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Abstract

Agricultural nonpoint source pollution is one of the major causes of water quality
challenges across rural watersheds. Thesenore complexities involved in tribal watersheds
settings where tribal sovereignty, fragmented land ownership, and climate vulnerability intersect.
This study developed and applied a hydrologic and water quality model using the Soil and Water
Assessment Ta (SWAT) to evaluate existing conditions in the Soldier Creek Watershed in
northeast Kansas, a watershed where part of the drainage area falls within the Prairie Band
Potawatomi Nation (PBPN) reservation boundary.

The SWAT model was calibrated and validated for streamflow, sediments, total nitrogen
and totalphosphorusgainst the observed data. Model performance for monthly streamflow
exceeded NSE of 0.7 for both calibration locations, with satisfactory agreement for sediment and
nutrient loads given the sparsity of observed water quality data. Twelve BMP scenaeios wer
evaluated, including filter strips, #tdl agriculture, and regenerative agricultiffeA)
assumption applied across combinasiohPBPN owned and privately owned croplands within
the reservation area.

Filter strips applied at the watershed scale produced the largest sediment reductions,
reaching approximately 70% the subwatershestaleand 1%28% at the PBPN boundary
outlet; however, reductions were substantially diminished when BMP application was restricted
to PBPN owned parcels, reflecting the constraints imposed by the checkerboard land ownership.
No-till as a standalone BMP yielddichited water quality benefits but improved performance
when combined with filter strips. The combination of RA andilh@across all croplands within

the reservation produced effective reductions in water quality impediments.



Climate change analysis using anr8del CMIP5 ensemble under RCP 4.5 and RCP
8.5 pathwaysvas then conducted to examine potential impactsydnological processes within
the tribal area. The ensemble of modeigjected a consistent warming trend expected to reduce
average monthly runoff by 8@0% during the historically wet season by late cen{R0y -

2099) alongside a substantial increase in moderate to extreme drought frequency.

This study found that watershed scale water quality improvement within the PBPN
requires cooperative BMP adoption by both tribal andtnibal landownersThe modeling
framework developed here provides a practical tool to support conservation planning, prioritize
management interventions, and develop {tergh water resource resilience in the Soldier Creek

Watershed within the PBPN.
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Chapterl-l nt roducti on

1.1Problem Statement

Water resources form an integral part of society, providing various critical ecosystem
services. Some of the services delivered are drinking water, fish production, recreation, and
irrigation (Brauman et al., 20QTGrizzettiet al, 2016. Over the years, water resource
management transformed from focusing on technical management to a participatory management
approach, involving various stakeholders such as government bodies, local communities,
universities to address water issues andehgés(PahtWostl et al, 2007. Further, the
intricate relationship between water resources and humans evolved, presenting new directions,
challenges, and behaviors to be addressed when modelling coupled\watearsystems
(Shivapalaret al, 2011)

Sustainable water resource management is required to support drinking water needs, food
security, recreation, and other commercial activities. Water resources challenges in terms of water
guality and quantity are becoming more complex. They vary spagiatltemporally along with
local sociepolitical factors which require a collaborative partnership in water management
(Biswas, 2008Richard D Margerunet al, 2015)

Water quality issues will impact society's widling by way of crop yield reduction, water
availability, and landuse managemermth al | enges. A recent study st
agricultural production has led to long term nitrate contamination of water resources which has
directly impacted public water systems (Mangwal, 2025)

According to the Intergovernment al Panel 0
Report, global warming is predicted to result in temperature increases in the range of 2.1°C to

3.5°C for intermediate greenhouse gas emission scenarios and 3.3°C touBd&Chigh



greenhouse gas (GHG) emission scengfie€C, 2021) Numerous studies have shown that
changing climate affects runoff water qual(ijlamdariet al, 202Q Najjaret al.,, 2010) However,
considerable uncertainty exists in climate change impact assessments due to differences among
greenhouse gas emission scenarios, climate models, downscaling techniques, and hydrologic
model structures, resulting in a range of potential future ooues for water resources
(Kundzewiczet al, 2018) Additionally, there is a social dimension of climate change, where
socially vulnerable communities are impacted by their ability to recoverdigestter, increased
food prices, and resource scar¢idttoet al, 2017) The review by Berberiagt al (2022) showed
that climate change is having a disparate impact on the health of people of color in the United
States, ihding that Black, Latinx, Native American, Pacific Islander, and Asian communities face
higher risks of climateelated health impacts than White populations. The analysis documents
racial disparities across a broad range of health outcomes includinglitporespiratory and
cardiovascular disease, mental health, and tedatedliness driverby exposures such as extreme
heat, flooding, hurricanes, and wildfireBxdigenous tribes' dependence on natural resources for
subsistence, commercial activities, and cultural values associated in the form of fishing, hunting,
agriculture, and tourisns threatened by increasing frequency of wildfire, droughts, and flooding.
In some cases, federal and state legal regulations may act as an additional hurdle for tribes trying
to adapt to climate change as well (Jantarasamii, 2018).

Todayods chal |l enthiewatersresdurce mamadeenaems thyanoalimatic
changes to develop mitigation strategies at the smaller community level. Watershed modeling is
an integrated tool commonly used to support sustainable solutions (ZialL,i2018; Reicet al,

2010;Deviaet al, 2015). There is a limited amount of research on the application of these models



at the tribal level. Therefore, developing a watershed model for tribal regions accounting for their
local challenges is required to support climate change mitigation measures.
1.2 Objectives

The goal of this research is to understand the impacts of land use and climate change on the
water quality, hydrologic functions and watershed managepnaatices to support the water uses
and ecological values dhe Prairie Band Pottawatomie Nation (PBP&l¥ederally recognized
tribe located in a predominantly rural watershed in Jackson County, northeast Kansas, north of
Topeka.A physically basetiydrologic model was used to model the existing condition and assess
various best management practices (BMPs) to reduce pollutants in the watershed. The research
herein will address the following questions:

1. What are the most effective BMPs to address the pollutant concerns faced by the tribal

watershed? What are the challenges in implementing those BMPs?
2. How will projected climate change affect key hydrological characteristics in the Soldier

Creek Watershed over future time horizéns

1.3 Research Significance
Surface water resources in Kansas are affected by varioysonarpollution sources. A
planning and management framework called Watershed Restoration and Protection Strategy
( WRAPS) was developed to address watarshedesus wat e
(KDHE, 2020) These plans were developed in a participatory fashion, i.e., the stakeholders
included government and ngovernment agencies, residents, universities, and watershed
groups. The main objective of this program was to focus on streams across Kansadvhich

not meet water quality standards defined under the U.S. Clean Water Act. Funding for the



WRAPS program is provided by EPAG6s Clean Wat e

Water Plan.

The WRAPS program contains four stages (W. L. Harged\ad, 2005): 1)
Development, 2) Assessment, 3) Planning, and 4) Implementation. In the development stage,
stakeholders across the spectrum from rural landowners to universities and government agencies
are identified.Local project cooperators interested in the watershed andewiémsive
knowledge of the area are identified to provide leadership. A WRAPS committee is set up to
guide the program and can include diverse stakeholders. Once these items are completed,
activities are undertaken to generate public awareness andtiimesager quality issues. This
may include creating awareness about water resource threats and related activities like fishing,
local cultural values, and drinking water. Furthermore, stakeholder involvement includes public
education, public participatip and public relations, which is critical for the successful
implementation of the WRAPS program. The Assessment stage entails assessing the current
condition of the watershed. This process may include information on geography of the area,
socioeconomiconditions, water quality, land use, flora, fauna, and wildlife. Analysis is carried
out to identify the locations/regions that are major contributors to water quality impairments.
Watershed models are also used to simulate hydrological processewatdished and to
evaluate the impact of mitigation measures. Input obtained from this assessusendtto
develop management plans. In the Planning sfages group discussions are carried out with
stakeholders to discuss existing water quality issues, sources of pollution and explore
management options to improve the water quality. Streams with critical water quality issues are
identified and mitigationftection goals are determined. An implementation plan is developed

which includes the following causes of pollution, protection measures, estimated reduction in



loads and technical/financial resources, timeline, and evaluation criteria. The implementation
stageis thefinal stage of the WRAPSrogram andollows the strategy laid out in the
implementation plan. Diverse stakeholders are part of the implementation process and efforts are
made to maintain local interest in the program. Periodic evaluations are carried out to mark the
progress and revisit ttstrategy.

Kansas was divided into twelve major river basins forming the planning units for the
WRAPS program. One of the river basins is Middle Kansas WRMRAEh includes numerous
stream segments that are impaired for various TMDL pollutants as summarized in-Table 1

Table 1: Middle Kansas WRAPS Project Area Impediments

Water Segment TMDL Pollutant Priority
Kansas River at Topeka Ammonia High
Kansas River at Topeka Fecal Coliform Bacteria Medium
Kansas River below Topeka Biology Medium
Kansas River below Topeka Fecal Coliform Bacteria Medium
Kansas River near Wamego Fecal Coliform Bacteria Medium
Mill Creek Fecal Coliform Bacteria High
Upper Soldier Creek Biology, Sediments High
Rock Creek E. coli Bacteria High
Vermillion Creek Fecal Coliform Bacteria High
Wildcat Creek Fecal Coliform Bacteria High
Wildcat Creek Fecal Coliform Bacteria High

Among the impaired stream segments identified in the Middle Kansas WRAPS plan is
the Upper Soldier Creek. The majority of Upper Soldier Creek flows through the Prairie Band
Potawatomi Nation (PBPN), a federally recognized tribe headquartered near thettdrde
Soldier Creek Watershed. The tribal nation is considering adopting the WRAPS program for the
part of creek flowing through the nation. As part of the assessment requirement, PBPN wants to
understand the current conditions of Soldier Creek angzm#he impact of best management

practices (BMPs) in reducing pollutant loads. One major focus of load reduction was reduction



in sediment loading into the Soldier Creek. This research aims to develop a watershed model to
support the assessment component of WRAPS. This research used a physically based semi
distributed hydrologic model to develapexisting conditionsnodel This research aims to
determine effectiveness of various BMPs to achieve the TMDL reduction targets. This research
will also analyze the impact of future climate scenarios on the hydrological conditions within the
watershed. The findings from this resgawill support the PBPN in adopting BMPs to achieve

the water quality requirements under the WRAPS project.



Chapter2-Li t erature Revi ew

2.1 Hydrologic Modelling and SWAT

Hydrological modelling is used to simulate runoff, water quality, and flow routing using
numerical models and tools. Watershed models answer fundamental questions such as "What
happens to rainwater? Where does it go and how?" They are interdisciplikarg lin
anthropogenic activities to the natural world. Sanalelingapplications support flood control,
reservoir management, groundwater management, water quality assessment, soil conservation,
and landuse evaluation. A hydrological model can be further described as a mathematical
representation of one or more componefte hydrological cycle, designed to simulate
catchment behavior and to define the relationship between precipitation inputs and streamflow
outputs (Singh and Woolhiser, 2002). Understanding water quantity and quality within a
watershed is the essentiaibt step before any management decision can be made; some of the
core components such as water operation policies, governance, and management feedback follow
the initial assessment. Over time, hydrology has been further subdivided into ecohydrology,
global hydrology, and social hydrology, each emphasizing the growing importance of
stakeholder participation and governance (He and James, 2021).

Watershed models are classifectording to how they represent the flow of water in the
naturalwatersheaystem In terms of physical representation, models may be physical (scale
models), analogue (such as electrical circuit analogues of groundwater flow), or mathematical;
mathematical models have become dominant with the growth of computing power (Jajarmizadeh
etal., 2012). Models may simulate a discrete storm event referred to ashasedtmodel or
operate continuously over months to decadbs® known as continuous moddétsentbased

models are particularly wedluited tosupport hydrologicadlesignapplications, such stormwater



management systems for which the design is based on specific design €ontisuous
hydrologicmodels simulate both wet and dry phases of the hydrological cycle and are generally
preferred where lonterm nonpoinsource pollution loading and land management evaluation
are the primary concern (Borah and Bera, 2008¢. continuous model is more appropriate for
current study which analyzes long telmadingin the systemModels also can be classified
according to their spatial representation of the watershed asleitifggd and notumped.

Lumped models treat the entire catchment as a single unit and are fast to run but unable to
represent spatial variabilitygy contrastfully distributed models have parameters which vary
spatially and temporally. They are the most physically rigoamasequire heavy data and
computational demands whisemtdistributed models occupy an intermediate position,
partitioning the catchment into stiasins or hydrological response units (HRUs) and assuming
homogeneity within each unit while allowing differences between units (Okiria et al., 2022).
Finally, hydrologic models may be classified according to their consideration of uncertainty.
Deterministic models produce a single outputafgivenset ofinputs, while stochastic models
incorporate probabilistic elements suited to forecasting under uncertdigywidely used

models are fundamentally deterministic but may be embedded within Monte Carlo frameworks
for uncertainty and sensitivity analysis.

In a comparison dadifferent integrated hydrology and water quatitpdels Hydrological
SimulationProgram (HSPF) and Soil and Water Assessment Tool (SWAT) are consistently
identified as the highegterforming options, with MIKE SHE approdnly comparable
functionality when its ECO water quality module is deployed (Keller et al., 2023). Precipitation
Runoff Modelling System (PRMS) and Hydrologic Engineering Center (HBEAS) both lack

water quality components and are therefore unsuitable askiaadools for water quality



assessment. HSPF, though capable oftaily time steps and mixed lanude simulation,
conceptualizes overland flow as levelled detention storage. This limits its performance in intense
singleevent flood scenarios, and its user interface has been asbasklated (Borah and Bera,
2003; Keller et al., 2023). Direct model comparisons reinforce these conclusions:
Golmohammadi et al. (2014) evaluated SWAT, MIKE SHE, and APEX on the 52.6 kmz
Canagagigue Creek watershed and found that all three met acogqitethpnce criteria during
validation (NSE of 0.73, 0.71, and 0.70 respectively), while SWAT offered greater calibration
flexibility than the Agricultural Policy/Environmental eXtender Model (APEX). Jaiswal et al.
(2020) acknowledged that SWAT's ability to simultaneously simulatedaacthange, climate
change, and water quality loading which were usually absent from lumped models made it the
better choice for agricultural watersheds.

Regardless of the model classification, hydrological models all require meteorological
data as inputs (e.g., precipitation, temperature, solar radiation, and evapotranspiration) to
represent climatic forcing functions. Land surface information, suchztiele, slope, drainage
networks, and soils, are also key model inputs, as are anthropogenic factors such as land use,
land cover, and management practidéany hydrologic models are set up using Geographic
Information Systems (GIS) to help manage and process multiple spatitdydata In addition
to modellingflow, point source and nepoint source water quality modelling involves loading
impediment data distributed across the watershed and through time (Keller et al., 2023). Models
then determine surface flows in the form of overland, channel, and stream floved| as
subsurface and groundwater contributions, to support degisakmg on the impacts of climate

change, landise change, best management practices (BMPs), and water quality impediments.



For thisstudy,SWAT was selected as thaost appropriate modelt is well suited to
represent agricultural watershedspat explicit representation of changes in agricultural land
management practiceBhere are specific modules to support BMP implementation and can
simulate both hydrologic and water quality procesS¥¢AT offersflexibility , which can
represent individual fieltto large basins supportimpntinuous simulation ataily, monthly and
annual time stepd.ools like SWATCUP can be pairedith the model for calibration and
uncertainty analysis to strengthen confidence in the model outiputther itsupports
integratingfuture climate scenarios into the modehese capabilitiesiakeSWAT a suitable
tool for examininghe research questions of this studlge hydrology component uses the SCS
curve number method with lateral subsurface flow and groundwater percolation; the sediment
component applies the Modified Universal Soil Loss Equation (MUSLE); and the water quality
component tracks nitrogen, phosphomusdbacteria through the plasbil-runoff-stream
continuum (Borah and Bera, 2003) WA § Ssemidistributed HRU structure captures land use,
soil, and management practiemd SWAThasbeen widely adopted for evaluating agricultural
BMPs and informing TMDL standards under the USEPA's BASINS sy&Bassman et al.,

2007). One of the studies noted that SWAT is one of the few models that can represarseand
change within a single continuous simulation run, making it particularlysuékd to integrated
climate change and scenario assessments (Keller et al., 2023). Gassth#2007) catalogued
over 250 peereviewed SWAT applications across watersheds from less than 1 kmz2 to over
490,000 km?, demonstrating satisfactory performance across diverse climatic zones-aisé land
types; Tan et al. (2020) subsequemdlyiewed around 11 articles of whichmost of them
reportedacceptabl&NSE and R2 valuesf 0.5 and 0.6 for streamfloexceeding satisfactory

threshold mentioned by Moriasi et al. (200By 2021, SWAT publications had grown to more

10



than4,500 publication(CARD, 2021), demonstrating the model's extensive and continually
expanding applicatiorzurtherSWAT is freely available, supported by USEPA and USDA, and
accompanied by the SWACTUP platform that provides various algorithms like S@FGLUE,
MCMC, and PSO to support calibration and uncertainty framework.
2.2 Water Quality in Agricultural Watersheds

Nonpoint source pollution (NPS) is impacting various water bodies across United States
with nutrient pollution from nitrogen anghosphoru®eing one of the leading impediments.
Some ofthe weltknown examples are the hypoxic zone in Gulf of Mexico (Rabatads
Turner,2019) which is caused by the nitrogen and phosphorus loads from the Mississippi River
Watershed due to contribution by agricultural activities. Moss (2008) argued ticattage's
i mpact extends well beyond nutrients to drain
alteration, with management implications far more profound. Regional-gyaadity studies in
Kansas and Missouri have shown that nonpsairce runoff can ba major contributor to
stream impairment. In the Blue River BasanJSGS report byilkison et al. (2009) found that
nutrient and bacteria loads were influenced by a combination of norgmairge runoff,
wastewatetreatment plant discharge, and combined sewer overflows, with nonpoint sources
contributing substantially to annual nutrieand bacteria loads. The study also reported declines
in suspendedediment concentrations following erosemd runoffreduction effortsshowing
that sediment management can also reduce sedassntiated pollutant transpdfurther,
numerous studies in agricultural watersheds magerdedEscherichia coli (E. coli¢nters
streams via runoff from manured fields, livestock access to channels, failing onsite wastewater
systems, and wildlife, and that it can persist in strbathand riparian sedimer{tSazic

Hadzick et al.,2010; Afolabi et al.,2023)
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Kamrath & Yuan(2022 analyzel long-term monitoring data across Lake Erie Basin and
the Mississippi River Basin watersheds and found that top 10% of the flow transported more
than half of the annual nutrient load. The annual loads during high flow saw an increase as the
agricultural landusencreased but reduced when watershed size increased. This shows the
importance of high flows in water quality in a watershed. Similarly, Dodds and Oakes (2008)
found that landuse in eastern Kansas watershiadstrongly related to downstream nutrient
concentrations, particularly total nitrogen, nitrate, and total phosphorus. Their results showed
that headwater stream areas can strongly influence downstream water quality, suggesting that
nonpointsource pollutiormanagement should consider upland and headwater riparian zones
rather than focusing only on downstream stream corridors. Watershed modeling has been widely
used to support TMDL development and nonpsimirce pollution management in agricultural
watershedsln a Kansas based study of the Marmaton River Watershed, Wang et al. (2009) used
AnnAGNPS to evaluate sediment, total nitrogen, and total phosphorus loading and found that
agricultural nonpoint sources were the dominant contributors to nutrient impaifResolts
showed that targeted management of critical source areas required substantially less land
treatment than random BMP implementation, highlighting the value of spatially explicit
watershed modeling for identifying effective pollutaiatiuction stategies. In another example
Yasarer et al. (2016) applied the SWAT model in the Perry Lake watershed in northeast Kansas
to evaluate how landuse changes due to biofuel related activities could affect sediment, total
nitrogen, and total phosphorus loadseiflscenario analysis showed that converting hay land to
corn or grain sorghum increased nutrient and sediment export, demonstrating the usefulness of
SWAT for comparing langnanagement alternatives and wagaglity impacts in Kansas

agricultural watershas.
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2.3 Best Management Practices for Sediments and Nutrient Reduction

Best Management Practices (BMPs) measures implemented to mitigate impediments
from atarget site. In case of agricultural watersheds these can be structural, vegetative or policy
level measures. They are used to reduce the impact of pollutants and achieve Total Maximum
Daily Load (TMDL) or regulatory target8MPs can be applied at the source i.e. reduce
pollutant generation at the origin or can be applied along the flow path to intercept pollutants
before they reach stream channg&lective watershed management typically involves a
combination of both types, applied strategically across the landscape to maximize load
reductions (Gassman et al., 2007; Chaubey et al., 2010).

Some of the BMPs used in the agricultural watersheds are filter strips, no till and
regenerative agricultureilter strips(FS)are narrow bands of permanent vegetation, usually
dense grasses or mixed herbaceous cover, established between agricultural areas (cropland or
pasture) and adjacent streams or drainageways. They function primarily by intercepting shallow
overland flow, relucing runoff velocity, enhancing infiltration, amdprovingdeposition of
sediment and sedimebound nutrients before they reach stieeam Cibin et al., 2018; Chaubey
et al., 1995; White & Arnold, 2009)Vithin the SWAT, FS are represented @dge of field
BMPs applied at the hydrologic response unit (HRU) scale, with performance parameterized by
strip width, fieldto-strip area ratio, and the fraction of flow that remains as sheet\ten
implemented along stream corridors, &$ as aiparian buffer system that also contribute to
channelbank stabilization

Studiesreported sediment (TSS) reductions of 88% at the field scale, total
phosphorus (TP) reductions ofi3®%, and total nitrogen (TN) reductions off 0%, with

effectiveness dependent on strip width, slope steepness, vegetation density, and flow
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characteristic§White & Arnold, 2009; Vigiak et al., 2016\t the watershed scale, simulated

and observed load reductions from VFS are typically lower thandedte trapping rates

because only a portion of the landscape is treated, untreated upstream areas continue to
contribute pollutants, and-stream processes redistribute sediment and nutrients (Chaubey et al.,
2010; Leh et al., 2018; Vigiak et al., 2016).

No-till (NT) farming eliminates mechanical soil disturbance, retaining crop residue on the
surface and seeding directly into undisturbed soil. NT increases infiltration capacity, reduces
surface detachment and builds soil organic carbon relative to camarttllage. Wang et al.

(2013) quantified these dynamics in the Pataha Creek Watershed in Washington State, finding
effective hydraulic conductivity under NT to be 44% higher than under conventional tillage on
average but these tillage impacts on hyalgalal processes are site specific and watershed
dependent. In SWAT, NT is represented by Bmil mixing efficiency EFFMIX =0.05

representing the fraction of surface residue, nutrients, and soil properties mixed within the tillage
layer), shallow tillage depth (25 mm), an increased Manning's roughness coefficient for overland
flow (OV_N), and a modest curve number (CN2) reduction to reflect improved infiltration

(Wang et al., 2013; Ricci et al., 2020; Li et al., 2018).

The pollutant reduction efficiency of NT varies considerably acsadsrsheddn the
semiarid Lake Mogan watershed in Turkey, Ozcan et al. (2017) reported NT reductions of
1.46% in nitrate and 4.50% in total phosphorus, with negligible sediment reduictoare
erosive environments NT performed more stronBligci et al. (2020) found NT to be the most
effective single BMP for sediment reduction in the Carapelle basin in Italy, and also the most
economically favorable practice. Conversely, Wu et al. (2022) found NT to be the least effective

of six BMPs in thenighly erodible Yanhe River watershed on China's Loess Plateau, achieving
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only 3.18% annual sediment reduction. This shows the varying efficiency of NT across different
watersheds and regions. Despite this variability, NT consistently performs better as part of
integrated BMP suites than as a standalone BMP. Li et al. (2018) f¢U improved freshwater
provisioning by up to 11.4% in agriculturally dominated watersheds across the Upper
Mississippi River Basin, with effectiveness maintained under projected future climate scenarios
Their study also found thabmbined BMP scenarios outperformed NT alone across all
watershed types. Parajuli et al. (20&&)delled three tillage scenarios i.e. conventional, reduced
tillage (three tillage passes, closer to conservation tijlagd a near no tiltwo passes: fall sub
soiling and a prglanting roller pass, closest to-tih) scenariosStudyfound that neaNT
practices produced the lowest sediment yields under future climate projections in the Big
Sunfl ower River Watershed in Miseffectvéesi ppi . So,
conservation practice is most effective when paired with complementary ema@apgmeasures.
Regenerative agriculture (RA) is an emerging, holistic approach to farming that seeks to
restore and improve soil health, biodiversity, and ecosystem services through integrated
management practices. RA typicatigmbinegracticesof including natill or minimal tillage,
cover cropping, diversified crop rotations, integration of livestock, and redyoditeticinputs,
all oriented toward building soil organic matter and biological activity (Schreefel et al., 2020;
Newton et al., 2020Regenerative farming systems have been shown to significantly increase
soil infiltration rates compared to conventional agriculture. A study byalf2025) reported
increases in soil infiltration rates ofiI8B@8% in regeneratively managed fields compared to
conventional controls, suggesting substantially reduced surface runoff and erosion potential.

However, the scientific evidence base for quantdyi®A's hydrological impacts at the field and
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watershed scale remains limited, and significant variability exists across sites, climates, and

practice combinations.

2.4 Climate Change Impacts on Water Resources

There has been a higher frequency of severe heat waves, extreme rainfall and droughts
across the world due to climate change (AR5, 2015). As water resources are one of the
important components impacted by these, several stultiase{ aj]2013 Mueller-Warrant et al.
2019 Marin et al, 2020 have analyzed the effects of climate on the runoff and nutrients within
a watershed. The study carried out by Jha et al. (2013) in the upper Mississippi River basin
showed a decreagseannual streamflow reduced by 5% during the-gedtury period (2046
2065). This study also highlighted the spatial variability in nutrient results with Illinois sub
watersheds showingpositive increase in nitrateitrogen loading while lowa sub watershed
having a mix of results.

SWAT is one of the most widely applieabdelsfor climate change impact assessment
on a watershed scale with publication growing between 2001 to 2013 from three to around eighty
annually (Krysanova & White, 2015; Krysanova & Arnold, 2015). Future climate pimjsetre
obtained from global climate models (GCM) ensembles like CIMP5 for different Representative
Concentration Pathway (RCP) scenarios. Some studies then introduced GCM into the calibrated
model either through delta change method (Jha et al., 2013) @obiasted statistical
downscaling methqdsuch asised by Gharibodusti et al. (2019) and Kujawa et al. (2022). In
most cases, no single GCM is considered appropriate as each model will have inherent bias and
assumptions (Alamdari et al., 202@)us,multiple climate models are used to simulate the
calibrated modelndtheensemble mean and range of outcomes is used to communicate

uncertainty (Jha et al., 2013; Kujawa et al., 2020; Gharibodusti et al; 2019). Acknowledging the
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uncertainty from various sourgdéundzewicz et al. (2018) suggests adopangnsemblébased
approach which will provide a spread of outcomes and help develop adapting strategy
considering the range of future possibilities. In this study, the focus was to identify the impact of
climate change on the study area stream flow for amd longterm future conditions. A suite

of GCMs were simulated and the model output was averaged to undehstangact of climate

change on the hydrologic performance of the watershed.

2.5 Tribal Water Resources, Environment Governance, and Climate Vulnerability

Native Americans have a unique relationship with the local ecology and water is
considered sacred. It is an integral part of their culture and used in practices like purification and
blessing rituals (Cozzeto et al., 2013). Tribal communities depend en rgaburces both
surface and groundwater for domestic water supply, fishing, hunting, agricultural irrigation and
the maintenance of aquatic ecosystems to support cultural pradacesrasami et al., 20118
According to Cozzetto et al. (2013), groundwater supplies arounch98Ptive American
drinking water systems. The protection and sustainability of water res@uexzgical for the
Tribal nations.

Tribal nations have inherent sovereign authority over their land and natural resources but
exercising of this authority is complicated by historic dispossession and overlapping
jurisdictional relationshipg with state and federal agencies. Water resources within the Tirbal
nationarelegally protected by the 1908 Winters decision which mentions that tribes reserved the
water rights necessary to fulfill the purpose of their reservations. However, many of these water
rights have not been fully settleghd in cases where tribes have won the rights there is lack of

funding required to build infrastructure needed to use that water (Cozzeto et al., 2013).
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Prairie Band Potawatomi Nation (PBPN) deals with the challengelodéckerboard
pattern of tribal and netribal land ownership within reservation boundaries. The Indian
Removal Act of 1850, subsequent relocations and allotment policies under the Dawes Act of
1887 resulted in this checkerboard pattern of land ownerstapl(et al., 202 Despite the
PBPNG6s resistance to individual all ot ment
remaining land had been divided inta' 880-acre parcels resulting in fragmented land parcel
structures that complicated land management and watersiledcenservation coordination

(Mehl et al., 2021 Further, offreservation water use, and pollution compound this problem as

we l

tribes are frequently underrepresented in water resource management discussions and decision

making processg€ozzetto et al., 2013)

Climate change impacts the Indigenous communities, as they face greater exposure to
climate hazards and have fewer resources to adapt compéhedtoader population.
Berberian et al. (2022)nalyzed the data from 202D22 to show that people of color including
Native American communities facashelevated risk of climate related health impacts driven by
exposure to extreme heat, flooding, hurricanes and wildfires. While the National Climate
Assessment report 4 (NCA4) mentions that Indigenous health is grounded in interconnected
social and ecologitaystemsand climate driven impacts to lands, water, foods and culturally
significant species pose threats not only to physical health but to cultural heritage, identify and
mental wellbeingJantarasami et al., 201&ome of the other threats documentedbyzetto et
al. (2013) include disruption of subsistence activities, deterioration of water quality and
availability, and increasing frequency of extreme weather evilsis, federal and state policies

may further act as institutional barriers to tribal climate adaptation, including through limited
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access to traditional territories and funding mechanisms that fail to account for the unique
conditions of Indigenous communities (Jantarasami et al., 2018).

Despite these challengelere is growing recognition of developing watershed
managemenplanstailored to tribal contexts and building adaptive capacity. As the NCA4 notes,
successful adaptation in indigenous contexts depends on integrating traditional knowledge
systems, resiliency and proactive efforts by the state and federal to reduceanstitodiriers
(Jantarasami et al., 2018). The study by Mehl et al., (2021) noted that sustainable land priorities
like covercrops riparian buffers and health stream ecosystems are linked to deeply held
community values around stream condition, fish and fishing, and cultural continuity.

Hydrological modeling applications specifically designed for or applied in tribal
watershed settings remain relatively scarce in the published literature. This gap represents both a
research need and an opportunity to develop methodologies and framéwabrkddress the
unique jurisdictional dimensions of water resource managem®e@msmN reservationThe
development of SWAT models for tribal watersheds can provide critical information to support
TMDL development, BMP planning, and climate adaptation strategies grounded in the

ecological and cultural priorities of the community.
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Chapter3-Met hadd Materi al s

3.1 Study Area

The study area ithe watershed d@oldier Creek (HUC# 1027010208) in northeast

Kansas. The creek flows across three counties with the headwaters starting in Nemaha County,

while the majority of tQoentycSoldies Rréek ultimdtatywraipsat h i
into Kansas River near Topeka in Shawnee county (Fijutsttle Soldier Creek is the major

tributary to Soldier Creek and other smaller tributaries are Crow Creek, James Creek, Dutch

Creek, Messhoss Creek, Halfday Creek and Walnut Creek.
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Figure 1: Location of Soldier Creek andtributaries.
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The Soldier Creek watershed area is 873 kwith approximately 31.15% of this area
within the PBPN administrative boundaryhere are eight HUQ2 level subwatersheds within
the Soldier Creek watershed. Flow data is recorded through two USGS gages, including the
Delia gage (06889200) situated upstresoaththe PBPN boundary and Topeka gage
(06889500) near the outlet of the watershed (FigureStreamflow characterization analysis
done by USGS ( Juracek, 2017) found substantial variation between years but no defined long
term trends in the annual mean stream fldoheir analysis also showed thateflow comprise
around 20 percent of the annstdeamflow. Streamflowends to peak ithespring and is lowest
during the wintedepictingthewet seasoim the watershedased on the historical data during
extreme droughts there were periods of no flow in the creek which varied from one to several
months (Juracek, 2018howing that reek can dry up during prolonged drought periods
3.2 PBPN Land History

Regarding the history associated with PBPiirie Band Potawatomie Natia
originally from the Great Lakes area. The tribe was forced to migrate west following the 1830
Indian Removal Act, and during the migration in the 1H880s and 1840s the tribe made
temporary stops in Missouri and lowRBPNwebpagé Initially when the tribe moved into
Kansas the reservation area was around 230,000Hepassage of the Kanddsbraska Act of
1854 led to immigration of white settlers in tribal reservatiofisis was followed by two
treaties in 1861 and 1867 which further divided the land to meet railroad and religious group
interests.By 1867, the reservation arbaddecreased &5 to 31,300 haFinally, the Dawes Act
was passed in 1887 by Congress, which would provide private land to Indians families to
become a farmerThis was opposed by the tribe, as it went against the culture of the tribe which

believed and practiced land holding as common property of the community and not individual.
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As part of the Dawes Act, the land was divided intetBQ6CGacre parcels and allocated to each
household head (Heidi Meht al,2021). Many tribal community members were not
accustomed to the economic value of the lasih) many cases soltie landto nontribal
members at a low value. Heidi Medtlal (2021) notedhe resulf fractionation and escheat
provision resulted in checkerboard pattern of land tenure seen today Biglie current

reservation area is 31,517 lamdPBPN ownsaround 45% of the land parcels.
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Figure 2: PBPN Land ownership within PBPN Reservation
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3.3 WatershedParameters

3.3.1 Soldier Creek Land Use

The major land use in the watershed is pasture/grassland (48%), crop land (21%), and
deciduous forest (15%). Table 2 provides the major land use classification for the watershed
based on the USDA Crop Data Layer (CDL) for 2019.

Table 2: Major Land use Classification in Soldier Creek Watershed (CDL 2019)

Land use Area (ha) % of Watershed

Grass/Pasture 42425.46 48.33
Deciduous Forest 13272.48 15.12
Soybeans 9856.98 11.23
Corn 8546.49 9.74
Other Hay/Non Alfalfa 5266.71 6
Developed/Open Space 3072.15 3.5
Developed/Low Intensity 1755.45 2
Winter Wheat 541.98 0.62

Figure3 represents the spatial distribution of land use. Most cropland, which includes
primarily corn and soybean, are located along the creek. Additionally, treckiger of
croplandsat the headwaters of Soldier Creek and within the floodplain of the Kansas River in the
southern portion of the watershed. There is a practice of crop rotation involvingaydr®an

cycle in the watershed.
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Figure 3: Watershed Level Land Use

Land use analysis was carried out using the USDA CDL between 2006 andQ@4r9.
this time, soybean cropping area increased by @gtire4) while grassland/pasture decreased
by 20% While corn cropping area fluctuated from yeayéar,there was a decreasing trend in
winter wheat cropping aredn 2006, approximately 1,207 ha of winter wheat was grown in the
watershed, but only 215 ha by 2019. Regardless, winter whea¢gtélsenta small portion of
the total watershed landcover (< 1%) and so is not represented in idiine reduction in

winter wheat was compensated for by increasing cropping areayfbeans
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Figure 4: Major Crops Trend Analysis
3.3.2 PBPN Land Use

Land use within the PBPN reservation area follows a similar pattern as seen across the
watershed. Tabld shows pasture as the prominent land use type with 54.76% followed by
deciduous forest while row crops like corn and soybean constitute around 14% of the land use.

Though most of these agricultural and pasture landsvanedprivately as discussed Bection

3.2
Table 3: Land Use Distribution within PBPN
Land use Area (ha) % of Watershed
Grassland/Pasture 14875.83 54.76
Deciduous Forest 4453.83 16.39
Soybeans 2264.22 8.33
Other Hay/Non Alfalfa 2235.87 8.23
Corn 1608.66 5.92
Developed/Open Space 672.48 2.48

3.4 Hydrologic Modeling: Soil Water Assessment Tool (SWAT)
The Soil and Water Assessment Tool, also known as SWATphhgscally based

spatially distributedieterministic model developed by the USDA. SWAT is widely used for
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hydrological assessment studies, to predict flows and water quality from point apdinbn
loading sources (Douglddankinet al,2010). As the tool helps meet this study's objective,
SWAT was used for modelling the Soldier Creek watersliteid.an open sourebased model
which can be added to ArcGIS or QGIS applicatiofise basic principle of a water balance
across the watershed is used to determine the flows and other paramie¢ersuting of flows
can be generally divided into landscape and streamflow roufihglandscape routing phase,
which happens at suatershed levedetermines the loading of water, nutrients, and sediments
into the main channelFollowing the landscape routing phasesulting runoff and materials
(e.g., sediment, nutrients, etc.) are routed througiv#ttershedgtream networko the watershed
outlet The basic water balance calculated by SWAT is pres@mt=quation 1, where the final
water content in the soil (S\Ws obtained by taking the initial soil water content, S#hd
adding the net sum of rainfallg&, surface runoff, Q«, evapotranspiration,sEseepage (the
amount of water entering the vadose zone from the sgidy @nd the amount of retuflow,
Qgw. All the units are in mm of kD and calculated on a daily timestep.
Yo Yo B Y 0 0 0 0 (1)

Surface runof{Qsurf) is calculated based on the SCS curve number méhhaitschet
al., 2009, and the difference between rainfall and runoff is used to approximate infiltration and
evapotranspiratiorEquation2 calculate the amount ofinoff 0@ )

v TR
Y &Y

CA

Rday = Depth of rainfall for the day in mm and S = Parameter for retention in mm
Evapotranspiration is determined using either the Pervaarieith, Hargreaves, or

PriestleyTaylor equations based on the available .d2gmmarnVionteith method was applied in
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this studygiven its more accurate representation of the evapotranspiration process and the
availability of required input data for the study wateed

Streamflow routing in SWAT can be performed using either the variable storage or
Muskingum routing methodThe variable storage method is based on the continuity equation
and storagiadischarge relationships, whereas the Muskingum method routes flow through
channels using a storatpased approach and Muskingum routing coefficients (Neésah,
2009). Groundwater contributiasto streamflonaresimulated through a shallow, unconfined
aquifer that discharges baseflow to the main channel, and a deep confined aquifer assumed to
leave the watershed as underflow (Arnold et al., 1993). Percolativimgthe soil profile
reaches the shallow aquifer after a delay governed by the aquifer delagrtoreeusespecified
fraction of this recharge is diverted to the deep aquifer via the deep aquifer percolation
coefficient. Baseflow is generated once the shallow aquifer volume exceeds a thigséol
regions where thelie srow melt contributing to the hydrolog$WAT simulates that using a
temperature index approach.

Variable storagenethods weradopted for modellinghe study areas this method
requires fewer input parameters than the Muskingum method and the study emphasized
watersheescale processes rather than detailed channel ro BWAT assumes the main
channehasa trapezoidal cross section with channel side slope afrfidata from DEM is used
to calculate the channel cressctional areand hydraulic raduSs WAT uses manni ngos
equation for uniform flowo obtain the flow rate and velocity in each reach for the given time

stepas represented equation3 and 4.
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v —- T
Whereqcn is the rate of flow in the channel $8), Achis the cross section of flow in the channel
(m?), Renis the hydraulic radiutor a given depth of flow (m), sipis the slope along the channel
l ength (m/ m), n is Masthaflomglocty (m/s)How i théniroctede nt an
downstream using the variable storage coefficient method (Williams, 1969), which was adopted
for this study. This method is based on the continuity equation applied to a reach segment:
W W Y v
Where \» and by are the volumes of infloand outflow during the timestep angived
is the resulting change in channel storage. Travel time is calcalathdstorage volume
divided bythedischarge ratel'he flow rate timeandstorageare used to calculate inflow and
outflow rate througlsubbasins to outlet
Erosion andsediments delivergrecalculated using the Modified Universal Soil Loss
Equation (MUSLE)shown in equation.6
YQQp @20 ) WIiQHTH B D DY BOYO o
Where sed is the sediment yield on a given day (metric toasjis@he surface runoff
volume (mm HO/ha), Geakis the peak runoff rate (#s), areauis the area of HRU (ha),JéLe
is the soil erodibility factor, GsLe is theUSLE cover management factogsb: is the USLE
support practice factor, LS. is the USLE topographic factor and CFR&d&rse fragment
factor. Sediment is routed downstream through the channel network using the simplified
Bagnold (1977) stream power equation, the default method in SWAT (Williams,. T988)
method calculates the maximum sediment concentration that a reach segment can transport as a

function of peak channel velocity
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Nitrogen and phosphorus loading to the stream network is generated through two linked
sets of processes in SWAT's land phasssformations among the soil nutrient pools
(mineralization, denitrification, sorption) that control how much nitrogen and phosphorus is
available for transport and the transport equations themselves, which move nitrate, organic N,
soluble P, and sedimebound P from the HRU to the main channel (Neitsch et al., 2009).
Equation 7 and 8 provide timétrate and soluble phosphorous loss to surface runoff.

0 Uo i AE & 0f 2 X

Where NO3uris the nitrate removed in surface runoff (kg N/Ha)sis the nitrate
percolation factocoefficient, congos mobileiS theconcentratiorof nitrate in the mobile water for
the top 10 mm of so{(kg N/mm HO), and Quris the surfaceunoff generated on a given day
(mm HO).

~ ~

- 0 NG )|
" NQRo JQ;

Where Rurtis the amount of soluble phosphorus lost to surface runoff 9kg P/ha),
Psolution,surfiS the amount of phosphorus in solution in the top 10mm (kg P/ha}isthe amount
of surface runoff on a given day (mm®), py is the bulk densitydepthuis the depth of
isurfaceod | awsisthd phdphon)sail paditioding koefficient (fIMg).
Phosphorus behaves very differently from nitrate because it sorbs strongly to soil particles and is
far less mobile in solutioand they are bound to sediments.

SWAT divides the watersheds into scdtchmentswhich arefurther divided into
hydrological response units (HRUS)ithin sulbcatchments, each HRU contains homogenous
soils, landuse type, and slopdRUs are not spatially connected and are the smallest unit of the
model. Runoff and water quality are calculated at the HRU level and then aggregated to the

subbasin level for further processing (Neitstlal, 2009). SWAT uses gridded inputs for
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topology through digital elevation model (DEM), landuse, and soil type gbtiser inputs like
point source loading, management practices, cattle count and weather data can be added using

the GIS interfacekigure5 provides the flow chadepicting theSWAT workflow.

Model Inputs
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Figure 5: General SWAT Model Workflow
3.5 Model Inputs

As described, various inputs were prepared for the model, and this section discusses

inputs used in it.
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3.5.1 Digital Elevation Model (DEM)
The DEM is an important input for the SWAT hydrological mo&eévious studies have
shown that the SWAT model is sensitive to DEM resolution, with DEM resolution being the
most influential parameter affecting streamflow simulation accuracy compared to data source
and resampling technique (Tanal.,2015. A 10m DEM (1/3 aresecond) was downloaded
from United States Geological Survey (USGS) 3D elevation program datdseSWAT auto
watershed delineator was used to delineate the watersleogenerated basins and reaches
were further refined by adjusting the outlet points to match HUC12 boundaries within the
HUC10 Soldier Creek watershed. The elevation range varies between 258 to 429 meters as seen

in Figure®.
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Figure 6: Digital Elevation Model (DEM) (10m) of Soldier Creek Watershed (Source: USGS)

Slope is another key input parameter in SWAT, used alongside land use and soil data to
delineate HRUs, which are the smallest computational units within eadfasirbsharing
similar hydrologic characteristicS he watershed has lower slopes and is relatively flat at the
outlet where Solider creek outfalls to the Kansas Riv@%0slope).Figure7 shows upstream
areas have slopes mostly betweetf2 and with some areas having steep slopes above 15%.
Slopes were classified into three classadetine slope ranges fétRU determinatiorD-4%, 4

8% and 8%o.
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Figure 7: Slope Classification of Soldier Creek Watershed
3.5.2 Land Use and Soil Type

The 2020 crop data layer (CDL) was used to classify the watelaiddse Section 3.3
discusses the distribution of tlend usewithin the watershed and PBPN study ar8ail data is
an important input to the watershed model as it determines the runoff rate, infiltration, and
percolation along with thiand useand slope.Two soil datasetthatare commonly used as
SWAT inputsarethe State Soil Geographic Database (STATSGO) and the Soil Survey
Geographic Database (SSURGQhe primary distinction between the two is spatial resolution
i.e. STATSGO assigns a single soil classification to areas that may contain multiple distinct soil

types, whereas SSURGO captures finer spatial variability, generating significantly more HRUs
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and unique soil types within the same watershed. STATSGO is mapped at 1:250,000 while
SSURGO ranges from 1:12,000 to 1:63,000, making SSURGO the preferred choice when higher
accuracy in nutrient and sediment predictions is required (Geza & McCray, Zi§8)e8

shows the soil distribution across the study area. Some of the major soils are Pawnee clay loam,
Martin silty clay loam and Kennebec silt loam. Hydrologic Soil Group (HSG) analysis of sall
(Table4) across the watershed showed that around 60% of the soil type belonged to hydric soil
group D followed by group C/D. Group D or C/D are characterized by clayey soil with low
infiltration and high runoff potential.

Table 4: Hydrological Soil Groups Within the Prairie Band Pottawatomie Nation
Boundaries

Hydrological Soil group | Percentage Coveragé%o)
D 60.12
C/D 19.6
C 15.42
B 3.47
Un-defined 1.39
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D Watershed

Soil Names

[ Chase silty clay loam

I Clime-Sogn complex

I Fluvents, frequently flooded

Il Gymer silt loam

B Kennebec silt loam, frequently flooded

I Kennebec silt loam, occasionally flooded

I Ladysmith silty clay loam

I Martin silty clay loam, 3 to 7 % slope

I Martin silty clay loam, 3 to 7 % slopes, eroded
[ Martin silty clay loam, 7 to 12 % slopes

I Martin-Vinland silty clay loams, 5 to 10 % slopes
I Morrill clay loam, 3 to 7 percent slopes

I Muscotah silty clay loam, very rarely flooded
[ Other

[0 Pawnee clay loam, 1 to 4 % slopes

I Pawnee clay loam, 4 to 8 % slopes, eroded
[ Reading silt loam, moderately wet, very rarely flooded
[ Reading silty clay loam, rarely flooded

I Rossville silt loam, very rarely flooded

[ Shelby clay loam, 3 to 7 % slopes

I Sogn-Vinland complex, 3 to 25 % slopes

I Wabash silty clay, occasionally flooded

I Wymore silty clay loam, 1 to 3 % slopes

I Wymore silty clay loam, 3 to 6 % slopes, eroded
I Zook silty clay loam, occasionally flooded

[ - Miles
0 15 3 6 9 12

Figure 8: Major Soils SSURGO Map, Soldier Creek Watershed
3.5.3 Weather Data

Climate data for the study area was obtained for a dailydtey@and analyzed from
various local weather stations i.e. Circleville, KE00141528 Holton, KS USC00143758
Mayetta US1KSJA000) and Topeka, KSUSWO0001399% The Topeka station had the most
continuous complete data for both precipitation and temperatuddition to local data,
1km*1km gridded data was obtained from Daynizdymet Daily V4R)L The location of the
weather station data is shown in Figiee SWAT requires daily temperature, rainfall, wind
speed, solar radiation and relative humidity as weather inputs. In the watershed the average
monthly temperature ranges betwé&@iC to 26°C with average annual rainfall of 895 mm
(Topeka Station, 195R020). May to August represents the wet season with higher temperatures

being recorded during the months of July and August (Figure
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Figure 9: Average Monthly Precipitation and Temperature Plot (19502020)(Source:
https://www.ncei.noaa.gov/cdeeb/datasets/GHCND/stations/GHCND:USW00013996/detail

3.5.4 Discharge and Water Quality Data

Flow data vasobtained from the existing active US@8ugewwithin the watershed
(Figurel0). The Delia gage (USGS station number 06889200) is on Big Soldier Creek and at
the PBPN boundaryThis gaige was primarily used for model calibration and validation
purposes. The USGS also maintains agganear the outlet of the Big Soldier Creek watershed
near Topeka (USGS station number 0688950@addition to this there is a gge at Circleville
USGS station 0068891} Qpstreanof Delia, though this gagge only provides discharge data
from 1990 to 2001 and gge heighfrom 2021 onwardsDue to lack of discharge data for the
study period this was not selected for model calibration and validation efforts. To understand the
flow in and out of the PBPN reservation area, the mean monthly flows between the Circleville
and Delia gages were anaid from 1964 to 2001Mean monthly flow between the twogges
increased by an average of 230®ith amaximum increase of 310#¢cordedn December
between both gayes (Juracek, 2017)his signifies the contribution of flow into Soldier Creek

by thereservation area.
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Figure 10: Locations of USGSGauges Water Quality Data Points, andWeather Stations
Used for SWAT Model Creation

Figure 1L compares the flow response to rainfall at the Delia and Topeka US@8&8sga
for the study period (200R019). Both gaiges show a similar hydrologic response to
precipitation events throughout the record, with the Topeka gage recording slightly higher peak
flows consistent with its position at the watershed outlet and larger contributing drainag& area.
notable period of significantly reduced streamflow is observed at bagegauring the 2012
drought, with flows approaching zero, reflecting the severe dry conditions across the watershed

during that period.
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Figure 11: Flow Response (red line) td°recipitation Events (filled blue line) at Delia and
Topeka Gauge (20002019)

Water quality data for the watershed collected by the PBPN for two locations along Big

Soldier Creek (Figur&0) was used for analysi8ased on the availability of data between time

period 2012 to 2021, total nitrogen and total phosphorus levels were above the acceptable range

of 0.9 mg/l for nitrogen and 0.07 mg/I for phosphorus (Tahlevhich are theutrientwater

guality indicatoss in the watershedl hereare alschighercountsof the indicator bacterig. Coli

observed aboth gauges in the watershed.

Table 5: Summary Statistics of Measured Total NitrogenTotal Phosphorus concentrations
(mg/L) and E. coli (MPN/100ml) at Two Water Quality Monitoring Stations on Big Soldier
Creek (SC03 and SCO07), based on Grab Samples Collected 202919

Total Nitrogen (mg/l)

Gage Number of Observations Average Min Max
Soldier Creek SC03 50 1.25 0.067 3.61
Soldier Creek SC07 50 1.31 0.23 3.4
Total Phosphorus (mg/l)

Gage \ Number of Observations \ Average \ Min | Max
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Soldier Creek SC03 51 0.15 0.044 0.55
Soldier Creek SC07 51 0.17 0.073 0.79
E. Coli (MPN/100ml)

Gage Number of Observations Average Min Max
Soldier Creek SC03 48 1077 20 12591
Soldier Creek SC07 49 827 4 19863

The sparse nature of water quality data, i.e. sediments, nutrients and phosphorus, makes it
challenging to obtain continuous data comparable to streamflow. This sparse data needs to be
transformed into continuous data so that it can be used to bettertsmppe! calibration and
validation. Continuous load development was done using a rating curve RASCating curve
calculator) for sediments and load estimation tools (FLUX32) for nutrients. Further, to capture
an additional source of sediment loadingptigh unpaved roads, the Geomorphic Road Analysis
and Inventory Package Lite (GRAIP Lite) was used to obtain a relative loading rate. The next

chapter discusses these tools and their associated outputs in more detail.

3.6 Future Climate Model CIMP5

In this study, the output from 18 climate models from CMIP5 was extracted and
statistically downscaled using the Multivariate Adaptative Constructed Analogs (MACAV2)
methodology, which matches future laigEale weather patterns to those that occurrdakein t
historical record (Abatzoglou and Brown, 2012he primary advantages of this downscaling
technique are strong performance compared to historical reanalysis and the conservation of the
first principles of meteorologykFor the future climate scenarios in SWAT, representative
concentration pathways (RCP) 4.5 and 8.5 were seleGteel RCP 4.5 scenario represents
conditions in which carbon emissions peak in 2040dmulinesthereafter while RCP 8.5
represents increasing emissions through 2100 (van Veten2011).The downscaled data

were obtaineddr the study area from tiMACA database
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(https://www.climatologylab.org/maca.htmFor each climate model and emission scenario,

daily maximum and minimum temperature, wind speed, precipitation, relative humidity, and
solar radiation were aggregated from the 4 km downscaled resolution to the county level between
2006 and 2099These inputs were used as forcing weather inputs to SWAT, creating a multi
model ensemble of 18 models to assess the uncertainty of future climate.

3.7 SWAT Model Setup

SWAT 2012 revision 681 was used for this studjne ArcSWAT tool interface was used to set

up the model.HUC10 was defined as the watershed boundary. DEM delineation was done to
match the SWAT sub basins to the HUC12 boundaries within the watersbesgen irFigure

12, a total of 17 sulbasins were delineated and 9 sasins withalarger part othebasin

intersecting with PBPN boundary were identified as PBPNbg&dins for analysisSub-basins

within the PBPN regiorweremore refined witranaverage area of @0 ha while areas outside

the boundarjhadanaverage suibasin area of 8,475 ha match the HUZboundary.An

additional subbasin was created to capture the model response at the USGSuDeliaagdion.
Because this outlet was placed to align with the gauge rather than a natural drainage divide, its

contributing area is small relative to the cumulative upstream drainage area at that point.
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Figure 12 SWAT Model Sub-Basins
The initial HRU delineation produced a large number of HRUs, many of which

represented small and fragmented landscape udgsrdefined area thresholds for land use,

soil, and slope are commonly applied in SWAT to improve computational efficiency, though
applying these thresholds results in reapportionment of minor land use and soil types to dominant
HRUs within each subasin(Her et al., 2015). A general percentage threshold of five percent of
subbasin area is commonly used as optimal for maintaining model accuracy and efficiency;
however, water quality estimates including sediment, nitrogen, and phosphorus have been found
to be more sensitive to HRU aggregation than flow estimates, and more conservative thresholds

are recommended for water quality focused applications (HAWQS, P23t al. 2015)
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Conservative minimum area threshetf 10 ha 5 ha, and 5 ha were applied for land use, soil,
and sloperespectively which iswell below the commonly used percentdigsed defaults along
with three slope classefhese thresholds resulteda final count of 2,891 HRUs across dub
basins The relatively large number of HRUs reflects both the conservative thresholds applied
and the high spatial detail captured by the SSURGO soil dataset.

3.7.1 Land Management Implementation

Baseline land management was defined at the HRU level through the SWAT
management file (.mybperation scheduled, land use was further divided by coding the
ownership(PBPN vs non tribal) to support targeted management and BMP scenario analysis
Cropland was represented as a-ear corrsoybean rotation implemented within each HRU's
management file, rather than as an annualkls@alreassignmentorp data obtained through
crop data laye(CDL) and added to the mod&orn was planted April 15 with fertilization
initiated April 30, then harvested and killed September 15, followed by fall tillage (generic fall
plowing) on September 30. Soybean was then planted May 15 with fertilizaitiated May 30
and harvested and killed October(LEEDA NASS, 2019 Corn and soybean phasesy across
HRUs so that the watershed contains a mix of both crops in any given calend&oyear
farmlands had corn as the initial crapereastherones had soybean at the start of the crop
rotation.

Grazing land was represented as a single contirs®ason grazing operation on
pasture/rangeland HRUs. Grazing bedate April and continues for 230 consecutive days,
spanning roughly the full frodtee season through early December. The grazing consumption
rate (BIO_EAT = 2.78 kg/ha/day) was derived from a stocking rate of onealbwair per 8

acres (NRCS Kansas grazing cande) and an assumed gnatter intake of 20 Ib/animal/day
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(~9 kg/day, roughly 2% of a 1,00b animal unit's body weighThe manure deposition rate
(MANURE_KG = 0.69 kg/ha/day) was derived from tesalids manure production of a finished
animal over a 158lay finishing period (USDA AMS National Organic Program handbook,

section 50171). Manure applied through the grazingeagtion is the primary mechanism
representing bacterial loading from pastureland in the model.

Full management schedules, parameter values, and data sources for both cropland and grazing

operations are provided in Appendix A.

3.8 Model Calibration and Validation

Evaluating themo d epkrfdrsnance is required to understand if the model represents the
field conditions. Calibration is the process of adjusting the model parameters by comparing
model simulation with the observed values for the same set of conditions. Once the model
parametes are adjusted, model simulation is compared against a different set of observed values
to determine the accuracy of the model (Moretsal, 2007). For this SWAT model, calibration
and validation were carried out using SW.EUP (Calibration and uncertainty program). SUFI
2 (Sequential Uncertainty Fitting) algorithm was used for calibration and validatto.
program selects a different set of parameter values from alefeed range for the parameter
for each model run iteration and uses 95% probability distributions to account for the uncertainty
in the model (K.C Abbaspour, 2015)s hydrology is the driving factdor sedimerdg and
nutrients inthe SWAT model, flow is first calibratetbllowed by sediments:inally, nutrients
are calibrated with botbedimentand flow parameters heftked as both flow and sediments
areimpacing the nitrogen loading and routin§ince adjustment of sediment and nutrient

parameters can alter model hydrological predictions, the calibration processes is iterative, with a
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return toeach successive step of the calibration processesifg thatcalibrated flow,

sedimentand nutrients remain in line with observed val(fégure 13)

Nutrients calibration with
fixed flow and sediments

flow parameters

Verify flow and sediment calibration performance

Figure 13: SWAT Calibration Workflow & Streamflow, Sediment, and Nutrient
Calibration with Performance Verification

The sensitivity analysis found the model was sensitive to Curve number (CN2), Soil
evaporation compensation factor (ESCO), available water capatityg il layer
(SOL_AWC), hydraul i c c onhdmamntchawnel (CH_ NaandCHVK2n ni n g
parameters)These are the most common sensitive parameters found across various SWAT
watershed models (Marin et al., 2020he parameters and ranges used in calibration are
summarized in Tablé and groupedbased orthe physical process they represaestmentioned
earlier in section 3.4Parameters were selected based on their reported sensitivity in SWAT
applications in Kansas and similar agricultural watersfig@sin et al., 2020; Sinnathamby,
2014; Sheshukov et al., 2011; Arnold et al., 2012), with parameter ranges defined following
SWAT model documentation and standard values reported in the literature.

Table 6: SWAT Calibration parameters and Ranges Used for Streamflow Calibration in
this Study.

Parameter | Description | Range | Source
Surface Runoff

CN2 SCS Curve Number -0.210 0.2 i: db’
SURLAG Surface runoff lag time 0.05to0 10| a,b,c,d
OV_N Manning's Ano value for8:g1t0 a,d
Soil Water / Evapotranspiration
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SOL_AWC Available water capacity of the soil layer -00'2255 to a,c,d

ESCO Soil evaporation compensation factor Oto1l a,b,c,d

EPCO Plant uptake compensation factor Oto1l a,b,c,d

Groundwater

ALPHA BF | Base flow alpha factor (1/days) Oto1l g’db’

GW_DELAY | Groundwater delay time (days) 0 to 500 i’ db’

GWOMN Threshold depth of water in shallow aquifer require 010 5000 | a, c.d
for return flow to occur [mm]

GW_REVAP |Gr oundwater oOrevapo coeg'g2t0 a, c,d

REVAPMN Threshold depth shallowo,[01000 ac
occur [mm]

RCHRG_DP | Deep aquifer percolation fraction Oto1l a,b,c,d

Channel Routing

CH_N2 Manningds ono valwue for|0to0.15 |ad

CH_K2 Effective hydraulic conductivity in main channel 0to150 |ad

QLPHA—BN Baseflow alpha factor for bank storage Otol ad

Snowmelt

SMFMN Maximum melt rate for snow during year 0to 10 a,c

SMTMP Snow melt base temperature -5to 5 c,d

SMFMX Maximum melt rate for snow during year 0to 10 a,c

TIMP Snowpack temperature lag factor Oto1l c

a Marin et al., 2020; b Sinnathamby, 2014; ¢ Sheshukov et al., 2011; d Arnold et al., 2012

In Table 6 A through Dindicatesstudies reporting use of this parameter in SWAT calibration
for Kansas or similar agricultural watersheds.

The calibration requires sets of objective functions which can be used to evaluate the
performance othesimulation against the observed dattathe case of SWACUP there are
various calibration algorithms used like SUEI(Sequential Uncertainty Fitting version 2), PSO
(Particle Swarm Optimization), GLUE (Generalized Likelihood Uncertainty Estimation) and
others. SUFI2 is one of the most used algorithms (K.C Abbaspour, 20133re are various

model evaluation statisticsuchas i.e Coefficient of Determination (8, Pearson Correlation
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Coefficient (r), Nas¥Sutcliffe efficiency (NSE), Percent bias (PBIAS), Percent Model Error
(PME) and Percent Error 4P In this study, the NSE was used as the main objective function to
evaluate the model performance. In addition, the error index Percent bias (PBIAS)veere R

used to support the calibration proce$te main objective NSE (%) hasarangeeb t o 1,
where Q obsis the ithobservationand Q sim is the corresponding simulated observatemd

Qmeanis the mean othe observed dataAn NSE of 1 depicts the best fit, though an NSE of

around 0.5 or higher is considered satisfactory and greater than 0.75 as very good ¢ialriasi
2007). PBIAS (eg.10) was used to determine the tendency of the simulated data to be lower or
higher as compared to observed and has an acceptable range of within £10% for very good and

within £25% is considered satisfactory for streamflow.
L B 0 0
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In addition to calibration against streamflow, sediment, and nutrient observations simulated crop
yield was compared against independent colewgl data on HRUevel to determine thenodel
behavior.Average annuafield valuefor corn and soybean HRWeere obtained from the model

and compared, on an are&ighted basis, against county yield statistics from USDA NASS Quick
Stats (Jackson County2006-2019). This comparison evaluates the internal, lasdspecific

representation of the modeladdition to the hydrologgnd nutrients.
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3.9 Model Scenarios

Once the SWAT existing condition model was developed, the model was run for different
scenarios to determine the response of the system for various BMP and climate conditions. This
study focused on reducing the impact of water quality impediments andtamibng the
resiliency of the system. In consultation with the Tribe and Vireo, the following BMPs were
considered.

Filter Strips These are narrow bands of grasses, legumes and forbs used to limit
sediments and nutrients flowing into the stream or water bodies. They act on sheet flow slowing
down the velocities of flow. They are located immediately next to the craptanghrallel to the
streams. These are one of the most efficient measures used in agriculture and pasture dominated
land useareas (Liu et al.,2017; Ramiao et al.,2022; Parajuli et al.,2008).

No Till - The agricultural land is not tilled before planting using specialized equipment to
sow the seeds to minimize the soil disturbatt®A Climate Hubs

Regenerative Farmin@ hisis anemerging approach towards land management where
all aspects of agriculture are connected through a web of networks reghofigtic and
sustainable approach. The SWAT model has no module to apply regenerative farming as a BMP.
A reduction in CN by 10% was assumed for farmlands where regenerative agriculture is
undertakeras studies have showegenerative practicés improve infiltration and hydraulic
conductivity(Smith, 2016;Sittig and Sur, 2024 his assumption ia single pameter
adjustment oCN, and it does not captusgherparameters associated with RAich as change
in soil organic mattesoil structure developmerdr surface roughness associated with

vegetation covein between cash cropghe resul$ from this scenari@hows thenodeledeffects
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of 10% CN reduction, rather théime complete representationrefyenerativegriculture
hydrologic and water quality impacts.

A total of 12 scenarios (Tab® were developed which consisted of BMPs and an area of
application, i.e. on land maintained by PBPN and-R8/N farmers within the PBPN region.

Additional details describing scenario implementation in SWAT are provided in Appendix X.

Table 7: Scenarios Developed for Analysis

Scenarios | Description

S1 Filter strips applied only to crop lands in the PBPN reservation area.

S2 Filter Strips applied to crops and rangeland/pasture in the PBPN reservatiotl
S3 Filter strips applied only to crop lands held by the tribal community.

S4 All the conditions of S1 i.e. filter strips and no till operation

All the conditions of S2 i.e. filter strips for crop and range land along with no
S5 operation.

S6 Only no till with no filter strips or other BMPs
S7 Only no till applied to crop lands owned by PBPN
S8 Regenerative Agriculture applied to all crop land in study area along the cre

Regenerative Agriculture practice along with filter strip added to PBPN own
S9 land only

S10 Regenerative Agriculture and no till practice applied to PBPN owned lands

S11 All the crop lands undertook regenerative and no till practices.

All the PBPN owned land had regenerative agriculture and no till applied an
only part of non PBPN owned land (with Corn landuse) had filter strip addec
S12 BMP.

Bl Filter strips added to rangeland and pastureland owned by the tribal commtu
B2 Filter strips added to all rangeland and pastureland in the PBPN reservatior
R1 Reservoir supplying only the domestic water demand.

R2 Reservoir supplying irrigation water for corn and soybean production.

Reservoir supplying 50% of the irrigation demand for corn and soybean
R3 production.

Stream reaches delineated in the SWAT model that fell primarily within the PBPN
boundaries were identified for assessing existing baseline conditions and watershed scenarios S1
through S12. Since some reaches were not within the PBPN boundaries, aniaasuagpt

made that reaches which had more than 50% of its respectiasins within the PBPN region
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would be representative of hydrologic and water quality responses to watscshados and

were selected for the analysis. Ageault,nine basins (2, 4, 5, 6, 7, 8, 9, 10 and 12) were

25 i

selected as shown Figurel14.
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Chapter4-Resul ts and Discussi

4.1 Calibration and Validation

The uncalibrated model had a low NSE of 0f@2monthly streamflow at the Topeka
USGS gauge for the simulated period between ZBI®,before anyparameteadjustment or
changes. On analysis, it was determined that the usage of one weattlecated south of the
watershed near Topeka wamajor factor impacting the performance of the model. Similar
studies have shown that model performance improves significantly when spatially distributed
rainfall data are used instead of relying on a sigglge Because SWAT is a sesdistributed
model that aggregates processes withintsagins and HRUSs, its streamflow simulations are
highly sensitive to how precipitation inputs are represented in space; consistent with this, Xue et
al. (2018)and Chordia et al. (202Ppth show that different spatially distributed precipitation
datasets and interpolation approaches lead to substantial differences in SWAT runoff
performance, particularly in basins with heterogeneous raififadlir findings emphasized that
incorporating more spatially representative precipitation inputs can enhance the accuracy of
hydrological simulations, particularly in regions with heterogeneous rainfall pafterns.
incorporate the spatial variability in rainfall the Daymet dataset, which is continuous gridded
rainfall product at 1 km*1 km, was usekthese data are derived from grotlaised observations
using statistical interpolation and are widely used in ecological, agricultural, and climate
modeling(Thorton et al.,2020)Gridded data was downloaded for each-Babin based on the
centroid of each subasin spatiallyThesegridded precipitation data were used in addition to
local weather gage data in the modéliche et al. (2020) had found tletombination of

gridded precipitation sources with local gauge measured data improved hydrological
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performance in agricultural watersheds in Kan$ag.PBPN SWATmodel was run using the

combination of gridded dataset and local gauge station, followed by hydrologic calibration.
SWAT-CUP was used to calibrate and validate the model. The calibration period was

taken from 1/1/2005 to 12/31/2012 and the validation period covered 1/1/2013 to 12/31/2019.

The calibration period encompassed a range of hydrologic conditions, includitigetglwet

period from 2007 to 2009 and the extreme drought year of 2012 (Line et al., 20t0@htAly

step was used for calibration. To better represent the model, calibration was carried out at both

the Delia gage, which is downstream of PBPN, and the Topeka gage, which is near the outlet of

the Soldier Creek watershed. The parameter ranges were dagisadwn irtable6, and model

was run for 1000 iterations in SWAT CUP. Once the best fit parameters were identified, the

model was run for the validation period. NSE was used as a single objective function to calibrate

the modelTable8 shows that post calibration the NSE was above 0.7 for the gages.

Table 8: Model performance indicator for flow for the calibration period (2005 to 2012)

Objective . Calibration . Validation
P Delia Topeka Delia Topeka
arameter . . . .
Location Location Location Location

NSE 0.7 0.8 0.89 0.81
R2 0.71 0.81 0.91 0.85
PBIAS (%) 1.1 9.8 18.2 24.9
KGE 0.68 0.82 0.71 0.62

The objective function performance improved for validation period, which is further

discussed later in this section.
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Figure 15: Observed and simulated discharges for Calibratiorperiod.
Figure15 shows the comparison between the observed and simulated monthly flows for

the calibration period at both Delia and Topeka locations. Some of the peaks during the wetter
years of 2005 are underestimated but the model can better capture the high flowne@bits
Post 2011, we can see the reduction in monthly flow caused by the drought. Overall, the model
reliably represents the seasonal dynamics across a range of hydrologic conditions.

Calibrated models were validated for the period from 2013 to 2019. Asrskgure 16,
the validation period was hydrologically wetter compared to the calibration period. Most of the
peak flows were captured by the model though we see some overestimation of flows during
20132015. In terms of objective function, NSE was approximately 8t&%lia and 0.81 at
Topeka, which is better than the calibration event. One of the reasons for better performance
maybe the hydrologically smoother (that is, less variable) time period compared to the
calibration period. In later years, including 2018 @0d9, which contain a mix of high flow and

recession periods, the model tracked the observed trends. This shows the caliveasteders
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thatcan be adopted into the model and are suitable for subsequent Best Management Practices
(BMP) and climate resilience analysis.
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Figure 16: Observed and simulated discharge for Validation Period
The fitted parameters are providedaible9. Curve Number (CN2) was the most

sensitive parameter followed Baseflow alpha factor for bank stora@d-PHA_BNK), soil
evaporation compensation factor (ESCO), available water capacity (SOL_AWC), and channel
hydraulic conductivity (CH_K2). These five parameters showed hsggit tvalues (>10) and
statistically significant values (<0.05).

Table 9: Fitted parameters post Calibration and Validation applied to all subbasins in the
model.

Parameter No. Parameters Fitted Value
Surface Runoff

1 CN2.mgt (relative) 0.0498

2 OV_N.hru 0.0377

3 SURLAG.bsn 2.781
Soil Water / Evapotranspiration

4 SOL_AWTC.sol (relative) bADPHHCY
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5 ESCO.hru 0.7955
6 EPCO.hru 0.8025
Groundwater
7 ALPHA BF.gw 0.5525
8 GW_DELAY.gw (days) 10.25
9 RCHRG_DP.gw 0.4635
10 REVAPMN.gw (mm) 187.75
11 GW_REVAP.gw 0.0338
12 GWQMN.gw (mm) 637.5
Channel Routing
13 ALPHA BNK.rte 0.2575
14 CH_N2.rte 0.1045
15 CH_K2.rte (mm/hr) 6.075
Snowmelt
16 SFTMP.bsn (°C) 0.825
17 SMFMX.bsn 3.49
18 TIMP.bsn 0.1205
19 SMFMN.bsn 4.44

Sheshukov et al. (2011) calibrated a SWAT model for the same Soldier Creek watershed
against daily streamflow at the watershed outtéstr TopekdUSGS 06889500) for a Iear
period (19881999) Their reported statistics were R2 = 0.56, NSE = 0.56, and PBIAS =5.7% at
the daily time step; R2=0.74, NSE = 0.73, and PBIAS = 5.8% at the monthly time step; and R2 =
0.88, NSE = 0.84, and PBIAS = 5.7% at the annual time Steppresent modehlibrated
(2005 2012) and validated (2013019) at a monthly time step at the same Topeka location,
produced comparable results: NSE = 0.8, R2 = 0.81, and PBIAS = 9.8% during calibration, and
NSE = 0.81, R2 = 0.85, and PBIAS = 24.9% during validafitve outlet of PBPN boundary i.e.
Delia gauge, an additional calibration/validation locatiopresenmodel,wasnot included in
the 2011 study. These results support that the model's performance is in line with prior SWAT

applications in this watershed
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The model was next calibrated for water quality parameters. Sediment Satiaiir
Creek was sparse, highly variable, and few samples were collected over the period. To address
the lack of continuous measurement a sediment rating curve was developed using the best
practice methodology mentioned in HERAS Sediment Transport User Man(idSACE_HEC,
2023. Discrete sediment samples were paired with concurrent streamflow measurements to
establish the relationship between discharge and sediment concentration. Piecewise linear
interpolation was applied between the observed sample in logarithmic spacedtoartitting
the sparse dataset and reduce bias associated witlatsfiormed regression models. Sediment
calibration was performed at monitoring station locations SC03 and F&ife10) using the
rating curve method. Because the continuous flow was not available at the measurement
location, the discharge was estimated using drataaeg ratio method i.e. measured flow from
Delia gage was scaled to the SC03 and SCO07 locations basedtobuting drainage area.

Discrete sediment observations at each location were used to develop bias corrected
sediment rating curve usirgguation 11.

~ ~

0 [0}e}e)) PP

Where Qis the sediment load in tons, Q is the stream discharge in cfs, E is the bias
correction factor and,and b are the power exponential coefficient of the rating clihebias
correction factor E was calculated using the smearing estimator (Duan, 1983), defined as the
mean of the antilogged residuals from the- $pgce regressiofalculatedsalueof E was 1.19
for SC03 and 1.4 SCO7. Values for the coefficients a and b are shéigarenl7. The sediment
loads derived from the rating curve were aggregated to monthly totals and used to calibrate the

simulated loads in SWATUP.
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Sediment Rating Curves Used for Calibration (SC03 and SC07)

SCO03 SCO07
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Figure 17: Observed sediment loads and fitted powelaw sediment rating curves for SC03
and SCO07

The calibration and validation were done for sediments with 500 iterations over a defined
range of parameter values in SWAT CUHRgure 18 shows the comparison between the
observed and simulated monthly sediment loads. At StB@&odel had an NSE of 0.47 and R
of 0.49 for calibration and NSE of 0.52 witR & 0.68 showing moderate agreement with
simulated and observed monthly loads. However, PBIAS was around 4.31% for calibration and
30.17% for validation, indicating overestimation of loads. In the case of SC07, NSE was 0.77
and R was 0.82 in the calibration period, which shows a good fit between the observed and
simulated values. PBIAS wa%4.8% showing slight underprediction. Validation at SC07
showed a slightly lower NSE of 0.63 anéd® 0.6 with PBIAS of 13.06%. This may be due to
better representation of flows in the rating cudegived sediment load calculation as the SC07

monitoring station location is nearer to the Delia streamflow gage.
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Figure 18 Comparison of observed and model simulate sedimeldads.
The range of parameters used for calibration and best fitted parameter is provided in

Table10which were obtained from SWAT manual and literature (Brighenti et al.,2018;

Abbaspour et al.,201%8nd grouped into different physical procesbeyrepresent (Section

3.4). Values which were changed on a relative basis are noted with the parameter name. Some of
the critical parameters adjusted were channel erosion, sediment routing and USLE based
parameters reflecting the importance of channel arsti@gam processes in cariting sediment
transport within the watershed.

Table 10: Parameters used in sediments calibration and best fitalues.

No. | Parameter (Change Type| Min Max | Best Fit
ErosionMUSLE based

1 HRU_SLP.hru (relative) |bn @1 0.2 [bn dMI
2 | USLE_P.mgt 0.2 0.7 | 0.6125

3 SLSUBBSN.hru (relative)| b 1 @4 0.2 |b nn®n
4 USLE_K.sol (relative) bn®dy02 |[bndwmy
5 | USLE_P.mgt 0.1 0.5 | 0.102

6 USLE_C.plant.dat (relativi b n @4 0.2 |b n ®n |
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Channel Erosion / Geometry

7 CH_COV1.rte 0 1 0.407

8 CH_COVZ2.rte 0 1 0.207

9 CH_Wa2.rte (relative) bn®dy02 |bndni
10 | CH_S2.rte (relative) bn®dy02 |bndnd
11 | CH_ERODMO.rte 0 0.6 | 0.2982

Sediment Routing / Transport

12 | ADJ_PKR.bsn 0.5 2 0.9845
13 | SPCON.bsn 0.0001| 0.01| 0.001021
14 | SPEXP.bsn 1 15 | 1.3715
15 | PRF.bsn 0 2 0.062

The observed grab samples for Taabsphorug¢TP) and Total Nitrogen (TN) obtained
at SC03 and SCO07 were converted to monthly loads using FLUX32 tool (Dipesh et al., 2022,
Lencha et al., 2022Jinnesota Pollution Control Agency, 20123 regression relationship was
developed between the observed flow and concentration from the observed sample. Here, the
observed values for location SC03 and SCO7 were correlated withcalea daily flows from
the Delia gage. Based on data availahiliaily estimated monthly loads were developed from
20122019. The calibration was carried out in RSWAT (Nguyen et al,2022). A total of 700
simulations were run for both gages with the calibration period from-2012 and validation
from 20182019. In he case of TN, the average NSE for monthly calibration and validation
across the two water quality monitoring stations was 0.62 and 0.65, respectively. TP had an
average calibration NSE of 0.68 and validation NSE of 0.4. Some extreme events had a higher
saled observed loading value as seefigare 19 caused by the higher flows and uncertainty in
the regression model. With the data gaps and constraints, these simulated results and parameters

were retained as the representation of existing condifminle11 provides the parameters used
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in calibrating the TN and TP at the SC03 and SCO7 locations. The Phospdlated

parameters considered in the TP load uncertainty analysis included those goverinivaieoil
partitioning, plant uptake, sediment attachment, and fertilizer placemerglyf@RERCO,

PHOSKD, PSP, P_UPDIS and ERORGP. Nitregalated parameters included those controlling
nitrate movement, uptake, denitrification, sediment association, initial soil and groundwater
concentrations, and fertilizer placement, specifically NPERC@JPDIS, SDNCO, CDN and
ERORGN. Parameter sampling ranges were selected based on SWAT model documentation and
values reported in previous SWARsed watershed studi@¥allace et al, 2018;Abdullah et al,

2019).

Table 11. Parameters used in Total Nitrogen and TotaPhosphoruscalibration and best fit
values.

No. \ Parameter (absolute changej\ Min \ Max \ Best Fit
Nitrogen

1 | SDNCO.bsn 0.5 1 0.98
2 | CDN.bsn 0 3 0.2
3 | CMN.bsn 0.0001| 0.003| 0.0009
4 | ERORGN.hru 1 3 1.77
5| NPERCO.bsn 0 1 0.23
6 | N_UPDIS.bsn 0| 100 95.3
Phosphorus

7 | PPERCO.bsn 10| 17.5] 16.38
8 | PHOSKD.bsn 100 200| 101.31
9 | PSP.bsn 0| 0.7 0.16
10| P_UPDIS.bsn 0| 100| 85.03
11 | ERORGP.hru 1 3 1.2
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Figure 19: Calibration and validation for the monthly Total Nitrogen and Total
Phosphorusloads.

The sediment and nutrient (TN/TP) calibration results have more uncertainty associated with
themrelative to streamflow calibraticdue tothelimited amount of observed water quality data
available in the watershed smallnumber of grab samples faater quality datavere collected
over the study period and converted to continuous data using fitted rating curves (sediment) and
flow concentration regression (TN/TP). This introduces two compounding sources of
uncertainty, first by the sparsity of grab samples itselfaataitional uncertainty introduced by
transforming those samples into continuous loads. This pattern is consistent with other SWAT
water quality studies that derive their calibration targeis limited monitoring data and
streamflowdependent transformatio(@/ellen et al. 2014)

An additional spot check was undertakerevaluate the land use specific output at HRU

level against the regional productiviverage annual crop yield and biomass were extracted
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from the model and compared agaldSSDA NASSJacksorCounty yield statistics for cropland,
and the USFS Rangeland Productivity dataset (USDA Forest Service) for ran@stncop
yield and rangeland productivity datereaverageaver the periodrom 2005 2019.Simulated
corn yield averaged 9.63 t/hahich waswithin 10% of the NASS county average of 10.68 t/ha
during wet yearsindicating the model reasonably represents corn productivity despite plant
growth parameters not being a calibration target. Simulated soybean yield averaged 1.96 t/ha,
approximately 29% below the NASS average of 2.7&dth corn and soybeameremodeled
as nonirrigated,which can explain the reduction in yieBmulated rangeland biomass averaged
7.06 t/ha, which was above the USFS Rangeland Productivity estimate of 4.14 t/i2(AQ05
average)This over prediction in biomass for the rangeland growth parameters in theismodel
most likelycaused byhe rangeland growth parameters in the SWAT plant growth database
4.2 Best Management Practices Analysis

The aim of this study was to understand the impact of various BMPs on the water quality
within the Tribal nation. As mentioned in the previous section three major mitigation pathways
were chosen, i.e. addition of riparian buffer/filter strips along thesamear to the creek, i
agriculture and regenerative agriculture. A relative reduction analysis was carried out to

understand the impact of various BM#tsthe projectrea.

4.2.1Filter strips

In the model, filter strips were used to simulate the buffer strips along the farmland. The
filter strips act a filter before the runoff leaves the field and trap sediments, nutrients and organic
materials(Appendix B) In addition to this the flow velocity of the runoff is reduced, helping to

reduce erosion downstream. If these strips are located along théhayeact like riparian

61



buffer strips by treating the sheet flow into the Soldier Creek. Vegetativestiiies ae

represented in SWAT through teeheduled management operations (ops) filesaadvidely

reported in the literature to significantly reduce sediment and nutrient transport from agricultural
landscapegwhite & Arnold, 20094-16]; Vigiak et al., 201% Three scenarios were developed
which varied from applying filter strips to all the croplands in the study area to specific tribal
owned lands in the project region. Sediment loading reduction was predictetDBgy ®ith

scenario Sfilter strips added only to Tribal community owned crop langsging a lower

reduction in sediment§&cenarioS2,that modeled filter strip added to both rangeland plus
cropland had more than 50% reduction average for sediments. Figu@&and21 show the
average annual loading reduction across the 12 reaches, identified with much of their drainage

area in the PBPN boundaries.
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panel) load reduction with Filter Strips
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Figure 21: Basin level reduction in loading for total suspended sediments (top row), total
nitrogen (middle row) and total phosphorus(bottom row)

The reduction in TSS, TN and TP loadings was relatively low in basins 5, 6, and 8 as
these basins are impacted by incoming load from upstream basins limiting the benefit potential.
The effective reduction at the outlet downstream of PBPN boundary on BigiSoreek, which
is reach 13, includes the loading from upstream basins 2, 6, 5, 8, 10, 11, eumilel Rittle
Solider Creek is reach @hich includes basins 4 and 9 contributing to it. The reduction for TSS
at reach 13 was in the range e24%, while TN and TP had a reduction betweetb%. Out of

three scenarios S2 had the most benefits as the filter strips were added to all theccrapge
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land (i.e., Tribal and naotribal). We can see the overall impact reducing to less than 10% when
BMPs are only included in farming areas owned by the tribe. In scenariov@&iichnallcrop

lands in the study area had filter strips applied, had a higher reduction in sediments and,nutrients
though its slightly lower than S2.

The overall reduction is similar to what other studies have recofd¢lde field scale,
sediment (TSS) reductions typically range betwe&r88%, while total phosphorus (TP)
reductions range from 8@0%, and total nitrogen (TN) reductions range froma2ds,
depending on strip wih, slope, and vegetation density (Yuan et al, 2022, Kroll et al, 2019).
However, at the watershed scale, overall load reductensgenerally lower thapredicted in
previous studieéicommonly 5 30%) due to partial implementation across HRUs and hydrologic
connectivity effects (Gassmanadt, 2007; White & Arnold, 2009).

4.2.2 Filter strips and NoTill operation

Tillage operations are usually carried out in the fall or early spring. Based on field data,
cropping in the PBPN primarily follows the maigeybean cropping cycles. Tillage operations
and crop rotation were added to the management practicesiageneSWAT model, and this
was removed to simulate 4ifl farming. This reduced the sheet and wind erosion, improving the
soil organic matter content. Scenarios S4 to S7 represent various combinatioiid ahdo
filter strip operations. Combined BMPs, iaglding both filter strips with roll operation for
crop land and range lands, are represented by S4 and S5. Both these scenarios were predicted to
have a higher reduction with TSS with a maximum reduction up to 75%, while TN and TP had
an average reduotn of approximately 338% across all reaches. This increase in percentage
load reduction compared to previous scenarios S1 affidt82strips only)can be explained by

addition of netill operations. To determine the impact of onlyHith operations, scenarios S6
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and S7 were developed to represent conditions if onlylineas added to all the crop lands in
the study area (S6) only adoptedn PBPN owned crop lands (S7). There was a limited
reduction achieved: S6 achieved TSS reductions in the rang20863TN loading reduced by
1-12% and TP reduced byl5%. A further decline in load reductions was observed wheill no
was applied onlya PBPN owned land, where sedimears reduced byn average c4% and
nutrients loading reduced by2P6. This relatively small reduction in nutrient loads undetilho
may reflect the lower adoption of the practice and effectivenesstilf fay reducing soil
displacement and sedimédmbund nutrient transport baobt for capturing dissolved nutrients
flowing through sheet flow (Merriman et al., 2019; Wu et al., 2022).

The relatively low sediment load reduction achieved byilh@nly may reflect the
influence of land slope on modeled sediment delivery. As disddiggier in Section 4.2.4,
sediment yield in Soldier Creek is slogdeaven (ower slopes haviwer yield compared to
higher slopels, and SWAT's ndill parameterization improves infiltration but does not change
the slopdengthsteepness factor in MUSLE, which remaime ofthe dominant erosion
controlson steeper cropland study byWu et al. (2022) foundo till wasleast effective (3.18%
reduction) in a slopdriven, highly erodible watershed, and Ozcan et al. (2@15)reported
negligible sediment reductidsy notill. In contrastRicci et al. (2020joundno till had better
reductionin a setting controlled more by tillage condition than sldpe deckerboarghattern
of land ownership further limits S7, since untreated-R&®N cropland continues tteliver
sediment tdhe same reaches. Finaltile gain in sedimemeductionis diluted at the reach outlet
by untreated upstream contributions angdtieam routingfor example, at the outlets of

Subbasins 6 and 8.

66



Overall, netill performed well when combined with other BMPs like filter strip in the
watershed for load reduction as observed with other studies (Li et al., 2018; Parajuli et al., 2016).
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Figure 22 Reach level Simulated load reduction with Scenarios S4, S5, S6 and S7
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% Reduction

Figure 23: Relative percentage total suspended solids (top row), total nitrogen (middle row)
and total phosphorus (bottom row) load reductions predicted with the combined Na@ill
and Filter Strop (S4 and S5) or NeTill only (S6 and S7) scenarios.

4.2.3 Regenerative Agriculture
Regenerative agriculture (RA) is an approa
improve ecosystem services and sustainable food production. RA is part of a strategy to help
regenerate environmental, social and economic systems in agroecosystaesgfgtet al.
2020). There has been recent research showing the relationship between RA and reduction in
runoff, with one study finding an increase in soil infiltration rate by188% compared to their
respective controls (Panta, 2025). In the casheBWAT model, there is no module to replicate
the RA; hence it was assumed that implementation of RA would reduce the CN by 10%, which
in turn will reduce the runofrom agriculturalands. This reduction in CN was applied only to

crop landuse in the study ar&ecause this singlparameter adjustment does not capture the full
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range of mechanisms associated with RA, the scenario results discussed befd®)(Si8ould
beinterpretedas the modeled effects of this 10% CN reduction rather than a general
characterization of regenerative agriculture's hydrologic imp@btsinitial three RAscenarios
represente@®A applied to crop lands along the creek (S8), RA combined with filter strips added
to PBPN owned land (S9), and RA combined witktiigoractice for PBPN managed land

(S10). To implement S8 in SWAT, a buffer of 500m was added around Solider and dlittiler S
Creeks and crop land ownership in that area was analyzed (ER)uf@nly 40% of the

floodplain cropping area is owned by the PBPN and around 60% of the cropping area is owned

by nontribal members.
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Figure 24: PBPN owned cropland in a 508m riparian buffer area around Soldier and

Little Soldier Creeks.

These scenarios were more conservative in nature by limiting the RA application to

smaller areas in the study area. Comparing the scenarios, S8 and S9 had similar reduction
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benefits for sediments with an average reduction betwe&&9® while S8 had slightly higher
reduction for TN and TP as compared®® (Figure25). Applying RA across all cropping areas

along the creek had a higher impact on nutrient reduction as a larger area cropland was covered
in S8. The limited reduction seen in nutrients for S9 is due to limited area of BMP coverage in
the tribal owned land. Tehcombination of RA and Roill applied to only PBPN owned lands

resulted in the lowest reduction in sediments and nutrients. In a way, RA incorporatesilthe no

practice and benefits are mostly controlled by the runoff reduction from those basins.
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Figure 25: Average annual Load reductions in total suspended solids (top panel), total
nitrogen (middle panel) and total phosphorus (bottom panel) for regenerative agricultural
(RA) scenarios S8, S9, and S10.

Scenario S11 included RA across all the crop lands (tribal antribaf) in combination

with no till practice. S12 was a hybrid approach with RA andilhapplied to PBPN owned

72



cropland andilter strips applied to approximately 35% of privately owned cropland. Comparing
these two scenarios as showrrigure26, S11 had an overall better reduction in loading for
sediments (up to 46% versus 36% for S12), followed by TN, for which the maximum reduction
was 34% for S1{compared to 28% for S1,29nd TP for which loading reduced up to 27% in

S11 and 24% in S12 This was expected due to a larger area adopting RA in S11 while the hybrid
approach (S12) had more moderate reduction. Along Soldier Creek the sediment reduction was
around 14% while nutri¢a were reduced by-Z0%. By contrast, Little Soldier Creek (reach 9)
reductions of 25% for sediments and2@®) for nutrients were achieved. One of the main

factors for this difference was no upstream loading from other basins into the Little Soldier

Cre& basin.

73



. 511 e 512
Average Annual TS5 % Reduction by Reach

Percent Reduction (%)
N w =)
o =3 =]

-
a

o

Average Annual TN % Reduction by Reach

Percent Reduction (%)
= [ N =3 W w
o o ] & =B

w

o

Average Annual TP % Reduction by Reach

- = [ [~
o w o w

Percent Reduction (%)

w

o

Figure 26: Reduction in sediments and nutrient loading for scenarios S11 and S12
Table12 providesa summary of average annual loading for all scenarios at the outlet of

PBPN boundary area for Soldier Creek (reach 13) and Little Soldier Creek (reach 9). Across
three BMP approaches, filter strips resulted in the greatest reduction at the ostienfmioss2
and S3 with 158% reduction at reach 13 and-60% in reach 9. The higher reduction for Little

Soldier Creek (reach 9) is likely due to its smaller watersined,and the headwaters are
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completely within the PBPN area with no upstream loading present. For the scenarios where the
application of BMPs were limited just to the cropland owned by the tribal community (Scenarios
S3, S7, S9 and S10) the reduction effectiveness was much loweryfiink approach

represented by S12 in which part of sobal landowners adopted BMPs along with all the

PBPN owned land resulted in a reduction in pollutant loading in the range of ards8d &t

reach 13 and 135% at reach 9. Compounding impact of B#/can be better realized when 30

40% of nontribal owned cropland also incorporated the filter strips or RA in addition to all the
PBPN owned crop land.

Table 122 Average Annual Sediment and Nutrient loading at Soldier Creek outlet (13) and
Little Soldier Creek outlet (9) at PBPN

Reach 9| 13 9| 13 9] 13
Scenario TSS (tons) TN (kg) TP (kg)
Existing 14242 40607 35479 131297 | 8432 | 31250
S1 6270 30572 21441 111237 | 4989 | 26418
S2 5260 28861 18759 106020 | 3921 | 24476
S3 12063 37468 31389 124834 | 7480 | 29697
sS4 5031 29037 18409 107743 | 4773 | 26153
S5 4021 27327 15726 102537 | 3704 | 24212
S6 11582 37147 31194 126194 | 8341 | 31203
Y 13406 39492 34092 129887 | 8423 | 31279
S8 10107 35226 27235 119268 | 6621 | 28565
S9 11702 36920 30317 123066 | 7303 | 29376
S10 12592 38155 32444 126457 | 8002 | 30401
s11 8306 32916 24999 116462 | 6742 | 28657
S12 10631 34820 28649 118971 | 7190 | 28810

4.2.4 HRU Level Analysis

In SWAT, the loading is calculated at a Hydrologic Response Unit (HRU) level and
aggregated to sdbasin level. In the WRAPS program for the Soldier Creek watershed,
sediments were identified as a targeted impediment; therefore, additional analysis was

uncertaken at the HRU level to further understand sediment loading dynamics. An erosion rate
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of 5 tons/hal/year was considered as baseline based on the NRCS soil loss tolerance-values (T
Values) (NRCS2017).In SWAT, sediment loading is determined using the Modified Universal
Soil Loss Equation (MUSLBEWIlliams 1975. Slopelength and steepness as well as surface

runoff rates are among the factors that contribute to predicted sediment loads, with higher slopes
resulting in quicker runoff and, in turn, higher sediment yields. Accordingly, slope was a
determining factor in paicted sediment loads at the HRU level across the Soldier Creek
watershed, with lower sloped fields486) producing an average annual sediment load of 4.47
tons/ha and fields with higher slopes (> 4%) producing up to 13.37 tons/kégyre27 shows

the baseline annual average sediment yield below and above the 5 tons/ha baseline value at the

HRU level for all crop lands and PBPN owned crop lands in the study region.

Sediment loading: All croplands Sediment loading: PBPN Owned croplands

¢ 5

Legend

Average Annual Sediment Yield (tons/ha)
N > 5.1t/ha
I <5t/ha

[ PBPN Region
) SWAT Basins

0 1,0502,100 4,200 6,300 8,400
—— Meters

Figure 27: Baseline Average annual sediment yield from crop lands across studyea.
The sediment yield from croplattRU wasreduced under the various management

scenarios. The combination of filter strips and no till represented in scenarios S4 and S5 had the
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highest reduction, with predicted sediment yields from 97% of HRUs fdikhmyv Sons/ha.
Scenarios SE3, which used filter strips as BMPs at the field level, were the next most effective
for mitigating sediment losses, with predicted sediment yield reduced below 5 tons/ha in
approximately 82% of HRUs. In the case of scenarios S&@a@nahich applied no till

management practices, a modest reduction in sediment yield was predicted compared to
baseline/existing conditions. Applying regenerative agriculture practices as represented by
scenarios S$12 resulted in a varying level of sedint yield reductions. Scenario S11, which
represented adoption of RA in all croplands in the PBPN reservation area, resulted in 65% of
HRUs with sediment yields below 5 tons/ha, while the hybrid approach represented by S12, in
which RA practices were aped in all PBPNowned cropland and corn only in raibal

cropland, resulted in 52% of HRUs producing less than 5 torfSifare 28 representshis

variation in sediment yield over various BMP scenarios.

Sediment Yield Distribution by Scenario
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Figure 28: Distribution of Sediment Yield at the farmland level for variousscenarios.
4.2.5 Bacteria Loading

A few historical water quality samplings done at Soldier Creek within the PBPN

reservation area showed an elevated level. abli bacteria with a median value of 260
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MPN/100ml which was higher than EPA limit of 126 MPN/100ml. One of the contributors of
bacterial loading is cattle grazing in the project area. Fecal deposition by the cattle on the
pastureland will run off as sheet flaring precipitatiorevents into the creek and introduce
bacteria in the riparian ecosystem. Around 54% of the PBPN region is identified as either
Grassland/Pasture based on NLCD data. Of this, roughly 45% is owned by the Tribe. To
determine the potential reduction in the teaial loading, grazing with cattle was simulated in

the SWAT model and water treatment interventimeseincluded. Two scenarios were
developed, one with filter strips for the pasture region held by Tribal communities which is B1.
The next scenario included filter strips applied for both tribal anetmioad owned lands, B2. As
expected, the reduction in B#as higher than B1: reductions of up to 25% were predicted for
reach 12 under Bwhereashe maximum reduction for scenario B1 was 12% in reacfiduré

29). This variation can be explained by the distribution of pastureland owned by tribal
community and private land ownership across different reaches. Reach 9, which is the outlet for
Little Soldier Creek, had predicted reductions of 7% and 20% for scendriasBB2,

respectively. So, in bacteria loading, the effectiveness of filter strips as a BMP is related to

upstream loading into the watershed and distribution of pastureland within the reach
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Figure 29: Average annual bacteria load reduction acrosseaches.
4.2.6 Reservoir

The primary source of drinking water for the PBPN is from the Banner Creek Reservoir
which is located outside the reservation boundary. Currently, PBPN is exploring options for an
emergency water supply lakes iaentified by é&surface Water Management Study
commissioned by PBPM 2020(PBP Surface Water Management Report, 2020). This report
analyzed the current domestic water needs and provided the total annual demand for current and
future conditions. Total domestic water demand was projected to increase from-ft/68yac
1.33 aeft/day in 2040. An estimation on irrigation requirements for corn, soybean and grassland
was also determined as showrtable13.

Table 13: Irrigation Water Requirement (data from the PBP Surface Water Magragnt
Report, 2020)

Crop Type Total seasonal water requirement (adt)
Grassland 30069
Corn 4757
Soybean 2733
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Two locations were identified along Big Soldier Creek as possible reservoir location. One
location, which was 116 acerssize,had a smaller upstream catchment and required diverting
the water from Soldier Creek to support the |akee second location was a 1ddre storage
area which had a larger catchment area draining into the lake. In this study, the second location
with 144-ac storage was selected for modelling purposes. Reach 2 of the watershed contains the

potential location bthe reservoir as seenfigure 30.
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Figure 30: Potential Reservoir Location
SWATO0s Reservoir module was activated in t

three different scenarios: R1, R2 and R3. The initial scenario R1 assumed that the consumption
requirement from the storage was only for domestic needs. The R2 and R3osdeoiri

considered irrigation demands that could be met by the reservoir, with R2 incorporating all the
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irrigation needs for Cor8oybean an®3 assuming approximately 50% of the irrigation needs

for corn and soybean were met from the reservoir. Irrigation applications are seasonal with the
demand peaking during the summer between June and August. The reservoir module in SWAT
was set up with #areservoir surface area of 58.2ha, average depth of 30ft and 3:1 slope.
Additional details regarding implementation of the reservoir and water use scenarios in SWAT
are provided in Section C of the Appendix.

As mentioned earlier, domestic water requirement was taken froviidter Resources
Solutions (2020%tudy for the projected water supply demand in 2040. The report further
provided the estimated total seasonal crop water demand of 4;f56acorn and 1,594 aft
for Soybean which was distributed as the monthly water requirement across monthsafyam M
September with July having the peak demand in the SWAT reservoir module in addition to water
supply demand. In case of scenario R3, the total seasonal crop water demand was reduced by
50% for both crops i.e. 2,379-&dor corn and 797 aft for soybean.

In the case of drinking water, the reservoir had the capacity to meet the existing demand
and even the future demand of 1.33ftatay through the drought period of 202Q14. The
water level went to a critical level in that period between 22015 as saewith scenario R1 in
figure 31. Irrigation of crops was more challenging, as the total demand for corn and soybean
coul dnét be met compl etely wiwhénirrigdiamwaseser voir
applied the reservoir went dry with complete drawdown depicted by red dbtsfigure31.
Comparing R2 and R3, there was slightly better availability for R3, which was simulated by
applying half the total irrigation demand. During the irrigation demand period of June through

August both scenarios R2 and R3 had completely drawn down. In tipexad post 2015, there
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was a reduction in the number of months with complete water draw down for R3 whereas R2

irrigation needs still couldndét be met by the
leb R1
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Figure 31: Reservoir Volume Time Series for differentScenarios.
The current 144 ac storage area can meet the domestic water needs of the PBPN region

and can act as backup reservoir during the extended drought period. Though PBPN does not
currently irrigate any of its land, further analysis would be required to detanioperation
schedule that can be developed to support minimum critical irrigation if not the complete

irrigation needs during dry spells.
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4.2.7 Sediment Loading through Unpaved Roads

Unpaved and gravel roads can be source of sediment in rural watersheds. The vehicle
traffic and weathering can loosen the surface of these roads which will be carried to the nearest
stream through roadway ditches during precipitation events. The ratesairecan increase
when there are intense storms associated with extreme weather. Most of the roads in PBPN are
unpaved and modeling these in SWAT can be challenging due to input landuse data resolution
and density of roadway network in each-$fasin.

To evaluate the potential contribution of sediments from these roads, the(pba
Road Analysis and Inventory Package Lite (GRAIP Lite) tool was used (Nelson et al.,2019).
This is a GIS based tool package developed by the U.S. Forest Service to estimate the sediment
loading from the road network. This tool analyzes the road segmesiaiion to slope, drainage
pathways and proximity to streams while estimating the sediment loading and transport. In this
study, a preliminary analysis was carried out using GRAIP Lite tool. Due to limited availability
of detailed road inventory informatipthe basic run option under the GRAIP Lite was used.

Hence the model outputs are a relative indicator of sediment loading rather than an actual
estimate of sediment load.

Basic run utilizes two inputs: the road network and DEM layer. The tool uses a base rate
to determine the amount of sediment generated per unit road length per unit change in elevation
and by default 1 kg/yr/m is used; this default value was adopteddasttinly as no field
calculated base rate was available for this study. Sediment production considers the base rate
along with surface type with traffic to determine the loading i.e. native roads will have higher
loading multiplicatiorfactorsas compared to paved roads. Along Big Soldier Creek, the

tributaries with relatively higher estimates for sediment loading derived from gravel roads were
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spread across multiple subbasins as shoviigure 32. The stream network highlighted with red
indicates relatively higher loading rate and green lines, which indicate lower loading rates.
Stream segments for which the highest sediment loads included upstream reaches of Big Soldier
Creek and its tributaries ithe northern section of the PBPN reservation area betwe#hRi82

and 198 Rd. Similarly, the tributary between 158nd 158' Rd along J Rd also had a relatively

high predicted loading rate. Several tributaries to Little Soldier Creek were also predicted to have
relatively high sediment loadings from gravel roads, namely the tributary running betw&en 150
Rd, and 14% Rd. Near the outlet of Little Soldier Creek, the GRAIP tool indicated relatively

high loadings from the Q Rd between the1®8l and 118 Rd. Most of these loading can be
mitigated by paving with asphalt to prevent sediment runoff during rainfall events. GRAIP tool
estimated the loading rate of-Z6 tons/year for the highly erosive unpaved roads, while average
land-based sediment erosiamin crop land was around 718 tons/year for the smallest basin in

the study area and 40,604 tons/year at the PBPN outlet. Though the loading rate from unpaved
road is small as compared to land erosion it must be noted that a default base rate value of
1kg/yr/m was used in the GRAIP tool. Actual base rate can be much higher which may result in
larger magnitude of sediment loading from these unpaved roads and needs to be analyzed in

future studies.
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Figure 32 Relative Sediment loading due to Unpaved Road
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4.2.8 Climate Change Analysis

Over the last decade, therevhdeen increasing heat waves, flooding and drought due to
climate change impacts caused by anthropogenic activities. These are impacting water bodies
and streams with reduced flow and increased nutrient loading (Michalak, et al. 2012). One of the
objectivesof this thesis was to understand the potential effects of future climate change on
hydrology in the Soldier Creek watershed; thus, an analysis was carried out to understand the
trend of climate change and the impact on the flow through Soldier Creekaittet of PBPN
area. An ensemble of 18 models from CIMPP&s usedor two pathways, i.e. RCP4.5 and
RCP8.5 representing moderate and high emission conditions, respectively. Two future time
periods, midterm from 20462070 and long term from 2072099 were chosen for the analysis.
Future climate data were downscaled udvhgtivariate Adaptive Constructed Analogs (MACA)
and the SWAT model was run individually for each climate model. The sésartt the runs
were aggregated and averaged across the ensemble of models. To determine the trend, the non
parametric MantKendall (MK) test was used for most hydrological time series to identify the
direction of trend whi Inethéneagniusle ofthedrend. Ther® wasu s e d
no trend observed in total annual rainfall for both-naiald longterm periods under both RCP4.5
and RCP8.5 with precipitation averaging around 932 mm{figaire 33). It should be noted that
extreme precipitation is included in the model simulations but may not be fully reflected in
annual aggregate values. Additionally, climate models may have limited ability to accurately
capture localized extreme rainfall events ethcould further contribute to apparent lack of trend

in annual totals.
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Figure 33: Future Annual Precipitation in Soldier Creek Watershed
For future maximum and minimum temperatures, there is a noticeable increasing trend in

both RCP4.5 and RCP8.5 scenarios. The rate of
slope of mean temperature around 0.025°C/year foitenrd and 0.017°C/year fémng-term. In
comparison, RCP8.5 exhibited a stronger warming trend for bothamélongterm having a

Sends sl ope of O0.071AC/ yeTabteldand 0. 064AC/ year,

Table 14: Trend analysis for average temperature for future period

Scenario Period Sends Slope (AcC/]|p-value

RCP 4.5 20402070 0.025 <0.001
RCP 4.5 20712099 0.017 0.0155
RCP 8.5 20402070 0.071 <0.001
RCP 8.5 20712099 0.064 <0.001

Comparing the mean monthly runoff at the outlet of PBPN as shofiguire 34
provides the variation in flow rate over the season for the amd longterm horizon with the
baseline (198@020). Both the pathways show a reduction in flow for most of the year. The

reduction is relatively high during the wet months of May and Ju#éle both RCP 4.5 and
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RCP 8.5 project a lonterm (20712099) reduction of around 3%% in average flows for the

wet months, RCP 4.5 saw a reduction in annual mean flow by 28% as compared to 34% in RCP
8.5 for the same duration. These projections indicated a slight increaseihfor the month of
November and nearly similar flows for the month of December compared to the baseline. In the
case of RCP 8.5 there is a slight increase in flows relative to RCP 4k fioitial months of
February, March, April and May followed by a sharp drop in June forroathand longterm

projectiong(Figure 31).

Figure 34: Mean monthly discharge for mid and longterm time period consider adding
error bars to show variation in monthly means. For example, you could add error bars
representing 1 standard deviation of the mean monthly values across each time period.
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