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Chapter 1: Introduction

Many sectors of the world economy, including agriculture, are being impacted by
global climate changend projections suggest that this impact will continubeo
increasedAccording to the Food and Agriculture Organizat{BAO, 2002b) world
demands for agricultural products in 2030 will have increased by one third in
comparison to the demands in 2010. Mankind must tetie@nato meet the growing

food demands from an ever increasing world population that is expected to reach over
9 billion people by 2050 according &recent United Nations repditnited Nations,

2004) Even if the emissions of all greenhouse gases (GHG) wegest@t the

present time, the GHG already emitted into the global atmosphere will continue to

i mpact the Earthés climate for many years
alleviate the climate change impacts on agriculture and other sectors of the worl

economy with a set of collective actions that are callimptations

This dissertation presents the results of several modeling studies on evahating

impacts of climate change on agriculture in 8waitheasterb/nited States antthe
effectivenes®f adaptation strategies to counteracsthimpactsThe second chapter

is a literature review that summarizes current climate change knowledge and some
adaptation strategies. Original research studies are described and the results presented
in chapterstiree to five. Chapter 6 summarizes the significant results of all three

studies. Additional information on chapters 2 to five are briefly discussed in the

following paragraphs of this introduction.



The literature review discusses climate change anohfiadts on agriculture in the

United States. Previous research is discussed concerning the use of regional climate
change modeling as an effective tool to model the impacts of climate change and the
effectiveness of adaptation options. The use of biodibamendments as a

potential climate change adaptation tool is specifically discussed. The chapter
concludes with a discussion of using the Environmental Policy Integrated Climate
(EPIC) model approach to simulate climate change impacts and test thieefitess

of adaptation options.

Chapter three discusses htve EPIC model wasodifiedwith algorithms to

determine the impacts of biochar applications on corn yields and selected soil
propertiesThe main objectives for that modeling study was to éebbp new
algorithms in the EPIC model to quantify the influence of biochar additions to soil on
fundamental soil properties (CEC, pH, bulk density and C dynamics) and crop
productivity, (2) validate EPIC simulations using data from-grdbiochar
amendmenstudy on an Amazonian Oxisa@ind (3) @aluate the stability and
performance of the updated EPIC model when used irya Bhg term simulation

We hypothesized th&iocharsoil amendmentwill increase corr{Zea may4..)

yields and favorably affect leeted soil physical properties.

Thefourth chapteraddresseslimate change impacts and the effectiveness of
adaptation options osustaining or improvingrop yields in the Southeastern US.

The EPIC model was usedgonulatethe potential impacts of climate change and



evaluateadaptations otheyields of three g[alfalfa(Medicago sativd..), soybean
(Glycine max..), winter whea(Triticum aestivuni.)] and three ¢(corn, sorghum
(Sorghum bicolot..), pearl millet((Pennisetum glaucuin)] crops from

representative farms in 10 Southeastern US sfabesobjectives of this modeling

study were to (1)waluate how future climate change as predicted using four regional
climate models (RCMs) affect different regions ¢ Boutheastern®j (2) compare
differences in historical baseline and predicted corn and soybean yields, as well as
aggregated yields off@nd G crops for the four RCMg3) compare the predicted

corn and soybean yields as well as aggregated yieldsarfdCG crops for the four
RCMs during the 203B 2068 periogand (4) ealuate the effectiveness of the

biochar applications and irrigation for the different RCMs on corn and soybean yields
as well as aggregated yields of &hd G crops.It was hypothegied that climate
changewill have different impaston different regions othe Southeastern US. We

also hypothesized that climate chamgeladaptationsvill eachhave effect on crop
yields. Adaptationghat were evaluated includannualapplications obiochar and

irrigation.

Chapterfive addressethe impacts of climate change and the effectiveness of biochar
applicationsand irrigationon microbialrespiration, soitarbon C) content and

nitrate losses in runoff and leachate frdra same representative farms in the
Southeastern US.he specific objectives of this modeling study wier€l) compare
differences in historical baseline and future predicted values of nitrate losses,

microbial respiration and soil carbon content treadsyell as the influence of the



aggregated impacts o@nd G crops on these parameters in the past and in the
future (2) compare the predicted nitrate losses, microbial respiration an@ soill
content trends for the four RCMs during the 203868 perod; and (3) aluate the
effectiveness of biochar applications, irrigation, and the influencg ah@€ G crops
on nitrate losses, microbial respiration and €atlontent trends for the four RCMs.
We hypothesized that climate change will have impacth@mesponse variables
mentioned above, and that biochar applicaianigation and crop types will differ in

their influence.

The sixth chapter summarizes the results of all three modeling studies and attempts to

draw some general conclusions from tegearch work presented in this dissertation.



Chapter 2: Literature Review

Climate Change

Scientific consensus is that the anthropogenic effects of climate change are already
occurring and the impacts will be substaniRICC, 2007b; IPCC, 2014Numerous
studies, reports, and walbcumented observations show that the burning of fossil
fuel, deforestation, and other industrial processes are rapidly increasing the
atmospheric concentrationsadrbon dioxide€CO,) and other greenhouse gases.
Atmospheric C@concentratioahave risen bymore than 30% since piedustrial

times, fromequilibrium levels of about 28@pmvin 1880,to the currently observed
levels 0f392ppmv (Tubiello et al., 2000)Current anthropogenic G@missions are
about 8 GT C yedrwith atmospheric yarly increases being around 0.5% per year. It
is predicted that atmospheric €€ncentration levels will be doubled by the end of

the 2% century(Tubiello et al, 2000)

Climate change has gained significant international attention due to concerns of

negative longerm impacts on agriculture, as well as water supply and human

welfare Change and variability are persistent featurediofate, however, the

climate change due to anthropogenic effects accompanies a millennia of strictly

natural climate change and variabil{f§racklund et al., 2008)Little doubt exists that

human influence Iinputs to the atmosphere w
throughout the Zlcentury. The Intergovernmental Panel on Climate Change (IPCC)

4" Assessment Report (ARAPCC, 2007bpresents strong evidence that changes in

atmospheric composition will result in further increases in global average temperature



and ®a level rise, as well as declines in snow cover, land ice, and sea icelmitent.
most recent IPCC Summary for Policy Makers to AR5 issued by Working Group I,
the extents of the detrimental influences of climate change on human economy and
populationare projected to increaseen furthe(IPCC, 2014)Similarly, it is

expected that global average rainfall, its variability, and the occurrence of heat waves

and extreme droughts will become more freqyBacklund et al., 2008)

Climate Change Impacts on the United States

Based on tengrature and precipitation records, the gledxadle changes previously
discussed are generally consistent with the predicted impacts of climate change in the
United States. The degree of warming varies by region in the United States, but
overall the counyr has warmed significantly. For example, the northern portion of the
continental US and Alaska have experienced significant warming. The Southeastern
US has recently received moagerageprecipitation than 100 years ago while the
SouthwestertJS has receied less precipitatio(Backlund et al., 2008; IPCC,

2007h)

Climate conditionsn the US are predicted to continue to change throughout the 21

century. Depending on the high or low emission scen@f€3C, 2000)the effects

of future greenhouse gas emissions will be much more noticeable near thetend of

century. IPCC % Assessment Report predicts that the entire United States will warm
substantially over the next 30 years with an increaseofIC over much of th

country(IPCC, 2007b).This rate of change would be significantly greater than the



observed increases over the course of tHéc@btury. By the 2080s, a low emissions

scenario predicts summer temperatures will have increased W@ i n t he inter
West with warmingof B AC ever ywher e (IBGCs2007h)Ahighhe count
emissions scenario predicts increased temperature6 & i n t he interior

Midwest with warmingof& AC i n t he Southeastern and far

Changes in precipitation rates for the United States are more uncertain due to
precipitationds sensitivity t-scadoth | ocal
circulation of the atmosphe(@valthall et al., 2013) Projections based on the

ensemble of the 16 regional climate models utilized to evaluate impacts of climate

change orthe conterminous United States agree that over the neR03fars the

Northwest will experience reductions of-25% in summertimeainfall. Over the

same time period, a 5% decrease in precipitation is predicted for the central South

region with increased precipitation of15% for the North Central, the Eastern, and

the Southeastern UBacklund et al., 2008; IPCC, 2007b; Walthall et al., 2013)

Despite increased precipitation envisioned for both the low and high emissions
scenarios, there may not necessarily be increased crop yields as a result of predicted
increases in available moisturAt the same time when increased precipitation is
prediced, elevated temperatures would result in earlier melt and runoff of water
stored in snow cover and would lead to increased plant evapotranspiration. Due to
changsin the rainfall patterns, more precipitation is expected to fall in the form of

intense, sbrt durationstorms that will result in rapid runoff. Even though the mean



precipitation rates are expected to increase, the timing of precipitation will change
such that there are prolonged dry periods, and plants may suffer from water stress
immediatelyafter planting and during other important stages of plant development.
All of these factors may offset the projected increase in mean precipitationUi$the

and lead to lessropavailable moisture.

Climate Change Impacts on Agriculture in the Unitedésta

Due to the differences between photosynthetic pathways betweastd G, plants,

Cs and G crops differ in the way they react to the increased ambieat CO
concentration or soalled CQ fertilization effect. The C3 metabolic pathway of
carbon fixationis named afteathreecarbon compounthat isthe first stable product
of carbon fixation. In @plants, increasing atmospheric £&imulates
photosynthesis over a wide concentration rafgelants close their stomata in
response to increased &naentration which results in a greater water use
efficiency(provided water supply is not limitedh situations of high light intensity
and high temperaturesz @lants are subjected to photorespiratiwhich is a process
that involveghe mubisco enzymeesponsible for photosynthesBuring
photorespiration, rubisaatilizes oxygen instead of carbon dioxide, thus causing a
slowing of the production of sugars from photosynth&3ispsthatutilize C3 carbon
fixation grow best wherthe sunlighintensityis moderate, temperature is moderate
and CQ concentrations are around 200 ppmv or higaed where water supply is
not limited. The C4 metabolic pathway of carbon fixation is named for the 4 carbon

atoms present in the first product of carbon fixatiothese plant<C, cropsbenefit



less fromthe CO; fertilization effect because,@hotosynthesis ia biochemical
adaptation to a CQimited atmosphere in the past, therefahey take little
advantage of increased g€bncentrationsC, plants have aampetitive advantage
over plants possessing the more common C3 carbon fixation pathway under
conditions of drought, high temperatures, and nitrogen erli@@ations. This
advantages because fplants photosynthesize faster thajp&nts under highght
intensityand high temperatures because the S@elivered directly tohe ubisco

enzyme, noallowingit to utilize oxygen and undergo photorespiration.

Agriculture in the United States will be affected due to rising temperatures, changing
precipi@ation patterns, and rising concentrations of atmospheric R©Ojected
temperature increases will affect crop
minimum, maximum, and optimum temperatures. Beyond a threshold, higher air
temperatures advergehffect crop growth, pollination, and reproductive processes.
Exposure to high air temperatures during pollination can greatly reduce crop yields
and increase the risk of total crop failure. Increased temperatures cenjse to

mature and to complete ihelevelopment stages at a more rapid (Ressterling et

al., 1993)that may result in stunted crop growth. Because of the accelerated growth,
soil may not be able to supply water and/or nutrients at the required rates and, thus,
grain, forage, fruit, or fiber production may leeluced. Additionally, increased
temperatures may accelerate the rate of crop water use and result in increased crop
water stress in areas with variable precipitation.tRemajority of vegetable

varieties grown in the US:xposure to temperaturecreasesn the range of 4 A C

pro



(1-BA2AF) cause a moderate decrease in Dbi
are exposed to the temperatimereasesnore than57 ACi ( YAF) above t he
optimal range, severe production losses frequently occumiialeropping systems

will be affected by impacts on their placttilling requirements due to increased

winter temperatures.

Precipitation is projected to increase for some areas of the United States and decrease
for other areas. Irrigation systems via# challenged to deliver water to crops in a

timely manner because of changes in the timing, intensity, and amount of rain/snow
mixtures occurring in the precipitation. A greater occurrence of flooding events may

be triggered by excess precipitation rasglin increased erosion and decreased soil
quality. Increased evapotranspiration is expected as a result of increased temperatures
which will likely result in greater water demand by crops, leading to water stress even
in areas where precipitation amouhts/e increased, especially for areas in which the

soils have limited soil water holding capacity. Timing of these important factors will

(O

be critical for crop devel opment. For exam

growing stages may result in crop ta# due to disturbed oxygen balance of the root
zone, roots drowning, and increased microbial growth which can cause the formation
of sulfides and butyric acid that are toxic to plants. At the same time, soil water
deficits may lead to less growth and redd yields if the stress occurs during the

grain filling stage. Erosion will most likely be increased due to the predicted
increased rainfall intensities and the resulting increased erosive potentials of higher

intensity rainfalls. Due to changes in raihfaatterns and intensities, climate change

10



will alter the balance of the hydrologic cycle which will have consequences for
agricultural production and soil conservation across nusigegions. Drought
frequency and severity will increase, rdiiae period will lengthen, and individual
precipitation events will become more erratic and intense leading to more runoft.
Cropwater requirements, crepater availability, potential crop productivity, and the
increased cost of water access will all change andk resiifferential impacts across
the agricultural landscape. These increased pressures on crop production will likely

cause changes in cropland allocations and production systems in the United States.

As for the increasing C{xroncentrations, the effeat$ this increase on crop growth
are complex and variable depending on the species. Crops withhetBsynthetic
pathway are likely to respond more strongly than crops with@hGtosynthetic
pathway. Controlled freair concentration enrichment (FAC&udies have shown
that elevated C@evels can increase crop growth while decreasing soil waser
rates(Kimball et al., 1995; Leakey et al., 2004; Nowak et al., 2001; Rogers et al.,
2004). However the magnitude of the growth simulation effects of elevated CO
under field conditions considering changing water, nutrient constraints, and plant
competition, remains uncertain. Changing climate conditions may be offgéiing
positive effects of elevategdO, on cropwater use efficiency. For example, increased
temperatures will increase crop water demand and reduce available soil moisture
through evaporation from the soil surface, thus, resulting in redtropdévailable
moisture Additionally, the qualiy of agricultural products may be altered by elevated

CO; levels. Where increased G@vels have been shown to reduce the nitrogen

11



content in grain products, it may also cause reductions in the quantities of quality feed
stocks and/or forag@owes, 1993; Makino and Mae, 1999; Thomson et al., 2005)

The regional climate may be severely impacted by increasagetratures and/or GO
concentrations or changes in precipitation patterns. These factors when considered
individually or in combination will expose the current vulnerability in crop

production systems in some areas and will necessitate that adaptataiuptes to

deal with these climate change impacts.

AdaptingUS Agriculture to Climate Change

Climate change will force farmers in the United States and their supporting
institutions to take steps to minimize crop yield losses from the negative impacts of
climate change and to maximize gains in crop yields from beneficial impacts. The
general populce will need to utilize mitigation and/or adaptation practices to
compensate for the change in environmental conditions attributed to climate change.
Mitigation is the use of current and/or future technologies to counteract emissions of
greenhouse gasesdithus contribute to their stabilization in the atmosphere.
Adaptationsare a set of actions that are designed to lessen the adverse impacts of
climate change on human and natural systems. In an agricultural setting, the main
goal of adaptation is to rede the vulnerability of agriculture to the harm that may be
caused by climate change. This dissertation concentrates on agricultural climate
change adaptation strategies and, therefore, adaptation strategies will be discussed in

greater detail.
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Adaptation strategies that are commonly in used§farmers include selecting crop
cultivars that are more adaptable to the current climate conditions, changing the
timing of field operations, and the increased use of pesticides to control higher pest
pressures. @ adapt to changes involving crop pest management challenges, strategies
for preventing rapid evolution of pest resistance to chemical control agents,
development of new pesticide products, crop biodiversity, the management of
biodiversity at field and ladscape scasto suppress pest outbreaks and pathogen
transmission, as well as improved pest forecasting, are being utilized. Research on
adaptatosper f or med i n Californiabs Central Val/l
changes in crop mix, irrigationethods, fertilization and tillage practices and land
management were most effective to manage projected climate change in the near
future. Considering the projected effects of climate change, US agricultural systems
currently operate at their marginal lisiand those farming operations that currently
depend on irrigation will have to become more adaptive and go through

transformative changes to remain productive and profitable.

To make agricultural systems more productive under climate change conditions,

additional adaptation strategies may have to be utilized. They include developing crop

and livestock production systems that are robust to drought, pest, and heat stress;

diversifying crop rotations; integrating livestock with crop production systems;

improving soil quality; and minimizing the ofeirm flow of nutrients and pesticides.

For example, droughtand strase si st ant crops and | ivestock

ability to cope with the increased variability of temperature and precipitation

13



projectal through the migtentury. Also, under conditions of variable and extreme
weather events, production practices that enhance the ability of healthy soils to

regulate water resourgat the farm and watershed scales will be particularly critical.

RegionalModeling, Adaptation, and Climate Change

Simulation modeling driven by historical and future climate scenarios have been
essential tools for testing hypotheses concerning the impacts of climate change on
agricultural production and water resour@@esenberg, 1992)n the past, by

utilizing general circulation wdels (GCMs), researchers have routinely used global
and national contexts to evaluate the possible changes caused by climate change on
agriculture(Parry et al., 1999; Reilly et al., 2003; Reilly and Schimmelpfennig, 1999;

Rosenberg, 1992)

Depending on the GCM used and the regitudied, prior simul&d modetbased
assessments of agricultural responses to climate change show variable responses. For
example, an assessment of corn and winter wheat in their present US growing regions
found that the regional impacts of climate chaogeld be dramatic and varied, with
declines in production of up to 76% in extreme cases, and increases in production
approaching 31% with benign changes in clinfateo and Lin, 1999; Reilly and
Schimmelpfennig, 1999Dn the other han®ebster et al(2003)applied an earth

systems model to describe the unairtly in climate projections under two different

policy scenarios. Their study illustrated an internally consistent uncertainty analysis

of one climate assessment modeling framework, propagating uncertainties in both

14



economic and climate components, andst@ining climate parameter uncertainties

based on observation. They found that in the absence of greenhouse gas emissions
restrictions, there is a one in forty chance that global mean surface temperature

change will exceed 4. IRyaseWithaggréssivey ear 2100.
emissions reductions implemented over time, the temperature change would be

| owered to a one in forty chance of exceed
eliminating the chance of substantial warmidgder these scenaridbe prodiction

of some cropsvill likely benefit from climate change, particularly the enhanced

atmospheric concentration of GO

The resolution scale used in previous studies involving GCM and also at which
national and global scale simulations have been peeinwere seen as too coarse
for making detailed assessments of climate change im{iaatss, 1985)Thomson

et al.(2005)showed that regional agriculture will b&ectedby climate change with
consequences for regional, natiqraald global food productioifhe main concern

with using GCMs for regional predictions of climate change impacts is the regional
impacts of climate change may not be fully embraced by the typically employed
resolution (e.g. 100 kilometers) of most GCMs. This typical resolution becmmes
problem when making conclusions regarding climate change impacts at the regional
level. The regional climate change modeling that is currently and commonly being
utilized uses a much higher scale of resolution (e.g.100 meters) and allows the

implicatiors of climate change to be considered on the local level.
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One of the first regional modeling studies that considered adaptations to climate

change was performed in 19@asterling et al., 1992a; Easterling et al., 299In

these studies, the MINK region (Missouri, lowa, Nebraska, Kansas) was used to

model the i mpacts of 193006s historic cli ma
of possible adaptations to counteract the climate impacts during the Dusp&avd

(i.e. the area was known as the Dust Bowl for its persistent drought and erosion). It

was found that some suggested adaptations, such as early plantirggdsog

cultivars, planting density, and cultivars with improved radiation use efficiamty a

stress tolerance were able to @y alleviate yield losses induced by climate change

during the Dust Bowl period.

A different study(Rosenberg et al., 2003pplied results of theladley Climate

Model 2General Circulation Model (HadCM2 GCM) atite Environmental Policy
Integrated Climate (EPIC) modéb evaluate climate change impacts on crop yields
andecosystem processes. EPIC was implemented to run the main crops (with and
withoutirrigation) grown n the United Statessing the historid 961 1990weather
dataandusing predicted weather data faro futureclimatescenariog2025 2034,
2090 2095). The simulation runs were implemented at®@» concentrations (365
and 560 ppmv). The simulation resufevealed a high spat@tpendence driven
mainly by regional changes in temperature and precipitafitheat yields in the
Northern Plains region remaid relativelyunchangedluringthe two future periods
butthe cropbenefied fromthe CQ fertilization effect. In the Southern Plains, the

increasd temperature would reduce yieldsring the future period®uttheseosses
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would be partially compensated by thesitive CO, effect. This CQeffectwas found
to havelesseffectin maize than in wheat crops. Watese efficiencywasreducedn
response to increased temperature®édin crops, but again, the Grtilization

effecthelpedattenuate tesedecreasse

Reilly et al.(2003)in their regional climate change study examined the impacts of
transient climate change &8 agriculture and historical shifts and trends in the

locations of cornsoybean, and wheat. While it was concluded that technological and
management adaptations may have overwhelmed the impacts of climate change in the
analysis of the historical crop yields, it was not clearly concluded whether the north
and northwest migrains that were historically observed for these crops were

independent of the climatic factors associated with climate change.

Tsvetsinskaya et al2003)performed a modeling study in the SouthezstédS to

assess the effect of different spatial scales of climate change scenarios on the
simulated yield changes in maize, winter wheat, and rice. For the majority of cases on
the state level, significant differences in corn yields were found as theelima

changed. When the coarse scale scenario wasthseel were smaller decreases and
increases in corn yields that were not as likely to be significantly different. The scale
of the scenarios modeled seem to have produced little or no differences imethite w
yields. The differences in the scenario scales resulted in significant differences in the
rice yields. The climate variable that was primarily responsible for the significant

differences in the corn yields was the precipitation during grain fill wiashlted in
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different water stress levels. Using adaptation practices, it was possible to reduce, but
not entirely remove the significant yield differences for all crops produced by the
different scale scenarios. The results of this regional modelidg stdicated that

the spatial resolution of climate change scenarios can be an important component of

uncertainty in climate change impact assessments.

Carbone et a[2003)examined the soybean and sorghum yield responses in the
SoutheasterbdS using a coarse globairculation model (i.e. 30&m, GCM) in

comparison to a fine regional climate model (i.ekf) RCM) with different

climate change scenarios and adaptations. Soybean yields under a coarse scale
scenario decreased by 49% in response to predicted teorpeaad precipitation
basedclimate change responses, but the yield decreases were only 26% when the CO
fertilization impacts were taken into consideration. By contrast, thesGake

scenario exhibited higher temperatures and lower precipitationhibaioarsescale
scenario and resulted in corn yield decreases of 69% for climate change alone and
54% when the Cg&Xertilization impact was considered. By using adaptation strategies
such as changing the planting dates and utilizing better adapted reylineaclimate
change impacts were partially mitigated, but yields still decreased by 8% and 18%,
respectively, for the coarse and fine scale climate change scenarios. It was concluded
that adaptation strategies tempered the impacts of moisture andaemgpstress

during podfill and grainill periods, but that the impacts differed with respect to the

scale of the climate change scenarios.
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Easterling et al(2003)implemented a regional modeling study for the Southeastern
US which tested the impacts of climate change on corn yields, the effectiveness of
optimizing planting dates, and the uséhgbridswith maturity ratings oflifferent

lengths as adaptations to help address climate change impacts. They concluded that
simple substitutions of existing agronomic practices in response to climate change
sooner or later will lose effectiveness in dealing witmate change. The

effectiveness of thpreviousy mentionedadaptation strategies declined over time as
the increasing heat stress overcame the value of planting longer bgbsda It was
concluded that new fundamental adaptive knowledgdeithology is required to

cope with the unprecedented future climate challenges.

Biochar asa Climate Change Adaptation Tool

Application of hocharto soil has recently received widespread attention as a

potential climate change adaptatemd mitigatiortool. There were about a dozen

articles on biochar published in 2000, knt2012over 3008plus articles were

published that addressed a wide range of tqiesldox, 2013) The International

Biochar Initiative(International Biochar Initiative, 2014dgfines biochar as fine

grained charcoal high i n organic carbon an
use as a soilmendment is viewed as a potential ldegm regional and/or global

climate adaptation technique to reduce GHG emissions, improve soil physical

properties, sequester soil carband increase crop yieldslerath et al., @13; Joseph

et al., 2010; Laird et al., 2010a; Laird et al., 2010b; Lehmann, 2007; Liang et al.,

2006; Major et al., 2010; Roberts et al., 20Blpchar is rich in carbon and is
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produced by the pyrolysis process of heating the biomass inexggen
environment. Pré&Columbian Amazonian farmers were the first farmers to use
biochar amendments to enhance soil productivity. Although biochar is typically
derived from plargandotherwaste feedstocks in which the carbon may have been
readily available, aér pyrolysis the resultant biochaway consist of up to 90%
recalcitrant carbariWhen applied to soil as an amendment, biochar creates a
recalcitrant soil carbon pool which is carboeegative in nature. This net withdrawal
of atmospheric C&is stored irthe soil carbon stocks and is very resistant to
decompositionKuzyakov et al(2009)concludedhat thehalf-life of biochar under

natural soil conditiongs about 1400 years.

Biochar possesses a number of distinctive beneficial characteristicamgdhugh
cation exchange capac@EC)of 40to 190 cmo} kg™; high porosityin comparison

to soil possessin of polyaromatic complex cherwal compoundsand a high surface
area and reactivitgAtkinson et al., 2010; Laird et al., 2010b; Lehmann et al., 2006)
These properties when considered togetiesult in biochapossessingnattracton

for plant micre and macronutrienfiausingncrease soil pH,increagg soil

porosity and improwng water holding capacity.

The quality of biochar is highly dependent on the choice of feedstock (organic waste
such as sewage sludge and manureg residue wood chifg, municipal waste, etc.)
and onthe temperaturggndtime and presence of oxygen during pyrolysishmann

et al., 2006; Sohi et al., 2009¥henlower temperatueare usedmorebiochar is
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created per unit biomag@/insley, 2007)and this biochahas higher pFHiependent
CECvalues(Mukherjee et al., 2011However, the overall quality of the lower
temperature biochar is considered to be less than when higher tempensuses

in productionRoberts et al. (2010) indicated that coupling pyrolysth the biochar
applicationmakes the system carbon negative, because more carbon is sequestered

than later emitted in the form of greenhouse gas emissions (GHG).

Since biochar does not possessppreciable quantitgf readily available plant
nutrients, itis often applied in combination with fertilizé@delLuca et al., 2009; Lee et
al., 2010; Zheng et al., 2012)hen used in combination with fertilizéripchar
applicationimproves soil nutrient regimdsy increagng bioavailability and plant

uptake of nitrogeriN) and phosphoru@) (DeLuca et al. 2009). According to the
International Biochar Initiativéinternational Biochar Initiative, 2014d)iochar
applicationpotentially reduces fertilizer requirements becauséracis and retains

soil nutrients. As a result, costs associated with fertilization are minimized when used
in combination with biochar amendments because fertilizer may be retained in the
soil for longer periods due to the biochaetentioncapability Biochar could be

added to soils with the ainf sequesteng carbon, improing soil quality, increasg

plant growth(Glaser et al., 2002; Joseph et al., 2010; Major et al., 2010; Woolf et al.,
2010)and reduimg greenhouse gas emissions, such ag(C€&hmann, 2007)CH,
(Rondon et al., 2009nd NO (Roberts et al., 2010; Rondon et al., 200%search

also shows that biochapplicationmay decrease nutrient leachiagd sediment

lossessuch as various forms of N and P, from agricultural $bdgd et al., 2010a;
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Lehmann et al., 2003}t is thought thathe high surface charge density of biochar
enablest to retain cations by cation exchange and anions by adsorfitiang et al.,
2006) Once incorporated into soil, biochar is very slowly oxygenated and
transformed into a physicallstable but chemicallyeactive humus. By contrast, if
plant or animal residues are returned directly to the soil, the cadmdent in them

will be reduced within a period of several months to a few years. Consequently
when added to soil, biochar can sequester carbon for a long time, usually from
hundreds to thousands of years and significantly reduce the release of Gi8G to t
atmosphere, whilat the same timenproving soil physical properties and nutrient
regimeg(Herath et al., 2013; Laird et al., 2010a; Laird et al., 2010je to the
recalcitrant nature of carbon and its high content in biochar, application of biochar to
soils leads to increased soil organic matter con{@dhagor et al., 201Q)Forits ability

to sequester carbon atwlhavea positive influence on crop yields and soil properties,
biocharapplication to soihas received considerable interest as a potential tool to

slow global warming.

In spite of the potential benefits of biochar amendments, there are limited studies
evaluating theise of biochar as a soil amendment when used in field studies and the
few studies that have been published Haeen limited taevaluaion of

biocharadditions on highly weathered tropical sdizaskin et al., 2010; Glasera.,
2002; Major et al., 2010)n addition,no modeling studies have beemplemented to
evaluate biochaapplicationas an adaptation tool to test its shartd longterm

effects on crop yields, in reducingitrate losses anits effects on microbial
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respration and soil carbon. Modeling can provide a usefeéns to examine the
potential effects of biochar additions to soil on crop productivity and soil properties
over long time periods. Previously, there were no environmental simulation models
that coulddescribe the impacts of using biochar amendments for soils. A result of our
current research is an enhanced version oEtharonmental Policy Integrated

Climate (EPICmodelthat simulates the use of biochar soil amendments over short

and long time peods(Lychuk et al. 2014)

Environmental Policy Integrated Climate (EPIC) Model

TheEnvironmental Policy Integrated Clima#odel was originally createth 1984

to quantify the effects of erosiomsoil productivity. This model has evolved into
singlefarm biophysical process model that can simulate crop/biomass production,
soil evolution, and their mutual interactegiven detailed farm management
practices and input climate dqi#illiams, 1995) The BEPIC flowchart diagram is

shown on Fig. 2.1 with a brief description of each component of the model.
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Weather (wind, precipitation,

solar radiation, temperature) Operation

/ .

Wind weather Weather Pesticide Crop Fertilizer Tillage
station station

/]

SOIL LOSS, CROP YIELDS,
NUTRIENT AND PESTICIDE
MOVEMENTS, ECONOMIC

ACCOUNTING

Fig. 2.1A flowchart of inputs and subroutines metEnvironmental Policy Integrated Climate Moddie modebperates on a daily

basis and each subroutine updates daily. Three main input components of the EPIC model are weather, soils, and opdtag¢ions sch
The weather component requires data on maximum and minimum daily temperature, wind speed andahcethti®amount of

daily solar radiation in MJ i The soils component requires information on soil carbon content, soil pH, CEC, bulk density, as well

as sand, silt, and clay content. The operation schedule component requires data on kind and airogpefdtions like tillage,

planting and harvesting dayype of fertilizer and pesticide use and their application rates. The model processes all input data in EPIC
executable file and provides information on response variables of interest in thiefiteitpu
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In its most recently released version (EPIC version 1102, October 201ER, iGe
model can simulatthe growthand development of over 100 plant species including
all major crops, grasses, legumes, and some (izmsralde et al., 2012)The model
uses the concept of radiatioise efficiency (RUE)a simulate crop growth by
calculating the potential daily photosynthetic production of bion&tsass indices

for water, temperature, N, Bnd aeratiomre calculated daily using the value of the
most severe of these stresses to reduce potential ptavthgand crop yield

(Williams, 1995) Stress factors for soil strength, temperature, and aluminum toxicity

are used to adjust potential root growth.

EPIC also contains algorithms that allow this model to cetapt describe the
hydrological balance on the scale of a small watershed. Processes taken into
consideration are snowmelt, surface runoff, infiltration, soil water content,
percolation, lateral flow, dynamics tife water table, and evapotranspirati®aily

weather can bmput from historical records or it may kstimated from

precipitation, air temperature, solar radiation, wind, and relative humidity parameters.
Wind erosion is calculated on a daily time step based on wind speed distribution and
adjuged according to soil properties, surface roughness, vegetative cover, while water
erosion is computed as a function of the energy in rainfall and rivatfes forsoil
properties including soil layer depth, texture, bulk density, and C concentration are
needed tperformEPIC simulations The mixing of nutrients and crop residues

within the plow layer simulate and represent the tillage submodel in ERIE.

submodel also simulates changes in bulk density, considers ridge height and surface
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roughness, ahconverts standing residue to flat resiceleIC computesropgrowth

by reducinghe potential growttusingthe largest multiplicative stress factor of the
following stresses: shortages of water, nitrogen, phosphorus, and potassium;
temperature extremeand inadequate soil aeratid@tockle et al(1992)adapted

EPIC to simulate the C&ertilization effect on RUE and evapotranspiration (ET) to
account for increased photosynthesis grc@psand reduced ET in boths@nd G
cropsdue to reduced stomatal conductance under conditions of elevated CO
concentrationsvhich resulted inmprovedwater use efficiencyA comprehensive
description of thé&ePIC model application and development was presented by
Gassman et a{2004) EPICdynamically accounts for soil C interactions in response
to land use change, soil management, and climate chdngge interactions have
been verified with reasonable precisionang-term field experimentwithin the US
and Canad@lizaurralde et al., 2005; Izaurralde et al., 2008 urralde et al. (2006)
modified the EPIC model with the introdiart of a coupled carbenitrogen

submodel based on thdizer and 3soil carbon pools of the Century mog@ehrton

et al., 1987})hat simulates terrestrial carbon dynamicsféected by environmental
and management factors. Soil C interactiongdgramicallysimulatedn response to

land use changesoil management, and climate change

The EPIC model has been applied extensively by a worldwide user community and
has proven to be reliable in its accuracy to predict crop/biomass production based on
climatic and other relevant datapezteguia et al., 2009; Chavas et al., 2009;

Thomson et al., 2@). Users have successfully validated t8PIC model at the
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global scale with favorable results, in many regions of the world under varying
climates, soils, and management environments, including the US, Canada, Argentina,
Italy, Ching and other countrie@\pezteguia et al., 2009; Chavas et al., 2009;

Costantini et al., 2005; Diaz et al., 1997; Edmonds and Rosenberg, 2005; Thomson et
al., 2006) In the following chaptersye describe the algorithms and subroutines
implemented into the EPIC model that consider the shad longterm influences of
biochar amendments on soil CEC and pH, organic carbobwdkdiensity dynamics
(Lychuk et al, 2014) We then applied the model to predict climate change impacts

on crop yields, nutrient losses and soil carbon trends in the Southeastern US and test
the effectiveness of biochapplicationand irrigation as ad&gtion strategies to help

alleviate climate change impacts.
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Abstract

The Environmental Policy Integrated Climate (EPIC) model with nelelyeloped
biochar algorithms was used to determine the impHdigochar amendments on corn
(Zea may4..) yields, soil cation exchange capaciBHC), pH, bulk density ([3) and

soil organic carbon (SOC) dynamics. The objectives were (1) to deteampaets of
biocharapplicationson crop yields and soil propertiesabtropical soil and (2) to
evaluate biochardés potential as a cli mate
using results of a-fr experiment performed on an Amazonian Oxisol amended with
biochar at rates of 0, 8, and 20 Mg‘haSimulated yieldsf corn on biochar amended
soil were significantly greater than control yields (p<0.05). Simulated soil pH
increasedrom an initial 3.9to 4.19, CEC increased from 9.76 to 1dnsol. kg, and

SOC also increased. After validation, EPIC was used to dienilla impacts of the

same biochar rates applied at 4 year intervals on corn yields and soil properties over

the next 20 years. Soil CEC increased from 11.1 gkapito 20.2 cmal kg™ for the
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highestbiochar application rate. Soil pH increased fromt8.9.64. SOC increased

up to 2.59% for the highest biochar application rate with decreased top$mhD

1.11 Mg m®to 0.97 Mg n¥’. Long-term corn yields were slightly decreased. Although
the results are biochaidose, and soHspecific, biochar addans to tropical soils

hold promise as a climate change adaptation tool resulting in increased soil carbon

sequestration and improved soil properties.

KeywordsBiochar, bulk densitycation exchange capacitsrop productivity
Environmental Policy Integrated Climate ModEPIC), modeling,pH, sol carbon

dynamics, soil quality

Introduction

Simulations with global climate models (GCMs) suggest that projected increases in
atmospheric carbon dioxide (GQwill modify the global climate and bring about a
series of changes such as: warming ocean temperatures, changes in cloud cover,
rising surface air temperaturéscreasing frequency of severe weather events
(droughts, floods)andchanges in thglobal hydrologic cycle(IPCC 2007) The

above mentioned consequences of climate change will alter a wide range of
ecosystems including agricultuif€havas et al. 2009\griculture islikely to be

more adaptabl climate chang#éhan less managextsystemgrovided farmers

have access to appropriate technologies and resqifP€sS 2001) Climate change

will force farming operations to take steps to minimize yield losses in response to
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detrimental changes in climate and to maximize yields using practices that are
beneficial. In past decades, conceptand practical technologies to help mitigate the
impacts of climate change have been evaluated by agricultural researchers and policy
makers (IPCC 2001; Smith et al. 2000; Easterling 1996; Hatfield et al. 2011). These
technologies could be broadly categed into two groups adjustments and
adaptations. Adjustments are easy, low cost strategies which are currently available to
reduce the impacts of climate change. Examples include planting a mixture of
varieties with different pollination times, increaisplanting depth, etc. Adaptations
aremore high cost, system wideajor changes in crops grown and production
technologiesln an agricultural settig, the main goal of adaptatigito reduce the
vulnerability of agriculture to the harm that may be ealisy climate change.
Adaptations may be applied across the full range of spatial scales frortefaaim
production to the level of international tra@&asterling 1996)Recent studies of crop
production have evahied the impacts of adaptations to climate change using various
simulation models. For example, a study conducteldams et al(1998)found that
advances in technologies and adaptation could paligrmitigate 50% of the

simulated yield declines in sorghu®drghum bicolot..) and hay (not specified) in

the US. Carbone et al. (2003) reported that adaptations tempered the impacts of
moisture and temperature stresses associated with climate chamgesoybean
(Glycine max..) podHill and sorghum graifill periods, and that adaptations

lowered yield decreases in response to climate change. The overall thinking is that

with land management and technology improvements through various adaptation
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technologies, agricultural productivity can be maintained or increased under climate

change, with additional benefits of reducing greenhouse gas (GHG) emissions.

Biocharapplicationis viewed as a potential lortgrm regional and/or global climate
adaptabn/ mitigation technique to reduce GHG emissions, improve soil physical
properties, sequester soil carbon (C) and increase crop yields (Lehmann 2007,
Roberts et al. 2010; Herath et al. 2013; Joseph et al. 2010; Liang et al. 2006; Major et
al. 2010; Laircet al. 2010a, b). Biochar is rich in C and is produced by heating

biomass in a lovoxygen environment (known as pyrolysis). Biochar was first used

by preColumbian Amazonian farmers to enhance soil productivity. It has a high pH
buffering capacity since tan possess a cation exchange capacity (CEC) Up to

cmok kg' at pH 7(depending on the temperature of pyrolysis) (Mukherjee et al.
2011) . Liang et al. (2006) and Stavi and
CEC is due to carboxylic groups fadion its surfaces and organic acids that biochar
adsorbed during pyrolysis, both of which contribute negative charge to biochar

surfaces.

The quality of biochar is highly dependent on the choice of feedstock (organic waste
such as sewage sludge and nmrasucropresiduewood chigs, municipal waste, etc.)

as well as the temperatussnd theime and presence of oxygen during pyrolysis
(Sohiet al.2009;Lehmanret al.2006) Whenlower temperatueare usedmore

biochar is created per unit biomg¥ginsley 2007xhat has higher ptdependent

CEC values (Mukherjee et al. 2011). However, the overall quality of the lower
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temperature biochar is considered to be less than when higher temperatures are used
in its production The C content of biochar may reach up to 8b%,usually varies
around 5570%, depending on pyrolysis conditions and the type of feedstock used

(Antal and. Gr Bnl i 2003)

Biochar is often applied in combination with fertilizer, as biochar does not cloty a

of readily available nutrients (DeLuca et al. 2009; Zheng et al. 2012; Lee et al. 2010).
When used in combination with fertilizer, bioclagaplicationimproves soil nutrient
regimes in that it increases bioavailability and plant uptdketrogen(N) and
phosphorugP) (DelLuca et al. 2009). According to the International Biochar

Initiative, biocharapplicationpotentially reduces fertilizer requirements because it
attracts and holds soil nutrients. As a result, costs associated with fertilization are
minimized because fertilizer may be retained in the soil for longer periods due to the
biochar effect. Novak et al. (2009) indicated that depending on feedstock composition
and pyrolysis conditions, biochars may be specifically designed to selectively
improve soil chemical and physical properties of degraded soils. Once incorporated
into soil, biochar is very slowly oxygenated and transformed into a physstalie,

but chemicallyreactive humus. By contrast, if plant or animal residues are returned
directly to the soil, the C content in them will be reduced within a period of several
months to a few years. Consequently when added to soil, biochar can sequester C for
a long time, usually from hundreds to thousands of years and significantly reduce the
release of GHG to the atmosphere, while improving soil physical properties and

nutrient regimegLaird et al.2010a Herath et al. 200)3Application ofbiochar has
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been shown to reduce soil bulk density, incresasliepH, CEC and watetholding
capacity(Herath et al. 201350hiet al.2009 Laird et al.2010a b; Liang et al. 2006
Biochar may be added to soils with the intentions to sequester C, improve soil quality,
increase plant growti&aseret al.2002; Josepkt al.2010; Majoret al.201Q Woolf

et al.2010, and reduce GHG emissions such as @@hmann 2007), CiHRondon

et al. 2005) and D (Roberts et al. 2010; Rondon et al. 2005). Due to the recalcitrant
nature of C and its high content in biochar, application of biochar to soils increases
soil organiccarbon (SOC) and soil organic matter (OM) content (Major et al. 2010).
According to Tejada and Gonzalez (2007) and the International Biochar Initiative,
biocharapplicationalso increases soil aggregate stability through the negative charge
that developsmwits surfacedJpon application to soil,ibchar also effectively

adsorbs ammonia (Nfireducing its loss through volatilization (Stavi and Lal 2013).
Roberts et al. (2010) indicated that coupling pyrolysis and bi@gicationmakes

the system C negae, because more C is sequestered than later emitted in the form
of GHG emissions. Hence it has received considerable interest as a potential tool to

slow global change.

The economics of biochaangefrom unprofitable toeconomically feasible

depending on the technology of biochar production. It is notable that historically
biochar has not been produced for C sequestration purposes, but has been treated as
an undesirable waste ipyoduct created during the productionigliid and gas

energy products (Spokas et al. 2011). Modern agricultural use envisions biochar

production for the purposes of C sequestration and GHG reductions, as well as
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improved soil quality and increased crop yields. A study by McCarl et al. (2009)
showved that the use of biochar amendments produced from Zeangayd..) stover

by fast and slow pyrolysis was not economically feasible. Roberts et al. (2010)
indicated that biochar systems using corn stover or yard wastes as feedstocks were
profitable at$80 Mg" CO;, equivalents. Gaunt and Lehmann (2008) demonstrated that
corn stover used for biochar productemdto be used as a soil amendment, was

more feasibleéhan eitheibio-coal production or leaving the residue in the field when
thefocusvason thevalue of CQ reductionsin a study evaluating the profitability of
adding biochar instead of agricultural lime in eastern WashingtonGalgato et al.
(2011) stated that at a GHG offset payment of $31* KI§, equivalents biochar

addition is more profable than lime (CaCg) addition for biochar prices less that $96
Mg™. The studies cited above indicated that biochar production anskitss a soil
amendmeninay or may not be economically feasible, depending on the goals of
biochar use. Similarly, Hath et al. (2013) indicated that currently there is a lack of
sound economic evidence for the true agronomic value of biochar. In the current
situation, when the price of G@ low, it is important that the agronomic value is

high in order to offset theosts associated with biochar production. However, it is
worth noting that with the current trends of price increases for C credits, biochar will
become more and moeeonomicallyattractive as a climate change adaptation option
to sequester C and reduce Glgmission levels. It is not surprising that various
research and scientific groups around the world have proposed to include biochar as a

separate climate change adaptation mechanism, which may be implemented under the
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Joint Implementation of the Clean Bdopment Mechanisms proposed by the United

Nations Framework Convention on Climate Change (UN FCCC) Kyoto Protocol.

Although formal studies have not been implemented in Colortisagvailability of

cheap labor and low operational costs seems to sughygoeconomical feasibility of
utilizing biochar as an amendment for agricultural sdieeld scale additions of

biochar areeconomically feasible for farmers if the cost of biochar use is less than the
breakeven value (Spokas et al. 2011). But the faxmmexry not be willing to invest in
biochar additions, if the long term benefits of biochar on soil properties and crop
yields are uncertain. Obtaining long term benefits data in this case is problematic
because a majority of the existing studies involviigglar have been limited to less
than 3 years. This short time period makes it hard for the farmer to forecast with

certainty longterm annual benefits of biochar additions.

Despite the presence of cheap labor and lower operational costs in Colongna, giv

all the uncertainties, this modeling study assumes it is not economically feasible to
produce biochar for the purposes of soil amendments. However, existing liquid and
gas energy production systems in Colombia deliver biochar as a waste product, which
can be added to agricultural lands at relatively low cost. As world governments get
more involved with reducing GHG emissions to counteract global climate change,
there are likely to be increased cost credits being assigned to C reductions that may
make biehar production and use an attractive and cost effective adaptation strategy.

An example ofacurrent government initiative is the Carbon Farming Initiative in
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Australia, under which farmers and land managers may earn C credits by storing C or
reducing GHG These credits can be sold to businesses wishing to offset their

emissions (DCCEE 2012).

Field studies have differed in their estimates regarding impébischar

applicationson crop yields. Spokas et al. (2011) reviewed fifty studies that involved
the evaluation of biochar amendments to soil. Fifty percent of the reviewed studies
reported increases in crop yields following biochar amendments, while thirty percent
of the studies showed no yield impacts, and the remaining twenty percent indicated
deceases in yields. However, studies that utilized traditional hardwood biochar
producedn kilns or soil pits reported consistent yield increases vithe@as added to

soils (Spokas et al. 2011). In spite of the potential benefits of biochar amendments ,
there are limited studies evaluating the use of biochar as a soil amendment and the
few studies that have been published evaluated biecititions on highly weathered
tropical soils(Gaskinet al.201Q Major d al. 2010;Glaseret al.2002)

Consequently, the need to conduct further research on this topic exists and the work
reported here focuses on biochar additions to an Amazonian Oxisotlseneesa

better understanding of biochar amendment use in tropical soils. Modeling can
provide a useful means to examine the potential effects of biochar additions to soil on
crop productivity and soil properties over long time periods. Prior to this study, there
were no environmental simulation models that could describe the impacts of using

biochar amendments for soil.
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The objectives of this study were (1) to determine the impacts of long term biochar
amendments to a tropical soil and the subsequent effeciop yields and soil
properties and (2) to evaluate whether the subsequent impacts of biochar additions to
a tropical soican bea potential regional and/or global adaptation tool for climate
change. In order to accomplish these objectives, it wasssary to develop
algorithms for use in the Environmental Policy Integrated Climate (EPIC) model to
simulate the impacts of adding biochar amendments on soil properties and crop
yields. The EPIC model was then validated to compare predicted resultbavith t
results from observations reported in the literature olyaekperiment performed on
an Amazonian Oxisol amended with biochar at rates of 0, 8, and 20 Mtia
particular field study was one of the best available lotgen experiments published
that evaluated impacts of biochar application on crop yields and specific soll
parametersf interest Following validation, EPIC was used to simulate the impacts
from applying biochar amendments once every four years for twentygreasn

yields, SOCdynamics, and soil properties

Materials and Methods

Properties and functions of the EPIC model

TheEPICmodelis awidely tested model which was originally created to quantify the
effects of erosionmproductivity of soils. Created in 1984, this mbHas evolved
into asinglefarm biophysical process model that can simulate crop/biomass

production, soiproductivity, and their mutual interaction given detailed farm
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management practices and input climate @at#liams, 1995) In its most recently
released version (EPIC version 1102, October 2012E M€ model can simulate

the growthand development of over 100 plant species including all major crops,
grasses, legumes, and some t(&ssurraldeet al, 2012). The model uses the

concept of radiatiomse efficiency (RUE) to simulate crop growth by calculating the
potential daily photosynthetic production of biom&wckle et al(1992)adapted

EPIC to simulate the C&ertilization effect on RUE and evapotranspiration (ET) to
account for increased photosyntisaa G; plants and reduced Eand improved water
use efficiencyn both G and G plants due to reduced stomatal conductance under
conditions of elevated ConcentrationsDaily gains in plant biomass aaéfected

by vapor pressure deficits and atmosph€0, concentrationWind erosion is
calculated on a daily time step based on wind speed distribution and adjusted
according to soil properties, surface roughness, vegetative cover, while water erosion
is computed aafunction of the energy in rainfalind runoff.Stress indices for water
temperature, N, Rand aeratiomre calculated daily using the value of the most severe
of these stresses to reduce potential plant growth and crop(Yiéliams, 1995)
Izaurralde et al. (2006) modified the EPIC model with the introduction of a coupled
C-N submodel based on thdier and 3soil C pools of the Century model (Parton

et al, 1987) that simulates terrestrial C dynamics as affected by environmental and

management factors.

EPIC considers landscape hydrological balance on the scale of a small watershed that

includessnowmelt surface runoff, infiltration, soil water content, percolation, lateral
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flow, dynamics othewater table, and evapotranspiration. Futuagydveather can
begenerated by an EPIC weather generator subroutiestbyaing precipitation, air
temperaturesolar radiation, wind, and relative humidity parametelistorical
weathercanalsobe inputinto EPIC directlyfrom historical recordsvalues forsoil
properties including soil layer depth, texture, bulk density, and C concentration are
needed to drivéhe EPIC simulations The tillage submodel mixes nutrients and crop
residues within the plow layesimulates changes in bulk density)Ddetermines

ridge height and surface roughness, and converts standing residue to flat fidsdue.
EPIC model has beeapplied extensively by a worldwide user community and has
proven to be reliable in its accuracy to predict crop/biomass production based on
climatic and other relevant dat&€havast al, 2009; Apezteguiat al, 2009;
Thomsoret al, 2006) Soil C interactions amynamicallysimulatedn response to
land use change, soil management, and climate chavggrs have successfully
validated the EPIC model at the global scale with favorable results, as well as in
many regions of the world under varying climates, soils, and management
environments including the US, Canada, Argentina, Italy, Chimé other countries
(Chavaset al, 2009; Diazet al, 1997; Edmonds and Rosenbg2§05; Thomsoret

al., 2006; Costantinet al, 2005; Apezteguiat al, 2009)

Development of biochar algorithms in EPIC

Algorithms wer e devel oped and i mpl emented into
consideedthe influence of biochar amendments on soil Cad, SOC and 0

dynamics. For the soil CEC and pH subroutine, algorithms were developed that relate
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bi ochar 6s hiagllkchargeudernisity and thearelagionship of biochar
additions to increases in soil CEC and pH. For the SOC subroutiralosated

biochar to the slow, passivend metabolic soil C pools and modeled corresponding
changes in soil Pand C sequestratioates. The implementation of the developed
algorithms and corresponding modeling procedures in EPIC for soil pH, CEC, C
dynamics, and pare shown in the following algorithms. The manner in which the
algorithms were applied is shown in the biochar and soil interaction processes box of

the conceptual diagram in Figusd.
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Initial soil properties:
. pH

+ CEC

* Carbon

* Bulk density

<

Biochar and soil interaction processes \
* pH:Stepl.Egns.1,2,3
* CEC:Step 2. Eqns.4,5,6
* Carbon:Step 3. Egns.7, 8
\ * Bulkdensity: Step 4. Eqns. 9, 10, 11 y

21

New soil properties:
. pH

« CEC

* Carbon

* Bulk density

Fig. 3.1 Conceptual diagram describing inputs, outputsf@ndesses used in the
EPIC model to simulate the effsaif biochar additioaon soilpH, cation exchange
capacity (CEC), soil carbon (C) dynamics, and bulk densiy. @uation numbers
are indicated for each soil propermong others, biochar has formportant
properties (CEC, pHZ contentandDy) that, uporadditionto soil, may influence
essential soil properties such as soil CEC, pH,G&ahd soilDy. Initial soil and
biochar properties serve as maiputs for thebiochar subroutine initiath. Processes
between soil and biochar interactions are described by relevant steps and equations
(see text)QOutputsare presented as modified soil properties due to influence of
biocharaddition The effect of biochar additions on soil pH, CEC, Bgatoupled

with soil management will ultimately impact soil nutrient, moisture and air regimes
and resultant crop yields.
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Algorithms for predicting the impacts of biochar additions on soil CEC and pH

According toDelLucaet al.(2009) the biochemical basis for the high CEC of biochar
is most likely due to the presence of oxidized functional groups represented in the
large surface area of biochar atsdhigh charge density. We updated EPIC with an S
curve parameter definition for increases in CEC as a result of biochar additions and
modeled its influence on increases in. fiHvas a multistep process, amitlined

below and is presented in anceptuhdiagram(Fig. 3.1) which describegputs,

outputs and processes used in the EPIC model to simulate theseffdgochar

additiors on soil properties.

Step 1: We calculated the added CEC with biochar additions to soil inmjirnof

biochar basedrothe following incremental procedure.

1a.) The CEC of the soil and the biochar mixtusesre calculateéth cmok kg™

according to the equation:

0 00 & Q& (1)

WhereCEG, i is the CEC of the soil and biochar mixtures in Q,rkgll, CECsaollis
the initial CEC of a soil in cmgkg®, BCrateis the rate of biochar addition in kg ha
! Msoil is the mass of a furrow slice of soil in 1 hectare (kK handCECbiocharis

the CEC of biochar in cmokg™.
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1b.) Theaddedpositivechargedrom thebiocharadditionwas calculateth cmol. kg
! according to the equation

5QQQQ 6064 QWO ¢ Qa  (2)

Whered 'Q'Q Q Qis theaddedpositivechargefrom thebiocharadditionin cmolk kg™,
CEGCnixis the CEC of the soil and the biochar mixtures in rigf, andCECsoilis

the initial CEC of a soil in cmgkg™.

1c.)The added CEC of the biochar additivas calculateth mmol g* according to

the equation:
6§06 OQQ Q—QT (3)
Whered ‘06 & Qigthéadded CEC from the biochar addition imoh, g7,
6 Q'Q'Q Qis theaddedpositivechargefrom biocharadditionin cmol kg™, 10is the

convesion factorfrom cmol. kg‘1 to mmol g‘l of the biohar, andOMcont.bc&soilis

theorganic matter content in graméthin the new mixure of soil andbiochar

Step 2:Thesoil pH that resultedhfter biochar additiomwas calculateth the

following manner

2a) The originalsoil equivalent base mmg(X) for an Oxisolbased on itsriginal

pH was calculatedccording to the equation:

® Y - a¢ p (4)
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WhereX is theoriginal soil equivalent base&n mmol,, UpH andLpH are the upper
and lower Oxisol pH soil values (7.30055 and 3.495 for curve fitting purposes)
respectivelyandA andT are calculated from ésting data for curve fitting purposes

(A= 1.08 andT = 6.6).

2b.) The new equivalerttasein mmol. of soil that resulted after biochar application

was calculatedccording to the equation:

Xnew= X + CECadded (5)
WhereXqewis the new equivalertasein mmol. of soil, X is theoriginal soil
equivalent base& mmol, andd 00 & QiQtheéxrdded CEC from biochar in mmgl

! as stated in equation (3).

2c.) The soil pHthat resulted after biochar application was calculatdg theXqew

term in the logistic equation:

no — 00 (6)

Wherer) "O is new soil pH as affected by biochar additiopH andLpH are the

upper and lower Oxisol pH soil values (7.30055 and 3.495 for curve fitting purposes)

respectivelyA andT are calculated from existing data for curve fitting purpoges (

1.08 andr = 6.6), andX,ewis the new equivalertasein mmol of soil.
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Equation (6) is a modified version of the equation presentddauayloff andBartlett
(1985)who developed a normalized curve to represent thbydfeéring effect of OM
additions to soil. The-Shaped arves like the one in equation 6 are used to describe

the behavior of many parameters in EPIC. Tfaxig is scaled from-Q to express

the effect of a range in the x axis variable on the process being simulated (in this case,
theincrease in CEC and pH agesult of biochar addition to soil). The S curve is
described adequately by two points from existing da@ndT), normalized to the
respective minimum and maximum terms of soil phpKl andLpH). The EPIC

model uses these two points to solve the egpbal equation for two parameters that
guarantee the curve originates at zero, passes through the two given points, and

approaches 1.0 asncreases beyond the second point.

Two important assumptions have to be stated when considering the effieicishair
additions on soil CEC and pH: 1) biochar in essence is OM and 2) added CEC in
cmok kg™ of biochar corresponds to craélg® of OM in the Magdoff and Bartlett

(1985) publication. The initial pH of the soil and its starting OM content, as well as
the soil composition wil!/l | argely guide
pH as a result of biochar additions due to a higher or lower extent of soil buffering.
Additionally, factors such as the type of pyrolysis process used, biochanals C

and ash content will have an influence on soil CEC and pH values.
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Algorithmsdescribingsoil C content dynamics

In the EPIC model, SOC is split into three compartments: microbial biomass, slow
humus and passive humus. Assuming that biochar maahsists of OM, these
compartments should have different turnover times ranging from days or weeks for a
small percentage of biochar metabolic constituents to hundreds of years for slow and
thousands of years for passive Olgb{irraldeet al.2006. Hamer et al(2004)

reported a loss of 0:8.8 % of the initial C from biochar as GQ that resulted from
oxidation duri ng a Bal@ckamdymennik(200Rfoartdiessn at 20
than a 2% C loss from wood biochar over 120 days due to oxidation. These findings
and other relevant literature give us a basis for assuming that C in biochar is mainly
present in slow and passive forrer EPIC modefig purposes and p#re available
literature(Joseph et al. 200@ehmanret al.2009 Zimmerman 201Q)there was

60% of the C in biochar allocated to the slow pool, 38% to the passive pool and 2% to
the active/metabolic pool. C and N can also be leached or lost in gaseous forms,

which EPIC also takes into account.

EPIC calculates the potential transformation ofdlosv humus compartment
(HSCTP)as the product of the mass of C in slow huifiiSC) the rate of

transformation under optimal conditioi4SR)and a combined fact¢CS)

expressing the effects of temperature, soil water content, oxygen, and tillage, (Step 3

Fig.1) (zaurraldeet al, 2006:

"0°Y6 "YUOY&OYWE Y (7)
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Passive humus is very slow to be transformed and is thought to be partially protected
from transformation by beingprbed to claysdence clay content influences its
formation (allocation of C to clay), and it has an exceedingly slow maximum
decomposition ratéPartonet al, 1993) The potential transformation of the passive
humus compartment is the product of the mass of C in the passive {(HR)s the

rate of transformation under optimal conditigi®®’R), and the combined fact¢CS)

(Step 3, Fig.1) Igaurraldeet al, 2006):

00 6 "YUOO @00 W6 "Y (8)
The reader is referred to the original article of Izaurralde et al. (2006) for the detailed
equations of mechanisms of litter partitioning as well as potential and actual C and

the allocation of transformed compents in the EPIC model.

Algorithms for predicting changes in soil bulk density from biochar additions

Soil OM is inversely related to the s@}, (Izaurraldeet al, 2006) The EPIC model
calculates the annual change®indue to the changes in the S@ontent using a

modified version of the Adams equatighdams 1973)

0 O socCc <'xa@) (g C
Db = 8 78 8 d 9
e TR SOC =58 (g C kgx 107
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While theDy, of the soil organic matter is fairly constant (0.244 Mg)mndthe
mineral bulk density[¥By,) is usually not known. EPIC estimateB,, at the

initiation of the run based on the initial valuedDgfandSOC Values oD, are then
updated annually based on the new calculations d@fefor each layer.
Adjustments are also made to the depth oheadl layer to accommodate the mass
of mineral and organic matter according to the calculBtedPIC also estimates
changes in the sdi), caused by changes in tB®Ccontent, which are in turn
influenced by soil respiration and erosion. In this waBl@Eexplicitly treats changes
in the soil matrix (density, porosity and water retention, based on the assumption that
the biochar behaved similarly to normal soil OM) as well as changes in the soill
constituents, such as organic C, thereby allowing feedinackanisms to operate

(Izaurraldeet al, 2006 Williams, 1995).

To consider the effects of biochar additions on sgjltBe original Adams equation

(1973) has been further modified to the following form (Step 4, Fig.1):

Db

(11)
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WhereDsomis the bulk density of the soil OM (0.244 Mg jr(Izaurralde et a.
2006),BCis the addition rate of the biochar to the soil, Bigtis the bulk density

(0.64 Mg n?®) of the biochar.

EPIC validation and subsequent simulations

The EPIC simulations describing the effects of biochar additions on corn yields, soil
CEC, pH, bulk densityand SOC dynamics were validated using the results of a field
experiment presented by Major et al. (201®jisTield study reported the lorigrm
effects of a single addition of biochar on corsoybean yields, soil propertiend
nutrient availability. The field experiment, located in Colombia at the Matazul farm
(N 04A 1006 15. 20606, rfovmel or2aksoil hét bad heRer 92énd ) |,
tilled, croppedor amended. Initial vegetation consisted of native savanna grasses.
The soil was an isohyperthermic kaolinitic Typic Haplugi®ail Survey Staff,

1994). Major et al. (2010) and Rippstein et al. (2001) indicated that this soil type
developed from alluvial sediments originating from the Arldesintains. The soil at

the experimental site contained 20 g'layganic C, 1.3 g k§total N, 6 g kg

avaiable P, 0.4 0.44 kg kg clay, a pH (in KCI) of 3.9, and a CEC of 111.9 mgol
kg™ in the upper 0.1 rsoil depth Soil D, was 1.11 Mg rii. The average annual
precipitation was 2,200 mm, with an average annual temperat26A dfRippstein

et al. 2001).
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In December 2002, the experimental area was chisel plowed and lime (dplomite
[CaMg(CQ),] ) was applied at 2.2 Mg Haand incorporated to a a6n depth using

two passes of a chisel ploline days later, biochar was appliedates of 0, 8 and

20 Mg ha' to plots arrangechia randomized complete block desigith three

replicates. The biochar was then incorporated with a single pass of a disc harrow to a
depth of 5 cm. Lime and biochar were incorporated only on one occabiene Were

a total of nine experimental plots, each measuring 4 by 5 m. Plots were separated by a
1 m buffer within blocks and a 2 m buffer between plots (Major et al. 2010)- A no
tillage management system was implemented after biochar incorporation. iBgginn

in May 2003 and until December 2006, plots were cropped to d cmybean

rotation. Seeding and fertilization of corn and soybean were done using hand tools
and occurred at the same time that fertilizer was placed in a parallel furrow
approximatelylO0 cm from the seed row. After seeding, all plots receiveddsielesed
fertilizer being applied by hand onto the soil surface to the side of crop rows.
According to Major et al. (2010), comas seededt 62,500 plants Ffa(6.25 plants

m?) on 22 May 208 and 30 April 2004 (variety information unavailable), and hybrid
PioneerE 3041 was seeded oWeedsihsedtsaayd 200 5
fungal diseases were controlled as necessary using herbicides and pesticides
according to local practices. Soybegelds were not reported because they were lost
due to deer@docoileus virginianus..) grazing. Wood biochar, commercially

produced for cooking using the traditional mound kiln technique, was used in the
study. Details on the feedstocks used to makéitehar and the production

conditions were not available. C content of the biochar was 72.9%, total N content
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was 0.76% with the C:N, H:C, and O:C ratios being 120, 0.018 and 0.26,

respectively. Ash content of the biochar was 4.6%. The pR)ldnd pH (KQ) of

the biochar were 9.20 and 7.17, respectively. Applications of N (as urea), potassium
(as KCL), and P (as acidified rock phosphate) are noted in Bdbl&he soill,

operational management, fertilizer schedule, weather data and biochar properties data
were converted to EPIC input files to accurately represent the conditions of the study
site as described by Major et al. (2010).

Table3.1. Fertilizer application rategkg ha') of nitrogen (N), phosphorus (P), and

potassium (Kused forthe EnvironmentalPolicy IntegratedClimate model
simulations

Year Crop N (Urea) P (Acidified K (KCL)
rock
phosphate)
2008 Corn 165 43 86
2004 Corn 170 33 84
Soybean 87 39 63
2005 Corn 156 30 112
Soybean 16 10 110
2006 Corn 159 30 138
Soybean 16 10 104

The 2.2 Mg ha of lime application was not included as part of the simulations, since
the original field study only reported on the biochar effects on soil pH and did not
discuss the influence of lime applications. Additionally, climate and other datsefor
year 2006 were not included into the model simulations since major declines for crop
yields were reported for 2006 with no plausible explanations presented in the Major

et al. (2010) study. Therefore, the EPIC model could not have been updated with
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relevant information to account for any major stresses that would have been
responsible for yield declines in 2006, hence the year 2006 was omitted for yield

predictions.

All simulations for corn yields and soil parameters were initially performed oft the
year short term basis of the original field experiment and then extended-year20

long term basis. During the long term simulations, biochar was added at rates of 0, 8,
and 20 Mg hd to the soil once every 4 years with appropriate annual fertilizer
applications as in the original study (TaBl&). Historical weather data were

obtained for a weather station approxima&2ykm from the research p#otisingthe

recently announced Global Weather Data resource ramedyOAA National Center

for Environmental Prediction (NCEPh{tp://globalweather.tamu.edu/Since

Columbia is located fairly close to the equator, differences observed in climate are
primarily due to landform differences in elevation. Since the weather station and the
research plots were located on equivalent landform positions, the weatioer didd

is thought to be representative of conditions at the research plots. We extracted a
daily weather file of maximum and minimum temperature, precipitation, radiation,
relative humidity, and wind speed dafBhe average monthly temperature,

preciptation, wind speed and solar radiation values are given in Béble
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Table3.2. Averagemonthlyvalues othistoricalclimatedata observed for tH2003to 2006period.

Ma x .

Mi n.

Precipitation

mm

Wind speed

(ms?

Jan

T 33.8

1227

66

1.47

Radiation

(A m?)x1

J 1.89

Feb

35.2

24.3

74

1.24

1.92

Mar

32.6

23.4

205

0.67

1.65

Apr

27.9

21.2

524

0.81

1.21

May

26.9

21.1

395

0.90

1.28

June July

26.2

19.9

178

0.95

1.41

27.1

19.9

126

0.99

1.62

Aug Sept

29.4

20.5

140

0.94

1.95

31.9

21.4

201

0.82

2.06

Oct

31.0

22.1

369

0.68

1.79

Nov Dec Ann.

30.1

22.0

379

1.06

1.71

31.0

21.7

123

1.39

1.79

30.2

21.7

2784

0.99

1.69
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Statistical Analyses

Regression analyses were performed to verify the degree of association between
observed and simulated valu&snithet al, 1996) The percent error was calculated

as follows: (simulatedo b s e r €08)d dbsefvedSmithet al, 1996. In addition

to regression analysis,enused the mean square deviation (MSD) statistics to evaluate
the predictive accuracy of EPIC against measured data. Ouaappras based on
Gauch et al. (2003)n which MSD is partitioned into three components: squared bias
(SB), nonunity slope (NU), and lack of correlation (LC) (F&®2). All three

components relate to terms of the linear regression equatiera(+ bX) and the

regression coefficientY).

Given a set of simulatec) and observed value¥)( the MSD is defined as MSD =

E(Xn i Y)?/Nforn= 1, N2 Thé first component of MSD, SB, gives a measure of

the inequality between the two meaksand Y asSB =(X -Y )% Gauch et al.

(2003)indicated the second component NU measures the degree of the rotation of the
regression line and is defined as NU = f? x SX:/N, whereb is the slope of the
leastsquared regression ¥fon X andb = S(nyn/S(,f, Xn=Xn-X,andy, =Y, Y.

Here, NU>0 occurred only whdén 10 The third component LC was calculated as

LC = (17 r?) x SY2/N wherer?is the square of the correlatid®X. Y, )’ (SXSy?).

Here, LC > 0 only occurred whefi 1 .
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Fig. 3.2 Comparison of mean square deviations (MSD) between observed and

simulated values faoil carbon(%C), pH, cationexchange capaciffCEC),and

grain yield as affected by biochadditions.Scatter component of MSD provides a

measure of the scatt@ack of correlation, LC) componeint the data. The rotation

(nonrunity, NU) component contributes to MSD when the slopthe regression line

bet ween the simulated and observed values
the means is described by the transla(smuared bias, SBEomponent of MSD.

Results and Discussion

Corn yields
We verified the performance ofédhmodel by comparing simulated vs. observed corn
yields Fig. 3.3). No significant effects on corn yield were observed in the first year

after biochar addition in the original study. EPIC predicted the same trend for the
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control treatment, and explained about 70% of the variations in yields due to the

biochar effects.
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Fig. 3.3 Observed and simulate@lues ofcorn grain yieldrom the 2002 to 2005

study periodas affected bylifferent rates obiocharaddition. The Rvalue indicates

the coefficient of determination for the linear regression.

In subsequent years of the field study, corn yields increased with increases in biochar
amendment rates and was most likely attributed to the slow oxidation of béowhar

the impoved nutrient regime that would resuligng et al, 2006) There was good
agreement between simulated and observed yiBfts Q.73,p < 0.05) Fig. 3.3.

Yield results for 2006 were not included in theistatal analysis. Drastic declines in
yields were observed during that year in comparison to previous years of the field
experiment. Since the reasons for the decline were unclear, we could not update EPIC

with the appropriate information and as a res&t@Epredicted further increases in
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yields for the year 2006. Tlaverage error in estimatiamas about 3%. Still, the

highest MSD value was observed (0.6885) for grain yield with most of the error due
to LC or scatter. The results of the long term simaitest of the biochar impacts on

corn yields showed decreases in grain yields to the values of 4.6 Mddta not
shown).Based on the simulation results, we surehidat high annual temperatures
and precipitation regimes coupled with low activity clafigracteristic of Oxisols
increased nutrient leaching and microbial respiration rates thus ousslégh

positive influence of biochar additions. Still, shtetm crop yield predictions were
promising. As will be described further, improvements in sadllidy parameters as a
result of biochar additions to the soil were significant and indidate overall

positive effects of biochar amendments on the soil environment, especially on the C

sequestration dynamics.

Soil CEC and pH

Major et al. (2010) reported only a slight increase in topsoil CEC values after biochar
additions. However, significant increases in pH values have been reported and linked
to the increases in CE(Eerath et al.2013;Sohiet al, 2009 Laird et al, 2010a b;

Liang et al, 2006. Given the properties and techogical pyrolysis process of
biochar production, it was assumed that the biochar used in the field study had a CEC
of approximately 187 cmgkg™ based on the approach Iddird et al. (20103)and

this wasthe value used in the model simulations. After the first year of biochar
additions, for the top 20 cm of soil, EPIC predicted increases of CEC from the

original 9.76 cmal kg™ of soil to a value of 10.46 cmokg™ for the 8 Mg h&
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biochar amendment rat€&or the 20 Mg ha rate, EPIC predicted a CEC of 11.5
cmok kg at the end of the simulation (Fi§.4). In other words, the EPIC model
predicted that each addition of 8 Mg'haf biochar added to the topsoil resulted in an
additional 0.7 cmqlkg™ (data on 8 Mg h@ biochar application was not reported in
original field study) Similarly, an addition of 20 Mg Habiochar increased CEC by
1.74 cmol kgt. The simulated CEC values were in agreement with the observed
results with an average error leks than 5%. The coefficient of determinati&®) (

was 0.95() < 0.05).
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Fig. 3.4 Observed and simulate@lues of soil cation exchange capa¢fyC)
within the upper 2&m soil layeras affected by biochaddition from the 2002 to
2005 study periadThe R value indicates the coefficient of determination for the
linear regression.
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The calculated MSD value was 0.0342 with most of the error originating from the NU
or the rotation component. EPIC further predicted CEC values at the end of'the 20
year of simulation to be 13.96 cmaddg* and 20.2 cmalkg™ for the abovementioned

rates (Fig3.5).
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Fig. 3.5 Long-term effects of biochar additions on cation exchange cap&¢) of
the upper 2&m soil layer of an Amazonian Oxisol as predictedhzy

Environmental Policy Integrated Climateodel Biochar was added at the indicated
rates once every four years during they2ar model simulation.

Currently, the EPIC algorithms do not simulate increases in CEC as a result of
biochar oxidation ovetime and this will be the subject of future research. In the
original field study, topsoil pH increased significantly after biochar additions and the
same trend was observed in the EPIC simulation results3Big.The coefficient of

determination was .82 ( < 0.01). This was further confirmed by the smallest
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observed value of MSD (0.0044) with the amount of error being equally distributed

between translation, rotation, and scatter components of the MSD.
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3.8 ‘ ‘ : : ‘
3.8 3.9 4 41 42 43
Simulated pH

Fig. 3.6 Observed and simulate@lues of soipH in the upper 2&m soil layeras

affected by biochaaddition The R value indicates the coefficient of determination

for the linear regression.

The average error for simulated pH values by EPIC was within 4% of the observed
pH under feld conditions. EPIC captured the pH trend and predicted increase in
topsoil pH from 3.9 up to 4.03 and 4.19 for the 8 Mg bad 20 Mg ha biochar
amendment rates, respectively, which conforms to the results obtained by Major et al.
(2010). The EPIC maa also predicted that topsoil pH values would reach 4.68 and
5.64 for the 8 Mg hdand 20 Mg ha biochar amendment rates, respectively, by the

end of the 2§yr simulation periodFig. 3.7).
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Fig. 3.7 Long-term effects of biochar additions on soil piHtbe upper 2&m soil
layer of an Amazonian Oxisol as predicted by the Environmental Policy Integrated
Climate model.

Soil C content dynamics

Biocharamendmentsesulted in increased amounts of t@&Caccumulation irthe
upper 20 cm of the sailrofile. Simulated topsoil SOC dynamics were in agreement
with the field observationdf = 0.77,p < 0.05) with an average error of about 8%
between observed and simulated values @8&). The calculated MSD value was
0.0651 with most of the prediction error being equally associated with scatter and

translation MSD components.
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Fig. 3.8 Observed and simulated values of total soil organic cai®oC)within the
upper 26cm soil laye of an Amazonian Oxisol as affected by biochar addition from
the 2002 to 2005 study period. Th&éWRlue indicates the coefficient of determination
for the linear regression.

After 20 years of simulation, EPIC predicted increases in the SOC contelm for t

entire 1.5m soil profile- from initial values of 2.0% to 2.59% for the highest rate of

biochar addition (Fig3.9).
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Fig. 3.9 Long-term effects of biochar additions on total soil organic ca(S@C)

within the 1.5meter soil profile depth gwedicted by the Environmental Policy
Integrated Climatenodel. Biochar was added at the indicated rates once every 4
years during the 2gear model simulation.

Microbial respiration processes seemed to be accelerated in the region of the field
study andveremost likely due to the warm temperatures, as well as the high rainfall
and humidity. For the 8 Mg Haate of biochar amendment, EPIC predicted the SOC
losses were almost nullified. It was only with the 20 Mg hate of biochar

amendment that thl@OC balance became positive in the EPIC simulations. Our
calculations of the SOC dynamics indicated that this buildup was larger than what can

be attributed to a simple addition effect of biochar to the soil. The increase was most

likely attributed to theroperties of the biochahat influenced soil physical and

68



chemical properties (high surface area and high CEC, Igwibh pH), as well as the
microbial respiration processes in the soil. Positive SOC dynamics and subsequent
increases in the soil C sgeptration resulted from the increased application rates of
biochar and are important findings of this modeling study. These results confirm that
biocharapplicationis effective in sequestering C on an Amazonian Oxisol and, thus,
biochar amendments to sbplds promise as an effective climate change adaptation
tool. Increased SOC storage also favorably increased the soil water field capacity
from the original 0.353 to 0.411*m™ and the soil water holding capacity from

0.322 to 0.404 rhm™.

Bulk density

The EPIC model simulations predicted that the addition of biochar to the soil would
result in decreased topsoij.Dv/alues of [3 were not reported from the field study

and, therefore, could not be included in the statistical analysis. Initial soia®set

as 1.1 Mg rif according to th&oil Survey Staff (1994fpr the typeof soil in the

field study. The EPIC model predicted (Equation 11) the soil that had received
biochar amendments would have lowgitban the controfFig. 3.10). Within the

first year, the Pwithin the upper 2@m soil layer was reduced to 1.09 Mg and

1.06 Mg m® after addition of 8 Mg hidand 20 Mg h# of biochar, respectively. The
20-year EPIC simulations indicated that over time the biochar effects were amplified
and by the end of the §ear of the simulation the topsoil, as lowered by
appoximately 126 (Fig. 3.10). Soil D, was further reduced to 1.06 Mg*and 0.97

Mg m™ for the above mentioned rates of biochar additions. Our findings conform to
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those reported blaird et al. (2010ayvho conclided that the magnitude of biochar
effects on soil Pwas larger than can be explained by simple dilution of the soil from
biochar amendments that characteristically have lgwA3 seen in Fig3.11, the

topsoil D, was directly proportional to the inaged SOC content of the topsoil. The

highest rate of biochar amendments corresponded to the lowest values in tgpsoil D
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Fig. 3.10 Effects of biochar additions on soil bulk density within the uppecraGoil
layer of an Amazonian Oxisol as predicted by the Environmental Policy Integrated
Climate model during the short term (2002005) and longterm (2005 2025)

study period. Biokar was added at the indicated rates once every 4 years.
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Fig. 3.11 The inverseelationshippredicted by the Environmental Policy Integrated
Climate modebetween topsoibrganiccarbon and bulk densityithin the upper 20
cm of an Amazonian Gsol as affected by biochadditions

Conclusions

Modeling can be a useful tool in evaluating the long term impacts of climate change
on ecosystems, including agriculture. Modeling also allows the testing of potential
adaptation strategies to evaludteit efficiency in coping with climate change

impacts. This is particularly important as modeling will help optimize time, resqurces
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and planning strategies for specific adaptation techniques prior to their practical

implementation in the real world.

Previously, there have not been any environmental simulation models that could be
used to describe the impacts of biochar amendments on soil properties and crop
yields. We described and tested new algorithms in EPIC to simulate the impacts of
biochar amedments being applied to soil on the resultant crop yields and soill
properties. The biochar algorithms incorporated in the EPIC model were developed
based on our current understanding of the effects of biochar additions to soil. The
model was successfullyalidated and performed wetl reproducing field

observations of the impacts of biochar amendments on&nortcrop yields and soil

properties such as CEC and pH of an Amazonian Oxisol.

EPIC simulationsvere performed for 20 yearperiodto evaluatehe potential long

term impacts of repeated applications of biochar amendments on soil properties, crop
yields, and C sequestration. The EPIC model simulations reproduced observations of
increased SOC in the field and predicted long term increased saju€ssmation and

decreased soil Pwith increased rates of biochar amendments.

It should be noted that the simulation resalts biochas; dose, soil, and region
specific. Hence, indications are that the short and longappiicationsof biocharto
tropical soils hold promise as a regional agricultural climate change adaptation tool in

sequestrating C and reducing GHG levels, while at the same time improving soil
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properties important for cropgrowth.ut ur e si mul ati ons t o
crop yields and changes in soil properties will be conducted as results of ongoing
biochar experimental studies conducted on soil types other thamaznonian Oxisol
become available. Additional field studies and long term model simulations will help
detemine if biocharapplicationis an effective climate change adaptation tool on

other soil types represented in other regions of the world.
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Chapter 4: Evaluation of Climate Change Impacts and
Effectiveness of Adaptation Options on CropYields in the

Southeastern United States

Abstract

Agricultural respases to climate change suggastincreased vulnerability of crop

yields to elevated temperatsyelecreased water availability, and increased nutrient
stresses. The EPIC (Environmental Policy Integrated Climate) model was used to
evaluate the potential impacts of climate change adaptatioyislda ofcorn(Zea

maysL.) and soybeafGlycine max..), as well as gand G aggregated crop yields

from representative farms in Alabama, Arkansas, Missouri, Mississippi, Florida,
Kentucky, Louisiana, Texas, Georgia, and Tennetbedavere grouped into North,

South andWestregions In this study, three £xrops were represented by combined
yields of soybean, alfalf@Medicago sativd..), and winter wheafTriticum aestivum

L.), whereas ¢crops were represented by combined corn, sorgl@arghum bicolor

L.), and pearl mille{fPennisetum glaucum) yields. Adaptationsncluded annual

biochar applications and irrigatiatcurring prior to crop stresistorical aseline

(19791 2009) and future (20382068)climatescenarios were used for simulations

with baseline and future G@oncentrations of 360 ppmwea 500 ppmv,
respectivel y. Climatic data for baseline s
Regional Reanalysis (NARR) database. Climatic data for the future scenarios used the

North American Regional Climate Change Assessment Program (NARCCAP)
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database. ko regional climate models were used for the simulations to project
different patterns of changes in air temperatures, precipitation, and solar radiation that
are expected to occur over tinTdhe experiment was analyzed as a randomized
complete block desmgwith splitplots in time for the baseline vs. future comparisons,
and as a randomized complete block design with repeated measures for comparisons
between periods of regional moddkesults of this study indicatehat climate

change is affecting diffent regions of th&outheastertS differently. Compared to
thehistoricalbaseline scenario, corn yields are projected to initially increase from
36% to 84% depending on the region. However, future corn yields show statistically
significant decreases 8f15% across the entire Southeastern US in 2233

primarily due to temperature stress associated with future climate clizomgeared

to thehistoricalbaseline scenario, data trends suggest that soybean yields will
decrease. Future soybean yields sktatistically significant decreases in yields of 1
13%primarily due to temperature or combined temperature and moisture stFeEsses
comparisons betweens@nd G historical baseline and future crop yields, it was

found that G crops generally producedigher yields compared to historical yields of
C,4 crops, while G crops historical baseline and future yields were not significantly
different. Annual Icharapplicationgdid not have #ects on corn, soybeanz@r G,
yields and caused significant yiglelductions of 20%in the South and West regions
using the CRCMThe Canadian Regional Climate Model with the Third Generation
Coupled Climate) modethe South region using the HRNiBhe Hadley Regional
Model and the Hadley Coupled Model versiom®)de| and the West region using

the RCM3C(The Regional Climate Model Version 3 and the Third Generation
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Coupled Climate model)rrigationcaused significant increases in corn yields up to
33% for the South region, but no statistically significant increases abserved for
soybean yielddrrigation also resulted in increasescoimbinedC; and G crop yields
for all regions fothe RCM3G (The Regional Climate Model Version 3 and the
Geophysical Fluid Dynamics Laboratory Global Climate modie®South regon for
theRCM3C model anthe West region fothe HRM3 model.Irrigation causegield
increass of2 - 35%. For all other regions and models, data trends indicateeasd
crop yields in response to irrigation, however no statistical significanseeected.
Under some weather scenarios, irrigation may be a promising potential adaptation

strategy for agriculture in the Southeastern US.

Introduction

Climate change

Climate change has gained significant international attention due to concerns of
negative longerm impacts on agricultund environmental qualifChavas et al.,
2009) Atmosphericarbon dioxide €O,) concentratioa have risen by more than

30% sirce preindustrial times from equilibrium levels of about 280 ppmv in 1880 to
the currently observed levels of 392 pp(iubiello et al., 2000)These increases are
the direct resutof human activities, primarilthe burning ofossil fuek, cement
production, and modified landse patterndPCC, 1996)Although the magitude of
future changes is uncertainrtherchanges irclimate over this century are almost

certain.
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Current anthropogenic G@missions are about 8 GT C yéavith anatmospheric
yearlyincreaseof around 0.5% per yeaht the current rate o€O, increases
amospheric C@concentrationsvill be doubled by the end of the 2¢entury

(Tubiello et al., 2000)Simulations with global climate models (GCMs) suggest that
theprojected increase in GQvill modify the global climatehroughwarming of the
ocean, change in the degree of cloud cover, rising of surfatsgeratures,
increasing frequency of severe weather events (droughts, floods) and altering the
global hydrologic cycl¢IPCC, 2007a)The above mentioned negative consequences
of climate change will have direct impacin awide range of ecosystems including
agriculture Agricultureis ahighly managedcasystemandgiven appropriate
technologies and resourcegyricultureis likely to be more adaptable than less

managed ecosysteri®CC, 2001a)

Climate change impacts on agriculture

The potential impaatf climate change on agricultureasnajorpublic concernf we
are to maintain our current quality of lifagricultural crop production might be
significantlyimpadedby climate change and elevated 8f©ncentration$o an
extent that willaffect global food supps The response of agricultural systems to
climatechangewill be stronglyinfluenced by changes our currenimanagement

practices.

World demand for agricultural products in 203(@redicted tancrease by one third

of what it was in 201QFAQO, 2002a)To meet future needs for agricultural products,
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anadditional120 million haof land will need to be converted to cropldnd2030
(FAO, 2002b) During this time periodthe need fourban land will continue to grow
and it is thought that the additional land for cropductionwill come from forest

land that will becleaed (FAO, 2002b) One of our most important societal goals is to
create solutions where agriculture can satisfy the food demands for an increasing

world population and at the same time maintain environmental quality.

Climate diange haalready begun affectinipe sustainability of agricultural systems
through it impacts on decreasiagpyields decreasingvater availability and
increasingoestpressuregReilly et al., 2003; Reilly and Schimmelpfennig, 1999;
Rosenberg et al., 2003; Smet al., 2005; Thomson et al., 200/) respons¢o

climate change, we have already seen an earlier initiatithre &fpring greetp of
perennial crops in the Northern Hemisph&eops have experienced increased
moisture stress because of reduced amounts of precipitaiitthere has been an
increase in the frequency fafrest fires in North America arttie Mediterranean
Basin.Global climate models pdictthat these events will become more frequent as
climate change impagbecome more pronounc@ldSA, 2011) An apparenbenefit

of climate change is thanhder optimum conditions thecreasedCO, concentrations
that accompany climate change producésfae r t i | i thatimayiacneasef f ect 0
crop yields, improve water use efficieneyd reduce transpiratiqAllen et al., 1998;
Izaurralde et al., 2003; Makino and Mae, 1999; Maroco et al., 1B@®ever,
research rationalizeébatthis positivecrop response will slow dse concentration of

CO;, continues to risandother resources suck aater and nitrogen become limiting
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(Bowes, 1993; Makino and Mae, 1998dditional research that has evaluated the
effects of increase@O, concentrations on crop growth have shothatthe
accelerated rate of photosyntheiat accompanidsigher CQ concentrationseads
to reduced nutrient and protein contantgrain and forage crog¥homson et al.,
2005) It has also been shownat the positivecrop response to G@hatmayoccur
is determined in part by the sailater availabilitysuch thatvhen grown under

drought conditionshecrop response is reducdéCC, 2001hb)

There is little doubt that thacreased concentrations of GHG will alggobal

weathelpatternsand, thereforeregional weathepatterns will be also influencett is

thought that temperature and precipaa will change from conditions to which crops

are currently adapted atigatchanges in cloudiness will alter the timing, quality (i.e.

how Aactive and e fahdquoantgyrie.dowtlohgghesumis wi | | be
going to staytmgctifve odrmad e frfriadiieamce. Regi
affected by these changes with consequences for regional, nagimhglobal food
production(Thomson et al., 2005%iven the uncertainty regarding the regional

distribution of climate change, vulnerability of crgields to climatic variability is a

matter of increasing concetbuo and Lin, 1999; Reilly and Schimmelpfennig,

1999) If extreme changes in regional climate occur, current agricultural production in

some areas will be vulnerable and adaptations will be necessary.
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Adaptations

Climate change will force farmers to take steps to minimize yieleés$bssn the
deleteriousmpacts ofclimate change and to maximize yield gamom beneficial

climate change impactblew technologies h& been developed and successfully

applied to help mitigatthe negative impastof climate changen agricultue. These
technologés are broadly categorized intotwo groupsa dj ust ment sé and
6adaptationsé. Adjustments are easy, | ow c
to reduce the impacts of climate change. Examples include planting a oultiwdrs

with different pollnation timeschanging the timing of field operations to

accommodate crops with different maturity classes, and improving the use and
efficiency of pesticides to control the higher pest pressures that are anticipated
Adaptations are major changedlie manner that wgrow cropsandthe use of

production technologies which aimameliorate the impacts ofimatechangeovera

long period of time Adaptations cross the full range of spatial scales from-kewvel

production to the level of internatiahtrade(Easterling, 1996)

Biocharasa climate changadaptation tool

Biochar is aby-product of vegetative biomaasdbr animal manurethat have
undergone pyrolysiand may consist of up to 90% recalcitrant carlxarzyakov et
al. (2009)concludedhe half-life of biochar under natural soil conditiottsbe
appoximately1400 years. Biochar possesses a number of distinctive beneficial
characteristics which includecation exchange capaciof 40-190 cmol kg™, high

porosity in comparison to soil, polyaromatic complex chemistry compounds, and
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having a high sudce area and reactivipitkinson et al., 2010; Laird et al., 2010b;
Lehmann et al., 2006T hese properties when considered together results in biochar
having an attraction for plant micrand macronutrients, causing increased soil pH,
increased soil porosity, and improved water holding capabityak et al(2009)
suggested a methodolotatalters feedstocksand pyrolysis conditions orderto

create designer biochars that have specific chemical characteristics matched to

selective chemical and physical issues of a degraded soil.

There are various hypotheses aldout o ¢ h a r 6 scrop pnquEctivityigoonisn
application to soilResearchs primarily agree that when used in combination with
fertilizer management, biochapplicationimprovesthe bioavailability and plant
uptake of nitrogen and phosphorus (DelLuca e¢2@é09). According to the
Internatioral Biochar Initiative(International Biochar Initiative, 2014h)pon
application to soilpiochar attracts and holds soil nutrients because of its high surface
areajts complex pore structure that serve as habitats for myriads of soil
microorganismsandits negativesurfacecharge Nesbitt(1997)reporedthat

nutrients in biochar may be directly available through solubilizaifahe solid
biochar residue anthe utilization ofthelabile carbon componetitatis readily
available for microbial uptakéfter performing a metanalysis to quantify the
effects of biochar amendments on crop productivigffery et al(2011) reportedin
addition to enhanced nutrient availabilibatincreased crop yields could be
attributed to improved soil water holding capacity and an increase in soil pH

especially for biochar amendments applied to acidic.dodspite the exishce of
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many field studies thdtaveconfirmedanincrease in crop yields aftére use of
biochar anendmentsSpokas et al2012)in areview of fifty studies involing the
evaluation olusingbiocharamendmentso soil found that although fifty percent of
the reviewed studies reported increbsemp yields following biocharraendments
thirty percent of the studies showed no yield imgaatd the remaining twenty

percent indicated decreabgelds.

Why regional modeling may be helpful

Utilizing general aculation models (GCMSs), previous researchers have routinely

used global and national contexts to evaluate the possible changes caused by climate
change on agricultur@arry et al., 1999; Reilly et al., 2003; Rosenberg, 1992)
However, the resolution scale at which national and global scale simulations have
been performed are seen as too coarse for detailed implications of climate change
impacts(Gates, 1985)The main concern with using GCMs for regional predictions

of climate change impacts arises since regional impacts of climate change may not be
sufficiently detailed using a resolution of 100 kilometers that is typical for most

GCMs. This lack of resolution becomes troublesome when evaluating climate change

impacts at the regional level.

This article will discuss highesolution regional modelingimulations used in an
evaluation of future climate change impacts and the effectiveness of proposed
adaptation practicgbiochar application and irrigatiot) alleviate the impacts orsC

and G crop yields in the Southeastern United Staféss modelng study was
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implementedn representative farmscatedin Alabama, Arkansas, Missouri,
Mississippi, Florida, Kentucky, Louisiana, Texas, Georgia, and Tenndds=dS
Department of Energfunded this projectandselected the ten Southeastern US states,
in which representative farms were located and for which simulations were

performed.

Research objectives

The objectives of this study were:

1. Evaluate how future climate change as predicted using four regional climate
models (RCMs) affedemperature angrecipitation indifferent regions of the
Southeastern United States.

2. Compare differences in historical baseline and predicted(Zeanmayd..)
and soybeafGlycine max..) yields, as well as aggregated yields gfa@d
C, crops for the four RCMs.

3. Compare the predicted corn and soybean yields as well as aggregated yields of
Cs and G crops for the four RCMs during the 2082068 period

4. Evaluate the effectiveness of biocksail amendmentand irrigation on corn
and soybean yieldsithin the different RCMsas well an theaggregated

yields of G and G crops.
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Materials and Methods

Description of the simulation model

The Environmental Policy Integrated ClimgtePIC)model(Williams, 1995)was

used for simulating impacts of climate change on yields of target crops and selected
soil physical properties. EPIS a widely tested model originally built to quantify the
effects of soil erosion and agricultural productivity. EPIC operates on a daily time
step and can perform losigrm simulations (hundreds of years) on watersheds up to
100 ha. Since its inceptiothe EPIC model has evolved into a comprehensive-agro
ecosystem model. The model uses the concept of radismefficiency (RUE) by
which a fraction of daily photosynthetically active radiation is intercepted bgrdipe
canopy and converted intmopbiomass. In addition to solar radiation, other weather
variables, such as temperature, precipitation, relative humidity and wind speed are
inputsused forthe simulations. EPIC can simultaneously model the growtboft

100 plant species including cropstine grasses, and trees;additioninter-crop,
covercrop mixtures, and/or similar scenarios can be simulateghs@an be grown

in complex rotations anckn includemanagement operations, such as tillage,
irrigation, fertilization and limingWilliams, 1995) The model accounts fdine

effects of tillage practices on surface resjdioil bulk densitymixing of residue and
nutrients in the surface layavater and wind erosigisoil hydrology soll

temperature and heat flop®@, N, and P cyclingthe effects of fertilizer and irrigation

on growthof many cropsthefate of pesticids, andthe economicsassociated with

crop growth and land manageme®itockle et al(1992)modified EPIC to account

for the CQ fertilization effect on the growth of{&nd G crops.A comprehensive
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description of the EPIC model application and development was presented by

Gassman et a{2004)

EPIC has undergone many improvements and intensive testing under diverse climate,
soil, and management ensmments. Recently, several improvements have been made
in EPICandincludetheimplementation of a coupled carbaitrogen submodel to
simulate terrestrial carbon dynamicseffected by environmental and management
factors.A detailed description of theew C and N algorithms can be found in

Izaurralde et al2006)

Among a variety of available simulation mdsleEPIChasproven to be one of the

most reliable in its accuracy to predict crop/biomass production based on climatic,
soil, operational managemeand other relevant dataong-term field experiments

have verified reasonable precision in representiegd interactions in the US and
Canaddlzaurralde et al., 2005; Izaurralde et al., 20 IChas been successfully
validated at the global scale with favorable results, as well as in many regions of the
world under varying climates, soils, and management environments including China
Argentina,the United Statesltaly, and other countrie@pezteguia et al2009;

Chavas et al., 2009; Costantini et al., 2005; Diaz et al., 1997; Edmonds and

Rosenberg, 2005; Thomson et al., 2006)

In a previous publicatiofLychuk et al., 2014)we updated the original EPIC model

with algorithms describing the influence of biochar amendments on crop yields and
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i mportant soil properties, and verified EP
and bng term impacts of using biochar amendments for crop production. For this
modeling study, this newly updated biochar enhanced version of the EPIC model was

used.

Climatic input data and scenario runs

For this study, we followed the standard apprdactietermine the impacts of climate

change on crop yields lmpmparingthe results based dmstorical baselinaveather

dataand futurepredicted weather influenced by climate charjstorical and

scenariedriven approaches were used for designing and conducting simulation runs.

Hi storical weather data from 1979 to 2009
America Regional Reanalysis (NARR) datab@desinger, 2004)NARR is a long

term, consistent highesolution(on a scale of about 100 medgelimate dataset for

the North American domaiand isa major improvemenh both resolution and

accuracy in comparison tbe earlier global reanalysis datas€Bmatic data for the

future scenario runs of 2038 to 2068 were obtained from the Northi¢dane

Regional Climate Change Assessment Program (NARCOMIRCCAP provides

high resolution futurelimate scenaridata formost of the North America continent

using regional climate modglcoupled global climate modgland timeslice

experimentgMearns, 2007, updated 201Zhe year 2038 was selected astarting

point for future simulations because climakange effects are predicted to cause
notable i mpacts beginning (iPEC,200®)THeat e 2030

stochastic weather predicting models used in this simulation study have limitations in

91



that they do not predithe occurrence aéxtreme events like droughasd very
intense ainfalls Instead, these models operate with weather patterasarerage
basis, i.e. thegnvisaggheoccurrence of droughtand extreme rainfall events
however, the extreme temperatuaesl precipitatiorwould be averaged and spread

across all yearsf the simulation period.

Simulations using historic weather data were conducted undep add€entration of
365 ppm. The future weather simulations were conducted undes eo@Centration

of 500 ppm. Thedaptation practicesvaluatedvere annual adtons of biochar in

the amount of B4g ha’ and irrigation occurring prior to plant strggssopavailable
water deficit in the root zoneJhe biochar was incorporated in the soil with a single
pass of a disc harrow to a depth of 5 cm m@ath prior to plantingBiochar used

was a traditiondy kiln-produced hardwood biochaCation exchange capacity (CEC)
of the biochar wa$87 cmol kg*. Carboncontent of the biochar was 72.9%, total N
content was 0.76% with the C:N, H:C, and O:C sbeing 120, 0.018 and 0.26,
respectively. Ash content of the biochar was 4.6%. The pR)lknd pH (KCL) of

the biochar were 9.20 and 7.17, respectivielgnt available water deficit tmeroot
zone {65 mmdepth was used as a parameter to triggegation. Depending on the
severity of the plant available water deficit in the root zone, the amount of water
applied varied between 25 and 75 mm each time irrigattearred The delivery
system for the irrigation depended on the irrigation practiceblettad at each

representative farm.
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For future weather simulations, four regional climate models (RCMs) were used that
had boundary conditions defined by global modéle RCMs used in this study

were:

A The Canadian Regional Climate Model with the Third Generation Coupled
Climate Model (CRCM CGCM3)

A The Hadley Regional Model and the Hadley Coupled Model version 3
(HRM3 HADCM3)

A The Regional Climate Model Version 3 and the Third Generation Coupled
ClimateModel (RCM3 CGCM3)

A The Regional Climate Model Version 3 and the Geophysical Fluid Dynamics

Laboratory GCM (RCM3 GFDL).
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Table4.1 summarizesheregional distribution of air temperatures and precipitation
under baseline (NARR) conditions and @d&wns from the historical baseline
predicted by the four RCMs.

Table4.1. Regional distribution of air temperatures and precipitation under historical
baselinéNorth America Regional ReanalygNARR, 1979- 2009 conditions and

deviations from the babee predicted by the fouregional climate models' RCMy)
over thefuture 30-year simulation perioR0381 2068)

Model Representative farms in
AL |AR [FL |GA |KY [LA |[MS [MO[TN |[TX
Maxi mum daily air temper a

NARR 20.5(20.8 1245 |23.6 17.2 124.1|122.7116.7] 20.1 | 25.1

CRCM 123 |33 [16 1.9 24 [26 [33 [3.2 |3.0 [2.6

HRM3 [0.2 [26 |1.0 1.4 29 [22 [26 [41 |31 [1.8

RCM3C (0.5 (04 |-16 |-1.4 04 [-09 [-0.3 (1.7 [0.7 |-1.2

RCM3G |-1.1 [-14 |-2.7 |[-2.7 -1.3 [-20 [-1.7 [-05[-0.9 |-3.6

Mi ni mum daily air temper a

NARR 122 111.7]16.1 |14.8 9.2 [155(13.6 (8.03(11.4 [15.1

CRCM |-15 |-0.5 [-1.6 -1.1 -1.0 [-0.1 [-04 [-0.1[-0.5 |-2.0

HRM3 |[-1.3 [1.96 0.2 0.6 09 (15 (18 [29 |21 [15

RCM3C [-1.0 [-0.8 | -2.1 -1.2 -1.1 [-1.2 [-1.1 (0.1 [-0.6 |-2.2

RCM3G [-2.7 [-2.2 | -3.1 -2.4 -29 [-25 [-22 [-1.8[-2.1 |-3.8

Precipitation (mm)

NARR 1328| 1202| 992 1220 |1217]1503]| 1311 953 | 1281 | 853

CRCM |-87 |-80 [107 -141 211 |-432(-199|-15 | -66 |-194

HRM3 |51 69 262 67 254 1-360(-59 |97 |-7 4

RCM3C |42 |68 |631 |[265 126 |-186|-99 [232 |40 25

RCM3G |-48 |-28 |[494 | 204 105 |-188|-157 (81 |-60 |101

*(NARR 1 historical basgline climate scenario; CRCMhe Canadian Regional Climate
Model with the Third GeneratioGoupled Climate Model; HRM3the Hadley Regional
Model and the Hadley @pled Model version 3; RCM3€cthe Regional Climate Model
Version 3 and the Third Generati@oupled Climate Model; RCM36Gthe Regional

Climate Model Version 3 and the Geophysical Fluid Dynamics Laboratory Global Climate
Model)
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For simplicity, we will refer to these regional climate models as CRCM, HRM3,
RCM3C, and RCM3G. Regional climate models are used to project different patterns
of changes in air temperatures, precipitation, and solar radiation that are expected to
occur ove time. All future weather simulations were part of the A2 scenario from the
Special Report on Emissions Scenarios (SREB)C, 2000) The A2 scenario

assumes a very heterogeneous world with continuously increasing globatfmpul

and regionally oriented economic growth that is more fragmented and slower than in

some other scenarios.

The representative farms approach, as propos&asterling et ali1993)was used
to select typical farms within the Southeastern US with typical farming systems
representing homogenous climates, soils, vegetatod land uses within the study
region. Representative farms were located in Alabama, Arkansas, Missouri,
Mississippi, Florida, Kentucky, Louisiana, Texas, Georgia, and Tennddsee.
predominant soil mapped @ach farm location was used in the simulat®mil types

and their propertiegsed in the simulations are showrnTable 42
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Table 42 Soil typesand their propertiessed in EvironmentalPolicy Integrated
Climate modekimulations

Representative Soil type Organic Bulk CEC, | pH
farms located carbon | density, | cmok
in the content,| gcm® kg™
following %
Southeastern
US states:
Alabama Fine, kaolinitic, thermic, 0.75 1.37 2.7 55
rhodic paleudult
Arkansas Fine-silty, mixed, active, 0.93 1.35 10.1 5.9
thermic typicendoaqualfs
Florida Finelloamy, kaolinitic, 0.69 1.39 4.0 56
thermic typic kandiudults
Georgia Fine-loamy, kaolinitic, 1.1 1.38 35 54
thermic plinthic
kandiudults
Kentucky Fine-silty, mixed, active, 1.3 1.31 2.9 6.1
thermic ultic hapludalfs
Louisiana | Fine, smectitic, thermic 1.6 1.40 8.3 6.0
typic albaqualfs
Mississippi Fine, smectitic, thermic 1.5 1.37 9.9 5.8
typic endoaqualfs
Missouri Fine, smectitic, mesic 3.6 1.29 194 6.6
aguertic argiudolls
Tennessee | Finesilty, mixed, active, 1.2 1.35 9.4 5.9
thermic ultic hapludalfs
Texas Fine, smectitic, thermic 1.0 1.30 8.9 6.1

udertic paleustalfs

Simulations were performed on farms using typical existing technologies and

management practiceBhe EPIC model was updatedth crop varieties used in

simulations according to the region in which they were gréMinmepresentative

farms in the Southeastern region drain to the Mississippi river or directly to the Gulf

of Mexico. Soil databases from the United States Departaiekgriculturei

Natural Resources Conservation Service (USTRCS) Soil Survey Geographic

Database were used to input the required soil properties into the EPIC model.
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Simulations were performed for the upper 150 cm of soil profile in 10 cm increments.
The total number ahdependent simulatiorvgas 1200 (10 farms x 6 crops x 5
scenarios x 2 Cglevels x 2 treatments/adaptations). Land management and fertilizer
application rates were based@afino stresso approach to repre
futureyields. Up to 20(kg ha® of nitrogen, 50 kdna* of phosphorus anthe best
favorable planting and harvesting days were used for model simulagpigcations

of potassium and sulfur fertilizer as well ascronutrients wrenot included in the
simulatons. The simulated land area at each farm was 10 heclidresesponse

variables werecorn and soybean yieddas well asheaggregated yieklof three G

crops (soybean, alfaliedicago sativd..), and winter wheaTriticum aestivum

L.)) and three gcrops (corn, sorghuifsorghum bicoloL..), and pearl millet

(Pennisetum glaucuin).

Statistical Analysis

The experiment was analyzed as a randomized complete block design wighosglit

in time for the baseline vs. future comparisons, and as a randomized complete block
design with repeated measures for comparisons betiveprriods ottheregional
models.Experimental units consisted of 10 farthat were placed intone ofthree
regionsthat allowed regional comparisons to be made farmsand groupingsvere

3 in the Soutl{Florida, Georgia, Alabama} in the Wes(Texas, Louisiana,
Mississippi)and 4in the North(Arkansas, Missouri, Tennessee, Kentuclggrms

within regions were used as blocks (Izaurralde et al., 2003) within which the main

plots were assigned to 2 x 2 factorial combinations of biochar and irrigation. The sub
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plot factos werecorn @ soybearand aggregated yields o Gr C, crops.For cases
involving temporal data on the same experimental units, appropriate repeated
measures analyses were performed. Five different climate scenarios were used for
comparisons: one historical baselswenario (1979 2009) and four future climate
scenarios (20382068). Periods for the future scenarios were averaged for 5 year
interval periodsand were treated as repeated measkrgsre scenarios were not
statistically compared across RCMs becaurseof the reasons the regional climate
models were created were to have statistically different weather scenarios. A second
reason that the regional climate models were not included into the statistical analyses
were that their inclusion created excessie number of compleinteraction effects

that made data analysis and interpretation impossilmparisons were mage)

between baseline and future scenaaiong (2) between the 5 year periods within each

future climate scenario

All statistical analyss were performed using the MIXE®ocedure in SAS v. 9.3

(SAS Institute 2013). We evaluated the crop yields as response varialied.SD-

adjusted significant differences (following a significant F test) were used for multiple

mean comparisons.

In total, there were six groups of comparisons made in this study.

1. Comparison between past (baseline) and future corn yield predicted by the

four regional climate models/scenarios.
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2. Comparison between past (baseline) and future soybean yield predicted by the
four regional climate models/scenarios.

3. Comparison between past (baseline) and future yield for C3 and C4 crop types
predicted by théour regional climate models/scenarios.

4. Comparisons between future corn yields predicted bfotlnaregional climate
models/scenarios.

5. Comparisons between future soybean yields predicted dguhesgional
climate models/scenarios.

6. Comparisondetweerfuture yields for C3 and C4ap types predicted by the

four regional climate models/scenarios.

Reaullts and Discussion

NnCorSoybeanodo Historical Baseline Yield vs.

Three of the fouRCM models predicted statistically significant differences between
thebaseline anthefuture corn yield with yieldincrease$rom 36 to 84%when
compared tahebaseline scenari@able 4.3) The reasons for tiseincreases in corn
yields were associated with greater availability of soil moisture resulting from greater
ratesof precipitation There wasa statisticallysignificant region xlimate model
interactionin case of the RCM3C modtiat indicatedhat all the regions did not
behave in the same manner for this regional climate model finding is in

agreement withzaurralde et ali2003)who simulated effects of climate change on

corn yield in the United Statessing theHadley Center model. They fod that corn

yields in the SoutheasteldsS will increase, compared to historical baseline scenario,
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with an average value of about 10%, depending on the rdg¢pothe soybean yields,
there was a trend in tltatathatsuggested decreassoybean yieldsof all RCM
modelswhencompaedto the baselineyields, but no statisticly significart

differences weréetected (Tabld.3). This finding was also similar to the conclusions
reached byzaurralde et al(2003)who found that future climate change impacts on
soybean yieldin the SoutheastetdS would result in yield decrease

Table4.3 Comparisons between predicted corn and soybean yields using historical

baseline climate data and regional climate models* datéerswithin the same
columnindicate LSD mean differences at P < 0.05

Model Crop Yield (Mg ha")
Corn Soybean

NARR (baseline) 6.43a 0.92a

CRCM 11.78b 0.96a

HRM3 10.31b 0.84a

RCM3G 8.77b 0.82a

*(NARR 1 Historical baseline climate scenario; CRCNMhe Canadian Regional Climate
Model with the Third Generation Coupled Climate Model; HRMI$ e Hadley Regional
Model and the Hadley Coupled Model version 3; RCM3®e Regional Climate Model
Version 3and the Geophysical Fluid Dynamics Laboratory Global Climate Model;iLSD
Least significant differences

Different regions exhibited different corn yield responges.example, thRCM3C
modeldisplayedstatistically significant increases in corn yielidrthe South and
West regionsbut not for the North regio(Fig. 4.1). When examining soybean yields
for the RCM3C modelthe North region displayed a 20% decreased yield that was
statistically significantthe South region displayed no significdifterences in

yields, and the West region displayed a 35% yield increase thatatessically

significant(Fig. 4.2). These differences resulted from variations in moisture

availabilityand temperature stresseglifferent regions.
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Fig. 4.1 Comparison otornyields for the North (N), South (S), and West (W)
regions using the 19792009 the NARR Klistorical baseline climate scengriata
and predicted yields for the RCM3CThe Regional Climate Model Version 3 and the
Third Generation CoupteClimate Modél regionalclimatemodel. Letters indicate
LSD (Least significant differencgsnean differences at P < 0.05
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Fig. 4.2 Comparison oéoybearyields for the North (N), South (S), and West (W)
regions using the 19792009 the NARR Klistorical baseline climate scenayridata
and predicted yields for the RCM3CThe Regional Climate Model Version 3 and the
Third Generation Coupled Climate Mojletgionalclimatemodel. Letters indicate
LSD (Least significant differencgsnean differences at P < 0.05
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Cz.and G Crop Types: Historical Baseline Yield vs. Future Yield Comparison

There was a significant regionrRCM interactionfor the RCM3C modelDifferences

in crop yields were not statistically significant betweenhis®rical baselinend

future climate predicted by the RCM3C mo#tei the North and South regions (Table
44).

Table4.4 Comparison between historical baseline and futorabinedcrop yields
using the RCM3C regional climate mod€lop yields are reportdazased on

combinedyieldsdue to the absence of significant interactions between crop type and
model.Letterswithin the sameolumnindicate LSDmean differences at P < 0.05

Model* Aggregated Crop Yielddvig ha’

North Region

South Region

NARR (baseline)

3.74a

4.22a

RCM3C

3.54a

4.65a

*(NARR 1 Historical baseline climate scenario; RCM3The Regional Climate
Model Version 3 and the Third Generation Coupled Climate Model; LE€ast
significant differences

Significant yield differencedNortweadSouthdi spl ay

regionssimulations (Tabl&.5) with C, crops producing significantly higher
aggregated yields in comparison to thgefops.

Table 45 Aggregated crop yields ofs@nd G crops for the North and South regions
across RMC3(The Regional Climate Model Version 3 and the Third Generation

Coupled Climate Modebegional climate modeLetterswithin the same&olumn
indicate LSD mean differences at P < 0.05

*(LSD 1 Least significant differencgs

Crop Type Aggregated Crop YielddVig ha”
North Region | South Region

Cs 2.42a 2.54a

Cy 4.86b 6.33b
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For the West region, there was a signifidd@@M x crop type interactiofor the
RCM3C modelwith significant increasesf up to 85%n aggregatedrop yields for
the C,4 cropsin comparisortio the historical baseline scenarido significant
differences weredetected between baseline and fumggregatedields forthe C3

crops(Fig. 4.3).

mNARR
ORCMS3C

Aggregated Yield, Mg hl

0' T
C3

Crop Type

Fig. 4.3 Comparison of aggregated yields in the West region f@and G, crops

using the NARRfistorical baseline climate scenario) and future climate predicted by
the RCM3C(the Regional Climate Model Version 3 and the Third Generation
Coupled Climate Mdel)regional climate modeletters indicate LS[jLeast

significant differencesinean differences at P < 0.05

Significant interactions did not exist between crop type and model indicating that
aggregated yields forg@nd G crops behaved similarlyceoss all RCMsFor

example, differences in aggregated yields fead G crop types were not

statistically significant between tlnéstorical baselinand the future climate

predicted by the RCM3G model across all regions based on the model main effects.

However, the crop type maeifect was significant, with £xrops producing more
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than twice theaggregategield compared to £crops inthecase of RCNAG regional
climate model (Fig4.4). We concluded that £rops may be better adapted to heat
and moisture stresses associated with climate change due to their better tolerance of

higher temperatures and high light intensitide&ncompared to gcrops.

o
1
——

Aggregated Yield, Mg hl

C4

Crop Type

Fig. 4.4 Comparison of aggregated yields foy&hd G crops using the NARR
(Historical baseline climate scenarar)d future climate predicted by the RCGI3
(The Regional Climate Model Version 3 and the Geophysical Fluid Dynamics
Laboratory Global Climiz Model)regional climate model. Letters indicate LSD
(Least significant differenceg)ean differences at P < 0.05

When comparing aggregated yields the CRCM and HRM3 regional climate
modelsin comparison to the historical baseline scendhiere weresignificant RCM
X crop type interactioswith significantlyincreased aggregatgeldsof up to 50%
for the C4 cropsunderthe CRCM regional climate model asjnificantly increased
aggregated yields of up #b%for the G crops undethe HRM3 regimal climate

model. No significant differensaweredetected between baseline and future

aggregatedields forthe G crops (Fig4.5 and4.6).
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Fig. 4.6 Comparison of aggregated yields fara@d G crops using the NARR
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Climate and Adaptation Effects on Future Predicted Corn Yields

There were statisticallgignificant region YRCM interactiors for all RCM models
requiring thathe databe analyzed separately by each region and md&jethe end

of the final year of theuture simulation period (2068)pm yieldsfor all RCMs
displayed significant declines 0f15% forall models across all regions (Tallé)

in comparison with the begimy yearof the future simulation period (2038&)ield
decreases were primarily associated with increasetber ofdayswith temperature
stressas future climate progressed toward the end of the final year of simulation
These results support findingsTdvetsinskaya et al2003)who investigated
regional impacts of climate change on corn yields in the Southeastern US. According
to their findings, projected declines in corn yields due to clilaémge ranged
between 0 to 40%, depending on the region with@SoutheasterklS. Similarly,
Easterling etl. (2003)foundreductions of corn yields between 10 to 30% for the
North region of the Southeastern UShe casewhenno adaptation measurere

taken to alleviate climate change impacts.

Irrigation hadsignificantimpacts on corn yield®r the North and South regions

usingthe RCM3Cand RCM3Gmodek with yield increases up to 33% (Tali®).

For all other RCMs across all other regions, data suggested a trend in increased corn
yields due to irrigation, buhe patterns of increased conieldswerenot statistically
significant(Table4.6). The reasons for the weaker than expected response to
irrigation was observed is because all RCMs used in this simulation study are

stochastic models that do not predict extreme events like draaugthtscurrence of
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very intense rainfalldnstead, these models operate with weather patterns on average
basis, i.e. thegnvisageoccurrence of droughtad extreme rainfall eventsowever,

the extreme temperatures and precipitation would be averagedraad aspross all

years of the simulation perioll.is also important to notdat all four regional

climate models predicted increases in average annual precipitatioandths may
alsohelp explain the lack of a statistically significant uniform pesiresponse to
irrigation (Table4.1). The dfects of biochar applicatioon future corn yield was not
significant in cases of the North region across all RGM=s\West region fothe

HRM3 andtheRCM3G model, anthe South region fothe RCM3C andhe

RCM3G models (Tabld.6).

The period x biochar interaction was significdot theCRCM model 6s predi ct
for the South regioand displayea significant12%decline in corn yieldgluringthe

last ten years of annual biochar applicagiffable4.7). In the West regiorthe

CRCM and RCM3C models predicted significant declioies6% and 20%,

respectivelyjn corn yieldsduring the last five years of annimbcharapplications

In the South regionsing theHRM3 regional climatenode| the period x bi@har

interaction was significant indicatirtgat biochar applications do not result in a

uniform response for corn yields across all time peribldsvever, when theiochar

simple effects were examined across all future climate periods using the HRM3

mode] there were no significant differences in yield respsasieibutable to biochar

applications (Tabld.7).
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Table4.6 Climateadaptation fects onpredicted corn iglds (Mg ha) for four regional climate modelketterswithin the same
columnfor each effecindicate LSD mean differencas P < 0.05

Regional Climate Model*

Effect CRCM HRM3 \ RCM3C | RCM3G
Region

North | South| West| North | South| West | North | South | West| North | South | West
Period 20382042 | 11.14a - - 10.73a| - 9.76a| 8.53b| 11.84a| - 8.36abc| 11.26ab| 11.07a
(years) 20432047 | 10.9ab - - 10.33ab] - 9.12b| 9.07a| 11.22b - 7.91bc | 10.72bc| 9.24cd
20482052 | 10.31cd| - - 10.33ab| - 9.72a| 7.82c| 11.3b - 8.4ab | 11.6a | 10.28b
20532057 | 10.15cd| - - 10.2b - 9.92a| 8.38b | 10.51c - 8.45ab | 11.25ab| 9.3cd
20582062 | 10.48bc| - - 10.4ab - 8.72c| 8.46b | 10.98bc| - 8.66a | 10.58cd| 8.74d
20632068 | 9.82d - - 9.59c - 9.25b| 7.89c| 11.05b| - 7.78c | 10.1d | 9.74bc
Irrigation | No 10.19a| 11.9a| 12.3a| 10.24a| 11.4a| 9.09a| 7.17a| 10.14a| 13.3a| 7.65a | 9.96a | 8.41a
Yes 10.74a| 12.0a| 12.4a| 10.29a| 11.0a| 9.74a| 9.55b| 13.16b | 13.3a| 8.87a | 12.88b| 11.05a
Biochar No 10.79a - - 10.52a - 9.49a| 8.50a| 1l.4a - 8.37a | 11.04a| 9.88a
Yes 10.14a - - 10.01a| - 9.34a| 8.22a| 10.9a - 8.15a | 10.8a | 9.57a

*(NARR T Historical baseline climatscenario; CRCM The Canadian Regional Climate Model with the Third Generation Coupled Climate

Model; HRM3- The Hadley Regional Model and the Hadley Coupled Model version 3; RCMIBE Regional Climate Model Version 3 and
the Third Generation Coupled @late Model; RCM3G The Regional Climate Model Version 3 and the Geophysical Fluid Dynamics
Laboratory Global Climate Model; LSEL east significant differences)
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Table4.7 The effects of biochar applications on corn yieldgfia®) for different interval periods under each different regional
climate model.Letterswithin the same column for each periodicate LSD mean differences at P < 0.05

Effect Biochar Model*
CRCM | HRM3 | RCM3C
Region
South West South West
Period x| 20382042 No 12.45a 12.54a 11.50a 14.03a
Biochar Yes 12.42a 12.54a 11.49a 14.02a
20432047 No 12.18a 12.40a 11.27a 13.82a
Yes 12.03a 12.41a 11.26a 13.81a
20482052 No 12.36a 12.75a 11.71a 13.89a
Yes 11.87a 12.72a 11.37a 13.58a
20532057 No 12.30a 12.70a 11.62a 13.69a
Yes 11.59a 12.43a 11.05a 13.18a
20582062 No 12.16a 12.40a 11.18a 13.31a
Yes 11.11b 11.73a 10.31a 12.36a
20632068 No 12.19a 12.65a 11.49a 13.17a
Yes 11.26b 11.06b 10.44a 11.16b

*(NARR T Historical baseline climate scenario; CRCNMhe Canadian Regional Climate Model with the Third Generation Coupled Climate
Model; HRM3- The Hadley Regional Model and the Hadley Coupled Model version 3; RCNMIBE Regional Climate Model VersioraBd

the Third Generation Coupled Climate Model; RCM30he Regional Climate Model Version 3 and the Geophysical Fluid Dynamics
Laboratory Global Climate Model; LSELeast significant differences)
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Climate and Adaptation Effects on Future Predicted Saybéalds

There weresignificant region x model interactisracross all regions that required the

datato beanalyzed separatefgr each region and modg€lable4.8).

Soybean yieldslisplayed significant declines of 3% to 15%comparison with the

beginning year of the future simulation period (20f@88)he CRCM and the HRM3

model 6s North region, tmhandRGCEMEC RCAMBeS Grmeo dRd
South and West region&s inthe case with declines in corn yields, future declines in
soybearyieldswere associated wittinincreased number of days with temperature

stress, as future climate progressed toward the end of the final year of sim&iation.

all otherRCMs and regions, therearedeclining trend in soybean yields although

no statisticatifferences were observé@lable4.8). Our findings on soybean yields

seem to be in agreement with the results obtainggdolyone et al2003)who

simulated effects of climate change on soybean yields in the South&Stdimey

found 1030% decreasdn soybean ields in the region due to climate change.

Irrigation and biochaapplicationdisplayed naffects on soybean yiekifor any

RCM across all regionsThere were general positive trends in the data indicating a
positive response of irrigation on soybean yields, but these trends were not
statistically significant (Tabld.8). Thislack of statistical significance for irrigation
effects on soybean yields attributed to the increases in theerage annual
precipitation ratenherent in all the RCMs that created soil conditions such that the

soybearcropswere not subjected to water stressl irrigation was not required
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Table4.8 Climateand adaptatioeffects onpredicted soybearisids (Mg ha’) for each regional climate modéktterswithin the
same column for each effdodicate LSD mean differences at P < 0.05

Effect Model*
CRCM \ HRM3 \ RCM3C \ RCM3G
Region
North | South| West | North | South| West | North | South | West | North | South | West

Period 20382042 | 1.0la | 0.95a | 1.01ab| 0.91a | 0.91a| 0.75ab| 0.81bc| 0.96a | 1.14a | 0.84ab| 0.87a | 1.00a
(years) | 20432047 | 0.98ab | 0.95a| 0.99c | 0.86¢c | 0.92a| 0.71c | 0.88a| 0.85d | 1.13bc| 0.78c | 0.88a | 0.81cd
20482052 | 0.95b | 0.90b | 1.01ab| 0.89ab| 0.87b| 0.76ab| 0.76d | 0.90bc| 1.12c | 0.87a | 0.88a | 0.90b
20532057 | 0.97ab | 0.93ab| 1.02a| 0.88b | 0.91a| 0.79a | 0.78cd| 0.84d | 1.15a | 0.82bc| 0.87a | 0.82cd
20582062 | 0.96b | 0.96a| 1.00b | 0.90ab| 0.91a| 0.68d | 0.83b | 0.93ab| 1.14ab| 0.82bc| 0.86a | 0.77d
20632068 | 0.95b | 0.94a | 1.0l1ab| 0.88bc| 0.92a| 0.73bc| 0.78cd| 0.88cd| 1.14ab| 0.80bc| 0.78b | 0.87bc

Irrigation | No 0.96a | 0.94a| 1.00a| 0.89a | 0.91a| 0.73a| 0.78a| 0.86a | 1.14a| 0.82a | 0.83a | 0.83a
Yes 0.98a | 0.94a| 1.00a| 0.89a | 0.91a| 0.74a| 0.84a| 0.92a | 1.14a| 0.82a | 0.88a | 0.89a
Biochar | No 0.97a | 0.94a| 1.0la| 0.89a | 0.91a| 0.74a| 0.80a| 0.89a | 1.14a| 0.82a | 0.86a | 0.86a
Yes 0.97a | 0.94a| 1.00a| 0.88a | 0.91a| 0.74a| 0.81la| 0.89a | 1.14a| 0.82a | 0.86a | 0.86a

*(NARR T Historical baseline climate scenario; CRCNMhe Canadian Regional Climate Modéth the Third Generation Coupled Climate
Model; HRM3- The Hadley Regional Model and the Hadley Coupled Model version 3; RCMIBE Regional Climate Model Version 3 and
the Third Generation Coupled Climate Model; RCM3the Regional Climate Model Versi@ and the Geophysical Fluid Dynamics
Laboratory Global Climate Model; LSELeast significant differences)
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Future Aggregated Yield Comparisons fgyadd G, Crop Types

There weresignificant region x model interactisifor all RCMs which required that
thedatabeanalyzed separatefgr each region and model. Comparisoihthe
aggregatedields between @and G cropsrevealed thathere was a significant

period x crop type interactidor all models, excagdor theHRM3 regional model,

with C,4 cropsdisplayingsignificantly higher yields for all climate scenarios across all
regions (Tablet.9). As noted abovehe C, crops seem to be better adapted to climate
change thathe C; crops due t@les®r degree ophotorespiationfor the G, crops

under conditions of high light intensities and increased tempesathencompared

to the Cz crops.Aggregated yields forthd RM3 model 6 swefedhet h r egi on
exception as the period x crop interaction was not signifitathis casethe crop

type main effect was significant indicating that overall aggregated yield differences
existed between theé; and G crops with theC, cropsexhibiting increased yields that

was attributable to climate (Fig.7).
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Fig. 4.7 Compaison of theCs; and G, crop aggregated yielder theHRM3 (The
Hadley Regional Model and the Hadley Coupled Model versioad@dnalmodel
South regionLetters indicatd_east significant differencg& SD) in mears
comparisorat P < 0.05
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Table4.9 Comparison of aggregated yields @yand G crops Mg ha) for different time periods under each regional climate
model. Letterswithin the same column for each periodicate LSD mean differences at P < 0.05

Effect Crop Model*
Type CRCM | HRM3 | RCM3C | RCM3G
Region
North | South| West | North | South| West | North | South | West | North | South | West
Period x | 20382042| C3 2.33a | 2.59a| 2.74a| 2.21a - 2.6la| 2.59a| 2.74a | 2.80a| 2.30a | 2.67a | 2.94a
Crop C4 7.47b | 8.62b| 8.71b| 7.41b - 6.96b| 5.58b| 7.89b | 9.37b| 5.27b | 7.35b | 7.41b
Type 20432047| C3 2.41a | 2.60a| 2.76a| 2.22a - 2.64a| 2.50a| 2.74a | 2.79a| 2.26a | 2.59a | 2.86a
C4 7.43b | 8.47b| 8.69b| 7.25b - 6.50b| 5.96b| 7.45b | 9.33b| 5.11b | 7.09b | 6.26b
20482052| C3 2.32a | 2.46a| 2.75a| 2.14a - 2.58a| 2.39a| 2.58a | 2.74a| 2.22a| 2.46a | 2.77a
C4 6.96b | 8.36b| 8.79b| 7.18b - 6.95b| 5.21b| 7.60b | 9.15b| 5.34b | 7.60b | 6.83b
20532057| C3 2.27a | 2.38a| 2.59a| 2.12a - 2.47a| 2.33a| 2.4l1a| 2.58a| 2.16a| 2.36a | 2.77a
C4 6.83b | 8.17b| 8.75b| 6.95b - 7.11b| 5.50b| 7.05b | 8.89b| 5.27b | 7.30b | 6.27b
20582062| C3 2.16a | 2.26a| 2.37a| 1.98a - 2.28a| 2.18a| 2.29a | 2.41a| 2.15a| 2.31a| 2.51a
C4 7.22b | 8.21b| 8.43b| 7.32b - 6.31b| 5.68b| 7.57b | 8.87b| 5.69b | 7.14b | 5.95b
20632068| C3 2.13a | 2.26a| 2.30a| 2.0l1a - 2.17a| 2.02a| 2.33a| 2.29a| 1.96a| 2.33a| 2.41a
C4 6.65b | 8.12b| 8.22b| 6.71b - 6.58b| 5.31b| 7.28b | 8.41b| 5.04b | 6.77b | 6.69b

*(NARR 7 historical baseline climate scenario; CRGlhe Canadian Regional Climate Model with the Third Generation Coupled Climate
Model; HRM3- the Hadley Regional Model and the Hadley Coupled Model version 3; RCM&Regional Climate Model Version 3 and
the Third Generation Coupled Climate Model; RCM3@Be Regional Climate Model Version 3 and the Geophysical Fluid Dynamics
Laboratory GlobaClimate Model; LSD Least significant differences)
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Theirrigation treatmentlisplayeda significant period x irrigation interaction with
significantly higherrombinedC; and G aggregatedields for irrigation treatmest
for all threeregionsusing theRCM3G modelthe South regiorusingthe RCM3C
mode| andthe West regiorusing theHRM3 model (Fig 4.8). Yield increass that
were attributableo irrigation rangedrom 2% to 35%. For all other regions and
modelsthe conbinedC; and G aggregated yields display&e@ndsin the data that
suggested irrigation causatdreassin thecombined aggregatedelds, howevemo

statisticaly significancedifferences weréetected.
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Fig. 4.8 Effects of irrigation on the combiné€} and G aggregated yields during
different time interval periods for the 2038 to 2068 period for different regions and
climate change scenario models identifiedR&M3G the Regional Climate Model
Version 3 and tb Geophysical Fluidynamics Laboratory Global Climate Model)
for the (a) North, (b) South, and (@Jest regions, RCM3Ql{e Regional Climate
Model Version 3 and the Third Generation Coupled Climate Mddethe (d) South
region and the HRM3the HadleyRegional Model and the Hadley Coupled Model
version 3)for the (e) West region
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Analyses othe aggregated yields og@nd G cropsover time intervals that had
received biochar treatments displagaghificant period x biochar interactisfor the
Southand West regionsnder the CRCM modgihe South region under ti#RM3
mode| andthe West region under ti®RCM3C modelFor the above stated regions
and modelsbiochar treatmestsignificantly reduedyields by 26 to20% (Fig. 4.9).
For alltheother rg@ions and mode]she yields displayettendsin the data that
suggested biochar applications caused dealsgesiels, howevermno statisticdly

significancedifferences weréetected.
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Fig. 4.9 Effects of biochar applicatiorm the combine€; and G aggregated
yieldsduringdifferent time interval periods for the 2038 to 2068 period for

different regions and climate change scenario models identified as the GREM (
Canadian Regional Climate Model with the Third Generationp&a Climate

Model) for the (a) South and (b) West regi¢tRM3 ({he Hadley Regional Model

and the Hadley Coupled Model versionf@ the (c) South regigrand the RCM3C
(the Regional Climate Model Version 3 and the Third Generation Coupled Climate
Model) for the (d) West regian

Summary and Conclusions

The four regional climate models used in this study showed a wide range of
differences in maximum and minimum air temperatures, as well as differences in
precipitation for the regions of interest. Generally, the CRCM and HRM3 models
predicted increased miaxum daily air temperatures, while the RCM3C and the
RCM3G models predicted decreased maximum daily air temperatures. All models
except for the HRM3 model predicted decreased minimum daily air temperatures.

Models generally predicted increased precipitafar the Southeastern US which
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partially explains a weaker than expected crop response to the irrigation for some of

the models.

Differences in corn and soybean yields were indicated in response to climate change
for different regions of the SoutheastésS.Compared to the historical baseline, corn
yieldsincreasedhowever, predictionalsoindicatel corn yields decreaddy 12%

due to the continually increedtemperature and moisture stress by the end of the
2038i 2068 simulation period if adaptationeasures/erenot implemented.

Irrigation resulted in an increase of up to 33% in corn yields that was statistically
significant for the RCM3C and RCM3G regional climate models. There was a
positive corn yield response to irrigation for the CRCM and HRM8lels, but the
positive response was not statistically significdime stochastic models used in this
simulation study do not directly predict extreme events like droughtpatidlly

helps explairwhy aweak response to irrigation was observ@dntrary to the
expectations, biochar applications resulted in decreased corn yithe (ORCM,

RCM3C and HRM3 regional modellsut not for the RCM3G regional climate model.

A decreasing trend was generally observed for soybean yields when compared with
thehistorical baseline yields, although the differences in soybean yields were not
statistically significant. Soybeans had statistically significant decreased yields by up
to 15% by the end of the simulation period in 2068 for the South and North regions of
the Southeastern US when the climate scenarios presented by the CRCM, HRM3 and

RCM3G models were used in the simulatiovield decreasem soybearwere
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associated witlagreater number afays with temperature stress toward the end of
the final year ofditure simulation period (2068gven though a trend in the data
suggested positive soybean yield responses to irrigatragggtion andor annual
biocharapplicationshad nasignificanteffecs on soybean yields fany of the
regions using any of the negal climatemodels. Thidack of statistical response
primarily attributed to increased annual precipitation predictealldgur regional

modelssuch that theoybearcrops werenot subjected to water stress.

The models varied in their predictiofts the historical baseline and future
comparisons of the aggregated yields of the groupeth@ G crops. No statistically
significant differences were found betweeyna@d G aggregated crop yields for the
historical baseline and future climate comparisons for the North and South regions
when using the RCM3C model and all regions when using the RCM3G model. In the
simulation for the West region when using the RCM3C modelCjleeops produced
increases in aggregated yields that were generally twice the quantities of increases
observed for the £aggregated crop yields. When comparisons were made between
historical baseline and CRCM and HRM3 regional climate models, sigrifk@n

X crop type interactions were observed. It was determined that tregs generally
produced higher aggregated yields when compared tosthistGrical baseline
aggregated yields. The historical baseline aggregated yields of thegS do not

differ compared to the £aggregated yields predicted when using either the CRCM or
the HRM3 regional climate modelSomparisos of thefuture (2038 2068)

aggregatedields betweerthe Cz and G cropsrevealed thathe C, cropsdisplayed
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significantly hidher yields for all climate scenarios across all regiorith the
exception of th&dRM3 regional modeMWe concluded thahe C, crops which had
greater yieldsseenedto be better adapted to climate change thacr@ps due t@
lesser degree of photopsationfor the G cropsunder conditions of high light

intensities and increased temperatwbsncompared to €crops.

With the exception of the South region when using the HRM3 model,stbe s
produced significantly higher aggregated yields parad to the aggregated yields of
the G crops for the 2038 to 2068 interval periods when using any of the regional
climate models. Irrigation resulted in statistically significant increased aggregated
yields of up to 35% for theombined crop yieldwithin all regions when using the
RCM3G model with similar results presented for several regions when using the
RCM3C and HRM3 models. Corn and soybean crops both exhibited decreased crop
yields when annual biochar applications were uSedilarly, there weralecreased
aggregated yields observed for ttembinedC; and G crops after annual biochar
applications. The regionabmbinedyields were significantly lower towards the end
of the 2038 to 2068 simulation period when using the CRCM, HRM3, or RCM3C

models.

The results of this study demonstrated thiate changean be expected tiffect
theregions @ the Southeastern US differently. The ops seemdto be generally
more adaptive ttheincreasd temperature and water stress associated with thefutur

climate and demonstrated that adaptability by producing greater aggregated yields in
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comparison to the £rops. Annual biochar applications were not effective in

increasing crop yields and in several scenarios caused significant yield Tdeses
wereindications that irrigation may be an effective adaptation technique for

alleviating climate change effects on crop yields in the Southeastern US. The effect of
irrigation will be more or less pronounced based on the regional climate model used
for makingthe future weather predictions. Further research is needed to identify other
adaptation practices for agriculture in the Southeastern US and to quantify the
effectiveness of these adaptation practices in alleviating climate change impacts on

crop yields.
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Chapter 5: Evaluation of Climate Change Impacts and
Effectiveness of Adaptation Options on Nitrate Losses,
Microbial Respiration, and Carbon Sequestration in the

Southeastern United States

Abstract

Changes in temperature, g@nd precipitation patterns associated with climate
change present a challenge for agriculture in the Southeastern UnitedStates.
EPIC (Environmental Policy Integed Climate) model was used to ke the
potential impacts of climate changedadapations omitrate leaching and runoff
losses, microbial respiration, and soil carlsontentfor representative farngrowing
Cs and G cropsin Alabama, Arkansas, Missouri, Mississippi, Florida, Kentucky,
Louisiana, Texas, Georgia, and Tennessatwee grouped into North, West, and
East regions for analysim this modeling study, three;€rops were represented by
combined yields of soybed@lycine max..), alfalfa(Medicago sativd..), and

winter wheat(Triticum aestivuni.), whereas ¢crops wergepresented by combined
corn(Zea mayd..), sorghum(Sorghum bicolot..), and pearl millet yields
(Pennisetum glaucum). Adaptationancluded annual biochar applications and
irrigation occurring prior to plant stresistorical kaseline (1979 2009) and future
(20381 2068)climatescenarios were used for simulations with baseline and future

CO, concentrations of 360 ppmv and 500 ppmv, respectively. Climatic data for
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baseline scenarios used NOAASKARRPrth Amer i

database. Climatic data for the future scenarios used the North American Regional
Climate Change Assessment Program (NARCCAP) database. Four regional climate
models(RCMs) were used for the future simulations to project different patterns of
charges in air temperatures, precipitation, and solar radiation that are expected to
occur over timeThe experiment was analyzed as a randomized complete block
design with spliplots in time for the baseline vs. future comparisons, and as a
randomized compte block design with repeated measures for comparisons between
periods of regional modelResults of this study indicate¢hat climate changeill
increase nitrate leaching and runoff losses by 40 to 90% compaaddstorical
baseline scenarioecausef futureincreasednnualprecipitationaspredicted by the
four RCMs. Under G crops, nitrate leaching losses were significantly lower than
under G crops by 50 to 85%, but crop type had no significant effatnitrate losses

in runoff. Although nouniversallysignificant, data trends suggest decrdasgate
leaching lossem response tbiochar application and increakaitrate leachingn
response tarigation. Future climate caudsignificanty increasd microbial

respiration rates by as muabk 20% for G crops in comparison with historical rates.
Comparison between individual future 5 year periods with&20387 2068

simulation period reveatithat biochaapplicationsand G crops causgmicrobial
respiration rates to increase by 20 t8#5o0il carbon rates were significantly

affected by crop type and biochaplication Soil carbon accumulation was
significantly greater under biochar application by as much as 40%, and under C

cropsby about 5%. The results of this modeling study inedttat during 2038
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2068 there will be increadaitrate lossesttributable taclimate change in the
Southeastern 8in comparison with the historic baseline scenario of 22®09.
Similarly, there will be increasiemicrobial respirationn responsé¢o C, crops and
biocharapplicatiors. Overall, G crops and biochagapplicationgesulted in
significantly greater soil carbon sequestration and, althoughnmearsally
significant, reductiosin nitrate lossedrrigation resulted in greater losses dfaie

in leachate and runoff, however, no significan@sdetected.

Introduction

Climate change

Global climate change is perceived by some as the greatest environmental challenge
the world is facing at the present tirfdig et al., 2002) Increasing amospheric CQ

is thought to be a driving force leading to climelt@nge. A large portion of

increased atmospheric @Eoncentrations is the direct result of human activities,
primarily the burning of fossil fuels, cement production, and modified-lesed
patterngIPCC, 1996) Climate change is expected to impact guopduction,

hydrologic balances, livestock managemeantl other components of the agricultural
sector(Adams et al., 1998)n addition to its direct effects on weather, clienat

change will also influence the severity of abiotic stresses such as drought, biotic
stressesandpest pressuson agricultural systems. It is anticipated that climate
change will not only change the mean values of many climatic properties, but it will

also change the distribution and frequencies of weather patterns that will lead to
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increases in the occurrence of extreme events such as droughts and floods. To gain an
understanding of climate change impactsgricultural systems requires a holistic
perspective to understand the implications of the interactions of changing

temperature, Cg& and precipitation onropgrowth and development processes. The
likelihood that additionathanges in the climate will occur over this century is almost
certain; hovever, the magnitude and the scale of climate change impacts are

uncertain.

Climate change impacts on agriculture

World demand for agricultural products in 2030 is predicted to increase by one third
of what it was in 201QFAO, 2002a) To meet future needs for agricultural products,
an additional 120 million ha of land will need to be converted to cropland by 2030
(FAO, 2002b) During thistime period the need for urban land will continue to grow
and it is thought that the additional land for crop production will come from forest
land thatwill be clearedFAO, 2002b) At the same time, the agricultural sector is
likely to be significantly affected by regiahchanges in temperature and

precipitation, so there is no certainty that agriculture will be able to satisfy increased
food demands from the ever growing population. Crops may initially benefit from a
CO; fertilization effect caused by higher atmosph&@, concentrations, but high
temperatures, drought, and other environmental stressors associated with climate
change may outweigh the positive £fertilization effects on crops and result in

yield reductions. The response of agricultural systems toefetiainges in climate
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depends strongly on management practices and the development of new practices to

address the climate change impacts.

Climate change impacts on agricultural nitrate losses into the Gulf of Mexico
Agriculture and water resources are closely interconnected so climate change through
its impact on agriculture will also impact the qualityus freshwater and coastal
ecosystems by altering precipitation, temperature, and runoff pafBaren et al.,

2013) Nitrogen (N) is one of the most important nutrients used in crop production
and its loss from agricultural lands greatly influences freshwater quality. Excessive N
in surficid waters is primarily responsible for algal blooms that lead to decreased
aguatic biodiversity. Presently, twihirds ofUS estuaries are degraded from N

pollution (Baron et al., 2013; Bricker et al., 2008)trogenis a highly mobile

element, moving freely in a cycle through the atmosphere, waterasgdiplants in

its many chemiddorms. The nitrogen cycle idfacted by climate change more

easily and severely than the carbon cycle and, therefore, nitrogeraplagportant

role when the impacts, mitigation, and adaptation strategies of climate change are

being addresseg@uddick et al., 2013)

Nitrogen and phosphorus fertilizer applications used in bb@esed agriculture have
been tied to increased stream nutrient |Iqatigfield et al., 2013)hat eventually
make their way to the MississipRiver and the Gulf of Mexia. These pollutants

have caused the formation of a vast hypoxic zone in the northern part of the Gulf of
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Mexico. Nitrogen and phosphorus, after reaching surface waters, result in the
increased growth of algae whose decomposition deplete oxygen from néfera
hypoxic and anoxic surface water conditions. Nitrogen transport mechanighes, in
form of nitrateN, are dominated by leaching and tile drainage of water from
agricultural land¢Jaynes et al., 2001; Singer et al., 20Bijice more than 70% of

the N delivered to the Gulf of Mexico comes from the agricultural fields within the
MississippiRiver basin(Alexander et al., 2008; Baron et al., 2013; Brown and Power,
2011; Smith et al., 199/t is expected that increased precipitation associated with
climate change will increase the quantities of N runoff and leaching and will result in
further declines of freshwater quality if timely adaptation measures are not
implementedHatfield et al., 2013)In addition to the surface water inputs, enriched

N groundwater with residence times from ten to hundreds of years can add to the
pollution problem by strongly influencing stream and estuarine water quality for

decadegBaron et al., 2013)

Regional modeling and adaptations

Modeling driven by historical and future clate scenarios has been an essential tool
for testing hypotheses concerning the impacts of climate change on the agricultural
sector(Rosenberg, 1992Vtilizing general circulation models (GCMs), previous
researchers routinely used global and national contexts to evaluate the possible
changes caused by climate change on agriculRagy et al., 1999; Reilly et al.,

2003; Rosenberg, 1992 owever, the resolution scale at which national and global

scale simulations have been performegeen as too coarse for detailed
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interpretation®f climate change impac(&ates, 1985Thomson et al.2005The

main concern with using GCMs for regional predictions ghatie change impacts
arises due to the fact that regional impacts of climate change may not be fully
embraced by a resolution tfel00 kilometers resolution that is typical of most
GCMs. This low resolution becomes a problem when trying to make climatgecha
interpretations on a regional level. Therefore, regional climate change modeling is
currently widely utilized and incorporates a higher resolution scale of 100 meters

allowing climate change interpretations to be made on the local level

Climate chage will likely force farmers to take steps to minimize yield losses from

its deleterious impacts and to maximize yield gains fizrbeneficial impacts.

Farmers will be faced to utilize either mitigation and/or adaptations to help alleviate
the climate bhange impactdMitigation is the use of current or future technologies to
counteract emissions of greenhouse gases and thus contribute to their stabilization in
the atmospherddaptationis the use of current or future technologies which are
designed todssen adverse impacts of climate change on human and natural systems.
The main goal of adaptation is to reduce the vulnerability of agriculture to the
detrimental impacts of climate change. Early regional modeling studies that
considered the use of adaptat to help alleviate the impacts of climate changee

done byEasterling et al(1992a; 1992b)in these studies, the MINK region

(Mi ssouri, lowa, Nebraska, Kansastjric was use
climatic data on agriculture and the effectiveness of possible adaptations to counteract

the climate impactthat occurrediuring the Dust Bowl period (i.e. the area was
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known as the Dust Bowl for its persistent drought and erosion). It was floaind t
some adaptatiorss suggested by the authors of these stuslieh as early planting,
long-seasorcultivars, planting density, andge ofcultivarsin simulationswith
improved radiation use efficiency and stress tolerance were able to partly alleviat

yield losses induced by climate change during the Dust Bowl period.

Biochar as climate change adaptation tool

Biocharapplication to soihas recently received widespread attentioa @stential
climate change adaptation tool. There were abdoizen articles on biochar
published in 2000in 2012,3000plus articlesverepublishedthataddressda wide
range of topic§Maddox, 2013)However, no modeling studies have been
implemented so far to evaluate biochar as an adaptation tool to test its ability in
reducing nitrate losses and its effect onaibial respiration and soil carbon. The
International Biochar Initiative (International Biochar Initiative, 2014) defines
biochar as fingrained charcoal high in organic carbon and largely resistant to
decomposition. Although biochar is typically derivieaim plant and waste feedstocks
in which the carbon may have been readily available, after pyrolysis the resultant
biochar may consist of up to 90% recalcitrant carbon. When applied to soil as an
amendment, biochar creates a recalcitrant soil carbonwbiah is carbomegative

in nature. This net withdrawal of atmospheric A®©stored in the soil carbon stocks
and is very resistant to decompositi&nzyakov et al(2009)concluded that the
half-life of biochar under natural soil conditions is about 1400 years. Carbon pools i

biochar typically possess an approximately 2% fraction of readily bioavailable C,
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approximately a 60% fraction of C that is slowly available over decades, and
approximately a 38% fraction that is considered ta passive pool thawill be
available ovecenturiegJoseph et al. 200@ehmannret al.2009 Zimmerman 2010
Lychuk et al., 2014)Biochartypically possases a number of distinctive beneficial
characteristicsvhich includea high cation exchange capacity (CEC) of 40 to 190
cmok kg™, ahigh porosity in comparison to soil, polyaromatic complex chemistry
compounds, and a high surface area and reacf{kynson et al., 2010; Lairdt al.,

2010b; Lehmann et al., 2006)

Biocharapplicationhas been found to decrease nutrient leacbingrious forns of

N and Pfrom agricultural soilgLaird et al., 2010a; Lehmann et al., 2008)s

thought that due tits high surface charge density, it enables the retention of cations
by cation exchangg.iang et al., 2006)Other mechanisms of nutrient retention
includes biocharés ability to adsorb organ
because oits high surface area, its internal porosity, and the presence of both polar
and nonpolar surface sited.aird et al., 2010a)it has also been shown that biochar
applicationincreases soil microbial respiration rates, soil microbial bionzess

nutrient cycling(Rogovska et al., 2011; Steiner et al., 2008; Warnock et al., 2007)
These effects on soil microbiology affect the quantities of soil carbon and influence
eitherthe carbon sequestration ordasf carbon from the soil profile. The feedstock
material used for biochar production and the type of pyrolysis used play key roles in
bi ochar 6s pr o mierobialirespsratidipnoaesses imspilaThdse

suppositions were confirmed Byuzyakov et al(2009)who found tkat the presence
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of easily metabolized organic carbon accelerated biochar decomposition. Similarly,

Spokas et al2009)observedothincreases and decreases in,C&esexudedrom

biochar amended soils suggesting that biochar quality plays an important role in

influencing soil microbial processes. Other researqliBatslock and Smernik, 2002;

Hamer et al., 2004; Shneour, 196@)e reported that biochar can be metabolized by
microorganisms and that leebtrophic decomposition is the most important

mechanism of biochar decayguyen and Lehman{2009)observed that carbon loss

from biochar under unsaturated conditions was significantly higher than under

saturated conditions suggesting thail water regimes may play an important role in

bi ochar 6stheds®hdviaomd it i s | i kely that bioch

mechanism that controls its stabilitytime soil.

Research objectives

There have been no previous regional modelindissuthat have evaluated the

climate change impacts and the use of adaptations to influence nitrate loads from
agriculture in the Southeastern United States. Lychuk et al. (2014) tested a-biochar
enhanced version of the Environmental Policy Integrateda@intEP1C) model to
simulate biochar behavior in an Oxisol agingthe experimental data reported by
Major et al. (2010). In this modeling study, the same enhanced version of the EPIC
model discussed in Lychuk et al. (20145 been usedh addition, ve coupled the

EPIC model with four regional climate models fitted within global climate models to
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evaluate the effects of future climate change and the effectivengespodposed
adaptation practicesf biochar application and irrigatian nitrate lealking and
runoff losses, microbial respiration, acldanges irsoil carbon contents from
representative farms growing @nd G cropsin Alabama, Arkansas, Missouri,
Mississippi, Florida, Kentucky, Louisiana, Texas, Georgia, and Tennddsee.
funder of ths project the US Department of Energselected the ten Southeasterd
statesin which representative farms were located fandvhich simulations were

performed.

The specific objectives of this modeling study were:

1. Compare differences in historicaadeline and future predicted values
of nitrate losses, microbial respiration and soil carbon content trends, as
well as the influence of the aggregated impacts;a@rn@ G crops on
these parameters in the past and in the future.

2. Compare the predictadtrate losses, microbial respirati@nd soil
carbon content trends for the four RCMs during the 203868
period.

3. Evaluate the effectiveness of biochar applications, irrigation, and the
influence of G and G crops on nitrate losses, microbial respma and

soil carbon content trends for the four RCMSs.
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A companion paper looking at the effects of climate change and adaptation strategies
on crop yields in the Southeast&if was presented in the previous chapter of this

dissertation.

Materials and Methods

Description of the simulation model

TheEnvironmental Policy Integrated ClimgePIC) model(Williams, 1995)was

used for simulating impacts of climate change and proposed adaptations on nitrate
lossesmicrobial respirationand soil carbon content within the Southeastern US.
EPICis a widely tested model originally built to quantify the effects of soil erosion
and agricultural productivity. EPIC operates on a daily time step and can perform
long-term smulations (hundreds of years) on watersheds up to 1@9dize Since

its inceptionthe EPIC model has evolved into a comprehensive-agasystem

model. The model uses the concept of radiatisa efficiency (RUE) by which a

fraction of daily photosynthetically active radiation is intercepted bgrbecanopy

and converted intoropbiomas. In addition to solar radiation, other weather

variables, such as temperature, precipitation, relative humidity and wind speed are
used for simulations inputs. EPIC can simultaneously model the growth of about 100
plant species including crops, nativagges, and trees; intenop, covercrop

mixtures, and/or similar scenarios can be simulated. Crops can be grown in complex

rotations and management operations, such as tillage, irrigation, fertilization and
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liming (Williams, 1995) The model accounts ftine effects of tillage practices on
surface residyesoil bulk densityresidue ad nutrients mixing in the surface layer
water and wind erosigQisoil hydrology soil temperature and heat flo@, N, and P
cycling; effects of fertilizer and irrigation on crop growfate of pesticids; and
economicsStockle et al(1992)modified EPIC to account for the G@rtilization
effect on growth of gand G crops.A comprehensive description of the EPIC model

application and devefgment was presented Basman et al(2004)

EPIC has undergone many improvements and intensive testing under diverse climate,
soil, and management environments. Recently, several improvements have been made
in EPIC. These include implementation of a coupled carbivagen sbmodel to

simulate terrestrial carbon dynamics as affected by environmental and management
factors.A detailed description of the new C and N algorithms can be found in

Izaurralde et al2006)

Among a variety of available simulation models, ElR&Sproven to be one of the

most reliable in its accuracy to predict crop/biomass production based on climatic,
soil, operational managemeand other relevant dataong-term field experiments

have verified reasonable precision in representing these interactions in the US and
Canaddlzaurralde et al., 2005; Izaurralde et al., 20E)IC has been successfully
validated at the global scale with favorable resultsyelsas in many regions of the
world under varying climates, soils, and management environments including China

Argentina,the Unhited Statesltaly, and other countrie@pezteguia et al., 2009;
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Chavas et al., 2009; Costantini et al., 2005; Diaz et al., 1997; Edrandds
Rosenberg, 2005; Thomson et al., 2008)r more detailed information on EPIC

algorithms and more idepth model description refer lwaurralde et ali2006).

We previously updated the EPIC model with algorithms describing the influence of
bi ochar amendments on crop yields and i mpo
performance as described in Lychuk et al. (2014). For this modeling studyeivlis

updated biochar enhanced version of the EPIC model was used.

Climatic input data and scenario runs

We followed the standard approach to determine the impacts of climate change on
crop yields by comparing the results based on historical basetiaer data and

future predicted weather influenced by climate chahiggorical and scenaridriven
approaches were used for designing and conducting simulation runs. Historical
weather data from 1979 to 200&s0 bt ai ned fr om NOAAOGal North .
Reanalysis (NARR) databa@desinger, 2004)NARR isa longterm, consistent
high-resolution(on a scale of about 100 metecBinate dataset for the North
Americancontinentand is a major improvement in both resolution and accuracy in
comparison to the earlier global reanalysis datasets. Climatic dake flarture

scenario runs of 2038 to 206&sobtained from the North American Regional

Climate Change Assessment Program (NARCCAP). NARCCAP provides high
resolution future climate scenario data for most of the North America continent using

regional clima¢ models, coupled global climate models, and{siiee experiments
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(Mearns, 2007, updated 201Zhe year 2038vas selected as a starting point for

future simulations because climate change effects are predicted to cause notable

i mpacts beginning in t h(leCd 2007e)The 03 006s t o ¢t h
stochastic weather predicting models used in this simulation study have limitations in

that they do nopredict the occurrence of extreme events like droughts and very

intense rainfalls. Instead, these models operate with weather patterns on an average

basis, i.e. they envisage the occurrence of droughts and extreme rainfall events,

however, the extreme tematures and precipitation would be averaged and spread

across all years of the simulation period.

Simulations using historic weather data were conducted undep add€entration of
365 ppm. The future weather simulations were conducted undes eo@GCGmtration

of 500 ppm.This concentration was selected based on the projecgposted in the
IPCC reports (IPCC 2014; IPCC 2007; IPCC 2001) and available literature
investigating future impacts of climate change on agriculture in the US (lzaurralde et
al., 2003; Parry et. al., 1999; Carbone et al., 200%) adaptation practices evaluated
were annual additions of biochar in the amount bfgsha® and irrigation occurring
prior to plant stresgplant available water deficit in the root zon€he biochar \as
incorporated in the soil with a single pass of a disc harrow to a depth of 5 cm one
month prior to plantingThebiochar used was a traditionakyin-produced hardwood
biochar. Cation exchange capacity (CEC) of the biochar was 187 kyifolCarbon
content of the biochar was 72.9%dtotal N content was 0.76% with the C:N, H:C,

and O:C ratios being 120, 0.018 and 0.26, respectively. Ash content of the biochar
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was 4.6%. The pH (#0) and pH (KCL) of the biochar were 9.20 and 7.17,
respectively. Plaravailable water deficit itheroot zone {65 mm) was used as a
parameter to trigger irrigation. Depending on the severity ofrithygavailable water
deficit in the root zone, the amount of water applied varied between 25 and 75 mm
each time irrigation amrred. Three €and three ¢crops were used for simulations

in this study.The C; crops were represented by combined yields of soy(elcine
maxL.), alfalfa(Medicago sativd..), and winter wheg{Triticum aestivuni..),
whereaghe C, crops were re@sented by combined cofiea mayd..), sorghum
(Sorghum bicoloL..), and pearl millet yieldPennisetum glaucum).

For future weather simulations, four regional climate models (RCMs) were used that
had boundaryeatherconditions defined by global adels. The RCMs used in this

study were:

1 The Canadian Regional Climate Model with the Third Generation Coupled
Climate Model (CRCM CGCMB3)

1 The Hadley Regional Model and the Hadley Coupled Model version 3
(HRM3 HADCM3)

1 The Regional Climate Model Version 3 and the Third Generation Coupled
Climate Model (RCM3 CGCM3)

1 The Regional Climate Model Version 3 and the Geophysical Fluid Dynamics

Laboratory GCM (RCM3 GFDL).
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Table5.1 summarizes regional distribution of air temperes and precipitation

under baseline (NARR) conditions and deviations from the historical baseline
predicted by the four RCMs.

Table5.1 Regional distribution of air temperatures and precipitation under historical
baselineNorth America Regional Reanaig (NARR, 1979- 2009 conditions and

deviations from the baseline predicted by the fegional climate models'RCMs)
over thefuture 30-year simulation perio038i 2068)

Model Representative farms in
AL |[AR [FL [GA |[KY [LA [MS [MO|TN [TX
Maxi mum daily air temperature (AC)

NARR 2051208 (245 [23.6 [17.2|24.1 [22.7 |16.7{20.1 |[25.1

CRCM 23 |33 |16 19 |24 |26 (33 |32 [3.0 2.6

HRM3 02 |26 [1.0 14 (29 |22 |26 |41 |31 1.8

RCM3C |05 (04 [-16 |-14 [04 [-09 |-0.3 |1.7 |0.7 -1.2

RCM3G |-1.1 |-14 |-27 |-27 |-1.3 [-2.0 |-1.7 |-05]|-09 |-3.6

Mini mum daily air temperature (AC)

NARR 122 (11.7]16.1 (148 (9.2 |155]13.6 (8.03|11.4 |15.1

CRCM -15 |-05 |-16 ([(-1.1 |-1.0 |-0.1 [-04 |-0.1|-0.5 [-2.0

HRM3 -1.3 11.96 (0.2 06 |09 |15 |18 [29 |21 1.5

RCM3C |-10 |-08 |-21 |-1.2 |-1.1 |[-1.2 |-1.1 |0.1 |-0.6 |-2.2

RCM3G |-2.7 |-22 |-31 |-24 |-29 [-25 |-22 |-1.8]|-21 |-3.8

Precipitation (mm)

NARR 1328( 1202|992 | 1220 | 1217]1503| 1311 953 | 1281 | 853

CRCM -87 |-80 [107 [-141 [211 |-432 (-199 |-15 [-66 [-194

HRM3 51 69 |262 |67 254 |-360 |-59 [97 |[-7 4

RCM3C |42 68 |631 |265 [126 |-186|-99 (232 |40 25

RCM3G |-48 |-28 |494 |204 |105 [-188|-157 |81 |-60 |101

*(NARR 1 Historical baseline climate scenario; CRCGhkhe Canadian Regional Climate
Model with the Third Generation Coupled Climate Model; HRM3e Hadley Regional
Model and the Hadley Coupled Model version 3; RCM3iae Regional Climate Model
Version 3and the Third Generation Coupled Climate Model; RCM3@& Regional Climate
Model Version 3 and the Geophysical Fluid Dynamics Laboratory Global Climate Model)
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For simplicity, we will refer to these regional climate models as CRCM, HRM3,
RCM3C, and RCM3G. Regional climate models are used to project different patterns
of changes in air temperatures, precipitation, and solar radiation that are expected to
occur ove time. All future weather simulations were part of the A2 scenario from the
Special Report on Emissions Scenarios (SREB)C, 2000) The A2 scenario

assumes a very heterogeneous world with continuously increasing globatfmpul

and regionally oriented economic growth that is more fragmented and slower than in

some other scenarios.

The representative farms approach, as proposé&asterling et al(1993) was used
to select typical farms within the Southeastern US with typical farming systems
representing homogenous climates, soils, vegetatiod land uses within the study
region. Representative farms were located in Alabama, Arkansas, Missouri,
Mississippi, Florida, Kentucky, Louisiana, Texas, Georgia, and Tennddsee.
predominant soil mappeat each farm location was used in the simulat8mil types

and their properties used in the simulations are shown in table 5.2
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Table 5.2Soil types and their properties used in Environmental Policy Integrated
Climate model simulations

Representativ¢ Soil type Organic| Bulk CEC, pH
farms located carbon | density, | cmok
in the content,| gcm® kg™
following %
Southeastern
US states:
Alabama Fine, kaolinitic, thermic, 0.75 1.37 2.7 55
rhodic paleudult
Arkansas Fine-silty, mixed, active, 0.93 1.35 10.1 5.9
thermic typic endoaqualfs
Florida Finelloamy, kaolinitic, 0.69 1.39 4.0 5.6
thermic typic kandiudults
Georgia Fine-loamy, kaolinitic, 1.1 1.38 3.5 5.4
thermic plinthic
kandiudults
Kentucky Finessilty, mixed, active, 1.3 1.31 2.9 6.1
thermic ultichapludalfs
Louisiana Fine, smectitic, thermic 1.6 1.40 8.3 6.0
typic albaqualfs
Mississippi Fine, smectitic, thermic 1.5 1.37 9.9 5.8
typic endoaqualfs
Missouri Fine, smectitic, mesic 3.6 1.29 194 6.6
aqguertic argiudolls
Tennessee | Finesilty, mixed, active, 1.2 1.35 9.4 5.9
thermic ultic hapludalfs
Texas Fine, smectitic, thermic 1.0 1.30 8.9 6.1

udertic paleustalfs
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Simulations were performed on farms using typical existing technologies and
management practiceBhe EPIC model was updated with crop varieties used in
simulations according to the region in which they were gréMinmepresentative

farms in the Southeasteus drain to the MississipfRiver or directly to the Gulf of
Mexico. Soil databases from thenited States Department of AgriculturéNatural
Resources Conservation Service (USNRCS) Soil Survey Geographic Database

were used to input the required soil properties into the EPIC model. Simulations were
performed for the upper 150 cm of soil profilel0 cm incrementbased on the

model partitioning othesoil profile. The total number ahdependent simulations

was 1200 (10 farms x 6 crops x 5 scenarios x 2 1els x 2treatments

adaptations). Land management and fertilizer applicatios vatee based amii n o
stresso approach to represent padofenti al p a
nitrogen, 50 kdha® of phosphorusand best favorable planting and harvesting days
were used for model simulatiomspplication of potassium and $ut fertilizer as

well as micronutrients was not included in the simulatidih& simulated land area at

each farm was 10 hectares.

Statistical Analysis

The experiment was analyzed as a randomized complete block design wighosglit

in time for the laseline vs. future comparisons, and as a randomized complete block
design with repeated measurestf@comparisons betwedhe 5 yeaperiodswithin
theregional models. Experimental units consistethef0 farmsbeing placed into

one of three regiongroupings to allow regional comparisons to be mate
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number of farms in each groupingere 3 in the Sout{Florida, Georgia, Alabama)

3 in the Wes{Texas, Louisiana, Mississipmnd 4 in the NortljArkansas, Missouri,
Tennessee, Kentuckyrarms wihin theregions were used as blocks (Izaurralde et

al., 2003) within which the main plots were assigned to 2 x 2 factorial combinations
of biochar and irrigation. For cases involving temporal data on the same experimental
units, appropriate repeatedeasues analyses were performed. Five different climate
scenarios were used for comparisons: one historical baseline scenarid QU

and four future climate scenarios (2038)68)predicted by the four RCM#$eriods

for the future scenarios were averader 5 yeaintervalsand were treated as

repeated measures. Future scenarios were not statistically compared across RCMs
because of excessive interaction effects. Comparisons were(i)&etween

baseline and future scenarmsd (2) between the 5 ygaeriods within each future

climate scenario

All statistical analyses were performed using the MIXIEDcedure in SAS v. 9.3
(SAS Institute 2013).Response variablegere nitrate leaching and runoff losses,
microbial respiration, and soil carbon contefihe LSD-adjusted significant

differences (following a significant F test) were used for multiple mean comparisons.
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Results and Discussion

In total, there were eid groups of comparisons made in this study.

1. Comparison between past (baseline) and future nitrate leachate losses
predicted by the four regional climate models/scenarios.

2. Comparisons of future nitrate leachate losses between 5 year periods within
each rgional climate model.

3. Comparison between past (baseline) and future nitrate runoff losses predicted
by the four regional climate models/scenarios.

4. Comparisons of future nitrate runoff losses between 5 year periods within
each regional climate model.

5. Compaison between past (baseline) and future microbial respiration
predicted by the four regional climate models/scenarios.

6. Comparisons of future microbial respiration between 5 year periods within
each regional climate model.

7. Comparison between past (baselias)l future dynamics of soil carbon
predicted by the four regional climate models/scenarios.

8. Comparisons of future dynamics of soil carbon between 5 year periods within

each regional climate model.
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Nitrate leaching losses (past vs. future comparison)

The climatemodel main effect was statistically significant for the CRCM, RCM3C,
and RCM3G regional climate modétscomparison to the historical baseline climate
Thefuture climate predicted by these regional climate ma@sislted inncreased
nitrateleachate losseshencompared to the historical baseline period if no
adaptationsvereimplemented (Tabl&.3). As previously noted, the four regional
models used in this study generally predicted increased precipitation for the
Southeastern US. Conseqtignincreased nitrate leachate losses ranged from 40 to
90% depending on the regional model used. These findings are consistent with the
results ofTian et al.(2012)who determined that the future nitrogen deposition rates
under the new climate conditions in the Southeastern US will almost double
compared to the historical bdise scenario. In China, similar findings were reported
by Xu et al.(2013)who stated that nitrate concentrations in the soil and nitrate
leaching were partially controlled by the rainfall depth, intensity, and distribution. In
case of the HRM3 ggonal model, there was a significant region x HRM3 model
interaction, indicating that there were variations in the manner the climate change

impacted the regions (Fi§.2).
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Table5.3 Comparisons between historical baseline and future nitrate leachate losses.
Letterswithin the same colummdicate LSD mean differences at P < 0.05

Model*
NO;, kgha'
NARR (baseline) 34.54a
CRCM 62.42b
RCM3C 52.61b
RCM3G 48.17b

*(NARR 1 Historical baseline climate scenario; CRChkhe Canadian Regional Climate
Model with the Third Generation Coupled Climate Model; RCM3ie Regional Climate
Model Version 3 and the Third Generation Coupled Climate Model; RCMB&Regional
Climate Model Version 3 and the Geophysical Fluid Dynamics Laboratory Global Climate
Model; LSD1 Least significant differencis

The crop type effects were significant for all the regional climate models and
predicted significantly lower rates of nitrdéachate losses for,€rops compared to
Cs crops (Fig5.1). The reductions in leachate nitrate losses far@ps were in the
range of 50 to 85% compared to nitrate leachate losses updepsS and reflects the
higher nitrogen crop uptake that is tygli for G, crops in comparison tos&rops
(Fig.5.1). The G crops also responded better to impacts of climate change in
comparison to the £rops and had disproportionately higher yields (Chapter 4 in

dissertation).
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Fig. 5.1 Comparisons of nitrate leachate losses for thard G crops as predicted by
the four regional climate modeld*etters indicate LSD mean differences at P < 0.05
* (a) CRCM - the Canadian Regional Climate Model with the Third Generation
Coupled ClimatéModel; (b) HRM3 - the Hadley Regional Model and the Hadley
Coupled Model version ¥¢) RCM3C- the Regional Climate Model Version 3 and
the Third Generation Coupled Climate Modely RCM3G - the Regional Climate
Model Version 3 and the Geophysical Flbginamics Laboratory Bbal Climate
Model; LSDi Least significant differencgs

The regional effect was significant when using the CRCM, RCM3C, and RCM3G
regional climate models for the West region indicating that the regions differed in
their nitrate leahate losses. The West region has a nitrate leachate loss that was twice
the loss experienced in the other regions (Talllp Although increased precipitation
occurred in all RCMs, it is thought the distribution of that precipitgtiatternin the

Westregion was such that crops could not obtain optimal benefits of the precipitation

which, coupled withverylow soil carbon contentesulted in greater nitrate losses.
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Table5.4 Regional effects on nitrate leachate losses (Kpgfax the CRCM, RCM3C,
and RCM3G regional climate modelstterswithin the same&olumnindicate LSD
mean differences at P < 0.05

Region Model*
CRCM RCM3C RCM3G
North 36.89a 31.92a 35.03a
South 39.07a 30.38a 31.15a
West 69.47b 68.41b 57.88b

*(CRCM - the Canadian Regional Climate Model with the Third Generation Coupled
Climate Model; RCM3C the Regional Climate Model Version 3 and the Third Generation
Coupled Climate Model; RCM36&the Regional Climate Model Version 3 and the
Geophysical Flud Dynamics Laboratory Global Climate Model; L$MD eastsignificant
differences)

Additionally, there wasa significant region x RCMs interaction in case of HRM3
model fornitrate leachtelosseswith statistically significantncreasd nitrate losdor

all three regions indicating that there were variations in the manner the climate

change impacted teeregions (Fig5.2).
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NO3 in leachate, kg ha

Region

Fig. 5.2 Comparison of nitrate leachate losses for the North (N), South (S), and West
(W) regions using the 19792009 NARR(historical baseline climate scenario) and

the HRM3 the Hadley Regional Model and the Hadley Coupled Model version 3)
regional climate model. Letters indicate L8®ast significant dferences)mean
comparisonst P < 0.05
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Climate effects on futungitrate leaclatelosses

There weresignificant region XRCM interactiors indicating that the future nitrate
leachate losses needed todpalyzed separately by each region eadhmodel.

Irrigation and biochar main effects were not significant, althdbghdata trends
suggested evidence for a constant increase in nitrate leachate losses under irrigation
and reductionn nitrate lossefollowing biocharapplication(Table5.5). These

findings were consistent with Laird et al. (2010a) who observed significantly lower
nitrate leachate losses under biochar amended sblisre was a significant period x
crop type interaction for al/l model s excep
(Table5.6). In case of the West region and the RCM3G model, therdps resulted

in significantly lower rates of nitrate losses compared to therds with reductions

up to 25% (data not shown)e concluded thahedifferencesin nitrate leachate

losses between the two crop types were due to the higher nitrogen crop uptake that is
typical for G, crops in comparison tog&rops Similarly, for all other regions and

models, the gcropsresulted in significantly lower nitrate leachate losses of 10 to

50% compared to theq&rops, mostly in the first two decades of the future 2038

2068 simulation periodlhere was a strong decreasing trend in nitrate leachate losses
toward the end of the final year of the future simulation period, which was associated
with the greater rates of denitrification lossesulting from higher temperatures and
greater precipitation associated with the future clisaspredicted by the four

RCMs
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Much of the findings can be explained by an examination of the differencesathg

between the €and G crops and the nitrogen requirements for the respective crop

types.The G, crops seem to be generally more adaptive to increases in temperature

and water stress associated with the future climate and demonattapadbilityby

producing greater aggregated yields in comparison to lceops (Chapted of this

dissertation) particularly during the earlier portions of the future simulation period.

The regional aggregated yields for thea@d G crops were significantly lower

towards the end of the 202868 simulation period for 3 out of 4 RCME&he

reduced nitrate leachate losses for ther@ps during the earlier portions of the

future simulation period would mirror the increased growth efGhcrops and

greater nitrogen utilization requirements of thec@ps. The reduction in yields

during the later portion of the simulation period would have decreased nitrogen

utilization requirements and increased nitrate leachate losses wouldlbxcatso

possible that the increases or decreases in nitrate leachate losses may be affected d

to the differences in the root systems qfa@d Gcropsor s o cal l ed fAbi ol oc¢
|l oosing effecto that can changedhisinfiltratd:i
impact was beyond the scope of this study, this issudikely be addressed in future

research.
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Table5.5. Irrigation and biochar main effeats predicted nitrate leaching losses i@} for the 2063 2068 simulatin period.
Letterswithin the same column for each effantlicate LSD mean differences at P < 0.05

Regional Climate Model*
Effect CRCM | HRM3 | RCM3C | RCM3G
Region

North | South | West | North | South | West | North | South | West | North | South | West

Irrigation No 45.57a| 49.50a| 77.25a| 58.03a| 48.90a| 70.56a| 35.90a| 31.84a| 75.16a - 33.18a -

Yes 50.50a| 51.31a| 80.05a| 58.77a| 52.89a| 80.54a| 41.26a| 37.71a| 75.28a - 41.50a -
Biochar No 52.32a| 54.70a| 85.12a| 63.67a| 55.36a| 83.38a| 43.16a| 38.87a - 49.50a| 41.80a| 66.19a
Yes 43.75a| 46.11a| 72.19a| 53.13a| 46.43a| 67.71a| 34.00a| 30.69a - 39.99a| 32.88a| 55.16a

*(NARR 1 historical baseline climate scenario; CRCGhlhe Canadian Regional Climate Model with the Third Generation Coupled Climate
Model; HRM3- the Hadley Regional Model and the Hadley Coupled Model version 3; RCMiRegional Climate Model Version 3 and the
Third Generation Coupled Climate Model; RCM3e Regional Climate Model Version 3 and the Geophysical Fluid Dynamics Laboratory
GlobalClimate Model; LSO Least significant differencgs
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Table5.6. Effectsof crop typeon nitrate leachtelosses (kdha') for 5 year future climate periods for each model and regietters
within the same column for each periadicate LSD meacomparisonst P < 0.05

Effect Crop Regional Climate Model*
Type CRCM HRM3 RCM3C RCM3G

Region
North | South West North South West | North | South| West | North | South | West

Period| 2038 | C3; | 95.00a| 105.51a) 169.54a] 103.00a] 105.73a 142.15a 55.53a| 67.90a| 160.37a 61.56a| 60.88a -

X 2042 | C, | 62.87b| 66.56b | 112.82b| 73.26b | 64.71b| 101.22b| 42.10a| 35.72b| 110.94b| 51.56a| 37.44b| -
Crop | 2043 | C; | 89.04a] 93.72a| 143.56a] 96.78a| 97.39a| 149.94a 71.49a| 53.62a| 150.60a| 67.44a| 71.94a| -
Type | 2047 | C, |63.88b| 61.91b| 108.64b| 67.85b | 62.50b | 107.35b| 41.37b| 36.58b| 98.31b | 53.00a| 47.89b| -
2048 | C; | 51.04a] 59.01a| 90.33a| 66.71a| 60.12a| 88.91a | 51.22a| 54.22a| 91.03a | 56.46a] 47.06a| -
2052 | C, | 42.87a] 40.49b| 64.76b | 51.50a| 40.35b| 69.52b | 35.27a| 33.90a| 53.57b | 43.80a] 34.89a| -
2053 | C; | 31.27a] 40.38a| 61.44a| 46.30a| 40.46a| 60.40a | 38.06a| 32.48a] 64.91a| 43.26a| 35.98a| -
2057 | C, | 39.64a] 35.12a| 47.21a| 52.65a| 34.57a| 51.90a | 30.45a| 29.55a| 39.19b | 41.63a| 30.73a -
2058 | C; | 24.30a| 26.33a| 43.27a| 33.79a| 27.53a| 36.39a | 26.76a| 21.80a] 44.49a| 30.00a| 21.49a| -
2062 | C, | 30.50a] 28.52a| 38.69a| 43.92a| 29.85a| 35.09a | 28.21a| 18.16a| 31.66b | 35.32a 23.40a, -
2063 | C; | 17.06a] 20.07a| 29.47a| 24.67a| 20.21a| 30.19a | 19.40a| 15.59a| 30.66a | 24.07a| 16.33a| -
2068 | C, | 28.95b| 27.26a| 34.03a| 40.35b | 27.27a| 33.51a| 23.11a| 17.79a| 26.88a| 28.83a| 20.0: | -

*(NARR 1 historical baseline climate scenario; CRCGhhe Canadian Regional Climate Model with the Third Generation Coupled Climate
Model; HRM3- the Hadley Regional Model and the Hadley Coupled Model version 3; RCMi@Regional Climate Model Version 3 and the
Third Generation Coupled Climate Model; RCM3@e Regional Climate Model Version 3 and the Geophysical Fluid Dynamics Laboratory
Global Climate Model; LSD Least significant differencgs

159



There were significant period x irrigation interactions for the individual 5 year future

climate periods, with increased nitrate lesteflosses ranging between 10 to 15% for

the RCM3G model 6s Nor&3nSimilarlg, theveveete r egi ons (
significant period x biochar interactions
resulting in a significant 5% reduction in nitrate lestethosses during the last 5 year

period of the future 20382068 simulation range (Fi§.4). As noted above, the

overall decreasing trend in nitrate leachate losses toward the end of the final year of

the future simulation period was associated with the greater rates of denitrification

losses resulting from higher temperatures and greater preoipigsisociated with the

future climate.
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b) RCM3G model, North region, Period X Irrigat
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Fig. 5.3 Effects of irrigation on nitrate leachate losses across individual 5 year future
period levels for the RCM3@Ghe Regional Climate Model Version 3 and the
Geophysical Fluid Dynamics Laboratory Glbkdimate Mode) mo d e(d) West

and(b) North regions. Letters indicate LSDeast significant differencgsnean
comparisonst P < 0.05
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Fig. 5.4 Effects of biochaapplicationacross individual period levels for the RCM3C
(the Regional Climate Model Version 3 and the Third Generation Coupled Climate
Model ) model 6s West region. Letters i
meancomparisonst P < 0.05
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Nitrate losses in runoff (past vs. future comparison)

Nitrate losgs in runoff for the CRCM and RCM3C models were significantly greater
than the nitrate losses for the NARR historical baseline data with the nitrate losses in
runoff being between 40 and 90% greater, depending on the model $T&ble

Nitrate losses inunoff were higher compared to the baseline for the RCM3G model,
but were not statistically significant. Since the regional climate models used in this
study generally predicted increased precipitation for the Southeastern US, the results
were in agreementith the findings oMoriasi et al.(2013)who reported increased
nitrate losses in runoff due tocireased precipitation based on a study using the Soil

and Water Assessment Tool (SWAT) model.

Table5.7. Comparisons between historical baseline (NARR) and future nitrate losses
in runoff for different regional climate modelsetterswithin the sameaumn
indicate LSD mean differences at P < 0.05

Model* NOs, kgha™
NARR (baseline) 19.06a
CRCM 27.04b
HRM3 -
RCM3C 28.72b
RCM3G 21.96a

*(NARR 1 historical baseline climate scenario; CRChhe Canadian Regional Climate
Model with the Third Generation Coupled Climate Model; HRM3e Hadley Regional
Model and the Hadley Coupled Model version 3; RCM3ke Regional Climate Model
Version 3 and the Third Generation Coupled Climate Model; RCMB@ Regional Climate
Model Version 3 and the Geophysical Fluid Dynamics Laboratory Global Climate Model;
LSD1 Least significant differencégs

Although G crop types consistently displayed larger nitrate losses in runoff than the
C, crop types when usintpe CRCM, RCM3C and RCM3G regional climate models,

these differences were not statistically significant (5ig).
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Fig. 5.5 Nitrate losses in runoff for{d&nd G crop types as predicted by tfe

CRCM (The Canadian Regional Climate Model with the Third Generation Coupled
Climate Model)(b) the RCM3C (The Regional Climate Model Version 3 and the
Third Generation Coupled Climate Model), goiithe RCM3G (The Regional

Climate Model Version 3 and tli&eophysical Fluid Dynamics Laboratory Global
Climate Model) regional climate models. Letters indicate Least Significant Difference
(LSD) mean comparisons at P < 0.05

Further, there was significant model x crop type interaction, with significantly higher
nitrate losses unders@lants for the comparison between the future climate predicted
by the HRM3 regional climate model and NARR historical baseline sceRarithe

C, plants, future nitrate losses in runoff were higher, but not statistically seymtfic
comparison witlthe historical baseling¢Fig. 5.6). Since G plants are known for

greater biomass yield, our finding was in agreement Asidda et al(2013)who
estimated nitrate losses witte LEACHM model and concludetthat there is an

increased nitrate logsllowing crops that provide less crop residanput to thesoil .
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Fig. 5.6 Nitrate losses in runoff for{dand G crop types using the historical baseline
(NARR) and the HRM3The Hadley Regional Model and the Had@yupled Model
version 3)regional climate modeLetters indicatd_east significant differences
(LSD) meancomparisonsit P < 0.05

There were no statistically significant differences in the nitrate losses in runoff for
any of the regions (Tab®8), which suggested that regions were not responding
differently to nitrate losses in runoff due to climate effects simulated by the four

regional climate models.

Table5.8. Nitrate losses in runoff (kgHfor the North, South, and West region
evaluatedusing the CRCMThe Canadian Regional Climate Model with the Third
Generation Coupled Climate Moglehodel, the HRM3The Hadley Regional Model
and the Hadley Coupled Model versionn3odel, the RCM3CThe Regional Climate
Model Version 3 and the Third Geration Coupled Climate Modahodel, and the
RCM3G (The Regional Climate Model Version 3 and the Geophysical Fluid
Dynamics Laboratory Global Climate Mojlehodel.Letterswithin the same column
indicate LeastSignificant Differencemeancomparisonst P< 0.05

Region Model
CRCM HRM3 RCM3C RCM3G
North 21.22a 23.53a 21.18a 19.46a
South 23.62a 23.07a 23.76a 21.71a
West 24.29a 23.24a 26.73a 20.36a
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Climate effects on future nitrate losses in runoff

There weresignificant region >RCM interactiors indicating that the future nitrate

losses in runoff needed to bhralyzed separately by each region and madatgation

and biochaapplicationdisplayed no significant impacts on nitrate losses in runoff

although the data trends suggested evidendadogased nitrate runoff losses with

irrigation and biochar treatments (Tabl8). Crop types when considered over future

time intervals behaved in a statistically significant different manner for all regional
climate model s exc e Bouthfregion (Takiéd0).RI@kg3 G model 06
crop type displayed significantly lower nitrate losses in runoff with values that were

40 to 60% lower when compared to thec@p types for some individual periods of

the CRCM model 6s North riegmnonRCMRM3Immaodeled
North, South and West regions; and RCM3G m
trends suggested that nitrate losses in runoff were lower wheoragowas being

grown. Since gplants are known for greater biomass yields and, therefogerla

quantities of residue being left in the field, this finding was in agreement with results

obtained byGowda et al(2011)who reported that nitrate losses were lower from

crop land covered with more residue than cropland that had less residue cover.
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Table5.9. Irrigation and biochaapplicationeffectson predicted nitrate losses (kgi*) in runoff for the 2038 2068 simulation
period when different regional climate models were usetderswithin the same column for each effe@atlicate LeastSignificant

Differencemeancomparisonst P < 0.05

Regional Climate Model*

Effect CRCM \ HRM3 \ RCM3C | RCM3G
Region

North | South | West | North | South | West | North | South | West | North | South | West

Irrigation No 24.76a| 30.57a| 29.58a| 30.17a| 29.71a| 26.73a| 24.97a| 30.13a| 33.26a| 21.69a| 25.85a| 20.09a
Yes 26.30a| 33.25a| 32.27a| 32.21a| 33.25a| 33.08a| 28.28a| 32.73a| 34.76a| 23.49a| 27.74a| 23.40a

Biochar No 25.05a| 30.49a| 29.23a| 29.85a| 29.59a| 28.92a| 25.96a| 30.45a| 33.20a| 21.84a| 25.98a| 20.95a
Yes 26.01a| 33.33a| 32.62a| 32.53a| 33.37a| 30.89a| 27.29a| 32.41a| 34.82a| 23.33a| 27.61a| 22.54a

*(NARR 1 historical baseline climate scenario; CRCGhhe Canadian Regional Climate Model with the Third Generation Coupled Climate
Model; HRM3- the Hadley Regional Model and the Hadley Coupled Model version 3; RCMi@Regional Climate Model Version 3 and the
Third Generation Coupled Climate Model; RCM3@e Regional Climate Model Version 3 and the Geophysical Fluid Dynamics Laboratory
Global Climate Model)
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Table5.10. The effects of C3 and C4 crop types on nitrate losses in rikudfi’) across 5 year future climate periods for each
region and regional climate modelLetterswithin the same column for each periodicateLeast significant differencesean
comparisonst P < 0.05

Effect Crop Regional Climate Model*
Type CRCM HRM3 RCM3C RCM3G
Region

North | South | West | North | South | West | North | South| West | North | South| West

Period | 2038 | Cz | 29.12a| 29.13a| 24.43a| 25.96a| 25.14a| 24.00a| 26.88a| 31.93a| 26.99a| 22.26a| - 19.55a
xCrop | 2042 | C, | 23.62a| 33.04a| 31.28a| 30.49a| 28.34a| 20.74a| 16.38b| 27.35a| 17.05b | 15.99a| - 22.19a
Type | 2043 | Cz | 34.82a| 34.71a| 36.20a| 35.82a| 34.62a| 33.27a| 30.59a| 32.86a| 33.87a| 25.33a| - 24.30a
2047 | C, |23.92b| 29.45a| 27.52a| 26.30a| 32.03a| 21.21b| 23.88a| 19.94b| 37.91a| 13.77b| - 17.19a

2048 | Cs | 30.99a| 35.48a| 33.70a| 38.49a| 31.11a| 35.93a| 30.88a| 35.49a| 35.52a| 31.58a| - 24.75a

2052 | C, | 25.06a| 32.52a| 30.03a| 28.62a| 30.88a| 26.69a| 20.67b| 32.33a| 35.18a| 17.57b| - 23.60a

2053 | C; | 29.00a| 34.80a| 34.32a| 34.84a| 37.30a| 38.41a| 30.34a| 35.82a| 38.85a | 27.22a| - 23.43a

2057 | C, |18.16b| 29.87a| 27.46a| 26.29a| 29.08a| 32.65a| 24.97a| 29.78a| 30.49a| 17.76b| - 25.07a

2058 | C; | 27.99a| 28.84a| 34.51a| 33.34a| 32.53a| 31.19a| 32.50a| 36.66a| 32.93a| 27.67a| - 22.02a

2062 | C, | 20.09a| 32.69a| 27.72a| 30.42a| 31.91a| 28.67a| 22.64a| 27.86a| 28.35a | 24.14a| - 17.82a

2063 | C; | 25.21a| 33.39a| 33.58a| 31.74a| 32.67a| 33.30a| 31.27a| 34.19a| 30.60a | 27.98a| - 19.52a

2068 | C, | 18.40a| 28.99a| 30.35a| 31.96a| 32.17a| 32.82a| 28.50a| 32.98a| 30.39a| 19.80a| - 21.47a

*(NARR 1 Historical baseline climate scenario; CRCGWhe Canadian Regional Climate Model with the Third Generation Coupled Climate
Model; HRM3- The Hadley Regional Model and the Hadley Coupled Model version 3; RGNIBE Regional Climate Model Version 3 and the
Third Generation Coupled Climate Model; RCM3E&he Regional Climate Model Version 3 and the Geophysical Fluid Dynamics Laboratory
Global Climate Model)
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Nitrate losses in runoff displayed statistical significance for different periods in the

RCM3G model 6s South region aenlogssesdused appr
nitrate in runoff for the middle part of the 2082068 simulation period (Fig.7)

and may be attributet the increastannualprecipitation associated with future

climate This finding is similar to the results reported®liang et al(2012)who

reported increased nitrate losses with climate change from experimental plots in

Northern Arkansas and Eastern Oklahoma. Anothelysteported nitrate losses

rates to be about 1121.9 times greater under future climate conditions for two

watersheds in Nebraskean Liew et al., 2012)
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Figure5.7. Nitrate losses in runoff for different periods in the RCM8 Regional

Climate Model Version 3 and the Geophysical Fluid Dynamics Laboratory Global
Climate Model ) model 0s Leag significant dffgrénces . Lette
mean comparisons at P < 0.05

Although G crop types displayed greater nitratesles in runoff when compared to

theGcrop types in the RCM3G model 6s Sout h r e

169



nitrate losses in runoff undey @lants, these observed differences were not

statistically significant (Fig5.8)
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Figure5.8. The effects o€3 and G crop types on nitrate losses in runoff for the
RCM3G (the Regional Climate Model Version 3 and the Geophysical Fluid
Dynamics Laboratory Global Climate Modet)o d e | & s

Least significant differenceaeancomparisonsit P < 0.05

Microbial respiration (past vs. future comparison)

S tattérshindicateg i o n .

Microbial respiration displayed significant crop type x RCM interactions for the

CRCM, HRM3, and RCM3G models indicating differences in microbial respiration

existed between{£and G cropsfor three RCMs. Based on the statistically significant

means comparisons, it appears that in the future microbial respiration urctep€

will be as much as 20% higher than the previous microbial respiration updesps

during the historical basekrperiod (Fig5.9). No significant changes in microbial

respiration were detected undeydZops when comparing the historical baseline

periods and future climate as predicted by the CRCM, HRM3, and RCM3G regional
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climate models (Figh.9). This finding eems logical as the,Crops used in this

modeling study produce higher biomass yields and, therefore, more residue is left on
the field, resulting in higher microbial respiratidfranzluebber§2005)found the

same results in his study investigating soganic carbon sequestration and

agricultural greenhouse gas emissions in the Southeastern US. He concluded that
microbial respiration was, among other factors, related to primary inputs of crop
residue.Shao et al(2013)came to a similar conclusidhat microbial respiration

will increase in the future compared to historical baseline periods based on similar

simulations performed by the eight Earth system models.
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Fig. 5.9 The effects of gand G crop types on microbial respiration using historical
baseline and future climate data as predicted byayteRCM (¢he Canadian
Regional Climate Model with the Third Generation Coupled Climate Mo{glhe
HRM3 (the Hadley Regional Model and thiadley Coupled Model version,3nd

(c) the RCM3G the Regional Climate Model Version 3 and the Geophysical Fluid
Dynamics Laboratory Global Climate Modedgional climate models. Letters
indicateLeast significant differenceseans comparisons at P 98.

The different regions did not appear to have any impacts on microbial respiration as

no statistically significant differences were found (Tehid).
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Table5.11. Microbial respiration (kdna®) for differentregions when using the
CRCM (he Canadin Regional Climate Model with the Third Generation Coupled
Climate Model) the HRM3 the Hadley Regional Model and the Hadley Coupled
Model version 3)and the RCM3Gtlie Regional Climate Model Version 3 and the
Geophysical Fluid Dynamics Laboratory Glbkdimate Model)regional climate
models.Letterswithin the same columimdicate leastsignificant differencesmears
comparisonst P < 0.05

Region Model

CRCM HRM3 RCM3G
North 2667a 2659a 2659a
South 2856a 2790a 2790a
West 3271a 3099a 3099a

There veresignificant region YRCM interactiors for the RCM3C model although no
statistically significant differences in microbial respiration were displayed when
comparing the North and Soutlegions for the historical baseline and future climate
scenamms (Table5.12).

Table5.12. Comparison of regional mean values of microbial respiration (Rgba
the North and South region using the NARI&{orical baseline scenario) and the
RCM3C the Regional Climate Model Version 3 and the Third Gener&imupled

Climate Model) regional climate models. Letterighin the same colummdicate
Least significant differencaseans comparisons at P < Q.05

Model Region
North South
NARR (baseline) 2514a 2667a
RCM3C 2470a 2818a

The G, crops displayed statistically significant microbial respiration that was as much
as 50% greater than the microbial respiration displayed bystheo for the

RCM3 C maddath &nd South regiormmulations (Tabl®.13).
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Table5.13. The effects of €and G crop types on microbial respirati¢kgha®)

using theRCM3C (The Regional Climate Model Version 3 and the Third Generation
Coupled Climate Modebegional model for the North and South regidresters

within the same columimdicateLeast signifcant differencesneancomparisonst P
<0.05

Crop Type Region
North South
Cs 2060a 2194a
Cy 2924b 3291b

Similarly, for the same RCM3C modehere was significantRCM x crop type
interactionfor the West regiomwith significant increases imicrobial respirationfor
the C, crops by as much &% compared tthe historical baseline scenario
However, undethe C; crops, o significant differenceweredetectedn microbial

respiration when comparirfgstoricalbaseline and futurelimates(Fig. 5.10).
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Fig. 5.10 The effects of @and G crop types on microbial respiration for NARR
(historical baseline scenario) and future climate using the RCM&CRegional
Climate Model Version 3 and the Third Generation Coupled Climate Moatgtnal

climate modelLetters indicatd_east significant differencasears comparisonst P
<0.05
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Climate effects on future microbial respiration

Irrigation did not have a statistically significant impact on microbial respiration for
the majority of regions and regional models. Although not statistically significant,
trends in the data suggested that a slight increase in microbial respiratiomavight
occurred in response to irrigation (Tabl&4). There were significant period x
irrigation, period x biochar, and period x crop type interactions in quantifying climate
effects on future microbial respiration for many regional climate models arahsegi
(Table5.15). In all cases of significant period x biochar and period x crop type
interactions, microbial respiration undbe C,4 crop type and biochar were
significantly greater if compared the C; crop type and treatmestwith no biochar
applicdion. The differences in microbial respiration betwéesC, and G crops

ranged from 20 to 45%. The differences in microbial respiration between biochar
applicationand no biochar treatment ranged from 15 to 55% (Tah. The results
were not surprisg because £crops leave more residue on the ground upon
harvesting, which results in higher microbial respiratiorihécase of biochar
application, the increase in microbial respiration is associated with the active carbon
pool in biochar which, upoapplication, is immediately available for microbial
decompositionOur determinations of increased microbial respiration underdps

for future climate scenarios are supported by the resuMserter et al(2013)who
compared predictions in microbial respiration between the Community Land Model
and the Earth system models. They concluded that larger microbial biomass pools
similar to the increased residue input fromplants, would result in increased rates

of heterotrophic respiration. Since the four regional climate models used in this study
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predict raises in average annual temperatures, increased microbial resf@nation
surprising.Bond-Lamberty and Thoms@i2010)came to similar conclusions and
reported that future microbial respiration rates were positively correlated with

increases in temperature associated with future climate.

There were significant period x i1rrigation
and South regions and all regions for RCM3G model. Although data patterns

indicated higher rates of microbial respiration under irrigation as compared to the no

irrigation treatment, the effects of irrigation on microbial respiration across individual

future periods were not significantly different (Tabl&4).
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Table5.14. The effects of irrigatiomn microbial respiration (kba®) for the 2038 2068 simulation period using all regional climate
models.Letterswithin the same columimdicatelLeast significant differencesears comparisonat P < 0.05

Regional Climate Model*
Effect CRCM \ HRM3 \ RCM3C | RCM3G
Region
North | South| West | North | South| West | North | South | West | North | South | West
Irrigation No 3542a | 3847a| 4385a| 3560a | 3728a| 4045a - - 4454a - - -
Yes 3624a | 3851a| 4400a| 3565a| 3769a| 4143a - - 4454a - - -

*(NARR 71 historical baseline climate scenario; CRCGhhe Canadian Regional @late Model with the Third Generation Coupled Climate
Model; HRM3- the Hadley Regional Model and the Hadley Coupled Model version 3; RCM&@Regional Climate Model Version 3 and the

Third Generation Coupled Climate Model; RCM3@e Regional Climate bdel Version 3 and the Geophysical Fluid Dynamics Laboratory
Global Climate Model)
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Table5.15 The effects of @and G crop types, biochapplication and irrigation on microbial respiratigkg ha) across individual
future climate periodsLetterswithin the same column for each periodicateLeast significant differencasears comparisonst P

<0.05
Effect Crop Model*
Type CRCM HRM3 RCM3C RCM3G
Region
North | South | West | North | South | West | North | South| West | North | South| West
Period x | 2038 | Cs | 3069a| 3525a| 4874a| 3148a| 3479a| 4853a| 3024a| 3479a| 4790a | 2707a | 3359a| 4555a
Crop 2042 | C, | 4370b| 4904b | 6173b | 4341b | 4814b | 5750b | 3712b| 4590b| 6147b | 3732b | 4442b| 5328b
Type 2043 | C3 | 2962a| 3264a| 4067a| 2957a| 3186a| 4037a | 2953a| 3226a| 4028a | 2655a| 3125a| 3841a
2047 | C4 | 4577b| 4859b | 5526b | 4423b | 4715b | 4972b | 4011b| 4574b| 5710b | 3952b | 4546b| 4795b
2048 | C3 | 2813a| 2973a| 3516a| 2780a| 2911a| 3447a| 2798a| 3028a| 3516a | 2710a| 2938a| 3486a
2052 | C4; | 4402b| 4723b| 5193b | 4378b | 4628b | 4626b | 3793b| 4471b| 5324b | 4060b | 4571b| 4588b
2053 | Cs3 | 2673a| 2807a| 3200a| 2637a| 2738a| 3156a | 2698a| 2833a| 3193a | 2605a| 2796a| 3244a
2057 | C4 | 4246b| 4574b | 4876b | 4301b | 4456b | 4399b | 3800b| 4367b| 5033b | 4149b | 4505b| 4223b
2058 | Cs; | 2612a| 270l1a| 2968a| 2543a| 2623a| 2909a | 2635a| 2741a| 2979a | 2580a| 2703a| 3006a
2062 | C,; | 4364b| 4609b | 4781b | 4325b | 4411b | 4091b | 4022b| 4418b| 4959b | 4179b | 4371b| 4015b
2063 | Cs; | 2585a| 2656a | 2883a| 2517a| 2594a| 2821a | 2550a| 2678a| 2906a | 2540a| 2693a| 2961a
2068 | C; | 4323b| 4592b | 4654b | 4393b | 4420b | 4071b | 3809b| 4372b| 4857b | 4185b | 4341b| 4133b
Period x | 2038 N 3470a| 3908a| 5216a | 3478a| 3889a| 4998a | 3122a| 3743a| 5168a | 2991a| 3621a| 4665a
Biochar | 2042 | Y 3970b| 4521b | 5823b | 4011b | 4455b | 5604b | 3614b| 4326b| 5769b | 3448b | 4180b| 5218b
2043 N 3229a| 3421a| 416la| 3120a| 3297a| 3867a | 2956a| 3285a| 4249a | 2830a | 3246a| 3764a
2047 | Y | 4310b| 4703b | 5432b | 4260b | 4604b | 5142b | 4008b| 4515b| 5489b | 3777b | 4425b| 4872b
2048 N 2867a| 3002a| 3499a| 2796a| 2908a| 3178a | 2580a| 2921a| 3587a | 2685a| 2946a| 3254a
2052 | Y | 4348b| 4694b | 5210b | 4362b | 4632b | 4895b | 4011b| 4578b| 5253b | 4086b | 4563b| 4820b
2053 N 2606a| 2746a| 3074a| 2580a| 2635a| 2796a | 2397a| 2663a| 3167a | 2550a| 2726a| 2812a
2057 | 'Y | 4312b| 4636b | 5002b | 4358b | 4560b | 4758b | 4102b| 4537b| 5058b | 4204b | 4575b| 4655b
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2058 | N | 2538a| 2654a| 2855a | 2461a| 2499a | 2464a | 2370a| 2552a| 2967a | 2442a| 2538a| 2534a
2062 | Y | 4438b| 4656b | 4894b | 4407b | 4536b | 4536b | 4286b| 4607b| 4971b | 4316b | 4536b| 4487b
2063 | N | 2413a| 2552a| 2709a| 2403a| 2424a| 2354a | 2182a| 2471a| 2808a | 2340a | 2436a| 2485a
2068 | 'Y | 4496b| 4697b | 4828b | 4507b | 4590b | 4538b | 4177b| 4579b| 4955b | 4385b | 4598b| 4609b
Period x | 2038 | N - - - - - - 3245a| 3914a - 3117a| 3747a| 4795a
Irrigation | 2042 | Y - - - - - - 3491a| 4154a - 3322a | 4054a| 5089a
2043 | N - - - - - - 3359a| 3724a - 3152a| 3677a| 4107a
2047 | Y - - - - - - 3605a| 4076a - 3455a | 3994a| 4529a
2048 | N - - - - - - 3109a| 3635a - 3299a | 3677a| 3872a
2052 | Y - - - - - - 3482a| 3864a - 3472a| 3833a| 4202a
2053 | N - - - - - - 3114a| 3480a - 3321a| 3577a| 3599a
2057 | Y - - - - - - 3384a| 3720a - 3433a | 3724a| 3868a
2058 | N - - - - - - 3196a| 3486a - 3310a | 3423a| 3360a
2062 | Y - - - - - - 3460a| 3674a - 3448a | 3651a| 3661a
2063 | N - - - - - - 3057a| 3441a - 3289a | 3416a| 3456a
2068 | Y - - - - - - 3302a| 3609a - 3436a | 3619a| 3638a

*(NARR 71 historical baseline climate scenario; CRCGRhe Canadian Regional Climate Model with the Third Generation Coupled Climate
Model; HRM3- the Hadley Regional Model and the Hadley Coupled Model version 3; RCMi@Regional Climate Model Version 3 and the
Third Generation Coupled Climate Model; RCM3@e Regional Climate Model Version 3 and the Geophysical Fluid Dynamics Laboratory
Global Climate Model)
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Soil carboncontent(past vs. future comparison)

There were no significant regional impacts on soil cadmorienty Table5.16),
suggesting that soil carbon stocks were not influeddéerently inthe differer
regions.

Table5.16. Regional impacts on soil carboantent(kg ha?). Letterswithin the same
columnindicateLeast significant differencesears comparsonsat P < 0.05

Region Regional Climate Model*
CRCM | HRM3 | RCM3C | RCM3G
Kg C ha'
North 9450a 9214a 9424a 9495a
South 8875a 8645a 8738a 8753a
West 12067a 11959a 12137a 12162a

*(CRCM - the Canadian Regional Climate Model with the Third Generation Coupled

Climate Model; HRM3 the Hadley Regional Model and the Hadley Coupled Model version

3; RCM3C- the Regional Climate Model Version 3 and the Third Generation Coupled

Climate Model; RCM3G the Regional Climate Model Version 3 and the Geophysical Fluid
Dynamics Laboratory Global Climate Model)

No significant differences existed in soil carmmtentsvhen evaluated using the

NARR historical baseline scenario and future climate sceaarwedicted by the

CRCM model. Although there were no significant differences, the data suggested that
approximately a slight amount of 130 kg of C per hectare would exist in future

climate scenarios (Fig. 11). This finding was in agreement wilian et al.(2012)

who found an increase in soil carbon stocks in a modeling sthity looked at the

effects of climate change on soil carbon dynamics in the Southeastern US. The results

were also in agreement wi€@ausarano et 82008 andFranzluebber§2010)who

conducted a literatuneview of about 150 available studies on carbon sequestration
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in the Southeastern US, performed controlled experiments, and concluded that
conservation agricultural systems will sequester a significant amount of organic

carbon.
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Fig.5.11 The effects foclimate on soil carbonontentwhen comparing the NARR
(historical Baseline Scenario) and the CR@B&nadian Regional Climate Model

with the Third Generation Coupled Climate Model) regional climate model scenario.
Letters indicatd_east significant diffeenceanears comparisonat P < 0.05

Significant differences existed for different quantities of soil carbon uhd€; and

C, crop types using the CRCM regional climate model (FitR2). Soil carbon
contentwas significantly higher unddine C, cropsby as much as 6% compared to

the C3 cropsandwas primarily due to the greater biomass yield and root mass
associated witlthe C, crops.These results are supportéy Abrahamson et al.

(2009)who reported that ntll management and crop rotations that included C

crops significantly increases soil organic carbon stocks in the Southeastern US.
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Fig.5.12 The effects of €and G crop types on soil carbarontentas predicted

when using the CRCMJanadian Regional Climate Model with the Third Generation
Coupled dimate Model)regional climate modeLetters indicatdeast significant
differencegnears comparisonat P < 0.05

There veresignificantcrop type x RCM interactiawhen the HRM3, RCM3C and
RCM3G climate models were uséelhe effects of climate changa the soil carbon
contentwere highly variable depending on the RClMappears that in cases using the
RCM3C and RCM3G models, the predicted soil catmmtentsunderthe C4 crops
were significantly higher by 1.7% and 3.5%, respectively, when compasail t
carboncontentaunderthe C4 cropsduring the historical baseline period (Figl3).

No significant changes in soil carboontentsvere detected under the €ops using

the historical baseline climate scenarios and the future climate scengesiatd

by the RCM3C model. However, soil carbomtentunderthe C; crops were
significantly lower by 3% when comparing the historical baseline climate scenario

and the future climate scenario predicted by the HRM3 model. Soil ceonbents

underthe C3 crops were significantly higher by 2% when comparing historical
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baseline climate scenarios and future climate scenarios predicted by the RCM3G

model (Fig.5.13).
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Fig. 5.13 The effects athe C3 and G crop types on soil carbaontentausing the

historical baseline climate scenarios and the future climate scenarios as predicted by
the(a) HRM3 (the Hadley Regional Model and the Hadley Coupled Model version

3), (b) theRCM3C the Regional Climate Model Version 3 and the Third Generation
Coupled Climate Modelnd(c) theRCM3G the Regional Climate Model Version 3
and the Geophysical Fluid Dynamics Laboratory Global Climate Moégipnal

climate models. Letters indicateast significant differencaseans comparisons at P
<0.05

Climate effects on future soil carboontents

There weresignificant region XRCM interactiors requiring thatlataon future soil
carbon dynamics ba&nalyzed separately by each region and m@&gbendix A)
Biocharapplicatiors displayed significant impagbn future soil carbooontentdor

all regional climate models across all regions and individual periods. Biochar
applicatiors resulted in significantly greater soil carboontentsy as much as 40%
compared to the no biochtrteatment. These results are in agreement with several

previous researche(3oseph et al., 2009; Lehmann et al., 2009; Major et al., 2010;
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Nguyen and Lehmann, 2009; Rogovska el Laird et al. 2010bwho

concluded that increased carbon sequestration rates existed in soil treated with
biocharbut the result in greater carbon content was not due to the simple addition
effect of biochar applicdan. Crop type was significant in cases of the West region
for all regional climate models across all regions and individual periods, with C
plants resulting in significantly higher values approximating 5% of soil carbon
compared to gplants (Appendix A As previously stated, the greater biomass yield
in C4 crops resulted in greater carbon content under this cropRgpell other

regions and models, data suggest greater carbon sequestration Acrdg@sC

compared to gcrops, but no significant défences were detected. These findings are
supportive of conclusions reached by previous resear(fr@nszluebbers, 2005; Han

et al., 2007who concluded that the Southeastern US has a high potential for soll
organic carbon sequestration to the amount of up to 130yEaC' that would offset
the regionbés tot al 22. 3% greenhouse gas em

impacts on sibcarboncontentdor all regional climate models across all regions.

Summary and Conclusions

The four future regional climate models used in this study showed variability in
changes of maximum and minimum air temperatures, as well as chargesia
precipitation for the regions of interest within the Southeastern US. Generally, the
CRCM and HRM3 models predicted increased maximum daily air temperatures,
while the RCM3C and RCM3G models predicted decreased maximum daily air

temperatures. All modelsxeept for the HRM3 model, predict decreased minimum
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daily temperatures. All RCMs generally predicted increaseuialprecipitation for

the Southeastelds.

The regional climate models generally predicted increased nitrate leachate losses due
to future dimate scenarios. Compared to the historic baseline scenario, nitrate
leachate losses increadsy as much as 85%rimarily due to increaskaverage
annualprecipitation in the futurassuming thato adaptations are implemented to
helpalleviate climate lsange impacts. Nitrate leachate losses utieC, crops were
significantly lower than undehe C; crops with differences ranging between 50 to

85% under historical baseline and future climate simulation peiédsoncluded

that differencein nitrateleachate losses between the two crop types were due to the
higher nitrogen crop uptake that is typical fard@ops in comparison tos&rops.For

the 20382068 simulation period, differences in nitrate leachate losses were
significantlylower under G cropsprimarily for the first thred&-yr periodswithin

each regional climate model. Irrigation did not cause significant differences in nitrate
leachate lossesompared to noirrigated treatments, except for the caséhef

RCM3G model 6s WessiAlthaughdrrigétionrdid hot calsey i

statistically significant increased nitrate leachate losses for the majority of RIGMs,

data trendd toward increased nitrate leachate losses under irrigation. With the
exception of several individual 5 yesimulation periods, biochar applications did not
cause significant differences in nitrate leachate losses compared to areas not receiving
biochar applicationsAlthough biochar applications did not cause statistically

significant reductions in nitrate |daate losses for the majority of the RCMs, the data
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again trended towards decreased nitrate leachate losses following biochar applications

for all models across all regions.

The future climate simulations displayed increased nitrate losses in runoffreampa
to the historical baseline scenario, with increlasigrate runoff lossesanging

between 40 to 90% in the case of no adaptatibms.increases in future nitratenoff
losses were associated with great@nualprecipitationassociated witlfuture
climates.Crop type did not have a significant impacthe simulation between
historical baseline and future climate, even though data suggested decreasing trends
in nitrate runoff losses under Crops. Regions within the Southeastern US did not
differ significantly in terms of nitrate losses in runoff, suggesting that there is no
impact on nitrate losses due to differences between regions used in this simulation
study. For the 2038 2068 simulation periodhe C, cropsdisplayedsignificantly

lower rateof nitraterunoff lossedor some individual 5 year period wheampared

to nitrate losses fo€; crops The differencewere attributedo the increased nitrate
demands for growing, cropsin comparison t&; crops. Forthe majority of periods,
the difference in nitrate losses in runoff undera@d G plants was not significant;
however the dataended towardkwer values ofnitrate runoff losse®r C, crops.
Irrigation and biochar applications did not have statistically significant effects on
nitrate runoff losses compared to areas that received no biochar and no irrigation,
however the data indicated incraag trends imitrate runoff losses with irrigation

and biochar applications.
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Mean values for crop types indicated significantly greatesraf microbial
respiration in the future compared to historical baseline with values, ftmo@@s

being as much as 20% highiban values for the {Zrops At the same time,
microbial respiration unders&rops were not statistically different in the future
compared to microbial respiration undeyd@ops during the historical baseline
scenarioFor the future 2038 2068 simulation period, the differences in microbial
respiration between{and G plantsranged from 20 to 45%, primarily due to the
differences between the amount of biomass and reside between these two crop types.
The differences in microbial respiration between bioetpmiicationand no biochar
treatment ranged from 15 to 55%, primarilyedo the active/metabolic carbon pool
in biochar which is immediately available for microbial decomposition upon
application of biochaiRegions within the Southeastern US did not differ
significantly among themselves in terms of microbial respirationtie2038 2068
simulation period for the majority of the regional climate models and regions,

irrigation did not result in significantly greater values of microbial respiration.

Finally, for the soil carbonontentswe observed a great variability $oil carbon
contentdor comparisons between the historical baseline scenario and the future
climate predicted by the four regional climate models. Significantly greater rates of
soil carbon sequestratiovere observewith values up to 3.5%reaterunde C,

crops in the future compared to the historical baseline scenario.;knegype
impacts orsoil carboncontentsvere significantly higher by as much as 2% between

the historical baseline period and the future climate when using the RCM3G regional
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climate model. In case of the HRM3 regional climate model, soil caztbotents

were significantly lower under4&rops by as much as 3% between the historical
baseline period and the future climate. Regions within the Southeastern US did not
have a signiftant impact on soil carbaontents For the 2038 2068 simulation

period, biochar applications resulted in significantly higher soil carbon sequestration
values for all regional climate models across all the regions and periods by as much
as 40%.TheC, cropsresulted in significantly higher soil carboontentsup to 5% in

the case of the West region for all regional climate models across all periods.
Irrigation did not have a significant impact on soil carbontentdor all regional

climate models aoss all regions.

The results of this modeling study indicated that nitrate losses will increase during the
2038i 2068 future climate in the Southeastern United States in comparison to the
historic baseline scenario of 1972009. Similarly, microbial rgpiration will be

increased undehe C4 crop types and when biochar is applied to soil. In genel,

C,4 crop type and biochar applications resulted in significantly greater soil carbon
sequestration rates and, although not significant, strong evidéneguction in

nitrate losses. Overall, irrigation resulted in greater losses of nitrate in leachate and

runoff, however, no significant impacts were detected.
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Chapter 6: General Summary

The EnvironmentaPolicy Integrated Climate (EPIC) model was updated with algorithms
to determine the impacts of using biochar soil amendments on corn yields and selected
soil properties. The EPIC model was initially validated using the results-gf &ield
experiment prformed on an Amazonian Oxisol that had been amended with two rates of
biochar. Observed results in the field and simulation results of the four year study both
confirmed increases in short term corn yields after biochar application, as well as
increase soil CEC and pH. Soil bulk density decreased while soil carbon content
increased. Long term 2@ future simulations predicted further increases in the soil CEC,
pH, soil carbon content, and decreases in the soil bulk density values after biochar
applications once every five years. The EPIC model performed well in both short term

and long term simulations.

The EPIC modelvas then used in a regional modeling apprdaavaluate the climate
change impacts and the effectiveness of selected adaptationsopti corn and soybean
yields, as well as the aggregated yields of thregs@/bean, alfalfa, and winter wheat)

and three ¢(corn, sorghum, and pearl millet) crops from representative farms in 10
Southeastern US states. Annual applications of biocliathenuse of irrigation prior to

crop stress were the adaptation practices evaluated for all crops. The Southeastern US
was divided into North, South, and West regions for the simulations and analyses.
Comparisons were made (1) using the 12@09 histoical baseline climate data and four

regional climate models to predict crop yields, and (2) using the four regional climate
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models to predict future crop yields for the 28388 periodResults and observations
obtained during this series of studies agtaded in the following bullets.

The four regional climate models (RCMs) used in this study displayed a wide range of
differences in maximum and minimum air temperatures as well as differences in
quantities of average annyakcipitation.

All models geerally predicted increased precipitation for the Southeastern US.

All RCM models predicted statistically significant differences between the baseline and
future corn yields with yield increases from 36 to 84% when compared to the baseline
scenarioThe dserved increases were primarily associated grigater availability of

soil moisture resulting from greataverage annugrecipitationin the future predicted

by the four RCMs

Long term predictions indicate that corn yields will decrease by 12% dhe to

continually increasing temperature stressheyend o2068in comparison withthe 2038
beginning year of the future simulation peridcadaptation measures are not
implemented.

Irrigation resulted in an increase of up to 33% in corn yields that was statistically
significant for two of the fouRCMs

Contrary to expectations, biochar applications resulted in decreased corn yields for 3 of
the 4 RCMs.

A decreasing trend was geally observed for soybean yields when compared to the
historical baseline yields, but the differences were not statistically different.

Soybean yields had statistically significant decreased yields by up to 15% by the end of

the simulation period in 206&mpared to the038beginning year of the future

200



simulationsfor the South and North regions for 3 of the 4 RCMsin case with

declines in corn yields, future declines in soybean were associateanwitireased

number of daysluring which the crop mght have experiencadmperature stress

Neither irrigation and/or biochar applications had any significant effects on soybean
yields for any of the regions using any of the RCMs. This lack of statistical response was
primarily attributed to increasexhnual precipitation predicted by all four RCMs such

that the soybean crop was not subjected to water stress.

The RCMs varied in their predictions for the historical baseline and future comparisons
of the aggregated yields of the groupedh@d G crops.

Irrigation resulted in statistically significant increased aggregatedsyielap to 35% for
combined yields othe Gand G crops.

Annual biochar applications resulted in decreas®edbinedyields for the Gand G

crops.

The G, crops seem to be genkyamore adaptive to increases in temperature and water
stress associated with the future climate and demonsadégdabilityby producing

greater aggregated yields in comparison to ther@ps.

Climate change will increase nitrate leaching and runoff losses by 40 to 90% compared to
ahistorical baseline scenario if adaptation measures are not implemented to alleviate
climate change impacts.

Under G crops, nitrate lea@telosses were significdlly lower than under €crops by

50 to 85%socrop type had significant effecbn nitrateleachatdossesThese

differences in nitrate loggflects the higher nitrogen crop uptake that is typical for C

crops in comparison tos&rops
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Although notuniversallysignificant, data trends suggest decrdastgate leachtelosses
under biochar applicati@and increasgnitrate leachte losses response tarigation.
Future climate will cause significant increases in microbial respiration ratesnychs

as 20% for Gcrops in comparison with historical rates.

Comparison between individual future 5 year periods wiglfi381 2063 simulation

period reveadthat biochamapplicationsand G crops causgemicrobial respiration to
increase by 20 to 45% comparison to gcrops The G crops used in this modeling

study produce higher biomass yields and, therefore, more residue is left on the field,
resulting inincreasednicrobial respiration.

Soil carboncontentswere significantly affected by crop type and biochpplications

Soil carbon accumulation was significantly greater under biochar application by as much
as 40%, and under;@lants by about 5%.

The results of this modeling study indiaatbat duringthe 20381 2068periodthere will

be an increase in nitrate losses caused by climate change in the Southeastern United
States in comparison with the historic baseline scenario of-120@9.

Similarly, there will be an increase in microbial respiratioder G crop types and under
biocharapplications

Overall, G crop type and biochapplicationgesulted in significantly greater soil carbon
sequestration and, although not significant, redusiionitrate losses.

Irrigation resulted irirends ofgreater losses of nitrate in leachate and runoff, however, no

statisticallysignificart differences wereéetected.
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Results of this dissertation further confirmed ttiahate change is affecting different

regions 6 the United States differently. For thel®heastern USt was concluded that under
some weather scenarios, regional modeling results suggest that irrigation and biochar
applicationamay be considered as promising potential adaptation strategies for agriculture.
Modeling can be a useful tool @valuating the long term impacts of climate change on
ecosystems, including agriculture. Modeling also allows the testing of potential adaptation
strategies to evaluate their efficiency in coping with climate change impacts. We consider the
ongoing develoment of the new adaptation strategies to climate change and their subsequent
testing in regional simulation models to be one of the avenues for successful policy to adapt
agriculture in the US to ever increasing threats from changing climate. Regiondingode

will help test effectiveness and optimize time, resources and planning strategies for specific

adaptation techniques prior to their practical implementation in the real world.
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Glossary

CRCM - The Canadian Regional Climate Model with the Thieh€&ration Coupled Climate
Model

EPICi Environmental Policy Integrated Climate Model

GCMi Global Climate Model

HRM31 The Hadley Regional Model and the Hadley Coupled Model version 3

NARRT North American Regional Reanalysis

NARCCAPT North American Reginal Reanalysis Climate Change Assessment Program
RCM1 Regional Climate Model

RCM3Ci The Regional Climate Model Version 3 and the Third Generation Coupled Climate
Model

RCM3G- The Regional Climate Model Version 3 and the Geophysical Fluid Dynamics

Labomtory Global Climate Mode
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Appendices

Appendix A. The effects of biochapplication C; and G crop types, and irrigatioon soil
carbon content (kg Ha across individual 5 year future climate periods predicted by the four
regional climate modelsComparisons are made within the same column for each effect

* Significant at P< 0.05 NSi Nonsignificant atP < 0.05
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Regional Climate Modtl|

Period Effect CRCM \ HRM3 \ RCM3C RCM3G
Region
North South West North | South | West | North | South | West | North | South | West
Biochar | No | 9443* 8884* | 12065* | 9279* | 8640* | 1190 | 9399* | 8762* | 1221 | 9951* | 8865* | 1230
3* 5* 1*
Yes | 15769* | 14613* | 17986* | 15493* | 14528 | 1786 | 15864 | 14789 | 1818 | 16420 | 15016 | 1857
* 8* * * O* * * 2*
g Croptype| G | 12162N| 14494N| 14861* | 11972N | 11269 | 1464 | 12291 | 11437 | 1480 | 12838 | 11589 | 1516
N S S S NS o* NS NS 8* NS NS 2%
3 C, | 13050N | 12003N| 15369* | 12800N | 11898 | 1513 | 12973 | 12114 | 1558 | 13533 | 12293 | 1571
Q S S S NS 1* NS NS 6* NS NS 1*
Irrigation | No | 12640N| 11838N | 15038N | 12391N| 11590 | 1492 | 12670 | 11795 | 1520 | 13027 | 11965 | 1550
S S S S NS 6NS NS NS ONS NS NS 7NS
Yes | 12572N | 11660N| 15013N | 12381N| 11578 | 1484 | 12594 | 11756 | 1519 | 13345 | 11917 | 1536
S S S S NS 4ANS NS NS 4ANS NS NS 6NS
Biochar | No | 9415* 8886* | 12058* | 9251* | 8637* | 1189 | 9371* | 8772* | 1220 | 9721* | 8859* | 1229
8* 9* 7*
Yes | 15796* | 14665* | 18077* | 15519* | 14569 | 1795 | 15891 | 14844 | 1826 | 16448 | 15076 | 1866
* 2* * * 2* * * 6*
g Croptype| G | 13047N| 11527N| 14718* | 11976N | 11288 | 1467 | 12293 | 11482 | 1484 | 12642 | 11620 | 1520
N S S S NS 6* NS NS 3* NS NS 2%
S C, | 12165N | 12024N| 15416* | 12795N | 11919 | 1517 | 12970| 12135 | 1562 | 13528 | 12315 | 1576
N S S S NS 4* NS NS 8* NS NS 1*
Irrigation | No | 12623N| 11690N | 15080N | 12373N | 11604 | 1496 | 12609 | 11830 | 1523 | 13127 | 11988 | 1554
S S S S NS 4ANS NS NS 9NS NS NS 7NS
Yes | 12588N | 11862N| 15056N | 12397N | 11602 | 1486 | 12653 | 11787 | 1523 | 13043 | 11947 | 1541
S S S S NS 6NS NS NS 2NS NS NS 6NS
Biochar | No | 9386* 8888* | 12050* | 9224* | 8635* | 1189 | 9344* | 8769* | 1220 | 9693* | 8853* | 1229
0 3* 3* 3*
Q Yes | 15823* | 14717* | 18169* | 15544* | 14610 | 1803 | 15918 | 14900 | 1834 | 16476 | 15135 | 1876
Q * 6* * * 9* * NS 0*
N Croptype| G | 12167N| 11560N | 14754* | 11980N | 11307 | 1471 | 12296 | 11513 | 1487 | 12648 | 11652 | 1524
S S S NS 2% NS NS 7* NS NS 3*
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C, | 13043N| 12045N| 15465* | 12788N| 11939 1521 | 12966 12156 | 1567 | 13522 | 12337 | 1584
S S S NS | 8* NS NS | 5* NS NS | 7+

Irrigation | No | 12606N | 11886N| 15120N | 12355N | 11619 | 1500 | 12625| 11850 | 1527 | 13060 | 12010 | 1558

S S S S NS | 2NS| NS NS | 8NS| NS NS | 7NS

Yes | 12604N| 11720N| 15099N | 12412N | 11627 | 1492 | 12637 | 11818 | 1527 | 13110 | 11979 | 1546

S S S S NS | 8NS| NS NS | 3NS| NS NS | 6NS

Biochar | No | 9358* | 8890* | 12042* | 9196* | 8633* | 1188 | 9316* | 8765* | 1219 | 9665* | 8847* | 1228
g* 7* o

Yes | 15851* | 14769* | 18260* | 15569* | 14652 | 1812 | 15944 | 14955 | 1843 | 16504 | 15194 | 1885
* 0* * * 6* * * 4*

> Croptype| G | 12170N| 11593N| 14790* | 11983N| 11325 | 1474 | 12298 11543 | 1491 | 12653 | 11683 | 1528
& S S S NS | 7+ NS NS 1* NS NS 3*

] C, | 13039N| 12066N| 15512* | 12782N| 11960 | 1526 | 12963 | 12177 | 1572 | 13516 | 12359 | 1586
& S S S NS | 1* NS NS | 6* NS NS | o*

Irrigation | No | 12588N| 11910N| 15160N| 12338N| 11634 | 1503 | 12620| 11849 | 1531 | 13093 | 12032 | 1562

S S S S NS | 9NS| NS NS | 8NS| NS NS | 7NS

Yes| 12621N| 11749N| 15141N| 12427N| 11651 | 1496 | 12640 | 11871 | 1531 | 13076 | 12010 | 1551

S S S S NS | 9NS| NS NS | 5NS| NS NS | 6NS

Biochar | No | 9330* | 8692* | 12034* | 9168* | 8630* | 1188 | 9288* | 8762* | 1219 | 9637* | 8842* | 1228
3* 1* 6*

Yes | 15878* | 14821* | 18351* | 15594* | 14693 | 1820 | 15971| 15010 | 1852 | 16532 | 15253 | 1844
* 5* * * 3* * * 8*

N Croptype| G | 12173N| 12087N| 14826* | 11987N| 11344 | 1478 | 12300 | 11574 | 1484 | 12659 | 11714 | 1532
& S S S NS | 3* NS NS | 5* NS NS 3*

§ C, | 13035N| 11980N| 15588* | 12776N| 11980 | 1530 | 12459 | 12147 | 1578 | 13511 | 12382 | 1591
N S S S NS | 5* NS NS | 6* NS NS | o*

Irrigation | No | 1257IN| 11934N| 15200N | 12443N| 11648 | 1507 | 12604 | 11891 | 1535 | 13077 | 12055 | 1566

S S S S NS | 7NS| NS NS | 7NS| NS NS | 8NS

Yes| 12637N| 11179N| 15184N| 12320N | 11676 | 1501 | 12656 | 11880 | 1535 | 13093 | 12041 | 1556

S S S S NS | INS| NS NS | 7NS| NS NS | 6NS

Biochar | No | 9312* | 8894* | 12025* | 9141* | 8628* | 1187 | 9260* | 8758* | 1218 | 9619* | 8839* | 1228
» %8 g* 5 2%

§8 Yes | 15903* | 14873* | 18442* | 15620* | 14735 | 1828 | 15988 | 15065 | 1861 | 16560 | 15313 | 1904
* 4* * * O* * * 2*
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Croptype| G | 12175N| 11659N | 14826* | 11991N | 11363 | 1481 | 12302 | 11605 | 1497 | 12665 | 11748 | 1536
S S S NS 9* NS NS 5* NS NS 4*

13041IN| 12108N | 15605* | 12770N | 12000 | 1534 | 12956 | 12218 | 1581 | 13515 | 12404 | 1596
S S S NS 8* NS NS 5* NS NS 0*

Irrigation | No | 12565N | 11958N | 15241N| 12303N | 11663 | 1511 | 12587 | 11912 | 1539 | 13071 | 12080 | 1570
S S S S NS SNS NS NS 6NS NS NS 8NS

Yes | 12651IN | 11809N | 15227N | 12458N | 11700 | 1505 | 12671 | 11912 | 1539 | 13109 | 12072 | 1561
S S S S NS 2NS NS NS 8BNS NS NS 6NS

NNARRT historical Baseline Scenari@RCM - the Canadian Regional Climate Model with the Tl@eheratiorCoupled Climate Model;
HRM3 - the Hadley Regional Model and the Hadleyu@led Model version 3; RCM3¢€the Regional Climate Model Version 3 and the Third
GeneratiorCoupled Climate Model; RCM36Gthe Regional Climate Model Version 3 and the @sical Fluid Dynamics Laboratory Global
Climate Mode)
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