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Abstract

Nitrogen (N) and Phosphorus (P) are critical elements required by organistefiuiar
processes and are the key limiting nutrients in most terrestrial and aquatic ecosystems. However,
massive nutrients have entered the biosphere over the last ctaryely through fertilizer use,
fossil fuel emissions, and wastewater dischasgbstantially pertuiibg global N and P cycles.

Most anthropogenic nutrients are applied on landcamdbetransported to coastal oceans

through the landiver-ocean continuum. Nutrient enrichment in aquatic ecosystems has resulted

in a cascading set of environmental problems, such as harmful algal blooms, hypoxia, ocean
acidification, and fiskkilling. Undersanding nutrient dynamics along the lamckean continuum

is essential for reducing eutrophication and protedtiegirinking-water supply. In this

dissertation, we developed an anthropogenic nutrient input dataset and connected nutrient cycles
across terrgrial and aquatic ecosystems in a prodessed model framework. The model

combined with nutrient input data was applied to quaMignd Pdynamicsalong the land

ocean continuurand comprehensively investigate the impacts of climate and human agtivitie

on nutrient loading.

The biogeochemical processes of riverine N and P dynamics and a water transport
module were incorporated into a processed biogeochemical model, Dynamic Land
Ecosystem Model (DLEM). The N and P cycles across terrestrial andcagc@gystems were
coupled within the modeling framework. The model is capable of simulating riverine exports of
four N speciesammonium(NH4"), nitrate(NO3'), dissolvedorganicnitrogen(DON), and
particulateorganicnitrogen(PON),aswell asfour P species: dissolved inorganic phosphorus
(DIP), dissolved organic phosphorus (DOP), particulate organic phosphorus (POP), and

particulate inorganic phosphorus (PIP).



Livestock manure nutrient is one of the major anthropogenic nutrient sources for
agricultural systemsThere is still a lack of spatiaHgxplicit estimates of manure nutrient input
datasets oveacenturylong period in the United States (U.S.). We developed datasets of
livestock manure N and P production and application in the cantggu.S. at a 30 arsecond
resolution during 186Q017.The t ot al production of manure N
period driven by increased |ivestock numbers
after the 19%80s.i elghieo ainnetnelnasregi ng from t he Midw
U.S. may bring high risks to water quality in
TheimprovedDLEM wasappliedto assesshelong-termdynamicsof P loadingfrom a
typical agriculturalbasin,the MississippiRiver Basin.Simulations showed that riverine exports
of DIP, DOP, POP, and PIP increased by 42%, 33%, 59%, and 54%, respectively, from the
1900s to the 2010Riverine DIP and PIP exports were the dominant components of the total P
flux. DIP export was mainlyrdhanced by the growing mineral P fertilizer use in croplands, while
increased PIP and POP expa#sulted fronthe intensified soil erosion due to increased
precipitation.
The N and P budgets were quantified to evalleggacy soil nutrierst across the
Mississippi River Basin based on DLEM and laegm anthropogenic nutrient inpuBoth N
and P balansethe difference between nutrient sources and sinks, increased substantially from
1930 to 1980, then P balance decreased dramatically within the 198®&Midalance showed a
slight decline. The enhanced crop nutrient use efficiency decreased nutrient surplus and slowed
down the accumulation ¢égacy soil nutrierst The longer resident time of P in soils leads to

much slower release of soil P to rivénan that of N. The increasingly dominant role of legacy



nutrients as loading source combined with enhanced extreme precipitation may contribute to the
decreasing N:P loading ratio.
This dissertation filled the knowledge gap of syntheticallgiuatingdynamics of
different nutrient species across the laaan interface undéne impacts of multiple
environmental changes ova&centurylong time scal@nd large spatial scal&€he results can
shed light on nutrient management and wpt#iution control strategiefor the Mississippi

River Basin, the Gulf of Mexicgand other similar regions
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Chapter 1. Introduction

Nitrogen (N) and phosphorus (P) &ssentiaklements required byrganisms for a
variety of biological and chemical proces§8terner and Elser, 201 Both N and P are limiting
nutrients for biologichproductivity, andhe global N and P cycles are critical to the
biogeochemistry of the earth systddmder natural conditios) N flows from the atmospheriato
terrestrial and marine ecosystemainly through biological nitrogen fixation (BNBnd the
production of NOx by lightningThe fixedN is subsequently transformed into amino acids and
oxidized compounds, and finally returned to the atmosphere as molecular N through microbial
denitrification processdgowler et al., 2013)Jnlike reactiveN which can beactivatedirom the
abundant atmospheric pool, thieavailableP in pristine ecosystenis restricted by the release
rate of mineral weatheringrherefore P is generally recyclethetween biota and
terrestrial/aquatienvironmens (Filippelli, 2002)

Anthropogenic nutrient inputs into agricultural systems have markedly attered
biogeochemical cycles of N and P globally, which remains a concern in recent détedss.
cycle has been accelerated through mineral fertilizer use, the cultivatiguofiteous crops,
and fossil fuel consumptiofBouwman et al., 2009)ndustry developmerdrives the massive
production ofsynthetic fertilizer, which led teheap fertilizer and increadcrop yield(Cao et
al., 2018) Since the middle of the 20th century, the global use of N fertilizer has increased nine
fold (Lu and Tian, 2017)In 2010, the industrial fixation of N through Halgwsch was 120 Tg
N yr?, which was double the natural terrestrial sources of N (63 Tg')\fowler et al., 2013)
Humars have been altering the global P cycle hiping phosphate rock for usage as fertilizer,
detergentandanimal feed supplemeritlining of P for fertilizerexperienced a 1fbld increase
from the 1940s to the 1980s, then declined for several years due to the collapse of the Soviet
Union and the deeased P fertilizer demand in Western Europe and North Am@tiam et al.,
2018) However, the rapidly growing P fertilizer demand in developing countgegted in
another surge phosphate rock extraction since 200@der human perturbatiothe global
mobilization of P has roughly tripled compared to its natural {lBmil, 2000) Considering the

magnitude of human impacts tire globalN and P cycleshe planetary boundary framework



suggestshat thealteredbiogeochemical flows of N andd®uldbring high risk to the sustainable
Earth systen{Steffen et al., 2015)

Although manure and fertilizapplicationenhancerop production, excessive nutrients
might leave the SoPlantAnimal system through the biogeochemical flow and potentially
contaminate the environment if not properly mana@éakller and Lassaletta, 2020; Zanon et
al., 2019) An increasing amount of N fertilizéihatplantsdo not uses lost tothe environment
through nitrification, denitrification, volatilization, and leachif@assman et al., 2002y leaks
from agricultural lando aquatic systemandthe atmosphereandcause water pollution and
acidification, air pollutionjossof biodiversity,and global warmingLiu et al., 2010) The major
N gaseous loss from fertilizer usedaanimal excreta includes the emissions of ammonia)(NH
nitrous oxide (NO), and nitric oxide. Nklin theatmospherean react with other air pollutants
and form aerosols to reduce visibility and threaten human h@&atiwman et al., 2002; Xu et
al., 2018) Nitrous oxide (NO), a longlived greenhouse gas (GHG), can be produced in
nitrification and denitrification processes and beted intotheatmosphere. The concentration
of atmospheric BD has increased from 270 ppb in the preindustrial period to 330 ppb in recent
years, and the increase ratesbecome faster recent{fian et al., 2019)Nitric oxide can
catalyze the photochemical formation of grotiedel ozoneandcause detrimental effects on

human health and crop productiv{#ltshuller and Bufalini, 1971Feng et al., 2015)

The usage of P mineral fertilizers increaBeavailability in soil, as well as P losses from
land tofreshwaters and estal oceangYuan et al., 2018)Consequentlythe P cycldoecamea
largely oneway flow from rock to soil and fially to streams, lakes, and ocedks¢ser and
Bennett, 2011)Additionally, different fromN, which can be fixed from the atmosphere through
microbial symbiosis with plants and the HalB#rsch process, P is a redkrivednutrient and
there is no biologicabr atmospheric source for P. The limited and unevenly distributezhP
rocks can threateimod security and hee raised concerns in many resoutireited countries,
including the United States (U.§Amundson et al., 2015)

The mobilization of botiN and Pcan have detrimental effects the aquatic
environmen{Smith et al., 1998; Van Drecht et al., 2005¢nerally, pimary productvity in
freshwateiis limited by B, while that inestuaries and coastal marine ecosystersited by N

(Conley et al., 2009Exceptions to these generalities exist, and ecosystems even switch between



N and P limitation seasonalfilowarth et al., 2021 However, nassiveN and Pinputs from

land havedisrupted the nutrient balance in waters amahulatel harmfulalgal bloomgHABS),

resulting ineutrgohication,de-oxygenation, increased toxicity, and the loss of species diversity

(Garnier et al., 2015; Smith et al., 200EZutrophication symptoms are evident in aquatic

systems worldwide, with oxygethe pl et ed mar izroem ecsm®wa etxgla nfdd evagd a n
frequent observations of HAR&libert, 2017) Considering thesenvironmental and human

health problemsaused byhe anthropogenic N and We mustimprove our understanding o

nutrient dynamics along the larmd¢eancontinuum in order toptimizenutrient usage and

minimize negative consequend€alloway et al., 2008)

Climate andanthropogenic activitiesiainly influence théong-term N and P dynamics
along the laneébcean continuunClimatechangege.g., temperature and precipitation) can alter
hydrological and biogeochemical procesiselsoth terrestrial and aquatic systeinereased
precipitationcan decrease the resident times of N and P w&thilg, and extreme precipitation
events can lead to extreme runoff andrientloading(Howarth et al., 2006; Igbal et al., 2018)
Temperature increasenthecontrary, can reduce discharge and loading by enhancing
evapotranspiratiorBoth temperature and precipitation can change soil moiahda variety of
biotic and abiotic mechanisms related to the N and P cyBkdtard et al., 2019)nterannual
variability of nutrient loading is proveto be dominated by climate variabil{@inha and
Michalak, 2016) Anthropogenic activities, primarily through synthetic fertilizer andnal
manure additionland-use clange, and wastewater dischahgere substantiallglisturbed
nutrient cycls and increaseteactive nutriergtin the terrestriahquatic systentBoyer et al.,

2002; Dupas et al., 2018Yon-point nutrient sourcefrom agriculture anétmospheric

deposition and point source from wastewater discharge play importaginrolntributingto

the enrichmenof N and P in aquatic systeni3eforestation and expanding agricultural land use
can enhance soil erosiaccompanied byutrient loss from land to rive(Bouwman et al.,

2013; Seitzinger et al., 201®An integratve understanding of how climate and anthropogenic
activities influence longerm nutrient dynamics along the laodean continuum cgorovide

valuable information and nutrient management and pollution mitig@tiang et al., 2015)

In the U.S., theonsumption of N fertilizer has increased nearfpld, while P fertilizer
increased 60% from 1960 to 2017. Nutrient usage in the agricultural field ofters beywand



cropdemandor the management practices fail to achieve good congruence betweent nutrie
supply and deman@obermann, 2007 ) ateralnutrient fluxes through riverine systems have
become a critical source of N and P from land into the coastalezmheontributed to the
occurrence of hypoxia, particularly in the Gulf of Mexico and Chesapeak@@®ayey et al.,
2009) The Mississippi River BasifMRB) and the Chesapeake Bay Waters{ie@\W) are two
critical nutrient sources for the northern Gulf of Mexico and the-Mildntic, respectively.
Intensive agricultural activities in tiRB, especially corn and soybean production in the Corn
Belt, haveled to high nutrient loading and wateuality degradationn the northern Gulf of
Mexico. The northern Gulf of Mexiclkas becomene oft h e  wlargebt dedidszongand the
hypoxic area often exceeds 15,6007 kmmidsumme (19682016)(Del Giudice et al., 2019)

The CBW has experienced a remarkable increase in population and urban area over the last
century Increased occurrence of bottamater hypoxia, harmful algal blooms, and reduction in
water clarity have been observed in the bay since the@ttldcentury, coincident with these
increased nutrients flux€Bever et al., 2013; Hagy et alQ®4; Harding et al., 2019; Kemp et
al., 2005)

Watersheebased conservation programs aiming to reduce external nutrient loading to
surface waters have not resulted in significant watedity improvementg§Stackpoole et al.,
2019) Although the anual N and P fertilizer and manursagebecame relatively stable since
the 1980sn the U.S, N and P accumulations in the saile to the historical nutrient applicatjon
also called legacy nutrients, may continue to mobilize long after inputs dadieé@npairment
of water quality caused by legacy N and P has attracted more and more affemitiers et al.,
2016 Sharpley et al., 2013The losses of nutrients from the agriculture system not only waste
resources and increase the costs, but also bring huge pressure on the environment. Hence,

increasing nutrient use efficiency continues to be a major challenggriculture.

Numerousgnventorybased analys, statistical and mechanistic models have been used
to estimateN and Pdeliveryfrom landto the coastal ocearmhe Net Anthropogenic Nitrogen
Input (NANI) andNet Anthropogenic Phosphorus Input (NABBewidely-usedstatistical
methodologesto assess flows of N and(Rowarth et al., 1996; Hu et al., 2020; Metson et al.,
2017) The linear relationship between NANI and N export or NAPI and P export can be
interpreted as the proportion of anthropogenic N or P sources flowing to coastal(Gveamnsy



et al., 2012)Watershed models have advantagesinmulating interactiombetween multiple
processes in water, N, and P cycles prradlicting the transfer of nutrients from land to ocean
(Bouwman et al., 2013peveral models have been depeld toestimate N and Export to
waterwaysat multiple scalef-or example, the SPAtially Referenced Regression On Watershed
attributes (SPARROW) modbhs been applietd evaluate N and P sources and delivery from
the Mississippi River BasifAlexander et al., 2008The Global Environmerit Global Nutrient
Model (IMAGE-GNM) is capable of predictingutrienttransport by rivers @heglobal scale
(Harrison et al., 2019while the Soil and Water Assessment Tool (SWASIA smaller scale
model and usuallysed to prediabutrientloadingbased on finescale locatiorspecific data
(DouglasMankin et al., 2010)However, the N and P cycling processes are still-eiraplified

in these watershed models. Additionally, the biogeochemical cycles in terrestrial and aquatic
ecosystems have ngét beencoupled in these models duethe historical separation between
approaches of terrestrial and aquatic subdiscip(iBeawman éal., 2013; Robson, 2014)
Human perturbation of biogeochemical cycles calls for an integrative consideration of
biogeochemical cycles across terrestrial and aquatic ecosyst@rsssbased biogeochemical
modek simultaneously considering the impaciclimate and anthropogenic activities on the
nutrient dynamics among the lgradjuatic and atmospheric interfaceay help to better
elucidate the mechanisms that control riverine N and P export in the study (aianet al.,
2015) Additionally, most mechanistic watershed models do not satisfactorily consider the
potentially long residence times for nutrigwnithin the terrestrial ecosysterand therefore
cannot account for the effects of nutrient legacies onteng nutrient lading(Meter et al.,
2018) Whereas, procedsased biogeochemical modekn simulatehe longtermchanges in

nutrientfluxes and poolsand etimate the impact of legacy nutrients on N and P loading.

From sustainablautrient management and water quality conitds importantto
incorporate biogeochemical processes across terrestrial and aquatic ecosystems into an integrated
modeling framewrk for accurately predicting and attributing N and P loading and export along
the landocean continuunlhe Dynamic Land Ecosystem Mod@LEM) is a proces$ased
model coupling terrestrial biophysics, plant phenology, soil biogeochemistry, and vegetation
dynamicgPan et al., 2015, 2020jah et al., 2015b; Tian et al., 201The model is capable of
simulating biogeochemical (C and N cycling) and hydrological cycles across firya aadil
atmosphere continuymand the model has been applied in the MRB to estiraiene carbon
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(C) and N exportéRen et al., 2016; Tian et al., 202Becently we have coupled the P

processes terrestrial ecosystenad G Ni P interactions into the DLEM and established the
DLEMT CNP modelng scheméWang et al., 2020Building upon our recent progress, pan

to develop a module representation of riverine P dynamics in the DLEM, which further emhance
modeling ability for simulatindgpothN andP cycling along the terrestrialcean continuunilThe
modelcould beusedto estimataiverineN and P exports fra landto coastal oceanver the

past centurgFigure 11). Based on simulated results, wa&nquantify the contributions of

multiple environmental factors, such as climate, atmospherig 2@d conversion,

anthropogenic nutrient inputs (i.eynthetic fertilizer and manure), and wastewater discharge on
riverineN and P loading_ong-term input datasets and procéssed modeling also provide a
reliable pathway to assess sources and sinkgaty soil nutrierst The impact ofegacy soil
nutrients on nutrient loadingndN:P stoichiometrycan be evaluated througbenario simulation
experimentsThe results will shed light on optimizingitrientmanagement and evaluating the

efficacy of policy on water quality control.

) Process-based Model Applications

Land
Attribution of nutrient loading

‘ [ Estimate of nutrient loading

VA

Aquatic Quantitation of soil legacy nutrient

(¥ /

Figurel-1. Theworkflow of this study.
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1. Objectives

The overarching goal of this studyto estimate the lorterm dynamics of N and P loading

across the landcean interface and understand how human activities and climate have



interactively impacted nutrietadingby using a processdmsed biogeochemical model

Specifically:

a.Develop andmprove aquatic module coupled with a terrestrial biogeochemical model,

DLEM, to connect N and P cyedacross terrestrial and aquatic ecosystems.

b. Collect and develop lontime series anthropogenic nutrient input data, and investigate spatial

and tempral patterns o&nthropogenic nutrient input.

c. Estimate the centutpng trajectory of N and P loading from land to coastal ocean based on
DLEM model and anthropogenic nutrient input datasets.

d. Explore the impacts alimate, atmospheric C&oncentrationland use change, atmospheric
depositionwastewater dischargand synthetic fertilizer and manure applicatwnthenutrient

loading.
e. Quantify thdegacy soil nutrierstby establishing N and P budgets in terrestrial ecosystems.

f. Investigate the contribution of agricultural legacy nutrsam N and P loading as well as N/P

ratio.
2. Modeling and data basis

2.1 The Dynamic Land Ecosystem Model (DLEM)

The DLEM is a procesbased land biosphere model which coupksgetation dynamics,
soil biogeochemistry, and the associated C, N, P, and water tydesduct temporallyand
spatially-explicit simulations across site, regional, and global s¢kigsre 1-2 a)(Liu et al.,
2013; Pan et al., 2015; Tian et al., 2011; Wang et al., 2@p@ifically in the DLEM, C enters
the ecosystems mainly through vegetatiorr G@iake during photosynthesis, and leaves the
ecosystems via ecosystem respiration, harvest, various disturbamdésteral transport to
water bodes N enterderrestrialecosystems tbugh biological N fixationatmospheric N
deposition and fertilizer and manure applicatioisleaves ecosystesthrough different
pathways, including Nklvolatilization, emissions of XD, NO, and N during nitrification and
denitrification, N leaching from root zos# groundwater, and lateral N transport with surface

runoff. The DLEM is capable of simulating daily and spatiatkplicit estimates on GHG;



variations in storage pools 6 N, and wagr in terrestrial ecosystems; river discharge and
riverine export of carbon and nitrogen from land to ocean. Recently, we just coupladiRe
processes and-R-P interactions into the DLEM, including weathering, mineralization,
adsorption, desorptiotgaching, vegetation P uptake and allocation, and P limitation on carbon
sequestratiofFigure 12 b). The land model of DLEM calculates runoff, C, N, and P yields as

the inputs to the aquatic module.

The DLEM TerrestrialAquatic modeling framework combisg¢he terrestrial ecosystem
processes with channel routing and aquatic biogeochemistry processes. The channel routing
function is implemented by integrating the physicatedModel Of Scale Adaptive River
Transport MOSART) (Li et al., 2015, 2013nto the DLEM framework. The channel routine
processes within a grid cell are separated ithree unique parts, namely hillslope flow,
subnetwork flow, and main channel flow. Through parameterization (such as flow length,
channel slope, and surface roughness) using aggregatecebajition topography and river

network data, the MOSART modehn work in a scaladaptive way.

( a ) Regional Climate and Atmosphere Chemistry ( b )
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Figurel-2. (a) The structure of DLEM and (b) P processes in land component.
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2.2 Existing databases

Severalmodel inputdatasets have been developed anciilected to characterize natural
and human disturbances in the conterminous U.S., as summarized in-LaBlaskd on the
datasets, all the required input data in the U.S. at a resolution ohtiralry 5 aremin were
developedAnthropogenic nutrientniput datasets are critical for accurately quantifying nutrient
dynamigin terrestrial ecosystemand synthetic fertilizer and atmospheric deposition data have
already been developed in previous studies (Talile However,a longterm and spatial

expliat livestock manure nutrient input dataset still needed to be developed.

Table1-1. Modelrelevant data developed or collected in previous work.

Data variables Time period/step Reference/source
Climate Metdata (GRIDMET)
(Tmin, Tmax, Precipitation, 18602018 daily CRUNCEP

Water vapor pressure, Radiatio IPSL simulation

Land Cover and Land Use

(Crop density /rotation maps) 18502016 yearly (Yu and Lu, 2018)

N fertilizer 18502016 yearly  (Cao et al., 2018)
- USDA National Agricultural Statistics
P fertilizer 19612013 yearly Service (https://quickstats.nass.usda.go\
N deposition rate 20002014 yearly (Schwede and Lear, 2014)
P deposition rate Annual average (Mahowald et al., 2008)

3. Study area
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Figurel-3. The Mississippi River Basin (MRB).
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TheMississippi River BasiiMRB), draining 4.76 million ki encompasses 41% of the
contiguous U.S. and is the largest contributor of freshwater and nutrients to the Gulf of Mexico.
The MRB consists of seven major sbhsins, including Upper Mississippi, Ohio, Missouri,
Arkansas, Red, Tennessee, and Lower Mississippi River basiesviRB now accoustor
approximately 70% of U.S. cropland and conga@iround 90% of all hogs and 60% of all cattle
raised within the U.§Meter et al., 2017Widespread agricultural land use in the basin
combined with intensive fertilizer application and livestock production has resulted in high levels
of nutrient loading to the Gulf of Mexicélthough N is the ultimag limiting nutrient in the Gulf
of Mexico, heexchange of deep ocean waters with the waters on the continental shelf is more
limited in the Gulf compared with other shelves, which makes the Gulf hypoxic zone more prone
to a switch to P limitatiogHowarth et al., 2011)

In this study, we chose MRB as a typical region tduata the impacts of climate and
human activities on nutrient dynamics along the dlacelan continuum. Since the DLEM
simulated N loading from the MRB has been reporteian et al. (202Q)here, we mainly
reported P loading results. Thegacy soil nutrienis a more important issue for agriculture
dominated regions, therefore, we assessed the implegfamfy il nutriens on riverine N and P
loading in the MRB.

4. Approaches
Dataset development

a.Develop gridlevel manure N and P datasets from 1860 to 2017 in the U.S.
Model improvement:

a.lmprove aquatic N module in the DLEMased on the new scale adaptive water

transport scheme

b. Develop a model representation of riverine P dynamics in the Da&dMink it to P

processes itheland component
Model validation and application:

a. Model validation and application in the Missippi River Basin to simulate the P

loading.

10



Attribution analysis:

a. Analyze the impacts of climate, atmospherie C@nhcentrationland use change, and

synthetic fertilizer and manure application on P exports.

b. Estimate the contribution efgricultural legacy N and P on nutrient loading as well as

N/P ratio in riverine export.
5. Dissertationstructure

This dissertation is organized according to the structure as Figlre 1

The impact of legacy soil
nutrient on nutrient loading and
N:P stoichiometry from the
Mississippi River Basin

Chapter 1
Introduction
T T T T TS TS TS T T T TS T T T T T T T T T T T T T T T T T T T T T T e T T eI T T T TE T 1
| 1
1
' Chapter 2 Chapter 3 i
: Connecting N and P cycles across terrestrial Manmure N and P enrichment and shifted :
1 and aquatic ecosystems in the DLEM patterns in the United States !
: Improve aquatic Nmodule *  Developmanure N and P inputs data :
\ Develop aguatic P module +  Spatial and remporal parterns 1
| 1
| 1
i Model Data !
1
1 . . !
! Application !
| 1
1
' v ¥ i
1
: Chapter 4 Chapter 5 !
: Century-long changes and drivers of P Quantification of N and P budgets and \
: loading across land-ocean interface: A case legacy soil nutrients in the Mississippi :
1 study in the Mississippi River Basin > River Basin 1
! Validate P module *  Estimare N and P sinks and sources :
: Estimate P loading *  Estimate Nloading 1
1 Artribution analysis *  Assess soil legacy N and P :
! .
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| 1
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Chapter 7
Conclusions and future works

Figurel-4. The structure of this dissertation
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Chapter lintroduction

We describe the background and significance of this study, research objectives, existing

model and data basis, study aemd approaches to study these reseguelstions.
Chapter 2Connecting N and P cycles across terrestrial and aquatic ecosystems in the DLEM

We provideadetailed description of hydrological and biogeochemical processes in the
DLEM TerrestrialAquatic modeling framework. The developmentgtatic P module is
introduced. The N and P cycling in terrestrial and aquatic ecosystems are connected in the model

framework.
Chapter 3Manure N and P enrichment and shifted patterns in the United.States

We describe the methods to develop gkl production and application of manure N
and P datasets. The temporal and spatial patterns of manure N and P input across the continental
U.S. during 186€017areevaluated. The impact of manure nutrient enrichment on nutrient
loading is assessed based on thtas#d. This chapter has been publishedian et al.(2021)

Chapterd. Centurylong changes and drivers of P loadaggoss langbcean interfaceA case

study in the Mississippi River Basin.

We calibrate and validate the coupled terrestrgalatic P module in DLEM in the MRB.
The riverine P expostfrom the basirover1901-2018areestimated based on the model. We
assess the spatial and temporal variations in dissolved inorganic phosphorus, dissolved organic
phosphorus, particulate inorganic phosphorus, and particulate organic phosphorus. We further
investigate the contributns of climate, synthetic fertilizer, livestock manure, taisé change on

the export changes in four P species.

Chapters. Quantification of N and P budgets aedacy soil nutrierst in the Mississippi River

Basin

We quantify the major sources and sioksoil legacy N and P in the MRB. The leng
term dynamics of soil legacy N is calculated based on major N inputs (N fixation, N fertilizer,
manure N, atmospheric N deposition) and major N outputs (harvest crop N, N loading, NH

emission, NO emission, NOmission, and Bemission). Similarly, the soil legacy P is

12



guantified based P inputs (weathering P, P fertilizer, manure P, and atmospheric P deposition)

and P outputs (harvest crop P and P loading).

Chapter6. The impact ofegacysoil nutrient on nutrieinoading and N:P stoichiometry from the

Mississippi River Basin.

We investigate the impact tegacy soil nutriergon N and P loading by g&tg two
scenariosthe NORMAL scenario anthe LEGACY scenariaovherethe N and P inputs in
cropland are assumed to be fully used by €rdpe impact ofegacy soil nutriersonthe N/P
ratio of riverine export is also evaluated. We further discuss the potential impact of other factors
on N/P ratio change.

Chapter7. Conclsions and future works

We summarize the significant findings in this study. Tiheertainties in this study and

future study planare discussed.
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Chapter 2. ConnectingN and P cycles across terrestrial andaquatic ecosystems the
DLEM

Abstract

Terrestri d@lavecoseyxeti s | ar geniatmmoag@ae™ (ON) an
phosphamwpaut(sP)and are a soiuwateerofb ddiaemd. PClear a
linkages between N and P cycles in | amMd and a
anRdkynamics adocegnt aguhbhandéoweaackealniurugn t ool s t ha
effectively coupl e terr Bs ah dparl o caensds easq uaarte cs thiil
i nfamcyt.hj swetudgorporated the biNgreR®chemical
dynamics and a wateaerprt-baesgpobitogeddifemimaglo mo
Land EcosystemliModkeiloddddEM mi c al processes in

to those in terrestrial e c 0 s esltheemsf utlhlr ocuognhs il dee
of terrestrial and aquatic processes in the D
assessments of interactions of N and P dynami

1. Introduction

Evaluating N and P loading and export from land to ocean is critical for sustainable
nutrient management and water security. Numerous statistical and mechanistic models have been
used to estimate N and P losses from terrestrial ecosystems to waterwayst difitaropogenic
nitrogenphosphorus inputs (NMI/NAPI) method is a classic statistical approach to link
terrestrial water and nutrient budgets to water quétty et al., 2020; Metson et al., 2017)
Watershed models have been developed to simulate distributed landscape N and P generation by
combining statistical and mechanistic approaches. Howwregstrial N and P cycling
processes are still oveimplified in these watershed modetsmpared with terrestrial
biogeochemical mode[$arrison et al., 2019As a result, these models can only simulate the
loading of a limited number & and P species. Total N and Total P loads are the only variable
that can be simulated in many watershed models, e.g., the SPARROW and thelIGIRKE
models(Alexander et al., 2008; Beusen et al., 201 ontrast, terrestrial biogeochemical

models are capable of simulating a relatively complete N and Pinyelgestrial ecosystems, as
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well as investigating the effects of multiple environmental factofd andP fluxes and pools
over long time scaleoll et al., 2017; Wang et al., 2020; Yang et al., 2013)

In-stream N and P processes within many watershed models have generally only
considered N and P retention, while the interactions between various N and P components have
often been negleetl (Robson, 2014)Nutrient fluxes to aquatic ecosystems strengly
influenced by climate, landse conditios, and soil N and P concentration in terrestrial
ecosystemgBennett et al., 2001Riverine biogeochemical and physical processes during
riverine transport also matter, especially for large basins where the residence time ofnutrient
inside rivers is loger than the timscale of inchannel nutrient transformati¢Ruttenberg,

2003) Different from waternsed models, aquatic N and P models often incorporate more N and

P components and complex biogeochemical procéBsdxson, 2014)For example, the RIVE

and CE QUALTW2 models are capable of simulating N and P transfers and stocks of various
forms between abiotic environment, organic matter, and inorganic riaiteaGrouz et al.,

2018; Cole and Wells, 2006)levertheless, aquatic N and P models usually rely on accurate
boundary conditions determined from water samples or land inputs. The gap between a single N
or P variable (e.g., TN, TP) output from watershed models and multiple N and P variables in the
boundary condition required by aquatic models can create difficulties when trying to link two
different types of model@ebele et al., 2008)n contrast, terrestrial biogeochemical models
usually incorporate several N and P variables and can provide detailed boundary information for
aguatic modelsTherefore coupling the terrestrial nutrient cycle, including sdién, and

microbial processes, with the nutrient cycle in aquatic ecosystems in a modeling framework can

provide more detailed information regarding the variations of multiple nutrient variables.

Connecting N and P cycling across terrestrial and aquaifystems can improve our
understanding of how human activities and climate alter N and P dynamics along thedand
continuum at a longerm scaleDLEM (the C and N coupled version) has been applied to
investigate riverine exports of C and N from th&BI(Ren et al.2016a; Tian et al., 2020 his
study improve the N processes in the DLEM terresti@@juatic scheme based amewly
developed water transport mod(i¥ao et al., 2021, 2020Moreover, we develaud and

incorporate the biogeochemical processes of riverine P dynamics module into DLEM terrestrial
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aguatic scheme based on the recently developed land P com@aegtet al., 2020and the

water transport module.

2. The Land component

DLEM is an integrated procesmsed model that couples terrestrial biophysics, plant
phenology, soil biogeochemistry, vegetation dynamics, and disturbance to simulate the responses
of water, carbon, N, and P cycling to anthropogenic activities and climate variability (Figure 2
la). The overview of the land component of DLEM has been reporévious publications
(Liu et al., 2013; Pan et al., 2015; Pan et al. 2020; Tian et al., 2010, PAEM is capable of
simulating key Nrelated processes, including mineraliaatinitrification, denitrification,
immobilization, volatilization, N uptake, N fixation, and N leach{iigan et al., 2012; Xu et.a
2018; Tian 2019)The P processes andNGP interactions have been coupled into the DLEM
where the C, N, and P cycles are fully coupled through photosynthesis, allocation, turnover,
nutrient uptake, and decompositipifang et al., 2020)0ther land P processes in the DLEM
include weathering from the mineral P paadlsorption and desorption between the labile P pool
and the secondary mineral P pool, and occlusion of the secondary mineral P to the occluded P
pool. The biogeochemical arfd/drological cycles were coupled in the model to simulate daily,
spatially explicit patterns of water runoff, and nutrient and carbon leaching, which can serve as
water and nutrient sourcesttee aquatic moduléRen et al., 2016b; Tian et al., 2020, 2015;

Yang et al., 2015)
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Figure2-1. (a) The general framework of DLEM terresfriadjuatic interface, which is coupled

with (b) conceptual model of trszaleadaptive water transport scheme.

3. Water and nutrient processes within each grid cell

The water and nutrient transport module in the previous version of DLEM only
considered the transport process between grid &sdlsently a scaleadaptive water transport
scheme (Model of Scale Adaptive River Transpd®SART) (Li et al., 2013)wvas coupled into
DLEM to quantify the daily river discharge of each grid cell in the landform (Figlit® Z'he
newly developed module separates the water transport within the grid cells into thgeiel sub
processes: hillslope flow, subnetwork flow, and main channel flow. The hillslope flow merges
water from surface runoff and flows into subnetworks. The subnetwork@osives water from
hillslope flow and subsurface runoff, and drains into the main rivemrodl of the unit. The main
river channel receives water from local subnetworks and upstream grid cells, and ultimately
flows into the downstream grid cell. The riveuting processes are fully physically based and
simulated with the kinematic wave meth@e& Chow, 201Q)which requires physical variables
(channel length, bankfull depth, channel slope, and channel roughness) derived from fine
resoluton hydrography dat@.i et al., 2015) This feature of MOSART allows our aquatic
module to operate at a relatively coarse spatial resolution but without a decrease in the

simulation accuracy. Vertical soil moisture movement from the earth suoféice root zone
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was lumped together, and the lateral groundwater transport from a groundwater pool to the local
subnetworks was simulated with parameterized outflow rAtiditional biogeochemical
processes have been included in the sadéptive watetransport scheme, which specifically
addresses the smaiVer processes aligned withe advanced features of the water transport
schemgYao et al., 2021, 2020)

The advective transport of P components through the subnetwork and main channel

(Figure 21b)can beexpressed as:

: O On O (1)
*— B Opk O; O o)
whered  is advective water transport in subnetwork flow?)fO;  and’Oy are

flow rates in hillslope flow and subsurface flow, respectively, calculated in DLEM land module;
Oy, is flow rate fromsubnetwork to makchanneld is advective water transport

in mainchannel flow; 0y, ; and™Oy are the flow rates of upstream grid dednd the main
channel flow rate to downstream grid cell, respectively. The advectivedramd nutrients

through hillslope flow, subnetwork flow, and maihannel is consistent with water transport.

The transport rates of water and nutrients in the subnetwork flow and the main channel
flow were calculated based e Kinematic Wave Method, simplified version of Saif¢enant

eguations that ignores backwater eff¢@bow et al., 1988whichis given as:

— 8— N
Y Y 3)
whereQ is outflow rate (M s'Y); xis the direction of flowh is the depth of river channel (m) and
B is the width of the river channel (m) (we assumed the channel is rectanguddgteral

inflow from subnetwork or main channel {); S is friction gradient an& is channel slope.
The equations were solved using the NevwRaphson methofl St 1 pi eTBeriver 9 8 4 )
network parameters (e.g., flow directi@mannel length, and channel slope) derived feom

global river network databag@/u et al., 2012)and geomorphological parameters (e.g., channel

width and channel depth) were obtained according to empirical hydraulic geometry relationships
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(Li et al., 2013, 2015)r remote sensinbgased water surface extent dgt@mer et al., 2015;
Yamazaki et al., 2014)

4. Nitrogen processes in the terrestriahquatic scheme

4.1 N yields from terrestrial ecosystems

N inputs Luc COz Climate NO, N;O, N,

// Agricultural
/ systems

an Sewage, N deposition

E,JM,.A

BNF, N fertilizer, manure N

................................................

.....................................................

@ Mineralization @ Immobilization o Nitrification
@ Nitrate assimilation @ N uptake by plants & NH; volatilization
@ DIN, DON & PON leaching from soils to rivers to oceans

(4) Denitrification

Nitrogen removal in rivers @ Riverine inorganic nitrogen dynamics

Riverine PON deposition
<+—— N inputs <4—— Nlosses

Figure2-2. The conceptual framework of key N processes in the DLERIin et al ., 20 2

In DLEM, N yields from terrestrial ecosystems incleiemonium (NHY), nitrate
(NOs), dissolved organic N (DON), and particulate organic N (PON) (Figtae RIN (NH4"
and NQ") and DON enter aquatic systems through leaching while PON enters aquatic systems
through erosion during runoff generation processes. Yielti$4af, NOs", andDON (g N m?) in

each grid at daily scale are calculated as:

A YO O—T® (4)
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) YO B—TO (5)
D) o0 (0— (6)

where"Y0 "@nd"YU Gepresent @il available NHs* and soil availableNOs™ pools (g N m?),
respectivelyO i (represents dissolved organic N pools (g'R)nd is water yieldsurface runoff
and subsurface runoff) (mm) of the terrestrial ecosystemwargithe soil water content (mm) in
the surface layer (0.5 m}p and® are the parameter controlling the adsorption capacity of

soil for NH4" andNOs™ (unitless).
Yield of PONis calculated as follows:
A [0} (7

whered  represents the concentration of total organic N in the surface soil column{gdil)y
Oisthe sediment yid due to soil erosio(g soil m?) and was calculated accordinghemodified
universal soil loss equation (MUSLRBYeitsch et al., 2011; Williams, 1995)

0O ®O0} Q20i QW B D DY BOYO (8)

wheren is daily peak runoff rate (fs'%) and®i ‘@schhe land area (ha) within the grid (we
assumed each grid represents a hydrological Tesfa et al., 2014) , 0 ,0 :

0 "Y represent factors for soil erodibility, cover and management, support practice, and

topography , respectively; "O'Yi¥he course fragment fact@bandare the fit coefficients in

the equation.
4.2 In-stream N processes

The major withinstream N dynamics include lateral N transport, mineralization of
organic matter, particle organic matter deposition, nitrification, and denitrification. The
calculations othese biochemical processes were improved based on the original version of
DLEM (Yang et al., 2015)Riverine N dynamics were calculated during both subnetwork flow

and main channel flow. The conservation equations for the riverine N constituents are:

y

5 "O 0o O Y 0 (9)
y
y

0 YD (10)
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"0 KO RAYA EORATH (11)

e

- "Or Y o0 Y 0 Qoo Qoo (12)
wherel is the total mass of constitugdfPON, DON, N@, NHz") in the main channel or
subnetwork (g N)( is the concentration ofin water bodyYois the time stepf is advective N
transport (g Ni'Y),'Y  and’Y  are the mineralization rate coefficients of organic N)(dQ
and’Q are the rates of nitrification and denitrification (giN), respectivelyV is the total
volume of he water body (), and0 is the deposition rate (m ).
Thenetdeposi tion velocity of particulate orga
(Thomann and Mueller, 1987)
U MWrooebt” 1Q (13)
where” and” are the density of water and particulate mattan{d), respectivelyd is the

average diameter of the particulate matten)(Chapra, 2008)

The mineralization rate of the organic N is linearly correlated to the respiration rate of
organic matter, which can be simulated by a-firster kinetics equation with temperature

dependence:

Yoo Q0 T (14)
where'Q is the reduction rate (ofi), 0 is the change fraction of N reaction rates at a
temperature change of ¥@, T is the water temperaturg C), andTs is the reference
temperature (28C).
The inorganic N removal rate is estimated as:

Qi p QoA (15)
whereVs is the settling velocity for N species @n}, andH, is thehydraulic load (s’ for
rivers and lakes, which can be expressed as:

0o - (16)

whereQ is discharge (fhs'Y), Asis the surface area of the water body)(rim which the surface

area of the main channel was derived from remote sensing, and surface area of small streams was
estimated as the product of the known stream length and the following empirical estimate of th
width (Allen et al., 208):
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whereA is upstream area (h&js a bed roughness length scalis, a shape parameteris

gravitational acceleratiom,is the GauckleManning friction coefficient (M), andSis the

channel slope (which can be obtained from topographic data).
5. Development of aquatic P module

5.1. P yields from terrestrial ecosystems
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Figure2-3. The coupled terrestrial and aquatic P cycling processes in the Dynamic Land

Ecosystem ModélTerrestrial/Aquatic scheme.

Phosphorugields from terrestrial ecosystems inclutiesolved inorganic phosphorus
(DIP), dissolved organic phosphorus (DOP), particulate organic phosphorus (POP), and
particulate inorganic phosphorus (P(Pigure 23). DIP is derived from the labile P pool and
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enters aquatic systems through leaching and runoff. Similarly, DOP is the dissolved organic form
of P, and can be leached out of soil through surface or subsurface runoff. Both POP and PIP
enteraquatic systems through soil erosion during runoff generptimeesses. POP is derived

from the organic matter pool while PIP is derived from the mineral P pool, the secondary mineral
P pool, and the occluded P pool. Daily(g P m?day?), the yield of constituent (DIP and

DOP)in each grid, is calculated:as

) YO B—T D (19)
» 00 D— (20)

whereSLPandDOP represent soil labile P and dissolved organic P pools (tPR mespectively;
0 is water yield (surface runoff and subsurface runoff) (mm) of the terrestrial ecosystemisind
the soil water content (mm) in the surface layer (0.5 &n); is the parameter controlling the

adsorption capacity of soil for labile P (unitless). Yields of POP and PIP are as follows:
® [6]¢)) (22)
@ 020 0 0 (22)

whered [ representsthe concentration of total organic P, mineral P, secondary mineral
P, and occluded P in the surface soil column (d'Psajl); Ois the sediment yield due toik
erosion (g soil if) (equation 8)Neitsch et al., 2011; Williams, 1995)

5.2. In-stream P processes

The major instream P dynamics include decomposition and mineralization of organic
matter, particle organic and inorganic matter deposition, P uptakelaadeoy autotrophs, and
adsorption and desorption between particle matter and dissolved P (F)ursuZotrophs
assimilate DIP into cellular material, and form POP. DOP is eventually released or excreted by
phytoplankton and is then further broken down to DIP through mineralization. DIP tends to
attach to sediment particles and, thus, transform#RoThe net deposition of POP and PIP from
water as sediment is a major P retention process in rivenatife P dynamics were calculated
within each griecell throughout both subnetwork flow and main channel flow. The dynamics of

riverine P constituentare given by:
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whered is the total mass of coritstentw(DIP, DOP, POP, PIP) in the main channel or
subnetwork (g P)® is the concentration ofin water bodies (mg'L); Yois the time step
(hour); Fx is advective P transport from upstream or land kg 1) andthe land P inputs are
assumedd enter into streams at a constant rate within aay;represents the uptake of
phosphate by phytoplankton (hBurl); 0 is the net deposition rate (m holr Asis the

surface area of the water body?frabtained from the remote sensing prodaten and
Pavelsky, 2018; Homer et al., 201%) represents the desorption and excretion rate of
particulate organic P (hddy; 'Y is the mineralization rate coefficient of dissolved organic P
(hourl); andd s the net adsorption of DIP (gh®ur?) (negative value represents the

deorption of PIP).

The excretion and mineralization rates of the organic Ramastent with the
decomposition rate of organic matter, which can be estimated by-arfistkinetics equation

with temperature dependence:
Y i Q  ; o (27)

whereQ  ; is the base aéxcretion and mineralization ratetthe organic P (hol®; 0
is the change fraction of the P reaction rate for g&rature change of MT; T is the water

temperaturexC) andTs s the reference temperature (&0).

The uptake of DIP by phytoplankton is linearly related to prinpaogiiction in aquatic
ecosystems, with C, N, and P coupling in this process. The upit&K® is estimated according
to the method proposed Maavara et al. (2015, 201 Zyhich assumes the primary production is
limited by P.

~.

% 01 Y0 6 (28)
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wherel | & primary production in aquatic ecosystems (g C'HpandY0 6 is the P:C
ratio of phytoplankton (set as 0.025 according to the Redfield ratiag;the halfsaturation DIP
conentration (0.6221.7 mg I'Y); 0 i & is the maximum value of primary production under

nutrient saturated condition (g C hbYyywhich is calculated as:

0i ¢ 6D WD (30)
where6 is average deptmtegrated chlorophyll concentration (mg @hkni®) which is

calculated based the method providedReynolds (2006)0  is the maximum chlorophyll

specific carbon fixation rate (2.5 g C (mg @' hout?), wis water volume (krf), andD is the
metabolic correction faot for water temperature, which is equal to 1 when water temperature is

higher than 28 , and decreases with temperatures with @€2 (Lewis Jr, 2011)

The adsorptiofdesorption process is estimated by using the kinetic form of the Langmuir
sorption isotherm equatidiMcGechan and Lewis, 2002; van der Zee et al., 1989)

o Nab 06 0 foRe} (31)

where'Q is adsorptiomate constaning® g'* hourY) and’Q is and desorption rate constant (Hour
b, respectivelyp is maximum P sorption capacity of particulate matter (g P). The major
parameters introduced in this study were given in Taldle 2

Table2-1. Phosphorus ExporRelated Parameters in the Dynamic Land Ecosydenel
Terrestrial/Aquatic scheme

Parameters Unit Values in DLEM  Description References

boip dimensionless 200800 Adsorption capacity of Calibrated
soil for labile P

a dimensionless 11.820.2 Coefficient in the (Neitsch et al.,
MUSLE 2011)

b dimensionless 0.56 Coefficient in the (Neitsch et al.,
MUSLE 2011)

d em 1i 10 Average diameter of (Chapra, 2008)

the particulate matter
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Parameters Unit Values in DLEM  Description References

Qo dimensionless 2 Change fraction of the (Katterer et al.,
P reaction rate for a 1998)
temperature change of
10 C;

Kmbop hour ! 0.000080.0004 Base ofmineralization  (Koehler et al.,
rate of DOP 2012)

kmpop hour'! 0.000020.0004 Base of excretion and  (Enriquez et al.,
desorption rates of 1993)
POP

Ka m? g hour? 0.416 Adsorption rate in (van der Zee et al.,
water 1989)

Ky hour?! 0.15 Desorption rate in (van der Zee et al.,
water 1989)

5.3. Parameter sensitivity analysis

Six key parameters controlling P fluxes were selected to colmhadsensitivity
analyses based on our model calibration experi€felgle 22). The riverine DIP export is most
sensitive to thépr andkg, reflecting the important role of land leaching and adsorption
desorption processes within streams. The riverine DOP export shows similar responses (varied
around 23%) toa, kmpor, andkmror Changes in POP and PIP are predominantly controlled by the
land erosion process)( The TP export is generally more sensitive to land P imalased

parametersbtir anda) compared with irsteam retentiomelated parameters)(

Table2-2. Sensitivity of riverine P fluxes to major parameters in DLEM

Parameters Changes in Changes Changes Changes Changes Changes
Parameters in DIP in DOP  in POP in PIP in TP

boip 10% -7.33%  0.00% 0.00% -0.01%  -1.99%
-10% 8.96% 0.00% 0.00% 0.01% 2.43%
a 10% 0.09% 3.16% 10.72% 10.40% 7.16%
-10% -0.07% -259%  -8.78%  -8.52%  -5.87%
d 10% -0.02% -0.23% -0.98% -1.23% -0.82%
-10% 0.02% 0.22% 0.90% 1.17% 0.78%
Kmbop 10% 0.64% -2.67%  0.00% 0.00% 0.00%
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-10% -0.67%  2.79% 0.00% 0.00% 0.00%

Kmpop 10% 0.14% 2.38% -2.74%  0.00% 0.00%
-10% -0.14%  -247%  2.84% 0.00% 0.00%
Kq 10% 6.25% 0.00% 0.00% -2.71%  0.07%
-10% -6.66%  0.00% 0.00% 2.89% -0.08%

Note: the simulations were conducted in the MRB
6. Discussion

The delivery of N and P from land to ocean through river systems is the major pathway
for N and P leaving terrestrial and entering coastal ecosystems. Studies on N and P loading
across the landcean interface call for a connectiomoiftrientfluxes between terrestrial and
aguatic ecosystems. However, due to the physical and biological differences between aquatic and
terrestrial ecosystems, the modeling approaches for terrestdalquatic biogeochemistry have
developed somewhat independeriBpuwman et al.2013) Our study fills in a critical gap by
integrating a terrestrial biogeochemical model with an aquatic biogeochemical module and
connecting the cycle of different N and P species between terrestrial and aquatic ecosystems. The
DLEM-Terrestrial/Aquatic scheenis capable of simulating N and P fluxes across soil and
vegetation to headwaters, mahannel rivers, and eventually coastal oceans. The full
consideration of terrestrial and aquatic processes in the DL&&strial/Aquatic scheme can
provide both progostic and predictive assessments of interactions of N and P dynamics among
soil, water, and vegetation. Furthermore, impacts of human disturbances on N and P loading can
be tracked under multiple environmental conditions. Independent aquatic modelg tetyalh
detailed boundary conditions and are applied at relatively-shwetscales (hour, day, month,
year), while terrestrial biosphere models can be applied oveitiloegscales (decade, century).

With terrestrial modules providing loftgne scale atrient input for aquatic modules, the
DLEM-Terrestrial/Aquatic scheme can be used to investigate N and P loading at time scales
from days to centuries. Simultaneously, the seala@ptive water and nutrient transport scheme
can simulate the delivery prosest the sulgrid level by incorporating hillslope flow,

subnetwork flow, and maiohannel flow. Thus, our model is capable of simulating N and P

transport at multiple spatial scales from basin to continental to ¢féhalet al., 2020)
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7. Conclusion

In this study a riverineN andP modulewerecoupled with a terrestrial biogeochemical
model, the DLEM, to simulatd andP dynamics across the laaquaticinterface The model
linked N andP cycles in terrestrial and aquatic ecosystbynkeaching and erosion process
Nutrientsaretransporedfrom land, through hillslope flow, subnetwork floandmain-channel
flow, and finally to river outletThe model is capable sfmulaing the longterm dynamics of
the loading and exports of fobir speciesNOs,, NHs*, DON, and PON) as well as foBrspecies
(DIP, DOP, PIP, and PQPThe model can be applied to evaluate the impacts of climate and
anthropogenic activities on N and P dynamics along thedardncontinuum
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Chapter 3. Manure N and P enrichment and shifted patterns irthe United States

Abstract

Livestock manure nitrogen (N) and phosphor

bi ogeochemical cycling. Accurate estimation o
regi onal nutrient balance, greenhouse, gas emi
spatially explicit amaeruttlernpguper eotd daneaseascoeo
States (U.S.). Here, we developed four datase

application in the-scecartnidg o coswel W.ttShoe &2p0eleri. 80 af
The dataset combined mul t-i pvel diahaestoboarygedat a

higkesolution |ivestock and crop maps. The tot
durin@oO0lLg6owabi aksodhi aned ewised | i vestock numbe
enhanced |Iivestock weights after the 1980s. T
domi nated by production and its spatial patte
The i-apphBeanegoon mainly enlarged from the Mi:
became more concentrated in numerotulhHotangdpot

Mi-At |l antic basins were exposed to high enviro
nutrient production and appl i €atli7ton @uerromh otnige
manure N and P datasets provide detailed info
nutrient budgets. Additionallalty, ftohre edcadtsaysd tean

hydrol ogi cal model s to examine biogeochemical
1. Introduction

Asa fertilaniymgplackamene adi ti onal source of
abundant nitrodeéen ,(Mnd phdidEapBdumaAd bmaer mphane
nutrients circuPladgmtiwmadelsy sitremt mendSairle hi ghly
nut r i e n(Bouwemarcdt al.,2@13; Sheldrick etal.,, 2003)A1 t hough synthetic
been widel ymu-8@te rstinrcye, tlhievest ock excreta i s S
agricultural soils, accounting formapappppmeadxi mat
gl obal cr opl @meldrick et a.,2@08; Zltang etall, ¥020) Mor eover , t he t
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gl odmrail mal manure N and P pr oducBouawmaneha,s e x c e e«

2009) Therefore, the efficient recycling of man
demand of crops. The circular nutrient source
their agricultural proddcfeoni Witkr|l esespeelinht
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in many-liens a erdceountries, i n¢Amundsomegal.,2dl® Uni t e
Enhancedohatovenys from manure can not only i
may al so reduce nut-Pliamtt madtssgstemt Addi he o8a
i mprovement of | ivesteskabperbaacbhstanhedethnt
utilizati on (Kdloggendl.,A@00) manur e

Although manurmapgndeadatminmedzer op producti on,

mi ght | e aJVyeAmtihmalSosystem through biogeochemi c:
contaminate the envi r o(@oedenand lasfaletta,a2020;Zanonete r | 'y m
al., 2019) Specifically, agricultural l and is a si
synthetic fertilizer, manure, atmospheric dep

for aquatic sysaems daatlsroonse@dlemaeset ah, 2003; Elser and
Bennett2011; Schlesinger and Bernhardt, 2013) The maj or N gaseous | o0ss
and animal excreta inclugesnntiheo®)p D&xin dmres i( ONF i
oxi deand&NHni tcranc roexacdte wi t h ot heosalis tpolldaeadane
visibility and (Bduwnmamadta. n2008; Xuned al., 20]18)ad sddha S p ot en't
gr eenh obasidsong2@®. -ON emi ssi on from ani mal manur e
contributors to 29! einia{Tsaiaeal. $2020)p Agaenitc odal |y, |
fracadafi onfse N and P applied to cropland | ost t1l
and are transported i nto r(Smitheetat, 1998 Wem Drdchtleta k e s
al.,2005) Excess N and P could dr amatisgaltleynsi, mgaiur
eutrophi cat i onkis(Geyneoekal,K 2015; Smitd et &l.j 2007) Ox-gdgp het ed
marine coast al idead 2zsotn ersud aatsesdo cail agtael d bwiotohmsn
gl obalFloy example, theonostlbeaenoGuitheol aMgrst
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and the hypoxic ar e?a noini erg a4 $:B5@ EBHGudide®talt 0 0 k m
2019)

Considering the 1 mpoornt acnrcoep opfr ondauncutri eo nn,u tgrrie
emi ssion, and water pollution, 1t is vital to
nutrient production and appl(RPotteadtal.®?2010;at nati on
Sheldrick et al., 2002; Tian et al., 2016) Q4 alehd spati ali zed manur e n

help stakeholders find a | ocal recycl abl e nut
|l osses. Currently, modtevstludnaemmsurcenlnwtpri ewitd ed
U.S., wet h(ofdrsomt 1 P gKelloggeet ak, Q0DGt RRuddy et al., 2006)

Never ttheerl ressst, r i al bi osphere models wusually rec

data to simulate the anthrospogeri ¢t hef peeti nadms
(Tianetal.,2019) Studies focusing on soill nutsneedt st
| oteg sner i es ma n u (MacDonald et al.2012; Rdwe etal., 200 r eov er ,

previous studies usually assumed that nutrien
guantifying nutrient production based on I|ive
(Zhangetal.,,2020) Geographically exm@ltiioint i macuroe | @aumtdr |
pasture), as the didceop sytstieemnt haspodt beenth
across the U.S. I n this stuldgvelboumaobjechNi ard
production dat as etns -tienuetttyd i W.e&.t olcaks e opul ati on

weight over-resméputaond higkstock dtlsetvreilb urtainaunr e

N and P application in cropland datasets by i
dema of crops; (3) investigate the spatiotemp
application based on these datasets, and (4)

nutri enrtellaotaedd ntgo manidhe &ppdi datagpeshe masses:s
N and P per 130 esee ciom-deedhgd i du@0iln7g 1Tehée0 dat aset s ¢

to drive ecosystem, | and surface,ndauncdedhydrol o
greenhouse gas emiss.ons and nutrient | oading
2. Methods

Datasets of manure N and P production and

mu |l te xpil sdtaitmagset-4) ( Tdahlkeg®ographically explicit
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data were first calkevel al ewleastaiocentts ,p odpycroamitce | i\
weights, and |ivestock distribution maps. The
by merging cropland -dpetrfbothanvesapsaweahand
capadqiutpteaswet andntbsyh arenmpgtdd nal ly, the spatiall

and P application data wetevedt imaantuadck py oidnuacd
recoverability factors, cropland fraction, an
studyingofhemanhnmpactnhutrients on water quality,
manure production and application 1i@20fldur dec

across the majot)l18 basins (Figure 3

Tab3lle Summary of data sources.

Data variables Time period Resolution Reference/source

USDA National Agricultural

Statistics Service

Livestock numbers 19302017 County
https:// www. na

php

USDA Economic Research Servic
Livestock weights 19212017  Country database

http:// www. ers

Global Livestock Impact Mapping
Livestock distribution 2007 30 aresecond ~ System (GLIMS)

(Robinson et al., 2014)

Nutrient Use Geographic
Manure recoverability rates 19872014  County Information System (NUGIS)

http://nugis.ipni.net/

Crop harvested area and .
iold 2000 5 arcmin (Monfreda et al., 2008)
yie
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History Database of the Global

Crop and pasture _ Environment
o 18602016 5 arecmin
distributions (HYDE 3.2)(Klein Goldewijk et
al., 2017)
Crop density 18502016 1x1 km (Yu and Lu, 2018)
/ :‘Pac'f'c Northwest | R;ﬂk'\ N - gy Py
J rach w patd SouriS:Red{Raig_){: ™ . fNve"Eng’la_'Fld
{ s Qe ﬁ"f‘f_r ‘ ™ ;o2 \'x ;
Fat N Great Lakes. .
S o Missouri oy Loy P {
b 4 RO g Upper Mississippi s o
r Great Basin . ";3"‘:\4,\ o de-AtIan/tic
” Upﬁér Colorgég, . ! Ohio ; .’.T
vw’: ,,‘\“T e TN %;Mx-\, A
N ) 7oy N ) - 27 \
- ( !-.&’ wer Coloraég ’r\i\Arkansas-White-Red g-J’; ~Teﬂgg\ssee o
e o N v:“\“. { S
e Rio Grande ~ Lower MississippiSouth Atlantic-Gulf
——i T 1 RN ¢ {
- Texas-Gulf 5 [ 4
AN i\ } i b |
T/ N
! Y

Fi g3 e Ei ght een HyldeddeUlGign ct hUenictosrf tRiegu eas ed. $r o
U.S. hydr ollotgtipgs  u/n/iwatmarp.:uspys. gov/ Gl S/ r e

2.1 Manure nutrient production

Manure nutrient production refers-lteovetlhe

manure N and P pr200dlu7c tweorne dcuarlicnugl alt9e3d0 bas ed
ani mal body weight, and nutrieBqueaekjcomritompns ed

byuckett et al. (1998)

Coudtewel manure nutrient producti on
Oi g 0 & Qan Vi DO
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https://water.usgs.gov/GIS/regions.html

whebliegi s the annumk( NnamrurR) nprtad@Wdcdg i NP s \n/r coun
ani maldétiy pet he ecvoeuntayni mal @opulthtei amnulméaadNer
body weight Qifr eemriemsad nt(sk gt)he excretedgminafe r
ani mal (‘kgy(NTePb2kW@a§s the number of days in th

within a year.

Table3-2. Excreted manure nutrients rates per unit weight of livestock.

N excretion rate P excretion rate
Livestock (kg N /1000 kg (kg P /1000 k@nimal
animal weight /day) weight / day)

Beef cows 0.315 0.105
Milk cows 0.400 0.060
Heifers 0.310 0.040
Steers 0.315 0.105
Hogs 0.280 0.150
Sheep 0.450 0.070
Horses 0.280 0.050
Chickens 0.830 0.310
Pullets 0.620 0.240
Broilers 1.100 0.340
Turkey 0.740 0.280

Note: The excreted rate parameters derived fPoickett et al(1998)

Data of |ivestock and poultry population w
Agriculture (USDA) censuoryédportiateroml 393 &I ®
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and poultry catedgomi ¢ehiweseudygnsidete@di ng bee
steers, hogs, sheep, horses, chickens, pull et
the recent fivéd2C@eh)sucsamelpordisr € At919y7 col | ect e
Qery Tool. Livestock population data before 1
Social and Economic Ré9®986@)chobamanAmthiyvedi gl
USDA repdr®4MyrleO 3ddet ai |l s of dat a wiotlH emits soinng r
data can Yaemgf eandlAnnnua0l &) enddgeelsitwe kwaingh tpo
including cattle, hogs, sheep, broilers, chic
Econam Research Service. We developed annual m

|l inear change between every two census years.

Gl obal Livestock I mpact Mapping System (GL
popul ation maps aseacncdc el bf iw ke 6. foaBy@ .habehce s e

maps wereadeovetiopgdto statistical relationshi

mul tiple environmental variabl es, i(Robinsendi ng ¢
etal.,2014) Combi ning with the GLI MS data, we spati
withiooematyhy based on the TDheé egreibdmaoor ef nbt ve:

prodoat was first calculated based on the GLI M

nutrient production in each county was obtain
grcdl Il s within each county.-badabed, lewelnhtmpbout at
nutrient prohdased doovitedt YW@iaM&, and these ratios
cell val ues wifttehri nt heiasc hs tceopd,nettyhle Adeovo el opedwegr e

with -D8PAd annlueavle Ic oduanttay ii tni e so,t awi tqghuat he spat.
county inheritasédomanhee GhutMSuan2)producti ol

OB r ", OB r 6 ‘l é
L1 OU | EQ———
R 00 1 £ 6

whelUiegi s manure nutri-eeji(lkpg oNfyFR) 000 @ s nmamirde
nutrient pr-odiglat icohaitedgbiaded on the 2@kl MS | i
H0O0ifi s theb&HidédMSmanure nutr iewhterper ojit s ot iceed lat
l ocated %Y kg N/ P yr
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https://livestock.geo-wiki.org/home-2/

To genefltavel gmadure production from 1860 t
producti on c¢ Rla9n3gle) rfartoens t(hle8 GdOalkt aaed eaenvdel opedo0
applied thlkeeveéelo maeuige induitm HehI G.pd o dpurcoaviiod e d2 O
gl obal annual manure N production data from 1
with the U.S. manure nutrient production dat a
U..S were consi stemd amnd ht hdhemahwbal N: P-rati o w
1 9 FAhang et al., 2017)

2.2 Manure nutrient application

Manure nutrient application datavelere deve
recoverabl e manure ndtewvie¢ntmaacucer chiung ittt e m
recoverablieemtanuegr eisié mt s the proportion of m:
be expected to be collected from the confinem
(Kelloggetal.,2000) The recoverable manure nutrient was
according to their demands. We calcul ated rec:
cou-heyel ma niuorne wpirtohd urcetcover abi lity factors pr
Geographic I nformation System (NuGI S, http://
estimated according to the assimilative capac
applicatbanl @i hboup nutr i en(Kelldggeeta. 2000/ hort he soi
cropland, assimilatieveé heapmoiuny o0 tdetapmaened
and removeWe adbthairveedstt.he proportion of recove
applied to cropland by combining the assimila
pastureland. The areas of -Z20Db® | werde adia@r ipasd ufrr
HY DE (RleinZGoldewijk et al., B17).

The anbeonvtei oned processes are represented by
60§ 01 gIY'QIQ 5 o

; 0 7 OVs
O N A v vy T
(0] i IYp (0] i IYp

wheoeépgis the recoverable ani mal manure nutri el

couo(tkhyg NYPQRiYys the manure nutrient recoverabil
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are uni t |l esspse cainfdi cc owintthy faovre rNa gaen dv aO'Qu3efs f0o.rl 9P) ,
refers to the fraction of manureongtnident t ha
0O prepresent the annual area of?) croepspaedtiandl
whi'Y;e anW®, represent the average assimilative

pasturel an®d, (kgspNePtXmely (Table 3

Table3-3. Nutrient assimilative capacity of cropland grastureland.

Landuse type N P
kg N / kn? kg P / kn?
Cropland 13792 1626
Pastureland 6937 2768
Note: Assimilative capacities of cropland and pastureland were calculated based on thKelbiggret
al., (2000)
To spati adleivzeed croeuwcnotvyer abl e ani mal manure nu

devel oped-l avredalcrgmpi chutri ent deunatnddis.n dNauttar iaesnt
demands of crops were estimated by combining
yields of 13 crops (maize, soybeans, sorghum,
sugar beets, tobactevweamageodadsiomisl)at iThe gap a:
calcul ated-speasediaenydcrdopg and harveMbetliradaa m
et al. New¥®0O8)this map of cropland assimilativ
cropl and f{YoadtLu 20a8) odatba ai n annual nutrient dem
2016. Original waeplhana fesofuomodabdéd 1 km in
system which approxidmates| 30i@dmcin the geogr a
the cropland fraction meaex nidntto tmad crhe & dileu tmam

productta.on da

0Q& B &Yy, J0Q¢ 3]
whe©O@¢dis the crop demand jf(krg MNAyF) dgen sn utthre ent
yi el d lo(ft ocnr opper ar eaday; o thepmandj)eandt ki ent as
(& N/ P per (tTamd ¥®rQ&deupcrte)sent s t he cropland dens
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The downscalliewelofrecowretryabl e manure nutri e
similar twseaedei medéawall opi ng manuwrad 2ont Thengr p
values on manure nutrient demandl eemapbk wecevad

manure nutuovae®d.heanar € Egqut ri ent appl i7cateiren d:

devel oped thmenghohbe pbovesses, however, sev
these processes were not available through th
rate, crop yield). Ther edarreeme tweer sa sasiudnerdo tt haelse

aft er -avhaei |daabt(ksdloggetal.,i2000; Puckett et al., 1998)

wheo@@is the manure nutj( kegnN7y#p g dQd:arte foenr si nt og
the demand for mamrcwher gugriecase)dn(&guiNt P yr

Tab34de Nutrient assimilative capacity o

Crop type N P
kg N / ton product kg P / ton product

Maize 12.96 2.43
Soybeans 53.67 5.44
Sorghum 15.88 2.92
Cotton 27.56 3.43
Barley 17.01 3.40
wheat 18.65 3.27
Oats 16.73 3.12
Rye 17.33 2.92
Rice 11.34 2.63
Peanuts 36.29 2.72
Sugar beets 2.16 0.43
Tobacco 28.43 2.00
Potatoes 3.27 0.54

Note: Assimilative capacities of crops were derived fiGetiogg et al., (2000)
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3. Results
3.1 Temporal and spatial patterns of manure nutrient production

We estimate that the total ma nTagr eNaNgdand P
0.3 TignP 160 tdarwd 42.T3i Mgy¥@PLgspect i-A)e.l yTheFi gu
esti manedeaRINpr od@®cthieadnt he first peak 1n819@g5P
y#H, and slightly decdfih@®l7 twierratfhersecohrea pe
2007 (N) andt20e7Ty(PYherebpgbt decrease i n ma
2008 and 2012 may be associated with the fina
produhet s ot @l manure N anfdolPd geoodludtuiedm gi, lBreda
witd itmcreasing r2atmes 00 0 CBUTYNBPEBO®E6WYI0O. D5 Tg N
and 0. 020 ulrg NRRYIXF3@p<0.01), respectively. The
production changed fromh4¢. 32creBs5e230nooo hd. NDH t
manure production was related to the change i
the proportion of beef cows-3amd hrncirleearsse d( Nv.hR

mi | k ammbdoes ses (N: P rab.®) deexeasedooaver the s

Theomi nant | ivestock contri butcihraghgtea towteal
study per i3gMa n(urieg uprreo dBu ¢t iwans ftrhoem dnoi niti knracnétw sc o n
both total bafnuare NI AM,d Hut -1 O 9Maencurreea sneudt rdiuernitr
froeefbsitawdv t he | argest shar e@riod ufcdid o nt @6 41t onh N
accouogRr2 % Nanad=B82% ofPowlrl try manure nutrilgnt pro
i medsience tahned 1b%6cOasme t he do-lWaot WBB8&mdfD®) or
to total manur e nut $t eheeti a ped oMdeor get iad s oa fi tmegpro r it BN
manuwrue rpireordtuct i © dye ianignh&jome ir fi drhtadgr okt €er f or
both N and P.
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Manure production (Tg N/P yr~1)
O - N W s OO N

1860 1880 1900 1920 1940 1960 1980 2000 2020

Fi g8%2 e Trend and variation of total manure N &
1860 to 2017.

(a) Manure N 1 (b) Manure P

Maure N production (Tg N/yr)
- N w > (3] o ~ -]
Manure P production (Tg P/yr)

0
©

an

S A N® b N o o O & S
&P FF S FE S S S S

e N L A O O >
R R AL ORI

O A >
N Q N
S S

o P
= Beef Cow mMilk Cow = Heifer mSteer mHog = Sheep mHorse sPoultry mBeef Cow mMilk Cow = Heifer m Steer ® Hog = Sheep mHorse = Poultry

Fi g3#3 e Changaes(radyna(mo?) production ofludi hfedd8B0
2017 Tkodu tor yc at egoc ki cthrechipldeers, pul l et, and -

The spatial pattern of ani malminaarrurceh aN gaen do
the studwrhri dhe(Hdigtribution maps showed th
|l owa, Missouri, and 111l inoi?g#orwalsO Ot hke) cRofkem r e

manure N (P) production in 1860. From 1860 to
region (>72¢00r ko N?¥Hn Mmakml y enl arged outward
Bet ween 1930 andpP)@@&0¢t mamumeitn otnHey Nindwenssti fhu
the Southern U.S. (e.g., Texas, Georgia, and
production became more comO®Mt kaftodNd Bitd Om& gy Ph
kmy?® , especially in wheélsoutpheasoérmeldi 8nsMaa

experienced a decline in manure producti on.
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N |
0 300 6001,0002,0003,000 6,000 kg Nkm’iyr 0 100 2005001,0002,0003,000 kg P/kmilyr

Fi g4 e Spatial distribution of manure N and P
1860, 19320 1(revs8Btde: alnxk30 and 2017 were the ear’
USDA census data, respectively, and 1980 was

year s)

According to the change rates of manure nu
( Fi g-Br,e s3everal growth p&ifygfor chlamkgrpNatody > 2

|l ocated in I owa, Arkansas, California, Al abam
rates kmMygrokrg I g 0.)0OF rom Minnesota to Texas
areas along the east and west coasts, were th
(P) production. Aside from the huge increase

wer e exhanbe treedgiionnss, particularly the northeas
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Change rates in N p'°d"‘;"°“ .('r/ B Change rates in P production N "\“
kg N/km?lyr? | v kg Plkm?lyr? ]
- . [ . [ remmames
$ 9 0 9,00 S
Py Q.‘,":s"\:‘? R ‘_,‘a"p A '5'5‘0:) oS
Fig3#s e Change rates of manure (a) N and
18em17.

3.2 Comparison of manure nutrient demand and production

We assumed that the capacwanryanoufr ec rnouptsr iteonta
demand crdpo®m 1860 to 1930, the manure N (P) c
enl arged i nsi doen t(hee. gCorlno wBae,| tl Irleignioi s, Minnesoa
and South Dakota), as well as the Southern U.
Al abama, Georgia, ®nd Afetneiress®20Q, (dFhamnuge i3n t I
manurne iremt demand was dominated by the abando
demand slightly decreased, especially after 1
production and-4dedapdpdi { Fi guwest 8 noting that
and demarod eppaddpi iomst he Mi dwest and Sout heaster:
(demand higher than production) existed along
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- | A
0 5001,0002,0004,0007,000 10,000 kg N/km’lyr of grid area 0 100 200 400 800 1,5002,000 kg Plkm’lyr of grid area

Figdd e Spatial distribution of N and P demand

For the contiguous U.S., the total demand
over the study mpreoduwdt iwdhn | ef trhenuroda aP st arted
1980s (Hi.gdhe BYap between production and dema
the 1920s due to the cease of the increase in
pr oduretaicdiredd yianNd 2 .yF whgtlidet al wWweméamd syMand
1.T8gyy® However, the total numbers here only d
relationship between productcioon eacntd ndge naanndd tdrua

manure for widespread application in cropland
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Fi g%t e Comparing total productions and deman
contiguous U.S. from 1860 to 2017

3.3 Temporal and spatial patterns of manure nutrient application in cropland

Ani mal manure N (P) application amount 1is
spati al pattern is impacted by demand. The ov
015 and 0.23 for N and P, respectively. Driven
production, total manure N addlR dA@Widildamnicen
1860, reTag hdawgd 10 .36 Mg @FiPHMr.e N3hR rati o i n man
application decreased-22f0rloom 2Z.h&2 studs2.ah2 idadr iim
and P application mainl-y¥9 happineddeltalsde tTvga t Np syrri
and 0. 0FP<0r.y0 BRny¢2 01197 &@is ®cor. Dtlestgndl 9r 0F5 Tg P

p<0.)01 The variations of total application and
trajectory. For example, from 1975 to 1987, w
manur e apprlematned sttadlle. The application to
peak in 1891 (N: O0.14, P: 0.25) fowHaevwetddby a
War 11, emded hen resumed the increasing trend
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Manure application (Tg N/P yr—1)

e
o

1860 1880 1900 1920 1940 1960 1980 2000 2020

Fi g8 e Trend and variations of total manure N
1860 to 2017.

The spatial shift of mmaoueenappl eoatdemanstd
expanded inside the Corn Belk3) aniheowapdnshen
manure application regi olh9 pC,i mamnddgye d clcyw raredap |
After 1930, thersoiamgedrep &Nt i(#l) @mptptecati on w
intensified application in 200 MygdwEsk maddk onu
kmy?# The spatial distribution of hot spots on

nutrient production maps. In 20 7500i Fypr Mak mr
lor 2002k Ym®i kimy di stri buted ihmrtnh & ASildawndsitcce r n
(e.g., Pennsyl vani a, Maryl and, and Virginia),
manure nutrients were applied in the | ocal cr
quite | ow manure KUONOi &ty Nakpb 0 clyt)iwearsk mat e

observed in regions with I ess cropland demand
production (e.g., Lower Mississippi River Val |
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0 50 100 2005001,0002,000 kg N/km’lyr of grid area 0 50 100 200 5001,000 2,000 kg P/km’lyr of grid area

Fi g3#% e Spatial distributions of manure N and
1930, 1980, and 2017.

3.4. Manure production and application across the major river basins

From the 1860s to thepcdi®daded mbhubasnhuosr s
(FigulrBesa#13® )3 However, from the 1970s to the 2z
production decreased in the New England and M
shown i n t heGuSduA thVidh, § seamtdiVA r-Read s AamFsiigrs) e 3
Manure application demonstrated a -4bmahdr 3pat
1), but it increased from the 1970s to the 2
Engl andi#®e#®#aboy) in the northern regions. 1In
| argest source contributing ~20% N (P) of the
Mi ssi ssippi basin had the highest manNre N (P
and 24% P of the total ma#2@rnd, NhoOWeveppl tbat id
regions of manure nutrient productiocGulafnd app
basin which accounted for thethar gedstal siNNgIPé
producti on, 24% N and 21% P of the total N (P
application i nt2dens/i,f ideednochwsrtirmg eld8 @0y t he st and
and P application acecroesassiand fhracmn@. ®bD 6Hg TN n)
ytin the 1860stamnmd 00.00B38 uTigg Ng E T 10
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4. Discussion
4.1 Comparison with previous investigations

Within this study, we compared manure nutr |
from Food and Agriculture Organization Corpor
NuGIK®, | ogg et &ald.g (e20.00HAOSZATI6provi des tot al
production at the natwloinlad tlheeredt Herom H¥Ibel d at
l evel manure N and P production data. The est
was | ower than the other two dataseane (RARAOSTA’
hi glhe®ftt er g2u0r@EB 3( Miur 2P 7198 he esti mation fron
close to other esti mdteiveens dedwelavpeadgaet ttohalc
producti och98vewagoB7Q@eTy9 ®» ,yrbg 78, yST.g9 6N vy
(ZI5g P ,yrbg 6 (MrT&7 ® ,y ranTdg 6N OrT&6 P ,y r
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respectively, for this study, FAOSTAT, NuGI S,
among the datasets were derivedtypesm aatdcnoumb
as wel | as pamam@ateedixdciroestuecch masnur e nutrient r &
days in the terMfms cyfclehanging trends, manure |
stable after theedlj9gb6esd¥magFAaAOWdaANTe the NuGI S d
increased slightly between 1987 and 2007 and

results showed an increasihg toesddafatronhhef
ani mal body si zes.
?9 1 aN __2'5 q
L8 T
> >
57 - o 2
=] o
= £
6 -
5 515 |
=5 1 5
3 E
241 2 14
Q4 o
z g
‘gf T 205
= -—This study FAO e NuGIS Kellogg etal « Yang etal = —This study * NuGIS Kellogg etal e Yangetal
0 0

1860 1880 1900 1920 1940 1960 1980 2000 2020 1860 1880 1900 1920 1940 1960 1980 2000 2020

Fi g3l Compari son of manure nutrient product

dat aset s.

Il n the previous fouindabasees N (mppralduch

ani mal number s. It is worth noting that manur
stabilization of |ivestock numbers in recent
l i ve wei ghnsiamtderstilzye icncreased, which may enhe

rate of @assalettaatmli, 2084 Sheldrick et al., 2003; Thornton, 2010)Ve

compared manure nutrient production calcul ate

dynamic weights of |ivest@cloduThe omewultths dyma
increased dr amat i c allR)yEnhaafntceerd tlhiev els% 90csk (wreiigguhrt
59% and 54% of the increase in manure N and P
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Fig3#r2 Comparison of manure N (P) production
|l i vestock and constant weight

| tdiifsfi cult to compare our dataset of manur
studies since these datasets provided referen
generated based on different statdasumlc adatmat df

AManure applied to soilso in the U.S., wherea
assumption that all treatvteldatmalniuzati ot Nfl ¢ &
runoff), is applied to solCICs gt o(Eggestanetgl., t he me
2006)Kel | ogg eandalINuQI2®90Wogt h esti mated recoverahb
mul tiplying confined |Iivestock units, recover
|l osses. All three datasettso ca ompdtangde parrda tpea srmhau
study developed manure nutrient application d
recoverability factor in combination with the

to the other t BBurberea adtae da stehtes,p roaupo rdtaitcan of man L
pastureland and considered the i mpact of the

relatively | ow data values.
4.2 The impact of manure nutrient enrichment on coastal oceans

Ani mal manure N (P) that is |l ost through s
eutrophication and hypox i(Reyereigen et hle20B0gWilllamset sy s
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al.,,2011) During the expansion of manure product i
coastline, massive amounts of nutrients get m
When rivers transport nutrients from | and to c
retained through denitrification, plant and m
and s edi mé¢Bildenetalg 1991t Seitzinger et al., 200)lo wev er , proporti or
nutrient retention from rivers in the coastal
the Addbtionaliays sitvhee mamsWkr eofl oss i n hurricane
background of enhanced At | éaundersantlea 2008 ane act
Trenberth,2005) FIl oodi ng rains and high wi n(des. gna,y de:
pad, pond, | agoon, tank, and building), resul
r i v(®abaghow et al., 2001)

The SduwtnB@uilkt aAtdl Matdi c basins are two criti
enri chment of manure nutrient production and
intensive |livestock farming. The | ow recovery
potentially cause a significant amount of man
Mexi co and t h(8heldrick eaah,t2008) DbeabWbpper Mississippi
Ar k a-Wh a-Red -bsausbi thisi wit he Mi ssi ssi ppi River basi
of manure production and were the dominant <co
Me x i(Raad et al., 2010; Jones etal.,2019) The Upper Mississippi and

t he highest manure nutrient production and ap

gantities until 2010, while manure N (P) prod
Ar k a-lWe a-Red basi n-20ur7i.ngrhz0lIhhanced tot al ma n u
continually be responsible for tahset aelnrwactheerd |

pol | (Réabalasmand Turner, 2019)
4.3 Implication for manure nutrient management

The structure of ani mal agricaltdeedhag sh
operations (CAFOs)aniwimalc,phé& edictuyp arhgr e as@adul t
pr od u(kelloggenal,20000Thus, manure production became i
sever al regi ons,swhcttahsed atr lgeasospermat Uo8swhere | al

i nexpensi vea,yeeaqnidl CAFOMetamwht ¢ @, t he decreased
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partial areas of the Midwestern and Southern
farms. Onantdhe tohteheernhhanced ani mal wei ght <cause
production in operations with plenty of confi
of manure production may have further exacerb
abtation. Currently, opportunitiebetosewt desp
transport of manure can be costly. Further mor
cropland can bring di f(Mac@onaldt2008)h ¢ me pramai T ad a |
bet ween manure production and theabdwesn ssaomei

Ri ver ). Valn ecyontrast, manure collected from man
crops. The unusable manure is not only a wast
environment al probl emdg htehmadumgls phetrrei eamtd lhgsuae

The efficient recovery and processing of m
from the CAFOs to the specific crop area, and
i mportant pathwaysausedcoytitdle polehveni dnstri bu
(Heetal.,2016) The fGAHOs ate the recovery of ani mal |
conditiossaler utadgeati on and management of m
scal e, ft e amsyptorda ati on and management for per
making the wutilization of manure more feasibl

specific crop area ensures that animal emanur e

and thereby i mpr oviontgh ee ccoennotnri acl iezfefd cnmaennacgye me-nt
nutrient | osses during collection, storage, a
because a small proportion eofr emgutorniad nte nlva 3 vear

manure nutri ent aaroeo umatnsa gaernee nhtu gsey.s tMms  wi t h t h
measures are necessary f or taonnitimmaold Ucireog rtitarn ine
(Oenema et al., 2007)

4.4. Assumptions and Uncertainties

Uncertainties in this study are primarily
were used. First, multiple data sources were
and application dat a; howevert,a nbci ea, sdet sb eel xoi ssatr ei
of | i membiecksomei noubACehSO#Agri culture can caus
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underestimate of manur e (Wangetlal 2@l6Mor & onv kenrugnhe r o u
uncertaiinnt itehsi se xciesseusndat ahiet paFrfaameters i n th
excreted manure nutrient rates, could bring u
nutrient production and applicatisoms.t uldhyi rtdo, Vv
extend the time series of datvel ar-tbe & ghbet ig&dh edg e
assumptions were established based on avail ab
existed and i nfl uencede tlhiemiatcactui roancsy aonfd tuhnec edrat
assumptions were further discussed and expl ai

The | ivestock di sGLrliMSu td aotna sneatp swefrreont hteh er e f
pattern of manure nutricentTthgr &cdd dVitSi @ra t cha twae r wi
by establishing statistical relationships bet
environmental variables (e.gand cddimag et,hd saed
relationships toutppirends caclovestowekgldolse r i We as

di stribution within each county was stable ov

maps were unavail abl e. However, the environme
variation ilmutliovoresitmsikdaeli sdaach county. The accl
production dataset can be improved once dynam

Al t hmmaghre nutrient production wit hitnhecduanctki e
of sbmgevatdastiaa e | evel, this dataset still can
produncabeinst ri butredsodtutd omi drevel

The manure nutrient production before 1930
gl obal manur eHoN ldaan da seett $ahlé.r e(nd GO0 ) p e2r0iOo4d) of o
bet ween this gl obal d at. a Daitr r2a0yd41t9Bdh dJ SaDvAe rcages

change rates of manure N production were 1.08

Therefore, the changes in estimated manure N
reasonabitae met Tsliceallremtgi o of N to P in ani mal ma
ani mal species and changes along with proport
From 1930 to 2017, the N:P ratio in the total
3.26e Do the | ack of manure P production dat a
production in this period according to manure
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the N:P ratio kept decreasing befoovreer els%3 Oma ttehd
duringok2®60

Changes in recoweasrsabmiil iathyvfea mtpprgs el s over
period were ignored due to |l ack of data suppo
nutrient applicamenonofWltivetshe®ckevccoindp nement
and recoverability factors of alelloggeta., manure m
2000) Hence, manure application can be overest.i
after the 2000s. The yields of different crop
period, and that c¢anf arfafneucrte tnhuet rsipeantti adle npaantdt eo
manure nutriSinmi lagprpllyi,c aatsicammi Vv aty vier cmpfa&in myt o

to yYdar averspeeidrap assi mil ative ,calpawevegr , ,valu
i gnor edr itahteiscea sgladunsde errors in the spatial and
nutrientAdddemamdsa.l |l y, the crop nutrient demand
fertil bymmurteherpepl i cati on may be icooompl ement ar
cropl athodwever, the i mpacts of synthetic fertil
considered when generating manure application

Il n addition, the development of manure app
(1IMhe allocation of manure nutrient applicatio
nutrient demands; (2) Manure is assumed to be
Manure application is controll é€édhbwyadsst &oceceg
the specific |l ocations of animal farms across
evaluate the influence of distances between f
manur e tr Buackwelband Nadeu, 8016; MacDonald,2009)i t i s reasonabl
assume manumne @amadwapl i cation happen within t
However, ignoring the impact of multiple fact
still result in biases in the spatial distrib

5. Conclusion

Manairnutrient producti on -carnodp aspypsltiecna tsiuobns tiar
altered the regional and gl obal N and P cycl e

datasets of ani mal manure N andnd® pcronadustt e
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contiguous U.S. from 1860 to 2017. The datase
and application significantly increased over

became stable in recent dsetciadesi,ncmaenausreed nduuter it
|l i vestock body weight after the 1980s. Enhanc
the increase in manure N and P production, re

nutrient pr odancdt ieonn airmgteedn siinfsiiedde t he Mi dwest a

from 1980 to 2017, and became more concentrat
application also expanded toward the Southeas
mor e hoafncae ct o be transported to the estuary. T
Sout h &Swull & sAttiMicacht i ¢, and Mi ssissippli River bas
nutrient | oading into the Gulf oweadfelxerco and

conditions.i Mpetwvdwt eectitveby store, utilize,
reduce nutrient pollution and restore the env
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Chapter 4. Century-long changes and drivers of P loadingcross landocean interface A
case study in the Mississippi River Basin

Abstract

Phosphorus (P) control is critical to mitigating eutrophication in aguatic ecosystems, but
the effectiveness of controlling P export from soils has been limited by our poor understanding
of P dynamics along the laratean aquatic continuuas well as theadck of welldeveloped
process models that effectively couple terrestrial and aquatic biogeochemical P processes. Here,
we coupled riverine P biogeochemical processes and water transport with terrestrial processes
within the framework of the Dynamic Land &ystem Model (DLEM) to assess how multiple
environmental changes, including fertilizer and manure P uses, land use, climate, and
atmospheric C@ have affected the lorgrm dynamics of P loading and export from the
Mississippi River Basin to the Gulf dexico during 19042018. Simulations show that riverine
exports of dissolved inorganic phosphorus (DIP), dissolved organic phosphorus (DOP),
particulate organic phosphorus (POP), and particulate inorganic phosphorus (PIP) increased by
42%, 33%, 59%, and 94, respectively, since the 1900s. Riverine DIP and PIP exports were the
dominant components of the total P flux. DIP export was mainly enhanced by the growing
mineral P fertilizer use in croplands, while increased PIP and POP exports were a result of the
intensified soil erosion due to increased precipitation. Climate variability resulted in substantial
interannual and decadal variations in P loading and export. Soil legacy P continues to contribute
to P loading. Our findings highlight the necessity to agédjective P management strategies to
control P losses through reductions in soil erosion, and additionally, to improve P use efficiency

in crop production.
1. Introduction

Since the middle of the 20th century, a substantial amount of geolpgasphors (P)
has entered terrestrial ecosystems as fertilizer to stimulate crop prod&tsenand Bennett,
2011) Global mobilization of P has roughly tripled compared to its natural (8ati, 2000)
and the riverine P flux from land to ocean has accelef@axpenter, 2005As the P cycle is a

largely oneway flow from rock to soil and finally to streams, lakes, and oceans, the growing use
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of industrial P fertilizer is rapidly depleting the supply of mineable deposits of P rock which are

in limited supply and unevenly distuted around the worl(Amundson et al., 2015)

Furthernore, the increasing amount of P entering water bodies can disturb the ecological balance
of aquatic systems, cause eutrophication and water quality degradation, and threaten human
health and economic activiti€Garnier et al., 2015Freshwater lakes, reservoirs, and streams

are typically P limited and vulnerable to P enrichm@ulborne et al., 2019; Caall, 1998)

While coastal and oceanic hypoxia is commonly associated with nitrogen (N) I§Rgiher

and Dunstan, 197 1)he impact of P on coastal areas can also be detrimental to the headwaters of
estuariegCorrell, 1998)and coastal areas with historically excessive nutrient logdingley et

al., 2009; Lohrenz et al., 2008)he increasingoading of N, relative to P, from the Mississippi

River Basin (MRB) has been associated with periodic P limitation in-imflelenced regions of

the northern Gulf of Mexico, especially during the spring bloom péBgtran et al., 2007)As

studies suggest the important role of P in the oeoae of Gulf hypoxia, there is a growing
recognition of the need to control both N and P loading from the KfeBnel and Laurent,

2018; Scavia and Donnelly, 2007; Sylvan et al., 2006¢refore, evaluating P loading and

export from land to agan is critical for sustainable nutrient management and water security.

Numerous statistical and mechanistic models have been used to estimate P losses from
terrestrial ecosystems to waterwalysr example, the SPARROW modglexander et al.,
2008)andthe IMAGE-GNM (Beusen et al., 201%ave been used to estimate riverine P loading
from the MRB.However, models that can comprehensively couple P processes acrossithe land
aguatic interface are still lacking. In particular, previous studies lmaskohited observational
data and ovesimplified models have not adequately addressed how climate and human
activities could interactively impact P export at a centang time scale. Connecting P
transformation and transport between the terrestriahguoédtic ecosystems can provide a hew
perspective to evaluate the P dynamic along the terreatpigdtic continuum and its response to
environmental changes. In this study, our objectives were: (1) use the MRB as a testbed to
evaluate the performance tetimproved DLEM in simulating P loading and export across the
land aquatic interface, (2) estimate the exports of dissolved inorganic phosphorus (DIP),
dissolved organic phosphorus (DOP), particulate organic phosphorus (POP), and particulate
inorganic phephorus (PIP) from the MRB to the Gulf of Mexico during 1i118; and (3)

further quantify the contributions of climate, anthropogenic P input;Uaedhange, and
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atmospheric C®concentration to changes in P loading over the study period. This work wil
improve our understanding of underlying mechanisms controlling P loading and provide

valuable information for nutrient management and pollution mitigation in the MRB.
2. Material and methods

2.1. Wastewater Rdischarge

The Pdischargdo surface water from wastewater is estimated based on an empirical
approach developed bfan Drecht et al. (2009 he Pdischargdrom wastewater mainly
consistf P in human waste, laundry detergents, and dishwasher detergents, which are

calculated as:

Yol O0€&€H00¢% 0Q00 p Y (2)
where"Y® @ is the Pdischargeo surface water from sewage (g P petsday?) in yeary and
grid celli; 0 & §) is population (personjO6 & andO'Q &g P persoft day') arewastewater
P from human excreta andi@sed detergents (laundry and dishwater), respegti@elis the
fraction of the total population that is connected to public sewage systeYs anihe removal
fraction of P through wastewater treatment. The lsigde usage of-Based detergents started
in 1940 when synthetic detergents were nemisoduced, and the banning of phosphates in
detergentemerged in the early 1970s, which culminated in a nationwide voluntary ban in 1994
(Litke, 1999) The peak value of detergenti®agein 1970 was estimated as 0.82 g P pérson
day ! (Vvan Drecht et al., 2009and we assumed it linearly increased from 1940 to 1970 then
linearly decreased until 1994. The fraction of households connected to sewage systems in the
U.S. was around 75% after 20Q0@n Puijenbroek et al., 2019)he construction of sewage
systems in industrialized countries started from the year 1870 onward, and a linear indease in
could be assumed for the period 1&0D0(Morée et al., 2013)The general P removal fractions
of primary treatment, secondary treatment, and tertiary treatment were estimated as 10%, 45%,
and 90%, respectivelivan Drecht et al., 2009T he largescale secondary treatment in the U.S.
began around 1920 and tertiary treatment started to grow rapidly sinc€HeE&@t al., 2015)
Thus we assumed value were linearly increased to 0.1 in 1920, and to 0.45 in 1970, then it

increased at a rate of 0.9% per year until 1990, and 0.3% afterwards according to the change rate

of R estimated byan Drecht et al. (2009106 dwas calculated as:
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where’00 @ § is the protein N intake (g N persémlay ) and is estimated according to

empirical relationships with per capita gross domestic product (QZP) Drecht et al., 2009)

"Q is the ratio between human P andviisteand set as 1:10 (mass bagldprée et al., 2013)

The TP estimated in this approach is divided into DIP (57.0%), DOP (0.5%), POP (2.3%), and
PIP (40.2%) according to the information provideddyet al. (2011)The wastewater P

directly enters surface water within each grid, and the simulated total wastewater P is presented
in Figure4-1d.

2.2. Datasources

Several datasetgeredeveloped or collected to characterize natural and human forcing in
the MRB (Tablet-1). Based on the datasets, all the required input data for the model simulation
(e.g., climate, land use, river network, soil properties, atmosp@€xcN inputs, P inputs, etc.)
were developed at a spatial resolution of 5x5nait. The daily climate data from 1972018,
including precipitation, temperature, etc., were obtained from GRIDMb&tzoglou, 2013)
and climate data before 1979 were downscaled from the CRUNCEP (&iasgt 2018)and
biascorrected to GRIDMET. P fertilizer application data were developedilmseropspecific
application data from the USDA National Agricultural Statistics Service
(https://quickstats.nass.usda.gov/) and combined with cropland distribution maps. Since USDA
only provided P fertilizer data after 1960, we assumed the changinigafr&nfertilizer in the
U.S. during 18601960 was consistent with global agricultural P fertilizer ug@gedell et al.,

2009) Manure P data were derived from the gridded manure P production and application
datasetn the U.S. developed Bian et al. (2021)Both P fetilizer and manure application
increased rapidly from the 1940s to the 1970s (Fidtkb). Yearly P deposition data were

extracted from a global P deposition nisahowald et al., 2008 deposition only accounted

for a small share (around 1% in 2000) of the total P input to terrestrial ecosystems compared to
other sources. For langse change, cropland expandedabpfrom 1901 to 1930 but decreased
dramatically during 1958965 due to cropland abandonment; thereafter, cropland area increased

again and stayed relatively stable after the 1980s (Figu3.
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The MRB, draining 4.76 million kiy encompasses 41% of tbentiguous U.S. and is the
largest contributor of fresh water and nutrients to the Gulf of Mexico. The MRB consists of
seven major subasins, including Upper Mississippi, Ohio, Missouri, Arkansas, Red, Tennessee,
and Lower Mississippi River basins (Figu-2). River discharge and water quality data of four
USGS sites in the MRB at the outlet of major-$asins were selected to calibrate and validate
the DLEM Terrestrial/Aquatic scheme simulated results. Near the outlet of the Lower
Mississippi River bas, around 30% of the flow is diverted down the Atchafalaya River through
the OIld River Control Structure. The riverine transport in DLEM was simulated based on the
river network and flow direction data derived from topographic &aet al., 2012and cannot
capture this humanontrolled flow diversion. Instead of validating P fluxes at USGS sites inside
the Lower Mississippi River basin, walidated the riverine P export from the whole basin by
comparing the simulated P exports from the MRB with the annual P exports data reported by
USGS fittps://nrtwg.usgs.gov/nwgn/#/GU)LRvhich combined the observed loading data from
sites on both the Mississippi River and Atchafalaya Rikee et al., 2017)

To obtain conhuous monthly P flux data based on water quality data from the four
USGS sites, the Weighted Regressions on Time, Discharge, and Season (WRTDS) method was
applied to calculate monthly DIP, total dissolved P (TDP), and TP loading from 1979 to 2018
(Hirsch et al., 2010However, the WRTDS ntleod cannot be directly applied at two sites
(USGS 03612600 in Ohio/Tennessee, 07263620 in Arkansas) wheseetondaily discharge
data were not available from the USGS National Water Information System. So, we acquired the
long-term monthly P loading da (DIP and TP) at these three sites from the USGS National
Water Quality Network where monthly P loading in MRB has been assessed. The model outputs
have four P components (DIP, DOP, POP, and PIP), but only three major P variables (DIP, TDP,
and TP) can & provided by the USGS for validation. TDP (only available at USGS 06934500 in
Missouri and 07022000 in Upper Mississippi) is the sum of DOP and DIP, and the difference
between TP and TDP is particulate form P (PP), including POP and PIP. Simulated Ci$@P can
indirectly validated according to the accuracy of simulated DIP and TDP; similarly, simulated PP
can be validated by combining TP and TDP. However, the USGS data cannot support the
validation of POP and PIP separately. To address this issue, we assamedrine POP had a
stable ratio relationship with particulate organic carbon (POC). By verifying simulated riverine
POC and PP, the simulated POP and PIP were validated ind{péatyet al., 2021)The USGS
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data before 2000 were used for model calibration andatseafter 2000 were used for model

validation.
Table4-1. Modelinputdata and validation data.
Data variables Time period/step Reference/source
Model input data/Environmental Drivers
GRIDMET (1979 2018)
Climate (http://www.climatologylab.org/gridmet.

1901 2018/ daily html)
CRUNCEP (19011978)
(https://doi.org/10.5065/PZ8F017)

1901 2016/ yearly ~ (Yu and Lu, 2018)

(Temperature, Precipitation)

Land Cover and Land Use

(Crop density)
USDA National Agricultural Statistics
P fertilizer application rate 1901 2018/ yearly  Service
(https://quickstats.nass.usda.gov/)
Manure P production 1901 2017 yearly  (Bian et al., 2021)
P deposition rate Annual average (Mahowald et al., 2008)

Model Calibration and Validation data

River discharge, Water quality

(DIP, TDP, TP) in USGS sites: 1979 2018 daily
07022000, 06934500,

P loads (DIP, TP) in USGS site
03612600, 07263620

P loads (DIP, TP) from the
whole MRB to the Gulf of 198032018 annually
Mexico

USGS National Water Information
System (https://waterdata.usgs.gov/nw

USGSNational Water Quality Network
(https://nrtwq.usgs.gov/nwagn/#/)

USGS National Water Quality Network
(https:/Inrtwq.usgs.gov/nwgn/#/GULF)

1979 2018 monthly
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Figure4-1. Interannual variatioand trendf (a) climate, (b) fertilizer and manure P inputs, (c)

land-use change area, and (d) wastewater P in the Mississippi River Basin.
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Figure4-2. The Mississippi River Basin. USGS sites used for model calibration/validation
include HERM (06934500), THEB (07022000), GRAN (03612600), LITT (07263620). Land use
condition is derived from the National Land Cover Databbii4& D) 2016.
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2.3. Simulation experiments

The DLEM simulations included three steps: 1) an equilibrium run that usgea40
(1861 1900) mean climate datasets to develop the initial state under thé@@eonditions; 2) a
spinup simulation that wagerformed to eliminate noise caused by the simulation shift from the
equilibrium to the transient simulation; 3) a transient simulation using 118 years of forcings to
generate results. Six simulation experiment§-$6) |, foll owing a fAewit hou
designed to study natural and anthropogenic impacts on riverine P loading 413blall the
simulations started from the same baseline equilibrium statAlScombined) is the reference
simulation with all the dynamic forcings. In experimef} e climate variables were fixed as the
annual averages of climate data from 1901 to 1920. In experim@n®6,2ne of the forcings
(CO, P fertilizer, P manure, and Lade) was fixed in 1901, while other forcings varied with

time. The differences betwee®2i S6 and S were taken as the impacts of the corresponding

factors.
Table4-2. Simulation experiments with the DLEM.
Experiments Climate CO P fertilizer P manure Landuse
S1 (All combined) 19011 2018 190112018 19012018 190112018 19012018

S2 (Constant climate) 19011920 mean 19012018 190112018 19012018 19012018
S3 (Constant CQ) 1901 2018 1901 19012018 190112018 19012018
$4 (Constant fertilizer) 1901 2018 1901 2018 1901 19012018 1901 2018
S5 (Constant manure) 1901 2018 19012018 1901 2018 1901 1901 2018
S6 (Constant landise) 1901 2018 19012018 19012018 19012018 1901

3. Results

3.1. Model performance

The coefficient of determinatiorRf) andNash Sutcliffe efficiency NSB were used to
compare the simulated monthly results and USGS observedTdatget diagramgJolliff et al.,
2009)provide information regarding the bias and Rd&¢ari Square DifferenceRMSD of the
simulated results (Tablé-3 and Figured-5). The DLEM-simulated discharga the MRB has
been validated and reportedarprevious study (Figurd-3, Tian et al., 2020). As for nutrient
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fluxes, mod el performance at the watershed
R?>>0.40 andNSE>0.35(Moriasi et al., 2015)Geneally, the DLEM could catch the variations

and magnitudes of riverine DIP, TDP, and TP fluxes in the majebasins of MRB. Foriverine

DIP flux, theR? values ranged from 0.33 to 0.63, ai8Eranged from 0.32 to 0.59. The target
diagram shows that the simulated results slightly overestimated DIP flux in the Ohio River, but
slightly underestimated DIP flux in the Upper MississiRprer. The temporal variation of DIP
fluxes agreed well with USGS data in most rivers except the Arkansas, where simulated DIP
underestimated the peaks (Figdrd). For riverine TDP flux, the model performed well in the
Missouri and Upper Mississippi Rivs, with low biases (Figused-4 and4-5) and R? values
ranging from 0.43 to 0.61 aMdiSEranging from 0.23 to 0.57. The simulated riverine TP flux was
overestimated in the Arkansas River but had very slight biases for other river&?witues
ranging from 0.26 to 0.70, andSEranging from 0.21 to 0.65. It was noted that the simulated

results underestimate the numerous peaks of TP fluxes in Missouri and Upper Mississippi Rivers.

The model performed better in the validation period thanctlibration period for Missouri and

Arkansas Rivers, and tloppositewas seen for the Ohio River.

The average simulated DIP and TP exports from the MRB matched well with USGS
observed data, though the interannual variation of P fluxes still showedpdiacies (Figuré-
6). The slope of simulated DIP export (0.14 Gg 'B,yr= 0.20) during 1982018 was similar to
that of observed DIP export (0.15 Gg P?yp = 0.39), although the increasing trends were not
significant p >0.05). The simulated TP eag increased at a rate of 1.03 Gg PPyp = 0.02)
during 19802018, which was higher than the rate of observed TP export (slope = 0.77 &g P yr
p = 0.07). The simulated TP export slightly overestimated the increasing trend of TP export in
recent decaek.
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Figure4-3. Comparison of monthly water flow between DLEM simulations and station
observations from USGS stations. The USGS data are the sum of monthly flow at the Mississippi
River at StFrancisville, Louisiana (site ID 07373420) and Atchafalaya River at Melville,

Louisiana (site ID 07381495) gauging stations. The sum of water flow data at these two sites
could approximately represent total water export from the MRB. More details ofdistbarge

simulation by DLEM in the MRB can be found in Tao et al. (2014) and Tian et al. (2020).

Table4-3. Evaluation of simulated results against field data.

Subbasin (USGS Site ID) TDP DIP TP
R? NSE R? NSE R? NSE
Missouri (USGS 06934500) Calibration 0.43 023 046 037 026 0.21

Validation 0.58 055 058 053 035 0.28
Upper Mississippi (USGS Calibration 0.57 0.57 059 057 047 0.46

07022000) Validation 0.61 056 061 053 050 0.46
Ohio/Tennessee (USGS 0361260 Calibration 063 059 0.60 0.59
Validation 050 047 054 051
Arkansas (USGS 07263620) Calibration 033 032 053 042
Validation 049 044 070 0.65
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Figure4-4. The comparison of monthly riverine DIP, DP, and TP fluxes between USGS data and
DLEM results.
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Figure4-5. Normalized target diagrams for monthly (a) TDP, (b) DIP, and (c) TP comparisons
between simulations and USGS data. (Thax)6 is unbiased total Radileari Square
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Figure4-6. The comparison of USG&bserved and DLEMimulatedannualriverine DIP and
TP exports from the MRBuring 19862018

3.2. Temporal pattern of P fluxes duringl901 2018

The simulated DIP, DOP, POP, and PIP exports from the MRB all exhdiitéolus inter
annual fluctuations (Figuré-7). Simulated riverine DIP export increased by 42%, from 36.3 Gg
P yrtin the 1900s (19011909) to 51.6 Gg P Y in the post2010s (20102018) The fastest
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growth of simulated DIP occurred during 196973, at a rate of 2.0 Gg P %rAfter the 1970s,
simulated DIP fluctuated around a stable value. Simulated riverine DOP export experienced a drop
around the 1950s and 1960s, thesréiased in the 1970s, and leveled off thereafter, reaching 10.8
Gg P yttin the post2010s. Simulated POP and PIP exports, which exhibited a similar interannual
variation pattern, increased by 59% (from 10.8 to 17.1 Gg¥Pamd by 54% (from 62.0 to 95.

Gg P ytY), respectively, from the 1900s to the p261L0s. The growth rate of simulated POP and
PIP had accelerated after the 1960s, at rates of 0.5 Ggdngi0.1 Gg P V#, respectively, during
19602018. The peak values of simulated P exports la¢same higher in some years of recent
decades (e.g. 1993 and 2018). The PIP flux dominated the P export, accountin§4%s d8TP
export, followed by DIP flux, accounting for &85% (Figure4-8). The POP and DOP fluxes
contributed 910% and 68% to TPflux, respectively. The decadal average of TP export increased
significantly since the 1960s and reached 163.1 G¢'Pythe 1990s, then declined in the 2000s,
but increased again to 174.8 Gg P v the 2010sFrom the 1960s to the pe2010s, DIP, P,

POP, PIP, and TP increased by 42%, 53%, 60%, 53%, and 50%, respectively.
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Figure4-7. Interannual variatioand trendn simulated DIP, DOP, POP, and PIP fluxes from the

Mississippi River Basin during 1902018.
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Figure4-8. The annual variatiorsnd trend®f riverine P fluxes from the MRB to the Gulf of
Mexico.

3.3. Spatial variability of P yields

Yields of different P species showed different distribution characteristics which became
naticeable especially after 1980 (Figure9). Simulated DIP yield decreased along a gradient
from the central part of the MRB to badldes, and DORield was high in the central and
eastern basin and low in the western part. With respect to change rates after 1980, DIP yield
increased mostly in the cropland area (western Ohio, Upper Mississippi, and eastern Missouri)
(Figures4-2 and4-10a). By contrast, DOP yield increased in almost the entire Ohio and slightly
decreased in central Upper Mississippi and southern Lower Mississippi (Bi@0cg. The
distribution of simulated PIP and POP yields were similar, with-gigll regicns concentrating
on several hot spots (e.g. eastern Ohio, Upper Mississippi, western Missouri) &Fgjure
However, the change rates of PIP and POP yields were distributed more evenly &ilires
and4-10d), with an increasing trend across most ofiRB except western Missouri.

Compared to the other three P species, the change rate of DIP yield showed large spatial
variability. It shovedthe fastest increase (>0.0006 g P yn'2, p<0.05) in some regions like
western Ohio and Upper Mississippi bug tmost rapid decreasei 0004 g P At yr'2, p<0.05)

in southeastern of Missouri, southern Lower Mississippi, and eastern Tennessee.
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Figure4-9. The spatial distributions of DIP, PIP, DOP, and B@Rls across the MRB in the
periods of the 1900s, 1940s, 1980s, and ZI1B8.
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Figure4-10. Annual change rates (198fD18) in P yields: (a) DIP, (b) PIP, (c) DOP, and (d)
POP. (Change rates of P yieldere calculated based on the Makandall test)

3.4. Contributions of multiple environmental factors tochanges in P loading

The increasing trends of different P components were dominated by different
environmental factors (climate, fertilizenanure, atmospheric GCand land use), and the same
factor might have opposite impacts on different P components (Helire Riverine DIP
loading is dominated by the increasing application of P fertilizer and manure after the 1950s. The
simulated DIP gport from 20102018 in 9 (reference simulation) is 27% higher thah S
(Aconstant fertilizer o 5S(ifincwlnasttiaonnt) ,maannud eldo7 % i hr
land-use change (LUC) is the second important contributor to DIP export. Compargd to S
(Alconstant LUCO si mawaa33% bighgr,nthD 1980s and 26% higheri n S
during 20102018. Climate variability and P fertilizer are two primary contributors to PIP export
since the 1970s. Averaged over 202018, the simulated export of PliPS1 was higher than
thatin2( Aconstant cl i mat e o4byw2B8% ulCaécreased)the BIF ex@o&t % a n
through the study periodyd its impact was more pronounced before the 1940s but weakened
thereafter. The changes in DOP and POP exports edaaminated by two major factors, climate

and LUC. The contributions of climate to DOP and POP exports magnified in recent decades,

84



and during 20102018, the exports of simulated riverine DOP and PORLimSeased by 31%

and 43%, respectively, companeth S2. LUC decreased DOP and POP exports by around 3%
and 16% over 201@018, respectively. Since the 1970s, the rising atmosphetc CO
concentration gradually increased the DOP export and played an increasingly important role in

decreasing DIP and PIRports.
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Figure4-11. Decadal changes in the contributions of environmental factors on riverine (a) DIP,
(b) PIP, (c) DOP, and (d) POP exports. Contributions were the cumulative difference between
thereference simulation @$ and counterfactual scenarid?($6) (see section 2.3).

In summary, climate (precipitation and temperature) variability and P fertilizer usage
were the two key factors that increased TP loading since the 1970s 434bl€he imm@cts of
fertilizer application and animal manure on TP export continually increased throughout the study
period, and climate induced the highest TP export (37.50 Gg)Rafter 2010. Atmospheric
CO, was the only factor that declined TP export since 186¢reasing around 14.35 Gg Plyr
export during 2012018. LUC first decreased TP export until the 1970s, and then started to

increase TP export thereafter.
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Table4-4. Decadal changes in the differencesieénine TP export between the reference

simulation (3) and factorial experiments 2856). Unit: Gg P yi'.

Year Climate CO; P fertilizer P manure LUC

1900s -5.74 -0.05 0.00 0.02 -7.17
1910s -17.13 -0.24 0.05 0.17 -6.71
1920s -10.86 -0.63 0.16 0.66 -4.40
1930s -25.20 -0.85 0.24 1.25 -3.31
1940s -9.25 -1.46  0.59 3.11 -7.06
1950s -14.81 -1.56 1.73 4.59 -3.36
1960s -14.61 -2.04 4.25 6.80 -4.20
1970s 6.10 -3.40  10.69 11.14 -3.03
1980s -2.80 -5.10 16.99 12.85 1.32
1990s 26.16 -7.79  23.95 16.78 1.06
2000s 9.56 -10.17 25.61 17.28 3.12
2010s 3750 -14.35 29.51 19.47 5.52

4. Discussion

4.1. Importance of integrating terrestrial and aquatic processes

One of theessentiabhdvantageof the DLEM Terrestrial/Aquaticscheme is having the
ability to estimate the export of four riverine P species: DIP, DOP, PIP, and POP. DIP, as
reactive P, is available for biological uptake and links the P and C ¢@espton et al., 2000)
DIP in fresh waters and coastal waters directly impacts the primary productivity of aquatic
ecosystems and excessive DIP leads to eutrophication. The riverine DIP concentration is not only
shaped by itabundance in local rocks and soils, but also by physical and biochemical
transformations between different P species. In the soil environment, P ions are easily adsorbed
to particles and colloids and-gpuecipitate with chemicals such as iron and calcieP enters
the river in particulate form, P ions could be released and becoragdilable if changes in
iron/aluminum/calcium concentrations, temperature,gatnity, and redox conditions favor
desorption proceg8ai et al., 2017)Generally, DIP can be regarded as an immediately available
nutrient source to aquatic biota, while particulate form P represents a-tengesairce
(McDowell et al., 2004)Meanwhile, the settling of PP is a major P detanfirocess and

riverine PP has the largest share in TP, thus the removal of P in water column may be enhanced
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if thesettling process is favored. The turnover rate of P between organic and inorganic forms is
closely related to primary productivity and \emiboth spatially and seasondiieidel et al.,

2006) Therefore, the concentrations and distributions of different P species in aquatic systems
can change rapidly due to both biogeochemical cycling processes and local P. loading
Additionally, consideringhe behavior of different forms of P in aquatic systems, the assessment
of riverine export of multiple P species can provide detailed information for the further study of

coastal ocean ecosystem processes.
4.2. Climate and anthiopogenic control over P loading

In this study, the factorial experiments provided an evaluation of the individual
contributions of multiple environmental factors to riverine P exports and offered insight into the
mechanisms behind the responses. The megmons for the increases of different P species in
the MRB varied. Riverine DIP export was mainly driven by the increased usage of fertilizer
while PIP, DOP, and POP exports were primarily driven by increased precipitation. The joint

effect of climate andnthropogenic activities shaped temporal and spatial patterns of P loading.
4.2.1. Climate control over P loading

The magnitude and variation of P losses from land are directly influenced by climate,
especially precipitatiofdennings et al., 200 limate impacts the reaction rates of
biogeochemical transforations, such as weathering, decomposition, mineralization, and plant
uptake. Climate also regulates the hydrological processes that modify the yield and transport of P
across terrestrial and aquatic systems. The-amntaval variations of riverine DIP, RIPOP, and
POP exports were strongly influenced by irdanual variations in precipitation (Figuéda
and4-6). The peaks of P exports consistently occurred in wet yeard 998.and 2008), while
the lowest P exports occurred in dry years (e.g. 2000, 2006, and 20it®).decadal scale, the
1950s drought was associated with low P exports, while rising precipitattwarming
enhanced the exports of TP in recent decadgsifg4-10). The intensified weathering under the
condition of wetting and warming facilitated the transformation of P from mineral to biologically
available form(Goll et al., 2014)The increasing P involved in the mobilization associated with
the rising runoff contributed to the increasing trends of P exports. With regard t¢ spiéiens
of P loading, conditions of relatively high precipitation contributed to high P yields cettieal

and eastern portion of the basin, especially for DOP yield (F&8jeHigh precipitation
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stimulated plant growth and ecosystem productiviyich could then further promote the
accumulation of soil organic matter and modify the allocation of P in soil. High rates of leaching
and organic P storage contributed to the high DOP yield in the eastern basin. Except for
agricultural areas, climatelated factors dominated the change in P loading in most regions.

4.2.2. Anthropogenic control over P loading

In most agricultural soils, weathering results in slow release of P that is readily absorbed
by crops or combined with aluminum, iron, calcium, amghganese, whereas application of
mineral fertilizer can temporarily enhance the dissolved form of P. AccordivigDmwell et
al., (2004) application of P increased DIP that was subsequently lost to overland flow at levels
4i 26 times greater than that of unamended soil. Meanwhile, around 28% of P may remain in
agricultural soil and become legacy(Rleinman et al., 2011; MacDonald et al., 2012)r
DLEM, the legacy P in agricultural sailas from the accumulated labile P, secondary mineral P,
and occluded P pools after fertilizer application (Fig248). The soil legacy P, which can be a
continuous source of soluble and particulate P released into waters, has raised concern in recent
yeas (Rowe et al., 2016; Sabo et al., 202h)this study, tB consumption of P fertilizer was
relatively stable after the 1980s (Figdrdb), but the contribution of fertilizer to TP loading
continued to increase into the 2010s (Tab#. The soil legacy P has been shown to weaken the
efficacy of conservation nasures across watersheds and thus more effective nutrient
management strategies may be requithrpley et al., 2013Additionally, the P use efficiency
(PUE) of crops has increased in some regions of the MRB as crop yields continued increasing
while P fertilizer application keep relatively stable during the-A4880 period Swaney and
Howarth, 2019) The improved PUE in crop production could reduce the DIP yield in several

agricultural areas (Figue9).

Landuse change influences P loading by modifying the allocation of P inputs to soil and
the resistance of soil ®rosion. Croplands receives most mineral P fertilizer and are vulnerable
to soil erosion, while harvested crops transfer P out of the agricultural systems. With regard to
other land cover types, such as forest, the majority of P circulates inside theigagaicrobe
soil system(Sohrt et al., 2017Before the wide use of mineral P fertilizers (around the 1940s),
the expansion of cropland consumed the P storage in soil and decreased P loading. According to

Tiessen et al. (1992%0il organic P storage can drop significantly in response teténgy
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cultivation and crop removal. After the 1940s, the applicatfamineral P fertilizer increased
quickly and the P losses from cropland were intensified. By contrast, extensive cropland
abandonment (Figure1c) may, to some extent, alleviate P |¢ga and Lu, 2018)Theefore,
the impact of LUC on P loading varied with different types of asé conversion and changed

in different periods.

Elevated atmospheric G@timulates the plant growth and uptake of inorgani€derer
et al., 2019)Increased ecosystem primary production and C accumulation enhanced P
immobilization into plant biomass and soil organic pools. As a result, inorganic P exports
decreased whal organic P exports increased in response to elevated atmosphgrisGn
emission continues rising, changing C cycle can potentially exert more influence on P cycle in

terrestrial ecosystems and ultimately alter P export.
4.2.3. Interactive effect ofclimate and anthropogenic factors on soil erosion and P loss

As the major portion of soil P is tightly adsorbed to mineral particles, bound within
organic matter or precipitated as weakly soluble salts, soil erosion is the most crucial factor
driving potetial P loss from ecosystenf&lewell et al., 2020; Carpenter and Bennett, 2011)
Soil erosion is influenced by many factors (including rainfall, land use condition, soil type,
topography, and magament), and large amounts of soil loss can happen rgQidinton et al.,
2010) PP loss does not occur from the entire catchment but rather from many critical source
areas where serious soil erosion occurs or soil P content igNhaffowell et al., 2004)From a
temporal perspective, the increased precipitation in recent decades in Bhe/®liRl have
accelerated soil erosion and PP I@sset al., 2020; Tan et al., 202Furthermore, in extreme
precipitation events, higher rainfall intensity can exacerbate soil erosion and potentially cause
huge soil P loss on shditne scalegCarpenter et al., 2018; Li and Fang, 20¥d)thropogenic
management activities (e.g., overgrazing, intensive agricuéindejledrainage) combined with
related LUC are another prary cause of gradual change in soil erogBaorrelli et al., 2017,
Turner and Rabalais, 2003Jistorically, erosion increased when forest cover was converted to
cropland and declined when farms were abandéneaher and Rabalais, 28). Cropland
received most of the P inputs but also was vulnerable to erosion. Soil erosion accompanied by P
loss has been recognized as a threat to soil P storage and food security, especially in places with

low or no P fertilizer input§Bouwman et al., 2013; MacDonald et al., 20Tye to the strong
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interaction between climate and anthropogenic factors,femhgemenptions forerosion

control andsoil P retention need to consider climate change adaptation.
4.3. Uncertainty and limitation

In this study, the simulated results with DLEWMerrestrial/Aquatic scheme can generally
depict the magnitude and variation of Pdiwey from the MRB on longime scales. However,
uncertainties remain due to limitations in the model structure and input datasets. The major
component in riverine TP is the particulate form of P, which is derived from erosion and gradual
settling during iver transport process. Landscape soil erosion through overland flow is estimated
in the model, but bank erosion and other geological hazards, like mass wasting, were not
considered in this study. It is understood that historical soil erosion has |éitaiginsediments
within river valleys and floodplains that are an important source for modern sediment in the
MRB (Hassan et al., 20L7However, our simulated results may underestimate the sediment and

PIP yields from river valleys in the Lower Mississippi.

From a temporal perspective, theak values of P loading in Missouri and Upper
Mississippi were underestimated in our simulations and may result from the underestimation of
peak flows and the lack of accounting for resuspension processes in river channels. Extreme
precipitation eventsral peak flow can potentially cause a higher magnitude of erosion. In this
study, we assumed each grid represents a hydrological unit, and the peak flow calculated in grid

cells may be underestimated compared to estimates for actual catchments.

We also didhot account for the interaction between bottom sediment and water column
due to thaunsound representation of biogeochemical processes inside river sediment in the
current model. Some of the P in sediments in stream bottom can be introduced to the water
column through resuspension (particulate form) or by diffusion (dissolved inorganic forms)
(Vilmin et al., 2015) Resuspension can be significant when flow rate is (iRghey et al.,

2016) Therefore, the omission of resuspended P as source in our model leads to an

underestimation of riverine P exports in the simulation, especially during peak flow.

Additionally, PP is more likely to be sequersd in dam reservoirs as the abundance of
dams in the MRB may have enhanced the retention of P (bads/ara et al., 2015%ediment

loads transported down the Lower Mississippi were reportealltbyf more than half over the
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last century due to the trapping characteristic of dam and reservoir constructiorchadnel

storaggLi et al., 2020; Meade and Moody, 2010; Remo et al., 2@ PP loads may

experience a similar decline process. Cossi) the DLEM results were validated against

observed data only in the recent decades, the simulated results may underestimate the P loading

before the 1950s when reservoirs initially started to play a key role in reducing riverine sediment.

Moreover, tle lockanddam systems construction, channel straightening, bank
stabilization, the loss of wetlands, and occlusion of floodplain swamps in the basin during the
20th century would affect P delivery to the Gulf but were not considered in this study. The
neglecting of these physical changes may limit the efficacy-stieam processes and introduce
considerable uncertainty in the estimate of legn P loading, especially during the early to
middle part of the 20th century. In the future, we plan to dewelmwcesdased dam module
within DLEM and build a more robust hydrological module to estimate the impact of dam and

reservoir on nutrient loading.

The centuryscale simulation is heavily dependent on a sizeable number of input datasets.
Many assumptiong/ere made to extend the datasets back to the preindustrial period. For
example, P fertilizer data in the U.S. are only available after 1960, and the data before 1960 were
estimated according to the global change trend of P fertilizer consumption, wglhbr
uncertainties to the simulated P exports before 1960. Furthermore, several input datasets, such as
P deposition and lithology data, were extracted from global datasets at 0.5 alegresolution,
and these were resampled to amiB resolution tanatch other input data, potentially
introducing spatial biases. Due to the unavailability of the dynamic and spatially explicit P point
sources data in the MRB, we estimated P emissions from wastewater by applying an empirical
method based on populationde8DP. However, variations in wastewater P, especially those
associated with reductions due to policy and technological changes, were hard to accurately
estimate without specific data. Additionally, the annual P inputs, such as fertilizer and manure,
wereallocated on each day equally within the crop growing seasons, which ignored the impact of

fertilizer and manure application timing on P dynamics at daily or seasonal scale.
5. Conclusion

This study developed a riverine P module coupled wigtrastrial biogeochemical

model, the DLEM Terrestrial/Aquatic scheme, to simulate P dynamics across thedtaah
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aguatic continuum. The model was applied in the MRB and performed relatively well to simulate
the magnitudes and variations of riverine Paxs. The simulated results suggest that riverine
PIP dominated the TP flux, while DOP had the smallest contribution. The estimated riverine
DIP, DOP, PIP, and POP exports all increased over-29a8, but DIP and DOP exports

leveled off after the 1970%he increase in DIP export was mainly driven by elevated usage of P
fertilizer and manure and increases in the other three P species were driven by increasing
precipitation. The intense soil erosion accompanied by PP loss during extreme precipitation
evens appears to dominate the TP flux. LUC contributed to the increase of DIP load, but
reduced loads of DOP, POP, and PIP. Rising atmosphesc@entrations played an
increasingly important role in decreasing DIP and PIP exports. This study highlightgtuts

of changes in terrestrial ecosystems on P loading to aquatic systems, which is critical for

sustainable nutrient management and water security in a changing global environment.
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Chapter 5. Quantification of N and P budgets andegacy soil nutriensin the Mississippi
River Basin.

Abstract

Legacy soil nutrierst can act as a lortigrm nutrient source for aquatic systems and may
prevent the achievement of water quality goals. Estimating the sources and sinks of soil legacy
nitrogen (N) and phosphorus (P) is essential for sustainable nutrient management and
undersanding biogeochemical cycles. While several efforts have been conducted to quantify one
single nutrient budget in the Mississippi River Basin (MRB), no study has estimated both N and
P budgets under the same modeling framework. Here, we quantified majok Rinputs
(synthetic fertilizer N and P, livestock manure N and P, atmospheric N deposition, biological N
fixation, and weathering P) amditpus (harvest crop N and P, N and P loading, asd, WO,
N2 and NH gases emissions) across the MRB duringli2018. The estimated total iNputs
andoutpus increased from 5.05 and 3 D§ N yr ! in the 1900s to 20.57 and 16.5§ N yr L in
the 2010s, respectively. The increased nutrient inputs are associated with intensive agricultural
activities and fossil fuel consumption within the basin. Meanwhile, Toigbtrs andoutpus
increased from 0.44 and 0.5¢ P yf!in the 1900s to 2.58nd 1.96Tg P yf!in the 2010s,
respectively. The crop harvest nutrient, the largest nuwigiput continually increased over the
study period even when nutrient inputs stopped increasing, reflecting the enhanced nutrient use
efficiency of crops in ta MRB. Both N and P balance increased substantially from 1930 to 1980,
then P balance decreased dramatically within the 1980s while N balance showed a slight decline.
ThelegacyN and P storage increas&®3.80 Tg N and 54.80 Tg P, respectively, duringl190
2018.Better utilizinglegacy soil nutrierst can bring both economic and environmental benefits
through reducing fertilizer inputs and nutrient loadinlis study highlights the importance of
guantifying the N and P budgets at the watershed scaldfifberf nutrient management and

pollution reduction.

1. Introduction
Nitrogen (N) and phosphorus (P) are fundamental nutrients for life growth, but the
intensive usage of N and P in agriculture and increasing fossil fuel consumption have largely

disturbednutrient cycles and brought environmental conc€atsffen et al., 20150verloading
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anthropogenic nutrients received by agricultural systems stimulated the loss of nutrients from
land to atmosphere and water through the biogeochemical cycles. N dominates the vertical
pathway (into the atnephere) of nutrient losses, while both N and P can leave the system
through the lateral pathway (into the aquatic system). N in fertilizer and manure could rapidly
volatilize into the atmosphere as ammonia that can react with other air pollutants and form
aerosols to reduce visibility and threaten human héBtthbwman et al., 2002; Xu et al., 2018)
Additionally, N can be converted tamous oxide (NO), one of the most important greenhouse
gasses, in nitrification and denitrification proceg&mvidson, 2009; Tian et al., 2019)

Increased N and P loading from land have resulted in harmful algal blooms, eutrophication, and
hypoxia inaquatic ecosystems, which degraded drinking water and impaired public health
(Conley et al., 2009Efficient nutrient usage and allocation strategiesatessary for

minimizing undesirable environmentatpacts while still producing sufficient food to feed the

population.

Measuring and monitoring nutrient budgets, including N amgpBts andoutpus of
ecosystems, is the first step toward better nutrient managéatemtg et al., 2020Nutrient
surplus and nuignt use efficiency (NUE) can be further evaluataddal on nutrient inputs and
outputs of a systeifDenema et al., 2003; Zhang et al., 20MNa)trient losesfrom plantsoil
systems to the atmosphere and aquatic ecosystem cause mosiutfiémtrelated
environmental issuggowler et al., 2013; Gruber and Galloway, 2008sessing nutrient usage
and loss under the same framework can inform stakeholdehe dradeoffs between food
production for growing population and nutrient polluti@ctoones and Toulmin, 1998)
Additionally, estimating the regional variability Egacy soil nutrierst, the remaining N or P
accunulated in the soil from historical fertilizer and manure application, also needs the
establishment of nutrient budgéheter et al., 2017)Evidence has suggested that legacy
nutrient sources continue to impair water quality even after agricultural inputs have ceased
(Meter et al., 2016; Motew et al., 2017; Sharpley et al., 2083essing legacy nutrients based
on nutrientinputs and outputs change can help to set realistic targets and timelines for water
environment restoration and assist with making management strategies tdagdze soil

nutrientresources imgiculture (Sabo et al., 2021)
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Given the benefitor nutrient management, nutrient budgets have been estimated on
multiple spatial and temporal scales. The net anthropogenic nitrogen inputs (NANI) or net
anthropogenic phosphorus inputs (NAPI) method is one of the approaches to quantify nutrient
budget inandscape systenfslowarth et al., 1996)The NANI or NAPI approach has been
successfully applied to evaluate riverine nutrient export and the impact of human activities on
nutrient balance across watershéds et al., 2020; Metson et al., 2017; Sabo et al., 2019)
However, the inventorpased nutrient budget quantifications often collect or calculate nutrient
inputs andutputs according to different data soureeakingnutrients difficult to balance
(Oenema and Heinen, 1999 contrast, a procedmsed biogeochemical model is capable of
simulating nutrient flux within or across a system under the same framework, and nutrient
dynamics inside the system usually follow the principle of cmasi®n of masgLawrence et al.,
2019; Wang et al., 2020 he modebased quantification also has an advantage in estimating
long-term continuous changes in nutrient budget, especially when datasets of some budget terms
are limited available. Although nutrient budgetagproaches have been developed and widely
applied in previous studies, accurately quantifying nutrient budgets at regional or global scale
remains a challeng&hang et al., 2020)_arge uncertainties exist in measuring many budget
terms and potentially some nutitdflows have not been considered, such as nutrient leaching,

ammonia volatilization, and denitrificatigpuncan et al., 2013; Oenema et al., 2003)

The dead zonein the nothern Gulf of Mexico has expanded since the 1950s, as large

amounts of nutrients are loaded into Gulf from the Mississippi River BEBJ. An action

pl an was | aunched in 2001 to reduce hypoxia i
beenmet despite investments in wetland restoration and improving nutrient management
(Rabalais and drner, 2019)Legacy nutrient in the MRB is suggested as the major factor
preventing the achievement of water quality goals in the (Méfer et al., 2018; Sharpley et al.,
2013) Many methods have been used to estimate the nutrient sources in the MRB, and these
methods typically focuen the inputs of nutrients (synthetic fertilizer, livestock manure,
atmospheric deposition, and biological fixation) and their related impacts on riverine loading.
David et al. (2010applied NANI approaches to assess agricultural and human inputs and
outputs of N across the MRB from 1940 to 2010 by utilizing both state@mdy scale survey
databasedMeter et al. (2017¢ombined survey data and a proekased model to quantify both

N inputs and outputs in the MRB at twentury scale and estimated the impact of legacy N on
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riverine N loading. However, in these budget studies, crop harvest removal thevanly
calculated Noutputwhile N gaseous form losses (BIHN.O, NO, and M) from terrestrial
ecosystems were not explicitly taken into accoidreover, none of these studies estimated
both N and Rnputs andoutpus in the MRB under the same framework.

Investigating the impact dégacy soil nutrierst on nutrient loading from the MRB calls
for the establishment of nutrient budgets. In thislgt we applied a processsed
biogeochemical modeDynamic Land Ecosystem Model (DLEM) to simulate the major N and P
inputs andoutpus, including harvest crop N and P, N and P loading, biological N fixatios, NH
N20, NO, and Memissions, and P weatingy driving by multiple forcing datasets, including N
and P fertilizer and livestock manure N and P in the MRB. The dynamics of N and P fluxes
across the lan@ateratmosphere system during 199018 were estimated under the same
modeling framework. Thestimated N and P budgets allow us to more accurately quantify
changes inegacy soil nutrierst at longterm scale and synthetically understand the

biogeochemical processes at the whole basin scale.

2. Methods

The DLEM is a processdsased biogeochemical mel coupling water, C, N, P cycles
across the plargoil-aquatic continuum (Fige5-1). The model is capable of simulating the
long-term dynamics of N and P fluxes and storages in terrestrial and aquatic ecosystems and
their interactions with the atmosphealriven by multiple environmental forces (i.e., climate,
atmospheric C&concentration, landise change, synthetic fertilizer, livestock manure, and
atmospheric deposition). Within the model framework, the nutrients from terrestrial ecosystems
enter intoaquatic ecosystems through surface and subsurface runoff, leaching, and erosion, then
are transported from headwatés mainstrearmand finally to coastal ocearDuring our years
of research, the DLEM has been developed, improved, and applied to estimtatrylong
dynamics of nutrient loadin@ian et al., 2020; Yang et al., 2015»O emissior(Lu et al.,
2021; Tian et al., 2015NHs emission(Xu et al., 2019)and crop yieldRen et al., 2012; Zhang
et al., 2018)For nutrient budgets established in this study, N and P fertilizer, manure N and P,
and N depsition are input variables. N fixation, harvest N and Pz Bitdission, NO emission,
N2 emission, NO emission, and N and P loading are simulated variables. The soil legacy effect is
represented by the accumulation of nutrients in all soil N and P podI$| enprimarily stored
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in soil organic pools (e.g. NOM and PSOM), while P is stored in both organic pools and

inorganic pools (e.g. Secondary Mineral P and Occluded R)r@5gl).

H t
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Figure5-1. The major Nand P pools and fluxes in the DLEMerrestrial/Aquatic scheme. Blue
arrows and boxes represent unique N processes and orange ones represent unique P processes.
Organic matter pools interact with each other with coupled C, N and P. AOM1 and AOM2 are
litter pools with different residence time. Soil organic matter consists of six pools: autochthonous
microbial pool (SMB1), zymogenous microbial (SMB2), soil microbial residues (SMR), native
organic matter (NOM), passive soil organic matter (PSOM), and dissotgadic matter
(DOM).

2.1. Photosynthesis and crop removal

The N and P fluxes are coupled with C flux in plant growth processdsle gross primary
productivity (GPP) of plant determines the dynamics of plant biomass and nutrient uptake. The
DLEM uses a modified Far @onhnal9@6sFarqubad et &l., 1980) s i mu
The canopy is divided into sunlit and shaded layers. GPP (¢ @ag) is calculated by scaling

leaf assimilation rates up to the whole canfpgn et al., 2010)
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where’O0 0 and™O0 0 (g C m?day?) arethe GPP of sunlit and shaded canopy, respectively;
0 ando (* mol/mé/s) are assimilation rates ttie sunlit and shaded canopy;& & ‘@nd
N & & "Qare sunlit and shaded leaf area indicetimated as equations 4 and espectively
Q @ dscdaytime lengthgecondlin a day (h). 12.01 p 1 is aconstanto change the unit from
‘ G €QD;to gram C.
NadQp 0mMdnNi ¢ (4)
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wherer) i £ '@ the projected leaf area indexhich is calculated as the product of leaf carbon
conten (g C m?) and plant type function (PFT) specific leaf area (SLAgnC?). Using similar
methods taCollatz et al. (1991)DLEM determines the C assimilation rafg &s the minimum of
three limiting rates) h 0 h0 , which are functions that represent the assimilation rates as
limited by the efficiency of the photosynthetic enzymes system (Rubimsited), the amount of
photosynthetically active radiatioPAR) captured by leaf chlorophyll (lighitnited), and the
capacity of leaves to export or utilize photosynthesis products (elkpded) for G species,
respectivelyFor G speciesp refer to thephosphoenolpyruate (PEP) carboxylase limited rate

of carboxylation. The sunlit and the shaded canopy C assimilation rate can be estimated as:

6 1 EL R 0t QQw (6)
[ S U Y
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where is the internal leaf C&concentrationR®g; ¢ is the Q concentration (Pajp is the CQ
compensation poinP@; 0 andu (P are the Michaelidlenten constants f@0, and Q at 25
°C, respectively; is the quantum efficiency; is the absorbed photosynthetically active radiation

(WM3); w0  (umol CO:m?s?) is the maximum rate of carboxylation varies with temperature,
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foliage nitrogerand phosphorusoncentration, and soil moistufonan, 1996)calculated as:

&) © O T oQY 1 (10)
wherew is themaximum rate of carboxylaticat 25°C (umol CQ m? s?1) and® is the

maximum temperature sensitivity paramet@d) 0 adjuststhe rate of photosynthesis, calculated
as:

Mty — (11)

Q00 (12)

where’Q 0 and™Q O aresunlit and shadekaves N limitation coefficients, an@ 0
and™Q 0 aresunlit and shadeteaves P limitation coefficients. Leaf nutrient liatibn

coefficients are applied to impadimax throughwhich Jmaxis also affected.

"Q"Y is afunction of temperaturelated metabolic processas the following:

0"y 0 AgpsSRRET cxwe P (13)
T owet  Gxio

I is afunction (61) that represents the soil moisture and the lower temperature effects on stomatal
resistance and photosynthesis.

oY 1o (14)
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Y p ™Y QEiygs Y T3 (15)
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0 B 01 (16)
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0 — Qe iQ ni niQ (17)
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where”Y is the daily minimum temperature; is the soil water stress of soil lay@n) i is the
soil water potential of soil layéRestimated fronsaxton & Rawls (2006) is the rooffractions
distributed in soil layeir IQ andr {Q are the plant functional specific tolerance of the soil

waterpotential for stomata overall close and opere Water stress in plants is a function of soil
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water potential, which ranges from 0 to 1. Under no water limitations, the soil water stress of soll
layer"(0 ) is equal to 1 where the soil water potential is at its maximum i.e., soil water potential
when the stomata is opened (Q ). Under frequent water stress, howeverjs calculated
based on wilting point potential of specific plant functional types and depends on the balance
betweem) IQ andn iQ

Crop yield formation is determined by the relation of biomass supply to the grains and the
actual demand of the grains. In DLEM, crop yield is estimated as the product of total aboveground
biomass and harvest indéRen et al., 2012)The potential GPP of crops can be adjusted by adding
a techniqueelated parameter that changés.ax over the study period and could reflect the
increased yield caused by the improvement of the breed of crops and farming technologies. More

details regarding the crop module in the DELM can be fouzthang et al. (2018)

2.2. Biological N fixation

The Biological N fixation (BNF) via legume plants is simulated bipfaing the
methods inYu & Zhuang (2020)which considering (1) the accessible N concentration in soils,
(2) the limitation oftemperature, (3) soil water status, (4) the carbon demand for N2 fixation and
(5) the percentage of N2 fixing plants for each ecosystem type.

0 0 MMYQw Q0 Q0O (18)

where0 s the nitrogen fixation rate of each PRT. is the potentialN: fixation rate
( g "™M"QdY is the influence function of soil temperatui®.® is the soil water
function.”Q 0 is the function of root substratedéncentration’Q ¢ is the function of plant

carbon availability.

BNF increases as the temperature rises from a minimum temperatore (0) f or N
fixation to the optimal temperature; the maximum rate (1) occurs within an optimal raiige (15
25 ) ceeaséds frdnethe optimal to the maximum temperature, above which BNF will stop
at354 0
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(19)
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Soil water deficit and flood dramatically inhibitfxation because of drought stress and

oxygen deficit. The impact of soil water is calculated as:
Qo vy g WG 0 W (20)
p Q1w wg

wherew is the avdable soil water, which is defined as the ratio of water content to that at the
field capacity.w is the bottom threshold below whidh fixation is restricted by soil
moisture.w is the upper threshold above which nitrogen fixation idinoted by soil
moistures ande are parameters representing the linear relationship between soil water

content and its effect dN> fixation, respectively.

The N2 fixation is only considered to occur when the direct N uptake from soil cannot

meet theplant N demand. The inhibition effect of N is defined as:

P "fgégi(épnnrﬁi QED; TEITP

Q0 o~z (21)
p Qev; TBITP
where'Q is a parameter related to legubrielogical N fixation and soil NO is the soil
mineral N (g N m
The carbon effect is modeled following a Michaelenten equation:
Q6 - (22)
whered isthedissbved soi l or gani'étocearesbnd carbon avaitabdityt (g C

from plants ta\ fixers.0 is the MichaelisMenten constant, which is plant species dependent.

2.3. NO, NO, and N gases emissions

TheN20, NO, and Mgases are generated in nitrification and denitrification processes
and we estimatedmissionof these three gases based on the metho@kaiskikh et al. (2005)
Firstly, the N gas produan potential is determined from the simulated nitrification and

denitrification.

0 Qi QQ YO 'Qn 0 Qo (23)
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wherel "Q® i is potential N gas emissigng ' )frooh nitrification. Q represents the
proportion of N intermediates resulting in®lemissions from nitrificationQ “Y represents
the effect of temperature on nitrificatiah."Qip waterfilled porosity which is the ratio of soil
water contat and total soil porosityd “Gs soil nitrification which is described by firstder

kinetics modified by soil temperature and soil water potential.

0 QWi 0'QE "Y' QO "QAQL Vo (24)
where0 " i is the potential N gases emission from denitrificatiog "IN O & the
denitrification potentia{ g "MNwhith is assumed to be proportional to the soil organic matter
mineralization rate, and to depend on soil clay cont@ntY represents the temperature effect

and"Q0 "Qndefines the dependency of denitrification on wdileed porosity."Q0 Uo

describes the dependency of the denitrification rate on nitrate concentration.

Secondly, the potential N gas emission is divided M#®, NO, and N emissions
according to the effects of soil physical properties on the efficiency by which denitrification

reduces MO to No. N2O from nitrification and denitrification isalculated as:
00 0Q0Oi 001 "Q "Yp Q0 ONQma CAR'QINO  (25)
where’Q Y represents the impact of temperature on actual N20 emi&idr disithe

effect of clay content in soil, an® 'Q Q ias the effect of soil depth (m).

NO is calculated according to an empirical equation that sets up the relationship with
N20.

00 0 0Fp m?8 8 (26)
And the left fraction of nitrogn gas i\,
0 0Qoi 0Qui 00 00 (27)
2.4. NHs emission
The NHs emission consists of direct emission from manure and indirect emission from soil.

The indirect emission from soil is simulated in DLEM by coupling the BidirectionaldXehange
module (BiNH3) from the Community Multscale Air Quality model with thBLEM (Xu et al.,
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2018, 2019)The soil emission of N¢Wvaries daily after chemical N fertilizer was applied to soils

and is calculated as follows:
NHz=C./ (Ra+ 0.5 Rinc) (28)

whereCcis the canopy Nklcompensation point as calculated in equatiorR3%; the aerodynamic
resistance ranging from 30 to 200, &\ is the aerodynamic resistance within tda@opy. Units
ofNHsf | uxes alf euagtsm of all c¢ o MW@eostsofall theraboveo i nt s

resistances are s’ mForRi, the following equation was used:

Y ® 060

(29)

z

where® is an empirical constant taken as 14, oAl is the leaf area inde¥Q is the canopy
height (m), and . is the fraction velocity ranging from 0.2 to 0.5 ().sFor C,, the following

equation was used:

o] 3 5 (30)

whereRy, is the quasi laminar boundary layer resistance at the leaf suRadg,the stomatal
resistanceRyg is the quasi laminar boundary layer resistance at the ground suRjacethe
cuticular resistance, aftdoi is the resistance to diffusion through the soil I§y&voter et al., 2012;
Sakaguchi & Zeng, 2009)

The soil emission potential of NHk regulated by the ratio of NHconcentration
(INH4™]) to H* concentration ([H]), which is defined as

c —r (31)

whereNrris the fertilizer application rate (g N'#)) di is the depth of soil layer (m), and pH is the
pH of the soil after N fertilizer application (pH = 7.8)y is the molar mass of N (14 g m9) ¢

is the soil volumetric water content irfm' 3. The maximum emission potential was found in the
first time of fertilization and decreased with passing time.DILEM deals with loss of N fertilizer

at daily step including plant and microbial uptake, nitrification, or N leaching/ruesditing in

variable amounts of N over time.

The ground layerGg) compensation points are defined as follows:
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& 0 To——Q G (32)

whereM, = 1.7 10" ng mol?, Vin = 13 103 (convert L to m), Tsis soil temperature irk.

The stomatal compensation points are defined as follows:
0 0 To ——Q G (33)

where Tcan is the canopy temperature iK, G is the ratio of [NH'] to [H*] in the apoplast

parametrized iMMassad et al. (2010)

Emission factors for estimating Nlgmissions from livestock excreta were adopted from
previous studiesBouwman et al. (2002)rovided a mediawvalue of EF (23%) to estimate the
global NH: loss from animal manure. The range of EBouwman et al. (2002vas 191 2 9 %.
Based on the work bBeusen et al. (200&ndRiddick et al. (2016applied a revised EF (17%)
to estimate NBlemissions from animal manure. In DELM, livestock manure N can be divided into
urine and feces, and we adopted the EF of 26% on urine and 12% ofL&adssch et al., 2013)

to estimate Nklloss from livestock manure.

2.5. Pweathering
Parent material weathering is therpary source of soil inorganic P. Hevee used the
method proposed kiartmann et al. (2014 calculate the P release from rock weathering,

which considers the influences of lithology, temperature, and soil properties:

QF W AW RN (34)
0 Q{0 Oy (35)
o Qe — - — (36)
where’Q represents the chemical weathering flux of litholo¢y m? day?), & R
ando i are parameters given the relative contribution from carbonate and silicate

weatheringy) is the runoff (mm day), 0 is the P contents in lithological classes relative to the
SiO2 and the major catiofQy, represents the effect of soil temperatomewveathering' Gy,
represents a reduction effect of certain soil types on weath€@ings the activation energy for

lithology (kJ/mol) andY is the gas constarityis temperature in Kelvin and is reference
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temperature (284.15 K). The lidtogy-specific values of f, 0 i O andO f;, are

derived fromHartmann et al. (2014)

3. Results

3.1. Nitrogenbudget
The major Ninputs in terrestrial ecosystems include N fertilizer, manure N, atmospheric
N deposition, and N fixation, and majoraMtpus include harvest N, N gases (A0, NO,
N2) emissionsand N loading. The decadal average totaiputs in the MRB increased from
5.05 Tg N yttin the 1900s to 20.57 Tg N'yrin the 2010s (Tablé-1 and Figurés-2). N
fertilizer started to increase rapidly (at a speed of 0.12 TgNpyk 0.01)since the 1940s to
7.97 Tg N yttin 2004, then it slightly decreased during 28 Oandincreased again in the
2010s. N fertilizer became the largesingut (over 30%) since the 1980s, before which N
fixation is the dominant Khput N fixation steadily increased at a speed of 0.04 Tg'Rl yr
during 19012018, and it still contributed 31% (6.43 Tg NYrof total N inputs in the 2010s.
The manure N and atmospheric N deposition, accounting for 19% (3.92 T¢) ldna 16%
(3.20 Tg N yI?) of total Ninputin the 2010s respectively, are alsgntant N sources. Manure
N increased significantly from 1901 to 1960 and became relatively stable thereafter, similarly,

atmospheric N deposition first increased but slightly decreased after the 1980s.

The decadal average totaloNtpus increased from 89 to 16.68 Tg N yt during the
1900s2010s. Harvest crop Whichis the primary Noutputincreagdat a speed of 0.10 Tg N
yr' 2 over 19012018 and its share in total butpus increased from 36% (1.11 Tg N Yrto
68% (11.43 Tg N y) from the 1900sat the 2010s. Meanwhil&imulatedNHs emissions have
increased over fourfold (from 0.26 to 1.43 Tg Nyand emissions of 2D (from 0.32 to 0.60
Tg N yr1), NO (from 0.24 t0 0.43 Tg N %), and N (from 0.60 to 1.17 Tg N ) have almost
doubleddue tothe enhanced anthropogenic N inputs and climate warrRingrineN loading
also increased dramatically from 0.56 Tg Ntyn the 1900s to 1.63 Tg N'yrin the 2010s. As
the proportion of harvest crop N in totaloMtpus increased significantly, theqportiors of
N20, N, and NO emissions and N loadihgveseen a decrease since the 1900s, and that #f NH
emission started to decrease after the 1960s. The proportions of N gas emissions and N loading
in total N inputs, however, were relatively stable from the 1960s to the 2010s, with total gas

emission accounting for 1B9% andiverineN loading accountingor 8-9% of N inputs.
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Table5-1. The decadal averageihputs andoutpus in the MRB (Tg N y#).

Year N Manure N N Harvest NHs N2O N2 NO N
Fertilizer N Deposition Fixation N Emission Emission Emission Emission Loading

1900s 0.03 1.44 1.27 2.31 -1.11  -0.26 -0.32 -0.60 -0.24 -0.56
1910s 0.07 1.63 1.28 2.38 -1.22 -0.31 -0.33 -0.61 -0.25 -0.55
1920s 0.28 1.88 1.37 2.50 -1.46  -0.38 -0.36 -0.67 -0.27 -0.65
1930s 0.36 2.31 1.39 2.74 -2.13  -0.48 -0.41 -0.73 -0.33 -0.69
1940s 0.65 2.88 1.55 3.72 -2.84  -0.61 -0.43 -0.79 -0.32 -0.95
1950s 1.71 3.31 1.85 3.94 -3.62 -0.82 -0.43 -0.78 -0.32 -0.99
1960s 2.95 3.58 2.35 4.31 -4.64  -1.00 -0.43 -0.74 -0.31 -1.05
1970s 4.72 3.57 2.92 5.16 -6.57  -1.17 -0.49 -0.88 -0.35 -1.50
1980s 5.85 3.38 3.29 5.50 -8.53 -1.25 -0.56 -0.99 -0.41 -1.63
1990s 6.55 3.51 3.39 5.51 -9.17 -1.34 -0.58 -1.08 -0.41 -1.78
2000s 7.16 3.89 3.34 5.78 -10.65 -1.45 -0.60 -1.11 -0.43 -1.57
2010s 7.02 3.92 3.20 6.43 -11.43 -1.43 -0.60 -1.17 -0.43 -1.63

Note: The Ninputs are in positive number anddutpus are in negative number.

Figure5-2. The N budget in the Mississippi River Basin during 12018.
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3.2.Nitrogen loading

With respect to the change in N loading during 22018, the four N species all exhibit

increasing trends with different magnitudes (FigeH#®. Riverine nitrite N O ) export increased

at a rate of 9.79 Gg Yrover the study period, drdecadal average¢ O export in the 2010s
(1054 Gg yrh) was 285% higher compared to the 1900s (274 Gy fiihe most substantial
increase iN O export occurred during the 1960s and 1970s,Na@l export peaked in 1983
then slightly decreased. RivegimmmoniaN H ) increased 116% from the 1900s (13 Gg)yr

to the 2010s (27 Gg¥W). TheN H export also increased significantly since 1960 and began to

level off after 1980. Riverine dissolved organic nitrogen (DON) and particulate organic nitrogen

(PON) increased from 144 and 126 G¢4yin the 1900s to 268 and 277 G¢yn the 2010s,

respectively. The increase rate of PON export (120%) is higher than that of DON (85%), and

PON export started to exceed DON export in the 2010s. Different from the other three N species,

riverine PON export continued to increase slightlyraf@80 with the highest amount occurring

in 2018. Aver age -20I38had the largest shiare ©62@ in TNleQport,
followed by DON (17%) and PON (16%), aNdH only accounted for 2% of TN export.
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Figure5-3. The interannual variatiormd trend® f i norgani c N ( NO

(DON and PON) loading from the Mississippi River Basin during 12018.

3.2. Phosphorus budget

The major Hnputs include P fertilizer, livestock manure Rdaveathering P, and P
outpus consist of harvest crop P and P loading. TotapBts andoutpus increased from 0.42
and 0.56 Tg P Yt in the 1900s to 2.57 and 1.90 Tg Pyn the 2010s, respectively (TaBe2
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and Figureb-4). Manure P was the dominaniriput (over 50%) and increased significantly

before the 1960s, thereafter, the P fertilizer input exceed manure P and became the largest P
input. Synthetic P fertilizer increased rapidly since the 1940s, and reached 1.34'finRhg

1970s, but it experienced a decrease within the 1980s and then fluctuated around 1.36.Tg P yr
Weathering P only accounted for a small share (< 8%) of total P inputs over the study period, so
does the atmospheric P deposition which only comteidh around 1% in total iRputs after the
1960s.The average annual harvest P was 0.47 TdRrythe 1900s, accounting for around 82%

of Poutpus, and increased to 1.78 Tg P4in the 2010s, accounting for 91% obBtpus.
Averageriverine P loadirg increased from 0.10 Tg P'yaccount for 18% of Butpus) in the

1900s to 0.19 Tg P Yr(account for 9% of Butpus) in the 2010s. The crop harvest removal P

in total P inputs increased from 45% to 68% from the 1960s to the 2010s, meanwhilePthat of
loading was stable, accounting fei78o in total P inputs.

Table5-2. The decadal averageiruts andoutpus in the MRB (Tg P y1).

Year P Fertilizer ~Manure P Weathering P P deposition Harvest P P Loading
1900s 0.05 0.34 0.03 0.02 -0.47 -0.10
1910s 0.06 0.39 0.03 0.02 -0.53 -0.10
1920s 0.08 0.45 0.03 0.02 -0.58 -0.10
1930s 0.09 0.59 0.02 0.02 -0.62 -0.09
1940s 0.19 0.78 0.03 0.02 -0.68 -0.11
1950s 0.52 0.96 0.02 0.02 -0.78 -0.11
1960s 0.88 1.07 0.02 0.02 -0.89 -0.11
1970s 1.34 1.09 0.03 0.02 -1.14 -0.15
1980s 1.32 1.04 0.03 0.02 -1.40 -0.15
1990s 1.26 1.09 0.03 0.02 -1.51 -0.17
2000s 1.26 1.18 0.03 0.02 -1.68 -0.16
2010s 1.30 1.24 0.04 0.02 -1.78 -0.19
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Figure5-4. The P budget in the Mississippi River Basin during 12018.

3.4. Changes irlegacy soil nutrients

Thenutrientbalancethe difference between inputs and outputs of N arwhRreflect
the accumulation speed lefjacy nutriers The N balancérst increased from 1.96 Tg N'yrin
the 1900s to 5.41 Tg N'yrin the 1970s, then decreased to 3.89 Tg'Nigrthe 2010s (Figure
5-5). The legacy N, represented by the N accumulaitieneased 423.80 Tg N during 1901
2018.The accumulation of N in terrestrial ecosystems slowed down as N balance experienced a
decreasing trend since the 1980s. The average P balane@ ¥&3g P yr! in the 1900s, and
became positivafterthe 180s, then it reached the peak of 1.18 Tg P'ym the 1970s, and
slightly decreased to 0.68 Tg P ¥in the 2010s. ThiegacyP storage first decreased 3.78FAg
during 19011934 due to the higher P outputs compared with P inputs, then it shifted to increase
and reached back to the 1901 level after 1951. The accumulation of legacy P also slowed down

after 1980 and P storageecosystems) 2018 was 54.80 Tg Rdher than in 1901.
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Figure5-5. The N and P balance and accumulation in the MRB. Nutrient balance is the
difference between nutrieitputs andoutpus and nutrient accumulation is the sum of the

historicalnutrient balance.

4. Discussion

This study quantified the N and P budgets under the same modeling framework in the
MRB during 19032018 The major N and P inputs and outputs estimated in this study are
comparable with the estimation Byavid et al. (2010) and Stackpoole et al. (202Hhe
increases in synthetic fertilizer N and P, the most important nuinieats, were mainly driven
by the intensivepplication orcropland in the Midwest 1$. (Cao et al., 2018)The increase in
manure nutrient input was contributed by both increasing livestatibars and body weights
(Bian et al., 2021)The steady increase in Ndition was related to the growing soybean
productivity (David et al., 2010)Atmospherid\N deposition increased as a result of high N oxide
emissions from fossil fuel consumption, but has begun to decline in recent decades due to the
successful implementation of Clean Air Aahendments in 199(Qloret and Valiela, 2016)
The major N and Butpus, including harvest crop N and P, N and P loading, and N gases
emissions all increased over the last century driven by thesifigghapplication of synthetic
fertilizer and livestock manure in agricultural systems. The proportion of harvest crop nutrients
in total nutrientsnputs increased significantly over the study peliothe MRB.Moreover,crop
harvest N and P continualigcreased even when the N fertilizer stopped increasing after the
1990s and P fertilizer decreased in the 1980saney & Howarth (2019eported that as crop

yields have increased, nutrient use efficiency has increased in some regions of the MRB. The
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enhanced nutrient use efficiency explained the increased harvest crop rutiperéven when

nutrient inputs stopped increasing.

The nutient surplus thai stored in soils as organic matter or inorganic maaerserve
as a longerm source of soluble and particulate nutri¢héd can be potentiallseleased into
waterswhich has raised concern in recent yed@swe et al., 2016; Sabo et al., 2020he N
surplus could be stored plantandsoil, and mostly exist in soil organic matter, because
inorganic formof N is easily lost to water or atmosphere and unlikely to establish high storage
amount.TheP surplusby comparisoncould beprone tostore inplantand soil, because P is less
mobile and occurs largely as particulate inorganic form by attaching to clay and metal particles
(McDowell et al., 2004)Both soil legacyN and Pin the MRB have been built up due to the
overuse of fertilizer, especialfyom 1930to 1980(Figure5-4). Legacy nutrients can persist for
many decades to more than a century after the termination of anthropogen{Eiafrtigo et
al., 2005; Sabo et al., 202The legacy nutrients that remain within soil and groundwater still
serve as longermnutrientsourcedor coastal ocean@leter et al., 2018; Stackpoole et al.,
2019) Thereforethereduction of norpoint source nutrient loads from the MREhindered,
especially in regions with long histories of crop cultivation and nutrient applid@ioyette et
al., 2019) On the other handkegacy soil nutrierst can act as a potential nutrient sodorecrops
and be integrated into sustainable nutrient management strategies for future food production
(Rowe et &, 2016) Better utilizinglegacy soil nutrierst can bring both economic and
environmental benefits. Improving soil nutrient acquisition and crop nutrient utilization

efficiency is necessary for future nutrient management.

Nutrient budgets haveeen increasingly adopted by various stakeholders for a variety of
applicationssuch as evaluating crop NUE, managing fertilizer and manure applicatihn,
controlling water pollution, air pollution, and greenhouse gas emisd@ased on the
informationfrom nutrient budgets, farmers and policymakers can make strategies to optimize
fertilizer application and monitor the environmental impacts of agricultural production based on
nutrient budget information. This nutrient budget study could advance outddgmof
biogeochemicabrocesses and provide a full picture of the dynamics of N and P fluxes across the
MRB. Thelegacy soil nutrienestimated in this study may inspire stakeholders to efficiently

utilize this valuable resource and control its negagiwa@ronmental impacts.
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5. Conclusion

The legacy nutrients result from the balance betviguts andoutpus of N and Rn a
long historical periodThe N and Putpus in the Mississippi River Basin, including harvest
removal, gas emission, and riverioadiing, all increased over the last cenfiafiowing the
sharp growth of tharthropogenic N and P input§he proportios of harvesedN and Pin total
nutrient inputs increased from the 1960s to the 2010s, reflecting the increased NUE of crops.
Both N and P balances substantially increased from the 1930s to the 1970s, after which N
balance decreased slightly since the 1970s, while P balance idedindiecreased in the 1980s
due to the reduction in P fertilizer usageelegacy soil nutriers represented biutrient

accumulation, continuet increase but hhslowed down since the 198bsthe MRB
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Chapter 6. The impact of legacysoil nutrient s on nutrient loading and N:P stoichiometry
from the Mississippi River Basin

Abstract

Humanrinduced imbalance of nitrogen (N) and phosphorus (P) in terrestrial ecosystems
can lead to thdisproportionate N and P loading, subsequently shifting the elemental
stoichiometry in estuaries and coastal oceans and impacting the structure and functioning of
aguatic ecosystems. The N:P ratio of nutrient loading from the Mississippi River Bdsin ha
increased before the late 1980s driven by the enhanced usage of N fertilizer over P fertilizer,
whereafter it started to decrease while the N
similar trend. Here, we hypothesized tleagacy soil nutriergmight contribute to the decreasing
N:P loading ratio. For this, a coupled biogeochemical and hydrological model, in combination
with long-term anthropogenic nutrients input, was used to evaluate the impact of soil nutrient
legacy on N:P ratio of nutrientddingto the Gulf of Mexico The results show that the longer
resident time of P in soilsontributes tanuch slower release of soil P to rivers than that df N.
anthropogenic nutrient surpluses were reduced or suspended, soil legacy inorganic N would
decline quckerthan soil inorganic legacy P, leading to the dramatic decrease in the ratio of
inorganic N and P. As crop nutrient efficienttgsincreased in recent decades within the
Mississippi RiveBasin, legacyoil nutriens haveplayed a more important role in contributing
to riverinenutrient loading. Extreme precipitation eveh&estimulated soil erosion whidias
facilitatedmoreP loading than N. The increasingly dominant role of legacy nutriemts@sce
combined withmoreextreme precipitation may explain the decreasing N:P loadingimatie
Mississippi River Our study suggests tHagacy soil nutrienpools should be fully considered
in resolving the eutrophication and nutrient imbalance issues, particulanky aohtext of global

environmental changes.
1. Introduction

The global nitrogen (N) and phosphorus (P) cycles have been substantially disturbed by
anthropogenic activities due to the growing demands for food and energy. Biologically available
N and P inpug to the biosphere hadeubled(Bouwman et al., 2009; Smil, 20Q®yringing high
risks to the stability and sustainability of the Earth syqtetaffen et al., 2015Moreover, the

123



higher proportiorof anthropogenic inputs @éactiveN relative toP inputshasled to a global
increa® inthe N:P stoichiometric rati@Pefiuelas et al., 2013; Pefiuelas and Sardans, 2022;
Ptacnik et al., 2005)rhe altered environmental N:P ratios have been affecting the metabolism
and growth rates of organisms, ecosystentfions and structures, and the global carbon cycle
(Pefuelas et al., 2013; Sterner and Elser, 2017; Vitousek et al., EB0@QQuatic ecosystems,
nutrient loading from terrestrial esgstems, especially agricultural land, has stimulated
eutrophication and degraded water qudli@gi et al., 2011; Howarth, 2008; Paerl et al., 2016)

Total N and totalP are commonly used metrics of eutrophication, but tleynat
adequate for understanding the biodiversity and structure of aquatic comm(@iibest, 2017)
A stoichiometric perspective can provide further insights into the aquatic nutriesiimee and
its effects on ecological processes, especially thoseiassd with harmful algal blooitiElser et
al., 2007; Heil et al., 2007; Ptacnik et al., 20@pichiometric N:P ratio has been widely used
as areffective index to derive nutrient limitation of phytoplankton growth in both freshwater and
marine sgtems( Gui | df ord and Hecky, 2000;Nutdemtsti | et a
limitation could vary in different aquatic systems and seaéowarth et al., 2021; Zhang et al.,
2021) Specifically, lakes are generally limited by P due to the existencefofihg
cyanobacteria while coastal oceans are limited by N as plankteffiiabion is rarely observed

in high salinity watefConley et al., 2009)

The terrestriabquatic linkage in stoichiometric alterations plays a critical role in
determining whether nutrients are balanced in aquatic ecosystems. When hutriand s don o't
change in stoichiometric pr apaanded conditionsoof t he AR
receiving water may favor the proliferation of harrmdigal bloomsand the production of toxins
(Glibert and Burkholder, 2011; Van de Waal et al., 20@bally, the excess use of N fertilizer
over P fertilizer in agriculture has induced the increasing N:P stoichiometry of nutrient loads
(Pefuelas et al., 201 2esulting in the proliferation of neN.-fixing cyanobacteria in freshwater
and a shift towards more dinoflagellates in marine sys{&tisert, 2017; Lehman, 2007; Li et
al., 2015) Stoichiometric analysis of nutrient loads and nutrient reguents of aquatic
ecosystems can inform strategydmanagement efforts to control the most critical nutrient.

Therefore, understanding the linkages between the stochiometric characterization of nutrient
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loads and water quality is important and deserveeresearch, especially for estuaries and
coastal oceansSmith, 2006)

Int he ndead zoneo of the northern Gulf of M
the coastal ocean, thepoxia is periodically limited by P but ultimately limited by(Nodds,
2006; Lohrenz et al., 2008; Turner and Rabalais, 204 3ight of the heavy nutrient leakage
from intensive agricultural activities withthe Mississippi River Basin (MRB), action plans
have been launched since 2001 to manage nutrients to reduce nutrient loading. However, the
hypoxic zone area hasndét exhibited a clear de
recorded largest evan R017(US EPA, 2021)Water qualitymonitoring data from stations (St,
Francisville, Louisiana, observed by the USGSjrribe outlet of the Mississippi River showed
that the mean annual TN:TP ratio increased from the late 1970s to the 1980s, but then shifted to
declinad (Turner et al., 20065igure6-1). The increase of the N:P ratio in nutrient loading was
consistent with that of anthropogenic nutrignguts to agricultural land. However, the recent

decline of the N:P ratio has not been well explained yet.

Sincelegacy soil nutriergcanreside within soil and groundwater for several decades and
thus act as a loagerm source to coastal ocedveter et al., 2018; Stackpoole et al., 2)ve
hypothesized that they may contribute to the declining N:P ratio of nutrient loading from the
MRB. Considering the legacy nutrients dynamics are diffiuite directly monitored, previous
efforts mainly took advantage of statistical or watedsimedelsghatgenerally assumed a steady
state of nutrient cycles at the annual timestep or ignored the accumulation of nutrients within
soils(Chen et al., 2018) ong-term input datasets and procéssed modeling can provide a
reliable pathway to assess watershed legacy nutrient dyn@vtetsr et al., 2018, 2017)

However, few studies have estimated the impacts of both soil legacy N and P on nutrient loading
under the same modeling framewdrkthis study, we explored the potential reasons for the
declinng stoichiometry ratio oN and P loading through synthesizing data and niogled

guantify longterm N and P dynamics along the terrest@@liatic continuum in the MRB. The
specific workflow is listed as the followin@l) assessing the impactslefjacy soil nutrierst on
riverineN and P loadings by factorial simulations, and (2) investigating the response of N/P
loading to environmental changes, such as climate, fertilizer, and manure application,

groundwater, and landse change. This work holds the potential to benefit giyatesigning
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and concentrating resources to better manage the nutrient exports from the MRB to estuaries and

coastal oceans.

Figure6-1. Interannual variations and trends of riverine N and P fluk€STP ratio in water,
and flow from 1990 to 2018 at USGS site St, Francisville (USGS 07373420).

2. Methods

Theprocessbased Dynamic Land Ecosystem Model (DLEgBe Chapters 2 andiS)
applied in the MRB to investigate the impact of legacy nusientiverine nutrient loading. The
dominant nutrient sources contributing riverine nutrient loading includes newly added nutrient
and legacy nutriest The legacy nutrient within the MRB has been estimated by establishing
nutrient budgets in terrestrial ecosras during 1902018 (Figures @ and 64). Major N and
Pinputs innutrient budgetgclude synthetic N and P fertilizer, livestock manure N and P,
atmospheric N deposition, and biological N fixation (BNF). Meanwhile, the major N and P
outpus include havest removal N and P, N gases (\N2O, NO, Nb) emissions, and riverine N
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