with disturbance (Deemer et al. 2011). The

maximum NO-N: N,-N ratio observed in Lacamas Lake was approximately 0.02, suggesting
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that failure to quantify pBD would not lead to gross underestimation of total denitrification.
However, understanding production hotspots and hot momentgopidduction is important
due to the role of pO as a potent greenhouse gas.

It is also worth noting that estimating denitrification from hypolimneti@btumulation
as done in this study has inherent limitations. Deemer et al. (2011) reportedcpthiahhion N,
fluxes could have been underestimated by up to 36% at Lacamas Lake due to fasatass
thermal boundaries. Loss rates were not quantified in this study, but are Iikééy o those in
the hypolimnion of Lacamas Lake and may be even more important in anoxic metadim
environments, where we found substantial denitrification.

Results of this study indicate that denitrification in shallow impoundments enay b
accurately and rapidly estimated by combining habitat-specific teclmidbe rates of
hypolimnetic denitrification reported here were strikingly similahimse reported in the only
other study (Deemer et al. 2011) known to us to have applied the in,gttcdimulation
technique for estimating denitrification in stratified freshwater ystesns. Our study builds on
this previous study by integrating hypolimnetic denitrification estimattsestimates from the
anoxic metalimnion and epilimnetic sediments. Experimental data supportedatiieatithe
anoxic metalimnion can be a location of significant denitrification. Hypolimmetigtrification
was consistent across the three study reservoirs, accounting for appriyx#&aeof whole-
ecosystem denitrification. However, the percent contribution from the anoxiammretal and
epilimnetic sediments varied substantially between reservoirs and waglgtiependent on

stratification stability and NN availability.
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Table 2.1 Habitat-specific and whole-ecosystem denitrification (tgg with associated error
estimates and the percent contribution from each habitat type. Epilimnion &soweae
derived by summing the standard error of the meanftdm February and December
incubations. Metalimnion and hypolimnion error rates were derived from the stanasardfe
the slopes from linear regression equation(s) used to estimate®l stratum estimates are

normalized to the total reservoir surface area.

Kantin g N mi” yeaf' + S.E. (% of total)

Habitat Lake Elmdale Lake Fayetteville Lake Wedington
Epilimnion Sediments 6.9 £ 1.4 (28%) 12.5 £ 2.6 (52%) 8.5 £ 2.1 (69%)
Metalimnion 13 +5.7 (52%) 4.8 £ 2.8 (28%) 1.3 +0.52 (11%)
Hypolimnion 5.0 £ 0.70 (20%) 6.7 £ 0.84 (20%) 2.5+ 0.53 (21%)

Whole Ecosystem 25 £ 7.8 (100%) 24 £ 6.2 (100%) 13 + 3.2 (100%)
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Table 2.2 Freshwater denitrification rates compiled from a variety oystenss derived from
multiple habitats using multiple methods. Methods are abbreviated DA for demitrog
accumulation, CMS for sediment cores with MIMS, SAB for sediment slurry weétylene
block, CPI for cores with paired isotope techniques, MB for mass balance sti#liés; fRRach-

scale tracer studies, and M for global modeling estimates.

Denitrification Rate

Site Ecosystem  Method pmolhr? g m? year'
Elmdalé Reservoir DA, CMS 193 25
Fayettevillé Reservoir DA, CMS 179 24
Wedingtort Reservoir DA, CMS 137 13
Lacama$ Reservoir DA 183 L
Shelbyvillé Reservoir SAB o 62 - 230
Solind Reservoir CPI L 55-6.1
Sobygard Lake MB L 55
Harp’ Lake MB L 1.2
East Fork Walker Branéh Stream, For. RSI 12 .
Sugar Creek Stream, Ag. RSI 120 L
Global Lake8 Large Lakes M . 11.5
Global River§ Rivers M 13

'Present studyDeemer et al. (2011jDavid et al. (2006)'Kozelnik et al. (2007)2Jensen et al.
(1992):*Molot and Dillon (1993)/Mulholland et al. (2004fSeitzinger et al. (2006)
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Figure Legends

Figure 2.1. Hypolimnion and metalimnion DO concentration (A-C) and ORP (D-Fgduri

stratification at EImdale, Fayetteville and Wedington, respectively.

Figure 2.2. Hypolimnion N©-N and NH-N concentration during stratification, with regression
r?, p values and rates of concentration loss and accumulation, respectively, at (&)eEI(B)

Fayetteville and (C) Wedington.

Figure 2.3. Hypolimnion excessiNl concentration during stratification, with regressigrpr

values and concentration accumulation rate at (A) EImdale, (B) Fayetiawdl (C) Wedington.

Figure 2.4. Metalimnion excessAN concentration and SSI during stratification at (A) Elmdale,
(B) Fayetteville and (C) Wedington. Early and late summer regre<sipralues and rates of

accumulation used in whole-lake denitrification calculations are shown.

Figure 2.5. Dissolved oxygen (A) and excess\N(B) concentration over time in the 4
metalimnetic water column incubation treatments. RegresSipivalues and rates of excess

N>-N accumulation in PC and NGN + PC treatments are shown.

Figure 2.6. Epilimnion denitrification rates estimated from 5 intact sedio@e incubations in
contact with the mixed water column at EImdale (A), Fayetteville (B) aadiigton. Mean

monthly surface N@concentration at each reservoir from January-December 2010 are shown.
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3. NITROGEN RETENTION AND DENITRIFICATION EFFICIENCY IN SMKLL
RESERVOIRS

3.1 Introduction

Anthropogenic activities have greatly increased the terrestriiveanitrogen (N) pool
and subsequent N fluxes to adjacent aquatic ecosystems (Vitousek et al. 1997,\Galwa
2008). Nitrogen export to sensitive downstream water bodies, such as marine caessalhas
been tied to adverse environmental impacts and human economic loss (Howarth et al. 1996,
Vitousek et al. 1997). However, the river networks that transport N loads to matiemsynay
also retain up to 50% of watershed inputs (Wollheim et al. 2008). These river netveorks ar
comprised of wetlands, headwater streams, higher order rivers, and nadurs@made lakes,
all of which have variable hydrologic regimes and nutrient cycliresré@anders and Kalff
2001, Seitzinger et al. 2002, Seitzinger et al. 2006). These ecosystems allne:taamsform
reactive N to inert dinitrogen gas{Nbut the relative magnitude of N retention and
transformations remain poorly understood.

Nitrogen retention, or the portion of the influent N load not accounted for in the effluent
load, varies across aquatic ecosystems and is positively correlated dviglnliresidence time
and N loading rates (Kelly et al. 19&anders and Kalff 2001). Lentic water bodies, such as
natural lakes and man-made impoundment reservoirs, have long water residesaeliative to
lotic systems and therefore exhibit greater N retention. Nitrogemtiaien natural lakes has
been widely studied (Jensen et al. 1992, Molot and Dillon 1993, Menghis et al. 1997), but few
observations are available from manmade impoundment reservoirs (but see DaAAGE,a
Kozelnik et al. 2007). Nevertheless, the currently available data suggest#rabnes receive
high area-specific nutrient loads relative to natural lakes and may plagrambrtionate role in

landscape-scale N retention (Harrison et al. 2009). These data indicaterthathaas 33% of



38

global N retention in river networks occurs in reservoirs, despite the factsbatoms account
for only 6% of the total surface area of these networks (Harrison et al. 2009). Waimfibn
rates of reservoirs are normalized to reservoir surface area, testiragention by is estimated to
be 7-8 x greater than by natural lakes.

Additionally, Harrison et al. (2009) explored potential N retention variabiliéyee to
lake and reservoir size, dividing data between large (surface area ¥)5ankhsmall (0.001 kfm
< surface area < 50 Kinsystems. Estimated small reservoir areal retention exceeded that of
large reservoirs by more than 25% and was almost 10x greater than arealrétgtarge
lakes. Variability in N retention may also occur within the small reseclass. Downing et al.
(2008) showed that organic carbon burial rates in 40 small impoundments (approxima®€ly 0.1-
km?) increased by orders of magnitude as impoundment surface area decreesese Beis
generally transported to sediments as organic matter, a similar pattérstorage should be
expected.

Estimates of ecosystem-scale lentic N retention are rarelypaitie direct
measurements of denitrification, the only permanent removal pathway fovedddrom the
biosphere. The inherent difficulties associated with measuring denttafigaroducts and
scaling rates to the whole ecosystem have presented major challengdgemat lentic
denitrification (Groffman et al. 2006, Groffman et al. 2009). Lake and reservoir Ntsudge
bypass direct measurements of denitrification, equating N removal thdeaghfication with
“missing” N in mass balance models (Jensen et al. 1992, Molot and Dillon 1993, Garhier et a
1999). Two recent studies paired N retention estimates with direct labora@synements of
denitrification, but reached divergent conclusions. David et al. (2006) measuredicitntni

using acetylene inhibition in sediment slurry assays, concluding that over 50%et&fiion in
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Shelbyville Reservoir could be attributed to denitrification, while Kozeln&.g2007) used
isotope pairing techniques during intact sediment core incubations, estimatidgridxfication
rates that accounted for only 16.4% of N retention at Solina Reservoir. These fimdings
represent the naturally occurring variability in lentic denitrificatifficiency, but may also
reflect limitations of the methods employed to measure denitrification¢plarty in regards to
describing ecosystem-scale rates (Groffman et al. 2006, Groffman e®@). Rdre work is still
needed to understand the contribution of denitrification to the ecosystem-scalemldlkes
and reservoirs.

The objectives of this study were 1) to estimate annual areal N retentioaserdairs
representing a relatively understudied, but potentially important, size(clasent) of
reservoirs, and 2) to combine retention estimates with previously estimated damtrédication
rates from the study reservoirs that combined multiple seasonal and hakaitt-spe
denitrification measurements (Chapter 2). We estimated whole-resetabinitrogen (TN)
fluxes as the difference between system inputs and outputs. Annual reaciveWal through
denitrification was estimated in reservoir epilimnion sediments during inoabaif intact
sediment cores repeated over a one-year period and fraoctidnulation rates within reservoir
hypolimnia and anoxic metalimnia (Chapter 2). Reservoir N retention and destitoif
efficiency, or the proportion of N retention representing permanent reactedyal through

denitrification, were determined by comparing model inputs, retention, andifetiom rates.
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3.2  Methods
3.2.1 Sudy Stes

Lakes Elmdale (36°11°'45.5"N, 94°12'50.8"W), Fayetteville (36°08°'11.5"N,
94°07°'46.7"W) and Wedington (36°05'27.05”N, 94°22'02.9"W) are small (surface area <1
km?), shallow (average depth 3 m, maximum depth 9-10 m), and eutrophic flood control
impoundments located in and around Fayetteville, Arkansas, USA. The watersiseaf agezh
of the reservoirs are approximately 30 — 40x greater than the reservoiesardacindicating
comparable hydrologic residence times, a factor known to impact rdtesyafing and
retention (Seitzinger et al. 2002). The reservoirs differ in their primatgrahed land use/land
cover, introducing potential variability in external N loading that could imgsetrvoir N
retention efficiency (Haggard et al. 2003). Urban and agricultural land use/landlocovi@ates
the Lake Elmdale and Lake Fayetteville watersheds, while 80% of Lalsg¥en’s catchment
is forested. Brush Creek, Clear Creek and an unnamed stream within the LdikgtdreState
Park are the primary impounded streams that supply flow to Lakes EImdg¢telvdle and

Wedington, respectively.

3.2.2 Nitrogen mass balance model

A whole-reservoir mass balance model was created to quantify ecosystdml flux
(Flux2p10) at each site for the year 2010. Positive fluxes represented net retentiomeghiiee
fluxes indicated net release. Model inputs were the sum of all estimated 2§\0adarshed
TN (TDN + PN) influent loads, annual NHN release through mineralization of buried or

settling organic N at oxic-anoxic boundaries or in reduced in-lake environrmaedtset and dry
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atmospheric deposition. Estimated 2010 daily TN outflow loads were considered the only

output. The mass balance is therefore summarized:

(22010 Lflux + Mannual + Dwd)
Ao

Flux2010 =

(1)

Where Minnuaiis the 2010 organic N mineralization rate for the whole lakg j$the sum of wet
and dry atmospheric deposition to the reservoir surfages the reservoir surface area, and
Lflux is described as:

L:
l
Lflux = % - Loutflow (2)
g

Where Lnfiow IS the influent load estimated for the gauged portion of the watershegds Ls the
estimated effluent load, and,#s the proportion of the total watershed gauged in this study. The
N yield of ungauged sub-watersheds was assumed to be equivalent to tha@fanfgbe area.
Regional wet deposition rates (1.29 g N)rwere obtained for the year 2010 from the National
Atmospheric Deposition Program/ National Trends Network site AR27
(http://nadp.sws.uiuc.edu). Annual 2010 dry deposition was assumed to be 40% of wet

deposition (0.52 g N i) as in David et al. (2006).

3.2.3 Watershed inflow (Linflow) and outflow nitrogen loads(Loutflow)

At each reservoir, stream stage was measured continuously in the prirppamnaed
streams immediately up and downstream of the reservoir during August 2066y 2010
and April-May 2011. Gauging was conducted similarly to Schoonover et al. (2006). At each
site, gauging stations were constructed within a deep pool, where the continuenseuds
standing water was expected, by anchoring a T-post firmly in the steghanh attaching a

PVC conduit casing at the base of the post. Casings were perforated toraitioaf @ow.
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Each casing housed an Onset Hobo Water Level Data Logger, which logged the gverlyin
absolute pressure (water + atmospheric pressure; kPa) at 5-minutdsni&tivespheric
pressure was recorded simultaneously with a pressure transducer storedan the la

From August 2009-August 2010, point discharge measurements were collecteel at ba
and storm flow conditions once monthly at a single stream transect at each sites when
possible. Total discharge was estimated as the sum of at least 10 criossisdischarge
measurements calculated as the product of cross-section depth, width and aalecitye v
(Hauer and Lamberti 2007). A Marsh-McBirney Flo-Mate flowmetas wsed to measure
velocity. At the Lake Elmdale inflow site and Lake Fayetteville and Wedingtdlowwgites, a
Teledyne RD Streampro Acoustic Doppler Current Profiler was used totatibeharge
measurements during May 2011 high flow events when the streams were not eiadeabl

For each gauging site, a rating curve relating discharge messuseto corresponding
stream stage readings was developed using linear regression anali#is9.0. A square-root
transformation was applied to discharge measurements to maximizeayimeé#ne relationship

between the variables (Hirsch et al. 1993). These models are summarized:

QG =a+bsS (3)
Where S is stage arsdandb are linear regression equation parameters corresponding to
the y-intercept and slope, respectively. For any measurement wherdeéSswhsn or equal to
the y-intercept, Q was estimated to be 0.
Concurrent with point discharge measurements, water chemistry sanepéesoNected
from the thalweg of the inflow streams (Hauer and Lamberti 2007). Outflogr wiaemistry
samples were collected directly from the upper mixed water column c#gbevoirs from near

the outlet structure. Outflow samples were collected at least once monthigtbut the study
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period, when possible, but were not collected in tandem with point discharge measuadtaents
March 2010 because preliminary data indicated no effect of discharge on reservoir N
concentration. Following collection, all samples were stored on ice until returnl&btnatory.

Water chemistry samples were processed in the lab within 24 hours of colleatign usi
vacuum filtration to collect fractions for PN and TDN analysis (APHA 2005).ida&te N sub-
samples were collected on 25mm Whatman glass fiber GFF filters, windeefpassing through
the filter was collected for TDN analysis. Sub-samples were preseyveskking. Filters were
dried at 55°C for 24 hours and then analyzed for PN using a Thermo Flash 2000 Organic
Elemental Analyzer. Sample TDN concentration was determined using adzlimOC
analyzer equipped with a TNM-1 module (Shimadzu Scientific Instruments, Colunibia M

At inflow sites, sample TDN and PN loads were estimated as the product of point
discharge and TDN or PN concentration measurements, respectively. Rategrelating
TDN and PN loads to discharge were then developed using linear regressiors amdlys? 9.0.
Natural logarithm transformations were applied to both load and dischargelestmmaximize
linearity, and a bias correction factor (BCF) was calculated for eadeInfHirsch et al. 1993).
Models for estimating inflow loads (L) are summarized:

InL=a+blnQxBCF (4)

Season was considered the dominant control on variability in outflow PN and TDN
concentration. Fifth order polynomial (Poly 5) or multiple-sine periodic (Mult)-8xpressions
relating natural log transformed TDN or PN concentration to time wezetedlas possible
models to estimate daily concentration (Hirsch et al. 1993) and were genenagechuisiple
linear regression analysis in JMP 9.0. Fifth order polynomial models are geseialequation

5, while equation 6 represents Multi-Sin models:
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InC=a+bT+c(T-T)?+d(T-T)>+e(T-T)*+ f(T—T)>xBCF (5)
InC = a+ bsin2xaT + ccos 2aT + dsin 4T + e cos 4aT X BCF  (6)

Where T is days elapsed since January 1, Z0D@9the mean value of T at each site, atfcare
regression coefficients. The adjusted coefficient of variatf@)) (oot mean square error
(RMSE), PRESS statistic, sum of squared error (SSE) were calcudateach possible model
using JMP 9.0 and compared. The optimal model for each N constituent at each site was
described as that with the highéstand lowest RMSE, PRESS, SSE and MSPE (Hirsch et al.
1993).

Discharge, influent TDN and PN loads, and effluent TDN and PN concentration
corresponding to each 5-minute stage reading logged during the study peecbtiaated
using equations 3-6. Effluent loads were then calculated for each 5-minuteliagetiva product
of corresponding discharge and concentration estimates. Five-minute intemateswere
combined and scaled-up to daily influent and effluent loads. Daily TDN and Riheivieixes

were calculated according to equation 2.

3.2.4 Annual mineralization rates

Epilimnetic sediment and hypolimnion (sediment and water column) contributions to
whole-reservoir mineralization were estimated separately based uponltbieatuen-specific
NHs-N fluxes. Epilimnetic sediment NN fluxes were measured from continuous flow-
through incubations of intact sediment cores. Sediment cores were collecteséiioments in
contact with reservoir epilimnia in February, May, June, August and December 2016hAt ea
site, 3 - 4 cores with overlying water were collected in clear plastic {sbdace area = 40.6

cn?, height = 70 cm) using a manual gravity corer. Epilimnetic water was eallect
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simultaneously in acid-washed carboys at each site to serve as the inculflavomwater
supply.

Incubations were conducted in the lab similarly to those described by Sdo{2608)
at in situ temperature. Cores were sealed airtight with rubber stoppedsaith Teflon tubing to
provide inflow and outflow paths for the incubation water. The inflow water supply was
constantly aerated to simulate reservoir mixing and was pumped through that@orate of
0.50-0.75 mL mift. After a 12-18 hour pre-incubation period, effluent from each core chamber
and influent from each reservoir inflow water supply was harvested on 2 consecusanday
was filtered through 47 mm 0.60 pum Whatman GFF glass fiber filters undermagaressure.
Filtrate was transferred to acid-washed dark bottles and preserveddgdgreetil subsequent
fluorometric NH-N analysis on a Turner Designs Lab Fluorometer (Holmes et al. 1999). Areal

mineralization rates (k) were then calculated for each sediment core as:

([NH3]out - [NH3]in) X Q

K =
m AC

(7)

Where [NH]out and [NH]in are the NH-N concentration of core chamber effluent and influent,
respectively, Q is the continuous flow rate andsfithe surface area of the sediment core. The
mean Kk, and associated standard error rates were calculated from repticeddrom each
reservoir on each date.

Hypolimnion mineralization was estimated based upon hypolimnioaNNH
accumulation rates during stratification. From April — August 2010, hypolimniogr waimples
were collected weekly to biweekly at the location of maximum depth in eachioies8amples
were collected with a Van Dorn horizontal sampler at approximately 6 and 8akest ElImdale
and Fayetteville and 8 m at Lake Wedington. Samples were transferred-twaatied dark

bottles and stored on ice until return to the laboratory, where samples weisspdoard later
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analyzed for N3N concentration as described above. Volumetric hypolimnion mineralization
rates (kns) were estimated as the slope of a linear regression analysissN blbhcentration
versus time conducted in JMP 9.0, with a positive or negative slope indicating solutdiproduc
or consumption, respectively. Volumetric rates were converted to areaespendralization

rates (K,) as described below:

_ kyps X Vy,

K

(8)

Where \f, and A, are the volume and surface area of the hypolimnion, respectively. All thermal
strata dimensions were taken from Chapter 2.

Annual whole-ecosystem areal mineralization rateg, (M) were estimated by summing
habitat- and seasonally-specific areal rates over the appropriat@adedisrations, respectively.
Measured mineralization rates were assumed to represent averagel satsgjrtherefore,
assigning time intervals to each, Kor all habitats was required. Mean, Kates from sediment
cores collected in February, May, June, August and December 2010 were divided over a one-
year period as follows: January 1-April 14, April 15-May 31, June 1-July 31, Augustob&d
15, and October 16-December 31 2010, respectively. Hypolimnion mineralization rages wer
scaled up only during the stratified period (April 15-October 15). Whole resenmiah
mineralization rates are therefore expressed as:

Y(K,, Xt XA)
Mannuar = = A . 9
0

Wheret is the number of days over which a measurgavds assumed to represent in situ

seasonal rates, and i the seasonal surface area of the stratum corresponding tg,that K
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3.2.5 Whole-reservoir annual denitrification rates

Seasonal stratum-specific denitrification rates in epilimnetic ssdsnthe anoxic
metalimnion and the hypolimnion at each of the study reservoirs was edtimé&tbapter 2.
Denitrification rates were measured simultaneously with mineralizdtring sediment core
incubation and hypolimnion accumulation experiments described above, siHlbkes
representing denitrification rates. Additional field and lab procedures eélgoir estimating
denitrification rates during these experiments are described in de@Ghlpter 2. In order to
approximate annual, whole reservoir areal denitrification rates, strateaifis N-N fluxes
measured during these experiments were adjusted to the seasonal, whotesstadt and were
normalized to the whole reservoir surface area, as outlined for calculatiagahzation rates in

equations 8 and 9, respectively.

3.2.6 Reservoir nitrogen retention and denitrification efficiency

The annual areal TN flux for the year 2010 in the study reservoirs was cadicusinng
equation 1. Positive flux rates indicated net reservoir N retention in 2010, whatevedtuxes
indicated net export. Reservoir N retention efficiency (§pMNf model TN inputs, as well as

watershed TDN and PN loading, was estimated as:

Flux2010

%N or = x 100%  (10)

Inputzo10

Where Inpufpiois the sum of all model inputs described in equation 1. Reservoir denitrification

efficiency (%lpnr) Was then estimated in this study as:

ULpnp = —rannual o 100%  (11)

Flux2010
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Finally, other published estimates of areal N loading and retention in leneomsysere
compiled and compared to findings from the study reservoirs (David et al. 2006, Kozalhik et

2007).

3.3 Results
3.3.1 Watershed nitrogen loading models

A strong linear relationship (p < 0.0001) between stream stage and square root
transformed discharge was found across the sampled range at allstesafhable 1). At all
inflow sites, both TDN and PN loads were strongly related to discharge doecsmipled range
(Figure 1). Fifth order polynomial models were selected to predict TDN caten at Lakes
Elmdale and Wedington (Table 2). The models for predicting TDN concentratiake
Fayetteville ranked similarly, but the multi-sine periodic equation wastsdlbecause the
PRESS statistic was lower. The model selected to estimate PN conoentia a % order
polynomial equation at Lakes Elmdale and Fayetteville and a multi-sine pexgpéition at
Lake Wedington. Across sites, 47-78% of variability in outflow PN and TDN condentrat
was explained by the selected seasonal models. In 2009 and 2010, TDN concentratiompeaked i
November following lake turnover, remained high through winter, and reached a minimum
during the summer months (Figure 2A-C). Reservoir PN concentration exhibited¢nger

trend, peaking in late summer and declining during winter months (Figure 2D-F).

3.3.2 Daily nitrogen water shed fluxes
Across sites, daily riverine TDN fluxes were most often positive, indigatet reservoir

retention of the dissolved N fraction (Figure 3A-C). At Lakes Elmdale anettéayfle, daily
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riverine PN fluxes were most often negative, indicating net export (F&i2H€). However,
high magnitude PN storage events occurred concurrently with high flow, though highudag
PN export followed these events during summer months when reservoir PN cormentwatie
at their maximum. In contrast to Lakes Elmdale and Fayetteville, ERilffuxes at Lake
Wedington were most often positive, except following storm events and when the reservoi
discharged during summer months. Both base and storm flow daily TDN and PNeflloed®

Wedington were low in magnitude relative to fluxes at Lakes Elmdale antiéiafe.

3.3.3 Reservoir mineralization and denitrification rates

Table 3 provides a summary of the annual epilimnetic sediment, hypolimnion, and
whole-reservoir mineralization rates estimated at Lakes Elmdajefteville and Wedington.
Whole-ecosystem mineralization ranged from 2.22 - 7.38 g°Nund accounted for
approximately 10 — 20 % of total TN model inputs. Whole-reservoir mineralizatiawate
dominated by hypolimnion rates, which were an order of magnitude greater thameidim
sediment rates. Whole-ecosystem denitrification rates for the year 2@rhated by Chapter 2

are included in Table 4.

3.3.4 Annual reservoir nitrogen retention and denitrification efficiency

Table 4 provides a summary of the annual 2010 TN load inputs, outputs and fluxes, as
well as riverine TDN and PN inflow and outflow loads and fluxes for Lakes Eéndal
Fayetteville and Wedington. The reservoirs were consistent sinks for riiédMéoads, but
Lakes Elmdale and Fayetteville were net PN sources in 2010. Particulagemniexport

occurred at a low rate relative to TDN retention in the lakes. Despite netgeixt at 2 sites, all
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reservoirs acted as TN sinks in the landscape, with annual N retention rangirigf6om18.7 g
m. Areal retention in the study reservoirs and the compiled natural lakes and reseasoa
function of N loading rates (Figure 4). Retention efficiency ranged from 42%kat Elmdale
and Fayetteville to 84% at Lake Wedington (Table 4). Estimated annual deatitifiexceeded
retention rates at Lakes Elmdale and Fayetteville and accounted for apgedyi70% of TN

retention at Lake Wedington.

3.4  Discussion
3.4.1 Ecosystem-scale N retention

The cross-system comparison of lentic loading and retention indicated thtatdyre s
reservoirs received and retained areal N loads that are intermedaatg Emtic systems and
low relative to other reservoirs (Figure 4). Though in range with global modelkéss of small
reservoir N retention, annual N retention in 2010 at Lakes Elmdale, Fayetssdl Wedington
was 40 — 60 % of the 31 g N7y’ estimated as the global average by Harrison et al. (2009).
The magnitude of N retention in the study reservoirs relative to naturaldagpsrted model
findings indicating a significant role for small reservoirs in retentiterijson et al. 2009).
Estimated N retention in the study reservoirs was an order of magnitutkr ¢inea in most
similarly-sized natural lakes (Molot and Dillon 1993, Ahigren et al. 1994, and van Luijn et al
1996).

Among the study reservoirs, Lake Wedington exhibited the greatestiNioet
efficiency. Total nitrogen loading to Lake Wedington was only 58% of Laketteville’s
annual TN inputs, but Lake Wedington retained a nearly identical N load. Lake \téedvas

also most efficient at retaining riverine TDN and PN loading, suggestingyithatibgic
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variability might explain elevated efficiency at Lake Wedington. Easge and TN loading out
of Lake Wedington frequently ceased due to the intermittent nature of thestire this basin,
but outflow was always observed at Lakes EImdale and Fayetteville (Figutaky
Wedington’s watershed also had the highest proportion of forested land use/land cover, a
watershed characteristic associated with lower magnitude maximumfiar, as well as
reduced high flow and pulse frequency, particularly relative to urban landnasedeaer
(Schoonover et al. 2006) . The low magnitude and relative infrequency of major spulldipsa
in daily riverine fluxes at Lake Wedington supports this interpretation Eigjur Lake
Wedington N retention efficiency was comparable to larger lakes with longuiyadresidence
times (Menghis et al. 1997) and was among the highest documented in lentic $stzehsk

et al. 2007, Harrison et al. 2009).

3.4.2 Denitrification efficiency

Denitrification efficiency at Lake Wedington was also high relativether lentic
systems (Kozelnik et al. 2007), but estimated annual denitrification ratesalm@ost 50% less
than at Lakes Elmdale and Fayetteville (Table 4). Annual denitrificadies at Lakes Elmdale
and Fayetteville exceeded annual N retention, indicating denitrificatiameeity greater than
100%. These findings were unexpected, and denitrification could have been overdstimate
particularly epilimnetic rates based upon sediment core incubagiin®és that were assumed
to uniformly represent seasonal denitrification rates in all epilimneticrents (Groffman et al.
2006, Groffman et al. 2009). It is also likely that these processes are not dompsaea
simultaneous intervals, as N import, denitrification, and export do not occur instantgraswls|

are variable in space and time. For example, up to 20% of N loading to the study regervoi
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2010 was due to a single seasonal event, namely fall lake turnover and theexkseleiase of
accumulated hypolimnion Ng=N. A similar release can be assumed to have occurred in 2009,
and subsequent elevated TDN concentrations persisting in reservoir wataghtlate spring in
2010 suggest that this N input likely contributed to denitrification at least 6 motghsnafing.

It is also possible that denitrification exceeded N retention at 2 of thersietyoirs
because we were not able to estimate all potential N inputs as part of the stasly balance
model. In Chapter 2, disparity in hypolimnion N®upply and depletion rates relative to N
production was noted. It was hypothesized thag NMOgroundwater entering the lakes through
sediments was fueling hypolimnetic denitrification up to 4 months after inN&kesupplies
were exhausted. The Ozark Plateau exhibits high surface to groundwater cagnessiviting
in similar water chemistry between surface and groundwater in both pristine apdinbn
source impacted zones (Petersen et al. 1999, Haggard et al. 2005). Springs that fiedrttezly
reservoirs’ parent streams would now discharge directly into the reservairstiraam and
groundwater N@-N concentrations can reach levels of up to 4 mMdrLurban and agricultural
watersheds like those of the study reservoirs.

Nitrogen loading through fixation of atmospherigiN algal biomass could also be a
significant reservoir N input in all three reservoirs. During summer monthi, Mrfixation
can represent virtually all of the N load to some ecosystems (Patoin2@d@), though rates
are typically highly variable between systems and years (Scott et al. 2008)al water
column N fixation at Lake Fayetteville was approximately 9 § yeaf" in 2008 and 2009 (J.
Thad Scott, unpublished data). If these estimates are representative of 89 110atet
Fayetteville water column Nixation was roughly equivalent to the 2010 riverine N flux. In

Chapter 2, net sediment N fixation was measured at multiple sites, in 3 of 5 20ircabetion
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experiments, though these fluxes were not scaled up to ecosystem rately, ITldaation is a
major source of N loading in the study reservoirs, but developing detailedtestiohay
fixation rates was beyond the scope of this study.

Previous studies may have underestimated lentic denitrification based ugandimi
inherent to the methods employed and associated assumptions. The mass balardetapproa
estimating denitrification equates N removed through denitrification to thatdedtween
system inputs and outputs and N burial. Previous studies defining denitrificatioagates
“missing” N are therefore inherently unable to estimate denitrificatites exceeding retention.
Previous lentic ecosystem denitrification estimates based upon direct emasts have solely
focused on sediments (David et al. 2006, Kozelnik et al. 2007). However, in Chapter 2,
indications of significant Nproduction within the reduced water column at the study reservoirs
was found. Up to 50% of annual denitrification occurred in the anoxic metalimnion at Lake
Elmdale, also the site with the greatest difference between retention amdicktion estimates.
Anoxic metalimnion denitrification was strongly tied to water column stgpitith brief N,
production bursts occurring during stable periods following disturbance events. pehcf ty
transient water column activity falls outside the scope of any previous lentigfamtion
study.

Incongruities in estimated N fluxes also highlight the limitatione@ated with mass
balance studies. The most significant of these limitations is the rejativet temporal scale of
most studies. Considerations of cost and available manpower limit studies tdiegthinduxes
over periods of 1 - 2 years, or less, (David et al. 2006; Kozelnik et al. 2007, present study), but
significant interannual variability in N loading and retention likely oc¢G@arnier et al. 1999,

Ferris and Lehman 2006). While relatively constant seasonal patterns aranmhposhaping N
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retention (Figure 2), in our study, extreme hydrologic events that vary ingheotal

distribution between years frequently reversed base flow fluxes and compoundédedtseoéf
seasonal variability on effluent loads (Figure 3). This is best illustratedgihcomparison of
daily PN fluxes at Lake Elmdale and Fayetteville associated with @ajp2009 and July 2010
storm events. High magnitude PN retention occurred during both events, but accompayhying
magnitude PN export was observed only following the July event, when reservolriaigaks

is at its highest. The reverse trend was seen in daily TDN fluxes aFbgké#eville.

It should be noted that some extrapolation of rating curves for estimatingridw
influent N loads was required due to equipment limitations preventing collection b&djsc
measurements at high flow exceeding wadeability. At most sitespeletian was relatively
minor, with point discharge and water chemistry samples collectedansstages equivalent to
80-95% of the maximum average daily stage. At the Lake EImdale outflow siteyéuhe
maximum stream stage at which discharge was measured was equovalehs?7% of
maximum average daily stage. Despite the limited range of point digcheaasurements,
modeled discharge out of Lake Elmdale always remained within range of sienutaestimates
at the gauged sites upstream and at the other study reservoirs during high fitav &ve
general, the modeling strategies employed by this study were higlelyssifial considering the
potential problems associated with this type of gauging and sampling réigporeet al. 2008).

Another source of error in our study arises from the manner in which gauged area
hydraulic and N yields were scaled up to represent the total reservaisheate Equal yield was
assumed across all sub-watersheds regardless of differences size oel@amd a®ver.
However, in small and/or impacted catchments, high nutrient and hydraulic wikltiger to

larger watersheds may occur (Smith et al. 1997, Schoonover et al. 2006). Adjusting influent
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loading estimates based upon sub-watershed characteristics might heasaddotal N inputs,
but we believe this would have been difficult to accomplish at the resolution of available

topographic and land use/land cover data.

3.4.3 Summary and conclusions

The results of this study provide estimates of annual N retention ratediaiethey in 3
man-made reservoirs representing a relatively understudied leticlass. Areal N retention in
the study reservoirs was low relative to retention documented in other res@Davird et al.
2006, Kozelnik et al. 2007), but retention efficiency was moderate to high. Our study builds
upon previous lentic N retention studies by estimating the proportion of the retainetl dnnu
load that is permanently removed from the system through denitrification. lasioiatiother
studies of denitrification efficiency, our whole-reservoir denitrificatestimates were generated
by combining multiple seasonal and habitat-specifi¢iihdk measurements and represent both
sediment and anoxic water column contributions. Denitrification rates exceeééshhion
estimates in 2 of the 3 reservoirs, but model inputs did not include potentially significant N
fixation inputs. These findings suggest that denitrification may play aegreds in regulating
long-term reservoir storage of watershed and biologically-fixed N loads teaiopsly

understood.
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Table 3.1. Linear regression equation coefficiaasdb as described in Eq. 3 relating square
root transformed point discharge measurements to stream stage measiatst pgegsure at in-
stream inflow and outflow sites. The adjusted coefficient of determinafigmid root mean

square error (RMSE), sum of square error (SSE)paradues are included for each model.

Reservoir Site a (SE) b (SE) 2r RMSE SSE p

Eimdale  Inflow -1.22 (0.120) 0.322 (0.0212) 0.924 0.142  0.364  <0.0001
Outflow -1.91 (0.151) 0.379 (0.0251) 0.9339 0.03327 0.0166 <0.0001
Fayetteville Inflow -3.28 (0.120) 0.529 (0.0174) 0.9809 0.04518 0.0347 <0.0001
Outflow -2.27 (0.102) 0.476 (0.0167) 0.9782 0.06586 0.0737 <0.0001
Wedington Inflow -1.38 (0.161) 0.257 (0.0247) 0.8842 0.09081 0.1072 <0.0001

Outflow -1.72 (0.218) 0.266 (0.0250) 0.9332 0.1539  0.1659 <0.0001
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Table 3.2. Comparative statistics from the multi-sine periodic and 5th degree prallynom

regression models developed to describe seasonal variability in total disstlegdm{TDN)

and particulate nitrogen (PN) concentration in the study reservoirs. The opthall ior each

variable at each site is in bold. The adjusted coefficient of determinatipar(d root mean

square error (RMSE), sum of square error (SSE) and PRESS statistmowgrared to select the

overall best model with the highe&t and lowest RMSE, SSE and PRESS.

2

Site Variable Model R RMSE SSE PRESS
Elmdale TDN Multi Sin 0.557 0.199 1.19 2.60
TDN Poly 5 0.639 0.180 0.935 1.55
PN Multi Sin 0.672 0.424 6.82 11.4
PN Poly 5 0.692 0411 6.24 10.0
Fayetteville TDN Multi Sin 0.732 0.210 1.24 2.61
TDN Poly 5 0.735 0.209 1.18 4.03
PN Multi Sin 0.697 0.382 5.56 13.3
PN Poly 5 0.783 0.324 3.88 7.38
Wedington TDN Multi Sin 0.524 0.178 0.602 1.23
TDN Poly 5 0.580 0.167 0.503 0.774
PN Multi Sin 0.474 0.313 2.64 3.57
PN Poly 5 0.449 0.320 6.05 4.12
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Table 3.3. Mean (standard error) annual epilimnion and hypolimnion (thermafrstrat
contributions to the annual ammonia-nitrogen gNNJ flux due to mineralization of organic N at

in-lake oxic-anoxic boundaries and in reduced environments.

Site Thermal NH3-N Flux
Stratum (g m?)
Elmdale Epilimnion 0.322 (0.0611)

Hypolimnion 3.42 (0.232)
Total 3.74 (0.293)
Fayetteville Epilimnion 0.0541 (0.0486)
Hypolimnion 7.32 (0.563)
Total 7.38(0.612)
Wedington Epilimnion 0.373 (0.0764)
Hypolimnion 1.85 (0.216)

Total 2.22 (0.292)
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Table 3.4. Study reservoir annual total nitrogen (TN) mass balance load input, outpux and f
for the year 2010, including watershed total dissolved nitrogen (TDN) and partictdageni
(PN) loads, mineralization and wet and dry atmospheric deposition. Influent TDN doddaN
only reflect watershed N inputs. Reservoir retention efficiency fornfpiNts and watershed TDN
and PN loads are given as %Ret. Whole-reservoir denitrification ratesitest for the year
2010 in Chapter 2 are included, as well as denitrification efficiency (YoDNE)eqroportion

of the TN load retained accounted for by denitrification.

Load in Load out Retention DNF
Site Variable (g m?) % Ret (g m? %DNF
Elmdale TN 28 14 14 49 25 180
TDN 19 7.8 12 60
PN 2.9 6.5 -3.6 -120
Fayetteville TN 38 19 19 49 24 130
TDN 22 12 9.5 43
PN 6.7 1.7 -0.94 -14
Wedington TN 22 3.5 19 84 13 70
TDN 16 2.2 14 86

PN 2.3 1.3 1.0 44
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Figure Legends

Figure 3.1. Natural log transformed total dissolved nitrogen (TDN) andydatéaitrogen
(PN) loads versus point discharge measurements from Lake (A) EiImdakegy@&teville, and

(C) Wedington inflow streams with linear regression equatiégd; statistics ang values.

Figure 3.2. Natural log transformed observed and predicted total dissolvedmiff@j¢; A-C)
and patrticulate nitrogen (PN; E-F) outflow concentration through at the stkelyoe. Panel
rows correspond to Lakes Elmdale, Fayetteville, and Wedington, respectivendieg from

the top.

Figure 3.3. Modeled study reservoir total dissolved nitrogen (TDN; A-C) andusaréic
nitrogen (PN; D-E) load fluxes. Panel rows correspond to Lakes Elmdakdidwalie, and

Wedington, respectively, descending from the top.

Figure 4.3. Areal nitrogen (N) retention rates versus areal N loadisgeg@rted in natural
lakes and reservoirs (Kozelnik et al. 2007), including the study reservoirs inditizi
retention increases exponentially as loading increases. Regression egtsaficstatistic and p

value are given.
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4. CONCLUSION

The goals of this study were to generate estimates of annual Naetand
denitrification in 3 reservoirs and compare these estimates to deterseneoredenitrification
efficiency, or the proportion of N retention represented by reactive N rémmovagh
denitrification. In lentic systems, denitrification studies are lartyelyed by the cost,
feasibility, and range of currently available methods. However, no studieghiategrated
multiple techniques for measuring denitrification into a single systeel-$tudy. This study
demonstrated that denitrification in small, shallow impoundments may be atcarateapidly
estimated by combining habitat-specific techniques and advances thefslemtyc
denitrification by integrating hypolimnetic denitrification estimatéthwstimates from the
anoxic metalimnion and epilimnetic sediments. Application of thaddumulation technique to
measure denitrification in the anoxic metalimnion is also unique to this. study

The results of this study provide estimates of annual N retention ratedieleth@f in 3
man-made reservoirs representing a relatively understudied lemticlass (< 1 kA). This
study builds upon previous lentic N retention studies by using direct measurements
denitrification to estimate the contribution of denitrification to N retentilmncontrast to other
studies of denitrification efficiency, whole-reservoir denitrifioatestimates in this study were
generated not only through direct measurementdfuXes, but by combining multiple seasonal
and habitat-specific Nflux measurements that represent both sediment and anoxic water column
contributions.

Denitrification efficiency in the study reservoirs was high relativatesrreported in
other lakes and reservoirs, and denitrification rates exceeded N retetitizatessin 2 of the 3

reservoirs. While method limitations may have resulted in underestimatesibffication by
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previous studies, this study's findings likely reflect the fact that potigraighificant N inputs
were not included in the mass balance model, most notable biologittaltibn. Microbially-
mediated processes may contribute more greatly to both N loading andretemgintic
systems than previously understood, and this study indicates that denitrificayi®a phajor

role in regulating long-term storage of watershed and biologicallg-fiké&ads.
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