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Abstract

Understanding the combined and separate effecigwdte and land usehange on the water cycle is
necessaryo mitigatenegativeimpacts. However, existing methodologies typically dddiata into
discrete(before and afteperiods, implicitly representing climate alahd useas step changes when in
reality thesechangs areoftengradual. Here, wimtroduce a new pririgal components regressiased
methodology designed to separate climateland useeffectson any hydrological flux of interest
continuously through time. Waresent two applicatioria the Yahara&River watershed (Wisconsin, USA)
to better understand synergistic or antagonistic relationships between land use and(&)itmaterical
streamflowin an urbanizingubwatershedand (2)simulated future evapotranspiration, drainage, and
directrunoff from a suite of contrasting climaiandand usescenariogor the entire watersheth the
historical analysis for theubwatershedye show tha60% of recentstreamflow changesan be attributed
to climate, butbaseflow is significantly increasing through time due to land use chandenarteérm
increases in groundwater storager the watershedimsulation results indicatall components athe
future water balance witespond more strongly thanges in climatthan land usewith the largest
potentialland useeffects on drainag& hese resultsdicat thatdiverse land use chantgrajectoriesnay
counteract each other while the effects of climate are more homogeneous at waieakstherefore,
manaemnentopportunities to counteract climate change effects will likely be mibeetiveat smaller
spatial scalesvhere land use trajectories are monodirectional
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1. Introduction

Climateand land use (which we define broattlyinclude land use, land cover, and land manageraent)
two major drivers ofjlobal hydrologicathanggFoley, 2005; Steffen et al., 2015; Vorésmarty et al.,
2000) While economic, govenmental, and social pressuraay beexogenous tawatershedland use
can be contlled by decisiormaking at local leveldgr{dividual, city, county, and stateln contrast,
climate change is driven by global emissiomkich requires a coordinated effort well beyamd
individual watershed to addreseherefore)and uselecisionamay be a viable path to mitigating
undesirable impacts of climate change on the water eyslatershed scales

While several poinbasedstudies have found significant impactdarid usechange on the water balance
(Giménez et al., 2016; Nosetto et al., 2012; Scanlon et al., 2005; Twine et al,,r/208dvatershed
scale studiewhich attempt to disentangle the impacts of climateland usehave found that the impact
of climate change on hydrologytweighs that of land use changarticularlywhere there are strong
changes in precipitatiofChawla & Mujumdar, 2015; Jiang et al., 2015; Li et al., 2009; Mango et al.,
2011; Tao et al., 2014; Wu et al., 2015; Yang et al., 200tW)s, there is a growing acknowtament that
the impacts ofand usechange are superimposed on a larger climate trend, and can either amplify or
partially counteract the impacts of climate cha(@gawali et al., 2015; Juckem et al., 2008; Martin et
al., 2017; Shi et al., 2012; Tomer & Schilling, 2009; Zhang et al., 201 @particularjand usenay be
mostimportant local (Frans et al., 2013; Haddeland et al., 2007; Peterson et al., 2011; Xu et al., 2013)
during wetflry extremegVillarini & Strong, 2014) or where significant infrastructure proje¢e.g.

dams) occufWu et al., 2012; Ye et al., 2003)

However, with some exceptioifao et al., 2014 )revious studies have primarily focused on
disertangling the relative importance of climate dadd useon historical streamflow datén order to
adequately understand and addtbss$mpacts of climate and land use on water resources, tools are
needed to quantify the impacts of these drivers ondghmlete water cycle (e.g. evapotranspiration [ET],
drainage, and runoff). Furthermore, existing statistical methodologies often implicitly treat land use and
climate effects as steghanges by dividing datasets into two or more discrete timedsef@ogfi b e f or e 0
and A &uptaeetrab, P015; Li et al., 2009; Tomer & Schilling, 2009; Wang & Hejazi, 2011; Xu et
al., 2013; Zhang et al., 2016Jjhisassumption may beroblematic becaudand useand climate typically
change continuously (and often in tandeith potential interactiorysandwith gradual hydrological
impacts(Jiang et al., 2015; Marhaento et al., 20THereforethere is a need for improved methdals
separatéhe impacts of climate and land use in a continuins series of hydrological data.

To meet this challenge, waiild upon previousnultiple linear regression approas{Ahn & Merwade,
2014; Hw et al., 2008; Ye et al., 200&8hdintrodua a new principal components regressiased
methodto quantify the impacts of climate and land use change&ymaasured or modeldt/drological
flux continuouslythroughtime. We then apply thisew techigueto answer the questipto what degree
canland useamplify or counteract climatmduced changes to the water balance of a waterdbsdg
both historical data aneimulatedresultsfrom diversefuture scenaris for streamflow, ET, drainage, and
direct runoff we provide insight into the degree to whileimd usecan be used as a local toolnbaintain

a watershed within desired hydrologicabperating spacéscheffer et al., 2015h the context of an
uncertain future climate.
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78 2. Methodology

79 2.1 Statistical model description

80 In brief, our newmethod develops statistical relationships between meteorological variablesyand

81 hydrological flux(HF) of interest duringibaseline period. These statistical relationships are then applied
82 to climate datautside of the baseline period, which we réfeas the prediction perioBredictions are

83 thenusedto estimate the changes resulting from climate differeratative to the baseline period at a

84  monthly resolutionand residuals from predictions are attributed to human activities. By then assessing
85 the total changéom the baseling@eriodrelative to the change attributed to human activities, we obtain
86 the relative importance ddnd useand climate changeontinuously through timeA general overview of

87  the method is presented in Figure 1. While &nalysis in this study is done at a monthly timestep

88  consistent with other regressibased studies separating climate and land use effdutis& Merwade,

89  2014; Schottler et al., 2014; Xu et &013; Ye et al., 2003; Zhang et al., 2016 method may be

90 applied at other time resolutions as long as reliable input data and regression relationships can be

91 developed.

92  We describe this methddr a generic Hin the present sectig.1), andthenseparatly appl it to
93 historical streamflovdata(Section 2.2.1); ansimulated futurdT, drainage, andirect runoff(Section
94  2.2.2).

95 2.1.1 Generatinpaselingelationships
96 To estimate the relative contributions of climate Emdl useo changen a given HF, daselineperiod
97  must be identifiedrom which relativechangesrethencalculatedThis baseline period should represent
98 a period of time in whickand uses relatively static, so that variability in the HF is driven primarily by
99 meteordogical processegirst, we use significance pruning to selectdictor variables for the HF of
100 interest from a suite of candidate predictor variables within the baseline period at monthly redblstion
101 important that candidate predictor variables @) available over the entire period of interest; and (b)
102 controlled by climate, ndand useln our application (Section 2.2), candidate variables include a variety
103 of measured and derived meteorological variables (e.g. precipitation, temperature, refereRoe ET).
104 each month¢andidate predictor variables were meantered and scaled to atustandard deviatioto
105 preventdifferences in magnituder unitsfrom affecting statistical relationshipg/e retain the subset of
106 candidate predictor variables that haw@gmificant linear relationship with the Hg significance
107 threshold of p<0.10 wsaused to err on the side of variable retention). Importantly, this approach means
108 that the retained predictor variables are allowed to dijezach ronth and HE-for example, incoming
109 solar radiation may be a more important predictor for ET tict runoff.

110 Toavoid potential overfitting andliminate collinearity between predictor variables, we transfoated

111 variables to principal components (PCs) and use principal components regression (PCR) to predict the HF
112 of interest. To determine the PCs difer PCR, we use both a variance threshold and significance

113  pruning approach. PCs explaining a cumula8@# of total variance in thecaledoredictor variables are

114  selected for PCRsawell as any other PC which haatha significant linear relationghiwith theHF

115 (p<0.10 as aboveand explais>1% of total variance in input variables (to avoid spurious correlations).

116 Finally, the selected PCGae useds input to a multiple linear regression equation of the form:
HFmy = Co+ C*PCimy + C*PComy+ € n#*PGamy + U {Eq. 1}
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whereHFn, is the hydrological flux for montm and year, C, are regression coefficient8C, my are PCs
andUis an error term assumed to be normally distributed and centered\m e a permutatidrased
split-sample approach to estimate model fit and uncertainty, where thésR@iR250 times randomly
sampling 75% of the baseline period for model calibration while retaining 25% for model validation
(Zipper & Loheide, 2014)This approach provides 250 unicgess of regression coefficienfer each

month and HF.

2.1.2 Calculating climate anthnd usecontributions to change

Thestatistical relationships for tHeseline period are then applied to tbst of the hydrological time
serieqthe prediction period)While both of oulapplications of the methd@ection 2.2) hava baseline
period athe beginning of a hydrological tingeries, this methochnalso usenodern conditionas the
baseline period and apply statistical relationships into the past to quantify the relative contribution of
historicalland useand climate change to a given HBsing the permutatichased approach described
above, wehave250 estimated valued eachHF for each year and monivithin the predidbn period

To separatthe relative contribution of climate afehd usewe adopt the common assumption thase

two factors can explain all variability in a given

HF relative to the baseline perno@telencompasses

all changes tdriversfrom outside the study system (in our case, the watershediand use

encompasses all changes to characteristiesnal

al., 2017; Gao et al., 2016; Huo et al., 2008; Jiang et al., ZDid)efore, changes in land management

to the study systefAhn & Merwade, 2014; Duan et

such as irrigation or fertilization practices are included in the landaisgory.

For eactHF, we calculatd he t ot al

q:H Fl'otal,m,y =H Fm,y T

change relHHudnyas: t o the
HFm,baseIine {Eq 2}

whereHFn,y is themeasured or modeled hydrological flimx monthm and yeary, andHFmpaselineiS the
mean HF fothat month during thbaselingperiod. The total climate contribution to change

( BFcimatemy) Canthenbeexpresseds:

oHFciimate,my= HFpcr,myl HFmpaseline {Eq. 3}
whereHFpcr myis the PCRestimated value for month and yeas. Finally, theland usecomponent of

c h a n glleun() icalculated as:

CFHFLU,m,y: |'tEI'otal,m,yT qj'":CIimate,m,y: HFm,yT HFPCR,m,y {Eq 4}
Not e t hat HrRvarigbhle®dan be positiveqor negative, corresponding to an increase/decrease in
thatHF relative to thebaselingperiod. This framework allows us to quantify not just the overall change
relative to the baseline peridor each monthbut also under what conditions the effecttaofi useand
cl i mat e ar eHFahayaa gH-dpwes thave opgosiie signs) and under what conditions the
effectsoflanduseand c | i mat e HRu&yasnydFeRE.gnyhave thecsanfeauign).

2.2 Statistical model application
2.2.1 Study area

We appliedthe approach described in Seati2.1 to the Yahaiver watershed (YWareaZ344 kn?),
Wisconsin, USAFigure 3. The YW is an urbanizing agricultural watershed, and thusiseful
analogue fohumaninfluencedwatersheds throughoutdiJS Midwest and the worl@Carpenter et al.,
2015b) The water resources of the YW are stressed by vdaadsuseandclimatic drivers of change

including(1) an expanding urban core (tbigy o f

Ma di s o n statabapisaly, leadisgitonclhasges
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to the water and enerdpalancgSchatz & Kucharik, 2014; Zipper et al., 2016, 201 ) widespread
fertilized rowcrop and dainagricultue contributingto erosion and nutrient loadif@arpenter et al.,
2015a; Lathrop & Carpenter, 2013; Motew et al., 2017; Qiu & Turner, 2013,;204b)3)a longterm

trend of increasing precipitation withore frequent extreme precipitation events in recent decades,
leading to both groundwat and surface water issu@ooth et al., 2016a; Gillon et al., 2016; Usinowicz
et al., 2017)Due to theestressesn thewater cycle improving the understanding and management of
climate andand useeffects orwater resources is a key goal cutting across hydrological, ecological, and
social researcm the YW (Gillon et al., 2016; Motew et al., 2017; Qiu et al., 2017; Wardropper et al.,
2015) We separately investit@ the past (Section 2.2.1) and future (Section 2&.He YWto
quantifyhow the water cycle of the YW has changed historically and may continue to change under a
variety of scenarios.

For clarity, throughout the text the term Adischa
gauging station converted to units of depth after dividing by total watershed area; discharge can be
separated i nto fAqui c kdnts(Sctwiartza smith,i2®4)Digdtd wmwaf fcd mipo
used to refera overland flow calculated at the grid cell resolution from AgrolBIS output.

2.2.2 Historicaldischargeanalysis

For historical analysis, we focedon thePheasant Brancsubwatershe(PBS 44.24 kni; Figure 2)
which drains the northwest portion of the Yiiéluding portions ofthe municipalities of Madison and
Middleton. We seleetdthe PES for detailed analysis becauiséas a relatively long period discharge
data availability (194-present Within this period, there have been weticumented changesland use
(urbanizationincluding the connection of former internatlyained basins to the streamflow network
water governance (stringent infiltration requirements for new developmelintste (increased
precipitation), and flood peaks (increasing discha(@epert et al., 2012Additionally, the PBSis
upstream of the Yahara chain of lakBgyure 2) which buffer the impacts of climate ostreamflowat
the monthly scale of analysis used here.

We appliedthe PCR relationship using monthly discharge ffata the USGS Natinal Water
Information Service gauging station 05427948S. Geological Survey, 2017)r the period July 1974
December 2016a(total of 42 years and fonths) We defingl the baseline period as the first half of the
available streamflow data (July 19D&cember 1995; 21 years and 6 monthsejl the prediction period
as the second half of available discharge data (Januaryld&88nber 2016; 21 yeardhis breakpoint
also roughly correspondsth an observed shift in historical streamflow beginning in 1993, which has
been attributed to increag precipitation and urbanization within tRBS(Gebert et al., 2012The
selection of a suitable baseline period is one of thaukeydecisionsor themethoddescribed in Section
2.1.1. To quantify the impacts of the baseline period on resultglseeonducted a sensitivity analysis in
which all analyses for the PB8ere repeatedhile varying the end of the bagswdi period from 1992 to
1998.

Predictor variable$or the PBS wee either measured or derived from the Madison Airport Global
Historical Climatology NetworlDaily (GHCN-D) site(USW00014837; 43.14¥, -89.35E) (Menne et

al., 2012) Directly measured variables meedaily precipitation, maximum temperature, and minimum
temperature. Windpeeddatawasavailablefor only part of the period of interest, atfierefore we used
mean values for a given day of year for the entire pevitelestimated vapor pressure as the saturation
vapor pressure at minimum daily temperature following Aller.€1898).We estimatd daily incoming
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solar radiation using the Briste@ampbell equatiofBristow & Cambell, 1984) which scales the tep

of-atmosphere solar radiation using an estimated transmissivity based on daily maximum and minimum

temperature, as implemented in theoHydRologyR packagéFuka et al., 2014)he BristowCampbell
equation was calibrated to site conditions usibgeoved incoming shortwave radiation data from the
nearby Arlington Agricultural Research Station (43.31-89,.38°E
http://agwx.soils.wsc.edu/uwex_agwx/awdfor the period 198&016(Figure S1)We calculatd daily
PenmarMonteith reference ET following the UN Food and Agriculture Organization métiteh et
al., 1998) and precipitation deficis precipitatiofi reference ET.

We then aggregatedaily variables ta monthlyset of candidate predictor variablesmulative monthly
precipitation, referenceT, and precipitation deficit [mm mi§; andmean daily minimum and maximum
temperature [°CJincoming shortwave solar radiation [W2pwind sped [m s'], relative humidity [%]
actual vapor pressure, saturation vapor pressure, and vapor pressure defididkBilate predictor

variables include both the month of interest, as well as the month of interest plus the preceding 1, 2, 3, 6,

and 12months by summing (cumulative variables) or averaging (megnvadaiables). We also include

monthly metrics associated with precipitation intensity, including maximum daily precipitation [mm],
total days with precipitation, andtal days with precipétion exceeding 12.7, 25.4, 50.8, and 76.2 mm
(0.506, 106, 20, 30); and medprecipitationmdludimywquaregl f or

nonl

monthly precipitation [mm], squared monthly precipitation deficit, and squared cumulative precipitation

deficit for all lagsIn total, therevere 79 candidate predictor variablegaluated for eacimonth.The
retained variables for eadlux are shown in Figure S2.

We also perforrada parallel set of analyses fthe quickflow andbasefloncomponents of discharge in
the PBSseparated using recursive digital filte(Eckhardt, 2005vithin the Webbased Kdrography
Analysis Tool(WHAT; Lim et al, 2005. All other analysewere repeateds described abov&hese
results are presented in the Supplementary Information.

2.2.3Future scenario analysis

2.2.31 Biophysical modedlescription

To investigate the extent to which climate demd usemay impactifferent components dhe water
balance, we simulatiea variety of plausiblefuture scenarios fothe YW usingAgro-IBIS, a gridded,
physicallybased dynamic vegetation model including agroecosys#gns:IBIS simulates the complete
carbon, energy, and water cyc(é®ley et al., 1996; Kucharik et al., 2000; Kucharik, 2003; Kucharik &
Brye, 2003) Recent updates #gro-1BIS replaced the soil physics with those of HYDRWUB( Gi mT n
et al., 2013)so that the soil water balance is solved usingpthesurehead a s ed f or m of
Equation(Soylu et al., 2014)added erosion and phosphorus cycling, along with a suite ofaneicove
types, for the simulation of the Y\{(otew et al., 2017)and coupled\gro-IBIS to MODFLOW to allow
for lateral exchanges of water betwefgro-IBIS cells(Zipper et al., 2017a)

In this study, we uskthe vesion of Agro-IBIS describedn Motew et al.(2017) which simulates the

YW at 220mx220-m spatial resolutionThis version ofAgro-IBIS is coupled to the streamflow routing
model THMB(Coe, 1998, 2000; Donner & Kucharik, 2008)ough THMB output wanot used in the
present studyMotew et al.(2017)calibrated and validated the hydrologic performance of the model via
comparison with longerm streamflow records from six USGS gauging stations within the YW
Sediment/phosphorus transport and soil phosphorus concentrations were also validated against
measurements. Previous validation®\gfo-IBIS in the YW include comparisons against gdotle
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238 measurements of soil moisture, soil temperature, leaf area ifm®seground net primary productivity,
239 drainage, nitrogen cyclingnd corn yieldKucharik & Brye, 2003; Soylu et al., 2014; Zipper et al.,
240 2015) In the inteest of space, the reader is referred to the publications referapoeefor additional
241 information on the structure and validationAgro-IBIS for the YW.

242  2.2.32 Climate andand usescenarios

243  Four scenarios, each with a unique climateland usepathway, were developed to explore alternative
244 sociakpolitical options for human action and seeiconomic development in th@&V for 20142070.

245  Details of the storylines and biophysical drivers are present@dripenter al. (2015b), Wardropper et
246  al. (2016, and Booth et a(2016b. The use of stakeholdelriven qualitative scenarios acknowledghe
247  many potential paths climate alathd usemay take in the future, rather than focusing on a single

248 forecased future and allowausto explore the degree to which climate dmad usemay interact under a
249  variety of futuregBloschl & Montanari, 2010)

250 Each of these four scenarios contains a separate lsetdafiseand climate input data-{gure 3, as well
251 as differences in the crop response to water stress represagritwgtural biotechnology improvements
252  Full narratives, videos, and other informatiegarding the scenarios gvided inthe above

253 referenced publicatiorendat yahara2070.orcA brief summary of key landse and climate drivers for
254  each of the four scenarifalows:

255  Accelerated Innovation (Al): Al explores a futurdn which technology is prioritized as a solution to
256 climate changelLand use is characterized by expanding urban areasavdtatively contant

257  agricultural footprint. Climate change is the least extreme in this scendtiovarming of ~2°C by 2070
258 and more frequent heavy rainfall events.

259 Abandonment and Renewal (AR):AR explores a future in which society is unprepared for climate
260 changeA mass exodus from the YWads to a reduction in urban and agricultural land arsdthe

261 landscapgrimarily returns tonatural vegetatiarClimate change is the most extreme in this scepario
262  with warming of 5.5°C by 2070 and a period of extreme tweaats and floods in the 2030s

263 Connected Communities (CC):CC explores a future in which sustainability and oamity become

264  global priorities. Urban land use stays relatively constant, but agricultural land shifts away franopow
265  agriculture to pasterand crops used dirégias food (e.g. vegetables and small grains). Climate change
266 in this scenario is intermediate between Al and Aith 3.5°C warming by 2070 and both heavy rainfall
267 and drought becoming more common

268 Nested Watersheds (NW)NW explores a future in whiclyovernances focused aroundationalscale
269  watersecurity Urban land use remains relatively constant, butcoap agriculturalecreases as natural
270 ecosystems are prioritized for water quality protection. Climate in this scenapimfigable to CC, with
271  4°C warming by 2070 and more frequent precipitation extremes.

272  We usel the PCR approach described in Section 2.1 to evaluate climak@nanalseémpacts on three

273 HFs: ET, drainage, ardirectrunoff. These variables were averaged thbnover all noawater grid cells
274  inthe YW based on simulation output from the calibrated ABi8 model of the YW Motew et al.,

275 2017) The model was spuap for 200 years (1786985) to equilibrate water, energy, carbon, nitrogen,
276  and phosphorus cycles using randomly selected meteorological years from #2019&&riod. The

277 19862013 periodduringwhich land use and climate were thengafor all scenarios, was used as the

Zipper et al. | Yahara Climate usand Use 8
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278 baseline period. We also ran four additional simulations in which the 202@ future climate scenarios

279  were simulated with historical land use. Output from these simulations were included in generating the
280 PCR modeldn order to prevent statistical extrapolation outside the range of the baseline climate in the
281 future scenarios, but not included as part of the baseline period when assessing changes through time.

282  For the prediction period (2042D070),we simulateda factorial combination ofall land useand climate

283  scenarios (16 totaimulation3d in order to provide a wide range of scenarios to evaluate interactions
284  between land use and climate charWye usel the same meteorological predictor variatdem the

285 histaical streamflow analysis (Section 2.2.8)ough in this case they wewatershed averages derived
286 from spatially variablegridded meteorological input datas@@®othet al., 2016h)The retained variables
287  for eachHF are shown in Figure SAs inthe historical streamflow analysis, we fit the PCR model using
288 250randomlysampled permutations of calibration/validation data which divide the baseline period into
289  75%/5% of availableyears

290 For direct comparison with analysis of the PBS, we also extracted modeled natrgtiyunoff for the

291 19742016 period from all grid cells within the PBS. For the ABtS spinup, which includes 1974

292 1985, spatially distributedrpcipitation data were not available so randomly sampled meteorological
293 vyears from the period 198813 were used. For the 202816 period, climate and land use from the Al
294  scenario were used, though all scenarios are similar during this period. Therefosed the 1988013
295 period to compare Agrb B | dBedt runoffperformance for the PBS witfuickflow derived from

296 baseflow separatigmnd the entire 1972016 period for separation of climate and land use effects (with
297 a 19741995 baseline period, asthe historical analysis).

208 3. Results

299 3.1 Historicaldischargeanalysis

300 3.1.1 Model validation

301 The statistical model fitde observed discharge data tlee PBSwell, with a monthly root mean squared
302 error (RMSE) 016.36 mm (10.8% of the observed range) and an annual RMSE. @7 mm (10.9%) for

303 the validatiorsampleg19741995;Figure 4. NashSutcliffe Efficiency (NSE) values indicate that the

304 model perform@&cceptably at monthly timesteps agabdat annualtimesteg (NSE=0421 and 0.®9,

305 respectively (Moriasi et al., 2007)When comparing the mean of @dllidation samples for a given year,

306 seasonal dynamics are welptured, though discharge peaks tend to be underestirhraace(4).

307 However, when considering validation samples from all permutations, it is evident that the PCR method
308 adequately captusehe full range of the observed datal seasonal patter(fEigure b).

309 3.1.2 Climate anthnd usampacts ordischarge

310 Within the baseline period (1974095), the method forces changes in discharge due to overall, climate,
311 andland usesffects to a mean of 0 mm, as the baseline period is the datum from which changes are

312 calculatedwithin the prediction periodDuring the baseline periodidre is a slight but not significant

313 trend in overall changes in discharge and clinmadeiced chages in discharge of 1.6 mm/yr (p>0.05),

314 and no trend itand usenduced changes (slope=0 mm/yr). Tlaisk of aland userendduring the

315 baseline period indicates that there is no trend in the residual of the PCR relationships, lending support to
316 our bagline periodselection
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Within the prediction period (1998016), here is a significant increase in average annual discharge of
57.96 mm(p < 0.M01; onesample ttest)relative to thebaseline perio@Figure 4) Of themeanoverall
changeclimateis a slightly stronger contributor théand usethough both have significant impacts.
Climate changeausesamean 347 mm increase in dischar@e<0.01; ®.5% of overall change)while
land usechangecontributesa 23.40 mm increase (p<0.00020.5% of overall changgrelative to the
baseline perioddowever, there is substantial interannual variability in the relative strength of the two
drivers. Qrerall change in dischargeelative to the baseline periaghpears to respond most strongly to
climate vaiability, with a consistent but losevel positive effet due to land use change (Figuré.4d
Land useeffects are positive ih9 of 21 yearg90%), while climate effects are positive i6 &f 21 years
(76%) (Figure 4e).

Quickflow and baseflow contribut@pproximately equally to the obseniaedreasesn annual discharge,
with an overall increase in baseflow of 28rh& yr! (p<0.0001; Figure S4) araverall increase in
quickflow of 29.79mm yr! (p<0.0001 Figure S5)However, the relative contribution of land use and
climate to these two components of overall dischaggis. Foiquickflow, the increase is dominated by
climate (22.40nm yr!; p<0.01) with a small but significant contribution from land use (M8&8yr?;
p=0.03). In contrast, for baseflow the increase due to land use is largerr(is.%¢; p<0.0001) than

the increase due to climate (1216 yr’; p<0.001) however, the proportion of total change in baseflow
attributed to land use may be an overeate due to long timescales of baseflow response to changes in
watersheescale subsurface storage (see Section 4.1)

Usingour continuous PCIRased approachve also identifichanges through time in the relative

contibution of climate andand useWhile discharge is increasing through time at a rate offar@#r?,

this trend is not significant (p=0.07). Howeviand useeffects are signifiaatly increasing through time

(1.89 mm yrt; p=0.02), while climate efécts are relatively statip£052). This corresponds with a

significant positive trend in the percent of the watershed with urban land use (1.18 %/year; p<0.05). The
trend in discharge igrimarily driven by incrases in baseflow, which hpssitive overall (1.80 mm/yr;

p=0.02) andland usdrends (1.33mmyr?; p<0.01) with no significant climate trend (p=8)3luring the
prediction periodKigure S4. In contrast, there are no significaptickflow trends for overallland use

or climate changed={gure S5.

3.1.3Sensitivity analysis of babee period

While the results described abalbuse a baseline period of 1978995, model performance is

comparable regardless of the baseline period used as long as the baselinagbediesl 993 a

particularly high flow yeatFigure 5a). Similarly, the relative importanceard useand climate are
comparable for all baseline periods endimd 993 or lateat both a mean and interannual scale

Comparing within the common prediction period (1:294.6), the only significantitfierences inrPCR
estimatecchanges due tand usebetween baseline period end yearsaasggnificant difference between

1992 and19961998 (Figure 5b). For changes due to climate, there are no significant differences between
any of the baseline periodi@ years (Figure 5c).

3.2 Future scenario analysis

3.2.1 Model validation
When analyzing output from the simulated future scenariosfimy PCRmodels perform very well,
with NSE of 0.9820.793, and 0.20 for ET, drainage, andirect runoff respectively Figure §. RMSE
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are 5.14mm (387% of range of observations), 5.84m (584%), and5.07 mm (184 %), respectively.
Performance is also strong at an annual level, with NSE of 0.786, 0.914, and 0.911 for ET, drainage, and
directrunoff. Statistcs summarizing overall and monthly fits for each hydrological flux are provided in
Table S1.

3.2.2 Climate anthnd usampactson the water balance

The scenariogenerated a wide range aifmate and land use model inputs that exposed the relative
impacs of these two drivers under a variety of conditiamsh Al and AR representing the extremes for
mostinputs(Figure 3) For examplewhile air temperature increased in all scenarios relative to the
historical period, there is ~4°C difference acrosddhe scenarios, witthe most extreme increase in AR
and the mildest increase in Al. Similarly, precipitation changes varied across the four scenarios, with
~400 mm of variability between scenarios; AR had the most extreme increases in precipitation,
particularlyduring the 2030s. Land use change also varied substantially between scenasgwsprow
agriculture, for example, was relatively consistent through time in the Al scenario, but decreased in each
of the other scenarios and was almost completgtyinated by the end of the AR scenario. Urban land
use was highest for the Al scenario, lowest in the AR scenario, and relatively unaffected in the CC and
NW scenarios.

Changes in watershexverage ET araniformly positiverelative to the baseline ped across all
combinations of scenaripganging from 23.42 mm yrto 90.76 mm yt over the final two decades of the
simulationg(Figures 7a, 89. Theseincreasesre dominated by climatffects ¢2.29 mm yt to 91.95

mm yrY), with a small but antagastic effect of landuse ¢19.53 mm yr to -1.16 mm yr). The effects of
land use tend to mostrongly counteradhose of climate in the AR scenario, which is characterized by
decreases in rowrop agriculture and increases in natural vegetation, while land use effedissest to

0 in the Al scenario, which is characterized by widespread expansion of impami@udPatterns in ET
through time correspongtimarily to changes in temperature and referenceHeT examplein all
scenarios with Al climat&T peaks in the 2040s, declines through the 2050s to a low in ~2060, and rises
in the final decade of the sitations(Figure 7a) this pattern corresponds witBmperature in the Al
scenarigwhich is one of the primary controls on reference Egjure 3.

There is morgéemporalvariability in drainage results compared to ET, with overall mean changes ranging
from-142.12 mm yt to 65.17 mm y** over the final two decades of the simulati¢Rigures 7b, 8h).

Both climate and land usmnhave positive effects (increase in drainage) and negative effects (decrease
in drainage), though as with ET the effectelohate are dominant. Climate effects range fra2¢.85

mm yrtto 41.76 mm yt, and land use effects froth7.33 mm yr* to 28.08 mm yt. Unlike ET,

however, climatalriven andand usedrivendo not have a consistent synergistic or antagonistic

charater, with a synergistic interaction in the Al, CC and NW climate scenarios and an antagonistic
interaction in the AR climate scenafiigure 8b). However, this directional change is not constant

through timeAcross all scenarios with ARNd usein partcular with Al and AR climate, the effects of

land useon drainage are positive in the 2040s and 2QBiggire 7b) a period characterized by a decrease

in urbanland useand increase in natural vegetatidig(re 3. While ET seems to be driven primarby
temperature, changes in drainage respond more to the relative balance of ET and precipitation. In the AR
climate scenario,fanges in drainage relative to the baseline period begin declining from their peak in the
late 2040s, becoming negative in thelydD50s and plateauing in around 2060 for the remainder of the
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simulation. This trend coincides with a jgef of decreasing precipitatiand ncreasing reference ET
(Figure 3.

Like ET, directrunoff increases in all future scenarios, with increases ranging frorm8r2yr* to 49.42
mm yr! over the final two decades of the scenatkigures 7c, 8c As with ET, the effects of climate

tend to dominate with land use effects mostly contributing small but antagonistic effect: climate
accounts for 9.0&m yr to 53.86mm yr?* of overall changes, compared-876 mm yt* to +0.02 mm
yrfor land use. Through time, changeslirect runofftracktotal annual precipitation, annual extreme
predpitation eventsand annuateference ETFigure 3a,b,d)For example, in the AR climate scenarios,
changes imirect runoffare largest in the 2030s and 2040s (Figure 7c), the wettest period on record which
included the largest number of extreme preatfn days (Figure 3)n contrast, the NW climate
scenarios have a declinedirect runofffrom the 2040s through the end of the simulation (Figure 7c)
which occurs despite increasing overall and extreme precipitation due to increasing temperature and
reference ET (Figure 3).

4. Discussion

4.1 Historical changes idischarge

Our results for th&®BSindicate thatand usecontributes to ~40% of observed increases in discharge
while climate contribute ~60% a trendof unknown originpreviouslydocumentedby Gebert et al.

(2012) However, whilethesecontributions areomparableour method ability to provide continuous
results through time provides insight into the changing relatipertance of these two drivetand use
induced changes in discharge are increasing through time at approximately twice the rate ef climate
driven changes. This trend appears to be driven primarily by a strong trend of increasing urban land
cover, withaland usedriven increase in discharge of 1180 for each 1% increase in urband use
within the PBS.

Disentangling these two drivers, as well as their changes through time, provides insight into potential
effects of historicalvatersheescale managemedecisionsWhile urbanizationdriven increases in
discharge are often associated with largest increaselsiring the most extreme everiBoggs & Sun,
2011; Rose & Peters, 200Dur results initate thatat the monthlyscaleincreasesn quickflow and
basefloware comparabléur analysis is done at a monthiyestep ands not intended to capture effects
at the event scaleMoreover,overall and land use effects baseflowareincreasing though time, unlike
quickflow.

Given that the period of study coincides with an expansion of urban and impervioustmgagnificant

effect of land use change on baseflow, not quickflowuiprising.While outside the scope of the present
study, wesuggest two possible explanations for this result which may be operating in tandem. First, the
observed increase in baseflow ndmonstrate thatrict infiltration requirements fonew developments

in the PBYCh. 26.06(3), City of Middleton ordinancemesuccessfullyeducing the impacts of climate
change and urbanization on direct runoff, but are increasing groundwater recharge and baseflow due to
more focused infiltration as well as other potential water sources associated with urbanizatiohafe.g.
irrigation). Secondpur PCRbased methodology may be attributing the effects of-temg increases in
groundwater storage to land use change. There is ddomgncreasing trend in groundwater levels of

0.3 m decadéwith substantial variability atearly to decadal timescales and a nonlinear response of
baseflow to water table depth (Figure S8). Since changes in storage are endogenous to the PBS and the

Zipper et al. | Yahara Climate usand Us€ 12



440 timescale over which groundwater storage changes are longer than the maximum timescalecconsidere
441  our PCR relationships (one year), baseftegponséo changes in watershadale storageould be

442  methodologically attributed to the effects of land use chanbih tends to follow longerm trends but

443  has little interannual variability

444  Combinedthese results may help guide futumanagement interventions targeted at buffering the
445  observed changes in dischargeickflow, and baseflow associated with urbanizatiafiltration-based
446  stormwater management (edjstributed green infrastructyrenayhave an unintended effect of

447  increasing basefloypotentiallycreating more droughesistant stream&iven thatinfiltration-based

448 stormwater managementdkso effective at counteracting climateluced changes in discharge during
449 extreme events, teepracticesmay present an opportunity to protect aquatic ecosystems during both
450 low- and highflow periods though work elsewhere has found that reductions in runoff volumes do not
451  always translate to increased baseflow due to watetgbexdfic factors sth as the amount and

452  distribution of impervious covdiFanelli et al., 2017)This highlights a need to better understand how
453 land usepropagatethrough groundwater flow systems to impact downstream terrestrial and aquatic
454  ecosystemgBhaskar et al., 2016; Jefferson et al., 2017; Zipper et al., 2017a)

455 4.2 Futurescenarioanalysis

456  Results from our factorial set of scenaiiindicate that the effects of climateotland usechange, will

457  likely dominate the future water balance of Wi&'. Specifically, ET seems to respond most strongly to
458 temperature, whildirect runoffresponds most strongly to precipitati@iimate effects on drainage are
459  driven primarily bythe balance of supply (precipitation) and demand (reference ET). As precipitation
460 projections have considerably less certaingnttemperature projectio(@/ICCl, 2011) this makes

461 understanding the ipacts of climate anlhnd usechange orsurface water angroundwater resources
462 particularly challengingn fact, the similarity of predicted land use effects between different land use
463 scenarios for a given climate (e.g. columns in Figures 7 and 8afadithat the effects of land use

464 change may be smaller than errors in the PCR relationships.

465  While the effects ofand useare smaller than those of climate, several key patterns and interactions with
466 climate emerge. Fluxes occurring at the land surf@@eafddirect runof} tend to have antagonistic

467 relationships between climate alathd useeffects, with increases resulting from climate change partially
468 counteracted by decreases resulting fland usesffects.This indicates that, while the effects are

469 relatively smallland usechanges can act as a buffer from climate change at a watershethscale.

470 contrast, drainage has a mix of synergistic and antagonistic edfettbe largesdand usesffects of any

471  of the fluxes studied, exceeding 50% of overhhnge in some combinationslafhd useand climate

472  scenariosWhile groundwater recharge is typically thought of as beneficial, excess groundwater can have
473 negative effects on several ecosystem services including reductions in flood retention espaitsikitof

474  basement flooding in urban areas, and decreases in agricultural productivity associated with oxygen stress
475 (Booth et al., 2016a)t is thereforecritical to consider the implications of either an increase or decrease
476 in watersheebscale drainage for groundwater flow and associated ecosystems when laadtinge

477  decisions.

478  Additionally, the Alland usescerario (characterized by urb&@ation) and ARland usescenario

479 (characterized by a return to natural ecosystemssistently have the mosxtreme impacts on the water
480 balanceAcross all scenarios, Al has the smallest effect on ET and drainage, butjése édfec{most

481 negative)ondirect runoff In contrast, AR has the largest effect on drainage (most positive) and ET (most
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482 negative), and among the smallest effectdiogct runoff This highlights the important role &nd use
483 in determining the p#tioning of water at the land surface and in the root zone.

484 4.3 Synthesis and management implications

485 Both the historical discharge analysis in the PBS and the future scenario analysis of the YW indicate that
486 climateis the key control over the water balance, though the analyses differ in the relative importance of
487 land useln thePBS results indicate that climate change contributes to ~60% of observed changes in
488 discharge, with approximately equal impactgjaickflow and baseflowthoughthe effects of land use

489 are increasing through timkn contrast, theimulated futurescenario analysis points to climate as the key
490 control overdirectrunoff (as well as ET and drainage), wittlatively smaller effectef land se.To

491  better assess potent@useof these differences, we extracted AdBdS directrunoff output from the

492  Pheasant Branch portion of the YW and repeated all analyses for the common period of recerd (1974
493 2016). While the baseline period data diffeegween the two analyses due to different meteorological

494  input data in the 1974985 period (see section 2.2.3.2), results for the overall degree of change are

495 comparable. Results frohistoricalanalysis of the AgrdBIS outputfor Pheasant Brauh (Figure S6)

496 finds that 59.4% of the overall chandeslirect runoffduring the prediction period result from climate

497  and 40.6% result from land use (compared to 75.2% climate and 24.8% landqugekibow estimated

498 from baseflow separation; Figure S5). Alsmilar to the results from baseflow separation, there is no

499  significant trend through time for overall, land use, or cliriatieiced changes igro-IBIS directrunoff

500 for the portion of the prediction period with real climate inputs (12Q83).

501 Thisamalysisindicates that the differences between the historical discharge analysis and the future
502 scenario analysis driven by several factors. First, the degree tam@ctoryof land use change varies
503 between the spatial scales used for the two analyee$BSis significantly smaller than the YW (~3%
504 of the YW) andhas experienced relativetgonalirectionalland usechange (urbanizatigrduring the

505 historical periodFigure 4c) In contrastthe future scenarios include a large variety of contrasdimd)

506 usechangesvhich may partially counteract each other when aggregatee todtershed scal&éhe

507 strongefdand usesignal in the PBS relative to the YW impligmt, just as the impacts of climate change
508 on streamflowareattenuatedn larger river neworks (Chezik et al., 2017)0 too can larger spatial scales
509 attenuatahe effects of land use chan@®cond, climate change during the future scenario analysis (2°C
510 to 5.5°C warming) is more extrertigan has been observed in the historical recdnatd, our modelling
511 approach may underestimate differences in hydrological properties bdandarss (see Section 4.4).

512  While our analysis agrees with recent work showing that climate effects may dominate future

513 hydrological change@viartin et al., 2017; Peng et al., 2016; Pribulick et al., 2016; Wang et al.,, 204.7)
514  also highlight the critical @edto targetand usenterventiondocally to maximize benefits imareas of

515 concern(Fry & Maxwell, 2017) The results presented for the YW averhgdrologic response over an
516 area of1344 kni, and therefore neglect spatial heterogeneitgial luse which can impact theeal water
517 cycle(Deshmukh & Singh, 2016; Fanelli et al., 2017; Frans et al., 2013; Haddeland et al. A2007)
518 observed in the historical discharge analysis, management interventiangeanhydrological

519 processes at a comparable level to climate chandee case of the PBS by increasing the baseflow
520 contribution to changes in streamflow through timest@mwatemanagemerand infiltration

521 requirements imewlanddevelopments.

522  Elsewhere, pevious work has shown that, for example, the expansion of bicfoghing systemean
523 change ETHarding et al., 2016; Joo et al., 2017; VanLoocke et al., 2010; Wagner etl&l,120d use
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524  change can either reduce or increase groundwater redl@&mnénez et al., 2016; Newcomer et al., 2014;
525 Oliveira et al., 2017; Qiu & Turner, 2015; Robertson et al., 2017; Zipper et al., 2&@hdaybangreen

526 infrastructureand agricultural drainage managemesm successfully reducemnoif volumes(Allred et

527 al., 2003; Elliott et al., 2016; Schott et al., 2017; Shustal.,e2017; Wadzuk et al., 201@ach of these
528 represents a management practice thaatteana hydrologic flux of interest in the context of climate

529 changewhich may have significant local benefits

530 4.4Methodological strengths and limitations

531  While statistical regression technigues have previously been used to separate the impacts of climate and

532 land useon streamflow(Section 2.1)our technique has several novel contributions. First, users of

533 regressiorbased methodypically dividetheirdda a i nt o t wo di screte chunks (
534 separate theemporallyaveragedanduseand cl i mat e i mpacts wusing residu
535 reality, of course, bottand useand climate change are rarely step changesather shiftgradually over

536 time.While the approach introduced harges a baseline period, it ajgmvidescontinuous estimates of

537 the relative importance ¢dnd useand climate change over tirdering both the baseline and prediction

538 period whichmakes it possilel to identify trends inrivers of hydrological changeoFexample, in the

539 PBS we reveal thathe impacts ofand usechange are increasing over tifioe both discharge and

540 baseflow while climate change has significantly increased streamflovittauieis nosignificant trend

541  during the prediction perio&econd, the continuous separation through time makes it possible to assess

542  synergistic and antagonistic relationships between climate and larasusell as the changing nature of

543 these interactionditough time Third, as opposed to multiplenar regression used elsewh@eo et

544  al., 2008; Jiang et al., 2011; Ye et al., 2003; Zhang et al., 28&8)se a principal components regression

545 (PCR) approachkvhich transforms input data toaximize orthogonalityOur PCR approach relies on

546  automatedignificancepruning to selegbredictorvariablesfrom a set of candidateghus reducing

547  potential spurious correlatioaad potential researcher biases anohiding morerobustpredictions

548 (Tang & Wang, 2017; Zimmerman et al., 2016)

549  We do, however, netseveral potential limitations to our methd#br instance, @veloping statistical

550 relationships based on one period of time and applying them to another may result in extrapolation

551 beyond the conditions for which the relationshipsvee-suited This problem is common to all

552  regressiorbased methodologies anwhybe particuldly challengingin the context of nonstationgrior

553  where emergent properties of the relationship between climate and land use change lead to novel future
554  responsefMilly et al., 2008) or where significant changes in watershed storage occur (e.g. rising

555  groundwater levels as discussed in Section fhlgur casesensitivity analysis resulteemonstrat¢hat

556 separation of climate ardnd useeffects is relatively insensitive to the selection of the baseline period, as
557 long as the performance of the PCR model is validated and demontiratedrately reproduce

558 observationsthus minimizingconcerns regarding nonstationariye find that results are statistically

559 identical for baseline periods which include the year 1888chseems to be particularly important for

560 including in the baseline period due to the high dischargerebd in thayear (Figure 4)PCR models

561 which do not include 1993 in the baseline period tend to underpredict discharge during high flow years
562  (Figure 5). This implies that care should be taken when selecting the baseline period to ensure that the
563 meteorological dats representative of the entire perigidrecord for example by evaluating interannual
564  variability in the predictor variables during the baseline period relative to the prediction period, to avoid
565 extrapolatingbeyond the calibration rang€he splitsampe validation technique used in this study
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adequately captures this risk by quantifying a significantly lower NSE when the baseline period does not
include 1993 (Figure 5).

Furthermore, whilégro-IBIS is a stateof-the-art dynamic vegetation and agroeggiem model, some
land usecharacteristicsvhich may impact the water cycle are not represe@mdexamplechanges in
soil hydraulic properties betweéand use and through timare not simulate{Paturel et al., 2017hor
are soil hydraulic properties coupled to soil organic cor{temtenbauer & Loheide, 2d). Improving
parameterizations anddluding these processesuld likely increase theimulateddifferences between
land usdypes inthe future scenario analysaisd increase the relative importancéaofd useOur
statistical relationshipalsodo not take into account other factors which may drive changes in the water
balance; for example, each scenario has a representative atmospharanCdtration pathwajBooth
et al., 2016h)Given that carbon and water cycles are couplédyio-IBIS via stonatal conductance,
CO: may also be a relevant predictor varialparticularly for ETand under conditions with significant
land use change between C3 to C4 vegetdliarine et al., 2013)However, in order to make our
methodology broadly applicable to easily obtained meteorological data, we elected to exclage CO
other normeteorological predictors from analysis.

5. Conclusions

This study introduces a new principal components regressisad approach to separate the effects of

climate andand useon the water cycle continuously througimé, and appliethe approach to both

observed and modeled data for A& in southcentral Wisconsin. Analysis of historiadischargedata

for thePBS indicates thatlimatechange has cause®0% of the observed changedlischargeover the

past two decadewvith a significantly increasing impact of land use chajugleanizationon both

baseflow and overall dischardésing a factorial combination of four contrastiagd useand climate

scenarios, we find that future changesintéd s | and sur f ace wat edirectbal ance
runoff) are likely to be dominated by effects of climate changesEiost affetedby changes in
temperaturegirectrunoff by changes in precipitation, and drainage by changes in both precipitation and
reference ETLand use=ffects are larger on drainage than either Edir@ctrunoff.

Overall, these results indicate that thizetfs of land use and climate are not static through time, and
separating the relative contribution of these two variables to hydrological change should not be done via
the simple separation of time into discrete elements; rather, it must be done iimaocceEntanner.
Furthermorewe showthatusingland useao mitigate the effects of climate change on the water cycle
maybe challengingn largewatersheds whichontain a diversity of land use trajectorielowever,our

results indicate that the effectsland use change are larger in the PBS than the YW as a whole due to the
relatively monodirectional land use change from agriculture to urbanization. Theledateyanagement
interventions targeted at subwatershed scales to achieve specific dagimdesnay be an effective

path forward to protecting water resouréesn future climate change.
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957  Figure 1.Flowchart illustratingnethodfor separating land use and climate effects, demonstrating the
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961 Figure 2.(a) Map of Yahara Watershed showing land use in 2014 at model resolution (220 m grid cells).
962 The green dot shows the Pheasant Brajaelging station, and thick black line outlines the contributing

963 area. (b) Relative proportion of different land uses in the Yahara River Watershed and Pheasant Branch
964  Subwatershed. The Agriculture class includes all crops and pasture (top 7 legenihguariesa). The

965 Urban class includes all urban density levels as well as barren land. Natural includes forest, grassland, and
966 wetlands.
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Figure 3. Annual watershedverage
meteorological (al) and land use {B)
model input for the four scenarios. In each
plot, the gray shading represents the
historical (19862013) range.
Meteorological variables {d) are
smoothed with an §ear moving

average. Ploshow (a) annual cumulative
precipitation; (b)
(25.4 mm) precipitation; (c) mean
maximum daily temperature; (d) mean
PenmarMonteith reference
evapotranspiration; (e) percent of domain
with corn land cover; (f) percent of
domain withurban (low, medium, and
high density) land cover; (g) percent of
domain with deciduous forest land cover;
(h) percent of domain with wetland land
cover.
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Figure 4. Results from analysis of Pheasant Branch historical discharge data. (a) Comparisen betwe
observed and predicted (mean of random validation samples for all PCR permutations) for baseline
period; (b) boxplots showing monthly distributions of discharge for observed (all years) and predicted (all
years and all permutations); (c) percent of BaaaBranch Watershed with urban land use (combined

high, medium, and low density) from WISCLAN®Visconsin Department of Natural Resources, 2016)

and NLCD dataset@-ry et al., 2011; Homer et al., 2007, 201(6) change relative to baselineripd,

with solid lineshowingoverall change and ribbospanningt/- 1 standard deviation of the mean across

all permutations; (e) density plot of mean annual changes in discharge due to land use, climate, and
overall. Legend in (a) also applies to (b) and legend in (d) also applies to (e).
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