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ABSTRACT

Human activities across | andscapes alter p
influencing the movement and chemical composi
bi ogeochemical processes thus medi @af e wlodowrl an
that passes through soil in route to groundwa
particularly important i n ridtrh e adu anlgi ttyh eo fc omast
exported from watersheds. Swiitlhsi,n sre doiame nmatns ,arae
corridors provide | ow oxygen environments fav
energy and carbon. Despite the Iimited areal
uni que biogeochesmproplor¢chamadcteéry i snpdirtant in
export, particularly in agricultural systems.
of soil water in an area managedrprgiamardi lwyh efad
wiitm t her isemNort hern Great Plains of North Ame
concentrations and isotopic compositions acro
infer dominant hydrologic transpoagltutaen dl dad digrec
ground and surface waters. | investigated the
weat hering on biogeochemitcaalarmpgwere stsltees a wd rl airec
guesHowndo upland soilisnfdmuenster avaam ecoramidd srod u

upl and aqui fers to-agtirded mndlsammpel snainm ga ds d mir
production?

Results show that soils are iIimportant mixi
precipitation, and that water movement throug
soi |l s. Stream corridors reaedvgngundeséersofag
bi ogeochemical pat hways of production, transf
i sotopic composition of these solutes relatiyv
production and |lassthe sarelamecobrscaloes reveal
of sulfate and/or nitrate and more substanti a
upl ands and streams. Geomorphic constraints o
ripam soils and sediments determine how streal
use on downstream water quality.
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CHAPTER ONE

| NTRODUCTI ON

Soil ecosystems are inextricably |linked to
cesses reflect soil structure, sediment st
nettin et al., 2015; Schaet&di I&s Talotmprsed , b
ivity undergo shifts in (Sydrndlomngijedasmdd ,s @I0
ociated biogd88bhé&mi eali atfy quleihi® 2r)g export r a
face waters. Diverse soils facilitate vari
ction, further confounded by diverse | and

water exposristeedd from wat e

Bi ogeochemical processes facilitated by ri
i ments disproportionately important to mit
1, 1996; Ledesma et al., 2016; Naiman & D
oriero &. P8ckeam,c@0diddgor soils and sedi me]l
ve and bel ow ground ecosystems that are ty
ditions than tHi€hapi noendiahg ,| 20ddc¢c aplel | ,

7; Silver.mamhetr eadul,ti2lDgdl9hydr ol ogi ¢ and bi c
ridors allow for more resilience to ecosys

ative to ot he(Ciarrmoa s& oMc Ddiren dlaln,d slc®AP7e; Jenc

Mc Gl ynn & McDonnell, 2003aMuRanpl ki b&oNaoahatth

production and consumption pathways in stream
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gain of solutes from(Bpltghd €0t atreamOétpsBat
2007)

Human perturbations such as cultivation an
surface water that support rur al communities.
well s to access groundwatodmsasn timdag i RPilWt «
drinking water sources are susceptilkehwmsamf hum
heal th (ssBankleamr d& Tost a, 2011, De Si.moMger iectu latlur,
production and mining tend to occur where mor
accessible, often near | ow density popul ation
communities to iImpaired dreisntkiignagt iwant ebry stohuer cle.
Survey (USGS) found that over 20% of 1,389 do
chemical concentration above the maxi mum cont
(DeSi mone .etNiatlr,at e2 0c0®ncentrations are particetu
|l andscapes managed for crop production, posin
(Burow et al ., 201IWh;i | Wa rsdu pepto rat(iGwpge £lDolc8a)l ael c.o n O
Martin et Rmdth mORIl)g and crop production can
extractiono that marginalizes commulbgdgeres, by
2014; Eggers et al,,eBBabci bhgws e c g(bFel aobrnap, m226010@9
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sul fate arleuMhlieghilyoroxka iiz eadni esmos of N and
h water as it moves through soils into gro
rate and sul fate to t hhea¥ld&aunsd shceacpoemef rao np rhiunma
e(rFnol ey et al ., 2f0olrl ;s Metl &ihn &bl el wagt €r0 2rhig n a
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Abstract

Changes in seasonality and form of precipitatitiar the structure and function of
grassland and steppe ecosystemspasgchallenges foland management amtop production
in regions like the Northern Great Plains, North Ameridas researclisesisotopic
composition of waterd*®0 andd?H) to explorethe sources and fate of soil water in lew
elevationagriculturalareas of the Judith River watershedthe headwaters of the Missouri
River, USA Extensive norrrigatedcerealcrop productionn this areabccurs on wetdrained
soils and dependm careful water manageme@tur observations indicatbatcolder
precipitationcontributes isotopically distinct watty cultivatedterrace soilselative to
downgradiengroundwaters and streanf@iparian wates also exhibia higher fraction of
contributions frontolder precipitatiomelative to terrace groundwaters and streagkpparent
contributions from older precipitation in terrace and riparian swdters suggest that snowmelt
is a keycomponent of water supply to these systdrigarian waters also show evidence of
evaporation suggesting that water spends sufficient time in some ponds and open channels in the
riparian corridor to reflect fractionation by evaporatidhe evolution of water isotopic
composition from sdé to shallow aquifers to stream corridors indicat@srce watepartitioning
as precipitation moves througfis semtarid agricultural landscap&he apparent mixing
processes evident in this evoluti@veal source water dynamitgtare necessary to understand

planttranspiration solute processing, and contaminant leachingesses
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|l ntroducti on

In thesemtarid landscapes of tidorthern Great PlaingNGP), trajectories othe
seasonality and form girecipitation due to climate changeesenexistentialchallenges for
sustainable management of Aamgated crop production and grassland ecosysi{etfuosll et al.,
2020; Lee et al., 2008; Qin et al., 2020)mateanalysesn the NGPand similar ecoregions
suggesthat the area is experiencing warmer winters, wetter springs, drier summeskjftnich
the composition of annugkecipitation from snow to raifCross et al., 2017; Xu et al., 2013)
These changes in the NGP climafpear to propagaghifts in grasslanglant communitiesnd
regional greeningBerdugo et al., 2020; Brookshire et al., 2020; Currey et al., 2088)NGP
supports one of the largemteas ofntact temperate grasslands (ca. 55% of NGP land gover)
which arehighly vulnerable to economic pressures for conversion to cropland (currently ca. 28%
of NGP land coverAuch et al., 2011; Currey et al., 2022; Drummond, 2007; Lark et al., 2015)
Land use changeseshifting patternsn the partitioning oprecipitation to evapotranspiration,
hydrologic storage, or runoficross the NGP landscafheu et al., 2019; Miller et al., 1981,

Sigler et al., 2020)Understandinghie consequences the trajectories of land use and climatic
changes in the NGP will requitgetailed understanding bbw soil water storage, groundwater
recharge, and stream flow generation respond to spatial and temporal dynamics of the
precipitation regime

Snow accumulation and metirive seasonal and spatial patterns in hydrologic and
thermalconnectivity thatletermine the behavior of water and solutes acrogbern landscapes
(Costa et al., 2020; Jasechko et al., 2014; Jencso & McGlynn, 2011; Lundberg et al., 2016; J.

Martin et al., 2018; Pellerin et al., 201However, the partitioning of melt from ephemeral snow



19

coverto evapotranspiration, hydrologic storage, or ruheff not been studied as extensively at
lower elevations as the flushing effect of melt from higher elevation snow accumulations
(Baulch et al., 2019; Boyer et al., 1997; Jencso et al., 2010; Pacific et al., 2010; Pomeroy & Li,
2000) A lack of understanding of snowmelt partitioning limits our ability to predict the
trajectories of solute processing and transport at lower elevdtiowsr elevations receive
higher proportions of precipitation as rainfall compared to higher elevations that receive higher
proportions of precipitation as snow. Snowmelt or rainfall that occurs during colder temperatures
when evapotranspiration is limitéd/ever et al., 2002)ontributego soil waterstorageand is
particularly important in noirrigated and annually cultivated agricultural systems. The timing
of this increase in water availabilisgimulaescrop producttity anddrivessoluteproduction
andleaching(Kort, 1988; Sigler et al., 2022; Siméo et al., 2021; Kim J. Van Meter et al.,.2020)
Identifying the contribution of cold versus warm precipitatiomgricultural soils abw
elevations in the NGP can reveal precipitation partitioning rele¢essgasonal drivers of water
availability andbiogeochemical processes

Stable isotopic compositianf oxygen and hydrogein water(i.e., d*80 andd?H values)
is initially imparted by the source of precipitation and subsequently altered by evaporation and
mixing. Evaporation occurs in water reservoirs exposed to radiative forcing, such as open waters
(Bowen et al., 2018, 2019; Brooks et al., 2014; Jasechko et al., 2013; Jinzhao Liu et al., 2022)
and shallow soil depths (ca. < 30 diniu et al., 2021; Martin et al., 2018; Oerter & Bowen,
2019; Sprenger et al., 2016, 201HMydrologic mixing occurs in convergent topographic areas
andstorage areawsith sufficient residence timemd volumego integrae source water

contributiors (e.g., lakes and soil¢Beria et al., 2018; J. Martin et al., 2018; McDonnell et al.,
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1991, Sprenger, Stumpp, et al., 2019; Tetzlaff et al., 20IAYs, exploration of spatial and
temporal variation in the isotopic composition of these reservoirs provides information about the
dynamics of potential source waté¢dssechko, 2019; Kendall & Coplen, 200&ptopic analysis
of environmental water providesusefulool for assessing the history of water found in soils,
terrace aquifers, riparian corridors, and stream channels, which are conceptualized as separate
process domaindontgomery, 1999)hat vary in hydrologic and biogeochemibéahction
Precipitation reflectseasonabariation in the isotopic composition of meteoric watéh
isotopic valuesypically lowerin colder precipitationhanwarmer precipitation relative to the
local climate(Clark & Fritz, 1997; Criss, 1999; Dansgaard, 1964; Rozanski et al., 1993; Sharp,
2017) The relationship of’H with d'80 values in precipitation is typically linear with a
regionally representative slope, known as the local meteoric watéBbmeen & Wilkinson,
2002; Clark & Fritz, 1997; Dansgaard, 1964; Rozanski et al., 1993; Sharp, \a0ief)
compared to precipitatigpatterns in the isotopic compositions of soil water, groundwater, and
stream corridor waters illuminate patternsrdiitration and mixingover seasonal or longer
timescalegLiu et al., 2021, 2022)Additionally, evaporatiofractionates water by preferentially
transferring the lighter isotope$ O and H to the atmosphgi@raig, 1961) Because the effect
of variation in O isotopes on the molecular mass of water is generally stronger than the effect of
variation in H isotopes, the isotopic composition of residual water typically falls below the local
meteoric water line@Gammons et al., 2006; Sprenger et al., 20C6nsidering these potential
effects comparisons of water isotopic compositions across process damaiose our
understandingf critical transport and storage dynamarsongsoils,groundwatersandstream

corridors.
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The physical properties of soil shape the response of soil water and solute dynamics to
changing precipitation regim¢Rabot et al., 2018; Vogel et al., 2006pil weatheringreates
zones of finer texturand structural units within horizotisatalter hydrologic and solute
residence timeas a function of soil developme(iwing et al., 2006; Maher & Chamberlain,
2014;Schaetzl & Thompson, 201¥idon & Hill, 2004). Soil development is shaped by
landform geomorphic and stratigraphic controls (e.g., bedrock, topography) that in turn dictates
overall soil water holding capaci(gigler et al., 2020; Vidon & Hill, 20045chaetzl &
Thompson, 2016 Soil texture and vertical structure influerveater movement and storage,
therefore affectingheisotopic compositionoi mobi | e Wwadué k0 wa h(édands i n
et al., 2020; Liu & Guo, 2022; Sprenger & Allen, 2020 addition, physical transformation of
surface horizons by cultivation and replacement of native perennial vegetation with annual crops
transforms soil hydrological processes, which influence groundwater recharge and
evapotranspiration in irrigated andmiorigated systemgScanlon et al., 2005; Sullivan et al.,
2022) Cultivation of soils with inherently limited water holding capacian lead to increased
water loss andutrientmobilization that impairground and surfaceater quality(Ranalli &
Macalady, 2010; Sigler et al., 202Mherent development of soils in conjunction with
transformations due to cultivation establish soil physical properties that dictate soil hydrology.
Patterns of water isotopic composition across landscape process domains reflect soil
hydrological process and allow for improved understanding of the feedback between saill
development and soil hydrology.

The goal of this research is to understand the contributions of seasonally variable forms

of precipitation to soils, groundwaters, and streams aersisath terrace landforrmanaged for

o
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agriculturalproduction We assess water content in cultivated soils and patted®irandd?H
valuesin water samples from precipitation, soils, upland groundwaters, riparian groundwaters,
and streams to infer potential causes of variable partitioningldér precipitation, warrar
precipitation, and evaporated waters among these process doRigims (). We define colder
precipitation as occurring during lower temperature weather conditions that dictate lower water
isotopic values and can occur October through May in northern latitudes and can arrive as either
snow or rain. We define warmer precipitatiancecurring during warmer temperature weather
conditions that can occur April through October and arrives as rain. We hypothesize that water
supply, storage, and hydrologic connections among process domains vary across a landscape to
dictate spatial and meporal patterns of hydrologic inputs, mixing, and loss to evaporation. We
address this hypothesis through three research objectives:

Objective 1: Determine how soil conditions regulate seasonal inputs of precipitation.

Objective 2:Determine how the terrace aquifer mediates contributions of water from

soils and delivery of water to riparian corridors

Objective 3:Determine how the riparian corridor transforms water received from the

terrace aquifer
We investigate these objectives through assessment of precipitation sources and delivery across
landscape process domains to understand soil hydrological processes that drive nutrient transport

and biogeochemical processing.
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Data and Met hods

SectibnSt2udy Ar ea

Our study area is locatedthin the Judith River Watershed (JRW) of central Montana,
USA. The Judith River is a tributary of the Missouri Rigerthe western edge of th&sP
(Figure 3. Depositional terraces and wider floodplains in thedrelevation areas of the
watershed are extensively cultivatgdmnarily for nonirrigated cereal crop productioNarrower
stream corridors dissecting the terraces are often used as pastatiéproduction to increase
producer diversification.S. Department oAgriculture, 2023) Dominant crop types are spring
wheat, winter wheat, and barley with increasing incorporation of pulse crops in cropping system
rotations to replace fallo@ohn et al., 203, J.S. Department of Agriculture2023) Producers
incorporate the practice of fallow in namigated cropping systems by using herbicide to
suppress vegetation in a field through a growing season with the goal to increase soil water
storage for the following cash crop rotation.

The climateof the JRW issemtarid, with lower elevations receivingiean annual
precipitation of 3&m and mean annual temperature of 6.@&sed on 3@ear normal1991
2021, PRISM Climate GroupPrecipitation occurring itate spring and early summaccounts
for nearly half of the annual totéfigure 3, S1, S2 Rain is the dominant form of precipitation
in this region with snow comprising approximatel25% of the annual precipitation over the
period of studyRigure 3, S2 Severewinds and limited vegetation covereate heterogeneous
patterns of snow cover, contributinguncertairy in determining the total snederived water
and resulting in substantial spatial and episodic variation in infiltration of snownseit Wwater

storaggPollock et al., 2018)
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Crop production in the JRW occurs on alluvial fans and terraces that hosirae#éd
calcareous soilSoils are classified as Calciustolls and Argiustolls in the US TaxonoiBy (
Department of Agriculture2022). Soils exhibit generally clay loam textures and relatively
shallow gravel zone@0-100 cm) overlying subsurface horizons with > 40% coarse gravel
contentof variable thicknesses extending to between 1.5 m and 10 m {Sjofes et al.,

2018) This soil and subsurface architectuesultsin substantial nitrateeachingfrom cultivated
soils,with observations of pervasive high nitrancentrations (ca. 20 mgtlnitrateN) in
shallow terrace aquife{Schmidt & Mulder, 2010; Sigler et al., 2018)

Initial samplingof precipitation and landscape watecsurredmore broadlyacrosshe
JRWstarting in 2012with subsequent sampling foéng on the Moccasiterracdandform
through 202ZFigure 2, Table 1, §1The Moccasin terrace is an extensively cultivated strath
terrace with a shallow aquifer that is hydrologically isolated from streams or other water sources
flowing from the Little Belt mountaind=fgure 2 Sigler et al., 2018)The shallow aquifeiis
perchednrelatively impermeable Cretaceeage marine shad€S. M. Vuke et al., 2002 he
shale ung limit connectivity with deeper groundwater, so water stored in the shallow aquifer is
sourcedexclusively fromlocal precipitation infiltratinghrough predominantly cultivated soils
and ultimately exported through stream corridéis a result of this landform structure, water in
this shallow aquifer is relatively young, exhibiting apparent water age gears from tritiura
helium @H-*He) relationships in wells and springs, avéragaesidence timesn the order of
20 years estimated from total aquifer volume divided by volumetric discfsegeSiSigler et
al., 2018, 2020)Terrace groundwaters flowing into stream corridors may contribute directly to

the stream channel vi@annelized surface floar indirectly viasubsurfacdélow paths through
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riparian aquifersThus, the Moccasin terrace provides a simplifiedtext for studying the
movement of water and solutésough terrace soil, into groundwater arttimately stream

corridors Figure J.

SectiMeat 0120l &xiClcianhddaen d or i ng

Snow water equivalentasrecorded every 15 minut@gth a snow scaleSommer SSG
2) installed in February 2020 tite Montana State Universi{iiSU) Central Agricultural
Research CentédCARC) locatedonthe Moccasin terracd-jgure 3. Soil volumetric water
content and temperatunere measureevery 15 minutes at depths of 10, 20, 50, and®Dcm
by Montana Climate Office (2023) and USDA NR(G&&e SIU.S. Department of Agriculture
2022). Precipitation volume, air temperatuesdrelative humiditywere measuredt 1-hour

intervalsby the U.S. Bureau of Reclamati¢2023.

Section 2.3 Sample Collection and Handling

Water was sampled at varying frequencies and analyzef®@randd?H from 2012
through 2022. Rinand snow cover were sampleear Stanford, Moccasin, and Moore, MT
(Table 1, S1, Figure)2Precipitation was also sampled at CARC in collaboration with the
Montana Precipitation Isotope Network beginning in 20kdb(e 1, S Water was sampled
from terrace soils using porous cup tension lysimeters (PTFE/silica; Prenart Equipment;
Frederiksberg, Denmark) at seven locations across a cultivated field nea, MdofTable 1,

S1, Figure 2 At each sampling location, a single lysimeter was installed in theditered soll
horizon just above the contact with the underlying gravel horizon. Depths of each sampling
location range from 6@19 cm depending on the thickness of fiegtured sds (see Sl and

Sigler et al., 2018)All groundwater and surface water were sampled uspeyiataltic pump
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(Geotech Environmental Equipment; Denver,)@dpumpedthrough a 0.45m capsule filter
(Geotech Environmental Equipment; Denver, CO) into 20 mL glass scintillation vials. Terrace
groundwaters were collected from wells and hillslope spring orifices except at two springs,
which required sampling from shallow PVC well2 Inetes upgradient from the orifice due to
stagnant water at the orific€qble 1, S1, Figure; Zee detailed sampling methodsSigler et
al., 2018) Riparian waters were collected from screened groundwater wells, surface water
ponds, and spring channels throughout the riparian corridor sites distributed across the Moccasin
terrace Table 1, S1, Figurg). Casings of ripariaeamplingwells were 2.54€m internal
diameter PVQlirectly inserted with a drive point to ca. 1 m depth in riparian soils. Slots were
cut in the PVC to provide 30 to 50 cmsareeningTerraceand riparian groundwatsamples
were collected after purging three well volumes. Stream channelpan@dnspring channel
waters were collected from turbulent locations presumed to be -anixeltl representation of
stream flow

Samples wereitherfiltered on siteusing a0.45-nm capsule filter (Geotech
Environmental Equipment; Denver, CO)ftered in the lab using 0-2m or 0.45mm syringe
disc filters. Samples were collected in duplicate as water volume all@aetples wersltered
into 20mL glass or HDPE scintillation vials with conical caps to eliminate headspace, kept on ice
during transport, and stored at room temperature in the lab prior to arfdétsited methods in

supplemental information)

Section 2.4 | sotope Analysi s

Water samples were analyzed for oxygen and hydrogen isotopic composition using

integrated cavity output spectroscopy (Los Gatos Resdédimimtain View, CA)at theMSU
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Environmental Analytical Laboratory (EAL). Thielativeisotopic compositions of the hydrogen
and oxygen atomisi water were first measured as atomic nraiss of?H:'H for deuteriumand
180:1%0 for oxygen18 (Sharp, 2017)Isotopic ratios werthen normalized to their corgemding
1 value as théractional deviation (as per mil ¢r ) fromthe globalwaterstandard (Vienna
Standard Mean Ocean Water, VSMOQ®@taig, 1961; Dansgaard, 1964nalytical uncertainty
was constrainedsing sealed USGEertified standards 46f(0=-2 9 . 8 0 @Han d
235.)840@%=-19. 80a@HaN1& 0. 2a80A@4Qd®0=-222 a dd=-
2.00 a). Analytical memory was accounted for in samples analyzed with insufficient injections
to minimize memory effects (see &roning, 2011)Repeated measurements of the EAL
working standard, a groundwater sample from the Gallatin River watershed, MT, over the last
five years (n = 80, EAL unpubl i sk achat &) 9mad

for d’H, providing an estimate of totahalyticaluncertainty in our samples.

SectilooncMRlt e Watil€rnfAs sess ment and
Uncertainty

We calculated local meteoric water line (LMWLfyom the isotopic compositioof
precipitation athestudy siteg(equation 1; Dansgaard, 1964)
Equationl: 10 4atft 0 O
wherevalues ford andwareinferred by dinear regression of local precipitatiofH values
against correspondird}®0 valuesComparison of the LMWL to the global meteoric water line
( O yg 1 O p @& Rozanski et all993)provides a specific regional perspective on
predictable differences in the hydrogen and oxygen isotopic compositions in meteoric waters

(Sharp, 2017)
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To allow assessment of meaningful deviation of environmental waters from the LMWL,
theamal ytical uncert aidfQ ya neds tOd’Hoadirecisedrio 8 Mddite 6 4 f o r
Carlopropagation of uncertainty to the LMWigllowing the approach of Leuthold et §021)
The Monte Carlo ensembt®nsistedf 5000 realizations to propagate analytical uncertaomty
the slope and intercept of th&WL calculated from precipitation sample results. We
determined confidence intergdbr the linear model usintpe 2.5% and 97.5% quantiles of the
Monte Carlo ensemblef LMWL realizations

Meand'®0 andd’H valueswere determined for precipitation over the study pebiased
on annual volumaveighted mean water values for years 20022.A sinusoidaimodelwas fit
to measured'®0 andd’H valuesin precipitation to allow interpolation of isotopic composition
of precipitation throughout the year. We assessed whetherdtiel fit toour precipitation
isotopic datavas reasonable by comparingata sinusoidaimodelfit to monthly prediction®f
isotopic value®btained from the WaterisotopdatabaseBowen,2022) for a central location in
our studyarea(see Sl 2.3Figure S3. TheWaterisotopeslatabase uses the precipitattdfO
andd’H datasetfrom the Gobal Network ofIsotopes irPrecipitation(GNIP; IAEA/WMO,
2015)along with latitude and altitude to spatially interpolatecipitationd'®0 andd?H values at
a resolution of 5 6(Bowenet@l, 2005; Bowen & Rdvenaughp20@3j nent s
Bowen & Wilkinson, 2002)Latitude and altitude are geographic controls on temperature
(Bowen & Wilkinson, 2002and vapor pressure which drives relative humidity and determines
precipitation isotopic compositigiCriss, 1999; Dansgaard, 1964)

We used the model fit to our measurements to develop a pair of valaigbted annual

mean precipitationl'30 andd?H values for our study period. The 95% confidence interval of the
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sinusoidal model fit t@ur precipitation isotop dataencompasses the model fit to Waterisotopes
database values (Figure S3). This comparison suggested that the model based on our
measurements was reasonable to fill data gaps; therefore, we used it to intesptapte values
of precipitationfor each dayf the yearWe multiplied the daily isotopic valudxy the volume
of precipitation for that day to calculate the corresponding precipitateghted isotopic value
(U.S. Bureau ofReclamation 2023).The sum of the precipitatieweighted values divided by
the total precipitation volume over a given period yields the precipitateghted mean
isotopic value for that period, which walculated for each year of the study period.tWén
averaged thee values to determirgesinglepair of volumeweighted mean*®0 andd?H values
for precipitation over the entire study period.

Waterd*®0 andd?H valuesinfluenced by evaporatigplot to the right of the LMWL
because\aporatonincreasesi®O values more thadfH values in the residual wat@€raig,
1961) We determinéthe offset of these reservoirs from the meteoric conditions at the study site
by calculating the lineonditioned excess @excess), defined as the difference between the
measured’H value and that predictdry the LMWL regression model for a corresponding
measurement af'®O (equation2; Landwehr & Coplen, 2006)
Equation2: aQooQl 0 afl 0 ©

More negative leexcess values suggest greater influence of evaporative fractionation in a
given water volume, relative to the isotopic composition expected in local meteoric waters
(Gammons et al., 2006; Sprenger et al., 200&) calculatedc-excess values for tH5% and
97.5% quantiles of the Monte Carlo ensenfblehe LMWL (equation2) to assess meaningful

deviations from zero.
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Secti®that?2iAha li gl s s c@osnsa i n s

We used a generalized linear mixed model to assess whether patterns in isotopic data
reflect the effect of process domain (i.e., soil water, terrace groundwater, riparian water, and
stream water) on measurdO andd’H and calculated kexcess values while accounting for
repeated measures of the same sites over ti me
31:160) . We asywdagmedadiwatfeirxed effect (i.e., I n
model ecausal*®0 andd?H values in envionmental waters are a function of water year specific
climatic conditions. We assigned sampling campaign within the year as a random effect to
account for the increased probability that results from samples collected closer in time were more
similarthana mpl es col l ected further apart -yemarnro me.
and Asample campaigno all owed us to account f
We also included individual site as a random effect in the model to acoouhéfincreased
probability that results from samples collected at the same site were more similar than samples
collected from other sites. Accounting for site to site variation greatly improved the Akaike and
Bayesian information criteria when comparedie model not accounting for individual site
(ANOVA p-value < 0.001; Schwarz, 1978; Wagenmakers & Farrell, 2004). Uncertainty in the
model may be underestimated on the extreme ends of our data because the normality of the
residuals assumption was not rfetprocess domains with multimodal results (e.g., terrace
groundwater, evaporated riparian water). We performed a 95% fanséycontrolled Tukey
HSD post hoc test to determine which process domains are associated with a significantly
different measured'®O andd?H and calculated excess values when compared to the other

process domains.
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Resul t s

Sectiber rSaidMat @rnt enfe mpaeadat ur e

Temperatureand water contents \w&most variable in the top 20n of terrace soils near
Moccasin, MT(Figure 3, SL The effects of evapotranspiration were limited at soil depths near
50 cm, and soil water contents at these depths reach a minimum of ca® m25c¢uonsistent
with field capacities typical of the clay loam to coarse sandy loam soils present across our study
area(Montana Climate Office2023; Sigler et al., 2020%0il water content at 90 cm reached a
minimum less than ca. 0.20°m3, consistent with field capacities of coarser substrate textures
at depth Figure 3. Soils exhibited peak water content values at all depths during May, with the
greatest variation occurring at shallower depkiguyre 3. During the spring season, maximum
water contents reaedca. 0.40m*m= at all depthssuggesting a nearly saturated state assuming
porosity consistent withlay loam to sandy clay loam textsi@.S. Department of Agriculture
2022)

Water contenin terrace soilbeganto declinein early June through the growing season
(Figure 3. Overall, the growing season soil water content values exhibited few meaningful
responses of volumetric water content to rainfall, presumably due to transpiration dominating the
influence of precipitation (e.g., July 2021 across all soil depilgsire 3. Water began to
accumulate deeper in the soil in September through October. Water contents of deeper soils
either stabilized or continued to increase thiotige winter months depending on soil
temperatures and contributions from snowntelgre 3. An increase in soil volumetric water
content was generally observed when soil temperatures exceed 0°C in shallow depths and snow

was present or precipitation was fallifgidure 3, SL Soil temperatures below 0°C interfered
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with the detection of liquid water additions, thus confounding soil volumetric water content
measurements at subfreezing temperat{@ebtsner & Baker, 2008Y herefore, increases in
water content with warming above freezing were evaluated relative to conditions prior to the
onset of freezing. Snowpack insulates the soil and thus helps maintain temperatures above 0°C,
facilitating water movement. Periods okgtest observed snowpack (>20mm SWE) coincided
with an increase in surface soil temperature to above 0°C and a subsequent increase in soill

volumetric water content (e.g., early January 2628ure 3.

Sectilosho tTo @ip © s i Atinoons pMibetrei rcs

Variation in precipitation isotopic composition in the study area produt&tVel with
aslope of 7.4 and intercepof -10.44 euationl; Figure S4. Isotopic values of precipitation
oscillated seasonallywhere values for snow and rain under colder conditions during the
autumnal through vernal periods were genelallyer thanvalues for rain under warmer
conditions in the vernal through summer periftsble 2 Figure 4. The Monte Carlo sensitivity
analysis of the LMWL is expressed as a 95% confidence interval around the LMyvirg S4
) and encompasses the global meteoric water line. Precipitation values and the modelled volume
weighted annual mean) provide a reference against which we evaluated water sample results

from soils, aquifers, and streanksgure 4.

SectiloswotTo@ipo si lt & mas\ad pea s

Combining the data across all years of the study and all sémopleons, lhe variability
in terrace soitvaterd*®0 andd?H values generally decreaksigom winter through summer
(Figure 43 Lower isotope values for terrace soil waters were observed in January, March, and

April (there were no samples collected in Februkigure 49. These terrace soil water values
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were lower than those of all other landscape process domains, except for eight terrace
groundwater sample3éble 2 see below for terrace groundwater details). Based on the mixed
model multicomparison analysis, the population of isotopic values*i@ andd’H in terrace
soils was statistically different from that of each of the other landscape process dgrvaing (
= 0.001for d*®0 andp-value < 0.0014or d°H; denoted by the lowerase letters iffigure 5.
The distribution of residual errors relative to the model predictions for terrace soil waters passed
tests for normality

Soil waterd'®0 andd?H results fromsampling depths ca. 100 and greater exhibited
limited variation over a season despite occasional increases in sample volunkégiee.7b
red and blaclpoints) and soil water conteriigure S2. The highest soil watef®O andd’H
value was observed in the shallowest sampling depth where values also appeared to decrease
within a season (e.g., 66 cm depthrigure 7btan points). Terrace groundwater exhibited higher
meand'®0 andd’H values than soil water, withé exception of eight very low values from a
well with head that is highly responsive to major recharge events\dll) during a spring melt
period in 2014, when substantial flooding of snowmelt waters occufigdré 4a, 8p Terrace
groundwater isotopic compositions otherwise remained relatively consistent across the sample
locations, over the course of the year, and throughout the study degade(4a, 6)

Meand!®0 andd’H valuesobserved across riparian watergevwer than those of the
terrace groundwatethough a Tukey HSIhultiple comparison of means test did not indicate
high confidence in a statistical differendable 2, Figure 5aRiparian surface water samples
resulted in some of the highest values observed within this domain and across other process

domains Figure S4. The mean isotope values in stream waters were higher than all other
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process domains, yet confidence was low in statistical differences with terrace groundwater or
riparian water Table 2, Figure H5a Stream water isotope values exhibited limited variation for
d*®0 andd?H values Table 2, Figure 5a, 6d

We interpreted a meaningfuifluence of evaporatiowhere pairedi*®0 andd?H values
of a sample falbelow the95% confidence intervalf the LMWL (Figure 5a, pand where a
negative leexcess value falls below the 95% confidence interval propagated from uncertainty in
the LMWL (equation 2; Figure 5bWhile no process domains had a meaaxcess value that
fell below the 95% confidence interval, terrace soil watexcess values exhibited the least
negative mean lexcess value, with a population ofdxcess values that were statistically
different from all other landscape process domagnsfue = 0.023Table 3, Figure 5p
Riparian watersesulted in more negative values outside the 95% LMWL confidence intervals
than other process domains, but the meaxtess value of this process domain showed little

statistical differencérom the terrace groundwatand streamvater(Figure 5b, 6, Table)3

Di scussi on

The isotopic composition of terrace soil and riparian watdtsctsmore distinct
contributions frontolderprecipitationcompared tahe terrace aquifers and stream channels.
Therefore, infiltration otolder precipitationto soil storagenay be important tplant
productivityandsoil biogeochemical processssch as nitrate production and consumption
While the isotopic composition of terrace soil water does not appeairtoriediately
responsive to individual precipitation eventss highlyvariable over space and tiraad
exhibits the most influence from colder precipitatibarrace aquifers integrate heterogeneities

evident inthe overlying soils, while stream channels appear to integrate terrace groundwater and
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riparian water sourceéreas of the riparian corridor exhiliite influence of evaporation
suggestingetention of water for sufficient time and exposure to the atmosphere faydais
processingdo take placeThis analysis illuminates thelative importance ofvarmer and colder
precipitationsource waterand their distributioras hydrologic drivers of soil watewailability

and landscape processes inJelevation, semarid agricultural systems

Sect i 90Codh.di €Ca mitBsals Vamril ati on i n
InfiltrPaeciopi Dati on

Annual cycles in the volumetric water content, temperature, and isotopic composition of
terrace soil water suggest influence from multiple potential water delivery and storage pathways
Soil waters sampled at the bottom of fime-texturedsoil horizors just above the gravel layer
(60-119 cm depths) generally exhibited a mixturealftler and warner precipitation wateswith
limited evaporative influencd={gure 4, 5;Table 2, 3). Soil conditions conducive to water
infiltration werelikely variable throughout the winter when soil temperatures in the top 20 cm
oscillated between ca:6 and +3°C (201:2022;Figure 3, S1; see BISnowmelt infiltrated into
soils during periods with the largest observed snowpack (>20mm SWE) (e.g., early January
2022;Figure 3. While infiltration into frozen soils is possible and water content measurements
of frozen soilsare dubiougGray et al., 2001; Lundberg et al., 20li6creases in apparent soll
water content took place after soil temperatures increased above freezing at our monitoring sites.
At soil depths below 20 cm, soil temperatures generally readfist above freezing throughout
the year Figure 3, whichlikely allows for continuous soil water mixing in deeper soil horizons.
Rain that falls on snow can deliver a mixture of t@aind snowmeltierived water into terrace
soils.Relative to shallower samples, tm®@re limited variation in isotopic composition of i&es

extracted from the deeper soils (> 115 &mgure 73 suggests integrative mixing effects of
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longerterm storagéCarrer et al., 2016; Sprenger et al., 20dr/mited potential for warmer
precipitation to reach greater soil depths when evapotranspiration is ligltemce oboth
colder and warmer precipitation sources in thesensiér samplg along with fieldlevel spatial
and annual temporal variation across sampling locatindgatesmixing processes that result
from distinct patterns of water transport through soils.

Soil water contents and isotopic compositions exhibited ling&usitivityto individual
precipitationor snowmeleventsindicaing effective source water mixing over timescales
exceedinghetime between weather even#sd across spatial scales captured by tension
lysimeters Figure 4, §. Waters influenced by colder precipitation are stored in soils and can
persist throughout the growing seasbig(re 43. Preservation of the colder precipitation signal
in soils suggests that warmer precipitatiorivéeed when soil water contents are reaching
saturation ffigure 3ef), may be more readily available for root uptake or preferentially exported
to groundwater. Contributions of colder precipitation to the shallgwil (i.e., 66 cmre
evident in the steady decrease in isotope values in response to a period of consecutive low
intensity storms (e.g., ApriVlay 2014Figure 7b. In the subsequent seastime shallower soil
also exhibiedincorporation of colder precipitation, yet at higher volumes in response to higher
intensity, shorter duration storms that occurred from the end of May into June JémpeFigure
7¢). The initially high isotopic values of the shallergoil at the onset of each growing season
suggests influence of antmtent precipitation stored from the previous fall following plant
senescence and harvesigure 7b, §. Limited soil water holding capacity at shallow depths and
possible freezing in surface soils can restrict additional accumulation of precipitation received in

the intervening colder months, allowing a warmer precipitation isotopic signal to persist over
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winter. Our data illustrate howndecedent soinoistureandweatherconditions are important
determinants of soil watésotopic compositiomt the onset of a growing season, which is
particularly important to managing water content in soils with limited storage capiaity.
findings alsandicate that contributions ablder precipitatiorare important téongerterm soil
water storagé these nosirrigated, cultivated systems.

Several lines of evidence speak to the heterogeneity of infiltration processes in these
soils.lsotopic composition and volume sampled from individual lysimeters differed across sites
and across years (Figure Generallyisotopic compositions cfoil water exhibit inconsistent
trendsacross site in the same cropped field afod an individualsiteacross year@~igure 7)

Even soils sampledt similar depths exhibited different pattenm$othwater contenand

isotopic compositiorfe.g., depths 117 cand 119 cm irFigure b, ¢. One of the deepest soll
sampling locations (119 cm) exhibited substantial accumulation of warmer precipitation from
2013 to 2014 and then remained more consistent from 2014 to Riglse( 7ac). In contrast,

the soil water isotopic composition observed at another site with similar @dgticm)

remained consistent from 2013 to 2014 yet exbdat colder precipitation signal early in 2015,
then showdactive accumulation of warmer precipitatidfigure 7ac). Assuming an equal

capacity to buffer isotopic composition in these deeper soils, potential drivers of observed year
to-year changes are differences in duration and intensity of storms, changes in crop rotation,
variation in snow accumulation, or atypich/ing due to meteorological drougtieine et al.,

2020; Oerter & Bowen, 2019; Sprenger et al., 20T&g variation in isotopic composition
observed at similar soil depths across multiple sites within the same field may be explained by

spatial variation in snow accumulation and melt or soil physical properties at the profile scale.
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Variation observed in soil water isotopic compositidasing the growing season (June and
July) suggests that the isotopic compositiomater taken up bplantsvaries year to year
according to precipitation delivery and storage patterns inAoilmportant consideration for
interpreting these data is that a given point of observation captured by a lysimeter within a soil
profile reflects effects of physical soil properties that vary within the soil profile (i.e., soil
structure) and dictate thomixing processes and potential preferential flow patterns manifest.
Recent work demonstrates the occurrence of isotopically distinct preferential flow from soil
water stored in smaller pore spaces through direct observation or modelled infatkemcet
al., 2019; Oerter & Bowen, 2017; Sprenger et al., 2015; Stumpp & Maloszewski, Bei®)
our observations of different isotopic and volumetric patterns at similar depths may be an
expression of soil profile heterogeneiti@d/anzek et al., 2018 Additionally, air data capture
spatial and temporal variability within and amahfjerentsoil deptls that reflect range of
mixing conditions due tbeterogeneities in soil at the field scale. As a result, the range of
isotopic values observed in soil water exhibits increased variation and more influence of colder

precipitation than the range observed in the terrace groundwater (Figure 5a).

SectiMinx iPBPmaPc eBpamd snatlégn ciomfamed
Ter rAgqaua f er

Terrace groundwaterxhibitsa mixture ofrechargavaters from spatially variable ssil
that appears less influenced by colder precipitation and more influenced by evaporation than
observed pore waters of overlying so8®il preferential flow pathfacilitate transport of
isotopically different source water mixtures from surface soils to the terrace dgudeks et
al., 2010; Sprenger et al., 201Becreased spatial and temporal variability in terrace

groundwater relative to terrace soil wataticates integration of water received from
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heterogeneougrrace soildy ahighly conductiveaquifer(Figure 4, 5; Table ; Bowen et al.,
2019; Sprenger et al., 2016, 201®he integrated terrace groundwater signal incorporates
spatially variable processes that occur within soil profiles and across soils on the landform
(Figure 4, 7. Consistency in terrace groundwater isotopic composition over time @chibit
minimal apparent influence from seasonality of precipitation, evaporation, or variation in the
timing of water movement through soilsigure 4, 5Jasechko et al., 2014%roundwater
recharge occuedwhen soils are near saturation, which is likely to correspond with periods of
high precipitation delivery to soils and, in nornigated agricultural systems, periods following a
fallow rotation when crops are not grown for an entire season to consdaeré¢Joan et al.,
2017; Sigler et al., 20207 he similarity of the terrace groundwater isotopic composition to the
volumeweighted mean precipitatiofigure 5a, suggests that groundwater recharge
incorporates water that varies in isotopic composition at volumes proportional to what is
delivered in precipitation. Alternately, this isotopic similarity can indicate that groundwater
primarily incorporates water ofaamilar isotopic composition to that of precipitation delivered
during the wettest times of year. Periods when the observed precipititopic compositions
alignedwith the volumeweighted mean valué-igure 43 occuredin late springearly summer
andin the fall corresponding with when approximately 50% of annual precipitation is delivered
(Figure 3, S2a). The observed terrace groundwater isotopic composition suggests that deep
percolation is primarily driven by large precipitation events (in intgrsiduration) typically
received during the vernal and autumnal seasons when precipitation most closely resembles the

volumeweightedmean value, soils may be near saturation, and transpiration is low.
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The integrated isotopic signal in terrace groundwater suggests that while precipitation
moving through soils may be isotopically variable, soil water transport and groundwater mixing
was effective enough to result in groundwater isotopic values similae teolume weighted
mean precipitation valué&ssuming steady staternover of a welimixed volume theestimated
20-yeargroundwateresidence timéSigler et al., 20183uggestshatannualrecharge received
from deep percolation of soil water is a relatively small fraction (ca. 5%) of the total aquifer
volume. While recharge to the terrace aquifer through preferential flow paths likelyastcur
following wetter antecedent conditigrteelimited temporal variabilityand minimal evaporation
effectsin terrace groundwatesotopic compositiorsuggesthat variation in the isotopic
composition othese contributionwasmasked byelatively rapid mixing witlthe aquifer
volume Figure 4, 6 Sprenger et al., 2019; Sprenger & Allen, 2020; Stumpp & Maloszewski,
2010) We note that our sampling method udi@gsionlysimetersmay biasour assessment of
terrace soil wateto water from larger pores or preferential pathways in the soil n{@rlawski
et al., 2016; Sprenger et al., 2018pwever, sampling with tension lysimeters does not
exclusively sample the most mobile water due to the episodic availability of that water in
macroporesSmallervolumelysimeter samples caused by drier soils likely reflect less mobile
soil water and largerolumelysimeter samples from wetter soils likely included more mobile
soil water (Figure 7)At some sites, periodically increased sample volumes corresguiith
seasonally higher precipitation and increased soil water contents (e.g., 66 cm anmddelpths
in Figure 7). Moranobile soil water likely drives recharge of the terrace agdifieing specific
seasonalveather and antecedent sminditions(Figure 7, Table S1]lasechko et al., 2014he

consistent isotopic composition observed in the terrace groundwater despite the isotopically
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variable recharge events suggests relatively rapid mixing of relatively small volumes of deep

percolation into a relatively large aquifer volume (Figure %a, 7

SectiloocPlib 8essinherS nealelfs ne
Ri pafaorarmni dor s

The influence of colder precipitation on the isotopic composition of riparian water
relative to terrace groundwatdfigure 4a, 5psuggests this process domain recgnezharge
from local colder precipitation in addition to process domaingragient on the landscape.
Limited isotopic variation in riparian waters and the general similarity of riparian waters to
terrace groundwater suggest efficient integration of sowaters by the riparian corridor (Table
2; Figure 4a, 5p However, some riparian groundwaters reteshcreased accumulation of
colder precipitation relative to riparian surface water, terrace groundwater, and stream water
(Figure 5a, S5¢.g., April and May 2021 ikigure S9. Previous studies found that lack of
evapotranspiration in winter months promotes a shallower groundwater table that buffers riparian
soil temperature@urt et al., 2002; Smerdon & Mendoza, 2Ql@rreased probability of nen
frozen soils in addition to increased snow catch allow colder precipitation to accumulate in
riparian soil and groundwaters. Although we did not evaluate riparian soil temperature and water
content data during the period bfg study, we anticipate similar trends to observations in
terrace soils where water accumulates in winter and sg¥iggre 3. These infiltration
dynamics allow for increased contributions of colder precipitation to riparian groundwater.
Riparian waters undergo local processing in addition to inherited signals. Riparian water
isotopic compositions that devidttrom the majority and the LMWL (ca. 10% of riparian
samples) provide evidence of local processes that promote evapodfigiare Gb, 6¢, S5;

Gammons et al., 2006; Sharp, 2Q1Agreased fractionation in riparian water was especially
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evident in riparian surface water where reduced velocity and increased exposure to the
atmosphere facilitate evaporatidfiqure S%. Riparian corridors encompass flow paths with
strong variation in transit and residence times, where longer flow paths promote biogeochemical
processes that calecrease nitrate concentrations in water leaving the system and can contribute
to N2O emissiongChapin et al., 2011; Cheng et al., 2020; Harms & Grimm, 2008; Hedin et al.,
1998 Hill, 2019; Hill et al., 2014; Sigler et al., 202Areas of more pronounced evaporation
within the riparian corridor may reflect increased water residence times and hence exert control
on biogeochemical function, reflect the spatial heterogeneity of these ecosystems, and indicate
the influence of ripariastructure on hydrologic processes.

Stream water isotopic compositions indicate a mixture ajragient channel water,
terrace groundwater, and riparian water. The stream water reflects a relatively consistent mixture
of inherited components, with limited evidence of local proce$3garg 5, . Instances of
increased isotopic signals in the stream water relative to riparian groundwater suggest that colder
precipitation (e.g., snowmelt) delivered to the riparian may flush warmer season water into the
stream channel (Table Bigure 5, 64l Local evaporative effects on stream water may also result
in isotopic signals distinct from ugradient domains. The stream water exbkitihe most
consistent isotopic signal and mixture of source waters observed across the process domains,
which supports our conceptualization of this terraparianstream continuum as a gaining
system where dowgradient domains integrate the effects pfgnadient processes by way of

hydrologic connectiofHill, 2019; Vidon & Hill, 2004)
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Concl usi ons

Ourdata povidea novel analysis of water isotopic compositiagsoss a nairrigated
agricultural settingObservedi*®0 andd?H valuesin environmental wateracross process
domainsshow that soils play amtegralrole in mixing seasonal precipitatiamd exhibit spatial
variation of mixing and throughflow processes within and across soil pr@ilesesults
highlight the role of soils in processing water that enters the landscape and indicate that colder
precipitationinfluences water storeth soils acrossseasonalo annual and longer timescal@$e
persistence ofolder precipitationin soils suggests these source waters contribude{o
production anchutrientprocessingWe found that shallow riparian aquifers likely receive local
contributions from colder precipitation and act as efficient integrators of source waters. Areas
within the riparian corridor where increased water retention coupled with exposure to
atmospherid¢orces impart localized signatures of riparian isotopic compositions. Ourldata s
that dream channel waters reflect a mixture of riparian water and terrace groundwadér
suggests influence of direct inflows of terrace groundwater that undergo minimal riparian
processingStreams exhibiting limited riparian influencegflect corridors that ardess effective
atmitigating export ofnutrient loadgrom agricultural systemgAdditional efforts to quantify
how soil water storage heterogeneities mediate variable precipitation patterns will further inform
the potential consequencdsaarmer winters with more rain and less snow across both non

irrigated agricultural production and grassland ecosystems.
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Ch2Figure 1. Theerraceriparianstream continuum on the Moccasin terracenceptual

diagram of anticipated precipitation infiltration, mixing, and evapotranspiration processes and
subsequent solute processing and transport along a hydrologic gradient such as that of the
Moccasin terrace. In this landform, nitrate concentratiame generally 20 mg Nin the

terrace groundwater, near 0 mg N ih the riparian groundwater, and 10 mg Nib the stream.
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Ch2Figure 2. Study area and general site locatibhs.Moccasin terrace is located within the

Judith River Watershed (inset, top left) and the Northern Great Plains (inset, top right). The
terrace is geographically isolated from mountain water recharge. Areas surrounding the towns of
Moore and Stanford s similar soils and shallow aquifers to the Moccasin terrace but are more
connected to mountain water recharge. See specific site locations in Table S1. GIS sources:
ESRI, USDA, USGS, FSA, NGP boundafytained from World Wildlife Fund
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equivalent (SWE), and atmospheric temperature, (c, d) soil temperature at 20 cm, 50 cm, and 90
cm depths, and (e, f) percent soil water content at 20 cm, 50 cm, and 90 cm depths (U.S. Bureau
of Reclamabn, 2023; Montana Climate Office, 2023). Soil volumetric water content is invalid

at soil temperatures below 0°C due to changesaplgysical properties caused by state change
from water to ice.
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Ch2Figure 4. Water isotope values by day of water y¢alues ofd'®0 (a) and®H (b) in
precipitation (rain, snow, and monthly composite for the Montana Precipitation Isotope Network,
MTPIN), terrace soil water, and terrace groundwater with multiple years-ZiP3

represented. The dashed line indicates the yedr volume weigl®#d mean precipitation value,

with uncertainty (dotted lines) reflecting variability in annual precipitation over the AgriMet
record for 2012022 (U.S. Bureau of Reclamatid23).
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Ch2Figure 5. Values ofi2H and lineconditioned excess by process domain. Distribution of
d2H (a) and leexcess (b) values in four process domains across the terrace including terrace
soils (orange), terrace groundwater (green), riparian surface and groundwater (magenta), and
stream water (redMean values and 95% frequentist confidence intervals are indicated by black
bars for each process domain. Lowase letters indicate significant difference determined by
Tukey HSD post hoc test of the impact afdacape process domaindsi and leexcess after
accounting for water year, campaign within year, and individual site. The dashed line on (a)
indicates the mukyear volume weighted mean precipitation value, with uncertainty (dotted
lines) reflecting variance in annual precipitation over the AgriMet refcord0122022(U.S.

Bureau ofReclamation2023. The cluster of more negative values in terrace groundwater
reflect results from the Montana Department of Agricultur& khonitoring well during a rapid
snowmelt runoff episode in 201%he solid-grey,zeraline (b) expresses the local meteoric

water line (Figures4). The 95% confidence intervals (dashed grey) are derived from the Monte
Carlo uncertainty analysis (Figugd, see methods). Values below the lower bound of the
confidence interval indicate an evaporative loss signal either from within that domain or via
inmixing from upgradient.
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Ch2Figure 6. Water isotope values in four process dom¥iasies ofd*®0 andd?H from (a)

terrace soil water (2012016); (b) terrace groundwater sampled from wells (Z20B7) and

springs (20122022); (c) riparian water sampled from spring channels, ponds, and shallow
groundwater (202Q2022); and (d) stream water from two channeld222022) relative to the
modeled volume weighted annual mean value (black point with error bars based on variability in
annual precipitation ovehe AgriMet recordor 20122022 (U.S. Bureau ofReclamation 2023.

The local meteoric water line (LMWL) and 95% confidence interval are derived from
precipitation results (Figur®4; see methods). Points falling outside the confidence interval
indicate transformation processes and mixing of inherited transformed waters.
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Ch2Fi gure 7. Precipitation amounts Ralyd terrace
precipitation (mm) frorUSBR AgriMet station: MWSM is in grey bars along the top of each

panel for water years 2013 (a), 2014 (b), 2015 (c), and 2016 (d). Soil water colledtatsia

lysimeter across four sampling sites (denoted by color, legend above panel a) representing a

range of depths of fine soil material across the study area. Point size is proportional to the

volume of the sample collected which rangesfrl.5 mL to 181 mL. The dashed line indicates

the multiyear volume weighted mean precipitation value, with uncertainty (dotted lines)

reflecting variance in annual precipitation over the AgriMet reéar@0122022(U.S. Bureau

of Reclamation2023. Only sites with four or more samples collected in each of two or more

years are included in this figure.



Tabl es
Ch-Zable 1. Sample Type, PeriCodnof
Water sample type Time n Location description
period
Rain 20132016 51  Privately owned fields near
Stanford, Moccasin, and Moore,
MT
Snow cover 2014 6 Moore, MT
20192022 114 Moccasin, MT
Montana Precipitation 20212022 20  Central Agricultural Research
Isotope Network Center, Moccasin, MT
(MTPIN) monthly
composite
Terrace soll 20132016 115 Privately owned field near Moore,
MT
Terrace groundwater 20132022 214  Wells and terraceprings on the
Moccasin terrace
Riparian groundwater, 20202022 201 Three stream corridors on the
spring channels, and Moccasin terrace
ponds
Stream channel water 20122022 283 Ten locations across two streams

the Moccasin terrace

Sampl e

Col



Ch-ZablSummary stddx iashi esulffbs in precipitation source
d€o d’H

Sample type Period of n Min Max Median Mean SD Min Max Median Mean SD
record

Rain 20132016 51 -21.5 -3.34 -12.6 -12.6  4.45 -156.7 -31.7 -99.6 -100.7 30.1

Snow 2014, 120 -30.6 -15.0 -221 -225 3.64 -235.4 -129.2 -165.8 -171.3 27.7
20192022

MTPIN 20212022 20 -253 -7.39 -16.5 -16.5 5.02 -193.1 -52.97 -1229 -127.8 37.7

monthly

composite

Terrace soil 20132016 115 -20.0 -12.8 -16.3 -16.1 1.27 -155.1 -100.6 -130.0 -128.4 9.54

pore water

Terrace 20132022 301 -21.5 -11.7 ~-14.8 -15.0 1.30 -166.0 -110.4 -120.8 -1225 7.32

groundwater

Riparian 20202022 210 -19.8 -3.77 -15.5 -15.1 1.68 -152.0 -709 -125.1 -123.7 8.23

water

Stream 20122022 218 -17.4 -11.4 -15.1 -149 0.68 -138.9 -111.0 -1225 -122.2 3.23

channel water

waters

€9

a
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exXxcess

Ch-ZablSumMmary stawmesdi ¢ts ohed
Ic-excess
Sample type  Period of n Min Max Median Mean SD
record

Terrace soll 20132016 115 -17.0 8.12 -2.29 -3.22  3.60
pore water

Terrace 20132022 301 -22.2 142 -453 -4.72  2.23
groundwater

Riparian water 20202022 210 -33.6 2.06 -4.40 -5.10 4.32
Stream 20122022 218 -189 111 -4.84 -5.16 2.73

channel water

resul

ts

N
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Supporting Materials

Section 2. Met hods

Study AreaSoils in our study areare susceptible to water loss and nitrate leaching due
to relatively thinzones of fine textured material A@0 cm) overlying subsurface horizons with
> 40% coarse gravel content. Approximately 50% of the soils in the field where we sampled soil
water are thinner than 60 cm (see figure 58igler et al., 2020)The shallow terrace aquifer
accumulates nitrate leached from overlying sodsplting in groundwater nitrate concentrations
commonly twice the EPA drinking water standard of 10 mgiN L

Hydrometeorological and Soil Monitoring/e installed a sonic snow depth sensor

(Sommer USKR) along with the snow scale in February 2020 that recorded observations every
15 minutes. These data are not used in this study. Precipitation volume, air temperature, relative
humidity, wind speed, andimd direction are recorded by the MCO and NRCS stations in

addition to the sensors operated by the USBR -aibbite intervals. These data are not used in

this study. 1CO, 2023 USDA NRCS 2022USBR2023.

Sample Collection and HandlinBainwatermwas collected in years 202816 at three

locations near Stanford, Moccasin, and Moore, Montana (Figure 1, Table S1). The rain collectors
used to accumulate a sample (Product Alternatives, Inc.; Fergus Falls, MN) consisted of a
255mL internal chamber withpproximately 5mL of mineral oil suspended on top of the water

to minimize evaporative fractionation effec&dler et al., 2022)Eachtime the collector was

sampled, the sample volume in the collector was recorded, and the sample was extracted from
the internal chamber using a syringe and discharged into a 20mL scintillation vial. The collector

was then emptied the mineral oil was repldto allow accumulation of the next sample.


file:///C:/Users/14062/Documents/gradWork/0_Manuscripts/Dissertation/MCO,
file:///C:/Users/14062/Documents/gradWork/0_Manuscripts/Dissertation/USDA
https://www.usbr.gov/gp/agrimet/station_MWSM.html
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Snow samples from accumulated snow cover were collected at select locations near
Moore (2014) and Moccasin (202®20; Table S1). Snow cover was also sampled in 2021 and
2022 from undisturbed snow att® 10m intervals along established transects neaCintral
Agricultural Research Center, Moccasin, MT (Table S1). Transects acrqgs¢maially
vegetated riparian corridor were perpendicular to the stream channel. Transects across the terrace
upland traversed cultivated fields with variable crop esicamples were collected using a 10
cm-diameter metal core inserted vertically in the snowpack to sample the entire snow column.
Snow samples collected in this manner were sealed in Ziploc bags, weighed, and allowed to
melt. Once melted, samples wererstbin a refrigerator before thoroughly mixing and decanting
into collection vials. Snow depth was measured at all locations sampled from 2020 to 2022.

In 20212022, additional precipitation samples of accumulated rain and snow were
collected as ca. monthly aggregates using a Montana Precipitation Isotope Network sampler
(Palmex RS1B) installed at the Central Agricultural Research Center, Moccasin, die(Ej
Table S1; Carstarphen, 2021). During the colder season, the sampler was equipped with a black
metal snow tube to increase snow catch and promote snowmelt through siphon into the collection
bottle. During the warmer season the sampler was equipiped weighted delivery tube into
the collection bottle. Samples were transferred into vials and filtered in the lab using 0.2um
syringe disc filters before analysis.

Privately owned and managed fields were accessed with permission and advising from
cooperating farmers with the goal to captureitifi@enceof cropping system strategies (Table
S1;Sigler et al., 2018)At each sampling location, a lysimeter cup was installed in undisturbed
fine textured calcareous soil material just above the gravel horizon (50 to 120 cm depth). Terrace

soils were sampled one to three times per month during periods of high soil vadwnager
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content and once a month otherwise. To extract soil pore water, an internal tension of
approximately-15 psi was applied with a hand pump, and a sample was collected after allowing
ca. 24 hours of accumulation in the lysimeter reservoir.

At productive riparian groundwater well locations, where continuous pumping was
feasible, parameters (i.e., pH, temperature, dissolved oxygen, and conductivity) were monitored
using a multimeter (YSI Incorporated; Yellow Springs, OH) and flomugh celto confirm
stable readings before sample collection. At low production riparian groundwater wells,
continuous pumping was not possible and insufficient water volumes inhibited accurate
multimeter readings. Low production wells were purged three well vaamneé sufficient
recovery time was allocated between each purge and before sample collection.

All groundwater and surface waters were collected in duplicate (if water volume was
sufficient). Samples were stored in a cooler immediately upon collection, transferred to a cooler
with ice within two hours, and then to a refrigerator within eight h&amples were transferred
from the field to the lab in a cooler with ice and stored in the lab at room temperature until
analysis.

Isotope AnalysisA memory correction was applied to the 134 precipitation samples and

426 landscape process domain samples collected from 2019 to 2022 (G20iihyg resulting

in adjust ment 0¥ fa nudp O0PES B adcadnt fdr memory in samples

collected and analyzed with only six injections from 2012 to 2014, analytical uncertaid®ifor
values increased to 2a in samples run i mmedi a
67). For all other samples collected and analyzed with only six injections in this timeframe,

analytical uncertainty fol®’H was i ncreased to 14 (n = 177). S
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2018 (n = 245, including 31 lysimeter samples collected in 2013) were analyzed with sufficient
injections to minimize the influence of analytical memory and no corrections were made.

We compared how well our data and model aligned with a sinusoidal model fit to
monthly predictions obtained from the Waterisotopes database (Bowen)]RHE22AVMO,
2019 for a central location in our study area (latitude: 47.067342°N, longitude: 109.966514°W,
elevation: 1294.8m). The resolution of Global Network of Isotopes in Precipitation (GNIP)
empirical database is coarse around our study site with the closest@&iistatiorca. 500
kilometers awaylAEA/WMO, 2015). We determined that the sinusoidabdel fit to our
precipitation isotopic data was reasonable given uncertainties in our model fit, the GNIP
interpolation, and the incorporation of altitude and latitude in the Waterisotopes interpolation
(Figure S1; Bowen2022;Bowen et al., 2005; Bowen & Revenaugh, 2003; Bowen & Wilkinson,
2002) Thus we usedhe model fit toour precipitation isotopic dati estimate the isotopic
composition of a mixture of the total annual precipitation. First, isotopic values for precipitation
were estimated for each day of the year using the sinusoidal model. We then calculated the
precipitationweighted isotopic valuor a single day using the product of the predicted daily
isotopic value and the measured daily precipitation
(https://www.usbr.gov/gp/agrimet/station_ MWSM.html). We deterohthe annual volme-
weighted mean for each yday summing the weighted values for all days of the year and
dividing by the total annual precipitation. \WWeen averaged the annual volumeighted mean
values to produce a single referert®€0 andd®H value for precipitation over the entire study

period.
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Section 3. Di scussi on

Soil Physical Properties Control Infiltration Bfecipitation Soil conditions (i.e., soil
water content and temperature) and water storage capacity dictate the fate of water delivered to
soils providing water for crop production and aquifer recharge. During the fall, winter, and
spring seasons, colder precipitatieny, snowmelt) most likely enters terrace soil when soil
temperatures exceed 0°C to sufficient depths with available pore space (Figure 2 e.g., mid
January 2022). Based on texture alone, thesedsaihed clay loam soils have estimatedyes
in porosity: 0.44 0.51 n¥m3, field capacity: 0.22 0.38 n¥m3, and wilting point: 0.120.17
m>m3, which are consistent with soil conditions measured near our study area (Dingman, 2015,
Physical Hydrology8rd edition Montana Climate Office2023 U.S. Department of drviculture,
2022. Based on these estimates, the mineral soil thicknesses of 60 to 120 cm across our study
area are likely to retain 18 to 33 cm of water at average field capacity. Measured volumetric
water content values at soil depths of ca. 90 cm plateau around@386nt m3, reflecting field
capacities that decrease with depth due to coarser textured subsurface horizons in our study area
(Figure 2;Sigler et al., 2020)We infer that when soil temperature is greater than 0°C and soil
volumetric water content exceeds field capacity, additional precipitation entering the soil results
in the movement of water through the soil profile and leads to battiximg of warmer sason
precipitation and mobilization of stored waters. This occurs mainly in spring and fall when

periods of limited transpiration coincide with expected increases in rainfall and snowmelt.


file:///C:/Users/14062/Documents/gradWork/0_Manuscripts/Dissertation/MCO,
https://wcc.sc.egov.usda.gov/nwcc/site?sitenum=2119
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Supporting Tabl es
Ch -T2 b le: Detailed site description, geogwatpéi ci $otcapi on¢ o @amas
anal.yses
Site SiteType YearSampled AnnualCounts Latitude Longitude Comments
Raingauge site at Field A
FieldA PrecipRain 2013, 2014 1,5 47.2141 -110.1593 near grain bins; manual gag
and tipping bucket
Rain gauge site at Field B ir
. . . 2013, 2014, corner of Grove yard;
FieldB PrecipRain 2015, 2016 2,6,54 47.0556 -109.8391 manual gage and tipping
bucket
Rain gauge site at Field C
) . . 2013,2014, near fence on North end nei
FieldC PrecipRain 2015, 2016 1,7,5,4 46.9974 -109.6134 Well 3: manual gage and
tipping bucket
Rain gage at Brandon's hou
Rain_Breanna PrecipRain 2015 11 46.9830 -109.6191 that Breanna wasollecting
samples from
Field B snow sample
FieldB PrecipSnow 2014 3 47.0553 -109.8594 location (coordinates only
accurate to field scale)
Field C snow sample
FieldC PrecipSnow 2014 3 46.9970 -109.6115 location (coordinates only
accurate to fielgcale)
MTPIN Precip 2021,2022 10, 10 47.0584 -109.9535 Collects monthly composite
collector precipitation sample
Central Agricultural
CAS PrecipSnow 5030 20%% 14,2038 47.0584 -100.9535 oearch Centerfield snow
021 sample locations

(coordinates only accurate t

(0]



RR

C2E.O1

C2E.O7

C2E.08

C2E.10

C2w.04

C2W.06

C3w.01

PS01

PS02

ISO1

PrecipSnow

Soil
Soil
Soil
Soil
Soil
Soil

Soil

Spr

Spr

2022

2013, 2015

2013, 2014,
2015, 2016
2013, 2014,
2015, 2016
2013, 2014,
2015, 2016
2013,2014,
2015

2013, 2014

2014

2013, 2014,
2015, 2016,
2017, 2020,
2021

2020, 2021,
2022

2013, 2014,
2015, 2016,
2017, 2020,
2021, 2022

42

2,1
7,12,10, 4
11,11,4,3
3,8,91
7,1,5
1,2,9

4

11, 8, 3, 6, 3,

3,4

3,4,1

11,24,5,6,3

3,8,2

47.0681

46.9962

46.9929

46.9924

46.9913

46.9946

46.9935

46.9962

47.0570

47.0578

' 47.0758

-109.9639

-109.6129

-109.6130

-109.6130

-109.6130

-109.6145

-109.6145

-109.6126

-109.8336

-109.8301

-109.9048

field scale; multiple location:
sampled within field)
Upper Louse Creek riparian
corridor snow sample
location (coordinates only
accurate to field scale;
multiple locations sampled
within field)

Judith project soil lysimeter
location

Judith project soilysimeter
location

Judith project soil lysimeter
location

Judith project soil lysimeter
location

Judith project soil lysimeter
location

Judith project soil lysimeter
location

Judith project soil lysimeter
location

Terrace spring; Also
identified as Grove Spring

Terrace spring

Terrace spring; also
identified as Indian

L9



Star
Spr555

Headwaters

M1

RR11
RR14

RR12

RR22

RR34

RR54
LL11
LL12

LL22

PC11

Spr
Spr

Terrace Well

Terrace Well

Riparian pond
Riparian pond
Riparian side
channel

Riparian seep

Riparian side
channel

Riparian side
channel
Riparian side
channel
Riparian side
channel

Riparian seep

Riparian side
channel

2013, 2014
2013, 2014

2013, 2014

2013, 2014,
2015, 2016,
2017
2020, 2021
2020, 2021,
2022

2020, 2021

2020

2020, 2021

2021, 2022

2020, 2021,
2022
2020, 2021,
2022

2020, 2021

2020, 2021,
2022

13,3
13,8

10,7

15,10,4,7,2

6, 5
7,6,1

5,7

1

58

51
3,8,1
3,6,1

2,1

2,4,1

47.0937
47.0775

47.0350

47.0950

47.0674
47.0693

47.0682

47.0682

47.0693

47.0695

47.0775

47.0792

47.0793

47.0578

-109.9351
-110.0265

-110.0591

-109.9676

-109.9659
-109.9610

-109.9640

-109.9640

-109.9599

-109.9608

-109.9110

-109.9089

-109.9089

-109.8314

Terrace spring at Star Road
Terrace spring tris55 near
Benchland, MT

Louse Creek Headwaters
Well at Mudsprings Road; a
diesel shop

MDA M1 Monitoring Well

Spring channel emerges in
riparian floodplain

Seep emerges in riparian
floodplain

Spring channel emerges in
riparian floodplain; includes
RR24 and RR44 due to very
close proximity

Spring channel emerges in
riparian floodplain

Spring channel emerges in
riparian floodplain

Spring channel emerges in
riparian floodplain

Seep emerges in riparian
floodplain

Channel outlet of sprirted
stockpond in riparian
floodplain

89



PC12

RwWO01

RWO02

RWO03

RWO04

RWO05

RWO06

RwWO7

RWO08

RWO09

RW10

Riparian side
channel
Riparian
groundwater

Riparian
groundwater

Riparian
groundwater

Riparian
groundwater

Riparian
groundwater

Riparian
groundwater

Riparian
groundwater

Riparian
groundwater

Riparian
groundwater

Riparian
groundwater

2020, 2021,

2022

2021, 2022

2021, 2022

2021

2021, 2022

2021, 2022

2021, 2022

2021, 2022

2021, 2022

2021, 2022

2021, 2022

3,3, 1

6, 4

51

8,5

4,1

51

51

9,4

51

51

47.0576

47.0672

47.0681

47.0678

47.0689

47.0694

47.0683

47.0692

47.0681

47.0695

47.0686

-109.8303

-109.9661

-109.9642

-109.9640

-109.9606

-109.9600

-109.9633

-109.9614

-109.9639

-109.9608

-109.9608

Spring channel emerges in
riparian floodplain
Groundwater sampled from
shallow well withinriparian
floodplain

Groundwater sampled from
shallow well within riparian
floodplain

Groundwater sampled from
shallow well withinriparian
floodplain

Groundwater sampled from
shallow well within riparian
floodplain

Groundwater sampled from
shallow wellwithin riparian
floodplain

Groundwater sampled from
shallow well within riparian
floodplain

Groundwater sampled from
shallow wellwithin riparian
floodplain

Groundwater sampled from
shallow well within riparian
floodplain

Groundwater sampled from
shallow wellwithin riparian
floodplain

Groundwater sampled from
shallow well within riparian
floodplain
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LWO1

LWO03

LWO04

LWO05

PWO01

PWO02

PWO03

PWO04

PWO05

Kolin

Porter

Riparian
groundwater

Riparian
groundwater

Riparian
groundwater

Riparian
groundwater

Riparian
groundwater

Riparian
groundwater

Riparian
groundwater

Riparian
groundwater

Riparian
groundwater

Stream channe

Stream channe

2022

2021, 2022

2021, 2022

2021, 2022

2021, 2022

2021, 2022

2021, 2022

2022

2021, 2022

2012, 2013,

2014, 2015,

2016, 2017

2015, 2016,
2017

2,2

1,2

1,3

2,3

2,1

2,3

2,1

14, 14, 24, 6,
53

6,6, 3

47.0777

47.0779

47.0792

47.0788

47.0571

47.0578

47.0577

47.0573

47.0575

47.1178

47.0548

-109.9120

-109.9096

-109.9089

-109.9087

-109.8335

-109.8321

-109.8314

-109.8309

-109.8297

-109.7778

-109.7985

Groundwater sampled from
shallow well withinriparian
floodplain

Groundwater sampled from
shallow well within riparian
floodplain

Groundwater sampled from
shallow wellwithin riparian
floodplain

Groundwater sampled from
shallow well within riparian
floodplain

Groundwater sampled from
shallow wellwithin riparian
floodplain

Groundwater sampled from
shallow well within riparian
floodplain

Groundwater sampled from
shallow wellwithin riparian
floodplain

Groundwater sampled from
shallow well within riparian
floodplain

Groundwater sampled from
shallow well withinriparian
floodplain

Louse Creek at Kolin Road

Porter Creek at County Roa
311

07



RRO1

RRO02

RR04

LLO1

LLO2

PCO1
PCO02

Stream channe

Stream channe

Streamchannel

Stream channe

Stream channe

Stream channe

Stream channe

2012, 2013,
2014, 2019,
2020, 2021,
2022

2019, 2022

2019, 2020,
2021, 2022
2020, 2021,
2022
2020, 2021,
2022
2020, 2021,
2022
2020, 2021

15,11, 24, 14
21,19, 2

4,9
5,15,15,12
5,11,1
8,16, 12

6,5, 2
55

" 47.0673

47.0683

47.0696

47.0778

47.0787

47.0572
47.0575

-109.9665

-109.9633

-109.9604

-109.9126

-109.9059

-109.8333
-109.8296

also identified as
UpperLousel

includes RRO5 and RRO7
due to very close proximity
includes RRO3 due to very
close proximity

includes LLO4 due to very
close proximity

also identified as PorterCk1

also identified as PorterCk2

TL.
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Abstract

Relative to their limited areal extent, riparian ecosystems are disproportionately
important in regulatingnorganic solute export from agricultural landscapes. We investigated
spatial and temporal patterns in stream corridor solute concentrations to infer dominant
hydrologic transport and biogeochemical pathways influencing nitrate and sulfate concentrations.
We selected three reaches of stream corridor with varying hydrologic connectivity with upland
groundwaters within a serarid northern Great Plains agricultural landscape. We inferred the
influence of biogeochemical processing and hydrologic connectinityader quality from solute
concentration patterns in riparian groundwater and stream water relative to upland groundwater.
Excess nitrate from cultivated soils is evident in upland groundwater concentrations that
consistently exceed the U.S. EnvironmeRtaitection Agency public drinking water standard.
Weathering of the organiech marine shale underlying shallow aquifers also contributes nitrate
and sulfate to ground and surface waters. Nitrate concentrations in riparian groundwaters were
consistentlflower than those in terrace groundwater and adjacent stream waters, indicating
likely influence of metabolic reduction processes like denitrification. Generally, sulfate
concentrations in streams were higher than those in terrace groundwater, refleatingtsp
from local weathering of shalgerived substrate that would also produce nitrate and contribute
to accumulation of fine soil material. Results indicate consistent loading to terrace aquifers from
upland soil water influenced by agricultural managahpractices, with riparian processes
contributing to persistent net nitrate losses and net sulfate gains in stream water. This research
provides a catchmeisicale perspective on the biogeochemical and hydrological function of

stream corridors that contrive quality of water of noirrigated agricultural landscapes.
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ri pagrriocress domain due to more consistency of

paths with anoXBoutitparieanadquith®@®8 stZlkeaom eha
Comparisons of solute concentrations across p
tempor al patterns within process domains prov

domi nant biogeochemical coemxzemnitomms iiomfsl. udmaecisng
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te concentrations in environm

ri parian ecosystems transform

export into stream chan

er i contributes various ¢c¢he

ng

f sul(Haotl O®ay ebdabm, 4888chH

2\Wel&t; h eMainmigect lo fasl @ d, ig @eDM2tdla)r v r o cC

one, rel eases more dissol ved

gr en, 1999, Houl ton et al ., 2

ect effects of physical anthr

ncrease contributions of sol u

of Dbterdu cotckr, e stoand taom de Xpr

s and alter partitioning of p

ng the probability for transp

gren, 1999; Ross et .al ., 2018

ations from food production o

ndment s, mobil i zi di ssol ved

ng

eto1dl;,., 1981 nTiplamamnc&l @lrar |

i ncrease soil water concentr a

l ied to agricultural | andscap

Sebil o. eDi sadol,v d 1i3r o rSg agn

adily transported through cul

e X ¢ g Bksy ema t&e rGelrarlachinn g 2dal@a ¢ iStc
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Export of these compounds from agricultural s
ot herwise be available for soil mi crobe and p
particularly for N, are derawda snigv d oa diri gshs sad ruit

concentrations in gBouwmdvw &andalsuyuyrR284dé®;, wkKeetl vy

2019; Schuh ebsal of $8987pte from cultivated s

deficiencies in crops become more apparent wi
poll ution control measures, |l eadpogt bbakhnsresn
2022; Aula et al ., 2019; . EThksenni 2O&0Oe Smacr i
from agricul tural |l andscapes continues to thr
(Driscoll et al ., 2001; Gall oway et .al ., 2008

Because agricultur al |l andscapes are connec

geomor phi

o

and substrate controls on biogeoch
and S export f(Bamltchhe ¢ @y st e;BHDTleS%;0orHeedrion eett ad
K. J. Van Met.erl n& aBdadsiut,i 02n0,1 7t)he spati al and st
Ssubstrate determines the nature of water stor
reducing conditionSCaoniitrho,n 2M0%k7;r i paviita;m atr eal

Mc Gl ynn, 2011; Vidon R pHarlila,n 2sOuOb4sbt,r a2t0e0 4ian)c | ud

stratigraphy imparted by soil horizon devel op
from erosional or depositional processes. Str
finer and esodarsdrattiengt Wri scontinuous spatial v
permeability (Schaetzl & Thompson, 2015). Sub

clay, having moderate porosity and | owrpger mea
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l i kely to facil(iHasen mnelxlier ceotndalt.i,onxs017; Sct
Wal d et .alRi pa20h®%) areas host intermittently s
devel opment of organic soil horizons and redo
condi(thbaonnse |l s, 200 3; Ranal | i & Macal ady, 2010;
Additionally, seasonal fluctuations in ripari

connectivity between the (rBeragdtarno m geuti feaelr. ,a na(
al . ,, 28099wi ng for seasonal variation of ripal
streani Buwatteret al ., 199%hedehose, epramary206af)
of riparian area processes on exported water

among the upland, riparian(Ramal $tir &amMachadadeg

Vidon & Hahd,vaoodb)on in riparian substrate |

resi den(cCc atmpnoe set al . , 2006; Vidon & Hill, 200

The availability of electron donors |i ke |
oxygen, nitrate, and sul fat anedldtadrendi mda g atrh ea np
bi ogeochemi(ijadr emr oete sasle.s, 2008; Grabs et al .,
& TownsendBe2@QUO6e shall ow groundwater fl ow pa
organic matter in riparian areas, oxygen is (
| n t heslei mixtygenenvironments, the ther modynami
met abolic pathways i nfl uemeadsattehde Np aatnedn tSi ari nfec
and r edBRertnlar dt et al ., 2017; ;BuRagym ett all..,,

Reinhold etFar .ex &2MAl99, nitrate reduction is r

reduction in anaerobic redepdirmat éonamdpad n® B as
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of nitrate and sulfate concentrations with | e
reducing conditions among( Rayrs uetf aaBlg. f iphlkd)ag
oxygen availability in (HeQuieng!| gt salt uyr a2e@d4eg

Tesoriero &aPRuchkhetotvy d2@phl) abil e organic carbo

aerobic (rresdgimadt ¢hnll.l, elt9 %98 . , 2014; ,McGlynn &
ri parian areas facilitate strongly reducing ¢
hill sl opes and streams. These reactors may pr

ecosystem perturbatiCommwi &hiMec Doim@eewat eldl®®&cd H
al ., 2010; Mc Gl ynn & McDonnel |, 2003a; Nai man
20230)yet few studies have assessed how riparia
concentrations, specifically nitrate and sul f

withi-arsdmgtéelgl bohs2019)

Despite a fundament al understanding of pro
bi ogeochemical function, the complex interact
mechani sms by which stream corridors influenc
partiicoml aeiig, cultivated | andscapes. To addr e
agricultural |l andscape in tiei dudietgh oRi wér t Wa
Great Pl ains. I n this system, andtamd& rciomdnmias!
groundwater, provide a useful l ens into ripar
di fferentiated the geochemical compositions o

stream water across gthgydmokcogrcdoosn&cthvidiy

domains. We hypothesized that the nature of h
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reams i s a primary control on the net e
rate and sulfate export downstream. We
ate within stream corirn dmirtsr atoentamd ss wlof
ion, thus regulating the effects of <cul
these hypotheses with two specific res

i ffering hydmgl|lwgland oagqeicttenvs t yriamari at

| s (1) I nfer biogeochemical processing

atterns in solute concentrations of wupl

eatnedr nfi2zne Dcontrol s on the net <change in

groundwater inflows and stream channel

objectives, this researchamdeanciedoa mo

chemical function on solute processing
Met hods

nSt2udy Ar ea

study area is | ocat-ad3@0tminaasl bwgr a

of the JRW of centr al Mont ana, USA. The

northern Great Pl ai nardlI&ii gaitrey2mmi)t. h Oal r:

nnual precipitation of 1230923k,mmnr esdl @ teimprme

centered on cod40®i. 9davrés: PRT SON7 8] mate Group,

peri od20(2220)tWetalhe mdan anounawapr @@idpi t @mper at ur ¢

(Figure S1). Tempor al summary -Bbatistic:

ntervals (U.S. Bureau of Reclamation, 2023).
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OQur study is focused on the Moccasin terra
shall ow upland aqui fer percVekle oat.r @&llTeahtei 2@0 ¥)
i nci si on -forfonmto usnttradaaoms around the upgradient e
i solated the shallow terrace aquifer from any
Mountains (Figure 2a), and itmhd si mperrnmeahbivliittyy
shall ow aquifer(®ighedeepeal agu20b8seVYoke, etwva:
stored in the shallow Moccasin terrace aquife
precipitation through cultivafed sorkamacorex
with perenni al f 1l ow idfierre cattl yhiflrlosnh otphee supprlianngds
| ocations.

No-nrrigated annual cr ap apg rmmedu ctailcm reoaLr ss o
Moccasin terrace. Soils are classified as Cal
Department of Agriculture, 2022a3andSwoel at igealey
shall ow gr dwWe&l camnexesud4G@ing in subsurface hor
content extending to Hhetiwdeen le.tDamigadt0ll@rn)wmpd
cultivated from these soils are spring wheat,
incorporation of pulse crops to replace fallo
Agriculture, 2023). Thectlriutladtvwarte dalslodws afnar si
solute |l eaching to the shallow aquifer that s
regioahmi dt & Mul der, .2010; Sigler et al., 20:

This study focusesdem scstreamordr af nif mg st he

selected study reaches are typical of the str
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bedrock, with widths of the riparian areas ra
tables in these corridors are shallow, with d
surface and isolated areas ofabappatéret gaguwinfde
(Table S1). These corridors are typically man.
Department of Agriculture, 2023) due to water
year.

We selectee&knm hreemee heass. oFd. St ream corridors o
2), to compare hydrol ogical and biogeochemica
modes of riparian hydrologic connteannelidgly Wet
selected two reachksusae Hdodsmi,CFegluiru@rger d) ,
gains in stream flow were dominated by diffus
paths along the reaches. CWeegkell &#cgedealehi wth e
stream flow along the reach were dominated by
hill sl ope springs. Reach selection was also m
having | owerathidnmatthamnRemter Cr geSk gdred tehe at
2018)Thde omise reach i-kmagpwosi maalmd g eltheaaulpper
(Figure 2b), allowing for comparison of corri
proximity to the ori gi n -gorfa dpieernetn siodauét hfa awuyhp eSra ¢
di verted for irrigation by a single pivot. Th
2020 and (Fwrsd e2 Q2RO 2x8t)udy reach on Porter Cr e

el evation on the edge of the terrace compared
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corridors of al | three reac

g degrees of bioturbation f

Section 2.2 Sample Collection

We collected water samples from soils, ter
channels. Soil water was sampled from cultiva
|l ysi meters (PTFE/silica; Prenart EJ@i@®megher F
et al., 2018, Anhpebhtchsbadtcipdang)!| ocation (n =
was instalt edtumedhe®oifli neori zon just above t hi
horizon, depths from 58i gloen2@t cdalr {f alcz6 & povuomn
was sampled from hillslope springs from 2020
2013 and 2014 (n = 39, S)glTer astseals. geaa@r &, v
variation with |l andscape position, we categor
study reaches foll owing the general el evation
riparian gr ounldswaitnesrt aflrloend 2cOa . well00O cm deep in
stream reaches from 2021 to 2022 (n = 131) (F
selected f-modi wt ahtea af 2the stream channel to
exmlga ng with the stream. Some well | ocations

from the stream to

spanned the | ength
reach, and downstr
177) and included
and 2014 (n = 17;

assess groundwater chemist
of each studypstraedm, Wmi d a|
eam | ocat regn sf raolmo n2g0 2t0h et os t2u0
dat a-Lonvem tkeachpgtfTabam Sil)e

Si gl erwWaeteralwag0dad@8mplueag ufbrl o
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he chanxed mpepsesnedt atoi dbre af wet

streams

Xyl em

auging

sampl ed

meani ngf ul fl ow, we measured disc
ronment al Solutions, San abm eegnod,s Qoafl
reach at | east once during-each sa

. S:se@dadlomng inealh oRYyr.vey mi d

at times selected to represent

tivity

mul t i

ensor

nment al

among terrace aqui fers, ri pari an
measured DO, temperaatPurod,e ssp emiafl
parameter probe (VYSI l ncorporated

each sampling campaign per us

urface water samples were coll

Equi pment , -Diemyegn, C.&HPFatadbd) | te

dwater
ery wel l s
ntrati
ery wel |l s,
dwater
mpl es

car bon

nment al Equi pment , Denvem, Col
|l casings and all owed to recov
could not be purged (n = 10 of

continuously whOI|l et abmbi ngdani
DO was not reported because m
concentrations due to | imited

col | erclt egd aisrst ov i cad b wsatpepde d2 4wi t

s pnelLc iHeDsP Ea nvdi ailnst oc a6pOp e d wi t h headspa

three times with feisl tweerreed csoal nhpelcet e
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Section 2.4 Statistical Anal ysi s

We performed a principal component analysi
summari ze which analytes were most i mportant
composition across all sample |l ocations and t

NQ, &0 DI C,°C&INaan’d Mdhe number of samples with
these ions varied by process domain (terrace
stream water, n = 187).

We fit mixed effects models to our data to
sul fatecomon@ntdDdi £t i ons (6Concd6) among the terr
and stream water process domains (Objective 1
defined process domain (6processDomaindbé) as t
water year (oOwater Year 6) and sampling campaig
to account for variation attributable to the
was defined as the week of itheedgeiandithiedecalmps
| ocation (O0sitedéd) as a random effect to accou
same site over ti me.

(1)6£EdtNT € 0Qi | OHABHIDMS Qi GODDDOE N O'WBAET QO 0

We also used mixed effects models to assess t|
concentrations among tht€oubekemsepudygr rPaches)
terrace groundwater site pwesridt)i o(n&bj(eic.tei.v,e 062u)p.
for this analysis included the stream reach (
sampling campaign within the year , and sampl

(2)6¢¢dti QOGO 0 OO QI GRDDOE /| O 'BAI QO 0
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Mi xed effect models were fit using R statisti

(vers836n1l). 1

The addition of site | ocation as a-random
parameterizing the model, based on informatio
BayeswvahuyepBobDkeéolet al ., 2009, Schwar z, 1978

The -fhbietstmodel s may underestimate uncertainty

mul ti modal di stributions did not meet the ass
post hoc -Wibs% fcaaomtiryol | ed Tukeryc éotnestt tso gag §a <
confidence i n sit=atO.sxk5)c ad modn o fperrcecnecsess domai ns
DI C concentrations, after accounting for the

repeated measures pobsanhoodmul dupl estcbompafhesos
bestt mixed effects model, such that any bias
and tempor al autocorrelation in error 1 s mini
assesencenfiind st atistbDclb)dambaegestady(reaches

We performed | inear regressions of sulfate
stream water and proximal terrace groundwater
each reachsds riparian ar ea oinn ctohnec ernetlraattiivoen st.r
that relative transformations of sulfate or ¢
occurring in the terrace aquifer or stream ch
sorption of suéhtas ebaowedtoraombsedvkadmpprHa tvha | eute
al .,. 1 P®6gssess ion contributions from shale \

sul fate versus chloride concentrations wusing
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upper terrace groundwater (Figure 2b) (Sigler
relative contributions of cultivated soil | ea
concentrations from terrace sdatla))watWea c qnsp arle
ri parian groundwater sulfate and chloride con
relative contributions of weathering, | eachin

generally anoxic riparian groundwaters.

Resul ts

Sectdi®amochemi cal of CoGmpaoubnidt i o n
Surface Waters

PCA results suggest thatf‘coacéentiani onsnweéer .
i mportant in differentiating samples from dif
concentrations tended to?tenceneraeignsechat es:
domains. Particularly, riparian groundwater s
hi gher DI'cC nacnedntQaati ons, distinguishing this
concentrations in terrace groundwaters and st

Vari at if,on30 MgNandonCdentrati ons were i mport a
samples from the three study reaches, with st
higher to | ower cdmnusrt-bet s rdiso fPomt eppreeache:
These i onsdattserentobagég middle and | ower ter
groundwaters. The upper terrace groundwater h

and | ower terrace groundwabér PoThercbémeaaml wa
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closely with the | ower terrace groundawadt er , w

mi-douse reaches was distinct from any of the

Sectilooani3c 2Compositions Across Process Domai n:¢

Me a

di ffer

T8t 6Q #p;

(2 Inglr?)

wat

er

Sul

domai n

di ffer

di stri

con

gro

of

cen

und

domai n

n nitrate concentrations differed acros
ences supported by multiple ncompari son
Figure 4a). Mean nitrate concentration
, | owest in ripariantgroamdwianeer sadiphte
{8mpI4Y sng L

fate concentrations differed | ess than
S . Mul tiple compari sjomdty) eshat i sdmphéesdf
ent process domains had different mean
bution of valwues in riparian groundwate
tration in tmgky) awasgtesandwhaar haP8. 2hat
wat et (06G4.s&8 rmpmd. WwafTabl €60)7 The interqu
arian groundwater sul fatf(dabodémcdnt Fatgiuo e
e atoefr ttehrarnacteh agtr oundwat®r of! OGRr ®.a%6 wtad e 2
o $0..9 mg S L

arian groundwater DI C concentrations we

s, based on confidence indicated by mul

effects) matrdelFs gre 4c) . Ri parian groundwater

concentrati®n t(hialn0 trhgatC olf samples from either

cC A

or

stream whtpro¢é686s8dmmalCnsk.
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Sectilommni3c 3Co m\procssist i othusdg Reaches
LandscapenthPeo sTietriroanc e

The highest mean concentr atsiudfsatdf , (rbarh d7a tmag
DIC (81."% mg Cetrace groundwater were observe.
upradient of all study reaches (Figure 4 and
weat heri-chrgaiimedveldpl andSsgl ks )eFNigtumr gt €8 )LBul f at
concentrations in terrace groundwater tended

Mul ti ple cofgairn diomatted tsanadidgon fhiad e meea n(

concentr atandsDIoG wse e higher in the upper ter
|l ower terrace groundwaters. The nitrate conce
generally higher than those el sewhevied®nhitdle
confidence in a difference in means (Figure 5

Mean nitrate concentration in riparian gro
mul tiple comparison tests indicating higher ¢

and the PortLteorusreeadlp.arUpmpmergr owendcwatcemthad i @ nm
mg N, Leioduse riparian groundwater had a mean c
l i mit of detectiamdoPoOt&n migp&riLan groundwat
4.59 mMmEFNgure 5b) .y Iwelflass,t ewhereeco@rcoul d be n
generally | ow DO concehfti gariceomsS)( meamss @l 83r
mean concentrations in the Porter reach ripar
had sl ow recovery rates (and hence no DO resu
ot her ripariaanplgrnogu rsd weetseracy oss al | reaches.

concentrations resulted in Porter rniptarrataen gr
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concentrations fr om!(unQRre tfercotna bOl.e0t off elb¥l @. 2mgmgL
Mean nitrate concentrations in the') swveream cha
hi gher than mean nitréatoeseorf @& tamaltooMustds (i51. 9 h
mg N Lreaches (Figure 5c; Table 1). Ni trate cc
were also more similar to those in terrace gr
at the Porter reachatsihoweidn|  nttt @t cseaconoaaht va
uppamd -Lowse reaches that showed decreases in
and summer (Figure S5).

Mul tiple comparison tests suggested confid
riparian grodmdwat €7 0a tlwanggples we r -Ltohuasne t(h9a7t. 4a tm
S 1 and higher than YHhgtTadtl ePdrt & guz2@. Femg S
i n ulppwese riparian groundwater had thelgreates
Table 1). Ri parian groundwater in both Louse

concentrations thane rPiopratreira nr egarcohu n(dFw agtuerre abte ,t

concentrations in str eLaonuswadteou sndedt ne oetlefr om
(Figure 5f). The variation in the mean sul f at
study reachew tdhe samefopati al pattern across

or stream watdemwmusedueatcdh thlae i migd hi gh-ebpusencen
reach. Sul fate eamd dnotudsat irompariimnu p eabl dewat er
than in surface water or terrace groundwater,

values both higher and | ower than prok) mal te



103
Upper terrace groundwater had the small est
di fferences in sulfate, while cultivated terr
with respect to differences iwatseurl faattaet di(eF iugpupre
mi-douse reaches showed a greater difference 1|
the gener al transformation observed from terr
riparian groundwaleussasmpowsedfaogreaper di ff e

concentration relative to chloride than the g

stream water. Many of the sulfate to chloride
terracwatgerouamnd the stream water appeared to |
concentrations (Figure 6¢c). Stream water in t

of sulfate to chloride concentration compared
Mean DI C concentrations in riparian ground
study reaches, with multiple comparison tests
(Figure 5h). Mean 'Db€ -uppbees &ffioirl-infyiudng, Land
105 ™fgorL Porter were within each otherdds stanc
Creek reach demonstrated the highest variatio
from 91.3 Y .0 Il OgengerLal trhtgbnei topatesponded
concentrations, and | ow nitrate concentration
(Figure S6). Mean DI C concentrations in strea

position on t hleableer rla)c.ce (Figure 5i;
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Section 3.4 HydrodogiIt LChby dRdad omess

Seasonal and interannual decreases in flow
and drought were more evident in the Louse re
uppamnd -lnodse reaches had highaed &%8e 7raeysepse d toiwse
than in 2022 (too I'Pw Sbreemsfirewsandt 14hé Pos
2020 (%P0 .thaln s n poBat (4Bowed bess variation i
Louse reaches. The Louse Creek reaches showed
coinciding with the seasonal initi atFioosnt eof, di
2023 ))particul auppledwns € ORRatd mhMa5 clh sand no measu
by JunelLaunse mhad n50Ma8 lansdn 1luBel Becreases in

the spring and summer and across years corres

(Figure S5a,b). Over this time period, sulfat
generally i ncrtehaesre dd & chrr eoausgend Malyr,ough August , t
again, while remaining relativel $5cdbnstant in

Di scussi on

Solute concentration patterns across proce

influences hydrology and soil weathering prod
bi ogeochemical functions that regulaye water
spatially across the |l andform, reflecting inf
stream corridors. Concentration patterns acro

gain from stream corridors. ®atograsf actodisn c
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with relative source water contributions cons

gain unigue to each stream corridor.

Sectdi¥ar i atpbanidnGroundwater I nputs to the
St r eGomr bBedroors Ee rtr laec e

The patterns we observed Iin terrace ground
effects of hydrologic flow through soils acro
shaleei ved soils contributing comghaereditto alt ewa
el evatioderavkedvsomls (Sigler et al. , 2018) .
concentrations, other solutes in terrace grou
solutes deliveré&dguoestBBheamocer expossire of sh
el evations on the terrace I|ikely contributed
weat hering products observed in the upper ter

interpr®itaglteonnetbylahle. o(b2sOelr8v)ed patterns in nitr
weat hering products suggest a decrease in the
shalee i ved materials, and an increase in the r
sowis$h di sgamadéeéeedodowon the terrace.

Decreases in nitrate c¢d)ncweenrrte aprioopno r(tfiroonma I3l
those of sulfatle Figome6BGatod)Oamgoks the ter
application of fertilizer and soil organic ma
compared t o nS.l uTehnec esdh aulpeper terraca«N:grsebliawat e
massosr atd 0.5) relative to soil water sampl ed
Hi gher-Nni s 8htmatss f(fRtom 2 to 7) reflect the in

and mineralization of soil organic N on soil
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ion of management practices( Dinglseri | et walt.

020)Rel ative to N, | ess (cPormamomeatnar 2Miadlrdez d i m$ t &

ul-5a

once

roun

nhan

ontr

Sigle

roce
e fair i
umul

rrig

tfeom mineraliz@Ei#d ioks emmo,ng 20 0bOud repd miwe rS s u |
ntrati onsN/asnudS fheatgshse rr antiitorsatteo s oi | water
dwater. Thus, substanti al N fertilizatio
ce crop prodawteowmaei at tale. NGP0dI8so Mi | | er

i bute nitrate and increasingly sulfate t

i gher sul fate concentrations relative to

red to soil waters (Figure 6a and b) ref
soil water influenced byxpgci edid rsinadace pr
es. Despite broadly observe@d Apobetatbthkhg
2022;, Eresseins ROO@WHN about the influence
iency on water qual(Byr caw metarald. t 02 N1 &;n dl
Spriudiklell,y 24u®k0) o the | imited role of S i
organic matter is wel/l knpwahhoetoaltrj b
r edanadls(ul rfaaktzeei)nn, c2u00t9)vated soil waters,
ss to groundwater s-udfiagaet éed @pooirdyl umdal
d regions |ike the one studied here. Our
aticvee onnfglruoeunndwat er chemistry swggest th

ated cultivated soils are occurring, and

nd wi | | |l i kely increase over ti nee iwmptohr tiannccree
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understanding riparian biogeochemical process
N .
SectPoBt AeanPrCocrersisdeosr Resul t i n Net Nitrate
Lo S

We observed consistent nitrate | osses bet w:
contributed to | ower concentrations in the st
groundwater, | ow observed nitrate armdtDO conc
anaerobic riparian biogeochemical processes h
the terrace aqui fer. Hi gher DOC concentration

groundwater (Figure S4) shggestsr&@tavaetabtl o
respiratory denitrification) in the riparian
reduction pathway(iTaybaor &tTpahcesodiie@®i& Pucl

2011)Additionally, the inverse relationship of

foll owed the expected stoichiometric relation
2YBurow et al., 2010; Hedin.eWhale, dead98ri i o
|l i kely an i mportant metabolic pathway influen

of specific nitrate r ehdeucetrioamn oppahti hcw apyast ,h wianycsl
or chemoaut ot r opshoyl)e | yc aonnn octo nbcee nbtarsagtdd wmgi mf & N,

Hamilton, 2007; Do na.l dWeE .s uGapeeicrte lecdocet o& |l mul 2 0

processes occurs in our observed stream corri
that | i kely promotes variable redox condition
The detailed patterns of net nitrate | oss

water (Figure 3 and 5) show that nitrate | oss
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production from soil weathering or organic ma
concentrations suggest | imitations to nitrif.i

production by( Wdanal et wala.tmh en2ebr2aly)i zati on of soi l

occur in riparian substrate where oxygen is m
periodically or episodically (e.g., by fluctu
i mit¢éBusittes al ., 200 2; Duncan Tehte dli.k,el2y0 1p5;0

of nitrate within oxic areas of riparian subs

may al so resul t.

Sectidwml 4at3e Production imDut weighs Sulfate Los:
Stream Corridors

We observed sulfate gains between the terr.

hi gher concentrations in stream water from Lo
Table 1). Areas where riparianglgemnuinidavmatteno sea
terrace groundwater (Figure 4b and 5d,e) indi
oxidation of sulfide in shal e, wmixnearadaliiozmatoifon

sul fide precipitatedqgwi t6Mor7edscedeti rahn. (Tao6la2.

2014)Cont actdewiitvledshmalteer i al due to stream inci

alluvium from side channels suggests that the
the ability to detect sul fatesuradmnenti o nalpome.e
Energetically favored nitrate reduction is |
include coupling with sul(fOedeGuosxsiedmaet ieotn a(le..,g .2
et al ., 2014; Reinhol d, eparatli.c ul2arll9y, &Ste vseirtee se

becomes | imited dgmBdrgulnf i&d dédaimng | dalonnd Mt07; Car
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buting area of cultivated soil

iation in the proportion of sulfate pro
dual ri parian groundwater wells (Figure
rocesses influenci ngm scudrfraitdeo ri,n sdiinsctei ncch

to be relatively conservative after pr
xpected based on observed chloride indi
ses within stehearsetarse ama yc orrerfildeocrt. sTohnee c on
with a relatively higher ionic composit
|l ization of soil organic matter, or ind
|l ses pswclkesas chemoauf(®8urgphi & slaimi i deno:
et RModutoi2®&y of sul fate and chlori de i
oportional increase in sulfate and chl o
use reaches relative to t eervreaacle tghraotu nsdtw

ors are a potential source of sul fate,

has had |l imited acknopWwi edgemenaal and2e@)] o6ahoe
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hat S cycling-dosmiinmpedt aystteomscompsai d

c processes facilitate wea(tMoerrriinsgo nv i
012)
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sources of sulfate, indicating that
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concentrations in ripar(iMvdmogreau rdive t gh0 1l(2Tmbt e
evidence of ubiquitous sulfate reduction acro
solutes such as nitrate and iron were I|ikely
complexity of spati ealdoxatctoenrdng iiom sc hreevmidsetnrty aa
consistent with previous findiJegssioneti mari ar
Ranal | i & Macalady, 20dO0Osuy§ypgdens&i Hil ben260d8a
fl ow pat hs.

SectiVar i4datdi on ioh RheparnBbhuence

Bi ogeoc bre nStsrteaynaFWatc éfi olns
Complex Hydrologic Flow Paths

Stream water solute concentrations can ref

pat hways through complex hydrologic flow path

The relative influence of subsurhfeaa dfel W t o
hydrologic connection. Solute concentrations
closely resembled those of | ower terrace grou

(Zi mmer maand 1 wW&Hanel ati vely consistent over ti
| oss and sulfate production in riparian groun
groundwater contributions wer e | etsrsi beuvtiidoennst fir
hill sl ope springs to the stream maéKedi hbhe in
2017; Devito et al., 2000; Grabs et al ., 2012
2004 al)n cont raansd - Imotulsee wsppreeram waters had | ower
and higher sulfate concentrations relative to

suggesting more influence from bieorg etohcahte noicccaulr
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within the riparian ecosystem(Ramndleri b&fMaeal
2010r) t hrough interaction of strn@&8aml|lwatneretwiat I
1998)Li mited expected sor pt(iKcaenmpofatshu kettp padr.t, 8 1s!
ri parian ecosystem processes as the primary |
stream solute concentratviaonedatwi theni bbosve (Feg
suggesting decreases easétowi mayi anrpeepessdih
prior to contributifpBosbobestr2z2@am3f.| Wawh egeeen eagtat al
findings support that increased influence of

occurs when more wupland water fl ows through,

Variation in riparian solute concentration:
heterogeneities on reducing conditions. Lower
generally higher sulfate concelndsweatriecancsh i(nFirgiu
5, and 6) compared to other reachedkermawed ef |l e
mat e(rJioaslh et al ., 2012HeMerogsoeri eieal in 20pay
create variation in solute mobilization and r

processes within tiBe shameepr at¢ess 2dddmai handon
al ., 2009; Vi deovni deetnrcaec ho,fl e2cOl dalgpd mat er i al s sugg
facilitate anoxic conditions and I-dekreilwedcontr

solutes during oxic periods.

Concl usi ons

Variation in solute composition among ripa

reach demonstrates the complexity of redox co
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domain that determines the net biogeochemical
of reaches with contrasting hydrologic connec
within these reaches il lustrane &drodv rsitparaimarc oS
mitigate or augment solute exports from agric
concentrations in conjunction with nitrate co

solutes -deroinveschadei ce and ekhéeptewénreduci ng

hydrologic connectivity influenced by riparia
concentrations also suggest that solute | each
of shal e nweuaplheerd nggr coundwater quality. Variati
concentrations that did not necessarily depen

mi xing along complex flow paths and alternate
andbsswr face stratigraphy reflect a compl ex gec
transport, and | and use, which i mfcladendersatri p

influences downstream water quality.
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Figures

(a‘) Reaches with subsurface inflows (b) Reach with surface and subsurface inflows
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Ch.3Figure 2.Maps and aerial imagery of the study area and sampling locg@)mdap of the
Judith River Watershed (JRW; orange outline), Montana, USA indtteern Great Plains
ecoregionNGP; maroon outline, inset). The focal area for this study is a terrace landform

outlined in green. (bExpanded map of the terrace with upland groundwater sampling locations

(crosses) and study reach locations (trianglesy) @&erial imagery of each ca. 0.7 km stream
reach show sample site locations for riparian groundwaitetdy and stream watetr{angles
along (c) upperand (d) mid Louse Creek and (e) Porter Creek. Data sources for the maps
include: ESRI, USDA, USGS, FSA; NGP boundary obtained from World Wildlife Fund.



117

0.1

X terrace gw
=~ O riparian gw
i A stream water
-~
oo 0.0 terrace gw, upper
e B terrace gw, middle
S B terrace gw, lower
3
-0.1 upper-Louse
B mid-Louse
B Porter
-0.2 -0.1 0.0 0.1
PC1 (63.93%)
Ch-F3 gulPei 8ci pal component analysis of nitrate
(DI'C), chloride, sodium, magnesium, and cal ci
(crosses, n = 69), riparian groundwati8i7) (circ
Col or scales indicate position on the terrace
sites (red scale) -Loudbsedtomdyel, r aandhdeordteruCperek
Ri parian groundwat esrampncdckds twiddamnwataerh wdrmuay r



118

Upper terrace Upper-Louse
" Middle terrace ® Mid-Louse

(a) ® | ower terrace ® Porter
o
o«
oy
wn
o T
Yo n=194 @
z ™ =
o n=131 ‘ g
Er‘) N i ~ b b E
O ™M
> ° n=71 c o
E— — -
8 - c
15 b b ﬁ
= =
o+ ® o
Terrace Riparian Stream

groundwater groundwater water

(b) @
o~
o n=131
& ©
.——J § \(7;
92 o s -<+ ©
g’ ‘;‘ n=71 " n=194 £
N'Ov o é NE
(4 a N
«©
? == Fe B
g1 . a U'
o L - o
Terrace Riparian Stream
groundwater groundwater water
(€) 4 =)
% n=131 N
8
o~
Lo
T8 T
2 = - o B
- = \E _ Fe £
g n=71 -=& n=197 =
5 ®7 a VU =" 2
- s D
3 1 A
o A o
Terrace Riparian Stream
groundwater groundwater water

Ch.3Figure 4.Distributions of concentrations of (a) nitrate, (b) sulfate, and (c) DIC for samples
collected over space and time for each process dofalars indicate position on the terrace for

terrace groundwater sites (red scale) and study reach sites (blue scale), with lighter colors
representing locations at higher elevations on the terrace (Figure. 2). The black line and

surrounding box indicatdé mean value and 95% confidence interval in the mean, respectively.
Width of the shaded area for each distributimhigates the density of concentration values
observed.Lowec ase | etters indicate whether the post
statistical differences in mean nitrate, sulfate, and DIC concentrations among process domains,
after using a mixeéffects model to account for the effects of water year, campaign within year,

and repeated measures at an individual site.
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Ch.3Figure 5.Concentrations of (&) nitrate, (df) sulfate, and (@) DIC for (a, d, g) terrace
groundwater (crosses), (b, e, h) riparian groundwater (circles) and (c, f, i) stream water
(triangles).Colors indicate position on the terrace for terrace groundwater sites (red scale) and
the study reaches (blue scale), with lighter colors representing locations at higher elevation on
the terrace (Figure 2). The black line and surrounding box indicateaae value and 95%
confidence interval in the meamspectively. Width of the shaded area for each distribution
indicates the density of concentration values observed. Loager letters indicate whether the
post hoc Tukey HSD test (U = 0.05) identified
concentrations within across locations within each process domain (i.e., elevation for terrace
groundwater or study reaches for riparian groundwater and stream water), after using mixed
effects models to account for the effects of water year, campaign y@ainand repeated
measures at an individual site.
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Ch.3Figure 6.Sulfate versus chloride concentrations in (a) terrace soil water and upper terrace
groundwater, (b) middle and lower terrace groundwater (red scale crosses) and stream water
(blue scale triangles), and (c) riparian groundwater (blue scale citolésa), a regression of

sulfate on chloride concentrations derived from upper terrace groundwater indicates weathered
shale influence (yellow) and a regression of terrace soil water indicates cultivated soil influence
(brown line). In (b), a regre®n of sulfate on chloride concentrations for proximal terrace
groundwater and stream channel water samples characterizes a linear sulfate to chloride
relationship for each study reach (dashed lines). Middle terrace groundwater is considered
proximal to ypper and mid Louse reaches, and lower terrace groundwater is considered
proximal to Porter reach. In (c), all regressions provide a reference for the proportional net
generation of chloride and sulfate by the riparian ecosystem inferred from ripanig\weder.
Riparian groundwater point size is scaled to the corresponding nitrate concentration (mimol N L
1 for that sample.
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Ch-TabllSSummary statistics fnort emrirtarceet eg,r osunldfwaattee,r ,amd p@alrG an
Nitrate - N Sulfate- S Dissolved Inorganic Carbon
Period " d " d " d
Sample of n r 3 Median Mean SD n r 3 Median Mean SD n r 3 Median Mean SD
type Qu. Qu. Qu. Qu. Qu. Qu.
record
Terrace
74 183 257 20.1 221 4.78| 74 9.96 21.9 143 230 195| 76 49.3 554 51.1 57.2 13.2
groundwater
Upper ggig’ 16 286 30.7 30.0 283 4.96| 16 50.3 62.9 54.4 57.7 10.4| 16 79.4 84.4 81.6 814 3.95
Middle gg%g’ 42 185 237 20.2 20.6 3.98| 42 9.94 156 129 145 7.4| 42 491 521 50.5 51.0 3.24
Lower 28;‘;’ 18 179 188 182 184 0.99| 18 9.31 159 121 128 3.88| 18 476 51.1 499 494 2.12
=
Ripari N
Iparian 131 00 217 0.04 165 312|131 369 825 579 648 416|131 92.4 121 105 110 26.8 =
groundwater
Upper 202k | g3 00 203 007 114 164| 83 503 765 613 701 389| 83 913 120 100 111 29.6
Louse 2022
Mid-Louse ggg 22 0.0 0.0 0.0 00 0.05| 22 831 119 104 97.4 32.1| 22 107 116 109 114 12.7
Porter ggg 26 0.01 102 246 4.68 5.40| 26 16.2 25.6 182 203 7.77| 26 779 124 104 105 26.1
Stream
water 199 5.62 9.80 8.18 8.54 4.64| 199 49.6 80.9 65.6 60.7 26.6| 202 62.1 73.6 69.0 66.8 11.1
Upper 2012
111 5.62 9.02 798 7.32 291|112 675 88.0 783 77.8 13.3| 113 676 76.3 724 725 6.86
Louse 2022
Mid-Louse gggg 55 3.40 7.98 7.37 59 259| 55 47.6 616 552 55.3 10.2| 56 63.4 71.2 67.6 66.6 6.94
Porter 2020 33 165 17.9 169 17.1 1.04| 32 101 11.3 10.6 106 0.97| 33 452 497 484 473 3.85

2022

gro
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Supporting Materials

l ntroducti on

The supportingnformation included provides additional description of materials and
methods, detailed site description of sample locations (Table S1), data included in the analyses
for this study (Data Set S1 to S3), additional data visualizations (Figures S1 todS&jaamples
of plausible biogeochemical reactions that include nitrate and sulfate (Table S2). Data files
include geochemical results and field parameters for samples collected frorfB@R2[Data
Set S1) and geochemical results for samples collected2@d® to 2016 (Data sets S2 and S3).
Known imperfections in the data are indicated by a flag included in the data set (Data set S1).

Data from 2013 to 2016 only include analytica

Te SUEXt e Dadlssdr i pMait @em | Bldé tsh madh o

Text S1. IDeskxtiepndeodn of Study Ar ea

Geomorphic ContexAge and provenance of upper terrace gravels and the associated
landforms in the JRW are poorly constrained, but the Moccasin and surrounding upper terraces
are generally regarded as Quaternary pediment remnantd jgdgey, 1982; Vuke et al., 2002)
with terrace gravels transported and deposited by braided rivers during the PleifRoctrest
al., 1996; Vine, 1956; Zimmerman, 1966bgrraces became stranded by incision of the Judith
River and its tributaries associated with Pleistocene glacial meltwater pulses of varying
magnitudg(Smith et al., 2020)The mouth of the Judith River was likely dammed by the
Laurentide ice sheet during the late Illinoian stagei(19@ ka) to form Glacial Lake Winifred
(Davis et al., 2006; Zimmerman, 1966Recession of the Laurentide ice sheet in the late

Pleistocendbetween 20,000 and 11,500 years ago; Dyke et al., 2002; Gowany@@a3gd the
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ice dam impounding Lake Winifred, rapidly lowering the base level of the Judith River. The
resulting stream and river erosion into underlying Cretacagasmarine sandstones and shales
(Vuke et al., 2002)ikely produced the broad inset floodplains observed on the Moccasin terrace
and the younger terraces throughout the lower elevations of th Aldéw, 1932)

Agricultural ContextCrop production in the JRW includes summer fallow where
producers control undesired vegetation with herbicides to promote soil water storage for the
subsequent crop. Soil water stored during fallow promotes N mineralization from organic matter
and subsequnt nitrification of ammonium into nitratgSigler et al., 2022)Application of N
fertilizers supplements soil nitrate and ensures sufficient N for crop production and protein
content. High nitratédN concentrations (from 15 to 30 mg N1I) in upland groundwater that
supply drinking water to private well owners in tiegion(Schmidt & Mulder, 2010; Sigler et
al., 2018 exceed U.S. Environmental Protection Agency drinking water standards. These
concentrations reflect leaching losses relative to limited but spatially extensive nitrate
transformation in cultivated soi(Sigler et al., 2022)Sulfur fertilization and sulfate leaching
likely also occur, albeit at lower levels due to lower demand. Based on previous observations of
sulfate in soils and groundwater (Sigler et al. 2018), a similar set of processes likely occurs for S,
albeit in response to lower rates of S fertilization due to lower crop dergfaund et al., 2019;

Eriksen, 2009; Sharma et al., 2024)

Text S1. Deskxtiepnndeodn of Sample Collection

TerraceSoil Water Samples were collected from four locations within a field near the
Porter reach and eleven locations across a field southeast of the Moccasin terrace (Table S1;

Sigler et al., 2018)Depths of each sampling location ranged from 50 to 120 cm, depending on



124
the thickness of fingéextured soils. Privately owned and managed fields were accessed with
permission and advising from cooperating farmers with the goal to capture the influence of
cropping system strategies. At each sampling location, a lysimeter supstaled in
undisturbed fine textured calcareous soil material just above the gravel horizon (50 to 120 cm
depth). Terrace soils were sampled one to three times per month during periods of high soil
volumetric water content and once a month otherwiseextract soil pore water, an internal
tension of approximatehd5 psi was applied with a hand pump, and a sample was collected after
allowing ca. 24 hours of accumulation in the lysimeter reservoir.

TerraceGroundwater Sites in the lower terrace category were at lower elevations and
considered representative of groundwater contributing to the Porter Creek reach. Middle terrace
sites were at intermediate elevations and considered representative groundwater contributing to
the Louse Creek reaches. Upper terrace sites were at higher elevations and considered
representative of groundwaters farther from stream drainages. We included samples collected
from the Montana Department of Agriculture at groundwatenitoring well M1 (site
identification # 133047 and name M&3n MBMG, 2024). Two hillslope springs sampled from
2013 to 2014 required sampling from shallow PVC wells instal2drieters uggradient from
the orifice due to stagnant water at the gponfice Sigler et al., 2018)

Riparian Groundwater.Casings for riparian groundwater sampling wells were
constructed from 2.54m internal diameter PVC installed to camldepth in riparian soils and
sediments. Thin (< 5 mm) slots were cut into the bottom of the casings to provide 30 to 50 cm of
screeningWe monitored dissolved oxygen (DO) concentrations continuously while pumping

through a flow cell.
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In Situ Sensor CalibratianVe calibrated the DO sensor to water saturated air each day
prior to collecting samples and measurements. We calibrated specific conductance and pH once
prior to the start of each multiay sampling campaign, within 24 hours of the first measurement.
We perfomed a 3point calibration of the pH sensor using standards of pH 10, pH 7, and pH 4.
Specific electrical conductivity (corrected to a water temperature of 25 °C) was calibrated to a
standard of 1412 &S cm

Text S1.3. ExtendeDescription of Chemical Analyses Charge Balai@amples with a

charge balance exceeding 20% difference (n = 17) were generally dominated by negative charge
with a low C&" than expected based on other results from the same site. Precipitatichiaf Ca

the sample bottle likely occurred prior to analysis for these samples. Few instances offow Mg
and Nd contributed to charge balance dominated by anion concentrations. Two samples from
2020 resulted in a charge balance dominated biyiyasharge due to high Naoncentrations

than expected from other results from the same site. Two riparian groundwater samples from
2021 resulted in a charge balance dominated by positive charge due to HigbnCantrations

than expected from other results from the same site.
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Supporting Figures
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Tabl es

Ch-TabhS1®et ail ed site description, geogr amliox hleondaa tajilsoens, .
Site SiteType YearSampled AnnualCounts Latitude Longitude Comments
Lower
PSO01 terrace 202206222021 3,51 47.0570 -109.8336 Terrace spring
groundwater
Lower
PS02 terrace 202206222021’ 3,51  47.0578 -109.8301 Terrace spring
groundwater
Middle 2013, 2014, Terrace spring; also identified as
1SO1 terrace 2020, 2021, 10,3,3,9,2 47.0758 -109.9048 . pring;
Indian
groundwater 2022
Middle
M1 terrace 2013 2 47.0950 -109.9676 MDA M1 Monitoring Well#133047 =
groundwater ::
Middle
Star terrace 2013, 2014 10,1 47.0937 -109.9351 Terrace spring at Star Road
groundwater
Upper Louse Creek Headwaters Well at
Headwaters terrace 2013, 2014 12, 2 47.0350 -110.0591 : ) .
Mudsprings Road; at diesel shop
groundwater
Upper . .
Sprs55  terrace 2013, 2014 1,1 47.0775 -110.0265 | Cc'race spring trib 555 near
Benchland, MT
groundwater
RWO1 Riparian 2021, 2022 7.4 470672 -109.9661 Groundwater sampled from shalloy

groundwater

well within riparian floodplain

and

S



RWO02

RWO03

RWO04

RWO05

RWO06

RwWO7

RWO08

RWO09

RW10

LWO1

LWO03

LWO04

LWO05

Riparian
groundwater
Riparian
groundwater
Riparian
groundwater
Riparian
groundwater
Riparian
groundwater
Riparian
groundwater
Riparian
groundwater
Riparian
groundwater
Riparian
groundwater
Riparian
groundwater
Riparian
groundwater
Riparian
groundwater
Riparian
groundwater

2021, 2022

2021

2021, 2022

2021, 2022

2021, 2022

2021, 2022

2021, 2022

2021, 2022

2021, 2022

2021,2022

2021, 2022

2021, 2022

2021, 2022

6,1

95

51

7,1

6,1

10, 4

6,1

6,1

3,1

4,2

3,2

4,3

47.0681

47.0678

47.0689

47.0694

47.0683

47.0692

47.0681

47.0695

47.0686

47.0777

47.0779

47.0792

47.0788

-109.9642

-109.9640

-109.9606

-109.9600

-109.9633

-109.9614

-109.9639

-109.9608

-109.9608

-109.9120

-109.9096

-109.9089

-109.9087

Groundwater sampled from shalloy
well within riparian floodplain

Groundwater sampled from shalloy
well within riparian floodplain

Groundwater sampled from shalloy
well within riparian floodplain

Groundwater sampled from shalloy
well within riparian floodplain

Groundwater sampled from shalloy
well within riparian floodplain

Groundwater sampled from shalloy
well within riparian floodplain

Groundwater sampled from shalloy
well within riparian floodplain

Groundwater sampled from shalloy
well within riparian floodplain

Groundwater sampled from shalloy
well within riparian floodplain

Groundwater sampled from shalloy
well within riparian floodplain

Groundwater sampled from shalloy
well within riparian floodplain

Groundwater sampled from shalloy
well within riparian floodplain

Groundwater sampled from shalloy
well within riparian floodplain

SET



PWO01

PWO02

PWO03

PWO04

PWO05

RRO1

RRO0O2

RR0O4

LLO1

LLO2

PCO1

PCO02

PC(B

Riparian
groundwater
Riparian
groundwater
Riparian
groundwater
Riparian
groundwater
Riparian
groundwater

Stream
water

Stream
water

Stream
water

Stream
water

Stream
water

Stream
water

Stream
water

Stream
water

2021, 2022

2021, 2022

2021, 2022

2021,2022

2021, 2022

2013, 2014,
2019, 2020,
2021

2021,2022
2020, 2021,

2022

2020, 2021,
2022

2020, 2021,
2022

2020, 2021,
2022

2020, 2021

2022

5, 3

3,1

3,3

3,1

3,1

13,12, 1,15,
21

2,10

13,17, 11

5 13,1

7,18, 12

7,6, 2

4,6

47.0571

47.0578

47.0577

47.0573

47.0575

47.0673

47.0683

47.0696

47.0778

47.0787

47.0572

47.0575

47.0577

-109.8335

-109.8321

-109.8314

-109.8309

-109.8297

-109.9665

-109.9633

-109.9604

-109.9126

-109.9059

-109.8333

-109.8296

-109.8313

Groundwater sampled from shalloy
well within riparian floodplain

Groundwater sampled from shalloy
well within riparian floodplain

Groundwater sampled from shalloy
well within riparian floodplain

Groundwater sampled from shalloy
well within riparian floodplain

Groundwater sampled from shalloy
well within riparian floodplain

also identified a® Ra i |
Sigler et al.(2018)

roait

includes RR05 and RRO7 due to
very close proximity

includesLLO3 andLL04 due to very
close proximity

9€T



Cl1E.01

C1E.10
C2E.01

C2E.O7

C2E.08

C2E.10

C2w.04
C2W.06

C3w.01

C3W.04

C3W.10

B3E.O03

B3E.04

B4W.04

B4W.07

Soil

Soil
Soil

Soil

Soil

Soil

Soil
Soil

Soil

Soil

Soil

Soil

Soil
Soil

Soil

2013,2014,
2015

2013, 2015
2013,2015

2013, 2014,
2015, 2016

2014, 2015,
2016

2013, 2014,
2015, 2016

2013, 2015
2014 2015

2013, 2014,
2015, 2016

2013

2013, 2014,
2015

2013, 2014,
2015, 2016

2013, 2014,
2015,2016

2013

2013, 2014,
2015, 2016

6,9 4

1,5
2,1

4, 13,12, 7

11,7, 4

4,12,12,4

2,5
3,12

12, 20, 10, 5
1

3,10,5

96,3,13

11,2,2,3
5

2,10,2,7

46.9963

46.9918
46.9962

46.9929

46.9924

46.9913

46.9946
46.9935

46.9962

46.9946

46.9913

47.0532

47.055

47.055

47.080

-109.6147

-109.6148
-109.6129

-109.6130

-109.6130

-109.6130

-109.6145
-109.6145

-109.6126

-109.6126

-109.6128

-109.8597

-109.8597

-109.85%

-109.85%

Judith project soil lysimeter locatio

Judith project soil lysimetdocation
Judith project soil lysimeter locatio

Judith project soil lysimeter locatio
Judith project soil lysimeter locatio

Judith project soil lysimeter locatio

Judith project soil lysimeter locatio
Judith project soil lysimeter locatio

Judith project soil lysimeter locatio
Judith project soilysimeter location

Judith project soil lysimeter locatio
Judith project soil lysimeter locatio

Judith project soil lysimeter locatio
Judith project soil lysimeter locatio

Judith project soil lysimetdocation

LET
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Ch-T&ab92 Summary of the measured water quality
met hods used to measure them.
Parameter Sample collection Analytical method Reported Uncertainty | imit of
device unit detection
Dissolved Measured in situ  Electrochemical (YSI mg L? +2mg L None
oxygen Incorporated, Yellow given
Springs, OH)
Temperature Measured in situ  N/A (YSI Incorporated, °C +2°C None
Yellow Springs, OH) given
Specific Measured in situ Four electrode cells (YSI ~ >S cm! +0.5% None
conductance Incorporated, Yellow given
Springs, OH)
pH Measured in situ  Glass combination electrodi NA +0.2 None
(YSI Incorporated, Yellow given
Springs, OH)
Nitrate, as ashed 24 miglass, Colorimetry (Lachat mg L? +5% 0.01
nitrogen no head space QuickChem 8500)
Total Carbon ashed 24 mL glass Liquid combustion mg L-1 +10% 0.2
no head space (Shimadzu, TOC VCSH)
Dissolved ashed 24 mL glass Liquid combustion mg L1 +10% 03
Organic Carbon no head space (Shimadzu, TOC VCSH)
Dissolved ashed 24 mL glass DIC =Total CarborDOC mg L? + 10% 02
Inorganic no head space
Carbon
Sulfate Acid-washed 60  lon chromatography mg L? + 10% 0.02
mL HDPE (Dionex, ICS2100)
Chloride Acid-washed 60 lon chromatography mg L? +10% 0.01
mL HDPE (Dionex, ICS2100)
Calcium, Acid-washed 60 Inductively coupled plasma mg L? + 10% None
Sodium mL HDPE optical emission given

spectroscopy (Perkin Elmer
Magnesium, 5300 DV)

Iron (11)




Ch-TabB.&el ect exampl es

for candidate biogeochemical

Equation  Candidate biogeochemical processes Reaction examples
1 Heterotrophic nitrate reduction L0006 W wou p®
Opn0 ptO0 10

2 Dissolution and dissociation of 00 ‘O0P 060 P 'O 0O

inorganic carbon species

Heterotrophic sulfate reduction cO'@ YO O O°Y 0060

Iron sulfide precipitation "0Q Y © 0
5 Autotrophic denitrification coupled VoY povl0 10O

with sulfide oxidation 0 ¢00 UVvOQ xb0 p YO
6 Additional sulfur oxidation pathway ¢'OQ"Y x0 ¢O0 % ¢O0Q 1O T17Y0
7 Additional sulfur oxidation pathway <Y a0 ¢O0 % ¢OY0O©O TO (YO

processes

6€T
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Abstract

Stream corridors are disproportionately important to mitigating contaminant @xport
runoff from landscapeyet limited understanding abozdntrols on riparian biogeochemical
processeshallenge®ffective management ofater qualityproblems We investigate the
biogeochemical transformation of nitrate and sulfateyirologically constrainedgtream
corridors draining an extensively cultivated terrace landf@mninfer riparian biogeochemical
processesve examind patterns imitrate and sulfate concentration and isotopic composition in
water samples collectdcbm upland groundwater, riparian groundwater, and stream channel
waterfrom three ca.0.7-km reachesStream corridorshat consistently had net nitrate Ipss
higher nitrated'>N andd'®O values(up to ca. 40a4 and 154 , respectively) generally
corresponded with lower nitrate concentrationd mg L™) relative to terracgroundwater
inflows (ca. +20 mg N ). Nitrate-d*>N andd*®0 valueswere highest iniparian groundwaters,
providing convincing evidence for nitrate loss procesisasfavor lighter isotope&vidence of
sulfate produced within these same stream corridors haduldwfsdd $vea | ane istermediate
sulfated! ® v a(cauiz&8a and 6a , respectively), suggestirmylfide oxidation from
marineshale weathering. We u#iee difference in isotopic composition between terrace
groundwater and stream watard relationships between isotopic compositions and
concentration$o constrainthe potentialmagnitude of gross gains and losggkiencing
observed net sulfate gains and nitrate lag9es resultgeveal how a combination of
biogeochemicahnd mixing processe®ntribute to the irreversible loss of nitrate and overall

gains of sulfate in stream corridors that influence water quality
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pe geochemistry, shale weat heenintgr,i frii @atri
ern Great Pl ains

Il ntroducti on

Stream corridorsanmitigateexcessitrate and sulfate expedfrom upland landscapes
throughtransformation of solute loads riparian ecosysten(#lill, 1996; Ledesma et al., 2016;
Naiman & Décamps, 1997; Ranalli & Macalady, 2010; Tesoriero & Puckett, 20ddever,
the controls on hydrological and biogeochemical processes in riparian ecosystems remain
unresolvedBernhardt et al., 2017; Covino et al., 2018; Hill, 2019; Jencso et al.,.2018)
knowledge gap and the potentidivarse effects of nitrate and sulfatehumanand animal
health(Backer, 2000; DeSimone et al., 2009; Ward et al., 28&8)andnvestigationof their
processing pathways within stream corriddnsagricultural landscapesitrate and sulfate
cycling are particularly important because fertilizer additions and transformed soil
hydrodynamics can alter solute log&@sanlon et al., 2005; Sullivan et al., 2022gre, we
explore variation in isotopic compositions and concentrations of nitrate and sulfate to investigate
how ripariansubstrate (i.e., alluvium and weathered bedrock) witream corridorsontributes
to production and loss @blute loads from groundwater draining cultivated upland soils.

Riparian areas within stream corridors act as biogeochdynieaktivebuffers between
upland groundwaters and stream wa{&ismo & McDonnell, 1997; Jencso et al., 2010; Ranalli
& Macalady, 2010; Vidon & Hill, 2004a)gllowing forresilienceto human perturbatioref
water quality Riparian areas host relatively shallow, fluctuating groundwater tétiks2000;
Naiman & Décamps, 199,Avhere flow paths can intercept a relatively abundant supply of labile

organic matter from productive vegetati@hapin et al., 2011; Silverman et al., 2019; Taylor &
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Townsend, 2010 Carbonsupplpr o mot edhhed er obbir o p haut ckd wheates
o x y @ e allows forbiogeochemical transformation lelss energetically favorabsmlutes
(Burgin et al., 2011; Hedin et al., 1998efting et al., 2004; Miele et al., 2023; Payn et al.,
2014) The thermodynamiand kineticfavorability of different metabolic pathways influences
microbially-mediatedhitrogen () andsulfur (S) mineralization and reduction. Given a similar
carbon sourcand similar solute availabilitfPayn et al., 2014itrate ismetabolically favored
oversulfatein anaerobic respiration. Therefore, in low oxygen environments, mass change in
nitrate relative to sulfate within a system reflects the supply of carbon, nitrate, and sulfate to
reaction sites.

In riparian areas, mass changes in nitrate and sulfate reflect variable subsurface flow
paths that can be influenced by human perturbations. Varigbléan substrate likely hosts sites
of higher and lowepermeability promoting shorter andbnger hydrologic residence times that
facilitate solute transport and transformation. Variation in substrate permeability reflects land use
management influences on geomorphic processes, such as construction of water impoundments
for cattle grazing and esion and dgosition enhanced by upland cultivation. Hydrologic
exchange across variable riparian substrate allows for delivery of oxidized solutes to reducing
zones (i.e., low permeability) and reduced solutes to oxic zones (i.e., high permeability)
(Bernhardt et al., 2017Prevalence of reducing and oxidizing conditions in riparian areas
requires consideration of sulfate as a reactive solute, in contrast to studiesrofxedll more
oxygenated river or groundwater systgiidssono et al., 2014; Ruff et al., 2023; Saka et al.,

2024) Thus, in riparian areas, availability of labile carbon and solute transport through oxidizing
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and reducing environments facilitates biogeochemical procassiesproportionate rates relative
to their areal extent, compared to the larger extent of upland landscapes

In addition to effects on riparian areas, human land uses can contxbess aitrate and
sulfateto ground and surface watg(i8riscoll et al., 2001; Hosono et al., 2010; Puckett et al.,
2011; Vitousek, Mooney, et al., 199Dominant sources dfitrateandsulfatein cultivated
landscapes affertilizer application andhternalsoil processesuch as organic matter
mineralization angto a lesser degremineralweatheringFertilizer applications in excess of
crop demands make excessernganic N and S loading ground and surface watssmmon in
agricultural system@-oley et al., 2011; Sharma et al., 2024, Sigler et al.,;ZDdsoriero et al.,
2013) Loss of nitrate and sulfate from cultivated scasresult in nutrient deficiencies in cereal
crops(Aula et al., 2019; Eriksen, 2009; Sabo et al., 2019; Sebilo et al., 2013; Sharma et al.,
2024) Sulfurlimitation on crop yieldss an emerging concern in agricultural systéfda et
al., 2019; Eriksen, 200%iller et al., 2024; Sharma et al., 2024jth currently limited
understandingf Sbiogeochemical pathways soils and shallow aquife(€halk et al., 2017;
Gerson & Hinckley, 2023)Accumulationof nitrateandsulfatein groundwateunderlying
cultivated soilsandsubsequent loading &iream corrida can persist despite changes in land
use practicegjue tosolutelegacies in sad and sedimen{Basu et al., 2022; Scanlon et al.,
2007; K. J. Van Meter et al., 2016; Weitzman et al., 2022)

Land use may enhanbedrock weatherinthatcontributes inorganic forms obothN
(Holloway & Dahlgren, 1999; Houlton & Morford, 201&hd S(Bufe et al., 2021; Morrison et
al., 2012; Tuttle & Grauch, 2008) ground and surface wate¥§e at h e rrignagniiacfh o

sedi mentary rocks, suchbmase sthias £0 lamedtsmentdisd @ n 1
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obther typdd#oofl owvadr &ckahl gren, 1999; Houlton
2012; Tut t |Hamam &ctivdids (e,g., c2livatidn) miningxpose reactive soil and
bedrock surfaces and alters subsurface hydrology, prommiagiction ananobilization of
inorganic N and $ Brown et al., 1983Deonarine et al., 2023; Hayes et al., 2014; Scanlon et al.,
2007; Welch et al., 2021)) agricultural systems, altered subsurface hydrology and fertilizer
additions compound bedrock N and S contributions, creating high probability fortsalueen s p o r t
to ground and surface waters

For nitrate and sulfate, thielationshifg betweensotopic compositiomnd concentration
across a landscajpeovide information about sources and biogeochemical transformation
Biogeochemical transformations includadation and reduction processes that determine the
form and mobility of N and S speciaadare often metabolically driven, resulting in kinetically
controlled isotof fractionation(Seal et al., 2000; Sharp, 201Enhzymemediated metabolic
reactions prefelower mass isotoge resulting in higher fractionation effeclis processes such
as heterotrophic denitrification and bacterial sulfate reduction, strefeyentiatransformation
of ions containing the lower maaad more abundargotopeg**N, 32S, and!®0O) result in a
residual pool witHower concentrationgyigherd>N andd'®O values in nitrate, and highd¥S
andd®Ovalues in sulfat¢Denk et al., 2017; Fry, 2006; Kendall, 1998; Mariotti et al., 1981;
Sharp, 2017)In contrast, precipitation of secondary sulfate salts such as gypsum favors the
higher mass isotopes of S and oxygen (O), resultiagr@sidual poolvith lower concentration
andlower sulfated®S andd'®0 values(Ewing et al., 2008)Discerning these effects of
biogeochemical transformation from mixing processes requires careful assessment of solute

sources and patterns of isotopic composition and concentrations. Therefore, isotopic change in
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nitrate and sulfate reflects the biogeochemical controls on mass change, including substrate
variability and solute supply.

Interpretingpatterns in the relationstgpf soluteisotopic compositioswith
concentrations in stream corridors requires careful considertemvironmental constraints on
transport and mixing within th&ystemthatdictate thdsotopicexpression ofractionating and
nonfractionating mass loss and gékry, 2006; Houlton et al., 2006; Van Stempvoort et al.,
2023) Environmental systems can be conceptualizexpasor closed dependingn whether
processing within theystem includes continuous mixing with inputs during mass loss (open), or
if processing within the system is isolated from new inputs during mass loss (¢kesed)
Rayleigh models in Criss 1999 and Denk 20E0oy. nitrate previously observed extensive mass
loss at our study site (Mayernik et al., in review; Sigler et al., 2022) requires consideration of
both approaches to address isotopic processing at different spatial scaleselevsiuate
stream corridors agpen systems approximatedsasadystae and weltmixedflow-through
reactors (Figure Ip interpretchanges in thebserved solute concentrations and isotopic
compositiondrom the upland aquifer inputs to the stream channel outMgsise ampen,
steadystate systemerspectivdDenk et al., 2017; Houlton et al., 2006; Sigler et al., 2022)
integratethe influence of multiplenicrobial processeand flow paths. Second, we use a clesed
system perspective to consider the potential influence of fractionating loss that may occur in
parcels of water moving along flow paths within the riparian aq(ifigure linse). For sulfate,
previously observed mass gain at our study site (Mayernik et al., in review) requires
consideration of closed system processes juxtaposed with mixing processes. Because the overall

system behaviancludes multiple pahways of productionpss and mixing the overlapping
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controls onsoluteisotopic composition remain challengingsieparate. This combined approach
allows us to explore complex processes underlying thsokeiic change along stream
corridors.

A riparian aquifer likely represents a complex combination of open and closed scenarios
(Houlton et al., 2006yiven the interactions of biogeochemical activity with spatiotemporal
variation in hydrologic flow and storage within riparian subst(@ernhardt et al., 2017Many
studies using isotopic tracers in environmental systems may inappropriately describe the
fractionation effect observed as synonymous with a single heterotrophic reduction pathway (e.qg.,
denitrification;Denk et al., 2017; Hall et al., 2016; André Mariotti et al., 1988; Mulholland et al.,
2008; Sigler et al., 2022WVith this work, we acknowledge that heterotrophic reduction
processes are likely dominant in some cases and argtiee fose opparentisotopiceffect
when describing the systel@vel isotopic and concentration changes that commonly reflect
multiple, co-occurringproduction and loss pathway3ur work documents how ecosystem level
selforganization in stream corridors leads to apparent isotopic effects that can be remarkably
consistent, despite system complexity.

The goal of this research is to understhod nitrate and sulfateroduction and loss
within riparian substrate contribute change# solute isotopic compositions and concentrations
observe between upland groundwaters and streams. Our primary approach to achieving this
goal was to analyze spatial patternsamcentratioaand isotopic compositions of nitrate
(nitrate-d'®>N andd*®0) and sulfate (sulfate**S andd'®0) acrossstream corridors in an
agricultural system within the northern Great Plgfigure 2).High nitrate concentrations (ca.

20 mg N %) in the upland groundwater of this system directly reflects the combined effects of
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upland soil processes and agricultural soil management; this upland groundwater is the primary
source of stream flow generation in these stream corridors (Mayernik et al., 2024, in review;
Sigler et al. 2018, 2022). Clear distinctions among the chemidatatopic compositions of
uplandgroundwates, riparian groundwatey and stream watem our study arearovides a
useful lens intdhe gross losses and gains of solaesurringdue to mixing of contributions
from uplands and fractionation effectsrirdoiogeochemical reactivity alorigesestream
corridors.

We hypothesize that transformation processes of riparian substrate (e.g., mineral
weathering and mineralization of organic matter) represent a gross contribution of solute mass to
riparian groundwater and stream water. We further hypothesize that netifosgeate observed
in these systems reflect substantial heterotrophic nitrate reduction that outpace the gross gains.
Finally, we hypothesize that the observed net increase in sulfate concentrations reflects a lack of
microbially-mediated sulfate reduoh to balance the gross gains from weathering or
mineralization. We test these hypotheses with three specific research objectives through
comparisons a$tream corridors witliffering hydrologic connectivittamongupland aquifers
riparian aquifersand stream channels

1. Evaluate relative contributions of nitrate and sulfate sources in stream corridors from

uplandsoilsand ripariarsubstrate

2. Constrain estimates pbtential combinations afross losses and gains of nitrate

within stream corridorthat result in net nitrate loss.

3. Constrain estimates pbtential combinations afross losses and gainssufifate

within stream corridorthat result in net sulfate gain.












































































































































































































