ABSTRACT
GAY, ELLY TAHMASEB. Utilizing HydrologicModeling toAnalyze theRole of Forests in
ProtectingWaterResources undé€hangingEnvironments (Under the directioof Dr.
KatherineMartin).

The role of forests iprotecting water resources has become increasingly pivotal amidst
rapid global urbanization and unprecedented shifts in climate. Forested areas contain unique
features that enable them to produce consistent;dquglty water yield relative to other land
cover types. Consequently, forest conversion, especially to development, can disruptibalance
hydrologic regimes, impacting the physical, chemical, and ecological integrity of watersheds.
The compounding effects of climate change can further complicags weaburce challenges.
Changes in climate patterns, characterized by increased temperatures and precipitation extremes,
have already intensified the hydrologic cyatéocal andglobalscales Subsequently, it is
increasingly crucial to understand the complex interplay between climate, land cover, and the
hydrologic cycle. While we have a foundationaderstandingf historic hydrologic patterns,
the impacts of anthropogenic changes in climate and land cover on water resamaiakess
clear.Therefoe, there is an urgent need for research that explores approaches to safeguard water
resources under changing conditions.

Chapter 1 provides a review of how land cover and climate relate to the hydrologic cycle
and discusses strategies for anticipating and managing changing conditions on water resources.
This chapter introduces hydrologic modeling as a method to integrate interdisciplinary datasets
and broad spatial scales to understand watershed response to dynamic conditions. | provide an
overview of common hydrologic models and disdinrgsreason for usinipe Soil and Water
Assessment Tool (SWAT) for subsequent studid®en discuss how the US Southeast is an

optimal case study as it represents a microcosm of global trends, where forest conversion from



rapid population growth and subsequent development are exerting pressure on once stable water
supplies.

Chapter 2 seeks to determine the magnitude of climate change that would result in
substantial increases in nutrient and sediment delivery across the Cape Fear Watershed and the
associated implications for downstream coastal areas. To answer these guastEthSWAT
to compare baseline (20@D20) and future (204R060) water quantity and quality in the
watershed under two scenarios of fAweto and fAd
predict increased sediment and nutrient loading and incréaseldisk in the lower portion of
the watershed near sensitive coastal ecosystems. These effects were diminished in an area with
high forest cover. In the Cape Fear Watershed, upstream forest retention might prove
advantageous for downstream areas, esalheavhen the effects of development are compounded
by a wetter climate.

Chapter 3 aims to increase our understanding of how current forest cover contributes to
source water protection and to assess the impacts of future forest loss on water quality and
guantity in a watershed experiencing rapid development. For this stugbd BWAT in the
Middle Chattahoochee Watershed to analyze how projected land cover scenarios to 2070 affect
water quality and quantity, with specific focus on drinking water intake facilitfesnd that
projected development occuwn the edge aihajormetropolitan cities and within small, rural
towns. Further, sediment, nitrogen, and phosphorus loads, as well as sediment and nitrogen
concentrations, will surge at most drinking water intake facilities, with the largest gains at
facilities on tributariesThis studyhighlightsareas in the watershed that can be prioritized for

source water protection, thereby enhancing the resilience of drinking water supplies.
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CHAPTER 1: The Impact of Land Cover and Climate Change onWater Resources and the
Importance of Hydrologic Modeling
Abstract
Foresed areaprovide the most stable water resources relative to other land cover types owing to
their unique characteristics, such as robust root systems and high infiltration capacity.
Consequently, forest conversion, particularly to development, can cause bathweaitty and
guality degradation. While we have a foundational understanding of the interplay between land
cover, climate, and the hydrologic cycle, rapid urbanization and climate change are creating
unprecedented shifts in our water resmgt Therefore, it is crucial that we develop innovative
strategies to safeguard our water resources. One way we can achieve this is by utilizing
hydrologic modeling. Hydrologic modeling integrates interdisciplinary datasets at broad spatial
scales, provithg insights into watershed responses under dynamic conditions. The US Southeast
presents an ideal setting for hydrologic modeling studies, serving as a microcosm of global
trends. In the Southeast, rapid development and subsequent forest conversiertiage ex
significant pressure on water supplies. Through hydrologic modeling, we can gain valuable
insights into the intricate dynamics of water resources in this region and propose strategies for

their sustainable management.



1.1 How do land cover and climate relate to the hydrologic cycle?

The hydrologic cycle is governed by various mechanisms that respond to changes in both
climate and land cover. Precipitation serves as the primary input mechanism into a watershed.
Upon falling, precipitation can be intercepted (namely by vegetatiorjratéd into the soil, or
become runoff entering the stream network. Evapotranspiration (B pistput mechanism
that removesvater from the watershed ahidks land surface characteristics with the overall
processes of the hydrologic cy¢ldornberger, Wiberg, Raffensperger, & D'Odorico, 2014)

Climate controls on ET can substantially affect the amount of water within a watershed.

These controls include temperature, precipitation, vapor pressure, net radiation, and wind speed.
Warmer air, capable of holding more water, increases the vapor greesicit, or the amount of
moisture in the air relative to the amount of moisture the air can hold. Generally, an elevated
demand for atmospheric moisture leads to higher ET rates. Net radiation, an essential energy
source for ET, dissipates as latentth&seling evaporation and introducing solar energy as a
driving force in the hydrologic cycl@Hornberger et al., 20147Around half of the solar energy
the land absorbs is utilized for evaporat{@renberth, Fasullo, & Kiehl, 2009Precipitation and
ET share a reciprocal relationship, where warmer temperatures boost evaporation rates, which
elevate atmospheric water vapor levels that foster precipitation gitaysoe et al., 2018)
Conversely, precipitation can limit ET, leading to higher water yi#d%/. Caldwell, G. Sun, S.
G. McNulty, E. C. Cohen, & J. A. Moore Myers, 201®Jhile these physical conditions impact
evaporation, transpiration is influenced by both these elements and by biological factors directly
connected to land cov@tornberger et al., 2014)

Transpiration is regulated by stomatal conductance, the mechanism plants use to open

their stomata to transpire water. The frequency and extent to which plants open their stomata can



be specialized from a species to individual level and are primarily dictated by species phenology
and physiology. For example, isohydric species shut their stomata under dry soil conditions,
whereas anisohydric species keep their stomata open under temahitions. Stomatal
conductance is largely influenced by the atmospheric vapor pressure deficit, with high deficits
prompting plants to close stomata in g@kservation; however, this response can vary based on
species and climate characteristiglassmann, Gentine, & Lin, 201%tomatal conductance is
also closely tied to leaf area index (LAI), which is a major biological control on ET as leaf area
relates to interception and subsequent evaporation back into the atmosphere. Forests exhibit the
highest ET rates compared to otlaard cover types due to larger LAI, which allows for greater
canopy storage and interception of falling precipitatlarzhang, Dawes, & Walker, 2001)
Therefore, alterations to forested land cover, particularly to development, substantially affect ET
streamflow,andthe internal movement of water within a watersfiedWalle, Swistock,
Johnson, & McGuire, 2000; Locatelli et al., 2017; Teuling et al., 2019).
1.2 How do land cover changes affect water resources?
1.2.1 Water Quantity

Forests have a greater capacity for regulating streamflow relative to other land cover
typesbecause of severahique characteristickor example,drest roots can access deep soil
moisture and groundwater levels, creating preferential flow pathways that enhance groundwater
infiltration and reduce runoffTheloss offorests particularly to development, can disrupt stable
hydrologic regimeswhichdefinethe relationship between water flow, distribution, and storage
within a watershedDevelopment increases impervious surfaces, which can hinder or halt
groundwater infiltration. This change can disrupt natural groundwater recharge areas, leading to

lower soil moisture, baseflow, and groundwater leyelSr of f man et al ., 200 3;



Clinton, Jefferson, Manda, & McMillan, 2010; M. J. Paul & J. L. Meyer, 20Bdither, sil
compaction, impervious surfaces, and other features of development that hinder groundwater
infiltration can greatly increase surface rundfficGrane, 2016)

Elevated runoff rates are key characteristics of a developed watéBsigeb & Sun,
2011; Nagy, Lockaby, Kal i n, & Fomededaresagsiow 201 2 ;
runoff through greater levels of interception, physical roughness, anthaisiiure storagé_ull
& Sopper, 1969)Forest conversion to development often shortens runoff lag time, causing
water, particularly during storm events, to reach streams more quickly, which increases flow
volumes, peak flows, and flood frequendikGrane, 2016; M. J. Paul & J. L. Meyer, 2001)
Even minimal impervious cover can dramatically change flow regimes, with impervious surface
cover between-20% generally linked to higher flow rat@udin, Salavati, FurushBercot,
Ribstein, & Saadi, 2018; Sun & Caldwell, 201H)gh runoff can alter channel geomorphology,
causing erosion by increasing flow velocity and removing replenishing sedin@@ Dr i scol | e
al., 2010) Urban streams may undergo downcutting and incision from direct runoff, exacerbated
by storm drainage networks funneling large stormwater volumes to a central drainage point in a
stream(Groffman et al., 2003)

|l ncreased runoff is also a(MsyemBadl,&m of dAurb
Taulbee, 2005; Michael J Paul & Judy L Meyer, 20@1term used to describe the ecological
decline in urban streams beyond a development threshold. This syndrome is characterized by
flashier hydrographs and higher nutrient, sediment, and contaminant levels which vary with
development intensity. For examepDiem, Hill, and Milligan(2018)observed that watersheds
with recent development increases in the Atlanta, GA, USA area showed rising trends in high

flow frequency and flashiness index, whereas consistently developed areas saw reduced



streamflow due to diminished groundwater recharge. Urban stream syndrome creates an unstable
flow regime, which in turn affects the biological diversity of the stream ecosystem. Factors such
as reduced forest cover decreases channel shading andfromafhpervious surfaces raises

water temperatures, which threaten aquatic spééfessh et al., 2005)

The effects discussed above are the general trends and expected responses to water
balance components when forestland is converted to development. However, the impact of forest
conversion on water balance can vary with the development type and wateistaedectstics.

The initial conversion from forests to development may lead to increased water yield and flow
rates due to reduced infiltration and ET. However, this is a temporary response indicative of a
transitioning hydrologic state that often experenwatershed health implications, such as
warmer stream temperatures, lower dissolved oxygen levels, and higher nutrient concentration
(Price, 2011). Furthertarm water, wastewater, and municipal intake infrastructure can alter the
hydrologic response in unanticipated wayssome developed areas, leaking water and sewer
pipes may increase groundwater recharge and baseflows, though often with adverse water quality
implications( O6 Dr i s ¢ o | .MWhen forest dover is réplacedby development or
agriculture, sediment, nitrogen, and phosphorus can become significant sources of river
impairment, potentially leading to degraded drinking water quéddityrovsky et al., 2030JS

EPA, 2000. Consequently, sediment, nitrogen, and phosphorus are water quality parameters

commonly used in research to evaluate watershed H&al#u et al., 2019)



1.2.2 Water Quality

Sediment is a physical parameter of wajeality thatrelates tachannel morphology and
carries contaminants, such as metals. Sediment is quantified with various metrics, such as
turbidity, sediment concentration, and total suspended sed{ivaier Quality Portal2024)
Identifying the source of sediment in watersheds poses a persistent challenge, as legacy effects
from historic land uses can take decades to manifest and casipended from disturbances
(Lockaby et al., 2013)n developed areas, higher runoff rates can increase sediment loading
through hillslope and bank erosion while simultaneously disrupting settling sediment from
replenishing the streambé@@litsch et al., 2001)These processes alter channel morphology
(Mitsch et al., 2001and can introduce finer sediments through bank erosion that diminish the
size and functionality of the hyporheic zottee groundwatesurface water interfacghich
plays a critical role in stream nutrient dynamicKkr ause et al ., 2011; O0O06Dr

Nutrients, such as nitrogen and phosphorus, originate from various sources in the
landscape, including fertilizer applications, wastewater discharge, and leaky sewer and septic
systemg OO6 Dr i s ¢ o | .IDeveldpedateas pfterRldrK tide)primary mechanisms for
denitrification found in forests and, to some extent, agricultural areas. Denitrification, typically
occurring in forested riparian zones, transforms nitrate into gas that is released into the
atmosplere. The conditions conducive to effective denitrificati®@uch as high water tables, the
presence of active denitrifying bacteria, ample organic carbon, and fluctuating aerobic/anaerobic
conditionsi are absent in developed settif&approth & Johnson, 2009Yegetative uptake
also aids in denitrification by converting nitrate into organic nitrogen, which is deposited back to
the ground as organic material, facilitating the denitrification pra@gdapproth & Johnson,

2009) Phosphorus levels are higher in urban and agricultural areas, stemming from fertilizers



and the mobilization of previously buried sediments during land convdidichael J Paul &
Judy L Meyer, 2001)Once in the stream network, phosphorus primarily binds to soil and
organic materials, making deposition the main removal mechdHKisypproth & Johnson,
2009)

The inextricable connection between climate, land cover, and the hydrologic cycle is
complex. Although there is a basic understanding of how this relationship has influenced
historical hydrologic patterns, the effects of anthropogenic changes in clindaEndrcover on
water resources are less cl@dose et al., 2011)Consequentlythere isan urgent neetb
develop innovative approachis safeguardingvater resourceis the face of new challenges
and unprecedented conditions. One effective strategy involves a comprehensive assessment of
watersheds through hydrologiwodeling, enabling a holistic understanding and management of
water resources
1.3 How do weanticipate and manage land cover and climate changes on water resources?
1.3.1 Conceptual Framework

Advances in hydrologic modeling stem from the earlier practice of conducting paired
watershed studig¥ose et al., 2011)While these studies were critical for advancing
foundational hydrologic knowledgby focusing primarily on inputs and outputs thatersheds
were treate@s black box systems. The shift towards an ecosystem science perspective
introduced a systems thinking approach, viewing watersheds as integral components of a
broader, interconnected ecosystem. This conceptual evolution paved the way for the
contemporaryield of ecohydrology, which investigates the processes within and external to a

watershed that influence hydrologic respor(&se et al., 2011)



Viewing watersheds as integrated parts of the landscape fosters an integrated watershed
perspectivdWang et al., 2016)This approach leverages interdisciplinary knowledge to address
both social and ecological needs within the watergMahg et al., 2016)The success of
integrated watershed studies often hinges on the scale of observation. Given the spatial and
temporal variability of ecosystem services within a single region, studies at the landsté&be (1
km?) to regional scales are more adept at capturing these varialf¥itigeang, Holzapfel, &

Yuan, 2013)xand extrapolating them to similar regions around the globe. Larger scale also
captures the integration of the river ecosystem with the surrounding landscape. This perspective
supports the view of watersheds as interconnected, continuous sySsnmse et al., 2010)

aligning with foundational theories like the River Continuum Conféahnote, Minshall,

Cummins, Sedell, & Cushing, 198@he Flood Pulse Concefdunk, Bayley, & Sparks, 1989)

and the concept of stream ord8trahler, 1952)which collectively illustrate the structure and
change within a watershed from headwaters to large rivers

Beyond ecological and hydrological systems, watershed boundaries intersect with
jurisdictional, social, and economic bounda@éng et al., 2016)This intersection places the
hydrologic community in a strategic position to contribute to management dediSiossa et
al., 2014) Consequently, there is a pressing research need for hydrologic modeling that
seamlesslyntegrates interdisciplinary datasessich as remotely sensed ET and other geospatial
data,acrossbroad spatial scales to understand watershed responses to dynamic cofwhsens

etal., 2011)



1.3.2 Modeling Framework

An abundance of hydrological models exists, often described as a "plethora of models™
(Clark, Kavetski, & Fenicia, 2011; Horton, Schaefli, & Kauzlaric, 202R)s variety can
address diverse research questions but may also complicate the transferability of methods and
findings. Hydrologic models have evolved in their capabilities, ranging initially from lumped,
conceptual rainfaltunoff statistical models to physicallybased, distributed models capable of
capturing human impagon hydrology(Ma, He, Bian, & Sheng, 2016ommonly used models
in contemporary ecohydrological research include MIKE SHE, RHESSys, and $8uiTet
al., 2023)

The MIKE SHE model is a powerful tool capable of combining conceptual and physics
based methoddVa et al., 2016; Refshaard & Storm, 199b5has been utilized in a variety of
studies to assess the effects of urbanization, forest management, and climate change on water
resources. Im, Kim, Kim, & Jan@009)used MIKE SHE to analyze the effects of varying levels
of urbanization on flow response in the Gyeongancheon watershed in Korea. L{Q@DG).
applied MIKE SHE in the Santee Experimental Forest in the US Southeast, discovering that
forest removataisedthe water table and reduced ET, while a rise in temperature, combined with
reduced precipitation, diminished groundwater recharge. Sun(20@6)also applied MIKE
SHE across the US Southeast, concluding that climate change and forest conversion exert the
most significant impacts on the regional hydrology. While MIKE SHE has proved useful in
ecohydrological studies, its technical complex@ristian Refsgaard, Storm, & Clausen, 2010)
has been criticized faverparameterizatio(Ma et al., 2016)

The RHESSys model is advantageous for simulating integrated hydrological and

ecological cycles across various scales and heterogeneous land$egpes& Band, 2004)



Like MIKE SHE, RHESSys employs a nested hierarchy to compute processes, first within
individual landscape units and then among tli€ague & Band, 2004)50n et al(2019)

utilized RHESSys to assess the impact of vegetation phenology and hydrologic connectivity on
streamflow and dissolved organic carbon in a small forested headwater catchment in the Catskill
Mountains, New York, USA. They observed improved model performaitbedynamic

phenology values compared to static ones, highlighting the capability of RHESSys to model
specific, complex processés. Son et al., 2019)The majority of research employing RHESSys

has focusedn the effects of climate change on hydrological procg€desn et al., 2020)

Mishra et al(2023)applied RHESSYys to determine the hydrologic response of a watershed to
various Global Climate Models. Martin et 2017)used RHESSy® examine the impacts of

both climate and land use changes within the Yadkin River Basin in North Carolina, USA.

Model complexity and sometimes inaccessibility of data and parameters, as well as challenges in
applying the detailed model to larger watediscalesarepotential limitations of using
RHESSyqChen et al., 2020)

SWAT was initially developed by the USDA Agricultural Research Service to model the
impact of agricultural management practices on water reso{dessman, Reyes, Green, &
Arnold, 2007) This model synthesizes elements from several hydrologic models, notably the
Chemicals, Runoff, and Erosion from Agricultural Management Systems (CREAMS) and the
Groundwater Loading Effects of Agricultural Management Systems (GLEAMS) models
(Neitsch, Arnold, Kiniry, & Williams, 2011)Operating on a daily time step, SWAT uses
spatially distributed data inputs, such as topography, soils, land cover/use, and climate, to
estimate water, sediment, and nutrient yié@isuglasMankin, Srinivasan, & Arnold, 2010}ts

widespread use is attributed to a ulsmndly interface and the availability of input data
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(Abbaspour et al., 2007; Arnold, Srinivasan, Muttiah, & Williams, 19@8%kr the nearly 30
years since its inception, SWAT has garnered widespread application and validation by a broad,
interdisciplinary community in both international and domestic sty@assman et al., 20Q7)

SWAT simulates hydrologic processes by dividing the watershed into subbasins and
hydrologic response units (HRUs), which are areas with similar biophysical characteristics, such
as land use, soil, and slope. The model operates in two phases: the larahdhhsevater or
routing phase. Climate data, including precipitation and temperature, are sourced from either the
built-in weather generator or external climate datasets provided by the user. Initially, processes
are modeled within the HRUs before beagpregated across the subbagigchell,

Srinivasan, Di Luzio, & Arnold, 2013} low is routed through the channel using the Muskingum
method or the variable storage coefficient metfideitsch et al., 2011After running the

model, it can be calibrated and validated against observed ré@dirdshell et al., 2013)The

lack of physical connections between HRUSs limits the model capacity to assess land
management practices at detailed scales.

SWAT was selected as the preferred hydrologic model for the upcoming chapters due to
its use of opersource data inputs and its capability to assess changing conditions from the
landscape to the regional scabur study areas within the SWAT models were carefully chosen
based on stakeholder preference. Findings in these areas can be transferred to comparable
regions and aid in the creation of a comprehensive framework for understanding the impacts of
changing caditions on water resourceBherefore, subsgient chapters will focus on the US
Southeast, a region that serves as a microcosm of global trends, where population growth drives

forest conversion for development, exerting pressure on previously stable water supplies.
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1.4The US Southeast: Where land cover and climate change threaten water resources
Development patterns in the Southeast (SE) are influenced by historic land use, which
predisposes the region to hydrologic challenges. After European settlement led to widespread
logging, the SE experienced a shift towards intensive agriculture, resalsignificant topsoil
erosion (up to 12.3 inchefaniels, 1987; Trimble, 1978nd declines in soil productivity
(Lockaby et al., 2013)Around 1920, the mass abandonment of agriculture resulted in
widespread reforestatidiuggett, Wear, Li, Coulston, & Liu, 2013; Lockaby et al., 2013)
Since that time, the landscape has seen considerable changes, characterized by rapid
development that is rarely constrained by topography or water availability. Nevertheless, forest
conversion is influenced by global economic trends, as the region sertheslargest producer
of plantation forestry in the United States, with land consistently transitioning in and out of forest
cover(Huggett et al., 2013; Wear, 2002)
The SE has always been a national leader in the timber industry, which is shifting based
on economic demand and climaialicies(Brandeis, Taylor, Abt, Alderman, & Buehlmann,
2021) Wood pellet production for nedomestic utility consumption is an emerging sector in the
SE timberindustry Br an d e i s .Imdastria Wood pell2t@raduction in the 8tEreased
by anestimated 42%rom 2016 to 2019(Brandeis et al., 202 Electricity-Analysis and
projections, form E1A23 detailed data2020) Projections to 2070 indicate thaational forest
product production and consumption are expected to continue growing, with the SE projected to
remainin thelead (Guo, Prestemon, & Johnston, 2028)wever climate changes can
negatively impact the timber industry. Baker et al. (2023) found that under extreme warming
scenarios to 2100, tree inventory losses will occur nationally with the most pronounced losses in

the Soutt Ba k er e.T halr .e,f ose @ @i phoductiom combination with
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climate changes hastroduced uncertainty for forest resources in thev@tich extends to the
impact on water resources.

Forestlands in the SE serve as both a crucial economic resource for landowners and an
invaluable source of water for the region. Overall, national, state, and private forestlands together
provide about 36% of the regional water supply (P. Caldwell €Gi4), highlighting the
crucial role of forest land cover. Preservation of these forestlands might prove important as
population surges lead to increased water demand. Ongoing interstate water disputes, such as the
Al abama, FIl ori da, oOanidn QGehoer gohptahdosoaRtiine@asinga r s
along with a Supreme Court case between North Carolina and South Carolina over the-Catawba
Wateree River Basin, emphasize the critical importance of strategic water management in the
region(Engstrom & Waylen, 2017)f not addressed, development and climate trends will
further escalate water resource challenges.

The interplay between urbanization and climate change may impact the amount of clean
water available to meet rising demand. A study by Sanchez et al. (2020) forecasts a significant
rise in water demand (3383%) in North and South Carolina by 2065, basedarious land
cover and climate scenarios compared to a 2010 baseline. Although initial forest conversion may
increase water yiel(Boggs & Sun, 2011 )xlimate change is anticipated to negate these effects
by 2060, leading to flow reductions from water withdrawals and a 16% decrease in water levels
compared to 201(P. Caldwell, G. Sun, S. McNulty, E. Cohen, & J. Moore Myers, 2012)
Additionally, urbanizatiorcan intensify extreme rainfall events in the regi®mgh, Karmakar,
PaiMazumder, Ghosh, & Niyogi, 2020)

The SE now stands at a crossroads, with historic hydrologic regimes undergoing

profound shifts due to unprecedented changes in land cover and climate. These transformations
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threaten to exacerbate water quality degradation, increase flood hazardmniskause further
disruptions to the regional water resources. Consequently, to advance our understanding of
anthropogenic effects on watershed health, it is critical to explore how changes in climate and
land cover will impact hydrology. Examining thesenges at the landscape level will capture
spatial and temporal heterogeneity of the study areas and improve the transferability of results to
similar regions. Therefore, thellimving chapters will address these overarching questions:
1. Whatare the potential changes in nutrient and sediment delivery adergegegional
watershed with diverse land covers due to a changing climate and what are the anticipated
downstream impacts to coastal afeas
2. To what extent does current forest cover, in comparison to predicted future losses, protect
downstream water quality at drinking water intakes in a rapielyeloping watershed?
1.4.1The Cape Fear River Watershed

The Cape Fear River Watershed (CF) in North Carolina, USA, is experiencing water
degradation challenges due to agricultarad industriabctivities. The CF is dominated by
concentrate@nimal feeding operations (CAFOsg)hich is a type of agriculture where animals
such as cows, chickens, and hogs are confined and fed for 45 days or more withioratii2
period("Animal Feeding Operations," 2024; "Cape Fear River," nGAFOs have been
designated as point sources as they contribute substantial paituti@terways and are
regulated under the National Pollutant Discharge Elimination System (NRD&fnal
Feeding Operations," 2024Approximately half of the North Carolina hog population resides
within the CF, with two counties alone representing 43% of the state permitted CAFOs

(Katherine L Martin, Emanuel, & Vose, 2018) addition to agricultural sources, industrial
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activities contribute significant pollutants to the CF River watershed, with recent attention drawn
to the presence of GenX in drinking water within the lower basin.

GenX is a type of peland polyfluoroalkyl substances (PFAS), which are humade
chemicals commonly used for nonstick amaterproofcoatings in cookware and clothing
("GenX Health Information," 2017). GenX has been discharged into the CF River since the
1980s from upstream industrial facilities in Fayetteville and has sparked human health and
drinking water qualityconcernsn the downstreararea, particularly in th&/ilmington region
(Helmer, 2020)Despite these challenges, the CF remains criticalpontant for drinking water
and recreation, featuring a network of 6,500 miles of streams, 33 reservoirs, and 95 water
systemq"Cape Fear River," n.d.; "Safer Cape Fear River Basin," 2021)

Concurrent population growth and climate change are introducing new vulnerabilities for
populations in the CF. Individuals residing downstream, especially near CAFOs, may face
disproportionate impacts compared to those upst{@a¥h Son, Miranda, & Bell, 2021)The
presence of CAFOs has escalated into an environmental justice issue, with studies indicating that
residents living nearby face elevated risks of cardiovascular moftiity Son, Miranda, &

Bell, 2021) This group is also at higher risk for conditions such as anemia and kidney disease
(J-Y. Son et al., 2021)urthermore, nutrient and sediment loading from agricultural and urban
lands pose significant health risks and are leading concerns for water quality degradation within
the CF. Notably, practices such as animal waste spraying and wastewater dischaitgeecon

more nitrogen to the waterways than agricultural field fertiligBrewn, Mallin, & Loh, 2020)

This increased nutrient loading has led the state to classify certain areas of the CF as "nutrient
sensitive waters," enforcing stricter limits on phosphorus and nitrogen releases from wastewater

treatment plants into these zor{BOAA, n.d.).
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Elevated nitrogen levels stimulate algal growth that leads to increased eutrophication,
which poses challenges for drinking water intakes. On average, a drinking water utility in the CF
must spend $8081,300 per day to treat harmful algal bloofRN©OAA, n.d.) These algal
blooms, in addition to other water quantity concerns, are primarily exacerbated by flooding due
to land cover changes and frequent hurricanes. All of the top ten maximum peak discharges in
the CF have been the result of hurricaf¥és et al., 2021) However, the CF region is also
expected to experience increased dry periods. Griffin €@l.3)examined the Lower Cape
Fear Basin and noted an increase in summer water deficits, compounded by rising demand from
a growing population.

The CF represents an ideal case study for examining the impact of changing conditions
on water resources. Water quality issues stemming from developed and agricultural areas are
currently exacerbated by hidlow events, a trend that is likely to intensif§th climate change.

The downstream ecosystems and communities in the CF are patrticularly vulnerable due to their
sensitivity to upstream climate and development changes, further compounded by their proximity
to industrialized agriculture and coastlin€berefore, the second chapter aims to investigate (1)

the magnitude in which climatdange increases nutrient and sediment delivery across the Cape
Fear River Watershed and (2) the implications for downstream coastal areas

1.4.2 The Middle Chattahoochee Watershed

The Middle Chattahoochee Watershed (MC) is part of the Apalaciiw#tahoochee
Flint Basin (ACF), one of the most vital and disputed water resources in the SE. Water from the
ACF is allocated among three stateSeorgia, Alabama, and Floriddeadingto the welt
known "tri-state water wars". Georgia depends on the ACF to meet water demands in Atlanta

and support downstream agriculture. Alabama primarily uses the water for agricultural and
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energy production, while Florida relies on navigational and environmental flows to sustain the
shellfish industry in the Apalachicola Béfyang et al., 2022; Feldman, 2008he diverse range

of stakeholder interests has placed the ACF at the center of legal disputes since tiie ugs0s
2020) Tensions within the basin escalated around 2012 when a series of droughts strained water
resources, leading to a dangerously diminished drinking water s{iRuodpel, 2020) Even under
various operational scenarios, managed reservoir storage alone will not be adequate to augment
downstream flows during a drought similar to the 2012 eveihply put, there is not enough

water to mitigate extreme eveifteitman, Pine 1, & Kiker, 2016)

Restoration activities, such as afforestation, have the potential to mitigate the impacts of
extreme events on water resour(®sn, Arumugam, et al., 2013)owever, the notion of forest
conservation and afforestation raises the question of the importance of current forest cover
compared to anticipated future losses. Determining the necessary amount of forest cover to
maintain stable water resources undemgjing conditions can be challenging. The significance
of current forest cover is especially critical in the Middle Chattahoochee (MC) watershed, as its
headwater tributaries are located within the Atlanta city limits. The Atlanta region is projected to
grow to 7.9 million people by 2050, with the most rapid growth expected in the outer counties
(Metro Atlanta Population to Reach 7.9 Million by 2050, ARC Forecasts ,Si4) This swift
population increase, particularly in the outer counties, is likely to lead to forest conversion to
development.

Forest ownership may also determine the extent and intensity of development. State and
private forestlands, the dominant types of forest ownership in the SE, are also the most
susceptible to development pressyf@aldwell et al., 2014; Sass, Butler, & Markowstkndsay,

2020) Utilizing data from thd-orests to Faucets 2.0 Assessni®fdck, Lilja, Claggett, Sun, &
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Caldwell, 2023) | found that within the MC, 89% of forest cover is privately owned, 6% is
federal, and 2% is protected (including state land). This data also includes an index of relative
importance to surface drinking water, which ranges from 0 (very low) to 100Higgr)y
Approximately 71% of the MC had an index score between 80 and 100. The combination of
population growth, private forest ownership, and the critical importance to drinking water
supplies highlights the vulnerability of the MC to changes in land ¢cexréch could be
exacerbated by climate change.

Climate variability introduces uncertainty in water supply vulnerability across the ACF
(Schlef, Steinschneider, & Brown, 2018Yater supply stress in the SE is expected to
significantly increase due to climate change and rising usage by(80B60Caldwell, et al.,

2013) Therefore, it is imperative to investigate the ecosystem services that threatened forest
cover provides for water resources, especially in areas vital for stabilizing drinking water
supplies. In the third chapter, we analyze how land conversion to gevehb will impact water
guantity and quality in the MC watershed, with a particular focus on drinking water intake
locations. Our primary objectives are to 1) estimate water quantity and quality throughout the
watershed under a 2020 baseline, 2) analyaagds in water quantity and quality under a suite

of future land cover scenarios extending to 2070, and 3) identify areas within the watershed that
could be prioritized for source watershed protection, informing more targeted, effective

watershed managemnten
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CHAPTER 2: Climate Change Could Drive Increased Sediment and Nutrient Loading in
Downstream Coastal Areas
Abstract
Climate change is intensifying the hydrologic cycle, resulting in unprecedented shifts in

streamflowregimes Climate changes further inland can compoandhave significant
downstream impacts, exacerbating flood risk and increasing sediment and nutrient loading. This
is a pressing concern for coastal communities and ecosystems, which can be caught between
rising sea levels and upstream impacts. There isssing need for research that relates and
projects the effects of climate change on water resgupegscularly water quality, as the most
extreme water quality impacts can be driven and exacerbated by weather. Therefore, the
objective of this study was to assess how climate change will affect both water quality and
guantity in the Cape Fear River Weghed in North Carolina, USA. This watershed connects
different physiographic regions to vulnerable coastal areas, experiences water quality
degradation from industrial and agricultural operations, and faces development pressures from a
growing populationOur objectives were to: (1) determine ggential changes in nutrient and
sediment delivery across a large regional watershed with diverse land covers due to a changing
climate(2) estimate the associated implications for downstream coastal\Meased the Soil
and Water Assessment Tool (SWAT) to compare baseline {2080) and future (2042060)
water quantity and quality under twegionalclimatefutures. We found that both futures predict
increased sediment and nutrient loading and increased flood risk in the lower portion of the
watershed near sensitive coastal ecosystems. These effects were diminished in an area with high

forest cover. In the Qe Fear Watershed, upstream forest retention might prove advantageous
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for downstream areas, especially when the effects of development are compounded by a wetter
climate.

2.1 Introduction

2.1.1. Climate change effects on the hydrologic cycle

Changes in climate are intensifying the hydrologic cycle (Costa et al., 2022). Global
climate models predict trends of warmer and wetter conditions throughout most regions,
amplifying extremes in precipitation and temperature (Adeyeri et al., 2022; S#ne\4r
Hauser, 2020). Consequently, changes in water partitioning, particularly through
evapotranspiration and surface runoff, drive changes in streamflow, with implications for aquatic
ecosystems, flood risk, and water availability. The effects of cliaraddand use change on
hydrology can differ across spatial and temporal scales. Globally, precipitation and vegetation
changes have been identified as main drivers of increased global water availability over the past
two decades, offsetting the impactsrafreased evapotranspiration (Cui et al. 2022). However,
in some humid regions, warming temperatures can either lower annual streamflow through
increased evapotranspiration (Nijssen, O'Donnell, Hamlet, & Lettenmaier, 2001) or have
minimal effect on streaftow through increased moisture recycling (Zeng et al., 2018).

Therefore, climate change influence on water quantity requires a closer examination of unique
watershed characteristics (Yu et al., 2022).

Unprecedented shifts in streamflow regimes also impact water quality and river
morphology. For example, the rise in frequency of summer droughts affect contaminant
concentrations by increasing water residence time and reducing dilution (Whitehead, Wilby,
Battarbee, Kernan, & Wade, 2009), which provides the opportunity for events like toxic algal

blooms (Bussi, Janes, Whitehead, Dadson, & Holman, 2017). Conversely, flash flooding can
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increase surface runoff and mobilize higher loads of pollutants (Suddick, Whitney, Townsend, &
Davidson, 2013; Whitehead et al., 2009). Higher flows driven by changing climate are projected
to be responsible for a 30 to 60% increase in global soil erasithus increases in suspended
sediment by 2070 (Borrelli et al., 2020). Coastal areas patrticularly represent a microcosm of
these global trends, where changing climate has driven visible, negative effects on water quality
and quantity (Sandifer & Sco2021). The focus of coastal research efforts is often on the effect
of sealevel rise (Barbier et al., 2011; Fleming et al., 2018; Friedman et al., 2020); however,
coastal areas are vulnerable to upstream hydrologic changes.
2.1.2. Relating the hydrological impact on coastal health

In addition to sea level rise and warming oceans, it is important to recognize that climate
changes further inland can compound to have significant downstream impacts. For example,
increasegrecipitation from climate change is estimated to increase total riverine nitrogen
loading 19 *+ 14% by 2100 within the contiguous US, resulting in coastal eutrophication and
harmful algal blooms (Sinha, Michalak, & Balaji, 2017). Rivers are also a maicesoiiocean
sediment (Slattery & Phillips, 2011), and a change in streamflow and sediment loading can
directly affect coastal ecosystems. Upstream development and infrastructure can further
exacerbate the effects of climate change downstream, leavingwcomimt i es caught
sqgueezeo ( Ma rGorizaleg, SilveCadarin, & Mendoz8aldwin, 2014), which
describes areas trapped between fixed landward boundaries and rising sea levels (Schleupner,

2008).
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2.1.3 Objectives

There is a pressing need for research that relates and projects the effects of climate
change on water resources, particularly water quality, as the most extreme water quality impacts
can be driven and exacerbated by weather (Michalak, 2016). Multiplestuterscore the
importance of viewing watersheds as integrated, connected systems where changes accumulate
along a river to coast continuum (Lewis et al., 2021; Malara, Zema, Arena, Bombino, &
Zimbone, 2020; Salomons et al., 2005; Thornbrugh et al8)2@lwatershegcale study is
especially applicable for management, as environmental challenges are not limited to
jurisdictional or ecosystem boundaries (Cafiédguelles, Brito, Sen, & Roy, 2023). Therefore,
the objective of this study was to assess hlimvate change will affect both water quality and
guantity in the Cape Fear River Watershed in North Carolina, USA. We chose this watershed as
it connects different physiographic regions to vulnerable coastal areas, experiences water quality
degradationrbm industrial and agricultural operations, and faces development pressures from a
growing population. Specifically, our objectives were(fg:determine the magnitude of climate
change that would result in substantial increases in nutrient and sediment delivery across a
regional watershed of multiple land covers d@)lestimatethe associated implications for
downstream coastal aread/e hypothesize that climateduced increased precipitation will (1)
drive subsequent increases in sediment and nutoading for all land covers with larger
increases in developed and agricultural areas and (2) elevate the frequency of downstream
flooding relative to historical climat&.o answer our questions, we used the Soil and Water
Assessment Tool (SWAT) (Arnold, Srinivasan, Muttiah, & Williams, 1998) to compare baseline

(20002020) and future (204R060) water quantity and quality in the Cape Fear River
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Watershed. We used two general circulation models (GCM), CIXIRMS and IPSECM5A-

MR, paired with a future of high change, representative concentration pathway 8.5 (RCP 8.5).

2.2 Methods
2.2.1 Study Area

The 23,576 kriCape Fear River Watershed comprises 17% of total state land area and
onet hird of North Carolinads popul ation, maki n¢
(Figure2.1). According to the 2019 National Land Cover Dataset (NL @i&) watershed is
approximately 14% developed, 37% forested, 21% agriculture, and 18% wéflemeisal.,
2023) Yin et al. (2021) calculated the dominant soil types of the Cape Fear Basin to be 34%
sandy loam, 24% loamy sand, 22% sand, 12% silty loam,@ndam. The Cape Fear
Watershed comprises 6 USGS hydrologic unit code level 8 (H) K tibwatersheds which span
the Piedmont and Coastal Plain physiographic regions: the Haw River, Deep River, Upper Cape
Fear River, Black River, Northeast Cape Fear Rivad,laower Cape Fear River. The Piedmont
region extends from central Alabama to Southern New York and is characterized by gently
rolling topography and moderate infiltration rates stemming fromlatesed soils. In contrast,
the Coastal Plain spans along tlvastline of the Southeast to the Northeast and is characterized
by relatively flat topography and erosional, sandy soils (Markewich, Pavich, & Buell, 1990). The
Haw and Deep subwatersheds are in the Piedmont physiographic region. The Upper Cape Fear
subwatershed represents the transition zone between the Piedmont and the Coastal Plain
physiographic region. The Black, Northeast Cape Fear, and Lower Cape Fear River
subwatersheds are within the Coastal Plain region. The Haw, Deep, and Upper Cape Fear

subwatesheds contain the highest amounts of forest coveb§44 of subwatershed area), while
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the Black, Northeast Cape Fear and Lower Cape Fear have larger amounts of we#89%))(28
and agricultural area (183%)).

The headwater region of the Cape Fear in the Piedmont is drier and cooler compared to
the lower portion in the Coastal Plain. The 129P0 U.S. Climate Normals (Arguez et al.,
2012) show the upper portion of the basin near Greensboro, NC has an aveuaje an
temperature of 15.3 °C and average annual accumulated precipitation of 1,116.3 mm. Near the
coast at Wilmington, NC, average annual temperature increases to 18 °C and precipitation
increases to 1,527.8 mm per year.
2.2.2 Hydrologic Modeling Approach

Our work builds on a SWAT model developed by (Schafferith et al. (2022) and the
U.S. Geological Survey (USGS) South Atlantic Water Science Center (Gurley, Garcia, Pfeifle, &
Sanchez, 2023) and is briefly described here. SWAT is adistnibuted hydradgical model
compatible with a GIS interface. SWAT uses a digital elevation model to create a stream
network and discretize the watershed into subwatersheds referred to as subbasins. Hydrologic
response units (HRU) are then created from land cover, sdiklape information and represent
areas with similar biophysical characteristics. SWAT runs processes within the HRUs and then
scales up to the subbasin level. Water is first routed on land to capture loadings entering the
channel where water is then redtto capture movement through the subbasin channel to the
outlet (J. Arnold et al., 2013; Neitsch, Arnold, Kiniry, & Williams, 2011).

The Cape Fear Watershed was delineated into 2,928 subbasins and 13,596 HRUSs.
SchafferSmith et al (2022) calibrated for streamflow, sediment, and nutrients at a point close to
the outlet (Lock and Dam #1 near Kelly, NC.) to avoid the influence of tideser@ mean

streamflow data and sediment, nitrogen, and phosphorus concentration were derived from the
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Water Quality PortalW/ater Quality Portal2024). Mean sediment, nitrogen, and phosphorus
loads were estimated with LOADEST (Runkel, Crawford, & Cohn, 2004). Land cover classes
were assigned using the Cropland Data La\ST§A National Agricultural Statistics Service
Cropland Data Layer2023). All urban land cover was modeled as medium density residential
with 38% impervious cover. Further adjustments included management activities such as crop
rotations and forest stands. Inorganic fertilizers were egpls elemental N and P to crops and
hay while noafarm N and P were applied to lawns in urban areas. Concentrated animal feeding
operations (CAFO) were modeled through land application of liquid manure to row crops, hay,
rangelands, and pine plantationshin 5-miles of a CAFO location (Schaff&@mith et al.,
2022). Climate data, including daily precipitation, temperature, solar radiation, and relative
humidity at a ~4&m resolution, were derived from the Gridded Surface Meteorological dataset
(Abatzogloy 2013). For precipitation and temperature, the centroid of each subbasin was used to
download climate data and upload into the model. For solar radiation and relative humidity, 300
equally spaced points across the basin were created using a fishnetisvehichy to divide a
geographic area into a grjtHow Create Fishnet works," n.dSolar radiation and relative
humidity at these 300 points were used to extrapolate values across the entire basin.
2.2.2.1. Climate Data Updates

We ran model scenarios using two general circulation models from the fifth phase of the
Coupled Model Intercomparison Project (CMIP5): the CNRM5 GCM (Voldoire et al.,
2013) and the IPSICM5A-MR GCM (Dufresne et al., 2013). We selected the CNEM5
GCMto represent a fAwe-LM5AMRe GLCM @& oame tahdé& drr SL s
on climate research across the southeast US (Duan et al., 2017; "MACA Ensemble Summary

Projections, "™ 2023; O6De a, Langner, Jasyce, Pr
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this scenario represents a high change in radiative forcing occurring by 2100. Each model was
run for a baseline (2082020) and future (204R060) time period. Therefore, the model was run
twice for the CNRMCM5 GCM: baseline period (CNRMASE) and futurgeriod (CNRM
FUT); and twice for the IPSCM5A-MR GCM: baseline period (IPSBASE) and future period
(IPSL-FUT).

For each scenario, we downloaded and formatted climate data from the Multivariate
Adaptive Constructed Analogs (MACA) dataset in RStudio usinglth@ateR package
(Johnson, 2023) for baseline and future conditions, with each model run havygaavdarmup
period starting in 1997 for the baseline and 2037 for the future. Baseline data was comprised of
19972005 GCM historical data and 202620 RCP8.5 GCM projected data. Climate
parameters included statistically downscaled estimates of precipitation, temperature, solar
radiation, relative humidity, and wind speed atkn#dresolution (John T Abatzoglou & Brown,
2012). Daily total precipitation ardhily maximum and minimum temperature were downloaded
using the centroids of the 2,928 subbasins in the Cape Fear model. Maximum and minimum
daily relative humidity, average daily eastward and westward component of wind speed, and
average daily shortwavadiation were downloaded for the 300 fishnet points used by Schaffer
Smith et al. (2022) and extrapolated for all subbasins (Table 1). The average size of a subbasin
was 8km?, meaning multiple adjacent subbasins were informed by the same climate data in

some cases.
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Table 2.1 Scenario and data inputs for the SWAT model. Note: model runs fysdav@armup
period and started printing in 2000 for the baseline and 2040 for the future period.

DownscaledsCM
Scenario Time Period Model
Resolution
Historical + Future CNRM
CNRM-BASE 19972020 1.4 deg x 1.4 deg

CM5 RCP 8.5
CNRM-FUT 20372060 Future CNRMCM5 RCP 8.5 1.4 deg x 1.4 deg
Historical + Future IPSL

IPSL-BASE 19972020 2.5 deg x 1.25 deg
CM5A-MR RCP 8.5

Future
IPSL-FUT 20372060 2.5 deg x 1.25 deg
IPSL-CM5A-MR RCP 8.5
Climate paramete’ Default Units Description
Tasmax K Maximum daily temperature near surface
Tasmin K Minimum daily temperature near surface
rhsmax % Maximum daily relative humidity near surface
rhsmin % Minimum daily relative humidity near surface
pr Mm Average daily precipitation amount near surface
Rsds W/m? Average daily downward shortwave radiation at surfa
uas m/s Average daily eastward component of wind near surf
vas m/s Average dailynorthward component of wind near surfa
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2.2.2.2 Point source updates

Multiple management activities, like nutrient applications and planting/harvesting
operations, can be defined at the HRU level. Point source information can be included at the
subbasin level and consists of measured records of flow, nutrient, and sddadergs routed
directly into the channel network on an hourly, monthly, daily, yearly, or mean annual timestep.
All point source (e.g., municipal wastewater treatment plant) management files presented in
section 2.2 were held constant over time acros€MRM and IPSL baseline and future
scenarios to isolate climate effects on water quality and quantity. For the 148 continuously active
point sources, we created monthly averages of the flow, sediment, and nutrient loadings. We held
these files constant fno the baseline to future periods for the two climate models.
2.2.2.3 Land cover correlation analysis

In addition to analyzing general trends in water quality and quantity, we also analyzed the
relationship between water quality and land cover type under the two climate scenarios. We
broke land cover into 4 main classes: urban, forested, naturafdrested), and agricultural.
For each of these four classes, we calculated the percent area of each land cover class within the
2,928 subbasins. The forested land cover class included deciduous, evergreen, and mixed forest.
The other natural land cover classlutded range, shrubland, grasslands/herbaceous, barren land,
woody wetlands, and emergent/herbaceous wetlands. Agricultural land cover included row crops
and pasture/hay. We tested the relationship of each of these land cover percentages against
sediment ad nitrate (NO3) yield and examined how these relationships might change under two
climate scenarios in areas with 10% or greater of the respective land cover. We excluded
subbasins where management files included liquid manure application from surrcOA#HOZ

and subbasins where loadings were less than 1 metric tdrfstksediment and 1 kg/khor
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nitrate. We avoided the influence of point sources by focusing on sediment and nitrate coming
from the land phase of routing, as data from point sources are routed directly into the channel
network. Lastly, we removed outliers from the sediment and nltatks. Outliers were
identified as values that were less or greater than the first and third quartile by more than 1.5
times the interquartile range

We investigated three subbasins as detailed case studies of the relationships between land
cover, climate, and water quality. The urban case study (subbasin 1859) had 100% developed
land cover and an area of 23.3%fhe forested case study (subbasin 1662) had 100% forested
land cover and an area of 23 krfihe agricultural case study (subbasin 230) had 100%
agricultural land use and an area of 26 Kiiere were no point sources or management
activities within the case study subbasins.
2.3 Results
2.3.1. Model Calibration and Validation

Monthly calibration (201€2019) and validation (200R009) were performed by
SchafferSmith et al. (2022) in Matlab statistical software using observed streamflow and water
guality monitoring records at the watershed outlet (Lock and Dam #1 at Kelly,TREmodel
fit statistics we achieved using the calibrated parameter values are provided in Table 2.

Table 22 Monthly goodnes®f-fit metrics for Lock and Dam #1, Kelly, NC (outlet)

Calibration Validation
Metric Flow Sediment TN TP  Flow  Sediment TN TP
NSE 0.76 0.79 0.74 0.96 0.53 -0.49 059 0.31
R 0.78 0.86 0.74 0.71 0.57 0.48 059 042
PBIAS (%) 0.29 0.86 0.86 4.17 -0.17 69.41 3.5 15.21
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2.3.2. General Precipitation and Temperature Trends

Both the CNRM and IPSL GCMs indicate a wetter future within the Cape Fear watershed
compared to historic clima(&igure 22). CNRM-BASE mean annual precipitation across all
subbasins was 1,253 +-90m (SD), similar to the precipitation data used in the model set up
(1,223 £ 113Imm). This value increased 7% to 1,338 +B& across all subbasins under the
CNRM-FUT scenario. IPSIBASE mean annual precipitation across all subbasins was 1,206 +
100-mm. IPSL:FUT mean annual precipitation increased 9.4% to 1#3PP2mm. The highest
percent change in mean annual precipitation2%) between CNRMBASE and CNRMFUT
was concentrated in the Upper Cape Fear subwatershed. The percent change between IPSL
BASE and IPSEFUT was greater across the watershed comparde t6NIRM scenarios, with
the highest percent change {¥2%) in precipitation occurring in the Black and Northeast Cape
Fear subwatersheds.

During the growing season (Apfctober) mean monthly precipitation across all
subbasins was 109 £ 2i@m (IPSL-BASE), 127 + 35mm (IPSL-FUT), 119 + 29mm (CNRM
BASE), and 124 + 3mm (CNRM-FUT). CNRM-FUT had the highest mean monthly
precipitation acrossllasubbasins during the dormant season (Noverveach) at 95 + 13nm,
while CNRM-BASE had the lowest mean monthly precipitation during this season at 84 + 13
mm. IPSBASE mean monthly precipitation during the dormant season was 88l hnd
remained snilar (86 £ #mm) during IPSEFUT.

Mean daily temperature values across the watershed were similar between the CNRM
and IPSL scenarios (Figuge3). CNRM daily mean temperature across the Cape Fear Watershed
increased 9.5% from 16.8 + 0.75 °C (baseline) to 18.4 + 0.65 °C (future). Mean daily maximum

temperature increased 6.5% (23.2 £ 0.74 °C to 24.7 £ 0.64 °C). Mean daily minimum
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temperature experienced the greatest change, increasing 14.3% from 10.5 + 0.83 °Cto 12 + 0.75
°C. The IPSL scenarios followed a very similar trend, where mean daily temperature increased
10% (16.8 £ 0.76 °C to 18.5 = 0.64 °C), mean daily maximum temperatreased 6.5% (23.2

+0.72 to 24.7 £ 0.63 °C), and mean daily minimum temperature increased 18.3% (10.4 + 0.86 to
12.3 £ 0.71 °C). At the subbasins level, the greatest changes in temperature were in mean daily
minimum temperature. For example, durihg tPSL scenario, the mean daily minimum

temperature increased-28% in the Haw and Deep subwatersheds.

2.3.3 WateQuantityTrends

2.33.1. CNRM andPSL Water Balance

Under the CNRM scenario, the Upper Cape Fear subwatershed had the highest percent
increase in ET (Figur2.4) from baseline to future. The lower portion of the Cape Fear (Black,
Northeast Cape Fear, and Lower Cape Fear subwatersheds) was estimated to experience up to a
4% decrease (610 to 586 mm/yr) in ET. Under the IPSL scenarios, the Piedmont region received
up to a 17% increase (618 to 725 mm/yr) in mean annual ET. While ET rates were lower in the
Coastal Plain, only 2% of subbasins had decreased ETbfasgline to future (compared to 12%
of subbasins during the CNRM scenarios). Across the entire Cape Fear during IPSL, mean
annual ET increased 5.4% from 777 to 819 mm/yr.

The Piedmont region is expected to experience up to a 26% decrease (327 to 240 mm/yr)
in mean annual WY from the CNRM baseline to future, with the majority of the decrease
concentrated in the Haw headwaters (Figlibe Table 3). Under both CNRM and IPSL, the
Coastal Plain region is projected to experience the largest increases in WY. The IPSL scenario

projected a >100% increase in WY throughout this region. The Cape Fear watershed on average
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under the IPSL scenario is projected to experience a 29% (241 to 310 mm/yr) increase in WY
and a 12% increase under the CNRM scenario (284 to 319 mm/yr).

Table2.3 Waterbalance components (annual mm) across all subbasins in the Cape Fear
watershed

CNRM IPSL

BASE FUT Change | BASE FUT Change

Precip mean 1254 1340 +68% 1209 1323 +9.5%
ET Mean 781 809 +35% 773 814 +53%

WY Mean 284 319 +12 % 236 306 + 30%

We investigated temperature and precipitation in areas that had the greatest changes in
WY and ET, such as the Haw and Northeast Cape Fear subwatersheds. Precipitation trends
indicate that under the IPSL scenario, the Northeast Cape Fear received higineisashmean
annual precipitation during both the baseline and future relative to the Haw. The CNRM scenario
is similar, with future mean annual precipitation in the Northeast beingm20@reater than
future precipitation in the Haw, and ~46tm greatethan baseline precipitation in the Haw. The
temperature trends in the Haw and Northeast are similar between the CNRM and IPSL scenarios.
CNRM-FUT and IPSEFUT both have higher mean daily temperatures in the Northeast and Haw
compared to their respectivadelines. Higher precipitation in the Northeast Cape Fear might be
outweighing the effects that increased temperature has on ET, resulting in increased WY in the
Coastal Plain into the future. In the Piedmont increased temperatures and precipitation in the
Haw subwatershed are driving increases in ET rates, and therefore lower water yields compared

to the Coastal Plain.
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2.3.3.2 CNRM and IPSL Flow Regime

The USGS flood stage at the outlet (gage 02105769) is 1,130 m3/s and observed data
shows 18 days that surpassed the flood stage betweetr2@R0@an average of 0.9 days/year).
CNRM-BASE also showed 18 days (0.9 days/year) that surpassed the flood stage. Flood days
during CNRMBASE occurred between August and October and peaked at 1,973 m3/s. Mean
daily flow rate increased 7.7% at the outlet from CNBMSE (91 m3/s) to CNRMFUT (98
m3/s). CNRMFUT had an average of 2.14 days/year that surpassed the flood stage compared to
0.9 days/year for CNRNBASE, with a peak flow of 3,394 m3/s. Flooding during CNIRMT
occurred primarily between September and October. Outlet extreme low #swefined as the
lowest 10 percentile of flow during the baseline period. The low flow threshold for GNRM
BASE was 16 m3/s. Extreme low flow increased 31% from 32.8 days/year (baseline) to 43
daysl/year (future) for the CNRM scenario.

Average flow rate at the outlet from IPSL baseline to future increased 16% (71 m3/s to
84 m3/s). IPSLBASE was the driest period amongst all scenarios with no days surpassing the
flood stage (highest flow was 784 m3/s). The IFRLT projected 1.4 days/yetrat surpassed
the flood stage, with peak flow of 2,475 m3/s. These flood events occurred between August
October. The IPSIBASE extreme low flow threshold was 15 m3/s. There was only a 2%
increase (36 days/year to 36.7 days/year) in extreme low flowldes®line to future periods

under the IPSL scenario.
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2.3.4 Water Quality Trends
2.3.4.1 Sediment

Mean annual sediment concentration at the outlet during GIBRBE was 15.4 + 20
mg/L, which increased by 5% to 16 + 23 mg/L during CNRMIT (Figure2.6a). Mean annual
sediment concentration ranged from <0.001 mg/L to 279 mg/L across the watershed during
CNRM-BASE and <0.001 mg/L to 282 mg/L during CNRNUT. While the range of sediment
concentration remained similar between the two CNRM periods, thiddigin changes.
Approxi mately 51% of subbasins had a @%5% inc
had a O 5% decrease in concentration from bas
49% reduction (subasin 2442) to a 1940% increase (subbasin 2561) in mean annual
concentration. Reduced mean annual sediment concentration occurred in ttizedpwand
Upper Cape Fear subwatersheds, and these areas correspondingly produced the highest sediment
loads. Mean annual sediment load at the outlet increased 38.3% from -BXRRHK (125,026.8
+ 123,627.2 metric tons) to CNRMUT (172,851 + 200,112.5 matrions) (Figure.6b). About
83.5% of subbasins had a O 5% increassh in mea
decrease in load.

Mean annual sediment concentration at the outlet was 11.7 =+ 16 mg/L during IPSL
BASE and 13.4 = 21 mg/L during IPSEUT, representing a 15% increase in mean annual
concentration (Figurd7 a) . About 62% of subbasins had a O
concentration, while 7.3% had a O 5% decrease
up to a 70% reduction (subbasin 2099) and a 2,300% increase (subbasin 2561) in mean annual
concentation from baseline to future. IPSL mean annual sediment load atitlet increased

87% from baseline (68,434.1 + 59,002.9 tons) to future (128,034 + 127,917.4 tons) (Figure
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27b) . About 98% of subbasins had a O 5% incr e:
0.3% of subbasins had a O 5% decrease in | oad
2.3.4.2 Nitrogen and phosphorus

Mean annual total nitrogen (TN) concentration at the outlet was 2.06 £ 1.03 mg/L during
CNRM-BASE and 2.14 = 1.01 mg/L during CNRNUT, representing a 3.9% increase in daily
mean concentration (Figue8 a) . About 41. 5% of subbasins had
annual concentration, while 12.2% had a O 5%
from up to a 40% reduction (subbasin 2566) to a 1,155% increase (subbasin 2576) in mean
annual TN concerdition across all subbasins. Mean annual TN load at the outlet increased 9.7%
from 3,535,895 + 650,044 kg (baseline) to 3,879,073 £ 921,137 kg (future) (Bi§oyeAbout
83.2% of subbasins had a O 5% increasslmddn ann
O 5% decrease in | oad.

Mean annual TN concentration at the outlet during the IPSL scenarios ranged from 2.42
+ 1.05 mg/L (baseline) to 2.33 £ 1.05 mg/L (future) (FigaiBa). About 5.9% of subbasins
experienced a O 5% increase in mean annual cCo
concentration. These values range from a reduction up to 41.5% (subbasin 2927) to an increase
of 539% (subbasin 2520) in mean anre@icentration. Mean annual TN load at the outlet
increased 6.6% from 3,608,815.4 + 698,228.7 kg baselid@4®,958.5 + 1,056,319.3 kg future
(Figure29 b) . About 86 % of subbasins experienced a
while 1.5% had a O 5% decrease in | oad.

Mean annual total phosphorus (TP) concentration was 0.326 = 0.2 mg/L (cBYSH)
with a 4% increase to 0.339 £ 0.208 (CNHT) (Figure2.10a). About 57.7% of subbasins

had a O 5% increase in dail g S@eeneascioncentr at i

43



concentration. These values ranged from a 75.3% reduction (subbasin 1441) to < 19,000%
increase (subbasin 2110) in mean annual TP concentration. Mean annual TP load increased 7.8%
(499,257.7 £ 81,342.4 kg to 538,553.2 + 105,521.9 kg) from CNEABE to CNRMFUT

(Figure21 0b) . About 88% of subbasins had a O 5% i
had a O 5% decrease in | oad.

Daily mean TP concentration ranged from 0.375 + 0.199 mg/L to 0.365 + 0.204 mg/L
IPSL-BASE to IPS-FUT (Figure21 1a) . About 24. 3% of subbasins
mean annual concentration, while 30% had a O
change for IPSL was greater compared to CNRM, with a reduction up to 77.7% (subbasin 1441)
and an increase <25,080(subbasin 2110) in mean daily TP concentration. Mean annual load
increased 5.3% at the outlet from baseline (513946.9 + 88130.6 kg) to(k4G&90.2 +
128546.1 kg) (Figurel 1 b) . About 83. 3% of subbasins had a
|l oad, while 4% had a O 5% decrease in | oad.
2.3.5 Land cover correlation
2.3.5.1 Sediment land cover correlation

During the CNRM baseline and future scenarios, the relationship between sediment load
and percent urban area was statistically significatwwa(pe < 0.001). The relationship had a
positive correlationr0.45 (baseline) and 0.41 (future). The relationshtp forest cover was also
statistically significant with a negative correlation-0f45 for baseline and.44 for the future
period. The relationship with percent natural land cover was also significant but had weaker
correlation (<0.20) for both time eriods. The relationship between sediment and agricultural

land was not statistically significant.
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The IPSL baseline and future scenarios had similar correlation results compared to the
CNRM time periods. Sediment and percent urban land cover were statistically significant and
positively correlated (IPSBASE: 0.44 and IPSIEUT: 0.41). The relationshiwith forest cover
followed a similar but inverse pattern, with a baseline correlatie.48 and future correlation
of -0.46. Similar to the CNRM scenarios, natural land cover during the IPSL scenarios was
statistically significant but with a weaker celation (<0.20). Agricultural land was not
statistically significant with sediment during the IPSL scenarios.
2.3.5.2 Nitrate land cover correlation

The correlation between urban land cover and NO3 during GIBRBIE was 0.46 and
during CNRMFUT was 0.44. Forest land cover was statistically significant but had a weak
positive correlation with NO3 (CNRMBASE: 0.13, CNRMFUT: 0.11). A similar pattern was
observed with natural land cover. Agricultural land cover was positively correlated with nitrate,
resulting in a correlation of 0.42 during the baseline which decreased to 0.39 during the future
period.

This pattern did not change during the IPSL scenarios. Percent urban land cover was
statistically significant with NO3 load with a positive correlation during the IBEBSE (0.46)
and IPSEEFUT (0.44) time periods. Percent forest cover was statisticalyfisgnt but had a
weak positive correlation. Natural land cover was statistically significant during BASE
(correlation-0.10) but was not significant during IPEUT. Lastly, agricultural land was
statistically significant with a correlation that reased from 0.37 during the baseline to 0.45 into

the future period.
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2.3.5.3 Case study subbasins

Precipitation had a statistically significant relationship with sediment yield within all case
study subbasins and under all climate scenarios. Precipitation was correlated with sediment yield
ranging from 0.44 to 0.64 in all case studies (Table 4). TWasdittle change between the
degrees of correlation within the climate scenarios. Precipitation was most strongly correlated
with sediment yield on agricultural land. The agricultural case study subbasin also produced the
highest yields of sediment rehati to the urban and forested subbasins under both CNRM and
IPSL scenarios. Very little sediment (<0.01 t/ha/day) was produced in the forested case study.
During the same extreme precipitation events, the forested case study produced less sediment
relativeto the urban and agricultural case studies. For example, the linear regressions revealed
that under both CRNM and IPSL scenarios, an extreme daiynb@@recipitation event
produced a sediment yield near 0.0025 ton/ha/day within the forested case studyrs€ly, the
100-m of precipitation within the urban subbasin was linked to sediment Valddsn/ha/day.

In the agricultural case study, x@0of precipitation produced sediment values near 4 ton/ha/day
in both CNRM and IPSL.

Precipitation was also statistically significant with nitrate in all case studies and under all
climate scenarios. The relationship yielded a moderate degree of correlation in the urban
subbasin (0.40 to 0.46) and in the forested subbasin-Q06a7. Thedegree of correlation was
low in the agricultural subbasin, ranging from 0.20 to 0.25, which might be explained as this

subbasin did not have fertilizer or other management activities.
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Table 2.4 Results d?earson correlation analysis between precipitation and water quality
characteristics in the case study subbasins

Case StutiMetric CNRM-BASE CNRM-FUT IPSL-BASE IPSL-FUT
UrbanSediment 0.48*** 0.48*** 0.54*** 0.52***
ForestedSediment -0.47*** -0.56*** -0.46*** -0.44***
AgriculturatSediment  0.64*** 0.63*** 0.50*** 0.63***
UrbanNitrate 0.40*** 0.45%** 0.41%** 0.46***
Foresteelitrate -0.57*** -0.61*** -0.57%** -0.61***
AgriculturakNitrate 0.20%** 0.22%** 0.24%** 0.25%**
***n <0.001

2.4 Discussion
2.4.1 Shift in water balance increases flood risk in the Coastal Plain

Average annual precipitation increased in both IPSL and CKRMes. During both
baseline periods, the coastal region of the watershed experienced the highest rates of
precipitation. The greatest change in annual precipitation during the CNRM scenario was
observed as the Piedmont transitions into the Coastal Flaimshift implies a rise in
precipitation over a densely developed section of the watershed, leading to increased overland
flow over urban impervious cover and subsequently degraded water quality (McGrane, 2016;
O6Driscoll, CIl i ntMcMilan, 2@&L0)fUadersCOIRM andMRSt,dnareased
precipitation in the Coastal Plain led to a reduction in ET and increase in WY. This finding
raises specific concern for coastal communities and ecosystems.

The SE in general is a hotspot for precipitation induced flash flooding that is often

exacerbated by hurricanes (Alipour, Ahmadalipour, & Moradkhani, 2020). The Coastal Plain in
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particular is highly vulnerable to flooding due to its igwadient, meandering streams which
remain inundated for most of the year (Hupp, 2000). Our finding of an increase in flood
frequency at the outlet suggests that under both IPSL and CNRM scethemiesyill be a rise in
extreme high flows. Further, as other parts of the watershed are expected to receive an increase
of up to 93.5% (CNRM) and 240% (IPSL) in annual WY, we can anticipate a corresponding
surge in flood frequency throughout the watersHdts finding poses a novel challenge for the
nearby, downstream coastal communities that already experience high tide flooding. Within the
US, the frequency of high tide flooding is highest along the Southeast Atlantic coast (Sweet,
Dusek, Obeysekera, Blarra, 2018). Therefore, coastal communities and the ecosystems of the
Cape Fear might be squeezed between simultaneous coastal and upstream flooding as the climate
intensifies.
2.4.2. Both climate futures predict increased sediment and nutrient loading downstream

The high prevalence of agricultural areas throughout the Cape Fear regamngaound
the anticipated effects of climate change. While warmer temperatures can increase crop uptake
and plant water uge an extentresulting in decreased sediment and nutrient leaching (Boutin et
al., 2017), an increase in intensity and duration of precipitation events can mobilize high levels
of sediment and nutrients and thus negate the effects of increased plant productioet @gsta
2022). We found that increased @ptation in the CNRM and IPSL futures diluted sediment
and nutrient concentrations and increased loadsncrease in projected precipitation in the
Coastal Plain region is particularly concerning because it may lead to higher nutrient
mobilization at CAFO locations€CAFOs are a more significant source of nitrogen within the

Cape Fear relative to crop fertilizer (Brown, Mallin, & Loh, 2020).
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While land conversion to development in this region is projected to increase nutrient
loading, climate drivers are projected to exert an outsized effect on loading compared to land
cover type (Li, Zhang, Kharel, & Zou, 2018). Rising temperatures in tHea@&been linked to
decreased coastal nitrogen flux from increased denitrification (Shih et al., 2022). However,
despite this historical trend, precipitatiomduced increases in nitrogen loadingurface runoff
are expected to outweigh the mitigativéeefs of rising temperatures (Ballard, Sinha, &

Michalak, 2019). Our findings underscored synergy between the two, as we found precipitation
to be a significant driver of sediment and nutrients within the case study watersheds. Our
findings further highligpt the importance of regional climate studies to provide more specific
projections that allow for mitigation and adaptation planning.

2.4.3 Natural solutions to protect downstream coastal areas under a changing climate

Our findings indicate that forest cover had lower sediment and nutrient yields compared
to other land cover types. Notably, it required higher volumes of rainfall to generate sediment
and nutrient yields on forested land, particularly when compared ta ladbd cover. Our
findings are consistent with Caldwell et al. (2023) who found that increased forest cover
decreased nutrient and sediment concentrations. However, as the SE is the most rapidly growing
region in the US (Terando et al., 2014), the ecosystervices provided by forest cover will be
threatened by increased urbanization. If current growth patterns are held constant, developed
land area in North and South Carolina will increase by 39% from 2010 to 2065 depending on
growth and climate scenar{8anchez et al., 2020).

Retaining forest cover across regional watersheds is an importantbasect solution to
mitigate some of the adverse impacts of climate change on regional hydrology. Further research

in this region should assess the benefits of forest retention unrd®rsvelimate scenarios,
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particularly in areas where conserving unfragmented forest cover is not feasible. Implementing
strategic riparian buffers (Gay et al., 2023) or restoring wetlands @karkiet al., 2022) could
be beneficial for downstream water quality and quantity, ésibem flood prone coastal areas
of the Cape Fear basin. While climate change exerts a larger influence on hydrology compared to
land cover, forest removal might influence the microclimate. Lu et al. (2006) found that an
increase in air temperature, degse in precipitation, and reduction in leaf area index raised the
local water table. Such patterns can be problematic in the Coastal Plain, which is already
susceptible to flooding from a high water table. Our findings indicatautitir both climate
futures, WY, sediment, and nutrient loading increasederCape Fear basin, emphasizing the
need for novel science to protect downstream coastal communities and ecosystems from further
anthropogenic activities.
2.5 Conclusions

We investigated the effects of climate change on nutrients and sediment delivery across a
regional watershed of multiple land covers to asgesgnpact orcoastal areas. We found that
under two climate futures, precipitation is projectethtweaseand will bea primary driver of
increased sediment/nutrient loading and increased flood frequency near coastal ecosystems. We
found that forest cover was significantly linked with decreased sediment loads relative to other
land covers. Therefore, in this rajyidieveloping region, upstream forest retention might prove
advantageous for downstream areas, especially when the effects of development are compounded
by a wetter climate. While our study focused on hydrological changes in the Cape Fear, the
findings canlend insight for anticipating potential changes in the vulnerability of coastal areas

under changing climate conditions in similar regions.

50



N

A

Kilometers
012525 50

75

100

Kentucky

Tennessee

Georgia

Kilometers A

0 40 80 160 240 320

[ | Agricultural Case Study Physiographic Regions

- Forested Case Study Blue Ridge
- Urban Case Study Coastal Plain
D HUCB8 Subwatersheds Piedmont
NLCD 2011 - Evergreen Forest
- Open Water |:| Mixed Forest

D Developed, Open Space Shrub/Scrub
- Developed, Low Intensity I:l Herbaceous
- Developed, Medium Intensity I:] Hay/Pasture
- Developed, High Intensity - Cultivated Crops
- Barren Land l:l Woody Wetlands
- Deciduous Forest

- Emergent Herbaceous Wetlands|

Figure 2.1Cape Fear River Watershed study area

51



CNRM Average Annual Precipitation:
Percent Change Baseline to Future

Upper,Cape, Eear,

Northeast Cape Fear,

Percent Change

\ 2-4 "
s
mo: A

0510 20 30 40
[ = 8 ]
Kilometers

IPSL Average Annual Precipitation:

Upper,Cape Fear,

Northeast Cape Fear;

Percent Change
2-4

N

LRI |
| ERE

0510 20 30 40

.
Kilometers

Percent Change Baseline to Future

Figure 2.2Percent change in mean annual precipitation from baseline to future periods for both climate scenarios.
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percent of subbasins that experienced either a 5% or more increase or 5% or more decrease in concentration/load.

57



> 5% increase a = 5% increase b
> 5% decrease > 5% decrease
Between -5% and 5% Between -5% and 5%

46% 42%

PChange TN Conc Pchange TN Load
[ 50-5 B s0--5
| 4-41 4--1
[ Jo 0
N
| 1iag 1-4
s - s ;s s A
e 0510 20 30 40 oo 0510 20 30 40
- 00 R — > 0 ——

Kilometers Kilometers

Figure 2.8Percent change in CNRE4&) daily mean nitrogen concentration and (b) annual mean nitrogen load. Pie charts indicate the
percent of subbasins that experienced either a 5% or more increase or 5% or more decrease in concentration/load.
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Figure 2.9Percent change in IPSL (a) daily mean nitrogen concentration and (b) annual mean nitrogen load. Pie charts indicate the
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Figure 2.10Percent change in CNRM (a) daily mean phosphorus concentration and (b) annual mean phosphorus load. Pie charts
indicate the percent of subbasins that experienced either a 5% or more increase or 5% or more decrease in concentration/load.
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Figure 2.11 Percent change in IPShk) daily mean phosphorus concentration and (b) annual mean phosphorus load. Pie charts
indicate the percent of subbasins that experienced either a 5% or more increase or 5% or more decrease in concentration/load.
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CHAPTER 3: Projected Land Cover Changes in a Developing Watershed Will Contribute

to Water Quality Degradation at Drinking Water Intakes
Abstract
Forests are critical in maintaining healthy watersheds. Forest conversion to developed land cover
results in decreased water quality and increased flood hazards over time. This conversion further
threatens the ability of watersheds to provide stable, eater supplies at drinking water
intakes. Therefore, targeted forest conservation in developing areas could be a strategy for
maintaining healthy watershed function, especially near drinking water infdkestudy aims
to increase our understandinghaiw current forest cover contributes to source water protection
and to assess the impacts of future forest loss on water quality and quantity in a watershed
experiencing rapid development. We used the Soil and Water Assessment Tool (SWAT) to
examine the fationship between upstream forest cover and downstream water resources under
both current (2020) conditions and projected land cover scenarios up to 2070 in the Middle
Chattahoochee Watershed, USA. Our investigation specifically focused on the beatfits th
existing forest cover provides to 15 drinking water intake facilities within the watershed. We
foundthatsubstantial new development in tributary regiaas threatening the quality of local
drinking water intake facilitiefor small towns and rural areasth limited resourcefor
managng this challengeSediment, nitrogen, and phosphorus loads, as well as sediment and
nitrogen concentrations, are expected to increase at most intake locations, with the largest gains
at facilities on tributarieQur findings provide valuable insights for water resources managers to
target source water protection in tributary areas. The results can be integrated with economic

models to estimate treatment costs linked to forest loss. Overall, this study contributes to ou
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understanding of upstreadownstream linkages and supports efforts to protect water resources
under changing conditions.
3.1 Introduction
As the world undergoes rapid urbanization, forests play an increasingly crucial role in
safeguarding water resourd€ui et al., 2022)Forested areas produce consistent, high quality
water yield relative to other land cover tyg€aldwell et al., 2023; Liu et al., 202hased on
unique characteristics, such as high interception, evaporative demand, and infiltration capacity,
along with rich microbial communities and reactive root systersé Dr i scol |, Cl i nto
Manda, & McMillan, 2010; Vidon et al., 2010yhese traits are pivotal for filtering nutrients and
contaminants, reducing overland flow and erosion, shading channel networks, lowering stream
water temperatures, increasing water residence time, stabilizing banks against erosion, and
providing physichroughness to slow down debris and sedinfgntye, Adams, & Escobedo,
2014; Naiman & Decamps, 1997; Richardson, Naiman, & Bisson, 20&&)spatial distribution
of forest cover within a watershed can determine its efficacy in stabilizing water resources.
Forest cover in the headwater and tributary regions of a watershed significantly
influences downstream hydrology. Headwater streams, categorized as the uppermost parts of the
stream network and consisting of first to third order streams, and tributahies, feed into
larger streams or the main stem of a river, collectively shape the functional integrity of
downstream aregddladeau & Rains, 2007; Strahler, 195 ese areas collectively drain about
70-80% of total catchment area (Meyer & Wallace, 2001; Sidle et al., 2000). Howeyer, t
smalker size of headwater streams make them more sensitive to land cover changes relative to
larger riverdKampf et al., 2021; MacDonald & Coe, 200Fprested headwaters and tributaries

offer ecohydrological benefits, improving downstream water quddbdds & Oakes, 200&nd
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aiding the recovery of vulnerable spedi@slinskiy et al., 2015)Headwater streams and their
respective downstream areas collectively comprise an integrated, hydrologic @yatirau &
Rains, 2007)where forest conversion, particularly to development, often destabilizes balanced
hydrologic regimes by altering the physical, chemical, and ecological integrity of the watershed
(Paul & Meyer, 2001)

The ecosystem services forests provide for improving water quality and stabilizing flows
garner significant socteconomic interest, particularly at drinking water treatment facilities.
Although forested lands comprise about 35.7% of the total US aesacdhtribute to over 50%
of the water supplyLiu et al., 2021)In the US, advancements in monitoring and technology at
intake facilities have led to improved finished drinking water quality over tieanino,

Compton, & Leibowitz, 2017However, this progress has occasionally shifted attention away

from the importance of protecting source water supplesst, Gullick, & Nixon, 2004)As

population and subsequent development have risen alongside these technological improvements,
upstream forest cover has decreased. Consequently, raw water entering treatment facilities is
increasingly draining from agricultural, residential, and indaistands(Turner et al., 2021)

Land cover type exerts a significant influence on water quality. Fertilizer and manure
applications on agricultural lands are primary sources of riverine nitrogen and phosphorus
pollution in the UYDel Rossi, Hoque, Ji, & Kling, 2023Hobbie et al(2017)observed that in
an urban area of the Mississippi River, lawn fertilizer and pet waste were significant sources of
nitrogen and phosphorus, with an especially high phosphorus export through stormwater runoff.
Urban areas also play a major role in sedinh@ading, through construction, extensive road
networks, direct discharge points, and sewer sys(@mgor & Owens, 2009)Therefore, the

transformation of natural land cover to agricultural and developed lands has led to watershed
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degradation and increased water treatment costs globally, affecting one in three lar(fR. dities
McDonald, Weber, Padowski, Boucher, & Shemie, 2016)

In response to the adverse impacts of development, water resource managers are
prioritizing source water protection strategies to mitigate the compounded effects of increased
water demand and degradati@rnst, Gullick, & Nixon, 2004; Mehan lll & Carpenter, 2019)
Multiple studies have quantified the economic value of the ecosystem services forests provide to
water treatment facilities. Price & Heberlif@018)assessed the avoided treatment costs for 6
drinking water studies, discovering that a 1% increase in forest cover within the source
watershed equates to an annual monetary benefit ranging from $201 to $163,293 for the facility.
The positive effect of foist cover on raw water quality could also indirectly lower water costs
for consumergFiquepron, Garcia, & Stenger, 201Bowever, the extent of forest cover
required to protect source waters can vary by location and management goal.

The location and amount of forest cover matters, especially when considering individual
watershed characteristi@Galdwell et al., 2023)In some areas, maintaining-90% forest cover
is critical to stabilize nutrient loads, with forest cover below 66% resulting in elevated nutrient
levels (Open Space Institute, 2024). However, in other areas moderate amounts of forest cover
can exert lage benefits. For examplé/arziniacket al.(2017)found that a 1% rise in forest
cover correlates with a 3% decrease in turbidity, whereas a 1% increase in development
correlates with a 3% increase in turbidity. Moreover, a 1% increase in turbidity can raise
treatment costs by 0.19%, and a similar insegia total organic carbon can lead to a 0.46% cost
increasgWarziniack et al., 2017Reductions in forest cover can adversely impact water quality,

resulting in implications that extend beyond the ecosystem. Degraded water quality can
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sometimes overwhelm the ability of facilities to provide clean, safe drinking water, creating
concerns over consumer wellbeing.

Degraded source water quality has significant health implications, often
disproportionately affecting minority communiti€&chaideret al.(2019)reported that 5.6
million Americans are served by community water systefitis an average nitrate concentration
of O 5 -Nr(gS drinkihg@vater standard is 10 mg/L N®3, with significant
correlation between elevated nitrate concentrations and Hispamimunities. It is important to
note that these statistics reflect community water systems served by both groundwater and
surface water sources, with the majority of the sample population served by surface water
sourcegSchaider et al., 2019)Vastewater facilities can also threaten water quality and
consumer health. For example, de facto potable reuse, which involves discharging treated
wastewater upstream of drinking water treatment facilities, is a significant concern for surface
water conamination that affects half of US intake faciliti@&ce & Westerhoff, 20153nd is
prevalent in four out of every 5 large citi@urner et al., 2021)0verall, sediment, phosphorus,
and nitrogen continue to be principal pollutants at intake facilities and are highly correlated with
increased treatment cogi. |. McDonald et al., 2016)

The effects of forest conversion on water resources will be compounded by increased
demand for water and a changing climate. Climate change is expected to intensify these
challenges, as rising temperatures drive higher water consumption and exacerlate wate
contamination through processes such as nutrient loading and eutrophicatioret al., 2002;

G. Sun, McNulty, Myers, & Cohen, 2008)herefore, the pressures of population and
development growth coupled with a shifting climate underscore the imperative for innovative

approaches to safeguard water resources for the future. While afforestation and payments for
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ecosystem services are conventional methods to bolster forest cover in degraded watersheds,
these measures may be expensive compared to the savings on treatméaatoests?007; R.
McDonald & Shemie, 2014)urthermore, policy created for source water protection is not

always informed by data on the relationship between source water conditions and treatment cost
(J. 1. Price & Heberling, 2018 onsequently, there is a growing imperative for studies that

focus on the drinking water benefits provided by current forest cover, relative to predicted future
losses.

The US Southeast (SE) in particular epitomizes the nexus of urbanization, high levels of
water contamination, and forest Id3sirner et al., 2021)The SE igrojectedto experience the
greatest forest loss compared to other regions, which threatens not only water quality but also
aguatic diversity and land ownership dynanfisirtinuzzi et al., 2014; Riitters et al., 2023)
Population growth in the SE Piedmont is expected to stress water supply in developéd.areas
Sun et al., 2008)hile climate change may exacerbate extreme flows such as precipitation
induced flash floodingAlipour, Ahmadalipour, & Moradkhani, 2020y herefore, it is essential
to estimate how changing conditions will affect water resources in this region.

This study aims to increase our understanding of how current forest cover contributes to
source water protection and to assess the impacts of future forest loss on water quality and
guantity in a watershed experiencing rapid developnsihg the Soil and Water Assessment
Tool (SWAT), we examined the relationship between upstream forest cover and downstream
water resources under both current (2020) conditions and projected land cover séanarios
2070. Our investigation specifically focused on the ben#iat existing forest cover provides to

15 drinking water intake facilities within the watershed.
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To validate the effectiveness of our land cover change method and assess model
sensitivity to altered land cover, we initially conducted simulations with extreme, hypothetical
land cover scenarios. These scenarios entailed converting all terrestrial éattekt forest or
developed land cover. Following the hypothetical scenarios, we proceeded to run simulations of
baseline (2020) and projected land cover scenarios (2070) to evaluate the impact of land cover
change on water quality and quantitye\&halyed meanannual TSS, TN, and TP loads and
concentrations to gauge water quality. Since streamflow drives the transport and amount of
sediment and nutrients, we also assessed changes in flow rate and water quantity. For this
assessment, we calculated mean annual fise and water yield alongside high and low flow
statistics to capture the full spectrum of flow variations throughout our study period.

Our analysis involve the following steps:rlin hypothetical scenarios to verify land
cover change methodology and assess model sensitivity to ¢l2aegémate water quantity
and quality throughout the watershed under a 2020 basg)ia@alyze changes in water
guantity and quality under a suite of future land cover scenarios extending to 2070, 4) assess the
magnitudeof water quality and quantityesponséo the loss of forest cover within these 2070
scenarios, and 5) identify areas within the watedghat could be prioritized for source
watershed protection, informing more targeted, effective watershed management. Our primary
goak for this studyareto advance the science of watelated ecosystem services provided by
forest cover antb identify watershedreaghatshouldbe prioritized for source water protection

in order toenhancehe resiliency of drinking water supplies
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3.2. Methods
3.2.1. Study Watershed

Our study area is the Middle Chattahoochee (MC) watershed, situated within the larger
ApalachicolaFlint-Chattahoochee (ACF) River Basin in the southeastern United States. The MC
watershed is both integral to the ACF basin and encompasses the anceigrahthourrent
home of the Muscogee Natigfindigenous Territories Map,"” 2021Qriginating in northern
Georgia, the Chattahoochee River forms the headwaters of the ACF and connects the
physiographic regions of the Blue Ridge, Piedmont, and Coastal Plain while sometimes defining
the AlabamaGeorgia state boundary. The ChattahoodRiger eventually converges with the
Flint River at the Georgi&lorida border, forming the Apalachicola River, which ultimately
drains into the Apalachicola Bay.

The MC watershed, spanning 11,132%mnd identified with the USGS HUE
#03130002, originates downstream of the Upper Chattahoochee Watershe® ¢03C30001)
near Atlanta, GA and extends to the area near Columbus, GA. Consequently, both its headwaters
and outlet are located near large sitfEigure 3.1). As of 2019, the land cover within the MC
was approximately 60% forested, 15% developed, 10% agriculture, 10% barren/grassland, and
5% wetlandgHomer et al., 2020)The topography ranges from elevations oh®b10 547m and
primarily consists of ultisol soil@Couch, Hopkins, & Hardy, 1996There are several
hydropower facilities on the Chattahoochee River and the largest, West Point Lake Reservoir, is
located within the MC. There are 15 surface water drinking intakes managed by 13 Public Water
Systems within the watershed, supplying watesver 690,000 individualdJSEPA SDWIS,
2017). The MC faces significant water quality challenges stemming from rapid development,

wastewater discharges, and nonpoint source pollution. Recent incidents, such as harmful algal
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blooms at Lake Hardinf/Vhite, 2022) and elevated E.coli levels from wastewater spillage
(Montgomery, 2023)have necessitated temporary closures of portions of the Chattahoochee
River to the public. Water challenges within the MC are emblematic of larger issues facing the
ACF overall.

Since the 1980s, the ACF River Basin has been the center of an intestatetdispute
over water allocation, often referred to as the eastern "water (#arkl, 2005xhat have
sparked decades of litigation and Supreme Court involve(Rergel, 2020) Tensions first arose
when Georgia increased water diversions to support the burgeoning demands of Atlanta during a
period of recurrent droughts and surging population growth in the Southeast. This reallocation
diminished downstream water flows to Alabaamal Florida(Ruhl, 2005) Currently, the
Chattahoochee River supplies 70% of the water supply for Atlanta and is the most heavily used
water resource in Georgf&Chattahoochee River," 2018\hile recent efforts have fostered
collaborative transboundary management of the fRkgel, 2020)the permanency of this
current cooperation remains uncertain with the growing threats development and climate change
pose to the Chattahoochee region.
3.2.2. Hydrologic Modeling Approach
3.2.2.1 SWAT Model Description

We utilized the Soil and Water Assessment Tool (SWAT) ArcSWAT 2012 interface
(version 10.7.1) to model streamflow, total suspended sediment (TSS), total nitrogen (TN), and
total phosphorus (TP) in the MC watershed. SWAT is a-slstiibuted hydrologic maal that
leverages both spatial and tabular inputs to simulate water, sediment, and nutrient outputs across
various landscape levels and time st@gwold, Srinivasan, Muttiah, & Williams, 1998)

Watershed delineation in SWAT first requires aprecessed digital elevation model (DEM) to
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define the stream network and discretize the watershed into subbasins. Users can then
incorporate a watershed inlet, manually create subbasin outlets, add reservoir locations, and
define the whole watershed outlet. These subbasins are split into hydrekgpase units
(HRU), which are lumped areas containing similar biophysical characteristics. HRU definition
ensues once land cover, soil data layers, and slope classifications are overlaid. SWAT first
computes land and water routing within each HRU bedggregating to the subbasin level.
Weather data inputs include daily averages of precipitation, solar radiation, wind speed, relative
humidity, and minimum and maximum temperature. SWAT allows for daily, monthly, or yearly
simulation periods and can bestomized to output a variety of water balance and water quality
parameterg¢Winchell, Srinivasan, Di Luzio, & Arnold, 2013)
3.2.2.2. SWAT model inputs and-spt

We employed a 3én DEM sourced from the USGS National Map (USGS, 2021) and a
drainage area threshold of 3,008 to define the stream network during watershed delineation.
The upstream extent of the MC was delineated using a flow gage (02336490) fro8GEe U
and water quality monitoring site (RV_12 3891) from the Georgia Environmental Monitoring
and Assessment System (GOMAS) pof@DMAS Public Database Porta2019) These sites
provided data on upstream water, sediment, and nutrient inputs from the Upper Chattahoochee
watershed. The USGS gage, with its daily flow records, served as the location for establishing
the watershed inlet. The GOMAS gage contained watdityjdata that we aimed to incorporate
into the inlet. Given that the GOMAS gage was situated upstream of the USGS gage, we scaled
the flow at the USGS gage by 1%, subsequently utilizing it to compute loads based on the

GOMAS concentration data. The firialet input file contained daily records for streamflow
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(m3/day), sediment (metric tons/day), total nitrogen (kg/day), and total phosphorus (kg/day) that
were held constant from baseline to future periods.

The only other measured records in the model were from 23 point sources across 20
subbasins (Table 3.1). SWAT permits one point source file per subbasin. In cases where
subbasins had multiple point sources, we aggregated the data into a single filsotomt
facilities and load summaries were obtained fromPbimt-Source Nutrient Loads to Streams of
the Conterminous United Stateéatase(Skinner & Wise, 2019)This dataset was used to assist
with evaluating the supply and transport of nitrogen and phosphorus in US streams as part of the
Spatially Referenced Regressions on Watershed attributes (SPARROW)(Saatbkt al.,

2019) All point sources we included from this dataset were classified as wastewater treatment
facilities. For each facility, we obtained monthly mean nitrogen and phosphorus loads in kg and
monthly mean discharge in million gallons per day. We transformeddhasinto the format
compatible with SWAT point source input files. Flow was categorized as average daily water
load for the month (m3/day), nitrogen was represented as average daily nitrate loading for the
month (kg/day), and phosphorus was classifieavasage daily mineral (soluble) phosphorus
loading for the month (kg/dayJhese monthly recordsere heldconstant throughout the

baseline and future periods.
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Table 3.1. Point sources in the Middle Chattahoochee Watershed

Point Sources in the Middle Chattahoochee Watershed

ID NPDES Number Facility Name Type Subbasir
1 GA0038865 Paulding County Coppermine WRF Major 3
2 GA0030350 Douglasville North WPCP Minor 10
3 GA0038890 Paulding County Water System Minor 14
4 GA0027171 Villa Rica (North Sweetwater) Minor 15
5 GA0026158 Cobb Co-So. Cobb WPCP Major 16
6 GA0049786 Douglas Co Rebel Trails WPCP Minor 26
7 GA0038709 DouglasvilleDouglas CoSouth Central Major 35
8 GAO0047104 Fulton Co. (Little Bear Creek WRF) Minor 40
9 GA0000299 Coweta County Arnall/Sargent Minor 55
10 GAO0000311 Coweta CoArnco WPCP Minor 55
11 GA0031721 Newnan Utilitiess Wahoo Creek  Major 55
12 GA0021423 City Of NewnanMineral Springs  Minor 61
13 AL0068420 East Tuscaloosa W Jeff WWTP  Minor 75
14 GA0025691 Town Of Pine Mountain Minor 112
15 AL0023159 Lanett WWTP City Of Major 119
16 GA0020052 West Point WPCP Major 119
17 GA0036951 Lagrange WPCP (Long Cane C) Major 122
18 AL0024724 EastAlabama Lower Valley WWTP Major 124
19 GAO0033618 Hamilton WPCP Minor 130
20 AL0059218 Opelika Eastside WWTP Major 146
21 GA0036838 Columbus Water Works CSO Minor 172
22 AL0022209 Phenix City WWTP Major 177
23 GA0020516 Columbus Water Works Major 177




We also included the locations of 15 drinking water intake (DWI) facilities (Table 3.2)
and 5 USGS gages as subbasin outlets. These gage lopativideobserved records of
streamflow, sediment, nitrogen, and phosphorus that span the baseline period and were utilized
during calibration to evaluate model performance across the watershed (Table 3.3). The drinking
water intake locations were critical in owsassment of baseline and future projected water
guality and quantity at specific facilities. The oaoutlet for the entire watershed was defined
at USGS gage 02342881 Chattahoochee River at Spur 39, near Omaha, GA. The delineated
model of the Middle Chattahoochee watershed encompasses 11,132 kmz, partitioned into 206

subbasins, and includes a streagtwork extending 1,632 km.
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Table 3.2. Drinking water intakes in the Middle Chattahoochee

Drinking Water Intake Facilities in the Middle Chattahoochee Watershed
Subwatershed Population

ID Number & Location Public Water System Served Facility Name

1 187 tributary East Point 33712 SweetwateCreek

2 327 tributary DouglasvilleDouglas County Water and Sewer Author 109694 Bear Creek

3 341 tributary DouglasvilleDouglas County Water and Sewer Author 109694 Dog River

4 4317 tributary Carroll County 45380 Snake Creek

5 507 tributary Coweta Water and Sewer Authority 68803 BT Brown Reservoir
6 597 tributary Heard Water and Sewer Authority 8172 Centralhatchee Creek
7 671 tributary Heard Water and Sewer Authority 8172 Hillabahatchee Creek
8 917 main Lagrange Water and Sewer Authority 41852 West Point Lake

9 1177 main West Point Lake 3929 Chattahoochee River
10 11871 main Chattahoochee Valley Water Supply District 32 Chattahoochee River
11 1437 tributary Opelika Utilities 38943 R.A. BettsIntake

12 1447 main Harris County Water System 20062 Bartlett's Ferry Reservoit
13 1531 main Smiths Water and Sewer Authority 29859 Lake Oliver

14 1667 main Columbus Water 229000 Lake Oliver

15 1671 main Phenix City Utilities 35358 Chattahoochee River
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Table 3.3. Water Quality gages in the Middle Chattahoochee Watershed

Water Quality Gages in the Middle Chattahoochee Watershed
Mean Concentratior
(mg/L)

TSS TN TP TSS TN TP

i : le N
ID Gage  Subbasin Location Sample Number

1 GOMAS 127 Chatt

RV 12 3891 Inlet River 276 154 245 214 0.35 0.06

? 0;323510 30  Tributary 113 107 122 128 0.89 0.14
’ 0;32(8;5800 66 g:/aet: 560 339 588 442 22 0.17
’ ozusigasao 74 Tributary 333 209 334 155 048 0.04
° 0;32;;;40 82  Tributary 333 209 345 157 0.33 0.03
6  USGS 203  Chatt

02342881  Outet  River 171 171 171 95 087 0.05




For HRUdEefinition, we loaded soil data from the NRCS SSURGO and STATSGO2
datasets, accessed via the Web Soil Sufwsb Soil Survey021)and land cover/land use data
from the 2011 National Land Cover Dataset (NLEBymer et al., 2015 STATSGO2 data
were employed in areas lacking SSURGO coverage or not recognized by ArcSWAT. Slope
classes were manually defined ag.b8 and 7.8999, established using the Jenks natural breaks
method on a percent rise raster. A total of 5,177 HRUs weeder with threshold percentages
set at 5% for land cover, 10% for soil, and 5% for slope, balancing detailed biophysical
representation and computational efficiency.

Historical climate data for the baseline model was acquired from Dgyimetnton et
al., 2021)and gridMET(Abatzoglou, 2013ylatasets, retrieved and processed through Google
Earth Engine and R statistical softw@iReCore Team, 2023). The Daymet dataset provided a
more accurate representation of observed precipitation and temperature patterns in the watershed,
while gridMET supplied additional variables such as wind speed, relative humidity, and solar
radiation, wheth are essential for PenmMtonteith Potential Evapotranspiration calculations
(Allen, Pereira, Raes, & Smith, 199&ridMET data also supplemented the Daymet dataset by
providing information for leap years. We downloaded Daymet and GridMET data from Google
Earth Engine by uploading centroids of the 206 subbasins to extract climate data for each
subbasin. The spatiatgolutions for Daymet and gridMET are 1 km and 4.6 km, respectively,
and the average MC subbasin size is 54 kmz.

We also incorporated both wet and dry mean annual atmospheric nitrogen deposition data
for ammonia and nitrate, required for the ATMO.ATM file in SWAT (Table 3.4). These
deposition data were obtained from the National Atmospheric Deposition Program Nationa

Trends Network site GA4@nhadp.slh.wisc.edu/). Lastly, we held SWAT default fertilizer
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applications constant from the baseline to future scenarios. SWAT applies nitrogen to 1% of a
developed or agricultural HRU when nitrogen stress is reached.

Table3.4 Atmospheric deposition values

Atmospheric deposition values for the Middle Chattahooche:!

Watershed
Variable Atmospheric Deposition type  Value
RAMMO_SUB Ammonium (mg/L) 0.209
RCN_SUB Nitrate (mg/L) 0.421
DRYDEP_NH4 Dry ammonium Kg/ha/yr) 2.843
DRYDEP_NO3 Dry nitrate kg/halyr) 5.188

3.2.2.3. Model Calibration and Validation

The 5 USGS stream gage locations within the SWAT model contained sediment and
nutrient concentration observations spanning the baseline period. We transformed these data into
continuous, daily load records to assess model performance across the watarsgged d
calibration and validation. To derive loads from the concentration data and fill in missing
records, we employed the Weighted Regressions on Time, Discharge, and Season (WRTDS)
model, which is part of the EGRET packdgfrsch, DeCicco, & Murphy Blair, 2023pr R
statistical software (R Core Team, 2023).

The baseline model operated on a daily tstep from January 1, 2010, to December 31,
2020, including a &ear warmup period beginning on January 1, 2007. The model was
calibrated from 2012016 and validated from 2042020 on a daily timetep for stremflow,
TSS, TN, and TP. We utilized the standalone S\WW@EJP (Calibration and Uncertainty
Program)Abbaspour, 20153nd engaged the Sequential Uncertainty Fitting version 2 (8UJFI
algorithm to perform stochastic calibration. The S@FRlgorithm aims to encompass the
majority of observed records within the 95% prediction uncertainty (95PPU), which is derived

from thesimulated model outputs and is defined by the 2.5% and 97.5% levels of the cumulative
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distribution of a variable. This distribution is calculated from parameter uncertainties using Latin
hypercube sampling. Therefore, the goal of SRIERlibration is to adjust the model parameters
within realistic ranges to capture the majority of obsenegd within the 95PPU. We adjusted
parameters within realistic ranges based on empirical and literature values to optimize the Nash
Sutcliffe efficiency (NSE)YNash & Sutcliffe, 1970and percent bias for streamflow, TSS, TN,
and TP. Dalily calibration was performed in SW.EUP at the watershed outlet (USGS
02342881), with goodnesgs-fit evaluated at other gauges in the watershed using Python version
3.11.7("Python Language Reference, Version 3.11.7," 2628)R statistical software (R Core
Team, 2023).

First, we jointly calibrated streamflow and TSS conducting a total of 1,000 simulations.
For each simulation, daily NSE and percent bias were evaluated at the outlet and parameter
ranges were adjusted based on significance and trends. From the 1,000mis)wWae
parameter set that maximized sediment and streamflow fit at theeated gages and the outlet
was used to replace default values in the uncalibrated ArcSWAT model. Subsequently, the
model was rerun, and the calibrated streamflow and TSS rsiusea for TN and TP
calibration. The TN and TP calibration process involved using nusatific parameters to
run another 1,000 simulations, each assessed for fit at the outlet, while continually refining
parameter ranges for optimal performance, @retking the fit across the watershed. The final
parameter set most effectively optimized NSE and percent bias throughout the watershed (Table

3.5).
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Table 3.5 Final parameter set used to calibrate the MC SWAT model

Streamflow, sediment, nitrogen, and phosphorus parameters used to calibrate th
Middle Chattahoochee Watershed

Variable Parameter Transformation Min  Max Default Ciyzlrjéecj
Streamflow r__ CN2.mgt relative 35 98 varies y 10¢
r__SOL_AWC().sol relative 0 1 varies y 14¢
v__ESCO.hru value 0 1 0.95 0.9052
v__ GWQMN.gw value 0 5000 1000  593.0619
v__ GW_REVAP.gw value 002 0.2 0.02 0.0739
v__REVAPMN.gw value 0 1000 750 309.7698
v__ SURLAG.bsn value 0.05 24 4 9.3424
v__ GW_DELAY.gw value 0 500 31 108.7772
v__OV_N.hru value 0.01 30 0.1 9.123
v__ALPHA_BF.gw value 0 1 0.048 0.4053
Sediment r__ USLE_K().sol relative 0 0.65 varies ¥0.05%
r _USLE_P.mgt relative 0 1 varies y 3%
v__SPEXP.bsn value 1 1.5 1 1.1577
v__SPCON.bsn value 0.0001 0.01 0.0001  0.0058
v__CH _COVl.rte value -0.05 0.6 0 0.4401
v__CH_COV2a.rte value -0.001 1 0 -0.1061
v__PRF_BSN.bsn value 0 2 1 0.7945
v__ADJ PKR.bsn value 0.5 2 1 1.295
Nitrogen v__ERORGN.hru value 0 5 0 2.6583
V__NPERCO.bsn value 0 1 0.02 0.318
v__N_UPDIS.bsn value 0 100 20 79.1667
Phosphorus v_ PPERCO.bsn value 10 17.5 10 12.7125
v__ _PHOSKD.bsn value 100 200 175 197.1667
v__PSP.bsn value 0.01 0.7 0.4 0.4735
v__ERORGP.hru value 0 5 0 0.0417
v__ BC4.swqg value 0.01 0.7 0.35 0.1169
v__RS5.swq value 0.001 0.1 0.05 0.02
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3.2.3. Method for Updating Land Cover and Running Scenarios in ArcSWAT

To run land cover change scenarios in ArcSWAT, we updated the HRUs using the new
land cover rasters. The HRU definition phase occurs after watershed delineation, so all scenarios
had the same delineation, stream network, subbasins, and outlets. DurindeFiftlibn, we
only updated the land cover raster, keeping soil data and slope classifications, and HRU
thresholds constant. We also kept point sources, atmospheric deposition, and weather parameters
constant across all scenarios to isolate the effedéadfcover change. When ArcSWAT creates
new HRUSs, it resets all parameters to default values. Therefore, we transferred calibrated values
to the scenarios to maintain the calibrated model performance. To update parameter values, we
used thevlanual Calibration HelpeandEdit Subbasin Datéunctionalities in ArcSWAT. When
necessary, we also directly edited the project database to reflect calibrated parameter values.
Most of our parameters were changed by a single value across the watershed, while four
parameers, such as CN2, were changed by a proportion. Therefore, parameter values in all
scenarios reflected those from the calibrated model.
3.2.4. Land Cover Sensitivity Scenarios

To gauge the sensitivity of water quality and quantity to land cover change and to verify
that our land cover projection methodology was robust, we ran two hypothetical scenarios within
the calibrated model. The first scenario transformed all terrestridltb mixed forest cover and
the second scenario changed all terrestrial land teihtghsity development. The results from
these hypothetical scenarios were compared with the original calibrated 2011 NLCD model
outputs.

To create the hypothetical scenarios, we reclassified terrestrial land cover in the 2011

NLCD to either NLCD class 43, which corresponds to the SWAT class FRST (representing
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mixed forest), or NLCD class 23, which translates to the SWAT class URHD (representing high
intensity development). Terrestrial land was classified as developed open space, developed
low/medium/high intensity, barren land, deciduous/evergreen/mixed fehesh/scrub,
grassland/herbaceous, pasture/hay, and cultivated crops. Open water, woody wetlands, and
emergent herbaceous wetlands were held constant. The final two scenarios created contrasting
landscapes: one where all terrestrial land was mixed fdfali{sforested scenario) and one
where all terrestrial land was highly developed (fully developed scenario).
3.2.5. Projected Land Cover Modeling

We conducted a set of four projected land cover change scenarios in our model, sourced
from the USDA Forest Service Resources Planning Act Assessment (RIRA)e of America's
Forest and Rangeland2023)which evaluates US renewable resource potential in accordance
with the Forest and Rangeland Renewable Resources Planning Act of 1974. These scenarios
integrate projections up to 2070 from Global Climate Models (GCM) and Shared Socioeconomic
Pathways (SSPBSPs were developed by the IPCC to offer socioeconomic narratives that can be
used alongside GCMs to anticipate future conditilve® et al., 2023)The RPA assesses the
current status and projected trends of the na
SSP2, SSP3, and SSP5). For our study, we utilized two SSPs that encapsulate a broad range of
socioeconomic outcomé&sSSP3 depicting acenario of regional rivalry and lower growth and
SSP5 depicting a scenario of rapid development and high economic growth. These two scenarios
provide a comprehensive view of potential changes in the United States and dloBadlyD e a ,
Langner, Joyce, Prestemon, & Wear, 20&ecifically, SSP3 indicates a fragmented world
with an emphasis on regional markets and less focus on global trade, leading to slower economic

growth and less urbanization. SSP3 shows slow population growth, with a peak in 2035, paired
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with a 1% per year growth in income. SSP5 depicts a grovieimted world that relies on fossil
fuels, with an 86% increase in population and a real GDP growth rate of 2.5% perQeéaD e a et
al., 2023) While the rate changes based on SSP, population growth between the two scenarios
generally shows increases in the South.

The RPA utilized a standardized methodology to downscale #evatSSP data to a
county level(Langner et al., 2020; Wear & Prestemon, 20D&cadal land use projections for
the RPA were downscaled from the county level to a 90 m grid as described in Brooks et al.
(2020) We downloaded these projections from Brooks €RaR3)for spatial realization case
10, representing a realization in which the degree of contagion for landscape pattern was
centered between the most extreme (case 20) and the least extreme (case 1). We disaggregated
the broad land use classes used in the REs&ssment (water, developed, forest, other natural,
pasture, and crop) into the narrower NLCD classes used by SWAT by overlaying the 2016
NLCD on the 2020 RPA basemap (derived from the 2016 NLCD), and assigning NLCD land
cover classes to each 2020 RPAdmaap pixel based on that overlay. These disaggregated land
cover classes were retained for the future projections where no land use change was projected to
occur. For pixels where land use change occurred in the future, we assumed that new
development wabILCD class 22 (developed, low intensity), new forest was NLCD class 43
(mixed forest), new pasture was NLCD class 81 (pasture/hay), and new crop was NLCD class 82
(cultivated crop).

While our land cover scenarios integrate both U.S. climate and socioeconomic
projections, we maintained consistent climate paramegterscipitation, temperature, relative
humidity, wind speed, and solar radiatiofor all future scenarios to isolate tmepact of land

cover changes on water resources. We employed land cover projections based on two GCMs
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from the RPA: the HadGEMES (Collins et al., 2008)which represents a "hot" climate
projection for the United States up to 2070, and the-RIBCM3(Yukimoto et al., 2012)
providing a "least warm" climate projection for the same pgtogice & Coulson, 2020Yhe
SSPs for these climate scenarios indicate the varying responses in land use change in response to
climatic factors. Therefore, for each GCM, the SSP3 scenario represented lower growth while
the SSP5 scenario indicated higher growth under constdditite corresponding GCM. The
2020 RPA base map raster served as our baseline for comparison against future scenario
outcomes. As a result, we configured five scenario simulations within ArcSWAT, denoted as
BASE20 (baseline 2020), HAD3 (HadGEMNES with SSB), HAD5 (HadGEMZ2ES with
SSP5), MRI3 (MRICGCM3 with SSP3), and MRI5 (MRTGCMS3 with SSP5). The baseline
model represented daily output from 2€A@R0O, while the future scenarios extended from 2060
2070. We used the same land cover change methodologigdi@taSection 3.2.3. to reflect the
calibrated parameter values in the scenarios.
3.2.6. Projected Water Quality Analysis

To ascertain the potential impacts of land cover change on water resources, we analyzed
water quality and quantity outputs for the BASE20 baseline scenario and the four projected
scenarios: HAD3, HAD5, MRI3, and MRI5. To determine the magnitude of waadityqu
degradation from forest loss, we evaluated mean annual load and daily concentration for TSS,
TN, and TP at each subbasin, focusing our assessment at the drinking water intake locations. We
measured the differences in TSS, TN, and TP between the HAMRI scenarios compared to
BASE20, utilizing the SWAT output.rch file to represent cumulative upstream load and

concentration.
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3.2.7. Projected Water Quantity Analysis

As streamflow drives the rates of sediment and nutrient movement throughout a
watershed and can affect the amount of water supplied to communities, we also examined the
outcome of land conversion on water quantity. We focused our analysis on mean amnual fl
rate, water yield, low flow, and high flow variations, particularly at the drinking water intake
locations, to capture the range of streamflow response and identify any extreme hydrologic
behavior.
3.2.7.1. Mean Annual Flow Rate and Water Yield

We calculated the mean annual flow rate and water yield for each scenario at every intake
location to quantify the variations in water availability associated with different land cover
scenarios. Mean flow rate was calculated by averaging the flow rate altrgesars within each
subbasin. We determined water yield by finding the total upstream afefo(reach intake,
converting the flow rate from #s to n¥/day, and then standardizing by area. The results were
then summed annually and averaged acrog®atls to generate the final mean annual water
yield (mm) metric for each intake.
3.2.7.2. Low Flow Components

We examined flow duration curves, 7Q10 flow, and baseflow to understand low flow
behavior, which can exacerbate water scarcity tengiuisl, 2005)and increase contaminate
concentrations from reduced dilutiWhitehead, Wilby, Battarbee, Kernan, & Wade, 2009)

Flow duration curves show the percentage of time/probabilities that flow is likely to
equal or exceed specific values. We created curves for each intake location by using R to
calculate the return intervals and exceedance probabilities for daily streamftofiltered the

curves by an exceedance probability greater than or equal to 90%, which shows the flows that
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are exceeded 90% of the time. We used these flows as an indicator of low flow conditions and
compared them across the BASE20 and future projected scenarios.

The 7Q10 flow, defined as the minimurrd@y mean flow that occurs once every ten
years (or 10% chance of occurring in a given year) is a common low flow statistic used in
resource plannin@.ow Flow Statistics TooJ018) We calculated this metric to determine how
the lowest flows might change over a decade under the difference scenarios. We used R to
calculate 7Q10 flow for BASEZ20 for each intake location and then computed the probability of
the HAD/MRI scenarios exceedj that BASE20 7Q10 statistic. We used a backward window in
R to calculate the-day rolling average for daily streamflow at each intake location. Once the 7
day rolling mean was calculated, we calculated the probability that a given magnitude or below
of flow will happen each year. From here, we were able to create the return intervals and
exceedance probabilities.

Baseflow reflects the contribution of groundwater to streamflow between precipitation
events and can represent a key indicator of watershed he@ith Dr i scol | et al .,
2011) We determined baseflow indices using the baseflow function from the hydrostats package
in R (Bond et al., 2002which employs the LynnElollick filter. The baseflows function uses
the LynneHollick filter to find the measure of central tendency and baseflow indices. Similar to
7Q10, we calculated the baseflow cutoff value for all subbasins during BASE20. We then
computed the percentage of flow that occurred at or below the BASE20 baseflow threshold for
the HAD/MRI scenarios. We studied baseflow as part of the low flow analysis to assess the

extent that land conversion potentially reduces baseflow rates.
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3.2.7.3. High Flow Components

High flows can elevate flood risk and increase sediment and nutrient loads and
concentrations. Forest conversion to development reduces infiltration and increases runoff,
making it more likely for high flows to negatively impact water qudlityckaby et al., 2013)
Therefore, we assessed high flow behavior by examining flow duration curves and extreme high
flow cutoff metrics.

We used the same flow duration curves used in the low flow analysis to inspect high flow
behavior. We filtered the curves by an exceedance probability less than or equal to 10%, which
shows the flows that are exceeded 10% or less of the time. We thetheisetbset flow duration
curves as indicators of high flow conditions.

We applied the extreme flow cutoff method, described by Saia(@04l9) to BASE20
and future scenarios to capture extreme high flow behavior. This process first involves finding
the extreme flow cutoff value for the baseline period and then calculating the frequency at which
future projected scenarios surpass that valuecheeve this, we first applied the following

formula to on logtiransformed daily flow at each subbasin during BASE20:
Fext = Q3 + 1.5(Q3 — Q1)

Where kxt is the value above which flows are considered extreme based on the third quartile
(Q3) and the interquartile range ((@3&). We then calculated the number of days that each
subbasin exceeded their respective BASE20 threshold for both the BASE20 anddenagos.

The frequency of extreme high flows was quantified using the following formula:

Ppext™hbext o 10)()

. M ext
P(acxt -
g
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Where the percentage of extreme flow days.gPfor the HAD/MRIscenariosvas found by
comparing the percent change in the number of days that exceed the BASE20 extreme flow
cutoff from BASE20 Ki,ex) to projected scenarioBp(ex).
3.3 Results
3.3.1. Model Calibration and Validation Fit

We achieved acceptable fit values throughout the watershed during both the calibration
and validation process, indicating that the SWAT model is suitable to use for running projected
scenarios (Table 3#&nd Table 3.) For the calibration period (January 1, 20Iecember 31,
2016), the model achieved satisfactory NSE values and percent bias values for streamflow and
TSS,and for nutrients at some, but not all gages across the watefghibd watershed outlet,
we achieved daily NSE values of 0.77 (stnlaw), 0.41 (TSS), 0.15 (TN), and 0.60 (TP). The
corresponding percent bias values were 12% (streamf0y@5% (TSS), 4.4% (TN), and 53.4%
(TP) (Figure 3.2 3.5). According tdVoriasi et al.(2007) NSE values greater than or equal to
0.5 and percent bias values less than or equal to + 15% for flow, + 20% for sediment, and + 25%
for nutrients are considered satisfactory. Based on these metrics, the model performs well for
streamflow and TSS. A low&'SE for TN indicates that the model might struggle to capture the
variability in high and low values, while the low percent bias shows that the overall trend of
simulated TN is close to the observed values, if not slightly over predicted. For TP, tHe mode
captures the variability in the observed data, but over predicts the values.

The model also performed satisfactory during calibration at other gages throughout the
watershed. At subbasin 66, located on the main stem of the Chattahoochee River, the daily NSE
was 0.84 and the percent bias was 4.2% for streamflow, indicating veryrguted performance

(Moriasi et al., 2007)The TSS percent bias was satisfactory for two of the three tributary gages,
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indicating the model is able to capture both low and high sediment values. We struggled to fit
phosphorus at the collocated gages, as the model both over and under predicted load throughout
the watershed. Howevdahe modeperformed wellt predicting nitrogeat two of the tributary
gages, producing a percent bias below 6%.

During the validation period (January 1, 201December 31, 2020), the model
continued to perform well, with daily NSE/percent bias metrics of 0.72/16.6% (streamflow),
0.57/3.3% (TSS), 0.25/11.4% (TN), and 0.46/43.7% (TP). Fit at the collocated gageedema
similar between calibration and validation periods, with daily streamflow performing the best,
followed by sediment, nitrogen, and phosphorus. These metrics, which are comparable to the
calibration period, support consistent model performance overetit hydreclimatic time

periods.
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Table 3.6Daily Goodnes®f-Fit statistics for streamflow, TSS, TN, and TP at the inlet, co
located gages, and the watershed oulletegative PBIAS indicates that the model is
underpredicting compared to observatiomkereas a positive PBIAS indicates the model is

overpredicting.

Daily calibration and validation metrics for streamflow, TSS, TN, and TP

Streamflow
Calibration Validation
USGS Gage Subbasin Location NSE PBIAS NSE PBIAS
02337410 30 Tributary  0.41 16 0.43 14.9
02338500 66 Chatt 0.84 4.2 0.86 -1.9
02338660 74 Tributary  0.57 28.8 0.49 20
02338840 82 Tributary 0.6 20.7 0.43 19
02342881 OUTLET: 203  Chatt 0.77 12 0.72 16.6
TSS
Calibration Validation
USGS Gage Subbasin Location NSE PBIAS NSE PBIAS
02337410 30 Tributary  0.01 -94 0.02 -93.7
02338500 66 Chatt 0.07 -83.4 0.1 =77
02338660 74 Tributary  0.38 20.7 0.2 17.9
02338840 82 Tributary  0.28 -17.3 0.17 2.9
02342881 OUTLET: 203  Chatt 0.41 -0.36 0.5 7.3
TN
Calibration Validation
USGS Gage Subbasin Location NSE PBIAS NSE PBIAS
02337410 30 Tributary  -0.12 5.7 0.52 -17.7
02338500 66 Chatt -0.96 -59.3 -0.86 -59.7
02338660 74 Tributary  -1.1 40.3 -0.3 -5.8
02338840 82 Tributary  0.09 0.46 0.15 -38.6
02342881 OUTLET: 203  Chatt 0.15 4.4 0.25 -11.4
TP
Calibration Validation
USGS Gage Subbasin Location NSE PBIAS NSE PBIAS
02337410 30 Tributary  0.05 -72.2 0.15 -64.7
02338500 66 Chatt 0.47 -40.5 0.57 -36
02338660 74 Tributary  0.37 28.6 0.02 55
02338840 82 Tributary  0.03 77.1 0.07 92.4
02342881 OUTLET: 203  Chatt 0.60 53.4 0.46 43.7
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Table 3.7Monthly Goodnes®f-Fit statistics for streamflow, TSS, TN, and TP at the inlet, co
located gages, and the watershed oulletegative PBIAS indicates that the model is

underpredicting compared to observations, whereas a positive PBIAS indicates the model is

overpredicting.

Monthly calibration and validation metrics for streamflow, TSS, TN, and TP

Streamflow
Calibration Validation
USGS Gage Subbasin Location NSE PBIAS NSE PBIAS
02337410 30 Tributary  0.85 16 0.84 14.8
02338500 66 Chatt 0.97 4.2 1 -1.9
02338660 74 Tributary  0.76 28.5 0.83 19.8
02338840 82 Tributary  0.78 20.4 0.83 18.9
02342881 OUTLET: 203 Chatt 0.87 12 0.87 16.4
TSS
Calibration Validation
USGS Gage Subbasin Location NSE PBIAS NSE PBIAS
02337410 30 Tributary -0.07 -94 -0.33 -93.7
02338500 66 Chatt -0.07 -83.4 -0.08 =77
02338660 74 Tributary  0.84 20.7 0.69 17.9
02338840 82 Tributary  0.57 -17.3 0.64 2.9
02342881 OUTLET: 203 Chatt 0.7 -0.35 0.81 7.3
TN
Calibration Validation
USGS Gage Subbasin Location NSE PBIAS NSE PBIAS
02337410 30 Tributary -0.22 5.7 -1 -17.7
02338500 66 Chatt -1.8 -59.3 -1.9 -59.7
02338660 74 Tributary -1.4 40.2 -0.53 -5.8
02338840 82 Tributary  0.15 0.46 0.4 -38.6
02342881 OUTLET: 203 Chatt 0.18 4.4 0.27 -11.4
P
Calibration Validation
USGS Gage Subbasin Location NSE PBIAS NSE PBIAS
02337410 30 Tributary  0.12 -72.2 0.14 -64.7
02338500 66 Chatt 0.52 -40.5 0.58 -36
02338660 74 Tributary  0.66 28.6 0.12 55.1
02338840 82 Tributary -0.48 77.1 0.18 92.4
02342881 OUTLET: 203 Chatt 0.56 53.4 0.55 43.7
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3.3.2. Baseline 2020 Results

We calculated the mean annual water balance, including precipitation, evapotranspiration

(ET), and water yield (WY), as well as sediment and nutrient yieldhéoBASE20 scenario.

These metrics were then compared with those of the future scenarios (Babess all

subbasins, mean annual precipitation was 1472 mm, with variations ranging from 1366 mm to
1610 mm (Figure 3.6). Notably, areas with lower precipitation were observed in tributary regions
near Atlanta, GA, east of West Point Lake near LagraBGde and southeast of Columbus, GA

near ForiMoorei regions characterized by a mix of forestland, agriculture, and development.
The mean annual ET acrodksabbasins was 882 mm, varying from 707 mm to 1312 mm.

Higher ET rates were observed along the main stem of the Chattahoochee River around West
Point Lake, which could be attributed to a combination of forestland (evergreen, deciduous, and
mixed), agricltural land, and lowintensity development. Conversely, the highly developed
portions of Atlanta and Columbus, GA, exhibited some of the lowest mean annual ET values.
Lastly, the mean annual WY across all subbasins was 505 mm, ranging from 398 mm to 770
mm. This is a generally expected pattérelevated water yields in areas with high precipitation
and low ET, and reduced water yields in regions with low precipitation and high ET.

We analyzed the sediment and nutrient yields from each subbasin. Sediment (mt/ha) and
nitrogen yield (kg/ha) were elevated near the major cities of Atlanta, GA and Columbus, GA,
while phosphorus yield (kg/ha) varied across the watershed and showed kighndkie
tributaries(Figure 3.7) To avoid the influence of point sources, our analysis focused on
sediment and nutrients from the subbasin output file, which lacks metrics for total nitrogen and
total phosphorus. Consequently, nitrogen yield encompamsate and organic nitrogen, while

phosphorus yield comprises organic phosphorus, soluble phosphorus, and mineral phosphorus.
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Table 38 Mean annual water balance components across the scenarios

Mean Annual Precipitation, ET, and Water Yield Across Subbasins for all Scer

Scenario Precipitation (mm)  ET (mm) WY (mm)
BASE20 1471.7 881.8 504.46
Fully Forested 1343.6 851.5 441.38
Fully Developed 1343.6 755.5 598.40
HAD3 1471.7 878.1 510.06
HAD5 1471.7 877.6 510.57
MRI3 1471.7 876.9 511.46
MRIS 1471.7 876.8 511.82

3.3.3. Land Cover Sensitivity Analysis

We ran the hypothetical fully forested and fully developed scenarios to evaluate how
sensitive the model was to land cover changes and confirm the model performed as expected
when calibrated parameters were transferred to a new land cover. Overall, wipamicg the
fully developed scenario to the 2011 NLCD baseline, the mean annual load of TSS, TN, and TP
increased substantially, with the fully developed scenario resulting in the highest loads. In
contrast, the fully forested scenario exhibited decreassh annual loads, resulting in the
lowest loads relative to the NLCD 2011 baseline and the fully developed scenario.

In the fully developed scenario, the mean annual TSS load surpassed the 2011 NLCD
baseline by about one order of magnitude at three DWI locations and by one to two orders of
magnitude at six DWI locations compared to the fully forested scenario (Figurél8tably, all
these drinking water intake locations are situated on tributaries, which underscores the impact of
development on sedimestipplyin these areas.

The mean annual TN load in the fully developed scenario was one order of magnitude
greater than the fully forested scenario at DWI locations 1 through 7, and 9 through 11 (Figure

3.9). It is important to highlight that intake location 9, which serves as the public water system
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for West Point Lake, is positioned on the main stem of the Chattahoochee River and is one of the
only mainstem intakes with this large of a response. For TP, while the mean annual load was
highest across all intakes during the fully developed scenarimdiease was less than an order

of magnitude compared to the fully forested scenario (Figd®.3.

Lastly, we checked assessed mean annual water yield (mm) and ET (mm) rates across the
watershed to check that the water balanceresysonding to changes in land use cassvould
beexpected. There was a noticeable increase in mean annual water yield and a corresponding
decrease in mean annual ET whemestrialareas were developed (Figure$3.IThis trend
confirms the model is accuratadgpturing the ecosystem services forests provide to water
resources, specifically where forest removal leads tocel ET rates and alters other natural
processes that enable forests to capture and moderate water flow.

3.3.4. Projected Land Cover Change in 2070

By 2070, our projections indicate variably distributed increases in developed land cover
across the watershed relative to the BASE20 scenario. The MC was 13.6% developed during
BASE20, increasing to 18% (HAD3), 18.5% (HAD5), 18.6% (MRI3), and 19.2% (MRHS.
development translates to percent increases of 53.6% (HAD3), 59.2% (HAD5), 61.3% (MRI3),
and 67.5% (MRI5) in the total developed area relative to BASE20. The tributary intakes
experienced the most substantial new development, with nearly all DWblwah tributaries
and four on the main stem experiencinQ%0% increase in nedeveloped area in 20{Bigure
3.12) . Four tributary |l ocations observed a 0100c¢
11 experienced over a 200% increasgew developmerdcross the scenarios.

The increase in new development is consistently linked to a corresponding decrease in

forest cover, notably impacting tributary DWI locations (Figur&B.Throughout all scenarios,
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the MC watershed was majority forested, with 67% forest cover during BASE20 decreasing to
62.4% during MRI5. Across the watershed, there was an overall forested area loss of 12.2%
(HAD3), 13.5% (HADS5), 14.8% (MRI3), and 16% (MRI5). Tributary DWI locatidng, 5, 6,

and 11, experienced up to a 20% loss in forest cover, with DWI 6 and 11 undergoing the most
substantial losses. DWI 11 drains into Lake Harding and serves a population of 38,943. Land
cover within the drainage area transitioned from 9.4% dped|068.3% forested, and 16.5%
agriculture during BASE20 to 16.7% developed, 60% forested, and 18% agriculture during
MRIS.

DWI locations 4 and 7, located on tributaries, were the only intakes to experience an
increase in forest cover relative to the BASE20 scenario. New development and forest cover in
these areas primarily occurred on agricultural land. DWI 4, located on Snedde, has a
drainage area of 89.3 Krand a service population of 45,380. Total development in this area
increased from 4.6% during BASE20 to 9.8% during MRI5, while forest cover increased from
75.2% to 77%, respectively. These gains led to a decliagrioultural land from 13.6% in
BASE20 to 9.4% in MRI5. DWI 7, situated on Hillabahatchee Creek wdlfinking water
service population of 8,172, experienced minimal change in forest cover, transitioning from
86.3% in BASE20 to 86.4% in MRI5. There was a larger increase in development from 2.6% in

BASE20 to 4.5% in MRI5, coupled with a reduction in agricultural coven f8al% to 7.2%.
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3.3.5. Water Quality
3.3.5.1. Sediment Load and Concentration

The change in mean annual TSS load varied throughout the watershed, with tributary
subbasins experiencing the largest changes. Mean annual TSS load consistently increased at the
watershed outlet from a BASE20 value of 10835.1 + 5236.4 m tons. This value increased up to
11% under MRI5 (Table 8). The MRI scenarios had a larger effect on sediment load across the
subbasins, increasing mean annual load at the most by 1542% (subbasin 111: tributary), while
the HAD scenarios increased mean annual load at the most by 850% (subbasin 151.: tributary).
Total development cover in subbasin 111 remained consistent at 3.6% in BASE20 to 3.7% in
MRI5. However, forest cover decreased from 56.5%2(@%, while agriculture increased from
34% to 38%, possibly contributing to elevated sediment load. Subbasin 151 experienced a total
developed area increase from 5.5% in BASE20 to 17.7% in HAD5, resulting in decreased forest
cover from 82% to 72% and deased agriculture from 7.3% to 5.5%. This pattern indicates that
even with 72% forest cover, new development still increased TSS load.

Mean annual TSS load at the intake locations reflected the overall watershed pattern,
where tributaries experienced the greatest changes in load from the baseline to future scenarios
(Figure 3.15) Notably, four of the DWI locations (3, 5, 6, and 11) experiemeeck tharb0%
increase in mean annual TSS load. DWI 3, located on Dog River with a service population of
109,694, experienced up to a 161% increase (HADS5) in mean annual TSS load. Development at
DWI 3 increased from 17% BASEZ20 to 20% HADS, with refilons in forest cover from 65% to
61% and agricultural cover from 16% to 15%. The response at DWI 3 indicates that even with
majority forest cover, this tributary experien@atincrease in sediment load from new

development.
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Mean annual sediment load did decrease at certain points in the watershed, with the most
pronounced reductions occurring on tributaffeigure 3.16) Intake locations 4 and 7 were the
only DWI with decreased mean annual TSS loads during the projected scenarios. These intakes
are located on tributaries and serve a combined population of 53,552. As discL&settbn
3.3.4.,development at DWI 4 and 7 remained below 10% from BASE20 to MRI5, while forest
cover remained above 75%. Across the whole watershean annual sediment load decreased
during the future scenarios at the most during HAD5 and by 87% (subbasin 71: tributary). From
BASE20 to HADS5, development remained below 188fest cover was abogd%, and
agriculture increased from 19% to 21fathe total areaThis findingindicatesthathigh forest
cover was potentially able to attenuate sediment load when development remained below 10%
and agricultural change was minimal.

Mean annual sediment concentration generally followed similar patterns, with more
pronounced variations at the tributaries. Mean annual sediment concentration at the outlet
increased at the most by 9.2% during MRI5 from a BASE20 value of 8.5 + 7.4 mdle (Ta
3.10, Figure 11). MRI5 projects the largest increase in concentration by >3000% on a tributary
(subbasin 111: 1 + 3.3 mg/L BASEZ20 to 39.7 + 26.1 mg/L MRI5). Subbasin 111 is the same
tributary region thaexperienced the greatest increase in sediment load despite remaining less
than 4% developed and over 50% forested from BASE20 to MRI5. Almost all DWI locations on
tributaries (2, 3, 4, 5, and 11) expé@igireenced
3.17) Similar to the pattern observed with load, concentration increase was highest at DWI 3
(+318%), (Figure 3.12). Following the trends with load, DWI 4 and 7 were the only intakes with
decreased concentration during the projected scenarios. Alceostiole watershed, subbasin 71

had the largest decrease in concentration (92% reduction).
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3.3.5.2. Nitrogen Load and Concentration

The pattern of TN loads and concentration were similar to those of TSS, where the largest
changes were in tributary locations. The mean annual TN load at the outlet during BASE20 was
6.361x16+ 1.124x16 kg, which increased across all scenarios and at the most by 20.3% under
MRI5 (Figure3.18. The change in TN load was even greater at some subbasins across the
watershed.

Similar to the pattern with TSS load, TN loads increased the most in tributary areas.
Specifically, mean annual TN load increased across subbasins at most by about 300% during the
HAD scenarios (subbasin 174: tributary) and 360% during the MRI scenarimésn 140:
tributary). Subbasin 174 had 7.4% development in BASEZ20, rising to 15% in the HAD scenarios.
Forest cover dropped from 76% to 70%, and agriculture decreased from 5% to 3%. Subbasin 140
had 7.5% development in BASE20, increasing to 15% in tRé ddenarios. Forest cover
declined from 60% to 50%, and agriculture increased from 23% to 26%, potentially contributing
to nutrient loads.

Mean annual TN load at DWI locations generally increased, with the exception of
locations 4 and 7. TN load increased over 50% at DWI tributary locations 5, 6, and 11 (Figure
3.19. The most substantial increase in TN load was at DWI 11 (+ 217% MRI3), which drains
into Lake HardingDWI 11 was 9% developed, 68% forested, and 16.4% agriculture during
BASE20 and increased 1%% developed, 60% forested, and 18% agriculture during the future
scenarios. These intakes show a consistent response in both TN alo@d.SS

Mean annual TN concentration at the outlet increased up to 14.8% MRI5 (1.16 + 0.94
mg/L) from a BASE20 value of 1.01 + 0.61 mg/L (Fig@t20). Across the whole watershed,

mean annual TN concentration increases the most by 500% during MRI3 in subbasin 140 (0.23
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0.47 mg/L BASE20 to 1.36 + 3 mg/L MRI3). Subbasin 140 is a tributary area which also had the
largest increase in mean annual nitrogen load, potentially exacerbated by concurrent increases in
development and agriculture. Concentration only increased by ab0/I locations 5 and 11,
with location 11 experiencing a >100% increase in concentration for all scenarios @&fiire

Mean annual TN concentration is projected to decrease across subbasins at the most by
45.8% during HADS (subbasin 105: tributarifowever, this decrease was only from 0.29 +
1.03 mg/L BASEZ20 to 0.16 + 0.23 mg/L HAD5Sulshasin 105 had a land cover 2.2% developed,
81.6% forested, and 10% agricultuhering baselineThis shifted to 2.3% developed, 82.4%
forested, and 9% agriculture during HADS5. The reduction in TN concentration in subbasin 105
from BASEZ20 to HADSs likely due toa combination of low developent anda decrease in
agriculture alongsidan increase iforest cover. Similarly, increased forest cover at DWI
locations 4 and 7 decreased mean annual concentration during the future scenarios.
3.3.5.3 Phosphorus Load and Concentration

Mean annual TP load and concentration displayed a nuanced pattern across the watershed
(Figure 3.22) Outlet mean annual TP load during BASE20 was 5.61%%10836x10 kg. This
load slightly decreased in the future scenarios by 1% (HAD3), 2.5% (HAD5/MRI3), and 2.8%
(MRI5). Subbasins exhibited varied patterns, with the most substantial decred%e of 4
(BASEZ20: 2182+ 1060 kg to HAD5S: 1256.% 521 kg)observed in tributary subbasin 182,
which maintained about 1.6% development across all scenarios. SubRsixperienced an
increase in forest cover (64% to 68%) and decrease in agriculture (22% to 18%) from BASE20
to future scenarios, potentially explaining decreased TP load. The highest increase occurred in
subbasin 188 (+94% HAD3), which drains 426.72kmar Columbus, GA. Land covers

remained similar between the baseline and future scenarios in this subbasin. The notable rise in
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mean annual TP load could be attributed to the altered composition of agricultural land between
the two scenarios, particularly a higher proportion of row crops near the stream network in
HAD3.

Mean annual TP load maintiecreasedcross intakeom the baseline to future
scenariogFigure3.23). DWI 4 and 7 experienced the most substantial decreases (up to 20%) in
load, attributed to low development and higher forest cover. DWI 5, 6, and 11 were the only
locations with increased load, but these gains remained below 10%. These tributarydocation
surpassed a 10% threshold from BASEZ20 to the future scenarios. Forest cover at all these
locations remained around 60% throughout the scenarios, inditaat even with majority
forest cover, development exceeding 10% led to increases in TP load.

The mean annual TP concentration at the outlet showed minimal changes, decreasing by
1% or less across all future scenarios from a BASE20 value of 0.071 + 0.028Riggile 3.24)

Mean annual TP concentration is projected to decrease across subbasins at the mé@tby 30
across future scenarios. Mean annual TP concentration is projected to increase up to 147% on a
tributary during MRI3. However, this increase is only from 0.0@/G12 mg/L BASE20 to

0.018+ 0.012 mg/L MRI3. Mean annual TP concentration at the DWI locations exhibited a
similar pattern to TP load, were DWI 5, 6, and 11 all experienced increased concentrations while
DWI 4 and 7 had the greatest reductions in conagatr. (Figure3.25).

Our findings indicate a nuanced relationship between TP load and concentration,
influenced by factors such as point source discharges, land management practicestraachin
processes. Phosphorus load in the observed point source data was added &R, mihieta

might be more bioavailable in water compared to organic P. The hypothetical land cover
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sensitivity scenarios showed a larger response in mean annual TP load. However, this response
could be linked to the type of development used in those scenarios.

Projected development in the HAD/MRI scenarios was classified amtensity
devel opment (NLCD code 22) whereas devel opmen
scenario was classified as medumtensity development (NLCD code 23). Lomtensity
develgment corresponds to the SWAT classification URMD, which has 38% impervious cover.
Comparatively, mediuantensity development corresponds to SWAT classification URHD,
which has 60% impervious cover. The amount of phosphorus concentration that gets washed
over impervious cover therefore differs between these two scenarios. We also retained default
SWAT fertilizer applications between all scenarios, which applies nitrogen to 1% of a developed
or agriculture HRU when nitrogen stress is reached but doespigtgdmsphorus. Therefore,
the differences in development classes and fertilizer management could explain why nitrogen

was more sensitive to land cover change compared to phosphorus.

107



Table 39 Mean annual sediment and nutrient loads across all scenatios outlet.

Mean Annual Sediment and Nutrient Loads Across all Scenarios
BASE20 HAD3 HAD5 MRI3 MRI5
TSS 10835.1 +5236.4mtons +81% +87% +11% +11%
TN  6.361x16+ 1.124x16kg +15.8% +16.6% +19.2% +20.3%
TP  5.611x16+ 1.836x10kg -1% -2.5% -2.5% -2.8%

Table 310 Mean annual sediment and nutrient concentrations across all scatdne®utlet.

Mean Annual Sediment and Nutrient Concentrations Across all Scenario:

BASE20 HAD3 HAD5 MRI3 MRI5
TSS 8.5+ 7.4 mg/L +6.7% +7.9% +9.4% +9.2%
TN 1.01 + 0.61 mg/L +11.6% +12.1% + 14% +14.8%
TP 0.071 £ 0.023 mg/L -<1% -<1% -<1% -<1%

3.3.6. Water Quantity
3.3.6.1. Water Yield and Flow Rate

Mean annual water yield and flow rate were consistent across the scenarios, indicating
relative stability in streamflow amount despite increases in development. Mean annual flow rate
at the outlet was 256 + 240 m3/s (BASE20) and increased up 259 + 24MiRPE. Mean
annual water yield at the outlet only increased 0.78% (HAD3), 0.85% (HADS5), 0.98% (MRI3),
and 1% (MRI5) from a BASE20 value of 725543.7 + 255724.4 mm. Although mean annual
water yield slightly increased at each intake location from BASE#tetblAD/MRI scenarios,
the change was minimal (<0.1 mm), indicating a uniform response in water yield to land cover

changes across the watershed.
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3.3.6.2. Low flow Statistics

While the average flow rates were consistent at the outlet, our analysis of flow duration
curves for each drinking water intake revealed varied responses in low flow conditions between
BASE20 and HAD/MRI flows. To examine low flow using these curves, lerdd the
exceedance probability when BASE20 streamfl ow
response across all intakes, we found greater variability in daily low flows relative to daily mean
flow rates. Of the intakes with the highest increasegweldpment (DWI 5, 6, 11), intake 11
had the greatest change in low flow. The flow duration curve for this intake shows that future
projected flow will be higher during low flow periods compared to BASE20 flow, particularly as
the exceedance probability@mpaches 95%. Future flow at DWI 5 and 6 had similar low flow
patterns compared to BASEZ20. At the outlet, future low flows are marginally higher compared to
BASE20 up to the 98% exceedance probability.

Conversely, the 7Q10 low flow calculations, representing the lowest flow for a
continuous seveday period with a 10% probability each year, showed that during the
HAD/MRI scenarios, the minimum flow was generally lower compared to BASE20, suggesting
thatextreme minimum flows might be lower in the futufé DWI 5, 6, and 11, the future
projected 7Q10 flows were lower relative to BASE20 flow. This pattern generally happened
around the 60% exceedance probab{litigure 3.26) Changes were more minimal hetwhole
watershed outlet, where BASE20 and future projected 7Q10 flows were similar.

The baseflow analysis revealed that the proportion of the streamflow record considered
baseflow remained consistent from the BASE20 to the future scenarios. Using the baseflows
filter in R, we determined the baseflow threshold for each subbasin duringZB/Assid

compared the percentage of flow occurring at that threshold in the HAD/MRI scenarios. Our
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analysis of the percentage of flow that occurred at or below this baseflow threshold revealed that
the proportion of the hydrograph considered baseflow in BASE20 remains similar across the
future scenarios. For example, the baseflow threshold at intake21/s and about 31.1% of
flow during BASEZ20 occurred at or below that threshold, while around 32% of flow during
HAD/MRI occurred at or below that threshold, indicating stability in baseflows despite
development growth.
3.3.6.3. High flow Statistics

We observed the high flow statistics by examining flow duration curves and extreme high
flow cutoffs and found that high flow experienced the greatest changes in highly developed areas
(Figure 3.25) To examine high flow, we filtered the flow duration curves to display flow less
than or equal to the 10% exceedance probability. We found that projected flow at DWI 5 and 6
was minimally higher than BASE20 flow. Projected future high flow at DWI 11 gdeeh
relative to BASEZ20, while flow was similar throughi@ll scenarios at the outlet. These findings
indicate that low flow may be more sensitive to increased development at these locations relative
to high flow.

The PGxvalues, which reflect theercentage change in the frequency of high flow
events per year, showed minimal impacts of high flow at the DWI locattogsre 3.7).
However, some individual subbasins did experience an increase in the frequency of high flow
eventg(Figure 3.8). For example, subbasin 5 experienced a 36% increase in high flow
frequency under MRI3. During BASE20, subbasin 5 was 55.8% developed, 26% forested, and
14.2% agricultural land. This land cover shifted to 61% developed, 23% forested, and 11.6%
agriculturalland.Our findings suggest that the high flow response in the MC is most substantial

in areas that are majorly developed.
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3.4. Discussion

We ran four land cover change scenarios to evaluate the impact on water quality and
guantity across the M@atershed, with particular focus on the effect at drinking water intake
facilities. Land cover changes across all scenarios project an increase in development by 2070,
accompanied by reductions in forest and agricultural land. We found substantial new
devdopment around small towns and rural areas in tributary regions, posing challenges for
drinking water intake facilities in these areas with potentially limited resources to manage water
guality degradation. Sedimeandnitrogen loadsndconcentrations arexpected to increase at
all intake locations, except for 4 and 7 where forest cover expanded, with the largest gains at
facilities on tributaries. Across the watershed, we noted that development thresholds below 10%
and forest cover between-80% in trbutary areas is a potential range to protect water quality;
however, this is dependent on the amount of impervious surface cover associated with the
development. Our findings provide valuable insights for water resources managers to target
source water ptection in tributary areas. The results can be integrated with economic models to
estimate treatment costs linked to forest loss. Overall, this study contributes to our understanding
of upstrearrdownstream linkages and supports efforts to protect wateunnass under changing
conditions.
3.4.1Sensitivity Analysis

The results from the hypothetical scenarios demonstrate how the calibrated SWAT model
responds to changes in land cover, specifically how forestland can lower nutrient and sediment
load by an order of magnitude relative to development. We found thatltheofasted scenario
decreased sediment and nitrogen load by one to two orders of magnitude at most DWI tributary

facilities and one mainstem facility when compared to the fully developed scenario. These
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responses align with knowledge that developed land cover produces higher rates of sediment and
nutrients relative to forestlar{lockaby et al., 2013Notably, DWI 9 on West Point Lake
Reservoir was the only mainstem location that experienced a response comparable to the
tributaries. This is an important finding, as generally mainstem locations were not as sensitive to
land cover changes compared te thbutary locations, indicating there might be a potential
threshold of upstream forest cover that mitigates water quality impacts on the mainstem. The
response at DWI 9 might be attributed to the reduction of agricultural land, and subsequent
nitrogen g@plications, under the fully forested scenario. While these scenarios are hypothetical,
they emphasize the sensitivity of the calibrated model, particularly the tributary locations, to
forest and development change. The HAD/MRI scenarios add a level pfecaty by revealing
watershed response when multiple land covers are changing simultaneously.
3.4.2Spatial pattern of land cover change

The future land cover scenarios depict varied increases in development across the
watershed. Larger cities like Atlanta and Columbus exhibit urban sprawl, with new development
spreading outwards from urban cores. In Atlanta, this pattern aligns withd@bktoends and
future projections, which indicate the greatest increases in development will occur in outer
portions of the city (ARC, 2024). The HAD/MRI projections also show dense, new development
in rural and exurban towns outside of major metropoktaas. We found new development
concentrated primarily around the smaller towns of Centralhatchee, Waverly Hall, Richland,
Hamilton, Pine Mountain, Grantville, Hogansville, West Point, Franklin, Newnan, and
LaGrange. This group had a median populatiod,041, reflecting the ongoing trend of rapid
growth in rural areaGlohnson, 2023; Melotte, 202¥)ur findings reveal that while Atlanta has

historically been central in water allocation disputes, smaller towns within the MC watershed
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may have a substantial role in shaping future water resources in the region. The concentration of
new development in these towns, especially in tributary regions, is expected to contribute to
heightened water demand corresponding to population and dewesibgrowth.

We also found variable development patterns at the intake locations. Notably, at some
DWI facilities with largepercentncreases in sediment and nutrient load and concentration,
development occurred far upstream of the intake location. For example, the drainage area of
DWI 3 comprises 6 tributary subbasins with the majority of new developmnejected in the
uppermost sulasins, not necessarily in the subbasin that actually contains the location of DWI3.
While stream networks are inherently cumulativadkcape features andstream processes
can diminish the effect of upstream changes on downstream water (Eedibzain et al., 2021)
Therefore, our findings suggest that upstream development in tributaries of the MC can
substantially impact downstream water quality due to tributhaesg less capacity mitigate
effects.
3.4.3Land Cover Change and Water Quality

The subbasins with the highgesrcentincreases in TSS, TN, and TP load and
concentration in the future scenariosubbasins 140, 151, and li7#vere exclusively located
within the tributary regions of the watershed. Additionally, among all DWI facilities, those
situated within tributariespecifically DWI 5, 6, and 11, also showed the most substantial gains
in both load and concentration compared to locations on the mainstem. While we did not
discover a general development threshold that consisteetlycped increases in water quality
load and concentration across all 206 subbasins in the watershed, we did find similar
development patterns among subbasins 140, 151, 174, and DWI 5, 6, and 11. All of these

locations were less than 10% developed and 59% forested during the baseline. In the future
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scenarios, development increased to over 10% and forest cover remained the majority land
cover. However, even with a majority of forest cover, these areas still experienced the greatest
increases in load and concentration relative to the entire watemtiedesponse might be
attributed to the amount of impervious surface cover associated with the projected new
development.

The impervious surface cover thresholds within the model vary based on development
type. We categorized all projected development as NLCD class 2idtemsity, representing
areas with a blend of constructed materials and vegetation typically assodthtsmglefamily
housing units. This class is characterized by an average impervious surface cover of 35%. SWAT
transl ates NLCD class 22 into Aurban medium
cover of 38%, suggesting that NLCD and SWAT clasaiians are closely aligned. While the
tributary subbasins and DWI locations we identified all had total development exceeding 10%,
this development comprised a mix of impervious surface covers. Existing literature indicates that
impervious cover betweenZ)% is the common threshold at which water quality and quantity
degradgOudin, Salavati, FurushBercot, Ribstein, & Saadi, 2018; Ge Sun & Caldwell, 2015)
although this threshold can be lower and dependent on watershed charadfistisgti;Palmer,
& Smith, 2018) Therefore, while we found that high load and concentration increases are linked
to similar development patterns, we need to further analyze the amount of associated impervious
surface cover to identify potential thresholds. Our finding that tributansameperienced the
largest gains in load and concentration is significant as these areas encompass headwater
streams, which require thoughtful management practices based on their sensitivity to land cover

changegGomi, Sidle, & Richardson, 2002)
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3.4.4Implications for water resources management

The magnitude of change within tributary subbasins could be problematic for
management, as these areas exert an outsized effect on downstream water resources. Tributaries,
and the headwaters they contain, connect the land and catchment processes, imgdéescor
invaluable role in hydrologic connectiviiritz et al., 2018and subsequently, their substantial
effect on downstream water quality and quantity. Forgier headwater streams can contribute
about 70% of the mean annual water volume and 65% of the nitrogen flux to-sedend
streams, with this influence continginthough diminished, into fourtbrder and higher streams
(Alexander, Boyer, Smith, Schwarz, & Moore, 200IMe considerable role headwaters play in
sediment and nutrient transport could pose an issue for DWI facilities on tributaries, as these
regions have high connectivity with headwater areas, and smaller facilities might have less
resources to manage foater quality degradation.

Our findings indicate that sediment, nitrogen, and phosphorus loads, as well as sediment
and nitrogen concentrations, are likely to surge at all DWI locati@xsept for locations 4 and
7 where forest cover expandeaith the largest gains at DWI fadiks on tributaries. The
response in these locations could be explained by the fact that most new development is
concentrated in headwater and tributary areas, which are prone to new development due to lack
of legal protectior{Roy, Dybas, Fritz, & Lubbers, 200@hich threatens the ecosystem services
they provide to downstream regiofigiggs, Von Fumetti, & KellyQuinn, 2017) We found
numerous instances of new development emerging in rural areas within tributary subbasins
across the watershed. Consequently, there is a compelling case for water resource managers to
prioritize source water protection in tributary areas to im@reater quality within the MC

watershed and enhance the resilience of public water systems.
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Increased sediment and nutrient levels at most of the DWI facilities is especially
significant given the recent update in transboundary water management of the MC between
Alabama and Georgia. In December 2023 the two states reached a landmark decigian with
U.S. Army Corps of Engineers to maintain a minimum flow threshold at USGS gage 02341460
in Columbus, GANolin, 2023) As per the agreement, sustaining minimum flows in Columbus
will balance meeting Atlanta water demand without jeopardizing downstream avail@ility.
7Q10 flow analysis revealed that the most extreme minimum flows might be lower in the future,
posing a challenge for the minimum flow threshold in Columbus. While we also fayemkeaal
increase in low flow and high flow levels throughout the watershed under the land cover change
scenarios, this augmented water availability is accompanied by increased wedity
degradation, which could drive clean water scar@iyretti & Rosa, 2019Nature Based
Solutions for Water2018) Maintaining and increasing the hydrologic connectivity within an
urban system might lower the impact of imperviousness on stream (eitich et al., 2018)
and alleviate upstreagiownstream water disputes, particularly across a heterogeneous landscape
(Duan et al., 2019)0ur findings indicate that managers mifgdterhydrologic connectivity and
potentially lessen clean water scarcity by prioritizing forest protection throughout the watershed.
Specifically, our synthesis of the three tributary subbasins and three tributary DWI locations
reveals that development thre&i®below 10% and forest cover betweer3896 in headwater
and tributary areas is a potential range in which to safeguard water quality; however, this is
dependent on the amount of impervious surface cassciated with the development. The
results from this research underscore the importance of tributary areas, contribute knowledge of
waterrelated ecosystem services provided by forests, and create a foundation for which water

managers can enact actiorebtience.
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Our findings lay the groundwork for water resource managers to promote forest
protection through initiatives such as exploring payment for ecosystem services, engaging with
private landowners, and implementing smart infrastructure solutions. Paymete$r f
ecosystem services might be a feasible option in the MC, as they are already happening at high
levels on private forestland in the Southdgsty, Kallayanamitra, Wilkens, & James, 2021)

Within the tributary areas we identified, forest cover threatened by development can be cross
referenced with the opportunity costs for landowner compensation, helping managers target
protection efforts in areas associated with lower dq@&sSouza, Dupas, & da Silva, 202A%

the majority of forest cover within the Southeast is priyatess, Butler, & MarkowsHiindsay,

2020) landowner outreach might be crucial to successfully implementing forest protection
programgMa, Butler, Kittredge, & Catanzaro, 2012)stly, more strategic development

patterns and infrastructure might help attenuate water demand within the region. We found that
new development near the large cities of Atlanta and Columbus is projected to occur as urban
sprawl. However, higher densitievelopment and urban infill may actually promote water
efficiency and reduce overall water demédktbravej, Renouf, Kenway, & Urich, 2022; Sanchez

et al., 2020)Our findings can further be used in ongoing research that advances the science and
management of source water protection.

3.4.5Future research applications

The results from the land cover change scenarios could be used alongside economic
models to evaluate drinking water treatment costs linked to forest cover loss. Additionally, they
could be combined with survey data to locate areas where landowners ptieedoe
conservation measures like easements or payments for ecosystem services. The SWAT model

could be run to assess the effectiveness of natural infrastructure, such as riparian buffers, in
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mitigating development impacts on water quality and quantity amid forest cover loss. Finally, the
model could also be run to include climate change scenarios.

Integrating SWAT land cover change results with economic models is a strategy to
incentivize source water protection. Coupled hyeiconomic models have been used to optimize
water allocation between different usé@Bsker et al., 2021and determine payments for water
related ecosystem servicesGar ci a Prats, del Ca mplloese m&delBul i do
have also been employed to calculate avoided treatment costs associated with forest cover
retention(Calder, 2007; Fiquepron et al., 2013; R. I. McDonald et al., 2016; J. |. Price &
Heberling, 2018; Warziniack et al., 201 Therefore, the results from our SWAT land cover
change scenarios could be integrated into an economic valuation framework to assess treatment
costs related to the increased sediment and nutrient loading at the 15 DWI facilities.

Engaging and garnering support from private landowners might be a critical factor
towards initiating source water protection on private forestlands. Private forestlands in the
Southeast represent the most important water s¢Litcet al., 2021and are also the most
vulnerable to forest conversion to development (RPA, 2023). Although there is increasing public
support in the SE for managing private forestlands for ecosystem service provisioning, current
government programs and policies fall ghorhelping landowners to meet this deméiickye,
Rimsaite, & Adams, 2019Moreover, private landowners express a preference for policies that
empower them, such as assistance programs, as opposed to regulatory(odigeest al.,

2019) This suggests that a participatory management approach could be an advantageous
strategy in source water protection. Similar approaches have had success in the Chesapeake Bay
Watershed, where multiple local and government conservation programs haveesiippo

agricultural landowners in reducing nitrogen and sediment loading, restoring wetlands, and

118



implementing riparian buffers (USDA, 2022). Therefore, our model results could be paired with
landowner survey and interview data to determine the feasibility of applying similar programs
within the MC watershed and targeting specific parcels for sourtsr waptection. A potential
outcome of this outreach could be the involvement of minority landowners within the
management process. These landowners often cherish their land for its generational ties but may
not receive substantial economic returns fro®ahelhas et al2017)

Our SWAT model can be tailored to evaluate the effectiveness of natural infrastructure
on both water quality and quantity. In instances where the cost of forest restoration or
conservation outweighs the savings in drinking water treat(@aner, 2007; R. McDonald &
Shemie, 2014)opting for naturébased solutions could be a more feasible andeftesttive
alternative while still safeguarding water resources. SWAT has been successfully employed to
analyze the influence of riparian bufféay et al., 2023; Knouft et al., 2021¢stored wetlands
(Kurki-Fox et al., 2022)and various management practi(eés Freitas et al., 202&n water
resources. Therefore, our model can be used to assess the optimabasdarsolutiofs) for
protecting water resources when laggale forest retention is not feasible or esféective.
Coupledclimate and development change are driving hydrologic extremes in the SE. Some
waterrich watersheds in the region are becoming drier because of shifting precipitation patterns
(Li & Quiring, 2021)while others are experiencing an increase in the frequency and intensity of
flash flooding(Alipour et al., 202Q) Therefore, our model results could be more robust if land
cover change scenarios were also paired with climate scenarios, to identify how shifting

precipitation and temperature patterns drive changes in water quality and quantity.
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3.5.6 Limitations

We added 23 point sources to the watershed, which affect nutrient loads and
concentrations. Nutrient loads from point sources are directly discharged into the channel
network, bypassing any lasithsed processes that may otherwise mitigate their effects. We
included TN load in the point source files as nitrate, which has high mobility and could
accumulate downstream, resulting in elevated nitrogen loads and concentrations. However, the
percent bias from calibration suggests that nitrogen might be undetestiwithin the model,
potentially minimizing the impact of point sources.

Our findings indicate a nuanced relationship between TP load and concentration,
influenced by factors such as point source discharges, land management practicestraadhin
processes. Phosphorus load in the observed point source data was added &R, mihieta
might be more bioavailable in water compared to organic P. The hypothetical land cover
sensitivity scenarios showed a larger response in mean annual TP load. However, this response
could be linked to the type of development used in those soenari

Projected development in the HAD/MRI scenarios was classified amtensity
development(NL.C@ ode 22) whereas devel opment 1in the
scenario was classified as medumtensity development (NLCD code 23). Lomtensity
development corresponds to the SWAT classification URMD, which has 38% impervious cover.
Comparatively mediumintensity development corresponds to SWAT classification URHD,
which has 60% impervious cover. The amount of phosphorus concentration that gets washed
over impervious cover therefore differs between these two scenarios. We also retained default
SWAT fertilizer applications between all scenarios, which applies nitrogen to 1% of a developed

or agriculture HRU when nitrogen stress is reached but does not apply phosphorus. Therefore,
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the differences in development classes and fertilizer management could explain why nitrogen
was more sensitive to land cover change compared to phosphotu® research could
investigate typical fertilizer types and application rates on developed lands to provide a more
realistic approximation for the impacts of developed land on nutrient loading.

We had to make some assumptions about the projected land cover. We rescaled the SSP
projections from 90 m to 30 m, reclassified RPA classes to NLCD classes, and overlaid the RPA
projections on the 2016 NLCD. As a result, there may be minor differencesdetine 2011
NLCD used for model calibration and the 2020 basemap used as the baseline scenario in future
projections. We categorized all new development as "low intensity,” which may be a
conservative estimate, and classified new forest cover as "miggdoasentially impacting
results due to how SWAT models mixed use, deciduous, and evergreen forest types. Lastly,
HRUs within a subbasin are not spatially connected in SWAT, as processes are modeled within
HRUs and then aggregated to the subbasin lehelefore, SWAT does not consider the spatial
location of forest cover within a subbasin.

3.5 Conclusions

This study aimed to enhance our understanding of the contribution of current forest cover
to source water protection and evaluate the impacts of future forest loss on water quality and
guantity in a rapidly developing watershed with water allocation cigdie We found that
substantial increases in load and concentration are associated with similar development patterns,
but these responses likely depend on development intensity and impervious surface cover. We
also found that phosphorus was not as seeditivand cover changes, which might be attributed
to default land management practices. Despite these nuances, we found that sediment, nitrogen,

and phosphorus loads, as well as sediment and nitrogen concentrations, will surge at most
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drinking water intake facilities, with the largest gains at facilities on tributaries. These findings
provide water resource managers with insights to promote forest protection initiatives, including
exploring payment for ecosystem services, engagingtprisadowners, and implementing

smart infrastructure solutions. Our results contribute to the understanding cfelated

ecosystem services provided by forest cover and highlight areas in the watershed that can be
prioritized for source water protectioThese efforts could bolster the resilience of drinking

water supplies in a region experiencing significant shifts in water resources.
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Figure 3.1 Middle Chattahoochee study area with the 2011 NLCD showing point source and
calibration point locations
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Figure 3.2Daily and monthly simulated vs obsen&deamflowduring the calibration and
validation periods
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Figure 3.3Daily and monthly simulated vs observethl suspended sedimehiring the
calibration and validation periods
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Figure 3.4Daily and monthly simulated vs observed total nitrogen during the calibration and
validation periods
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Figure 3.5Daily and monthly simulated vs observed total phosphorus during the calibration and
validation periods
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Figure 3.6BASE20 Mean Annual Water Balance Components
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Figure 3.7Mean annual sediment and nutrient yields during BASE20
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Figure 3.8Mean annual total sediment load across the sensitivity scenarios
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Figure 3.9Mean annual totalitrogenload across the sensitivity scenarios
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Figure 3.10Mean annual total phosphorus load across the sensitivity scenarios
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Figure 3.11a) mean annual water yield and b) mean annual ET percent change from tferésiigd to fullydevelopedcenarios
Note subbasin 134 is 0.054 kin size and located in the middle of Lake Harding, which is classified as NLCD 11 open water.
Therefore, land cover, water yield, and ET did not change in this subbasin.
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Figure 3.12Percent change in development from BASEZ20 to future scenBeosent change in calculated based on new
development. For example, DWI 5, 6, 7, and 11 had over a 100% increase in new development from 2020 to 2070.
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Figure 3.13Percent change in forest cover from BASE20 to future scenahese percentages represent the total forest lost
upstream of each intake, which includes all NLCD forest classificat#dndeciduous, 42 evergreen, and 43 mixed forest.
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Figure 3.14BASE20 mean annual sediment load along with HAD/MRI percent change in load.
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Figure 3.15Percent change in mean annual TSS load from BASE20 at the drinking water intakes.
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Figure 3.16BASE20 mean annual sediment concentration along with HAD/MRI percent change in concentration
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