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Nitrogen (N), particularly nitrate (N£), is a critical pollutant in many northeastern US
watersheds that is especially detrimental to cbastiaine ecosystems. Agricultural land, which
receives fertilizers and/or animal manures, isiaggral source of N loading to the environment.
The most effective N@ attenuation mechanism is probably microbial dédmation, i.e., the
transformation of N@ into N gases (e.g., NO,2N, N,). Currently, our estimates of the
magnitudes of denitrification rates at landscajadescare “tentative” at best, usually based on
large-scale watershed budgets in which denitrificatvas estimated by difference. One reason
that denitrification is hard to quantify is thateage amount of denitrification occurs in
disproportionately small parts of the landscape,(hotspots) and over relatively short periods
(i.e., hot moments). Denitrification occurs priniatinder anaerobic conditions by heterotrophic
microbes and is expected to be vigorous in wes $vgh in organic carbon. There is good
evidence that these conditions correlate strongfly the likelihood of soil saturating, i.e.,
hydrological sensitivity, thus, by juxtaposing hglirgy and biogeochemistry we can elucidate
the distribution of denitrification hotspots acrake landscape. We used nitrogen isotopes to
guantify and characterize spatial patterns of déodtion in riparian zones and other saturated
soils (i.e., the shallow saturated zone) of ancadmral landscapeln situ denitrification rates in
shallow groundwater were determined monthly usiegdIN-NO3™ push-pull method. Annual

rates of denitrification showed a strong positigtionship with topographic index, a well-



known wetness index and indicator of hydrologicikinty. The resulting relationship was used
to distribute denitrification rates across the kgape and estimate denitrification N fluxes from
the shallow saturated zone. Denitrification in shallow saturated zone resulted in a N flux that
was nearly half of the total denitrification frotmetlandscape—in about a third of the area—as
determined from an unusually well-constrained wHalen N balance constructed from farm
records and field measures. Denitrification N ftakes from saturated riparian soils were among
the highest in the landscape, however the contabwdf riparian areas to total landscape

denitrification was less than 10 percent.
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CHAPTER 1

INTRODUCTION

Humans have dramatically altered the earth’s ngno@N) cycle, largely through the industrial
production of synthetic fertilizer to support agticire (e.g., Vitousek et al., 1997; Galloway et
al., 2008). Anthropogenic N applied by humanshEarth’s land surface now exceeds natural
biological N; fixation in terrestrial ecosystems, resulting utbstantial negative human and
environment health effects (e.g., Galloway et2004; Robertson and Vitousek, 2009). The
main process that permanently removes reactive@id the environment is denitrification, the
microbial production of Blfrom fixed N (Seitzinger et al., 2006). Denitcdition is a facultative
anaerobic process, with denitrifying bacteria regginitrate (reactive N to be reduced), an
energy source (typically carbon), and sub-oxicramac conditions (Boyer et al., 2006).
Denitrification occurs in almost all terrestrialdaaquatic ecosystems (see Seitzinger et al., 2006)
and some human engineered systems (see Schipder210). Despite many denitrification
studies, there remains a need for margtu denitrification measurements; few locations have
measurements adequate to quantify rates or to stather factors controlling denitrification at the

ecosystem scale (e.g., Boyer et al., 2006; Groffetal., 2009b).

In a broad sense, hydrology has become key to staseling spatial and temporal rates and
patterns of denitrification. Hydrology affects defication in two key ways: by transporting

and mixing the necessary electron acceptors andrdd@nitrate and carbon), and by changing
the oxygen status of terrestrial soils or aquadtireents (Boyer et al., 2006). These coupled
eco-hydrological controls on oxygen, nitrate, aatbon availability give rise to hotspots and hot

moments of denitrification activity in the landseapat are difficult to quantify and model (e.g.,



Groffman et al., 2009a). While riparian zones haaceived considerable attention as potential
hotspots for denitrification (e.g., Hedin et aR98; McClain et al., 2003), similar conditions that
may promote denitrification exist along a continutimoughout the landscape, and include areas
prone to saturate permanently or periodically (&\glter et al., 2000). Wet areas of the
landscape are typically associated with sub-ox@maxic conditions; thus, partially to fully
saturated soils and aquatic sediments are ideal f&it denitrification (e.g., Boyer et al., 2006;
Groffman et al., 2009b). Despite this knowledgmat®temporal distributions of these
denitrifying zones have not been quantifiably chteazed and are often ignored in most

denitrification studies.

The focus of the research presented in this degsentis denitrification in riparian zones and
other saturated soils of agricultural landscagess presented as three separate papers, Chapters
2 — 4. The first paper (Chapter 2) explores diiciition in riparian zones of a typical
northeastern US agricultural landscape, in whichgquentifyin situ rates of denitrification
monthly over a one-year period and characterizaipbifiemical variables known to influence
rates of denitrification. The second paper (Chap}éncorporates denitrification occurring in
the shallow saturated zone from other parts ofahdscape. We specifically develop and
validate a model/method for scaling up point measwents of denitrification to larger scales
(e.g., landscape or watershed). With a methoddaling our denitrification measurements to
the entire agricultural landscape, the third pdérapter 4) constructs a whole farm-N balance
as a means to investigate the contribution andivelanportance of shallow saturated zone
denitrification hotspots to the mitigation of nompiossource N pollution. Unique to this body of
work is the dataset of situ denitrification measurements and associated pblgsiical

variables, presented in full at the end of thisélitation (Appendix).



The work herein supports the three fundamentakdmraadvancement targeted by the National
Science Foundation Denitrification Research Coatiom Network

(http://www.denitrification.ord (1) quantification of denitrification rates; (gvelopment of

guantitative, process-based relationships betwatexs denitrification and controlling factors;
and (3) production of spatially explicit, processsbd models that can be used to scale-up site

specific measurements to the ecosystem or largéesc
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CHAPTER 2

DENITRIFICATION IN RIPARIAN ZONES OF A HEADWATER
AGRICULTURAL LANDSCAPE

ABSTRACT

Riparian zones adjacent to cropped lands have &igestive at reducing nitrate (NQ loads to
receiving water bodies primarily through plant iat@and denitrification. Denitrification
represents both a permanent removal pathway anekalgpuse gas source, convertingsNG®
inert N, gas or nitrous oxide (D), and has been the subject of many studies inudigrral
landscapes. Despite the prevailing notion thatrigm zones can be areas of enhanced
denitrification, there is a lack of situ denitrification measurements from these areashilné¢r
streams and rivers from NQoriginating in upland cropped soils, especiallgioirme scales that
capture seasonal dynamics. We measuredu denitrification rates in two riparian zones of an
intensive dairy farm located in the headwatersefSusquehanna River. Denitrification rates
determined monthly over a one-year period with'theNO; push-pull method ranged from 0 to
4177 ug N kg soit d* with a mean of 830+193 pg N kg sbif®. Denitrification showed a
distinct seasonal pattern, with highest rates ofeskin the spring and summer, concomitant with
warmer temperatures and decreasing dissolved oxygénestimate an annual N loss of
470+116 kg yr ha' of riparian zone via denitrification in the shalsaturated zone, with the
potential for more than 20% of this amount occugi@as NO. Total denitrification from shallow
groundwater in the riparian zone was equivalel®2% of manure N spread on the adjacent
upland field, confirming the importance of ripariaones in agricultural landscapes at

controlling N loads entering downstream waters.

" Anderson, T.R., P.M. Groffman, S.S. Kaushal, an@.MValter. Denitrification in riparian zones ohaadwater
agricultural landscape. Journal of Environmentahlipy. <internal review>

6



INTRODUCTION

Human alteration of the nitrogen (N) cycle has bweli documented (e.g., Vitousek et al.,
1997; Galloway et al., 2004; Galloway et al., 2008here has been a doubling of the amount of
available N in the terrestrial N cycle through eased production and use of industrial
fertilizers, combustion of fossil fuels, cultivati@f legumes, and other human activities (e.g.,
biomass burning). Agriculture is largely respofesiior these changes. Additional N from
fertilizers, manure, or N-fixation is largely presed to be a crucial component of modern crop
production, necessary to meet current and futurd fsoduction demands. However, a
substantial proportion of N added to cropping systés lost to the environment in reactive
forms. Major pathways include runoff and leachafignitrate (NQ) to surface and
groundwater, volatilization of ammonia (MHrom soils, and fluxes of nitrous oxide D) and
other reactive N-containing gases (N@ the atmosphere (Robertson and Vitousek, 2009).
Environmental consequences of these reactive NSama well known and include
eutrophication of coastal zones, compromised alrveater quality, climate warming, and

biodiversity changes in receiving ecosystems (&glloway et al. 2003).

Riparian areas have received considerable attefdraheir ability and potential to remove
substantial amounts of NTrom groundwater and shallow subsurface waterreatas

delivered to lakes and rivers (e.g., Gilliam, 1984t, 1996). Denitrification and plant uptake
are known to be the primary mechanisms okN@moval in riparian zones. Denitrification is of
particular importance and interest because it pies/a true N sink by converting NCa
biologically reactive form of N, into N gases (pedbly inert N) which return to the
atmosphere; by contrast, plant uptake generall/taciemporarily immobilize reactive N, which

may later be returned to hydrological flows to aad water bodies. Denitrification occurs



primarily under anaerobic conditions by heterotiophicrobes and is expected to be vigorous in
wet soils (i.e., corresponding to low-oxygen coiaais) high in organic carbon. Soils in riparian
zones tend to satisfy these conditions and ara bibe spots of denitrification and/or other
biogeochemical transformations (e.g., Hedin et1®98; McClain et al., 2003; Vidon et al.,
2010). Unfortunately, direct measurement of ddiaaition is problematic due to the high
background concentration ok the atmosphere; additional challenges arisa tnagh spatial

and temporal variation in the process itself, atalisg-up of measurements to ecosystem or

watershed scales (e.g., Boyer et al., 2006; Groffatal., 2006).

The majority of denitrification estimates from agitural soils are based on laboratory studies
of denitrification potential or unresolved N-balas¢although in recent years there has been an
increased effort to quantify situ denitrification losses (Barton et al., 1999; Hrdsind
Bouwman, 2005). The most common method for meagwtenitrification is the acetylene
(CzHy) inhibition technique, generally applied to sakes or soil slurries. £l inhibits the
reduction of NO to N,, so NO (which is much easier to measure) becomes thégnoduct of
denitrification. A widely recognized problem witlhe GH> inhibition technique is that it also
inhibits the production of N©via nitrification, which may lead to an underesiiion of actual
denitrification (Groffman et al., 2006). In agrittual landscapes which receive N additions
(e.g., fertilizer, manure) and therefore have Wigbs concentrations, this is probably not much
of a concern. However, the use gHz inhibition on soil cores or slurries may not yield
representative measures of actual denitrificatinoessoil samples are physically removed from
their environment (biogeochemical disconnectiorg aften subjected to further alteration (e.g.,
changes in aeration status, soil structure, ma@stantent). A variety ofN tracer methods have
been used to quantify in situ denitrification inls@and sediments, surface waters, and
groundwater. In most studi¢sN-labelled NQ  is directly added to soil or water, and

measurement of theN gases generated represents actual denitrificafi@pending on the

8



technique of°N application and recovery, these methods reqelegively little disturbance of

in situ conditions. >N tracer methods are best suited for agricultusaé ®r waters where the
addition of N is less likely to show a fertilizati@ffect and overestimate denitrification
(Groffman et al., 2006). Direct measurements oftdéication in water-saturated soils are
complicated by low gas diffusivity (Well and Myrglti999), but this has recently been
overcome by combiningN tracer techniques with a rapid, single-well “pymHl” method. The
push-pull method assesses reaction rates of mairabiivity by injecting a reactive solute plus
tracer into groundwater and later extracting groveteér from the same location while measuring
the reduction or accumulation of the various reastand products (e.g., Trudell et al., 1986;
Istok et al., 1997). ThEN-NO; push pull method has been used to quantify déattion in a
variety of riparian settings, including fens (Wetlal., 2001), freshwater and brackish riparian
zones (Addy et al., 2002), pasture and grasslardtomorphic soils (Well et al., 2003), forested
riparian sites (Kellogg et al., 2005; Watson et2010), the riparian zone-stream interface of
restored urban streams (Kaushal et al., 2008) ageepetlands (Zaman et al., 2008), and urban

wetlands (Harrison et al., 2011).

Measurements of denitrification from riparian zomeagricultural landscapes are important for
estimating contributions to farm- and watershedesbbbudgets. Perhaps more importantly,
these types of measurements can provide insightliet potential mitigation of agricultural
nonpoint NQ" pollution by capitalizing on the natural ecosystrnvice of riparian
denitrification. However, there is a lack of me&sunents of in situ denitrification rates in
ephemeral headwaters and riparian zones in agrallivatersheds (Mayer et al., 2006). These
areas are critical zones for denitrification. Epleeal and low-order streams make up a large
portion of cumulative stream length for high-ordereams. Thus, the largest portion of annual
stream nutrient loads enters watersheds from thdviters (Alexander et al., 2007). Improved

understanding of the factors that control dendafion in agricultural riparian zones is also an

9



important precursor to developing improved, tardetenagement practices to protect water
quality. Part of the process to develop new gfjiateto control nonpoint source N@ads to
surface waters typically relies on model simulagiom compare outcomes of different possible
scenarios (Boyer et al., 2006; Groffman et al., 30@ne critical short-coming of current
agricultural water quality models is that they eaéibrated against measurements of stream
discharge and nutrient concentrations at a watdisloaitlet, which provides little assurance that
the internal processes are correctly representpdrameterized (e.g., Mehta et al., 2004; Garen
and Moore, 2005). The ability to compare modelestijgtions to measurements at different

points within a watershed adds substantial contide¢a overall model competence.

The objectives of this study were to: (1) quanti§nitrification rates in two agricultural riparian
zones of an active dairy farm in upstate New Yarkd (2) investigate potential seasonal factors
influencing denitrification rates. We quantifigdsitu rates of NO and N production using the
1°N-NO; push-pull method at monthly intervals over a orefyperiod. We also characterized
physiochemical variables known to influence ratiedemitrification, particularly N@, carbon

(C), and oxygen (&). We hypothesized that riparian soils in agrigrdt landscapes have the
potential to promote substantial denitrificatiorayeound and that the highest rates would be
observed during the summer, concomitant with irgireptemperatures and decreasing O
(changes in environmental conditions known to prienttenitrification). Our study site was
located in the headwaters of the Susquehanna Riershed, the primary source to the
Chesapeake Bay, which is highly impaired due tesxd\NQ@ (e.g., Howarth et al., 2002; Kemp
et al., 2005). The New York portion of the Suscareta watershed has a current Total
Maximum Daily Load (TMDL) N target of 8.77 milliolbs yr* (3978 Mt yi') (USEPA 2010),
which will require substantial reductions likelyimving new and better management strategies

(e.g., Boesch et al., 2001). This work is pard ¢drger, multidisciplinary study designed to

10



increase our knowledge of the sources and sinksitoients and sediments in the New York

portion of the Susquehanna watershed (see Woodibady, 2008).

METHODS
STUDY AREA DESCRIPTION

We measureth situ denitrification rates in two riparian zones ofaah located at Cornell
University’s Animal Science Teaching and Researeht€r (T&R Center) near Harford, NY
(Figure 2.1). The T&R Center occupies about 10602600 acres) of land, of which 450 ha
(1100 acres) are used for crop production (alfaitfd corn) and 160 ha (400 acres) are
undeveloped pastureland used for grazing. Theirenggacreage is utilized by the dairy, beef,
and sheep facilities. The farm manages approxigna@0 dairy cows, 250 beef cattle, and
1100 sheep (T. Eddy, Director of Operations, peasoommunication, 2010). The T&R Center
is situated in a broad valley floored with strafidrift, cut through bedrock ridges and drained
by small headwater streams (Randall et al., 1988jrainage divide runs thru the T&R Center
with the area on the north side draining into the_.8&wrence River and the south draining into
the Susquehanna River. The majority of the intexigifarmed land is in the southern drainage
system (Wang et al., 1999). The two riparian zarsesl in this study are adjacent to the
easternmost cropped field within the T&R Centet.th time of this study, and two years prior,
the field was under alfalfa rotation (i.e., contmgly for three years). Farm records indicate that
manure (130 kg N Kay™®) was spread on the field (33 ha) during the wiatet early spring
months (Jan — Mar); no additional fertilizer wasdi§T. Eddy, personal communication, 2010).
Soils in both sites are classified as Wayland (§ify, mixed, active, nonacid, mesic
Fluvaquentic Endoaquepts), poorly drained silt Iedo@longing to the Howard association
(Swader, 1972). Total riparian area delineatethis/soil map unit (WbA) and confirmed using

digital imagery plus soil survey data was 3 ha (MR2013). The streams that originate from
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Figure 2.1.Location of study sites in upstream (U) and doveash (D) riparian zones of Cornell University’s T&R
Center near Harford, NY. The riparian sites afja@ht to the easternmost cropped field withinfénen

boundaries, and encompass intermittent stream$atmatheadwaters for the Susquehanna River. Aathbhe
delineates the groundwater divide. The locatiomifi-piezometers reported on in this study arenshimset.
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the riparian zones are intermittent, with highewfs occurring during periods of snowmelt or
rain events and lower or no flow during periodsinf weather, primarily in the summer. The
intermittent flow reflects the small watershed ataaited capacity for moisture storage in the

upland soils, and heavy vegetative growth on thangs (Swader, 1974).

SITE INSTRUMENTATION

A series of mini-piezometers were installed intthie riparian sites to a depth of 50 cm below
the soil surface in Fall 2007 (Figure 2.1). Thairmiezometers consisted of a stainless steel,
mesh-screened well point (AMS, American Falls, éifached to 3/16-inch fluoropolymer
tubing that extended above the ground surface.i-p@zometers were installed in pairs at least
5 m apart and on opposite sides of observed suwater flow paths (i.e., surface water flows
between the two mini-piezometers). The locatidnasdividual mini-piezometers within pairs
were selected based on accessibility and uniforofiyegetation and topography; locations of
pairs within sites were selected based on obsetifmlences in vegetation, topographic
location, and/or wetness. The four mini-piezonseteported on in this study are a subset of
locations used to consider denitrification patteswsr the broader landscape and are considered
to be representative of the general riparian zaren(script in preparation). Mini-piezometers
are identified by riparian location, i.e., upstre@wi and U2) or downstream (D1 and D2).
Three PVC wells were installed at each site togldef approximately 35 cm below the soil
surface and equipped with Odyssey Capacitance Waterl Probes (Odyssey House,
Christchurch, New Zealand) to record water tahlettlations. Physiochemical characteristics

for each site are shown in Table 2.1.
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SOIL SAMPLING AND ANALYSIS

Duplicate soil cores (7.2-cm diameter, 6.8-cm hgiglere taken by hand from 50 cm below the
soil surface within 1 m of each mini-piezometerdtian over two consecutive months during
late summer when water tables were low. Soil samfar bulk density were placed in weighing
tins and oven dried at 105 °C for 24 hours. Plartiensity was determined using distilled water
and a 100 mL volumetric flask (in place of a pycrmben). Soil C and N were determined using
a NC 2100 soil analyzer (ThermoQuest Italia, Milkaly) and organic matter (OM) determined

through loss on ignition (LOI) at the Cornell Netni Analysis Laboratory, Ithaca, NY.

WATER SAMPLING AND ANALYSIS

Monthly groundwater and surface water samples weltected over the duration of this study.
Shallow subsurface groundwater samples were cetldcdbm mini-piezometers using a
Masterflex E/S Portable Sampler peristaltic pumplédarmer, Vernon Hills, IL). Water
samples from the intermittent streams within tipanian zones were collected when there was
sufficient flow. Groundwater samples were collddi®m nearby shallow wells previously
installed on the farm. All samples were colledted25-mL low density polyethylene bottles
(Fisher Scientific, Pittsburgh, PA) and stored @min the field until transport back to the
laboratory. Samples were then refrigerated ateréitl within 72 hours using Pall 0.45-um
mixed cellulose ester filters (Pall Corporation,mMrbor, MI). Samples were analyzed for total
dissolved nitrogen (TDN), nitrate-nitrogen (M), and dissolved organic carbon (DOC). TDN
was determined using a Milton Roy Spectronic 5cspphotometer (Milton Roy Corporation,
Rochester, NY) following persulfate digestion. N®was determined using a Dionex ICS-
2000 ion chromatograph (Dionex, Sunnyvale, CA). ™@as determined using an O.1.
Analytical 1010 total organic C analyzer (O.l. Cargtion, College Station, TX). Dissolved

oxygen (DO) content, temperature, and pH of thd@hiaubsurface groundwater were
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measured in the field under continuous flow. D@ groundwater temperature were measured
using a YSI 550A handheld DO instrument; pH wassuezd using a YSI 63 handheld pH and

conductivity instrument (YSI, Yellow Springs, OH).

DENITRIFICATION MEASUREMENT

In situ denitrification rates were measured monthly inhe@ini-piezometer from March 2009 to
December 2009 using tH&N-NO; push-pull method (Istok et al., 1997; Addy et 2002;

Zaman et al., 2008). Ambient groundwater was puhfpsn a mini-piezometer into a carboy
the day before the push-pull and stored overniglatcold room at 4°C. On the morning of the
push-pull, a 10L enriched (32 mg N'L.dosing solution was prepared consisting of antbien
groundwater amended with isotopically enrichedsN@0 atom percertN-enriched KNQ).
Sulfur hexafluoride gas (3B00 mg L, He balance) (Airgas East, Salem, NH) was bubbled
through the dosing solution prior to the push-palkhdjust DO concentrations to ambient
groundwater conditions and serve as a conservatizer; time of bubbling generally took 25-30
minutes. The carboy was capped, vents sealedheadbspace filled with SFor transport to the
study site. The dosing solution was injected (pd3linto the mini-piezometer from which it
came at a rate of 10 L frafter an incubation period of 3.5 hours, grounigwavas extracted
(pulled) out of the mini-piezometer at a rate df Br'. Water samples were collected at specific
intervals during the push and pull phases as faldwo samples of the push phase at 1/3 and
2/3 of the total dosing volume (10L) and six sammmaring the pull phase at 0.5-L intervals of
the first 3L extracted. An ambient groundwater gimwas also collected prior to the push

phase.
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Water samples (20 mL) were taken from mini-piezargethrough an air-tight sampling
apparatus made of C-Flex tubing connected to thetpkic pump and injected by syringe into
evacuated serum bottles (125 mL). The remainirglisgace was filled with ultra high purity
grade He gas and the samples incubated for 24 abdf€. Phase equilibration headspace
extraction (Lemon and Lemon, 1981; Davidson andgtane, 1988) was used to extract
dissolved gases from the water samples. Gas sarf$ptal) were taken from the bottle
headspace with a syringe and injected into evadugds vials (9 mL). Concentrations and
isotopic composition of pO and N gases were determined on a ThermoFinnigan GasBench
PreCon trace gas concentration system interfacadliteermoScientific Delta V Plus isotope-
ratio mass spectrometer (Thermo Fisher Scientifialtham, MA) at the Stable Isotope Facility,
University of California at Davis, Davis, CA. Ca@rdrations of Sfgas were determined on a
Shimadzu GC 14 gas chromatograph (Shimadzu, Kyaijman) at the Cary Institute of

Ecosystem Studies, Millbrook, NY.

RATE CALCULATIONS

Denitrification rates were calculated following timethod developed by Addy et al. (2002) and
used by subsequent researchers performing sifiMaN O3 push-pull studies (e.g., Kaushal et
al., 2008; Harrison et al., 2011). Rates wereutated using the average productior®f,0
and™N, gases in the three ‘pull’ samples that had thbésySE tracer recovery (C/§, thus
minimizing error from dilution and dispersion. Masf N;O-N and N were calculated for each
headspace extraction sample using equations arstiecdg from Tiedje (1982) and Mosier and
Klemedtsson (1994). The mass was transformed &s wfa>N,O-N and™N, by multiplying by
their respectivé®N sample enrichment proportion (the ratio of pukéom percent to pushed
atom percent, corrected for ambient atom perce3@mple™N,O-N and™N, gas production

rates were expressed in conventional units of (kg Soil* d* and calculated as [total mass of
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1>NL,O-N or N, per volume of water pulled/(dry mass of soil petume of water pulled x
incubation time)] where each pulled sample reprissén of groundwater pulled and the dry
mass of soil occupied was calculated from soil lddksity and porosity. Sample denitrification
rates were calculated as the sum®dEO-N and™®N, gas production rates (see Appendix A of

Anderson 2013).

STATISTICAL ANALYSES

Statistical analyses were performed using XLSTA@d#soft, New York, NY). Significance
was determined at=0.05 (95% confidence). Unbalanced analysis abunae (ANOVA) was

used to evaluate differences in mean values of @mlgroundwater characteristics and
denitrification rates for each mini-piezometer lbga. Pearson correlation analysis was used to
examine relationships between denitrification rated ambient groundwater characteristics

including DOC, NGQ-N, DO, temperature, and pH.

RESULTS
AMBIENT GROUNDWATER CONDITIONS

DOC concentrations ranged from 0.6 to 6.4 rigacross all mini-piezometers over the sampling
period with a mean + SE of 1.8+0.2 mg;INOs-N concentrations ranged from 1.0 to 15.9 mg L
! with a mean of 7.620.9 mg*t. DO concentrations ranged from 1.2 to 8.5 rifgwith a mean

of 3.6+0.3 mg L[}; temperature ranged from 5.4 to 21.0 °C a medBdf+0.8 °C; and pH

ranged from 6.5 to 7.1 with a mean of 6.9£0.0. @anson of means showed that D2 had
significantly higher DOC (3.5+1.0 mg.F=6.2, P<0.01), lower N§&N (1.7+0.4 mg [}, F=7.3,
P<0.01), and lower pH (6.8+0.1, F=5.2, P<0.01) thlhther mini-piezometers. Although not
statistically significant, D2 also had lower DO320.2 mg L, F=2.9, P=0.11) and higher
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temperature (14.8+1.4 °C, F=0.5, P=0.69) thanthkkiomini-piezometers (Figure 2.2). As a
whole, the downstream riparian site had higher G2€+0.5 mg [}, F=3.7, P=0.07), lower
NOs-N (5.1+0.8 mg [}, F=10.6, P<0.01), lower DO (3.0+0.4 mg,lF=3.8, P=0.06), higher
temperature (13.4+1.1 °C, F=0.1, P=0.71), and lgw&(6.8+0.0, F=5.7, P=0.03) over the
duration of the study (Table 2.1); however, only NOs-N and pH differences were statistically

significant.

DENITRIFICATION RATES

Rates ranged from 0 to 4177 pg N kg Saif across all mini-piezometers (Figure 2.3) with a
mean + SE of 830+193 ug N kg sbii*. The lowest rates were observed in U1 (0 pg Ndify

! ¢! measured in three consecutive spring months)gevthé highest rates were observed in D2
(>3000 pg N kg soit d* measured in three consecutive summer monthsatetexceeding

1000 pg N kg soit d* was measured at least once in each mini-piezom&tes mean
denitrification rates for U1, U2, D1, and D2 wei#3160, 593+121, 493+159, and 2250+659
ng N kg soitt d*, respectively (Figure 2.4). Comparison of medreed that D2 had a
significantly higher denitrification rate than alher mini-piezometers (F=7.7, P<0.001); there
was no significant difference in mean rate amomgather mini-piezometers (F=0.4, P=0.76).
As a whole, the downstream riparian site had adrigihean denitrification rate than the upstream
site (1196+352 and 465+108 pg N kg Sal’, respectively), but this difference was not
statistically significant (F=3.9, P=0.06).

Strong seasonal patterns in denitrification coiadigvith notable seasonal variations in
groundwater chemistry and temperature (Figure ZRggression analyses showed significant

relationships between denitrification rate and delg ambient groundwater characteristics when
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Figure 2.2.Mean + SE of ambient groundwater DOC, N@ DO, temperature, and pH prioritositu
denitrification rate measurements at each miniqguigzter location. Asterisks (*) indicate statistigaignificant
means (P<0.05).
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Table 2.1.Riparian site soil and groundwater characteristics

Upstream (U) Downstream (D)
Soil (n=4)
OM (%) 10.3 16.0
C (%) 75 9.7
N (%) 0.7 0.8
pH 7.2 6.7
Bulk density (g cr) 0.63 0.47
Water (n=15)
DOC (mg L% 1.4 2.2
TDN (mg L) 10.9 5.6
NOs-N (mg LY 10.1 5.1
DO (mg L?) 4.3 3.0
Temperature (°C) 12.3 134
pH 7.0 6.8
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Figure 2.3.In situ denitrification rates measured monthly at minizoimeter location U1 (diamond), U2 (square),
D1 (triangle), and D2 (circle). Values are meaBE: Lines are provided to facilitate better vi&ation of each
time series.

21



3500

5 aN20 .
™ 3000 1
= EN2
(%]
2 2500
=2
(@)
3 2000
Py
g 1500
c
S
S 1000 -
[a)
0 : :
Ul u2 D1 D

2

Figure 2.4.Mean * SE ofn dtu denitrification rates measured monthly for eachispiezometer location. Rates
are partitioned into mean,fnd NO production. Asterisks (*) indicate statisticadlignificant means (P<0.05).
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Figure 2.5.1n situ denitrification rates (solid circle) measured nidygat mini-piezometer location (a) U1; (b) U2;
(c) D1; and (d) D2 plotted with selected ambiemtugrdwater DOC (square), N® (-x-), DO (triangle), and
temperature (open circle). Lines are providedchtilitate better visualization of each time seridkte the
difference in scale for denitrification rate in D2.
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Figure 2.5 (Continued)
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data were pooled across all mini-piezometers (Ei@u8). Denitrification rates were positively
correlated with DOC (r=0.89) and temperature (ré}).4nd negatively correlated with N®

(r=-0.42), DO (r=-0.46), and pH (r=-0.30). OnletpH relation was not statistically significant
(rerit=0.36 at P=0.05 with n=30). A correlation matretween denitrification rate and ambient

groundwater characteristics is presented in Talde 2

N, was the dominant end product of denitrificatiomiothe study period (Figures 2.4 and 2.7).
N2O:N; ratio ranged from 0 to 6.5 across all mini-pieztereduring monthly measurements;

the highest ratios were observed in the downstmgaamian site (mean of 0.40). .8 yield
(N2O/NoO+Ny) ranged from 0 to 0.87 across all measuremergdhitihest yields were also
observed in the downstream riparian site (mean28)0 When combined, the riparian areas had

a mean NO yield of 0.22 over the duration of the study.

DISCUSSION
DENITRIFICATION RATE MAGNITUDES

Comparison of denitrification rates across studiemplicated by differing methodologies and
units of measurement, interpretation of resules,(representative of actual denitrification,
denitrification capacity, or denitrification poteéad), and issues relating to both the spatial and
temporal scale of the measurements taken (Grofighah, 2006). To compare denitrification
rates with previously published values, ausitu denitrification rates were converted to
alternative units (from mass N mass 3diie™ to mass N aréatime™; see Table 2.3) assuming
that measured rates reflect conditions within thpes 0.5 m of the saturated zone of the riparian
soil profile and that measured soil bulk densitywanstant/uniform in this portion of the soil

(similar to Zaman et al., 2008). Denitrificaticates from the downstream and upstream riparian
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Figure 2.6.Relationships betweedn situ denitrification rate and ambient groundwater (8@ (b) NQ-N; (c)
DO; (d) temperature; and (e) pH over all studyssited sampling dates (n=30). Only the pH relagtwown in (e) is
not significant at P=0.05.
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Table 2.2.Correlation matrix (r values) amomngsitu denitrification
rate and ambient groundwater characteristics

RATE DOC NO3 DO TEMP pH
RATE 1

DOC 0.892 1

NO3 -0.423  -0.459 1

DO -0.460 -0.410 0.668 1

TEMP 0.458 0.430 -0.393 -0.604 1

pH -0.296  -0.157 0.344 0.185 -0.226 1

r values inbold indicate significance at P=0.05 (r=0.361)
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Figure 2.7.Monthlyin situ denitrification rates measured at mini-piezomégeation (a) U1; (b) U2; (c) D1; and
(d) D2. Rates are partitioned into meanadd NO production, and plotted with,® yield [N,O/(N,+N,O)].
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Table 2.3.Mean seasonal and annual denitrification rategi®riparian soils

Denitrification rate

As removal rate

ug N kg soil'd™ mg N m” d* kg N ha'yr™ NOs-N mg Ld?

Seasonal

Spring 484 127 462 0.37

Summer 1501 367 1338 1.04

Fall 223 52 191 0.15

Winter 104 25 93 0.07
Mean 830 206 752 0.59
Annual

Rate 543 129 470 0.37

Range (U — D) 291 — 747 85-172 310 - 629 0.25-0.48
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areas were pooled together to calculate mean sglastd@s and an overall mean rate for the
entire riparian area; an annual denitrificatiorenafas estimated by assuming a value of zero for
any month in which a measurement was not takertallosv water table or winter inaccessibility
(Table 2.3). We estimated an annual denitrificaflax from the shallow saturated zone in
riparian soils of 470+116 kg N Hayr'(mean + SE). Scaled up to the area of riparia®£8n

ha) amounts to a denitrification loss of 1353 kgehual to 32% of the manure N applied to the

alfalfa field upland of the riparian zone.

Most studies that are of sufficient duration anchgkng frequency to capture temporal
variations (e.g., seasonally or monthly for onerye&in situ denitrification in riparian zones of
agricultural landscapes use thgHg inhibition technique on surface soil cores (Taghi). Our
push-pull estimates of denitrification from the kta groundwater in riparian zones are quite
higher (Table 2.3), suggesting that denitrificatiluxes from surface soils alone do not provide
an accurate representation of this valuable ecesyservice. Unfortunately, there is a lack of
analogous studies in this critical zone. Someistudave measured shallow groundwater
denitrification rates in agricultural riparian zerealbeit over shorter periods—and these are
comparable to the rates we measured (e.g., Bragdn £997; Hill et al., 2000; Baker and
Vervier, 2004; Vidon and Hill, 2004; Zaman et 2008). Zaman et al. (2008) is particularly
relevant, as they measured denitrification ratesegpage wetland soils intercepting flow from a
grazed dairy catchment using ths-NO; push-pull method and report a groundwater
denitrification rate of 1.11 mg N'L.d* (estimated areal rate of 289 mg N ui!) in the late
summer during low flow conditions. Our groundwadenitrification rates peaked in summer as
well, with a mean of 1.10 mg N'Ld™ across all four mini-piezometer sites prior to water

table dropping below two of four mini-piezometestiallations. Baker and Vervier (2004) report
a groundwater denitrification rate of 2.67 mg N d* via GH, push-pull during low flow

conditions (summer) in a riparian forest bordefietgls cropped wheat and corn. We measured
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Table 2.4 Comparison of annual denitrification rates in riga soils of agricultural landscapes

Riparian system, upland crop Denitrification Units Method Sampling frequgncy No. sites Reference
cover, and management Rate and study duration (replicates per)
G‘;’irﬂﬁé#%ﬁe o CoHs inhibition Monthly
c P 31.5 kg N h& yr Soil cores Two years 6 (0) Lowrance et al. (1984)
orn, peanut, soybean L
L Field incubated
Fertilizer
France C,H; inhibition
Riparian forest g Soil cores Monthly .
Corn, sunflower, orchard 55-115 kg N hayr 0-10cm One year 40 Pinay et al. (1993)
Fertilizer Lab incubated, 10°C
Georgia, USA C;H; inhibition
Restored riparian forest wetland 68 ka N ha vrt Soil cores !l\_/lvc\;gthggrs 24 (0) Lowrance et al. (1995)
Bermudagrass pasture 9 Y 0-24cm Y ’
Fertilizer and manure (dairy) Lab incubated, 25°C
England C;H; inhibition
o . . Monthly
Riparian buffer strip Aol Soil cores
Intensively farmed arable lands 26 kg N hat yr 0-10cm One year 1(6) Burtetal. (1999)
upslope Field incubated
France 565 — 819 kg N hat yr? CaH inhibition Seasonally Clement et al. (2002)
Riparian wetland Soil cores
Maize, wheat 175 - 689 Nkgtqt ~ 0-90¢cm oneyest 20 Clement et al. (2003)
Fertilizer Hg N kg Lab incubated, field temp '
Fr;?;:”a” soils 91 kg N hat yrt “Sailcores 2”6°”mt2'nyths 7 (10) Oehler et al. (2007)
Maize, wheat g y 0-40cm '
Fertilizer and manure (dairy) Field incubated
Oregon, USA C;H; inhibition
- N ) Every 4 — 6 weeks
Noncultivated riparian area 1 Soil cores .
Ryegrass 20.2-59.0 kg N hayr 0—15cm Two years 2 (5) Davis et al. (2008)
Fertilizer Field incubated
Ors%%?{azsfée“ 11-16 kg N hayr? ngéil'nch‘;?gfn i\ali%ﬁtﬁse eeks 2(3) Davis et al. (2011)
Ryegrass ’ ' 9 y 0-15cm ’
Fertilizer Field incubated
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denitrification rates of similar magnitude in D2\prwith a peak of 2.73 mg N'td™ in July.
Denitrification rates in the other mini-piezomel@eations (0.82, 0.30, and 0.54 mg N &' in

U1, U2, and D1, respectively) are closer to obsgoenitrification (0.54 mg Nt d*) during

late summer in a forest riparian zone below intempiotato production, as measured el
push-pull (Hill et al., 2000). Vidon and Hill (28Dmeasured denitrification in a riparian forest
downslope of fertilized corn fields when water &gblvere at their highest (April), and reported a
groundwater denitrification rate of 0.18 mg N &*. In our riparian sites, soils were saturated to
the surface throughout March and most of April;llewagroundwater denitrification averaged

0.28 mg N [* d* during this time.

DENITRIFICATION RATE PATTERNS

Denitrification showed a distinct seasonal pattareach mini-piezometer (Figure 2.5). Rates
were initially low coming out of the winter and neased during the spring, peaked in summer,
then decreased in the fall before reaching theveki in the middle of winter. This pattern of
denitrification has been observed in other agnigaltriparian areas (e.g., Watts and Seitzinger,
2000; Clement et al., 2003; Hefting et al., 2008hier et al., 2007), but is opposite of what
typically occurs in natural or unmanaged landscapesinmanaged landscapes, denitrification
rates are highest in the late fall-winter-earlyispmonths when demand for N is reduced;
during the growing season, plant uptake of watdrraay N limit denitrification (Groffman and
Tiedje, 1989). This seasonal pattern has also beserved in surface soils in agricultural
riparian areas (e.g., Pinay et al., 1993; Pina}.ef1998; Burt et al., 1999). Hefting et al. (200
suggest that observed differences in seasonal dgaaan generally be attributed to NO
availability, reflecting the competition betweemdgfiers and vegetation, and ground water
levels that provide optimal conditions for denitrétion. In agricultural landscapes where N is

abundant and available in excess beyond what isrestjfor plant growth, primary controls on
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denitrification shift to a dependence on C avallghiO, status, and temperature (Barton et al.,
1999). Depending on the cropping system (e.gp trpe, harvest method), tillage (till versus
no-till), and manure disposal/spreading, there begnough labile C present that denitrification
rates are controlled primarily by,@tatus and temperature. In riparian areas oéthgstems,
rates will be highest in the late spring-summefyefatl months when temperatures are warmer
and Q lower, as long as the soils remain wet. Whiles¢éheatterns can be examined in Figure
2.5 for each mini-piezometer, they became moreestidthen data were pooled across all mini-
piezometers. As denitrification rates increasedubh the spring and peaked in the summer,
both temperature and DOC increased while both ld@d DO decreased. The patterns
subsequently inverted after rates peaked, i.e., RAtemperature decline while ji@nd DO

rise.

DENITRIFICATION RATE RELATIONSHIPS

Factors influencing denitrification at the landseafeeld, and plot scale have been well studied
in a variety of ecosystems. At the organism leaetivity of denitrifying bacteria is mainly
regulated by the availability of ONOs’, and C (Burgin and Hamilton 2007). Denitrifiere a
ubiquitous in soil environments and, as such, nfeahg denitrification studies measure (@r

soil moisture as a proxy), NQand/or C along with environmental conditions sash
temperature and pH and omit specific microbial raess (Zumft 1997; Philippot et al., 2007).
In the absence of limiting conditions, denitrificet has been found to increase with increasing
NOs, C, or temperature (positive correlation), andrelase with increasing negative
correlation) (e.g., Firestone, 1982; Knowles, 198Phe effect of pH on denitrification rate is
not as pronounced, but researchers have foundifieation activity inhibited at low pH

compared to the relatively neutral pH 6-8 rangsals (Firestone, 1982).

39



Our denitrification rate relationships (Figure 2félJowed these idealized relations with a couple
of exceptions, providing insight into the complaagdeochemical interactions that can drive
denitrification in riparian zones found in agrieuttl landscapes. The strongest rate correlation
we found was with DOC, followed by DO and temperatuAs expected, both the DOC- and
temperature-rate correlations were positive whetlea®O-rate correlation was negative. The
strength of the DOC-rate correlation as compardteaitrate-rate correlation can be explained
if the system is not nitrate-limited, as oftenhs tase in agricultural settings (e.g. Groffman et
al., 1987). Itis also important to note that Ni® added in the push/pull incubations, making
this method imperfect for assessing Nf@nitation of denitrification. If Q status and

temperature are suitable for denitrification in gmyen system, then either C or fi@ay be
limiting. Also as expected, the temperature- aiate correlations are nearly equal in
magnitude (strength) but opposite in direction. iD@Water is temperature dependent due to gas
solubility constraints and biologic activity/kines. The negative nitrate-rate correlation does not
fit the idealized relation, but was expected sith@esystem was probably not nitrate-limited due
to regular nearby manure spreading and legume trgp@d hus, we anticipate that NQloes

not drive denitrification, so Nlevels are more indicative of how much denitrifica is

occurring (e.g., relatively low levels of NOndicate more denitrification). The relationships
among DO, DOC, and denitrification are also notgenn that low DO is likely driven by high

DOC that drives @consumption.

It is apparent that a few data points heavily iefloed these correlations between denitrification
rates and their potential controls, particularly three highest rates we measured during the
study period (Figure 2.6). We examined their iefloe by removing these three points to see
how the relationships changed without them. Tha/direction of all correlations remained the
same, but the correlation coefficients of the D@@d nitrate-rate correlations (r values of 0.35

and -0.02, respectively) fell below the level ajrsficance (§i=0.38 at P=0.05 with n=27). The
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strength of the DO-rate correlation (r=-0.49) iramed slightly, while the strength of the
temperature-rate correlation (r=0.43) decreasetithy both remained statistically significant.
These changes suggest that denitrification in alju@al riparian zones is largely controlled by
O, status and temperature, at least in landscapehwiceive N and C additions from manure
spreading. N@ is not only abundant, but most likely in excessn@imiting) compared to the C
requirement; inputs of C appear capable of dridagitrification rate increases under suitable
ambient DO and temperature conditions. DOC camaise decreases in DO vig O
consumption, making conditions more favorable femittification. Results from a companion
study support these findings (see Appendix B ofé&adn 2013); specifically, we found
increased denitrification rates in some mini-pieetens amended with sodium acetate as an
additional DOC source in the dosing solution; ratese more enhanced (as compared to the

control) in the summer/fall months when temperatwvere warmer and DO lower.

NITROUS OXIDE PRODUCTION

There is great interest in,® production from agricultural landscapes becatdiskeeoimportance
of N,O as a greenhouse gas (GHG) (e.g., Mosier et%8;1Davidson 2009). Denitrification is
one potential source of W, but it is not clear how much this contributesdial N,O production
from the landscape. The denitrification pathwaisamost basic level is enzymatic reduction of
NOs to N, thru a series of intermediates, the last of wisdN,O. Research has shown té be
the dominant end product of denitrification in aga of ecosystems, but it is possible to see
incomplete denitrification whereby a large portafrthe NO produced does not undergo further
reduction (Schlesinger 2009; Beaulieu et al., 2080ghlesinger (2009) compiled® yields (as

a ratio, NO/N,O+N,) from various laboratory and field studies of defidation, and found that
mean yields in freshwater wetland/flooded soilsenggnerally low (0.082+0.024) while yields

in agricultural soils were considerably higher {@30.035). To develop a better understanding
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of N,O production in these soils @8 yields should be discussed in the context ofallver
denitrification rates. For example, upland agtiaal soils may exhibit largerJ® yields than

wetland soils, but corresponding denitrificatiotesatend to be much higher in wetland soils.

When pooled across all mini-piezometers, the me# Weld (0.22) fell near the midpoint
between values expected for wetland soils and altwial soils given in Schlesinger (2009)
(0.082 — 0.375). When looked at individually, ttevnstream riparian mini-piezometers
exhibited mean yields more commonly found in adtizal soils, whereas the upstream riparian
mini-piezometers exhibited mean yields typicallyrid in wetland soils. We found considerable
range in NO yields within mini-piezometers, from nearly piNgO (values close to 1) to nearly
pure N (values close to 0) across all measurements. keawemuch like overall denitrification
rate, a distinct seasonal pattern is apparentdh ealividual mini-piezometer (Figure 2.7).,0l
yield was very small (<0.01) in the spring, incied#to the summer, peaked mid- to late-
summer, then decreased through the fall and remdawein the winter. The peak.® yield
exceeded 0.50 in all mini-piezometers except Udicating that more pO was being produced
than N during denitrification. Fortunately, from a GH{Bx standpoint, the seasonal pattern of
N0 yield lagged that of denitrification by a monsi, these peaks generally coincided with
decreasing denitrification rates (the post-peakssion). This was not always the case though,
as peak BD yield in D2 occurred at the same time as peaktriferation rate, which also

happened to be the largest rate we measured avepthise of the study.

Our results suggest thap® emissions may have been a significant portiol@¥&Rof total
denitrification from the riparian zones in our agiiural landscape over the duration of the
entire study. It is important to note that becatheepush-pull method involves addition of NO

it inherently overestimates,N yield during denitrification, which is stronglgfluenced by
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NOjs concentrations (Firestone et al. 1980). It i® @lgssible that our relatively short incubation
period lead to an additional overestimation gDlNields, since BD is produced as an
intermediate and can be further reduced tanNdenitrifying environments (Well et al., 2003).

Li et al. (2011) measured a meagON\fux of 105 pug N rif hr! (equivalent to 9.2 kg N Hayr™)
within the same downstream riparian area duringdatring and early summer (Mar — May)
using static chambers arranged near D1. To pui@asurements in context of the totaON

flux, we estimate the D produced via denitrification during the same rhertb be 19 pg N

hrt (1.7 kg N h yr'"), or about 18% of the total 9 flux from the riparian zone.

CONCLUSIONS

The riparian zones we studied can remove subsk&itia via denitrification year round under
in situ conditions, with higher rates during the summeuogng with increasing temperature
and decreasingO Total denitrification from shallow groundwaterthe riparian zone was
equal to 32% of manure N spread on the field aliextly above the buffer. Our results are in
agreement with the prevalent management practiestablishing and/or maintaining riparian
zones in agricultural landscapes as a way to reNudoads to aquatic systems. However, we
also found that D produced through denitrification may accountdaignificant portion

(22%) of the total N flux, with larger JO yields associated with larger denitrificatioreat The
>N-NO; push-pull method for measuring denitrificatiorsaturated soils inherently increases

the NO:N, ratio of °N gases generated, but the magnitude of this iserisaunknown.
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CHAPTER 3

USING A SOIL TOPOGRAPHIC INDEX TO DISTRIBUTE DENITIRICATION FLUXES
ACROSS A NORTHEASTERN HEADWATER CATCHMENT

ABSTRACT

Conceptually, riparian zones are considered pakntitspots of denitrification because they
allow for the confluence of necessary electron pimrs (nitrate) and donors (carbon) via
hydrologic flowpaths in low oxygen (reducing) cotalis. While these areas have received
considerable attention, other parts of the landsesghibit similar qualities, namely those areas
that are prone to saturate. We quantifredtu denitrification rates in the shallow saturated
zone, a dynamic portion of the landscape, acroaage of hydroperiodicities, i.e., frequencies
and durations of saturated conditions, as chaiaeteby a topographic index in a small mixed
land-use headwater catchment in central New Y oakeStWe found a strong positive
relationship between topographic index and deragiion, indicating that the highest rates of
denitrification occur in the relatively small pami of the landscape prone to saturation. We used
the resulting relationship to distribute denitrdiion rates across the catchment and estimate
denitrification fluxes from the shallow saturatezhe. While the highest rates of denitrification
were observed in wetter portions of the landscaq@iyding riparian zones, we found that the
shallow saturated zone beneath drier upland soilfributed to a larger portion of whole-
catchment denitrification due to a larger areaéekt A topographic index-denitrification model
is a promising and simple tool that allows for sgglof in situ denitrification rates across the
landscape and provides insight into the spatiahmiation of denitrification at the catchment

scale.

2 Anderson TR, Groffman PM, Walter MT. Using a gojpographic index to distribute denitrificationxks across
a northeastern headwater catchment. Biogeochemssiiternal review>
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INTRODUCTION

Denitrification is an important part of the nitragéN) biogeochemical cycle and a valuable
ecosystem service for protecting aquatic habitai® fnonpoint source pollution. Unfortunately,
it is also extremely difficult to quantifiably maasg in the environment. It is commonly
estimated at landscape or watershed scales a#ffdrertce between all the measurable N-inputs
and —outputs (e.g., van Breemen et al. 2002; Gentay. 2009). While this type of large-scale
mass balance approach is powerful, it is diffitalmeaningfully attribute denitrification rates
across a heterogeneous landscape. In fact, idleslywecognized that there are biogeochemical
hotspots, which account for small fractions of ldnedscape but, by definition, show
disproportionately high reaction rates relativéh® surrounding area (McClain et al. 2003).
Conceptually, research has shown that denitriicatates are especially high in carbon (C)-rich
parts of the landscape with low oxygemn)@vels and sufficiently high nitrate (NQ
concentrations (e.g., Hill et al. 2000; Burgin et2810); these conditions are commonly
associated with riparian areas, wetlands, and @ies of the landscape prone to wet or
saturated soil conditions. Because these typasealk are recognized as likely denitrification
hotspots, many studies have focused on measurmtitieation from these spots. However,
these areas are, for the most part, only qualébtisharacterized with respect to denitrification,
which makes it difficult to translate these poirgasurements to landscape or watershed scales.
Finding ways to quantifiably synthesize our underding of denitrification across scales may
help environmental planners develop better stragefgir targeting management practices for
reducing nonpoint source N pollution in streamke$a and coastal ecosystems (Walter et al.

2007).

Because denitrification hotspots are commonly aasext with wet soils, several researchers

have suggested that there is good potential faudag hotspot activity by coupling
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hydrological and denitrification processes (e.gdovi and Hill 2004; Burt and Pinay 2005;
Tague 2009). Parallel to the biogeochemical hatspocept, the variable source area (VSA)
concept in hydrology describes how storm flow imsaumid areas is largely generated on the
small parts of the watershed that are especiatipgto becoming saturated (e.g., Hewlett and
Hibbert 1967; Dunne and Black 1970a,b) or at lesttenough to allow rapid lateral flows (e.g.,
Anderson and Burt 1978; Lyon et al. 2006b). Innbeheastern US, regional hydrology is
largely characterized by VSA processes (e.g., Wattal. 2000). The soils are generally very
permeable relative to typical rainfall rates (Wakeal. 2003). Thus, most rainfall infiltratesdan
is redistributed by gravity-driven subsurface floMihile the resulting patterns of soil moisture
are highly heterogeneous in space and time, theyetatively predictable with VSA concept
hydrological models (e.g., Holko and Lepisto 199&hta et al. 2004). These hydrological
models may thus be a useful tool for accuratelyefing the occurrence of biogeochemical

hotspots (Richardson et al. 2007).

The soil topographic index (STI) (e.g., Walter e2802; Lyon et al. 2004; Agnew et al. 2006),

a slight variation of the topographic index (TIve®ped by Beven and Kirkby (1979),
incorporates many of the landscape-scale featntesative of primary denitrification controls,
specifically (1) upland drainage-area size; (2)tdemd permeability of saturated sediments; and

(3) topographic slope (Vidon and Hill 2004):

_ a
= o) N

wherea is upslope contributing area per unit contour ter{gn), tan g) is the local surface

topographic slopes is the mean saturated hydraulic conductivity efsbil (m &), andD is
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the soil depth (m). According to the TI/STI contegwil moisture and groundwater level of a
location are a result of the upslope contributirgpeand drainage (expressed as a slope). The Tl
(also referred as ‘topographic wetness index”pisstdered an index of hydrological similarity:
the higher the index value, the wetter the point dr@ more frequently a point will be saturated
to a given level, relative to other points in tlaene landscape (Ambroise et al. 1996). Tl has
been shown to be a good predictor of soil moistorgent or shallow groundwater level (e.g.,
Burt and Butcher 1985; Moore et al 1993; Westeral .€1999; Lyon et al. 2006a,b;
Schneiderman et al. 2007; Easton et al. 2008) aadben used to quantify hydroperiodicity,
i.e., frequencies and durations of saturated cimmdit(e.g., Agnew et al. 2006). Furthermore,
several studies have indicated additional relatimete/een Tl and other physiochemical
properties of soil (or its porewater) that are kndw influence denitrification, including soil
organic matter (OM) and C, soil N, dissolved orgazarbon (DOC), N©, pH, soil texture, and
bulk density (e.g., Moore et al. 1993; Florinskyakt2004; Ogawa et al. 2006; Seibert et al.
2007).

Despite the connection between Tl and soil moistame research indicating that topographic
control of soil moisture may promote denitrificati¢e.g., Pennock et al. 1992; Van Kessel et al.
1993), we found only one study that has evaludtedrt-denitrification relation (Florinsky et al.
2004). This is likely because it is only with tlmaturation of geographic information systems
(GIS) and readily available, high resolution diggkevation model (DEM) data that we have had
the easy ability to generate TI/STI maps at resmhgtof interest. Florinsky et al. (2004) studied
the effect of topography on the activity of defiignis under different soil moisture conditions in
an agroecosystem and found that denitrificatioesrgenerally increase with increasing Tl under
wet conditions, but not drier conditions. Theipital interpretation was that some threshold
amount of water was required to maintain topograpbntrol on the spatial distribution of

denitrifier activity. In other words, when it isaiv(above some threshold), gravity-driven
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transport of nutrients coupled with anaerobic cbads promote denitrification in higher Tl
areas; conversely, when it is dry, one or botthosé components are likely missing and
denitrification is low in most parts of the landgea However, their study only looked at one
wet period and one dry period, both lasting a €mgbnth. Agnew et al. (2006) demonstrated a
clear, regionally consistent relationship betwe&h&hd probability of saturation with strong
correlation throughout the year. Combined, thesestudies suggest that TI/STI and
denitrification should show a positive correlatmman annual basis, and the resulting relation
may be a useful tool to model or predict the spdisribution of denitrification at larger scales

(landscape or watershed).

The objective of this study was to quaniifysitu denitrification across a range of
hydroperiodicities as characterized by the STI sm&ll mixed land-use headwater catchment in
central New York State. We measured denitrificatiates using thEN-NO; push-pull method

at monthly intervals across a range of STI ovenerpear period. We also characterized
physiochemical variables known to influence ratiedemitrification and related those back to
STI. The goal of the study was to determine ifumimenitrification rates correlated with STI
within the catchment, and if so, use that relatmdistribute rates (as fluxes) across a watershed
to estimate whole-catchment denitrification ocawgrin the shallow saturated zone. Thisis a
critical area for denitrification, but there hasheno analysis of its variation in this zone asd it

link to surface topography.
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METHODS
STUDY AREA DESCRIPTION

We measureth situ denitrification rates across gradients of hydraykcity, as defined by STI,

in a small headwater catchment near Harford, NYAHgure 3.1). The catchment boundary
lies along a major drainage divide between thé&#krence and Susquehanna River Basins,
within the latter system. More locally, the cat@mhis a sub-basin of the Owego-Wappasening
Watershed which drains into the Susquehanna Riar the NY-PA state border. The
catchment is 1561 ha (15.6 Rnin size, with elevation ranging from 360 m at thelet to 614

m along the valley ridgetops. Records (2005-20ddth a recently deployed NOAA U.S.
Climate Reference Network monitoring station oe §NY Ithaca 13 E, 42.44 °N, 76.25 °W,
374 m elevation) indicate an annual mean tempeyatur.4 °C with monthly mean
temperatures ranging from -5.3 °C in February t@ 22 in July (NCDC 2012,
http://www.ncdc.noaa.gov/). Mean annual preciptats 1076 mm yt with more precipitation
on average in summer (114 mm fiohan winter (75 mm mY). Snowfall averages 1583 mm
yrl. Land cover in the catchment is predominantlycadfural (44%) and forested (41%) with
the rest in shrub/grassland (8%), wetlands (4%leweloped (3%) according to the 2006 NLCD

(Fry et al. 2011; MRLC 2012; http://www.mrlc.gov/).

The catchment encompasses a broad valley floorédsivatified drift cut through bedrock
ridges along the basin divide and drained by aldnealdwater stream. This geomorphologic
feature, termed a through valley, is uncommon @t éhdrainage divide typically follows the
crest of ridges, with headwater streams descersdéep slopes on each side of the divide.
However, through valleys are recurrent along theéheon boundary of the Susquehanna River
Basin as a result of continental glaciation an@eissed glaciofluvial processes. Groundwater

and surface water interactions in the valley haaenbstudied and reported by the USGS
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Figure 3.1.Location of the Harford valley headwater catchnaahg the northern drainage divide of the Owego-
Wappasening watershed in New York, USA. Threessitithin the catchment were instrumented with mini-
piezometers (red circles) to explore the relatietweenin situ denitrification and the propensity of saturation
characterized by a topographic index. These Bitexlude: (a) a toeslope (TS) above the vallepi (b) an

upland transition zone (UTZ) between the croppetiqo of the valley floor and riparian wetlandsgaft) a
downstream riparian zone (DRZ).
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(Randall et al. 1988). Briefly, small streams orading in the uplands are intermittent and lose
water by seepage as they flow across the valletpimostratified drift, leaving lower reaches dry
for much of the year. Groundwater is derived fithiese losses plus precipitation on the
stratified drift, and drains downvalley as undesloWhere the water table intersects the land
surface, groundwater is discharged to streams. wHter table subsides during the summer as
groundwater continues to drain downvalley but isrecharged from precipitation due to high
rates of evapotranspiration. As the water tabbsgles, the point at which it intersects the land

surface migrates downvalley, leaving a dry chamipehblley (Swader 1974; Randall et al. 1988).

Soils in the catchment are largely Inceptisols Hisals developed in till and outwash deposited
over bedrock shale during the period of the Wissogkciation. The uplands that border the
valley consist of bedrock mantled with till thatsvdeposited directly from the last ice sheet
when it covered the region; soils here are shalfgemtly sloping, and somewhat poorly drained
Dystrudepts, Fragiaquepts, and Fragiudepts of ¢nddtown-Volusia-Mardin soil association.
The sides of the valley consist of till-mantled tmexk slopes, with the lower slopes flanked by
terraces and knolls that formed when the uplands we-free; soils here are steeply sloping and
moderately well drained Dystrudepts, Hapludalfsl Bragiudepts of the Valois-Howard-
Langford soil association. The valley floor cotsisf sand and gravel outwash deposited by
meltwater; soils here are deep, nearly level otlgatoping, and well drained Hapludalfs of the
Howard soil series (Swader 1972; Randall et al8).98 he Howard soil series is most favorable
for agriculture, as erosion and drainage are ngbmpaoblems; not surprisingly, most of the
cultivated land is accordingly situated upon thieyefloor. Conversely, the upland soils—
which often contain a fragipan—are considered exdétg difficult to manage for cropland and

kept in permanent pasture or forest (Swader 1972).
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SITE CHARACTERIZATION AND INSTRUMENTATION

Three sites in the catchment were chosen to imyadstihe relation betweemsitu

denitrification and the propensity of saturatidn.order of decreasing elevation, these sites in
the landscape include: (a) a toeslope (TS) abavedhey floor; (b) an upland transition zone
(UTZ) between the cropped portion of the valleyfland riparian wetlands; and (c) a
downstream riparian zone (DRZ) (Figure 3.1). Tlgeslte is located on a glacial terrace covered
by northern hardwood forest; an ephemeral streamdat the base of the steep bounding
hillslope following snowmelt or precipitation everdnd flow accumulates temporarily in a
vernal pool. The UTZ is located on the valley flaa an herbaceous grassland adjacent to both
the cropping and riparian system; the area is ebeclifrom cultivation due to wetness and
occasional overflow of a kettle pond nearby. ThH&Zs a mixed riparian forest/shrub wetland
with perennial herbaceous vegetation, locatedtopagraphic depression near the confluence of
headwater tributaries in the catchment; a headveattieam originates in the upper portion of the
riparian zone during the winter and spring, butnaiigs downzone during the summer and fall.
Land cover above TS is predominantly forest (808@) shrub/grassland (12%). The hillslope
immediately above TS is pastureland grazed byecattt receives no fertilizer input.

Conversely, land cover above UTZ and DRZ is mixetieen forest (59%) and agriculture
(33%). The field immediately above UTZ was croppédlfa. Farm records indicate that 90 kg

N ha’ yr! was spread as manure on the field during wintertheof the study (Jan — Mar).

Mini-piezometers consisting of small stainless Isteesh-screened well points (Dedicated Gas
Vapor Tip; AMS, American Falls, ID, USA) attachexfltuoropolymer tubing were installed to a
depth of 50 cm below the soil surface in the f&lP007 at each site—two in TS, six in UTZ, and
six in DRZ. Mini-piezometers were installed asrpaeparated by a distance of at least 5 m to

avoid potential complications during simultaneoasittification measurements (e.g., change in
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local flow conditions, dilution, mixing) (Figure B. The location and placement of mini-
piezometer pairs in UTZ and DRZ was based on diffees in vegetation, topography, and/or
wetness (i.e., typically along or near observeéeserflow paths, representing a range in
frequency and duration of saturated conditiong)asion distance between consecutive pairs
within site was at least 10 m, but generally 15320Mini-piezometer locations were recorded
using a Garmin GPSmap 60CSx handheld GPS unit (@dmernational, Olathe, KS, USA).
Three PVC wells were installed at each site togldef approximately 35 cm below the soil
surface and equipped with Odyssey Capacitance Waterl Probes (Odyssey House,
Christchurch, New Zealand) to record water tahlettlations. Monthly shallow groundwater
samples were collected from mini-piezometers whenet was sufficient flow using a Masterflex
E/S Portable Sampler peristaltic pump (Cole Pariviemon Hills, IL, USA). Duplicate soil
cores (7.2-cm diameter, 6.8-cm height) were takehamd from 50 cm below the soil surface
within 1 m of each mini-piezometer location oveptaonsecutive months during late summer

when water tables were low.

SOIL TOPOGRAPHIC INDEX

Hydroperiodicity was characterized across the catstt using a STI (Eq. 1). STl was
determined for every point in the landscape usi@%with DEM and soil data inputs (Figure
3.2). STl was calculated in ArcGIS 9.3 (ESRI, Redls, CA, USA) using Eg. 1 following the
multi-direction flow algorithm of Tarboton (1997Vpslope contributing area and slope were
derived from 10-m resolution USGS DEMs (USGS 201tfy://seamless.usgs.gov/); soil depth
and saturated hydraulic conductivity were obtaiftech USDA-NRCS SSURGO soil data
(NRCS 2012; http://soildatamart.nrcs.usda.gov/)l &ross the catchment ranged from 0.5 to
34.7 with a mean of 7.7 and a nearly normal digtrdm about the mean with positive skew

(Figure 3.3). Less than 1% (15.3 ha) of the laagdeavas located in an area of STI greater than
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Figure 3.2.Soil topographic index (STI) of the Harford vallegtchment created in GIS using readily available
digital elevation model (DEM) and soil data. Saaipth indicates the depth to bedrock or some o#strictive
layer (e.g., fragipan) and ksat is the saturatetiduylic conductivity of that upper soil layer. Higalues of STl are
in blue and indicate generally wetter areas. Csalg, drier portions of the landscape correspanttinow values
of STl appear in red.
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Figure 3.3.Histogram showing the range and distribution of &lues in the Harford valley catchment (1561 ha
total). Dashed lines indicate STI values of milEzometer locations from whidh situ denitrification
measurements were made.
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14. STI for individual mini-piezometer locationssvcalculated on an areal weighted-average
basis using the horizontal accuracy limits repoltgdhe GPS unit (generally £2-4 m) and STI
values that fell within this radius. The sites whe/e measureih situ denitrification rates

represented STI values that ranged from 9.9 to @296 of the landscape).

IN STU DENITRIFICATION

We measured rates if situ denitrification using a°N-NOs push-pull method (Istok et al. 1997;
Well et al. 2001; Addy et al. 2002). Detailed dgseons of the method can be found in Addy et
al. (2002) and Harrison et al. (2011). Briefly, iw&roduced a plume of previously collected
groundwater amended witAN-NO; and a gaseous conservative traceg)8fo a single mini-
piezometer and then extracted the plume from theesaini-piezometer after an incubation
period; introduced groundwater was adjusted to antldissolved oxygen (DO) conditions prior
to injection. Analysis of ambient, introduced, ardovered groundwater samples fi\,,

>N,0, and Sk provide information on the recovery of the introdd plume and allow for
calculation ofin situ denitrification rates. Push-pull tests were atitgad monthly over the
course of one year, beginning in the spring of 20B8sh-pull measurements are limited to
saturated soils, so it was not possible to get asamement from each mini-piezometer in some
months due to the nature of water table dynamiossadhe catchment (e.g., lower water tables
in summer). However, this was anticipated and ated@e since the goal of this study was to
relate measureich situ denitrification rates to a range of hydoperiodést including areas which
only experience saturated conditions for brief dares (e.g., following snowmelt or storm

events).
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Ambient groundwater was collected the day befoeepiish-pull and stored at 4°C. A 10-L
dosing solution consisting of ambient groundwateialed with nitrate (32 mg NEN mg L

as KNQ, 20 atom %°N) (Cambridge Isotope Laboratories, Andover, MA AYS/as prepared
the day of the push-pull. Sulfur hexafluoride ¢80 mg L* SR, He balance) (Airgas East,
Salem, NH, USA) was bubbled through the dosingtemiuo adjust DO concentrations to
ambient groundwater conditions and saturate théisalwith a conservative tracer. The dosing
solution was reintroduced (pushed) into the miezpmeter from which it came and
groundwater was recovered (pulled) from the miezpmeter after a 4-hr incubation period.
Low flow rates were controlled during the push aodt phases (10 and 5 L hrrespectively)

via peristaltic pump to avoid generating air bublded minimize changes in water table
elevation. Groundwater samples were collectegetifc intervals throughout the push-pull for
both water chemistry and dissolved gas analysie latter were taken through an airtight
sampling apparatus made of gas-impermeable tulmngected to the peristaltic pump and
injected by syringe into evacuated serum bottlHse remaining headspace was filled with ultra
high purity grade He. Serum bottles were stored&cemn the field and at 4 °C upon return to the
laboratory. Following a 24-hr equilibration perjagghs samples were taken from the bottle

headspace with a syringe and injected into evadugds vials.

DENITRIFICATION RATE CALCULATION

Denitrification rates were calculated from six gasple replicates taken from the first 3 L of the
recovered groundwater plume (i.e., the portion toaisistently contained the highest tracer
recovery) to minimize the effects of dispersion dndtion (Addy et al. 2002). Measured
concentrations of pO-N and N gases from headspace extraction were converted to
concentrations of the dissolved gases in colleat&iedr samples as described by Tiedje (1982)

and Mosier and Klemedtsson (1994) taking into antthe volume of the gas vial, the volume
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of water sample collected in the serum bottle his@dspace volume of the serum bottle, and
Bunsen solubility coefficients for D and N. These concentrations, representin®Mnd N

gas production in the groundwater, were transfortnéaN,O-N and™N, generation rates over
the incubation using their respectivdl sample enrichment proportion (the ratio of puliédm

% to pushed atom %, corrected for ambient atom Denitrification rates were calculated as the
sum of*®N,O-N and**N, generation rates and expressed as pg N kg gdiuising soil bulk
density and porosity (i.e., converted from mg Nd'; see Appendices A and C of Anderson

2013).

STREAM DISCHARGE AND NITROGEN

A streamgage was established at the catchment outlaly 2009. Stream stage (height of the
water surface) was recorded at 15-minute inteysilsg a Odyssey Capacitance Water Level
Probe (Odyssey House, Christchurch, New Zealang3dwin a slotted and screened PVC pipe
mounted to a piece of iron rebar pounded into tleambed in a channelized portion of the
stream (along cement support walls, under a bridgeyiodic measurements of discharge were
made immediately upstream of the streamgage wili@rchannelized portion of the stream as
follows. The channel was divided into 10 to 15sdtions depending on flow conditions, and
cross-sectional areas were measured using a megsape (width) and wading rod (depth).
Water velocity in each subsection was measuredjusiMarsh-McBirney Flo-Mate 2000
electromagnetic velocity flow meter (Hach Compdnoyeland, CO, USA). Discharge in each
subsection was calculated by multiplying crossieaet area by the measured velocity, and total
discharge was determined by summing the dischdrgaah subsection. A stage-discharge
relation was developed using 18 discharge measumtsmeade over a 6-month period to capture

a sufficient range of stages and streamflows (kg-baseflow in fall, high-snowmelt in spring,
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also pre- and post-storm events). The stage-digehalation was applied to the stage record to

obtain a continuous record of discharge.

Stream water at the catchment outlet was collempgadoximately monthly for one year after
establishing the streamgage (August 2009 to JulpR0Samples were analyzed for N® and
compared to concomitant discharge values. Tram8&3%-N concentration relative to discharge
were characterized using a hyperbolic dilution ni¢dehnson et al. 1969; Salmon et al. 2001).
The nitrate-discharge relation was developed usthgoncentration-discharge measurements
over the 1-year period to capture variable condgi¢e.g., seasonal weather, growing and
dormant seasons, agricultural practices in thehca¢nit). The nitrate-discharge relation was
applied to the discharge record to estimatgIN@oncentrations in the stream as a function of
flow. Annual NQ-N export was estimated by multiplying measuredyddischarge by
estimated daily N@N concentration and summing over the 1-yr periadjA — Jul 31 (see

Appendix D of Anderson 2013).

ANALYTICAL METHODS

Soil samples for bulk density were placed in waightins and oven dried at 105 °C for 24
hours. Particle density was determined usinglididtivater and a 100 mL volumetric flask (in
place of a pycnometer). Soil C and N were deteeohinsing a NC 2100 soil analyzer
(ThermoQuest Italia, Milan, Italy) and OM determdrtrough loss on ignition (LOI) at the
Cornell Nutrient Analysis Laboratory, Ithaca, NGroundwater and stream samples for water
chemistry analysis were stored on ice in the fegld then refrigerated at 4 °C upon return to the
laboratory and filtered (0.45-pum) within 72 houSamples were analyzed for total dissolved

nitrogen (TDN), N@-N, and DOC. TDN was determined using a Milton FEpectronic 501
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spectrophotometer (Milton Roy Corporation, Rochedt’, USA) following persulfate
digestion. N@N was determined using a Dionex ICS-2000 ion clatmgraph (Dionex,
Sunnyvale, CA, USA). DOC was determined using dnAhalytical 1010 total organic C
analyzer (O.l. Corporation, College Station, TX,A)S DO content and temperature were
measured in the field under continuous flow usingsa 550A handheld DO instrument (YSI,
Yellow Springs, OH, USA). Concentrations and ipatacomposition of DO and N gases were
determined on a ThermoFinnigan GasBench + Pre@gp gas concentration system interfaced
to a ThermoScientific Delta V Plus isotope-ratiosmapectrometer (Thermo Fisher Scientific,
Waltham, MA, USA) at the Stable Isotope Facilityyitersity of California at Davis, Davis, CA,
USA. Concentrations of gf§as were determined on a Shimadzu GC 14 gas cltograph

(Shimadzu, Kyoto, Japan) at the Cary Institute @d€ystem Studies, Millbrook, NY, USA.

STATISTICAL ANALYSES

Statistical analyses were performed using XLSTA@diksoft, New York, NY, USA).
Significance was determineda@t 0.05 (95% confidence). Pearson linear coriahafr) was
used to examine the relationship between STI arfdlearhgroundwater characteristics including
TDN, DOC, NG-N, DO, and temperature, and soil characteristickuding bulk density, pH,
%0M, %C, and %N. Linear regression with multiptess validation was used to develop the

relationship between STI and denitrification rate.

RESULTS AND DISCUSSION
DENITRIFICATION RATES

Denitrification showed a seasonal pattern in thetowaent, with rates increasing through the

spring, peaking in the summer, then decreasingiffiréhe fall and remaining low during winter
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(Figure 3.4). Measureid situ denitrification rates ranged from 0 to 4831 pgd\skil* d*

across all mini-piezometers, with a mean valueandard error of 568+156 pg N kg sbd™.
Annual denitrification rates at each mini-piezometstimated by assuming a value of zero for
any month in which a measurement was not takent(leav water table or winter
inaccessibility) ranged from 19 to 484 ug N kg $aif* with a mean of 162+44 ug N kg soif

! A similar seasonal pattern and range of deiui&ifon rates were observed the following year
in a subset of locations used to consider der&iion in riparian areas (manuscript in
preparation). However, annual rate estimatesigmstindy are lower, presumably because (1) we
are including non-riparian areas and (2) the donadif saturated conditions was shorter across

all sites.

The observed seasonal pattern and denitrificaitgmagnitudes reflect agriculture within the
catchment. In natural (i.e., unmanaged) systetast pptake is thought to be a primary N
removal mechanism and demand for N is often gredtesg the growing seasons;
denitrification rates are subsequently highestrdpthe late fall-winter-early spring months
(Groffman and Tiedje 1989a). In agricultural syssethe pattern is likely to be reversed
because N is often abundant and available in exafeshat is required for plant growth;
denitrification rates will be highest during laisg-summer-early fall when temperatures are
warmer (e.g., Hefting et al. 2003). Greater démition rates in agricultural landscapes are
generally attributed to the larger N inputs, and lba orders of magnitude higher on an annual

basis compared to unmanaged landscapes (Bartbril609).
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STI AND GROUNDWATER CHARACTERISTCS

There were significant relationships between STl s&lect ambient groundwater characteristics
in UTZ and DRZ sites, but not in the TS site (Fg@t5). STI was positively correlated with
DOC (r=0.72), and negatively correlated with TDN-(.82), NQ-N (r=-0.67), DO (r=-0.65),

and temperature (r=-0.49). Only the temperatuegiomship was not statistically significant
(rerii=0.58 at P=0.05 with n=12). Groundwater charasties—particularly DOC and N&N—

do not follow the same trends in TS, probably dultation within the catchment. TS is
positioned at a higher elevation and has a relgtsmall upland contributing area, more typical
of conditions near a watershed boundary; therefeeegxpect groundwater characteristics to
reflect mainly local conditions. High DOC (meard Bng L) was likely a result of slow and
consistent decomposition of leaf litter (plus otthwverody debris) on the forest floor. Low MM
(mean 0.3 mg 1) was likely a result of lower N inputs (since tiilslope above receives no
fertilizer or manure spreading) and inferred N filig) (Creed et al. 1996; Burns 2005). DO and
temperature in TS were similar to UTZ and DRZ. luding groundwater characteristics from
TS in the correlation analyses weakened the coiwakabetween variables to the point of
negating statistical significance, except for tié-BO relation (r=-0.58 with new.=0.50 at

P=0.05 when n=14). A full correlation matrix isepented in Table 3.1.

The observed STI-chemistry relationships agree pridlvious studies investigating the influence
of topography on hydrology and soil (discussed Wwgland demonstrate why the STl itself is
likely to be a good predictor of denitrificationtaty. Denitrification is the reduction of NOto
N-gases through a chain of microbial oxidation-iaun reactions, requiring an electron donor
as an energy source (typically C) andJ\N&s an electron acceptor in the absence,of O

Accordingly, factors that control Qlabile C, and N@ availability are thought to be the main
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Figure 3.5.Significant (p<0.05) relationships between STI amdrage ambient groundwater DOC (r=0.72) ;MO
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Values from TS (triangle) are shown, but only fallthe DO relation (r=-0.58).
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Table 3.1 Correlation matrix (r values) among ST, denitdfiion rate, and select groundwater and soil pbjsimical characteristics

Groundwater Soil
STI RATE TDN DOC NO3 DO TEMP BD PH oM N% C%
STI 1
RATE 0.929 1
TDN -0.636 -0.535 1
DOC 0.717 0.837 -0.682 1
NO3 -0.673 -0.730 0.767 -0.730 1
DO -0.581 -0.713 0.309 = -0.625 0.546 1
TEMP -0.366 -0.280 0.31. -0.475 0.656 -0.099 1
BD -0.615 -0.576  0.296  -0.594 0.407 0.582 0.222 1
PH -0.026 0.102 0.533 -0.134 0.249 -0.177 0.229 -0.096 1
oM 0.894 0.870 -0.253 0.609 -0.538 -0.559 -0.344 -0.639 0.233 1
N% 0.692 0.777 -0.060 0.540 -0.479 -0.690 -0.189 -0.600 0.487 0.878 1
C% 0.660 0.768 -0.083 0.538 -0.546 -0.749 -0.205 -0.597 0.463 0.823 0.983

r values inbold indicate significance at p=0.05
shaded cells omit samples from TS location
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regulators of denitrification at the field scalatiwother environmental variables exerting a

secondary influence (Korom 1992; Barton et al. 29®9ett et al. 2008).

O, is considered the principal regulator or critilialiting factor in denitrification, as the process
requires anaerobic or low,@onditions. Increasing soil moisture often res$rsoil aeration and
results in lower @conditions promoting denitrification (e.g., Grotimand Tiedje 1986b;

Burgin and Groffman 2012). Similarly, water talilectuations have been shown to greatly
influence denitrification rates (e.g., Simmonslefl@92; Hefting et al. 2004). We found that
DO in the shallow groundwater decreased with irgirepSTI. To our knowledge, no study has
found this relation explicitly; however, it is wédhown that soil moisture and probability of
saturation increase with various topographic insli@g., Gunter et al. 2004; Sorenson et al.
2006; Agnew et al. 2006; Lyon et al. 2006a,b). 0AIS;, depletion along topographic and rainfall
gradients have been measured in the field (Silivat. 4999; Burgin et al. 2010; Burgin and
Groffman 2012).

Most denitrifying bacteria are heterotrophic, itey use organic C for energy. Quantity and
guality of OM are known to influence denitrificatige.g., Burford and Bremner 1975; Hill and
Cardaci 2000), with the amount of DOC in groundwateporewater most often related to
denitrification rate (e.g., Hedin et al. 1998; Hitlal. 2000). Increasing soil moisture often
increases OM within the soil by promoting plantwgtio and slowing rates of decomposition, and
DOC is readily leached from this material (e.grt®aet al. 1987; Neff and Asner 2001). Again
omitting the TS location, we found that DOC in gi&llow groundwater increased with
increasing STI, consistent with the DOC flushingdihesis (Hornberger et al. 1994) and other

studies that have explored the relation between R@dCtopographic indices (e.g., Welsch et al.
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2001; Ogawa et al. 2006). A positive relation bew soil OM and TI has also been observed in

previous studies (e.g., Moore et al. 1993; Pel.&2(10) and at our site (Table 3.1).

Low NOs concentrations can limit denitrification, with IgrhlOs-N L™ often reported as the
value above which reaction kinetics become zeremiice., independent of concentration and
non-limiting (e.g., Barton et al. 1999; Rivett €2008). NQ' in the landscape is largely
controlled by land use and total N inputs (e.grgddo et al. 1997; Boyer et al. 2002) and is
subject to multiple removal pathways in additiorptant uptake or denitrification (Burgin and
Hamilton 2007). N@ is very mobile in water and, in the absence ofifplgotake or biologic
transformation, hydrologic flows transport M@ soil from higher elevations to lower
elevations where it concentrates (e.g., HairstahG@rgal 1994; Hook and Burke 2000).
Topography and development of saturated areasaglabught to regulate the N®I flushing
mechanism that has been observed in field studigs, Creed and Band 1998). A positive
correlation between Tl and NN has been reported for storm events (Welsch &08l1) and
other studies have found a positive relation betwHeand soil N (e.g., Johnson et al. 2000;
Seibert et al. 2007). We found the opposite—a tegaorrelation between STI and MO
(and TDN) in shallow groundwater, although our gsisl was limited to the high-end of the
watershed’s STI range and omits the TS locatiogava et al. (2006) also found a negative
relationship between Tl and NI, and suggested that decreasingsMOwas partly the result

of denitrification within riparian wetlands of tiidbrested catchment.

STI AND DENITRIFICATION RATE

There was a significant positive relationship betw&TI and annual denitrification rate (Figure

3.6). Multiple cross validation was conducted $eess the stability of the regression model
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cross validation and represent model performanael/er
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(Mosteller and Tukey 1977). A single STl-rate paas removed from the data set and the linear
regression analysis repeated to determine newsggrecoefficients. This process was repeated
sequentially—removing only one data pair at a tinierthe whole data set, resulting in 14 sets
of regression coefficients. The mean values ofdigeession coefficients were used to develop
the overall regression model with uncertainty talierone standard deviation of the regression
coefficients. This method of multiple cross vatida is more appropriate for small datasets than
excluding a portion of the data for validation,cgrthe model will have more predictive power if

a larger dataset is used.

Our findings are in agreement with Florinsky et(2D04) who studied the effect of topography
on denitrifier activity under contrasting hydrologionditions. They found a positive correlation
between Tl and denitrification rate under wet soihditions, but the relation was not significant
during dry soil conditions. Based on other measlike microbial biomass C, denitrifier
enzyme activity, and most probable number of didieits, the authors concluded that the
decrease in denitrification rate was in responsadge oxic conditions brought on by a decrease
in soil moisture. It is not appropriate to compaue study to theirs in this regard, since we are
using the push-pull method to measure denitriftcatind inherently under saturated conditions.
However, since we are focusing on an annual reptasen of denitrification based on STI, drier
conditions are accounted for in both the annuaitdgcation rate and the STl value, i.e., low
STl areas are generally drier over the courseyafaa than high STI areas and a denitrification

rate of zero was assigned to any month in which-pigzometer locations were dry.

A positive correlation between STI and denitrifioatrate indicates that denitrification is likely
to be greater in high STI areas; those areas likebe wettest in the landscape. While much

denitrification research has been focused on @paor near-stream areas, other parts of the
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landscape are prone to saturating. These incligdes avhere topography converges, where
restrictive layers or water tables are shallow/andt toeslopes (e.g., Beven 1986, Walter et al.
2000). Indeed, other studies exploring topograptfluence on denitrification have found
increased denitrification in these very areas. éxample, Pennock et al. (1992) and Van Kessel
et al. (1993) examined denitrification rates irtidit landform elements classified on the basis
of slope gradient and curvature, and found thaagogphic controls of soil aeration via
hydrologic and pedologic processes had a signifiediact on landscape-scale patterns of
denitrification. Specifically, footslopes (toesés) showed greater denitrification activity than
shoulder elements (upper hillslope), and concawvdftams (e.g., depressions) showed greater
denitrification than convex landforms. Also, deffitation rates measured in spring/seep areas
(indicative of shallow water table) are generalighter than the surrounding landscape (e.g.,

Ashby et al. 1998; Pinay et al. 2003).

DISTRIBUTED DENITRIFICATION

To estimate denitrification fluxes across the cateht, denitrification rates in the regression
model were first converted from units of pg N ki $ai™ to kg N ha' yr using measured soil
bulk density values and assuming that (1) the natibsct conditions within some upper 0.5 m
portion of the saturated zone and (2) soil bulksityrwas constant/uniform in this portion of the
soil. Denitrification rates (now annual fluxes @m areal basis) were distributed across the
catchment in GIS according to the regression medeéation and spatial distribution of STI
(Figure 3.7). A flux value of zero was assigneang location with a STI corresponding to a

denitrification rate below the x-intercept of th€lSate relation, i.e., STI = 8.3.
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Figure 3.7.Distributed denitrification (DNT) fluxes acrossthatchment according to STI. A flux value of zero
(black) was assigned to any location with a STugddelow the x-intercept of the STI-DNT rate ralati Light
areas delineate hotspots of denitrification agtiintthe landscape attributed to frequency andtcanaf saturated
conditions.
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Ignoring for a moment the widespread use of them hlydrologic modeling (e.g., TOPMODEL
— Beven and Kirkby 1979; Ambroise et al. 1996, VSLBEchneiderman et al. 2007; Easton et al.
2008a, SWAT-VSA — Easton et al. 2008b, 2011) fawdists have used a Tl to predict or
distribute denitrification-related fluxes acrostaadscape. Vilain et al. (2012) adapted the Tl
into a “concentration flux position index” by ingmrating landform element information, i.e.,
footslope, slope, or shoulder, and subsequentlgalpd measured  emissions from closed
chambers on two plots to the Orgeval basin (ar&#@6=knf) in France according to this new
index plus land use. A handful of denitrificatistudies—often the modeling variety—have
used TOPMODEL combined with a denitrification mo¢®i a suite of biogeochemical models
which include a denitrification routine) to producachment-scale estimates of denitrification
(e.g., Beaujouan et al. 2002; Whelan and Gand6i). RHESSys, a model that couples C and
N cycling with hydrologic processes based on tip@gpaphic approach of TOPMODEL, has
been used in a variety of watershed-scale N simoalsthat include denitrification (e.g., Band et
al. 2001). Whelan and Gandolfi (2002) assumedspiagial distribution of soil C was
imperfectly correlated with Tl in an attempt to nebthndscape-scale denitrification in a
catchment similar to the one used in our studyPMODEL was used to model the spatial
distribution of water and denitrification modeleslafunction of soil organic C availability, i.e.,
nitrate-non-limited. Beaujouan et al. (2002) depeld the topography-based nitrogen transfer
and transformation (TNT2) model, where the hydradagodel was a water balance with
transfer calculations based on TOPMODEL and N faansations were based on a generic
plant-soil model. In these instances, Tl is cdhitrg soil moisture and the delivery of C and/or
NOs needed for denitrification; thus, the TI-denitdtion rate relation exists, but is not readily

apparent.
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CATCHMENT N FLUXES

Denitrification in the shallow groundwater of thetchment over one year was estimated to be
20541 kg N. If taken over the entire area of tateltment (1561 ha), this represents an annual
denitrification N flux of 13.2 kg N Hayr™; for the area (523 ha) where STI > 8.3, the
denitrification N flux was 39.2 kg N Hayr*. As mentioned previously, the push-pull method
for measuring denitrification is limited to satwedtareas, so using these values likely
underestimates total denitrification across thelmaent because denitrification undoubtedly
occurs in other parts of the landscape not accduotan the STl relation: even low STl areas

will be wet and anaerobic for brief periods follogirain events, snowmelt, etc.

Our watershed-scale estimates of shallow groundwiatatrification are comparable to previous
studies. Mehnert et al. (2007) found that 5.7 kga¥yr* of N was denitrified in the shallow
groundwater of a tile-drained agricultural wateshising isotopic ratios of N and O in coupled
with push-pull tests to determine M@ reduction rates. Lowrance et al. (1984) measure
denitrification in riparian zones of an agricultunatershed of 31.5 kg N yrha® of riparian

forest; this was equal to 9.5 kg Nhgr™ over the entire 1568 ha watershed, 30% of which wa
riparian. Whelan and Gandolfi (2002) predictedrage whole-catchment denitrification losses
of 33.1-49.3 kg N Hayr?, with more than half occurring in the saturatedezoln an application
of the TNT2 model validated with denitrification asurements from soils in a farming
catchment area, Oehler et al. (2009) simulatedanoegnt-scale denitrification N flux of 47.0 kg
N ha' yr'. The aforementioned studies were of catchment#asiin size and land use to ours.
At much larger scales and using a N mass balanm@agh, Van Breemen et al. (2002)
estimated denitrification losses of 12.5 kg N'lya* in soils from 16 mixed land use (72%
forest, 19% agriculture) large watersheds in theheastern US. Broken down by land use, they

estimated 55.3 and 2.0 kg Nhar! was denitrified in agricultural and forest soilsspectively.
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Ashby et al. (1998) also found a relatively smathaal N flux (1.2 kg N Hayr?) from
denitrification in a forested headwater catchmdatitrification rates were measured in soil
cores and rates were distributed across the catdrexeording to soil type. It is important to
note that the studies of Lowrance et al. (1984)l@ect al. (2009), and Ashby et al. (1998) all
use the acetylene inhibition method to measuretilgcation in surface soil cores from riparian
zones, so there are distinct differences betwedhadelogies and interpretations of their results
as compared to our push-pull measurements frontoghgloundwater. They are relevant
studies nonetheless, for all measured denitrificatates at depth (generally down to 40 cm)
from particularly wet soils, and either modeleddmtributed those rates according to soil

properties across entire watersheds to estimatéevdadchment denitrification fluxes.

Stream NG-N export over one year was estimated to be 1289,lor 7.8 kg N hayr™ over

the whole catchment area (see Appendix D of AndeP813). The estimated annual N flux via
denitrification from our catchment was thus 69%atge than the annual stream N export.

The ratio of annual denitrification flux to strea®s-N export (1.7) is similar to that reported

for other mixed agricultural use watersheds (4., Lowrance et al. 1984; 1.1, Oehler et al.
2009). In contrast, Ashby et al. (1998) found tRagxport from denitrification in a forested
catchment was only 0.7 of stream N export, whidythttributed to lower N loading and fewer
organic C pools. Similar ratios can be found im\Bxeemen et al. (2002) for forest (0.9) and
agricultural (2.9) lands. From that same studyeitrification to stream N ratio of 1.7 was
obtained when N losses were compiled across aénstfa¢ds and land use (12.5 and 7.2 kg'N ha

1 yr! for denitrification N and riverine N export, resgigely).
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LANDSCAPE PATTERNS OF DENITRIFICATION

The landscape pattern of denitrification that erasrigom this study is consistent with past
studies or modeling efforts at the catchment-saaitrification rates are generally highest in
riparian or near-stream areas (wet), and lowerigr dipland soils. For this reason, riparian
systems are often regarded as hotspots of decwitin (McClain et al. 2003; Groffman et al.
2009; Vidon et al. 2010). In a broader sense,tdication hotspots are likely to occur at the
interface between terrestrial and aquatic systemghé same reasons we see them in riparian
zones: appropriate redox conditions brought oreyricted Q diffusion and delivery of
necessary electron donors and/or acceptors vialogic flowpaths (e.g., Hedin et al. 1998;
Vidon et al. 2010). In this study we find that defication rates correlate with STI, and use that
relation to model the spatial distribution of defitation hotspots within the shallow saturated
zone, which suggests that upland connectivity, deglth, and drainage capacity (i.e., saturated
hydraulic conductivity and hydraulic gradient) ateo potentially important watershed-scale

controllers of denitrification.

We directly measured denitrification in a relatiwemall portion of the watershed, i.e., STI
values of 9.9-26.9 made up only 9.2% of the catetim&he STI-denitrification rate relation we
found allows for some extrapolation, covering S@lues of 8.3-34.7 or 34% of the catchment,
with most of the additional area coming from the kend. Clearly, if no other denitrification
were occurring in the catchment, denitrificatiorsaturated soils or shallow groundwater would
represent a hotspot of activity in the landscafe discussed in the previous section
(CATCHMENT N FLUXES), there are likely additionag¢ditrification fluxes. However, our
estimated denitrification flux of 13.2 kg N hgr* and denitrification:stream N ratio of 1.7 are
similar to other studies that measured, modeledsbmated (through mass balance) whole-

catchment denitrification in the region or in catents of similar size, climate, and land use.
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This suggests that we are capturing a significaniign of denitrification in the catchment,
although interpretation and comparison of dendaifion fluxes and N flux ratios from different
studies really depend on both having comparabléodstfor measuring/estimating
denitrification and having similar N input rate&.detailed N balance for the catchment could
provide additional context and bounds for wholezbatent denitrification, but is complicated by
the presence of an intensive dairy farm straddiwegwatershed boundary within the valley, and
unequal distribution of N inputs, i.e., records available only at the whole-farm level, not for
individual watersheds within the farm boundary.e&®o, the hotspot behavior of denitrification
is apparent over the range of STI in our analyBist instance, 1.0 % of the catchment is in an
area of STI greater than 14, yet this area is resipte for 17.8% of the denitrification we
measured. Choosing an STl value of 12 as an itatic&riparian area (falling between the
highest STI in the UTZ of 10.9 and the lowest STihe DRZ of 13.2), we find that 29.6% of
the measured denitrification was occurring in dhB% of the catchment on an areal basis.
Conversely, this indicates that shallow groundwhtereath drier upland soils (STI between 8

and 12) was responsible for the bulk of the obsegreundwater denitrification (~70%).

The landscape pattern of denitrification depicte&igure 3.7 is nearly identical to that of
Whelan and Gandolfi (2002), with higher rates odogrnear streams and in hillslope
depressions extending to the streams, althoughdideyot provide details on relative rates or
amount denitrified. Ashby et al. (1998) found aalmates of denitrification in wet, spring-fed
soils and near-stream riparian areas up to fivegigreater than in upland surface soils;
however, because these areas were such a smaif plaetlandscape (<3%), riparian
denitrification amounted to only 1.8% of whole-datwent activity. Dry upland soils that
covered a large portion of the landscape (71%)wated for 91% of the denitrification. Oehler
et al. (2009) also found higher rates of denitafion in the riparian zone of their study

catchment compared to the hillslopes, and simulatiodicated 40% of the total catchment
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denitrification was occurring in only 20% of theear Results from these studies and ours
confirm the importance of denitrification in ripan areas, but also demonstrate that upland areas
contribute significantly to catchment-scale defidation, i.e., the amount of N denitrified in a
watershed is generally larger in upland portionthefterrestrial-freshwater continuum

(Seitzinger et al. 2006).

UNCERTAINTIES AND FUTURE DIRECTIONS

Nitrate supply. The STI-based approach to distributing dendaifiion fluxes implies that STl is
the sole factor controlling denitrification, butnidamentally this is not true. No matter how high
the STI at a given location, if there is no N@vailable to denitrifiy, then denitrification rate
should be low. The STI-based approach we usedrmutesxplicitly take N@ supply into
consideration: low STI areas in cropped fieldendag manure N are assigned the same
denitrification flux as equivalent low STI areasupland forests distant from large N sources.
This is evident in our landscape, at the TS pasitid/e cannot discern whether the low
denitrification rates are due to low STI or low NQr if the rates measured in TS were actually
enhanced through the addition of N@ecessary to perform the push-pulls. If the puslh-
method has overestimated denitrification rates fthese locations, then we would be
overestimating denitrification fluxes distributectass the watershed. To highlight the
importance of considering NOsupply and its potential limitation on denitriftean, we lowered
measured rates from TS by an order or magnitudeepehted above methods and analyses.
The denitrification N flux from the shallow satugdtzone decreased by 21%, down to 16231 kg

N over the study period with a slight decreases(tan 2%) in areal extent.
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Denitrification rates. Uncertainty in our denitrification rates develbpough the conversion of
units from mass-based to area-based, which wassegeto distribute fluxes across the
landscape. Individual rates were determined usiagsurements of gaseous isotopic ratios,
concentrations, and quantities scaled up to theipalysample volume. This is a rather straight
forward process whereby the mean denitrificatida eand uncertainty (e.g., standard error) are
easily calculated and expressed in units of mg*Nft, or pg N kg soif d* using soil bulk
density and porosity. Thus, the STI-denitrificati@te relation shown in Figure 3.6 with
uncertainty limits taken as one standard deviatidie regression analysis should be an
accurate representation of expected denitrificatédes as a function of landscape STl value.
However, distribution of these rates across thddaape requires flux units on an areal basis.
Rates were first converted to a flux on a volum&déusing soil bulk density), and then
multiplied by an “effective depth” to obtain fluxna@an areal basis, which introduces uncertainty
in the magnitude of our denitrification estimatér this analysis, we chose 50 cm, consistent
with previous push-pull studies (e.g., Zaman e2@08) and corresponding to the minimum
depth above which soil organic C was greater th&%QqBurford and Bremner 1975;
Beauchamp et al. 1980) when push-pulls were peddrfeee Appendix C of Anderson 2013).
Had we chosen a larger effective depth, denittiocafluxes on an areal basis would be larger
(e.g., 100 cm would double the fluxes we found)or&bver, we did no detailed analysis of

variation in activity within our estimate of effest depth.

Denitrification rate relation shape and extent. Annual denitrification rates clearly show a
positive correlation with STI (Figure 3.6), howeytite expected shape of this relationship is not
known. While we chose linear regression to chaeraz the rate relation (Figure 3.6), other
nonlinear functions (e.g., exponential or powerjHe data well within the range of STI from
which we measured denitrification without introdugisubstantial bias in the residuals. Over

this range, the shape of the relation is not witltmmsequence; curvature of exponential or
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power functions result in slightly higher ratestsg low STI values and considerably higher rates
at high STl values. The net effect is a 7-12%ease in the amount of denitrification over the
range of STI from which we performed push-pullpe®ding on model shape, and even greater
if we extrapolate beyond either STI endpoint. Eherappeal in using an exponential or power
model that can be extrapolated to the minimum SiHiwthe catchment, but we feel we did not
have enough measurements to justify a non-lineatefrfor this study. We did extrapolate the
linear model back to the x-intercept of the STI4tidication rate relation (STI value of 8.3) to
produce a first approximation of whole-catchmentittdication. We feel this was reasonable
given the duration of saturated conditions obsemeéte lowest STI mini-piezometers, i.e.,
areas with STI values of 9.9-10.3 were saturatedtfteast two months and displayed low
denitrification rates, so we can assume that avkesdatively lower STI will be saturated for a
shorter duration of time and have even lower ratetenitrification. This assumption adds
considerably to the whole-catchment estimate oftdication; per-area denitrification rates in
the low STI areas were small, but the extrapolated occupies 24% of the landscape and

represents 40% of our estimated denitrificatioduX.f

Limitations of the push-pull method. The push-pull method for measuring denitrifioatrates

has two main benefits: (1) rates are determineetinditu conditions and (2) the volume of
groundwater and soil encompassed is relativelyelamgnpared to other methods. The latter is
particularly important for capturing micro-scalet$ymots (‘patchiness’) of denitrification and
scaling upn situ observations to the landscape or whole-catchmeaspite these benefits, the
push-pull method has its limitations (as do allmoels, see Groffman et al. 2006). First, push-
pull tests are time consuming and expensive. @berland expense allow fewer measurements
of denitrification than other techniques, which greatly needed at increasingly larger spatial
and temporal scales. Second—and more importanbg-ptish-pull method is limited to

saturated areas, necessarily limiting the scakeope of the study. While this can be good

87



given the first limitation, it means the push-peithnique may not be the best method to
estimate total whole-catchment denitrification sslenost of the denitrification is occurring in

the shallow saturated zone. The magnitude of astithN fluxes suggest a good portion of
denitrification is occurring in these areas, bubébter ascertain the relative magnitude requires a
combination of additional measurements of denttaiiion from other portions of the landscape

and modeling or a detailed N balance for the cagaitm

Futurework. The annual denitrification flux amounts reporiedhis study can be improved
upon in subsequent landscape or catchment deratidn studies that utilize the push-pull
method. As discussed previously, transforming tiiénation rates from a per volume (water)
or per weight (soil) basis to a rate or flux pexaarequires an assumption of “effective depth”
that introduces uncertainty. Given that the push+ipethod for measuring denitrification can
only be used in saturated areas and rates ar@linitalculated as mg N't.d™ requiring no
assumptions about soil properties or extent, idgdo reason that incorporating a hydrologic
model and estimating water fluxes coupled with$fAé-distributed denitrification rates would
result in more spatially and temporally preciseéneates of denitrification fluxes, although
accuracy may not be improved. Alternatively, teéféctive depth” parameter used to transform
rates could be determined in greater detail, deépgrmh available data. For example, measured
or modeled water table elevations could be usedmunction with minimum threshold values
of C and/or N@ in the saturated soil to indicate the upper ameéeldevels of the effective depth

for each measurement. Or denitrification rate wedepth relationships could be determined.
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CONCLUSIONS

The strong positive relationship between (soillognaphic index anth situ denitrification rate
confirm that the highest rates of denitrificaticator over a relatively small portion of the
landscape and correlate with those areas proreucase. We used this relationship to estimate
distributed denitrification fluxes from the shall@aturated zone across a study catchment. Our
results suggest that a large portion of whole-gatafit denitrification occurs in the shallow
saturated zone and that these areas should beptoalized as hotspots of potential
denitrification activity in the landscape. Althdugur study included riparian zones, we also
found hotspot behavior in portions of the uplanttiecape where water tables are shallow and
dynamic, experiencing event- or seasonal-scaléuiions that lead to periodically saturated
surface soils, consistent with the variable soarea concept, and simultaneous increases in

denitrification.

The techniques used in and findings of this stughpsrt the three fundamental areas for
advancement targeted by the National Science Faiond2enitrification Research Coordination

Network (ttp://www.denitrification.ory (1) quantification of denitrification rates; (2)

development of quantitative, process-based relstiips between rates denitrification and
controlling factors; and (3) production of spatyadixplicit, process-based models that can be
used to scale-up site specific measurements tedbgystem or larger scales. A Tl-
denitrification model is a promising and simplelttat allows for scaling ah situ
denitrification rates across the landscape andigesvinsight into the spatial organization of
denitrification at the catchment scale. Improvederstanding of the distribution and
magnitudes of denitrification—patrticularly in lamdgpes impacted by agriculture—has good
potential to facilitate new, novel, and better ngeraent practices for controlling N loading to

streams and rivers. Indeed, the very areas tlpeaaio have a propensity to harbor

89



denitrification, i.e., areas prone to be wet, dterpartificially drained as part of standard
agricultural practices, which effectively incred$éoading to rivers and contributes to
downstream eutrophication. This practice not aatjuces the frequency that these areas are
likely to be anaerobic, but it constitutes a radittansport pathway between the landscape and

streams.
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CHAPTER 4

ASSESSING DENITRIFICATION FROM SEASONALLY SATURATEBOILS IN AN
AGRICULTURAL LANDSCAPE: A FARM-SCALE MASS-BALANCE APROACH

ABSTRACT

Riparian zones have received considerable atteasgyotential hotspots of denitrification at the
landscape- or watershed-scale. Conceptually,dhdittons that promote denitrification in these
zones are also found in other parts of the landsazgmely those areas that are prone to saturate.
However, spatiotemporal characterization and qtieation of these potential denitrification
hotspots are lacking, despite their importanceal Imanagers tasked with mitigation of
nitrogen (N) pollution, particularly in human-doraibed landscapes. We quantified
denitrification fluxes from the shallow saturatexhe of an agricultural landscape using a
topographic index-denitrification model, which fiteites scaling ofn situ denitrification rates
across the landscape based on frequency and duddtsaturated conditions. Denitrification in
the shallow saturated zone resulted in a N fluxwees nearly half of the total denitrification
from the landscape—in about a third of the areadedsrmined from a well-constrained whole-
farm N balance constructed from farm records agld fneasures. Denitrification flux rates
from saturated riparian soils were among the higinethe landscape, however the contribution

of riparian areas to total landscape denitrifiagaticas less than 10 percent.

3 Anderson, T.R., Groffman, P.M., Walter, M.T. Assiag denitrification from seasonally saturatedssiilan
agricultural landscape: a farm-scale mass-balappsach. Agriculture, Ecosystems & Environment.tetinal
review>
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INTRODUCTION

The issue of nitrogen (N) pollution and the domirrahe of agriculture as a major nonpoint
source of N pollution is well recognized (e.qg., lGaky et al., 2003; Robertson and Vitousek,
2009; Smil, 1999). Agricultural production resutlisunavoidable losses of reactive N to the
environment via multiple pathways, such as leacbingtrate (NQ’) to surface and
groundwater, volatilization of ammonia (MHrom soils, and fluxes of nitrous oxide B)) and
other reactive N-containing gases (N@ the atmosphere. Environmental consequences of
these reactive N forms include eutrophication @&fstal zones, compromised air and water
guality, climate warming, and biodiversity changeseceiving ecosystems (Davidson et al.,
2012). Successful management of N in agroecosgsagtampts to maximize crop and/or
animal production while minimizing environmentassoof N (referred to as nitrogen use
efficiency, or NUE). This task is complicated bultiple transformation processes within the N
cycle (e.g., mineralization, immobilization, volaation, fixation, nitrification, denitrification)
(Galloway et al., 2003). Denitrification, the nobial transformation of N9to N gases, is of
particular interest and importance in agricultlaaldscapes because it is capable of reducing a

reactive form of N (N@N) to a non-reactive form (inert;N(Seitzinger et al., 2006).

Denitrification is a facultative anaerobic procesiized by specific groups of heterotrophic
microbes that are ubiquitous in terrestrial sabsygen (Q) and available carbon (C) and nitrate
(NO3) are widely regarded as the main factors conhgltenitrification activity at the organism
scale (Firestone, 1982; Knowles, 1982). Howevarneting denitrification fluxes at larger
scales (e.g., landscape or watershed) is problemad to high spatial and temporal variability
of the environmental regulators 0$4,GC, and N@, giving rise to hotspots and hot moments of
denitrification (Groffman et al., 2009; McClainat, 2003). Denitrification hotspots can be

biogeochemically process-driven and/or transpaxtedr, the former due to locally anoxic
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conditions and the presence of labile C, the lalter to solute fluxes in water (Vidon et al.,

2010).

Riparian zones have received considerable atteasqgotential hotspots of denitrification
because they allow for the confluence of necesslactron acceptors (NQ and donors (C) via
hydrologic flowpaths in low @(reducing) conditions (e.g., Hedin et al., 1998jon and Hill,
2004a). However, these conditions exist alongrdicoum throughout the landscape, and
include areas prone to saturate both permanendyariodically (e.g., Hill 2000; Walter et al.,
2000). Indeed, groundwater fluctuations and tbentrol on anaerobic conditions and nutrient
fluxes have been shown to promote denitrificationiparian buffers, wetlands, and other areas
experiencing saturation (e.g., Hefting et al. 20Rdddy and Patrick, 1975; Woli et al., 2010).
Similarly, increased hydrological connectivity \@hallow groundwater is thought to enhance
NO3 removal though denitrification (e.g., Kaushal let2008; Roley et al., 2012; Vidon and
Hill, 2004b,c).

Despite the emerging importance of denitrificatimispots, there remains a critical knowledge
gap: how much of the denitrification in a landscap&atershed can be attributed to these
hotspots? Spatiotemporal distribution of thesatdging zones have not been quantifiably
characterized. This is partially due to the faettt until recently, techniques for measuring
denitrificationin situ at specific points in the landscape were not delleloped (Groffman et

al., 2006). And only recently—with the maturatioingeographic information systems (GIS)—
have we had the ability to model hydrologic proesss a fully distributed manner. Scaling-up
site specific measurements to ecosystem or lacgdéeshas been identified as a critical need for

denitrification research (Boyer et al., 2006; NSénlixification RCN, 2012).
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In a companion study, we quantifigdsitu denitrification rates across a range of
hydroperiodicities, i.e., frequencies and duratiohsaturated conditions, as characterized by a
topographic index (TI) in a small, agricultural deater catchment (manuscript in preparation).
Tl (also referred as ‘topographic wetness indexgansidered an index of hydrological
similarity: the higher the index value, the wettez point in the landscape and the more
frequently the point will be saturated relativeotber points in the same landscape (Ambroise et
al. 1996). We found a strong positive relationdbepween Tl and denitrification, indicating that
the highest rates of denitrification occur over thlatively small portion of the landscape prone
to saturation. We used the resulting relationshigistribute denitrification rates across the
catchment and estimate denitrification fluxes frili@ shallow saturated zone. We compared
rates/fluxes to other published values in simikdtisgs, and concluded that a large portion of
whole-catchment denitrification was occurring ie ghallow saturated zone, and that these areas
should be conceptualized as hotspots of potergiaitification activity. However, our analysis
did not evaluate denitrification fluxes in contettother major components of the N cycle or the

total N budget for the watershed.

N budgets or balances are useful tools for expanolim understanding of the N cycle at any
scale of interest. In agroecosystems, N budgetsyprcally used to document the major N flow
paths, sources, and sinks as a way to developassmf N use efficiencies, evaluate N
management strategies, and/or identify areas af@mental N loss (Meisinger et al., 2008;
Meisinger and Randall, 1991; Mosier et al., 200Bach N balance is unique: tailored to a
specific set of goals and requiring a clear dabnibf spatial and temporal boundaries which
ultimately determines the N flow paths and sousieks to be considered. Conservation of

mass is the principle on which N balances are based
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N =N + AN

storage (1)

inputs outputs

where the mass of N entering is equal to the milsisleaving plus the change of N stored in the
system, over a given time period. Major N input® iagroecosystems may include atmospheric
deposition, inorganic fertilizers, animal manurie|dgical fixation, and feed imports; major N
outputs may include harvested crops, animal prajuwaciatilization losses from manure or
fertilizer, denitrification, leaching losses, andface runoff. A quasi steady-state condition is
often assumed to simplify agricultural N balanssstheAN term is taken to be zero. This
condition implies that soil N mineralized from soit an annual basis is balanced by N
immobilized (e.g., in residues and roots or as seivmicrobial biomass). Consistent
application of the same N management practicesoagry years is key to attaining a quasi
steady-state condition; other factors include clenaoil properties, tillage, N additions, and
cropping system (Meisinger et al., 2008). N baésnas described above, have been used to
make estimates of landscape- or watershed-scaigifiemtion. In this method, all the N inputs
and N outputs—other than denitrification—are estedar measured, and the resulting N
surplus is assumed to be balanced by denitrifingiog., Gentry et al., 2009; Puckett et al.,
1999; van Breemen et al., 2002).

Our goal in this study was to quantify denitrificet occurring in shallow saturated zone
hotspots of an agricultural landscape, and comip&éoeiotal denitrification and other N fluxes in
the same landscape to investigate the contribatnahrelative importance of these hotspots to
the mitigation of nonpoint source N pollution. Wsed the methodology developed in and

results from our companion study (manuscript irppration) to estimate the denitrification flux
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from the shallow saturated zone of an intensiveydarm under a corn/alfalfa production
system. A whole-farm N balance was constructenh fdetailed farm records and direct
measurements to estimate the remaining N soureksiaks, including total denitrification (via

the difference method).

MATERIALS AND METHODS
DESCRIPTION OF STUDY AREA

The study was carried out at the Cornell Univer8itymal Science Teaching and Research
Center (T&R Center) located near Harford, NY, USAg(re 4.1). The T&R Center occupies
1052 ha of land, of which 159 ha was in pasture4t@iha was cropped corn or alfalfa in
rotation to support intensive dairy production.eTemaining acreage is utilized by dairy, beef,
and sheep unit facilities. Daily average herd gizeng the study was 1050 dairy cattle, 195
beef cattle, and 1100 sheep. All manure is storesite and surface spread without
incorporation into the soil, often on a daily basfsmimal products sold include milk and wool,
plus live animals to adjust herd size and compmsitiNPK fertilizers are used during the
planting of corn as a starter and later as a sedsdilepending on rotation (e.g., corn not
following alfalfa) and/or results of pre-sidedressogen tests. Harvested crops, primarily corn
silage and alfalfa hay silage, stay on the farmanedused to supplement imported feed. Alfalfa
is harvested in three cuts during the summer dhdcéan is harvested once in the fall. Reduced
tillage practices follow harvest and precede mestlgg operations (T. Eddy, T&R Center

Director of Operations, personal communication).

The T&R Center is situated in a broad valley flabvath stratified drift cut through bedrock

ridges—one of which is a groundwater divide betwEath Creek to the north and Owego Creek
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Figure 4.1.Location of the T&R Center (green shade) and agéndivide (black dashed line) between Fall Creek
and Owego Creek near Harford, New York, USA. 1dssin or around field #10 (solid brown line) were
instrumented with mini-piezometers to measuarsitu denitrification and related to the propensity atsation as
characterized by a topographic index. Nitrate §lN€oncentrations were monitored in a groundwatdt (red

circle) and in northern and southern streams (gaeenblue circle, respectively) leaving the farBolid black lines
delineate the catchment encompassing the farm area.
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to the south (Figure 4.1)—and drained by small neaer streams (Randall et al., 1988). The
valley floor is nearly level with deep and well-ovad soils surrounded by hillsides of shallow
and intermediate to poorly-drained soils (Randadlle 1988; Swader, 1972). The valley soils
are most favorable for agriculture, as erosiond@nmaihage are not major problems. Accordingly,
most crop production and manure spreading occugetoe bottom of the valley with hillsides
left in grassland pasture (used for grazing) or dlads (Wang et al., 1999). Groundwater and
surface water interactions in the valley have li#stribed elsewhere (Randall et al., 1988;
Swader, 1974). Briefly, intermittent streams argjing in the uplands lose water by seepage as
they flow across the valley floor. Groundwatedésived from these losses plus precipitation on
the valley floor, and drains downvalley as undevfloNhere the water table intersects the land
surface, groundwater is discharged to form a stre@he water table subsides during the
summer as groundwater continues to drain downvallgys not recharged from precipitation
due to high rates of evapotranspiration. As theemi@able subsides, the point at which it

intersects the land surface migrates downvalleyiteg) a dry channel upvalley.

Records (2005-2011) from a recently deployed NOAZARN monitoring station on site (NY
Ithaca 13 E, 42.44 °N, 76.25 °W, 374 m elevationgate an annual mean temperature of 7.4
°C with monthly mean temperatures ranging from “&3n February to 19.4 °C in July (NCDC,
2012; http://www.ncdc.noaa.gov/). Mean annual ipitation is 1076 mm yt with more
precipitation on average in summer (114 mniYjrthan winter (75 mm md). Snowfall

averages 1583 mmyr

107



NITROGEN INPUTS
Atmospheric deposition

Rate of background atmospheric N deposition waaiodt from a nearby US EPA Clean Air
Status and Trends Network (CASTNet) site locate€onnecticut Hill, about 45 km to the west
of the T&R Center (CTH110, 42.40 °N, 76.65 °W, 30Eklevation). CASTNet sites estimate
dry N deposition by combining measurements of anttdey N species (N©and NH;") with
deposition velocities determined using a multilayedel (CASTNet, 2012;
http://www.epa.gov/castnet). For estimates of Mekeposition, CASTNet uses reported values
from the closest National Atmospheric DepositiongPam/National Trends Network
(NADP/NTN) site, which is located at the Aurora Baxch Farm, about 60 km to the northwest
of the T&R Center (NY08, 42.73 °N, 76.66 °W, 24%tavation). NADP/NTN sites estimate
wet N deposition based on measurements of wet biesp@ precipitation (NADP, 2012;
http://nadp.sws.uiuc.edu/). Total N depositionraie one-year study period was estimated to
be equal to the 2008 value of 6.06 kg N'ii&.34 and 4.72 kg N Hadry and wet N,
respectively).Uncertainty/error. We used rates of total N deposition in yearshetng the
study period to estimate the range of variabiligttmight be expected locally. These rates, as

reported by CASTNet (2012), were 7.24 and 5.58 kuglN in 2007 and 2009, respectively.

Fertilizer

Fertilizer N was estimated from fertilizer applicet records combined with target NPK
composition of the fertilizer blend used. Mostlué fertilizer used during the study period was
applied as urea and ammonium nitrate for corn prtioln on 225 ha of cropland. Fertilizer
applications were split to increase N use efficjend starter was applied in bands next to seed

rows when planting corn in the spring, followeddyyoptional early summer sidedressing of N
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prior to the time of maximum crop uptake. The agerfertilizer N rate for corn was 63 kg'ha
A lesser amount of N (about 1% of total fertilia&rwas applied as ammonium sulfate and
monoammonium phosphate in an alfalfa seeding blehatertainty/error. Synthetic fertilizer
use on farms is typically one of the more consadimputs, with less than 5% uncertainty

(Oenema et al., 2003). As such, we assume t5%zertN for this study.

Nitrogen fixation

N fixation was estimated from crop yield in conjtion with nutrient analysis of crop samples in
NY State over the study period. Hay silage wasdwted in three cuts from alfalfa production
on 231 ha of cropland. The average yield on amiter (DM) basis was 8.42 Mg h43.26

tons per acre). Crude protein (CP) content wasastd to be 20.5% of DM using values for
MML (mixed mostly legume) silage reported by therp@®ne Forage Laboratory feed
composition library (Dairy One, 2012; http://wwwidene.com/Forage/FeedComp). N content
is calculated as CP content divided by 6.25 (NRID122003). Only a portion of total N is due
to N fixation. We estimated the amount of fixedb&ked on Heichel et al. (1994), who found
that fixed N comprised 59% of total N harvestedravd-yr alfalfa stand, covering multiple
cuttings and stand ageblncertainty/error. We used the standard deviation of DM and CP
content reported by Dairy One (2012) as the norarale of values expected in NY state for
MML silage.

Feed

N imported in feed and bedding materials was eséchitom purchase records together with
producer-reported feed composition or regional femdposition data over the study period.

Major N containing feed imports include proprietamneral and grain mixes, corn, and
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distiller’s grain for ration formulization. Othsergnificant imports include grass hay and sawdust
for bedding. For each input, total weight was arted to DM weight, and N content was
calculated as the CP content (on a DM basis) divile6.25. For the proprietary mineral and
grain mixes, CP was reported by the producer &8l&a DM was assumed. For the remaining
feed and bedding imports, values of DM and CP wadten from the Dairy One Forage
Laboratory feed composition library (Dairy One, 2Dbr NRC feed composition tables (NRC,
2001). Uncertainty/error. We used the standard deviation of DM and CPesdneported by
Dairy One (2012) as the normal range of values eepein NY state for feed and bedding
import composition. We also analyzed the five mmsstd proprietary mineral and grain mixes
(largest contributors on a dry weight basis) fdaltd using a vario EL Il elemental analyzer
(Elementar Analysensysteme, Hanau, Germany). Samydre oven dried prior to N analysis to
determine DM content of stored mixes. We useditban + one standard deviation of the
differences between expected N content (from predugported CP content) and observed N

content as the normal range of variability in aikes (Table 4.1).

NITROGEN OUTPUTS
Animal products

Major N containing animal products that are expbftem the T&R Center include live animals
(sold), milk, and wool. N exported in animal saless estimated from live weights reported in
sales records and the typical N content of livewgng cattle and sheep, 2.6 and 2.3 percent,

respectively (NRC, 2003). N exported in milk wasimated from total milk production and the
average daily milk CP content reported by the Daine Milk Laboratory; N content of milk is

calculated as CP content divided by 6.38 (NRC Zam13). N exported in wool was estimated
from the dry weight of sheared, clean wool assuraili@P content of 100 percent; N content is

then 100 divided by 6.25, or 16 percebincertainty/error. We used the range of typical N
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Table 4.1

Nitrogen (N) determination of five major rations—agr and
mineral mixes—utilized at the T&R Center

%N
DM (kg) CP/6.25 N analyzer  Diff
Ration

Herd #1 593462 4.5 6.3 1.8
Herd #5 89049 3.7 4.0 0.3
Herd HS 336901 3.2 4.3 11
Heifer #7 31543 5.0 55 0.5
Heifer #8 78771 7.7 7.5 -0.2
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contents reported for live cattle (2.0-2.9%) andesh(2.0-2.5%) in all stages of growth (NRC,
2003) to estimate the minimum and maximum amouil ekported via livestock sales. One
standard deviation of the reported daily milk Ciateat was used to represent the normal range

and variability of daily values over the study peki

Ammonia volatilization

Ammonia N (NH-N) lost during volatilization was estimated fronanure application records
coupled with manure analysis reports. A varietynainure collection and storage systems are in
place at the T&R Center, including slatted floosteyns with both aboveground and
underground containment tanks, solid floor withaper systems, and bedded pack systems.
Containment tanks are emptied two times per y8araped systems have no long-term storage
(daily haul and spread). Bedded packs are rem8yuetimes per year. There is also an open
feedlot for the beef unit, with a storage tank twtects surface runoff to be applied during the
winter. Manure samples are analyzed each yedotairKjeldahl N (TKN), NH-N, and organic

N by the Dairy One Agronomy Laboratory. All manisesurface spread and not incorporated
into the soil. Manure application records traok tamulative TKN and NN amounts applied
using averaged values of recent manure analysesesfimated the loss of NHN by

volatilization based on Lauer et al. (1976), whorfd that 85% of NEtN is lost after surface
application of dairy manure, across all seasont, avhalf-life of 3.44 days. The portion of
NHs-N that is redeposited locally was estimated t@B5¥%, based on a 2-4 km transport distance
(Asman and van Jaarsveld, 1992; Fahey et al., 199%ertainty/error. We used the standard
deviation of NH-N content reported for each manure type in thet@nasanure analysis report

to represent the normal range and variability ohura NH-N over the study period.
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Nitrate export

Nitrate N (NQ-N) lost in stream water was modeled from contirsudischarge monitoring and
routine stream water sampling conducted the folhgwjear. Details of monitoring and
sampling methods—plus analyses and results—caourelfin Anderson et al. (YEAR).

Briefly, we installed a streamgage on the soutlséream draining the T&R Center and
developed a rating curve to establish the stagehdrge relation. NN concentrations in
stream water collected at the streamgage were gehpa simultaneous discharge values.
Trends in N@-N concentration relative to discharge were charadd using a hyperbolic
dilution model (Barco et al., 2012; Johnson etl#8§9). The resulting concentration-discharge
relation was applied to the discharge record tonede NQ-N concentrations in stream as a
function of flow. To back estimate over this stymbriod (Mar 1 2008 — Feb 28 2009), we
applied the same hyperbolic dilution model to a eted discharge record based on the drainage-
area ratio method (Hirsch, 1979). Discharge wadeteal after Fall Creek (USGS 04234000,
42.453 °N, 76.473 °W, 242 m elevation, 326°ldrainage area) and further calibrated using
linear regression based on the closest one-yegrdischarge record at the T&R Center (Aug 1

2009 — Jul 31 2010) (Figure 4.2).

NOs-N lost in groundwater was estimated from conceioing measured in a shallow
groundwater well at the T&R Center and a water@@ao determine the amount of water

entering the groundwater system over the studygeri

P=ET +Q+GW @
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Figure 4.2.Model results for discharge and nitrate-N @9 loading in the southern stream leaving the T&R
Center from Aug 2009 — July 2010. (a) Precipitatioeasured at a weather station on site. (b) @bdeatischarge
(solid line) developed from streamflow measuremésa$id circle); discharge was modeled using a veaied area-
adjusted approach from the nearby Fall Creek digeheecord. (c) Measured N®I loading (open circle); loading
was modeled using a hyperbolic dilution dischargeeentration relation. Model results are shown dashed line
in (b) and (c).
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whereP is precipitationET is evapotranspiratior® is stream discharge, a@W is the flux to
groundwater. To estimate ET, a daily Thornthwadi@ther soil water budget was developed
which accounts for inputs and outputs of waterdBitelis and Van der Molen, 1986;
Thornthwaite and Mather, 1955). Precipitation whtained from the weather station on site.
Potential evapotranspiration (PET) was calculatdgithe Penman-Monteith equation (Allen et
al., 1998; Monteith, 1965; Penman, 1948). Avagalhter capacity (AWC) was determined
from USDA-NRCS SSURGO soil data (NRCS, 2012; hépildatamart.nrcs.usda.gov/). P and
PET were used in calculations on a daily time-stegietermine available water (AW) and actual
evapotranspiration (AET); each calculation was depeat on whether the soil was drying,
wetting and below AWC, or wetting and above AWCETAwas summed to estimate ET over
the study period. Rearranging the water balange.(E), the contribution to groundwater was
the difference between inputs (precipitation) antpats (actual evapotranspiration and stream
discharge) (Table 4.2). The mean concentratidd@j-N in drainage water was estimated from
monthly sampling of a shallow well (#64) which skitte groundwater beneath the valley
(Figure 4.3). Samples were analyzed forsN\Dusing a Dionex ICS-2000 ion chromatograph
(Dionex, Sunnyvale, CA, USA).

To estimate N@N export in the northern drainage system enconipgsse T&R Center, we
adjusted values from the southern drainage (desst@bove for both stream water N and
groundwater N) according to the proportion of agjtieral land in each area, i.e., the ratio of
farmland in the north (306 ha) to farmland in tbath (746 ha), or 0.41Uncertainty/error. We
used root-mean-square-error (RMSE) as an indicdtsiream N@-N load model uncertainty.
We calculated RMSE between the southern streanefebd’ and Fall Creek ‘modeled’ daily
NOs-N load for the one-year period that the model vabrated on, and applied that value to
back-modeled estimates of streamNOload for this study. A similar approach wasdise

estimate uncertainty in the loss to groundwategNO We calculated RMSE between the
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Table 4.2
Monthly water balance for the T&R Center over thelg
period Mar 2008 — Feb 2009

P PET AET
(mm) (mm) (mm) (mm)
Mar 154.4 41.3 40.9 62.7
Apr 55.0 95.4 76.0 39.1
May 50.8 104.2 64.1 19.1
Jun 97.3 1231 68.6 14.2
Jul 142.4 127.8 67.7 19.4
Aug 73.3 113.7 56.0 14.9
Sep 81.1 83.0 25.9 9.5
Oct 96.2 54.3 22.7 13.7
Nov 86.4 279 16.2 22.8
Dec 84.1 27.2 24.7 41.1
Jan 60.6 20.9 20.7 22.8
Feb 49.5 31.5 30.8 25.5
Total 1031.1 850.1 514.2 304.8
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Figure 4.3.Time series of nitrate-N (N&N) concentration in shallow groundwater well #64hee T&R Center
from Mar 2008 — Mar 2009. The dashed line reprisséire mean N@N concentration across all sample dates (6.2
mg L}, n=12) and is the value used to estimate the atrafus leached in groundwater.

117



‘observed’ and ‘modeled’ daily stream dischargel applied that value to back-modeled
estimates of stream discharge for this study tones¢ upper and lower limits of the contribution

to groundwater (through Eqgn. 2).

Denitrification

Total denitrification across the landscape wasres®d as the difference between N inputs and
N outputs. Of this total, the amount occurringhia shallow saturated zone was estimated using
a topographic index-denitrification model. Detaifghe methodology and model development
can be found in Anderson et al. (YEAR). Brieflye wuantifiedn situ denitrification rates using
the ™®N-NO; push-pull method (e.g., Addy et al., 2002) acasange of hydroperiodicities, i.e.,
frequencies and durations of saturated conditiamsharacterized by a soil topographic index
(e.g., Agnew et al., 2006) in the southern drairegtem of the T&R Center (Figure 4.4). We
found a strong positive relationship between spbgraphic index anich situ denitrification

rate on an annual basis (Figure 4.5), and theoalatas used to distribute denitrification fluxes
from the shallow saturated zone over the entirealjural landscape (Figure 4.6).
Uncertainty/error. Total denitrification estimated through a maskbce approach such as this
accumulates the uncertainties and errors of eguit end output term. Multiple cross validation
was used to determine uncertainty in the topograjolgiex-denitrification model and bound

estimates of denitrification in the shallow satatazone (see Anderson et al., YEAR).

RESULTS
NITROGEN BALANCE

N inputs exceeded N outputs at the T&R Center @ 4dl8; Figure 4.7). The largest inputs were

in feed products, specifically purchased feed (&8%he total N input) and a lesser amount from
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Figure 4.4.Soil topographic index (STI) of the T&R Centerated in GIS using digital elevation model (DEM)
and soil data. Soil depth indicates the depthetiréack or some other restrictive layer (e.g., fpag) and ksat is the

saturated hydraulic conductivity of that upper $ajler. High values of STI are in blue and indécgénerally
wetter areas. Conversely, drier portions of timel$&ape corresponding to low values of STI appesed.
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Figure 4.5.STI-denitrification rate relation determined bigdar regression and used to extrapolate denitiiica
fluxes from the shallow saturated zone accordin§Tbvalue across the T&R Center. Denitrificatiates are
shown as annual estimates in units of kg Nyi&. Dashed lines indicate one standard deviatidme#r

regression coefficients determined via multiplessrealidation and represent model uncertainty. ifigtifrom
Anderson et al. (YEAR).
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Figure 4.6.Distributed denitrification (DNT) fluxes acroseth&R Center according to STI. Light areas indécat
hotspots of denitrification activity in the landpeaattributed to frequency and duration of sataratsnditions.
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Table 4.3
Nitrogen (N) balance for the T&R Center over thedstperiod Mar 2008 — Feb 2009

Mass (kg) Min Max
N Inputs
Atmospheric deposition 6376 5871 7618
Fertilizer 14197 13487 14906
N fixation 37610 24361 53374
Feed 99430 91066 125408
Total 157613
N Outputs
Animal products 41723 39778 42887
NH; volatilization 20719 12936 28503
NO; export 47485 31080 63890
Denitrification hotspots 20833 16550 26787
Total 130760
Balance 26853
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Figure 4.7.Pie charts depicting the overall nitrogen (N) bakof (a) inputs and (b) outputs for the T&R Cente
over the study period Mar 2008 — Feb 2009. Thasmg piece’ of the N balance was attributed tatd&oation
occurring in other parts of the landscape not measduring this study. See Table 4.3 for massrigalaalues.
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N fixation in alfalfa (24%). Fertilizer use (9%@d atmospheric N deposition (4%) were
considerably smaller sources of N to the farm. [Engest output from the T&R Center was
NOs-N exported in stream and groundwater (30%), foldwy N sold off the farm in animal
products (26%). Volatilization loss of NHN from manure (13%) was the smallest N output.
Considering N@N loss in stream and groundwater separately, iNomas lost to groundwater
(29128 kg, or 18%) than stream water (18356 kd,266). Excluding denitrification, 30% of

total N inputs are not accounted for.

DENITRIFICATION

Total denitrification is assumed, here, to balatal N inputs and outputs—the missing sink—
at 47686 kg N (Table 4.3; Figure 4.7). It becoriessingle largest N output, slightly exceeding
total NOs-N export in water. Denitrification in the shall@saturated zone makes up a significant
portion of total denitrification at 20833 kg N (448bthe total), and occurs in a relatively small
portion of the landscape (366 ha, or about 35%efotal area). The aggregate denitrification
flux from these hotspots is 57 kg N‘har'®. The remaining piece of the N balance—assumed to
be denitrification not measured—amounts to 26858lkd aken over the entire agricultural

landscape (1052 ha) results in an average decitiifin flux of 26 kg N ha yr™.

DISCUSSION
NITROGEN BALANCE

Interpretation of our results (as they pertaindaittification) depend largely on the accuracy of
our estimates of the various N input and outputh$er For each N input or output, we have
estimated a range of variability or uncertainty aggbort these values in Table 4.3. However,

additional discussion may be helpful for establightontext and confidence.

124



Our results are consistent with past whole-farmahaces, in that the largest input for dairy
farms with supplementary crop production tendsedded imports followed by N fixation, and
the major outputs are animal products (e.g., Spetaak, 2003; Wang et al., 1999). The smallest
N input in our study area was background atmospti¢deposition, which is not unusual given
the large N inputs required for crop productiont(fieer and/or manure) or animal production
(feed) in agricultural areas (e.g., Barry et @93; Puckett et al., 1999). Precision N
management of corn is practiced at the T&R Cemiih, fertilizer N applied according to crop
guidelines for NY State after taking into accoulht\asources (Ketterings et al., 2003). Overall,
corn was fertilized at an average rate of 63 kgaNyr, which is a typical economic rate for
corn 1-3 years following alfalfa, grown on prodwetisoils with manure amendments (Klausner,
1997). The amount of N fixation based on cropdyisfl alfalfa equaled 163 kg N higr?, also

in agreement with reported literature values (450-250 kg N hayr™, Brady and Weil, 2002;
114-224 kg N hdyr?, Heichel et al., 1984; 82-254 kg N'hgr™, Heichel et al., 1991; 43-471

kg N ha' yr*, Russelle and Birr, 2004).

While the outputs of N in animal products are veelhstrained, there is less certainty in the
remaining output terms (Table 4.3). Nevertheldsse are multiple reasons to believe those
estimates are relatively accurate. Similar vabfd$Hs-N loss to volatilization are obtained
using two different calculation methods. The fuses EPA emission factors suggested in
Battye et al. (1994)—18.83 kg N cattland 2.77 kg N she@p-yielding a total N loss of 17241
kg (83% of the value estimated from manure record$ye second approach is to assign N loss
fractions based on the type of manure managemeitityfa According to Bouldin et al. (1984),

we would estimate a 40% N loss for having fredsstaith daily haul and cleaning, plus slotted
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floor systems with underlying pit storage and igfrent cleaning. This approach results in a loss

of 23039 kg N (111% of the value estimated from nmamecords).

Observed stream water MO patterns in the southern stream at the T&R CGarte consistent
with groundwater-surface water interactions invhkey reported by the USGS (Randall et al.,
1988). Stream flow is primarily groundwater disajeof a relatively constant source of NI,
which experiences seasonal or event dilution. ndilar pattern has been documented in other
headwater areas locally (e.g., Goodale et al., @9%ell as in the state (e.g., Burns et al.,
1998). Uncertainty in stream NI export comes from using measurements taken the
following year to estimate stream flow and N concentrations during the actual study period.
Qualitatively, the two years are comparable in geaohthe factors that contribute to both stream
flow and N loading, namely precipitation and N mgement. Total precipitation and the
distribution thereof, i.e., seasonal totals andepas, were similar in both years. In terms of N
management, there were minimal changes in herd aizé crop acreage between the two years,
with no change in specific management practicdausTmodel performance is critical in
establishing confidence in our stream N®estimates. Modeled discharge tended to slightly
overestimate flow during the fall and underestinfete during the spring (Figure 4.2b); over
the one-year calibration period, the predicteditisge totaled 270 mm as compared to 268 mm
observed (+ 0.5%). Modeled N®I load over 14 sampling events spanning all seaaaod flow
conditions captured trends and peaks (Figure 4s2ehyming these days, the predicteds;NND
export totaled 521 kg N as compared to 508 kg Nsoeal (+ 2.5%).

A network of streams also converge and dischargiegtmorth, although most of the farm lies
within the southern drainage system (Figure 4ThHe drainage systems are nearly equal in size

(1482 and 1561 ha for the northern and southespgerively). To account for NEN export in
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the northern landscape, we assumed that the ambdinvas proportional to the area of
agricultural land in the southern landscape (3064t ha, or 0.41). To validate this assumption,
we measured flow and NEN concentration in the northern and southern stsean seven
independent days in late fall, winter, and earlyrgpcovering a range of low and high flow

events. The ratio of daily NEN load (N/S) was 0.45 + 0.23 (mean + standardaten).

As explained above, a daily Thornthwaite-Mathercpdure for calculating AET and ultimately
recharge (GW in Egn. 2) from the soil moisture batawas used estimate the amount of N
leached to groundwater. The commonly used FAO ciugd coefficient method (Allen et al.,
1986) yields a nearly identical value of AET—51Bmfn—as compared to the soil moisture
balance—514.2 mm. Both methods utilize the PenManteith estimate of PET, widely
recognized as the most physically correct PET magl, Shaw and Riha, 2011; Sumner and
Jacobs, 2005). Rearranging Egn. 2, we estimalerge as the difference between inputs
(precipitation) and outputs (stream discharge aBd@ )fover the one-year study period (see
Table 4.2). The average N® concentration of leached groundwater was eséchtd be 6.2
mg L™ based on monthly sampling from a shallow groundwaell (Figures 4.1 and 4.3). This
value is consistent with recent sampling of grouathwmonitoring wells at the T&R Center
(e.g., wells 50 & 98 from 2002-2004, range 2.5-18glL", mean 6.4 mg L, n=24, Geohring,
unpublished data; well 98 from 1992-1994, meamégd ', n=64, Wang et al., 1999). The
NOs-N load to groundwater (leached) was estimateti@ptoduct of recharge {¢) and NQ-N
concentration (gw), and totaled 29128 kg. Taken over the entirecaljural landscape, this
amounts to a loss of 28 kg N*hgr'?, within the range of N®N leaching losses (14.5-34.9 kg N
ha' yr') measured in field plots of loamy sand soils sdedecorn following alfalfa plowdown

and fertilized at a rate of 22-134 kg N'ha™ (Sogbedii et al., 2000).
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DENITRIFICATION

Our results are in agreement with previous stuiiashave quantified denitrification at the
agroecosystem landscape- or watershed-scale. VEnage landscape denitrification rate (45 kg
N ha’ yr!), as estimated using the whole-farm N balancsinigiar to the value estimated by
van Breemen et al. (2002) also using a N mass talapproach for agricultural lands in the NE
US (55 kg N ha yr'). Their analysis looked at 16 watersheds of vaygize and mixed
agriculture-forest-urban landuse, with N budgetneestimated from (coarser) county-level
data, possibly leading to an overestimation of wligication; across all watersheds, the percent
of N inputs unaccounted for in agricultural lanch{gh they attributed to denitrification) ranged
from 34-63% and averaged 49%. Other N mass baktndees supplemented with field
measures of denitrification have found results caraple to ours. For example, Gentry et al.
(2009) used measurements of in-stream and shalowngwater denitrification in conjunction
with a N mass balance to estimate ‘field denitafion’ in a midwest US agricultural watershed
under corn and soybean production. They estinfagktand total denitrification to be 27 and
34 kg N h& yr, respectively; shallow groundwater denitrificativas estimated to be 6 kg N
ha' yr'. The authors note that their estimate of shatjosundwater denitrification represents a
minimum value, and thus both it and total denitéfion are likely underestimated. Also, they
speculate that extensive tile drainage decreasgsatential for shallow groundwater
denitrification. Indeed, our estimate of field defication (i.e., total minus shallow saturated
zone) is similar at 26 kg N Hayr?, while shallow saturated zone denitrification igher at 19

kg N ha' yr! on a total landscape area basis.

Oehler et al. (2009) simulated a watershed-scalérifieation flux of 47 kg N ha yr* from a
small dairy farming catchment in NW France undeiz@and winter wheat production using the

agro-hydrologic TNT2 model, calibrated with fieldtd includingn situ measurements of
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denitrification. Soils in the catchment were orgad in two domains: well-drained hillslopes
and poorly-drained hydromorphic soils at the bottafrelopes where the water table is often
near the soil surface. Denitrification flux frofret‘riparian’ domain (mean of 93 kg N hgr?)
was greater than from the’ hillslope’ (mean of 36Nha’ yr'); however, the areal extent of the
hillslope domain was much larger, resulting in @ager contribution to whole-catchment
denitrification. On the whole, denitrification the riparian domain accounted for 40% of the
total denitrification in only 20% of the watershagka. In another modeling study, Whelan and
Gandolfi (2002) used a formulation the TOPMODEL tojdgic model coupled with a simple
process-based denitrification model to estimatéiapaatterns of denitrification from a small
mixed landuse catchment in the United Kingdom uraiéniate non-limiting’ conditions (similar
to what might be expected in an agriculturally doateéd landscape). They predicted average
whole-catchment denitrification fluxes of 33-49Mdha® yr* for differing soil organic carbon
scenarios, with more than half of this occurringha saturated zone. More importantly, the
landscape pattern of denitrification that emergedhftheir study was nearly identical to that
shown in Figure 4.6, with higher fluxes occurrirganstreams and in hillslope depressions

extending to the streams.

Our results indicate that at the landscape- or ishégl-scale, the traditional classification of
riparian zones as hotspots for denitrification barexpanded to include outlying areas which are
prone to saturate for any length of time or wheatewtables remain shallow for extended
periods. Current state recommendations for minimiparian buffer widths range from 15.5 to
24.2 m (Mayer et al., 2005). We created a 25 rarigm buffer in ArcGIS around stream and
wetland areas within or along the farm boundarg, estimated the denitrification flux from the
shallow saturated zone using the method describedea(Anderson et al., YEAR) The
estimated denitrification flux from our ‘ripariaruffer’ is 63 kg N h& yr?, but this occurs in

such a small portion of the landscape—60 ha, outa®#h—that the mass flux is only 3749 kg N
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yr, or just 18% of the shallow saturated zone ‘hafspenitrification (and only 8% of total
landscape denitrification), suggesting that a S3ddal approach may allow for better depiction

of landscape hotspots than a simple delineatioipafian zones.

CONCLUSION

Spatiotemporal characterization and quantificatibpotential denitrification hotspots are
essential to land managers and policymakers taskbdleveloping and implementing better
strategies for reducing nonpoint source N pollut@mneceiving water bodies. The STI-based
approach is a simple and rapid tool to improvedapiction of hotspots in the landscape, and
can be readily incorporated into geospatial apgres¢or assessing denitrification sinks at the
landscape- and watershed-scale (e.g..Kellogg,e2@10). We used a STI-denitrification model
to distribute denitrification fluxes from the shaidl saturated zone across an agricultural
landscape and assess its contribution to whole-ksuaurces and sinks. We found that
denitrification in the shallow saturated zone actted for 44% of the unresolved whole-farm N
balance, confirming that a large portion of langeedenitrification occurs in upland hotspots,
relative to riparian zones, where water tableshetlow and dynamic, experiencing event- or
seasonal-scale fluctuations that lead to perioljisalturated surface soils. Spatiotemporal
characterization of these hotspots is among teedteps necessary to develop targeted
management practices, particularly for agricultisatlscapes. Future intra-hotspot research is
needed to see if untapped potential exists, dagperfunctioning’ via natural accumulation of
carbon (e.g., through no till practices) or viaieegred approaches (e.g., bioreactors,

denitrification walls, induced flooding).
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APPENDIX A
DENITRIFICATION RATE CALCULATION

15N, CALCULATIONS

sample N (umol) = pmol N (from analysis results; UC Davis Stable Isotopeilfg)

sample Ny(umol
gas vial volume (mL)

concentration N(pumol L) =

R
sample atom % =—2"2_ » 100
sample"’1
_ 15N

T 14N

_ RstandardaXdelta air
Rsample_ Rstandard + 1000

Rstandars= 0.0036765

delta air = deltd®N (from analysis results; UC Davis Stable Isotopeility) = 1000 x ~:ampie=fstandard

Rstandard

gas vial volume (mL)
1000

mass of Nin vial (umol) = concentration Numol LY) x
dosing sample atom % = average atom % of dosingleanii.e., DOS1 and DOS?2 vials)
dosing mass (umol) = average mass pirvials (i.e., DOS1 and DOS?2 vials)

mass of N attributed to denitrification (umol) =

m 098sing mass x (dosing atom %—standard atom %)
Y]

mass of Nin vial x (sample atom % - standard ato
(EN-standard atom %)

standard atom % = 0.366303286

. 15N added as NO3—N
EN = enrichment % = 3
14N+15N added as NO3—N + ambient N as NO3—N

concentration of Mattributed to denitrification (umolt) =

mass of Ny attributed to denitrification (umol) % 1000

gas vial volume (mL)

total mass of Blfrom denitrification (umol) =

concentration of Mattributed to denitrification (umol 1) x [volume of headspace (L)a+x volume of
liquid sample (L)]

a = Bunsen coefficient for at 5 °C (0.0211 fo) N
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“N,O CALCULATIONS
sample NO (uL L) = ppm NO (from analysis results; Cary Institute of EcospstStudies)
concentration BD (pg L) = sample MO (uL L) x pN,O (g L)

pN,O =1.948 g [*at 4 °C

atom % = atom % (from analysis results; UC Davib&t Isotope Facility) {SL”Z; x 100
sample

_15N

T 14N

RstandardaXdelta air

R =R +
sample standard 1000

Rstandars= 0.0036765

delta air = deltd®N (from analysis results; UC Davis Stable Isotopeility) = 1000 x ~:ampie=fstandard

Rstandard

gas vial volume (mL)
1000

mass of NO in vial (ug) = concentration® (ug LY) x

. . fN20 in vial
mass of NO-N in vial (umol) =258 ofN20 In vial (ug)

44 gmol~1

dosing atom % = average atom % of dosing sampkes DOS1 and DOS?2 vials)
dosing mass (umol) = average mass gDM in vials (i.e., DOS1 and DOS?2 vials)

mass of NO-N attributed to denitrification (umol) =

(mass of N;0—N invial x atom %)—(dosing mass x dosing atom %)
(EN-standard atom %)

standard atom % = 0.366303286

. 15N added as NO3—N
EN = enrichment % = 3
14N+15N added as NO3—N + ambient N as NO3—N

concentration of BD-N attributed to denitrification (umol ) =

mass of N,O—N attributed to denitrification (umol)

X 1000

gas vial volume (mL)

total mass of BD-N from denitrification (umol) =

concentration of BD-N attributed to denitrification (umol 1) x [volume of headspace (L)arx volume of
liquid sample (L)]

a = Bunsen coefficient for at 5 °C (1.06 fop@®)
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DENITRIFICATION RATES BASED ON SF ¢ RECOVERY
mass N (umol) = average of total mass of flom denitrification (umol) from three samples lwitighest S§C/G,

mass NO-N (umol) = average of total mass ofONN from denitrification (Lmol) from three sampleih highest
SRk CI G

SK; C = concentration of Skn sample

Sk C, = average concentration of SR dosing samples (i.e., DOS1 and DOS2 vials)
mass N (ug) = mass N(umol) x [28(1-EN) + 30(EN)]
mass NO-N (ug) = mass pO-N (umol) x [28(1-EN) + 30(EN)]

_ . _ 15N added as NO3—N
EN = enrichment ,
14N+15N added as NO3—N + ambient N as NO3—N

Denitrification rate (ug N kg sotld?) =

mass N, (ug)+mass NpO—N (pug) 1L of water
volume of sample (L) mass of soil holding 1L of water (kg)

X incubation time (hrs) x 24

: -3
mass of soil holding 1L of water (kg) et density (9 em 7)

porosity

bulk density (g cm™3)

porosity =1 —

particle density (g cm™3)
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APPENDIX B
CARBON AMENDED PUSH-PULLS

Carbon (C) amended push-pulls were performed ih the upstream and downstream riparian
zones, mini-piezometer locations U3 and D3, respalgt 128 mg C [*as sodium acetate was
added to the dosing solution as a source of |&bile raise the C:N ratio to approximately 4:1,
the optimal ratio for denitrification (Payne, 19814l other push-pull protocols (i.e..,
methodology and calculations) followed the deswipgiven in Chapter 2. Monthly
denitrification rates are plotted with ambient grdwater conditions, and further broken down

into N, and NO components for each C-amended push-pull (Figgresnd B.2).
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Figure B.1.Carbon amended push-pulls in Di3\ situ denitrification rates (solid circle) measured niby&and
plotted with selected ambient groundwater DOC (sglydNG;s-N (-x-), DO (triangle), and temperature (open
circle). Rates are partitioned into meanadd NO production, and plotted with,® yield [N,O/(N,+N,O)].
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APPENDIX C
SOIL PROPERTIES AND CARBON PROFILES
SOIL PROPERTIES

Two soil samples were taken from each mini-piezemietcation for bulk density (BD) and
particle density (PD) determination, as well aslysia for organic matter (OM), nitrogen (N),
and carbon (C) content (Table C.1). Soil sampleevaken in mid- to late-summer when water
tables were below 50 cm. Soil pits were dug doavB@ cm, and intact cores extracted by hand
using a 7.2-cm diameter and 6.8-cm height soil/cylgnder. Soil samples for BD and PD
determination were oven dried at 105 °C for 24 BoBoil samples for OM, N, and C analysis

were sent to the Cornell Nutrient Analysis Lab (ANA

Bulk density was calculated as the dry mass ofdiwvitled by volume of soil extracted (i.e., the
volume of the cylinder). Particle density was deti@ed using a modified pycnometer method.
Approximately 10 g of dry soil was weighed out gradired into an empty, pre-weighed 100-mL
volumetric flask. After recording the initial weig approximately 50 mL of distilled water was
added to the flask, and the soil-water mixture ghauo a gentle boil for 10 minutes. The flask
was removed from the heat source and allowed th capped, and let sit for 24 hours. The cap
was removed and distilled water added to bringaked volume to 100 mL. At this point the
total soil-water mixture plus flask was weighedddotal volume of water added known).
Particle density was calculated as dry mass oftsailed by volume of that soil, where the
volume is determined by displacement, i.e., theiva of water required to bring the entire soil-

water mixture up to 100 mL.
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A complete description of CNAL analyses for OM,ahd C can be found at

http://cnal.cals.cornell.edu/analyses/index.htitiefly, N and C were determined using a NC

2100 soil analyzer (ThermoQuest Italia, Milan,Jjadnd OM determined through loss on
ignition (LOI) at 500 °C for two hours.
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Table C.1.Soil properties at each mini-piezometer locatior2(per)

BD (g cnt) PD (g cnT) %O0OM %N %C
TS1 0.61 1.91 7.9 0.5 5.2
TS2 0.59 1.83 8.1 0.5 5.8
DRZ1 0.46 1.57 17.8 0.9 11.4
DRZ2 0.38 1.61 16.6 0.9 10.6
DRZ3 0.50 1.75 135 0.7 7.8
DRZ4 0.38 1.60 14.1 0.7 8.5
DRZ5 0.34 1.57 25.1 1.0 10.9
DRZ6 0.36 1.64 215 1.0 10.2
uTZ1 0.39 1.71 11.2 0.8 9.1
uTZz2 0.57 1.84 12.5 0.7 9.1
uTZ3 0.60 1.88 10.6 0.6 7.1
uTz4 0.68 1.92 11.2 0.7 8.1
uUTZ5 0.49 1.79 16.2 0.8 8.6
UTZ6 0.56 1.68 14.6 0.8 8.8

147



SOIL CARBON PROFILES

Soil carbon (C) profiles were created for each @tgure C.1). Soil pits were dug down to the
water table (a depth of approximately one metenpid-summer, and soil samples taken every
10 cm using a hand trowel. Samples were oven @tid®5 °C for 24 hours. Organic matter
(OM) content was determined through loss on ignitioOl) at 550 °C for five hours. A

conversion factor of 1.724 was used to convert ©Mrganic C (Nelson and Sommers, 1996):

%OM = (%LOI * 0.7) — 0.23
%C = %OM/1.724

An exponential decay function was used to extrapdail organic C at depth (e.g., Jobbagy and

Jackson, 2000):

C(z) = Coe™**

where C(z) is soil organic C (%) at depth z (cn)jsChe soil organic C content at the surface
(%), and k a scaling constant (¢n The parametersq@nd k were determined via linear fit of

log transformed values of C with depth z:

In(C) = —kz + In(Cy)

Burford and Bremner (1975) and Beauchamp et aB@L8port a total organic C content of
0.5% as a critical value where the denitrificatt@pacity of soil begins to significantly increase.

The depth where this occurs at TS, UTZ, and DRZLIS, 88, and 102 cm, respectively.
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Figure C.1. Soil carbon profiles for TS, DRZ, and UTZ. Prefilare shown with the linear fit of log transformed
values of carbon with depth used to model the egptial decay function.
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APPENDIX D

STREAM DISCHARGE AND NITRATE CONCENTRATION

STREAM DISCHARGE

A streamgage was established at the southern catdtoutlet. Stream stage (height of the
water surface) was recorded using a capacitanca Veael logger housed in a slotted and
screened PVC pipe within the stream channel. Biermeasurements of discharge were made
immediately upstream of the streamgage using alMslicBirney Flo-Mate 2000
electromagnetic velocity flow meter (Hach Companyeland, CO, USA). A stage-discharge
relation was developed using 18 discharge measumtsmeade over a 6-month period to capture
a sufficient range of stages and streamflows ([Bdud). The stage-discharge relation was

applied to the stage record to obtain a continueasrd of discharge (Figure D.2).
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CONCENTRATION-DISCHARGE REALTIONSHIP

A hyperbolic dilution model was used to characeetize apparent nitrate concentration-
discharge relationship in the southern catchmeeast (Johnson et al., 1969; Salmon et al.,

2001):

c=—1T1 4
“1+a,0 B

where C is the concentration of N (mg L), Q is the discharge (cfs), and ay, andas are
constants for the stream at this specific monitptatation. a; corresponds to the concentration
of NOs-N in groundwater (or soil water) from which theestm originatesy, is related to the
curvature of the function, ang corresponds to the concentration of ;\NDin water that mixes
with the stream. To estimadg andos, we looked at the behavior of the function when Q

approaches zero or infinity:

451
1+azQ

At the highest flow, Q- o, therefore ¢,Q) — o, and it follows that ) — 0, so C=ug

a1
1+azQ

At the lowest flow, Q— 0, therefored,Q) — 0, and it follows thag

) — a1, SO C=04 + a3

Physical interpretation allows us to make somerapsions about; andas. At the highest
possible flow—in a dilution controlled system—th@ncentration will never be less than zero, so
az>0. At the lowest possible flow, concentration wéam water should be equal to that of the
source water, s@=Cy. As a first approximation, we assume tiais equal to the mean NN
concentration found in the shallow groundwater6.thg L'; see Chapter 4), and thatis

equal to a concentration of zero. A value of 0.&8%, was determined by fitting the model

curve through the observed data and minimizingstiva of squared residuals.
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Graphical representation of the model is shown wiikerved nitrate-discharge measurements

(R?=0.62, Figure D.3):

- 6.24
14 0.200Q
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Figure D.3. Hyperbolic dilution model used to estimate in-atrenitrate concentration as a function of discharge

Open circles represent paired measurements uskédop the concentration-discharge relationstopd$ine).
Multiple cross validation was used to estimate uadety in the model (dashed lines).
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APPENDIX E

LIST OF PUSH-PULL DATA

FIRST YEAR (All sites — Chapters 3 and 4)

DATE WELL RATE ERR \P N0 NOs-N REM DOC NOs-N DO TEMP
11/29/2007 TS1 77.6 47.6 76.5 11 0.07 3.90 0.58 6.05 3.8
4/19/2008 TS1 116.7 93.6 107.0 9.6 0.11 3.19 0.17 6.83 15.3
11/29/2007 TS2 0.4 0.1 0.0 0.4 0.00 3.70 0.20 8.22 4.2
4/19/2008 TS2 378.6 208.2 361.9 16.7 0.36 3.41 0.04 2.35 13.4
5/26/2008 TS2 171.6 53.2 141.0 30.6 0.16 4.55 0.14 2.53 13.6
6/24/2008 TS2 154.5 58.5 148.7 5.8 0.15 4.62 0.05 2.80 15.3
7/22/2008 TS2 2.7 0.2 0.0 2.7 0.00 5.73 0.13 3.10 18.1
11/13/2007 DRZ1 327.4 81.9 327.2 0.2 0.20 1.24 2.29
4/12/2008 DRZ1 434.2 200.2 434.2 0.0 0.27 0.76 4.06 5.89 9.0
5/19/2008 DRZ1 29.6 26.6 0.0 29.6 0.02 0.72 4.07 5.75 9.6
6/17/2008 DRZ1 0.8 0.0 0.0 0.8 0.00 0.97 7.88 3.73 14.8
7/23/2008 DRZ1 25.1 2.8 0.0 25.1 0.02 0.96 13.98 2.92 16.7
8/20/2008 DRZ1 184.1 111.0 138.7 45.3 0.11 1.07 8.91 2.82 18.4
4/12/2008 DRZz2 418.2 266.2 417.6 0.5 0.26 0.61 7.39 3.37 8.7
5/19/2008 DRZz2 125.6 73.9 95.7 29.9 0.08 0.91 10.27 3.55 9.7
6/17/2008 DRZz2 1364.2 313.9 1021.8 342.4 0.84 2.16 0.94 4.70 15.8
1/9/2008 DRZ3 279.6 181.3 279.3 0.2 0.18 1.02 7.76 5.30 8.5
4/13/2008 DRZ3 289.5 111.7 288.7 0.8 0.19 0.92 7.03 3.03 9.8
5/20/2008 DRZ3 795.2 108.8 742.4 52.8 0.52 141 4.37 3.27 12.0
6/18/2008 DRZ3 3495.6 253.7 25273 968.3 2.28 2.77 1.27 2.90 17.0
1/9/2008 DRz4 60.7 29.6 58.1 2.7 0.04 2.33 1.47 4.75 7.3
4/13/2008 DRZz4 16.2 19 0.0 16.2 0.01 0.96 6.55 2.95 7.9
5/20/2008 DRz4 779.0 80.7 542.8 236.2 0.51 1.84 0.41 2.25 111
6/18/2008 DRz4 4227.2 150.1  4018.7 208.5 2.76 2.54 0.01 2.45 16.9
4/14/2008 DRZ5 336.9 117.1 332.1 4.8 0.15 121 5.42 2.52 10.3
5/21/2008 DRZ5 3599.1 210.7  2705.1 894.0 1.59 2.98 0.13 3.18 11.2
4/14/2008 DRZ6 86.9 84.3 0.0 86.9 0.04 1.25 5.22 3.08 9.7
5/21/2008 DRZ6 2325.0 1755 17274 597.6 1.02 2.36 0.17 2.78 10.7
4/5/2008 uTz1 40.4 40.2 0.0 40.4 0.03 1.07 6.00 5.75 9.1
5/27/2008 uTz1 651.6 130.1 650.7 0.9 0.52 1.64 9.66 4.54 115
6/25/2008 uTz1 192.4 116.5 161.3 31.1 0.15 1.63 4.28 2.78 18.0
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7/24/2008

4/5/2008
5/27/2008
6/25/2008
7/24/2008
1/10/2008

4/6/2008
5/28/2008
6/26/2008
1/10/2008

4/6/2008
5/28/2008
6/26/2008

4/7/2008
5/29/2008

4/7/2008
5/29/2008

uTZ1
uTZ2
uTz2
uTz2
uTz2
uTZ3
uTZ3
uTZ3
uTZ3
uTz4
uTz4
uTz4
uTz4
uTZ5
uTZ5
UTZ6
UTZ6

190.3
112.7
61.4
518.7
201.7
294.2
3.2
3.0
55.7
122.6
202.9
84.7
227.7
375.0
84.9
0.0
349.1

77.9
49.4
61.4
108.8
101.9
157.4
3.2
0.4
38.0
68.9
160.6
38.9
73.7
119.8
43.9
0.0
132.7

RATE = denitrification rate (ug N kg sdild™)

ERR = standard error (same units as RATE)

N, = N, component (same units as RATE)

N,O = N,O component (same units as RATE)

156.7
112.7
61.4
513.2
0.0
294.2
3.2
0.0
0.0
122.6
202.9
84.5
219.1
374.7
80.1
0.0
324.6

33.5
0.0
0.0
55

201.7
0.0
0.0
3.0

55.7
0.0
0.0
0.2
8.6
0.3
4.8
0.0

24.4

NOs-N REM = denitrification rate expresses as nitrat@oval rate (mg N t d?)

DOC = dissolved organic carbon (mg)L

NOs-N = nitrate-nitrogen (mg N'E)

DO = dissolved oxygen (mg)

TEMP = temperature (°C)

PH = pH
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0.15
0.09
0.05
0.42
0.16
0.27
0.00
0.00
0.05
0.11
0.19
0.08
0.21
0.25
0.06
0.00
0.23

1.41
0.89
111
1.12
1.42
0.79
1.15
1.37
1.64
0.68
0.63
1.25
1.89
0.98
1.42
0.74
1.22

5.05
9.35
16.26
9.53
3.69
511
3.49
10.18
3.82
15.30
7.20
19.01
7.11
17.16
15.29
17.45
3.34

2.17
5.92
5.44
2.98
2.36
6.74
5.79
4.67
3.23
7.76
6.02
5.15
3.11
5.68
3.07
6.36
4.20

18.2
7.9
10.7
17.7
18.1
8.1
10.1
13.1
18.6
7.3
9.4
12.8
18.2
8.3
14.8
7.6
14.5



SECOND YEAR (Riparian sites — Chapter 2)

DATE
3/26/2009
4/25/2009
5/13/2009

6/1/2009
7/6/2009
8/4/2009
9/1/2009
10/19/2009
11/17/2009
12/27/2009
3/26/2009
4/25/2009
5/13/2009
6/1/2009
7/6/2009
8/4/2009
9/1/2009
11/17/2009
12/27/2009
3/27/2009
4/26/2009
5/14/2009
6/2/2009
7/7/2009
8/5/2009
3/27/2009
4/26/2009
5/14/2009
6/2/2009
7/7/2009
8/5/2009
3/29/2009
4/28/2009
5/16/2009
6/3/2009
7/8/2009
8/7/2009

WELL
DRZ1
DRZ1
DRZ1
DRZ1
DRZ1
DRZ1
DRZ1
DRZ1
DRZ1
DRZ1
DRZz2
DRZz2
DRZz2
DRZz2
DRZz2
DRZz2
DRZz2
DRZz2
DRZz2
DRZ3
DRZ3
DRZ3
DRZ3
DRZ3
DRZ3
DRz4
DRz4
DRz4
DRz4
DRz4
DRz4
uTz1
uTz1
uTz1
uTz1
uTz1
uTz1

RATE
55.6
617.0
52.6
0.0
234.0
43.0
2.0

2.3
48.8
21.7
33.3
426.6
559.9
281.2
889.3
1536.7
503.8
108.5
99.7
324.6
955.5
1184.6
3318.4
4176.5
3538.1
1178.3
2967.4
2449.3
7493.9
6797.8
10238.3
162.7
435.4
379.8
170.1
817.0
214.0

ERR
55.5
84.0
36.9
0.0
122.5
42.2
0.0
0.2
41.3
25.4
33.3
216.4
417.1
105.6
380.7
142.4
76.4
86.1
97.3
77.1
66.2
173.5
411.9
1084.3
669.1
143.2
2715
235.9
2435
776.4
273.6
127.7
141.9
20.4
169.7
234.7
43.2

N
556.5
617.0
52.6
0.0
233.8
42.3
0.0
0.0
47.9
26.1
33.3
421.9
558.2
274.4
749.8
918.6
67.3
85.8
96.4
323.4
950.7
1130.3
2795.8
2079.8
2350.5
881.0
2553.5
2139.8
7045.3
5138.5
8276.7
162.5
435.3
379.5
169.7
810.7
188.9

N2O
0.0

0.0

0.0

0.0

0.2

0.7

2.0

2.3

1.0

1.6

0.0

4.7

1.7

6.8
139.4
618.2
436.4
22.7
3.3

1.2

4.9
54.3
522.6
2096.7
1187.6
297.3
413.9
309.5
448.5
1659.4
1961.6
0.1
0.2

0.3

0.5

6.3
25.1

NOs-N REM
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0.03
0.38
0.03
0.00
0.14
0.03
0.00
0.00
0.03
0.02
0.02
0.26
0.34
0.17
0.54
0.94
0.31
0.07
0.06
0.21
0.62
0.77
217
2.73
231
0.77
1.94
1.60
4.89
4.44
6.69
0.13
0.35
0.31
0.14
0.66
0.17

DOC
0.67
0.67
0.95
1.19
0.98
0.90
0.87
1.38
1.42
1.40
0.76
1.22
1.49
1.07
1.10
1.78
1.96
1.85
1.64
1.44
1.18
2.08
3.62
6.14
6.41
1.15
1.72
2.07
2.47
4.87
5.31
0.85
1.19
1.37
1.65
1.61
2.04

NOs-N
7.83
8.10
7.86
7.83
8.55

10.42
11.23
4.15
7.34
9.72
8.34
7.83
6.80
6.08
6.19
4.96
6.91
9.45
10.25
3.42
1.64
131
1.27
0.97
131
6.61
4.68
1.15
0.04
0.04
0.01
12.65
14.00
11.94
8.36
6.90
2.96

DO
6.64
6.39
4.74
3.03
2.77
2.59
2.27
2.58
3.48
4.71
6.16
4.96
4.31
212
1.88
1.87
2.02
3.52
4.71
3.16
2.04
243
1.76
1.68
2.50
2.50
2.45
2.33
1.62
1.75
1.78
5.61
5.17
3.70
2.74
2.27
1.68

TEMP
7.3
13.3
12.1
11.4
15.1
17.4
17.6
10.9
9.8
7.0
6.7
13.5
12.4
12.5
16.6
18.8
17.2
8.6
5.4
9.5
15.5
12.4
15.4
16.8
19.4
9.1
13.7
11.2
14.6
17.5
17.9
8.9
12.1
12.5
12.8
14.8
17.5

PH

7.17
7.02
6.87
7.08
6.96
7.05
7.02
6.98
6.99

6.70
7.05
6.97
6.82
6.88
6.80
6.95
7.01

6.53
6.78
6.82
6.83
6.82

6.89
6.87
6.94
6.77
6.70

7.09
7.09
7.05
7.03
6.90



9/2/2009 uTZ1 76.3 8.0 0.0 76.3 0.06 1.79 1.01 1.89 17.5 6.91

11/18/2009 uTz1 130.4 68.7 129.1 1.3 0.10 217 0.98 241 9.1 7.06
3/29/2009 uTz2 0.0 0.0 0.0 0.0 0.00 0.63 13.20 8.52 7.8
4/28/2009 uTz2 0.0 0.0 0.0 0.0 0.00 1.00 12.78 7.86 11.8 6.91
5/16/2009 uTz2 0.0 0.0 0.0 0.0 0.00 1.33 14.98 6.30 121 6.86

6/3/2009 uTz2 1124.0 2431 1124.0 0.0 0.90 1.59 15.87 4.90 131 6.88
7/8/2009 uTz2 1018.3 122.8 1018.1 0.2 0.82 1.27 15.36 3.40 15.2 6.95
8/7/2009 uTz2 886.1 236.8 872.8 13.3 0.71 1.36 6.74 1.17 17.3 6.94
9/2/2009 uTz2 146.9 65.8 123.8 23.1 0.12 1.46 1.02 1.88 18.1 6.86

11/18/2009 uTz2 132.8 67.0 132.6 0.2 0.11 1.30 2.90 2.77 8.2 7.01

12/15/2009 uTz2 107.3 60.3 107.3 0.0 0.09 0.79 5.11 4.75 7.3
3/30/2009 uTzZ3 544.6 333.4 544.5 0.1 0.51 1.32 13.04 4.79 6.4
4/29/2009 uTzZ3 678.3 504.5 677.4 0.9 0.63 1.04 13.53 4.74 10.8 6.89
5/17/2009 uTzZ3 1097.5 238.1 1078.7 18.8 1.02 1.60 13.32 4.12 10.7 7.05

6/4/2009 uTzZ3 642.9 113.0 606.8 36.1 0.60 1.85 10.70 2.85 145 6.96
7/9/2009 uTZ3 321.3 120.2 118.9 202.3 0.30 2.23 6.90 2.38 17.3 7.01
8/8/2009 uTZ3 274.4 236.3 240.3 34.1 0.25 1.52 5.43 3.60 21.0 7.08
3/30/2009 uTz4 0.1 0.0 0.0 0.1 0.00 1.24 16.14 6.31 10.8
4/29/2009 uTz4 928.0 472.0 927.6 0.4 0.86 1.32 15.98 7.12 5.9 7.10
5/17/2009 uTz4 315.8 189.1 315.3 0.5 0.29 1.82 17.05 5.01 10.4 6.91
6/4/2009 uTz4 690.8 227.7 687.0 3.8 0.64 1.54 14.65 3.12 14.9 6.84
7/9/2009 uTz4 317.9 189.5 314.2 3.7 0.30 1.59 12.81 2.39 16.7 6.93
8/8/2009 uTz4 1045.7 601.3 1035.9 9.8 0.97 1.70 5.98 1.88 191 6.86

Note: In second year, DRZ1 and UTZ1 were DO-amemusth-pulls, with dosing DO adjusted to ~2 mfj DRZ4 and UTZ4 were C-amended push-pulls,
with dosing DOC adjusted to ~128 mg.LIn chapter 2, U1 and U2 correspond to UTZ2 afi@®llisted above, respectively. Likewise, D1 ari@rrespond
to DRZ2 and DRZ3, respectively.
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