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Abstract 815 

 816 

The Environmental Policy Integrated Climate (EPIC) model was used to assess the impacts of 817 

climate change and proposed adaptation measures on yields of corn (Zea mays L.) and soybean 818 

(Glycine max L.) as well as aggregated yields of C3 [soybean, alfalfa (Medicago sativa L.), 819 

winter wheat (Triticum aestivum L.)] and C4 [corn, sorghum (Sorghum bicolor L.), pearl millet 820 

(Pennisetum glaucum L.)] crop types from representative farms in ten Southeastern US states. 821 

Adaptations included annual biochar applications and irrigation. Historical baseline (1979 – 822 

2009) and future (2041 – 2070) climate scenarios were used for simulations with baseline and 823 

future CO2 concentrations of 360 ppmv and 500 ppmv, respectively. Four regional climate 824 

models (RCMs) nested within global climate models (GCMs) were used to run future 825 

simulations. The experiment was analyzed as randomized complete block design with split-plots 826 

in time for baseline vs. future comparisons, and as a randomized complete block design with 827 

repeated measures for comparisons between future periods within each RCM_GCM model. 828 

Compared to historical baseline scenario, increases in near future corn yield ranged between 36 829 

to 83%, but future yields decreased by 5-13% towards 2066-2070 due to temperature stress. 830 

Future soybean yields decreased by 1-13% due to temperature and moisture stresses. Future 831 

aggregated C4 crops produced higher yields compared to historical C4 yields. There were no 832 

differences between future aggregated and historical C3 crop yields. Both crop types were 833 

negatively affected by progressing climate change impacts towards the end of 2066-2070 834 

simulation period. Reductions in future aggregated C3 crop yields ranged between 10 to 22%, 835 

and between 6 to 10% for C4 crops. We explained lower reductions in C4 compared to C3 crops 836 

due to a lesser degree of photorespiration, better water use efficiency, and better heat tolerance 837 

under conditions of high light intensities and increased temperatures in C4 crops. Irrigation 838 
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resulted in increased future corn yields between 29 to 33%, and 3 to 38% of aggregated C4 crop 839 

yields, with no effect on soybean or aggregated C3 crop yields. In some regions, biochar 840 

applications caused significant yield reductions of 9.5-20% for corn, 5 to 7% for aggregated C3, 841 

and 3 to 5% for aggregated C4 crops, depending on the model. Yield reductions were ascribed to 842 

alterations in plant nutrient availability. It was concluded that under drier weather scenarios, 843 

irrigation may be a promising adaptation strategy for agriculture in the Southeastern US. 844 

 845 

Keywords: Climate change, Southeastern US, adaptation, mitigation, biochar, irrigation  846 

  847 
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1.	Introduction	848 

 849 

 850 

Climate change has gained significant international attention due to concerns of negative long-851 

term impacts on agriculture and environmental quality (Chavas et al., 2009). Simulations with 852 

global climate models (GCMs) suggest that the projected increase in CO2 will modify the global 853 

climate (IPCC, 2007; IPCC, 2014). Climate change is expected to have direct impacts on a wide 854 

range of ecosystems including agriculture. World demand for agricultural products in 2050 is 855 

predicted to increase by one third of demands in 2010 (Alexandratos and Bruinsma, 2012). 856 

Arable land area in the world will need to be expanded by an additional 70 million ha, in order to 857 

meet future needs for agricultural products (FAO, 2002; Alexandratos and Bruinsma, 2012). An 858 

apparent benefit of climate change is that under optimum conditions the increased CO2 859 

concentrations that accompany climate change produces a “fertilization effect” that may increase 860 

crop yields, improve water use efficiency, and reduce transpiration (Allen et al., 1998; Makino 861 

and Mae, 1999; Maroco et al., 1999; Izaurralde et al., 2003). However, research indicates that 862 

this positive crop response will slow as the concentration of CO2 continues to rise and other 863 

resources such as water and nitrogen (N) become limiting (Bowes, 1993; Makino and Mae, 864 

1999). In addition,  research that has evaluated the effects of increased CO2 concentrations on 865 

crop growth have shown that the accelerated rate of photosynthesis that accompanies higher CO2 866 

concentrations leads to reduced nutrient and protein contents in grain and forage crops (Thomson 867 

et al., 2005a).  868 

In the past, researchers have used global and national contexts to evaluate the possible changes 869 

caused by climate change on agriculture by utilizing GCMs (Parry et al., 1999; Reilly et al., 870 

2003). However, the resolution scale at which national and global scale simulations have been 871 
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performed are seen as too coarse for detailed analysis of implications of climate change impacts 872 

(Gates, 1985; Thomson et al., 2005b). Regional impacts of climate change may not be 873 

sufficiently detailed using a resolution of several hundred kilometers that is typical for most 874 

GCMs. This lack of resolution becomes troublesome when evaluating climate change impacts at 875 

the regional level because GCMs were unable to capture the effects of local forcings, for 876 

example complex topography, which modulates the models’ climate signal on the regional, sub-877 

regional, and local levels (Rawlins et al., 2012). Climate change simulations using Regional 878 

Climate Models (RCMs) is currently and commonly being utilized for large domains such as 879 

North America since these RCMs operate at higher scales of resolution (~ 50 km) than GCMs 880 

and allows the implications of climate change to be considered on the regional and sub-regional 881 

levels. The utilization of RCMs in climate impact studies accounts for topographic complexities 882 

and finer-scale atmospheric dynamics due to a higher spatial resolution. The use of several 883 

RCMs and GCMs, or multi-RCM-GCMs ensembles in climate change  impact studies is 884 

important because it helps to quantify various uncertainties associated with different RCM 885 

projections (Khaliq et al., 2014). Such coupled multi-RCM-GCM ensembles (further referred to 886 

as RCM_GCM models or RCM_GCM pairs in this article) are now available for North America 887 

through the North American Regional Climate Change Assessment Program (Mearns et al., 888 

2009; Mearns et al., 2012).  Bukovsky (2012) confirmed that RCMs utilized for climate 889 

projections over the North American domain that cover US and Canada may be used to 890 

reproduce observed trends in temperature. Accurate predictions of climate change-induced 891 

temperatures may be relevant to the models ability to credibly simulate anthropogenic climate 892 

change under future emission scenarios.  893 

 894 
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Given the uncertainty regarding the regional distribution of changes in climate, the vulnerability 895 

of crop yields to climatic variability is a matter of increasing concern (Luo and Lin, 1999; Reilly 896 

and Schimmelpfennig, 1999). If extreme changes in regional climate occur, the current 897 

agricultural production in some areas will be vulnerable and adaptations will be necessary. New 898 

technologies have been developed and successfully applied to help mitigate the negative impacts 899 

of climate change on agriculture. These technologies are broadly categorized into two groups –900 

“adjustments” and “adaptations”. Adjustments are easy, low cost strategies which are currently 901 

available to reduce the impacts of climate change. Examples include planting a mix of cultivars 902 

with different pollination times, changing the timing of field operations to accommodate crops 903 

with different maturity classes, and improving the use and efficiency of pesticides to control the 904 

higher pest pressures that are anticipated. Adaptations are major changes in practices and in the 905 

use of production technologies which aim to ameliorate the impacts of climate change over a 906 

long period of time. Examples include developing and using  disease-resistant crop species, 907 

adopting specific conservation measures for soil moisture to minimize water shortages, as well as 908 

changing livestock breeding practices and shifting grazing patterns (United States Environmental 909 

Protection Agency, 2015). In addition, adaptations cross the full range of spatial scales from 910 

farm-level production to the level of international trade (Easterling, 1996). 911 

In recent years, biochar applications have been viewed by many researchers as a potential long-912 

term regional and/or global climate adaptation/mitigation technique to reduce greenhouse gas 913 

(GHG) emissions, improve soil physical properties, sequester soil carbon (C), and increase crop 914 

yields (Lehmann, 2007; Joseph et al., 2010; Laird et al., 2010a; Laird et al., 2010b; Major et al., 915 

2010; Roberts et al., 2010; Herath et al., 2013; Lychuk et al., 2014; Lychuk, 2014).  Biochar is a 916 

by-product of vegetative biomass and/or animal manures that have undergone pyrolysis and may 917 
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consist of up to 90% recalcitrant C. Kuzyakov et al. (2009) estimated the half-life of biochar 918 

under natural soil conditions to be approximately 1400 years. Biochar possesses a number of 919 

distinctive beneficial characteristics which include a cation exchange capacity of 40-190 cmolc 920 

kg-1, high porosity in comparison to soil, polyaromatic complex chemistry compounds, and a 921 

high surface area with increased reactivity (Lehmann et al., 2006; Atkinson et al., 2010; Laird et 922 

al., 2010b). These properties, when acting together, result in biochar attraction for plant micro- 923 

and macronutrients, causing increased soil pH, increased soil porosity, and improved water 924 

holding capacity.  925 

This article discusses high-resolution regional modeling simulations of future climate change 926 

impacts and the effectiveness of proposed adaptation practices (biochar application and 927 

irrigation) to alleviate the impacts of climate change on corn (Zea mays L.) and soybean (Glycine 928 

max L.) as well as the aggregated yields of three C3 [soybean, alfalfa (Medicago sativa L.), 929 

winter wheat (Triticum aestivum L.)] and three C4 [corn, sorghum (Sorghum bicolor L.), pearl 930 

millet (Pennisetum glaucum L.)] crops in the Southeastern United States. This modeling study 931 

was implemented on representative farms located in Alabama, Arkansas, Missouri, Mississippi, 932 

Florida, Kentucky, Louisiana, Texas, Georgia, and Tennessee. The objectives of this study were 933 

to (1) compare differences between average historical baseline (1979-2009) and future (2041-934 

2070) predicted yields of corn, soybean, and aggregated yields of the three C3 and three C4 crops 935 

and (2) compare differences of the future (2041-2070) predicted corn, soybean, and aggregated 936 

yields of three C3 and three C4 crops between average 5-yr periods within each future climate 937 

scenario projected by the four RCM_GCM models, and assess the effects of biochar applications 938 

and irrigation on future yields.  939 

 940 
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2.	Materials	and	Methods	941 

 942 

2.1 Description of the simulation model 943 

 944 

The Environmental Policy Integrated Climate (EPIC) model (Williams, 1995) was used for 945 

simulating impacts of climate change on yields of target crops. The model uses the concept of 946 

radiation-use efficiency (RUE) by which a fraction of daily photosynthetically active radiation is 947 

intercepted by the crop canopy and converted into crop biomass. In addition to solar radiation, 948 

other weather variables, such as temperature, precipitation, relative humidity and wind speed are 949 

inputs used for the simulations. The EPIC model can simultaneously model the growth of about 950 

100 plant species including crops, native grasses, and trees; in addition to inter-crop, cover-crop 951 

mixtures, and/or similar scenarios can be simulated. Crops can be grown in complex rotations 952 

and can include management operations, such as tillage, irrigation, fertilization and liming 953 

(Williams, 1995). The model accounts for the effects of tillage practices on surface residue; soil 954 

bulk density; mixing of residue and nutrients in the surface layer; water and wind erosion; soil 955 

hydrology; soil temperature and heat flow; C, N, and P cycling; the effects of fertilizer and 956 

irrigation on growth of many crops; the fate of pesticides; and the economics associated with 957 

crop growth and land management. Stockle et al. (1992) modified EPIC to account for the CO2 958 

fertilization effect on the growth of C3 and C4 crops. A comprehensive description of the EPIC 959 

model applications and development was presented by Gassman et al. (2005).   960 

The EPIC model has been successfully validated at the global scale with favorable results, as 961 

well as in many regions of the world under varying climates, soils, and management 962 

environments including China, Argentina, the United States, Italy, Canada, and other countries 963 

(Diaz et al., 1997; Costantini et al., 2005; Edmonds and Rosenberg, 2005; Thomson et al., 2006; 964 

Apezteguia et al., 2009; Chavas et al., 2009; Lychuk et al., 2017b; Lychuk et al., 2017c).  In a 965 
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previous publication (Lychuk et al., 2014), the original EPIC model was updated with algorithms 966 

describing the influence of biochar amendments on crop yields and important soil properties. The 967 

EPIC model performance has been verified for predicting the short and long term impacts of 968 

using biochar amendments for crop production. This newly updated, biochar-enhanced version 969 

of the EPIC model was used in this modeling study. 970 

 971 

2.2 Climatic input data and scenario runs 972 

 973 
We followed the standard approach to determine the impacts of climate change on crop yields by 974 

comparing the results based on historical baseline weather data and future predicted weather 975 

influenced by climate change. Historical and scenario-driven approaches were used for designing 976 

and conducting simulation runs. Historical weather temperature, precipitation, solar radiation, 977 

relative humidity and wind speed data from 1979 to 2009 were obtained from the National 978 

Oceanic and Atmospheric Administration’s (NOAA) North American Regional Reanalysis 979 

(NARR) database (Mesinger et al., 2006). The NARR (https://www.ncdc.noaa.gov/data-980 

access/model-data/model-datasets/north-american-regional-reanalysis-narr, accessed in August, 981 

2017) is a long-term, consistent high-resolution climate dataset for the North American domain 982 

and is a major improvement in both resolution and accuracy in comparison to the earlier global 983 

reanalysis datasets.  984 

Climatic 3-hour-based data for the future scenario runs from 2041 to 2070 were obtained from 985 

the North American Regional Climate Change Assessment Program (NARCCAP) for the four 986 

RCMs and their driving GCMs. The NARCCAP project provides high resolution future climate 987 

scenario data for most of the North America continent using RCMs, coupled GCMs, and time-988 

slice experiments (Mearns, 2007, updated 2012). The NARCCAP project objective was to run 989 
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each RCM with National Center for Environmental Prediction (NCEP) reanalysis followed by 990 

two GCMs under the A2 scenario for the IPCC’s Special Report on Emissions Scenarios (SRES) 991 

(Mearns et al., 2009; Mearns et al., 2012; Mearns et al., 2013)  at a spatial resolution of 50 km. 992 

Under the A2 emissions scenario, the heterogeneous growth of global population is envisioned 993 

rising to more than 10 billion people by 2050. The projected atmospheric CO2 concentrations are 994 

expected to reach 575 ppmv by the middle of the 21st century and 870 ppmv by its end. The A2 995 

SRES high-emission scenario provides more information from an adaptation and mitigation 996 

perspective than a low-emission scenario and it was the primary reason why the A2 scenario was 997 

chosen by the NARCCAP group (Sobolowski and Pavelsky, 2012). Please refer to the 998 

NARCCAP Web site at http://www.narccap.ucar.edu for a complete description of its various 999 

experiments for the past and future climate simulations and 1000 

http://www.narccap.ucar.edu/data/rcm-characteristics.html for the individual descriptions of the 1001 

RCMs.  1002 

We derived daily means from the archived 3-hour NARCCAP climate data for maximum and 1003 

minimum temperatures, precipitation, solar radiation, relative humidity, and wind speed for the 1004 

four RCMs and their driving GCMs. The information about RCMs and their driving GCMs used 1005 

in this modeling study is given in Table 1. We will refer to the RCM-GCM weather simulations 1006 

as ‘RCM_GCM’, where RCM stands for the acronym of the RCM and GCM for the driving 1007 

boundary conditions of the global climate model. For example, CRCM simulation driven by 1008 

CGCM3 global climate model will be referred to as CRCM_CGCM3. 1009 

The year 2041 was selected as a starting point for future simulations because climate change 1010 

effects are predicted to cause notable impacts beginning in the late 2030’s to the early 2040’s 1011 

(IPCC, 2007; IPCC, 2014). It is important to note that the stochastic weather predicting models 1012 
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used in this simulation study have limitations in that they do not predict the occurrence of 1013 

extreme events like droughts, days with extremely high (heat peaks) or low temperatures,  and 1014 

occurrence of very intense rainfalls. Instead, these models operate with weather patterns on an 1015 

average basis, i.e. they envisage the occurrence of droughts and extreme rainfall events, 1016 

however, the extreme temperatures and precipitation would be averaged and spread across all 1017 

years of the simulation period.  1018 

Simulations using historic weather data were conducted under a CO2 concentration of 365 ppmv. 1019 

The future weather simulations were conducted under a CO2 concentration of 500 ppmv. The 1020 

adaptation practices evaluated were annual additions of biochar in the amount of 5 Mg ha-1 and 1021 

irrigation occurring prior to plant stress (crop available water deficit in the root zone). Plant 1022 

available water deficit in the root zone (- 65 mm depth) was used as a parameter to trigger 1023 

irrigation. Depending on the severity of the plant available water deficit in the root zone, the 1024 

amount of water applied varied between 25 and 75 mm each time irrigation occurred. The 1025 

delivery system for the irrigation depended on the irrigation practices established at each 1026 

representative farm. 1027 

The biochar used in the simulations was a traditionally kiln-produced hardwood biochar. Cation 1028 

exchange capacity (CEC) of the biochar was 187 cmolc kg-1. Carbon content of the biochar was 1029 

72.9%, total N content was 0.76% with the C:N, H:C, and O:C ratios being 120, 0.018 and 0.26, 1030 

respectively. Ash content of the biochar was 4.6%. The pH (H2O) and pH (KCL) of the biochar 1031 

were 9.20 and 7.17, respectively. The biochar was incorporated into the soil with a single pass of 1032 

a disc harrow to a depth of 5 cm one month prior to planting. The EPIC model was updated with 1033 

algorithms describing the influence of biochar amendments on crop yields and important soil 1034 



12 

 

properties, as specified in Lychuk et al. (2014). For this particular modeling study, the model 1035 

was initialized with biochar properties and application methods specified above.  1036 

For future weather simulations, three RCMs were used that had boundary conditions defined by 1037 

three GCMs (four RCM_GCM pairs total). These pairs, also referred to as models in this paper, 1038 

projected different patterns of changes in air temperatures, precipitation, and solar radiation that 1039 

are expected to occur over time.  1040 

The RCM_GCM pairs used in this study were:  1041 

• The Canadian Regional Climate Model with the Third Generation Coupled Climate 1042 

Model (CRCM_CGCM3)  1043 

• The Hadley Regional Model with the Hadley Coupled Model version 3 1044 

(HRM3_HadCM3)  1045 

• The Regional Climate Model Version 3 with the Third Generation Coupled Climate 1046 

Model (RCM3_CGCM3)  1047 

• The Regional Climate Model Version 3 with the Geophysical Fluid Dynamics Laboratory 1048 

GCM (RCM3_GFDL).  1049 

Table 2 summarizes the regional distribution of air temperatures and precipitation under baseline 1050 

(NARR) conditions and deviations in the future climate scenarios predicted by the four 1051 

RCM_GCM pairs from the historical baseline.  1052 

The representative farms approach, as proposed by Easterling et al. (1993) and Easterling et al. 1053 

(1992) was used to select typical farms within the Southeastern US with typical farming systems 1054 

representing homogenous climates, soils, vegetation, and land uses within the study region. 1055 
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Representative farms were located in Alabama, Arkansas, Missouri, Mississippi, Florida, 1056 

Kentucky, Louisiana, Texas, Georgia, and Tennessee. The predominant soil mapped at each farm 1057 

location was used in the simulation. Simulations were performed on farms using typical existing 1058 

technologies and management practices. Due to its design and model structure, the EPIC model 1059 

could not account for the effects of micro-topography in the farm fields apart from unified slope, 1060 

a steepness factor, and the field aspect, however the model did account for the available moisture 1061 

content, nutrient transport, and other soil processes as a result of timing, the type and intensity of 1062 

field operations, and crop rotations. Soil types and their properties used in the simulations are 1063 

shown in Table 3. 1064 

 1065 

Soil databases from the United States Department of Agriculture – Natural Resources 1066 

Conservation Service (USDA-NRCS) Soil Survey Geographic Database were used to input the 1067 

required soil properties into the EPIC model. Simulations were performed for the upper 150 cm 1068 

of the soil profile in 10 cm increments. The total number of independent simulations was 1200  1069 

(10 farms x 6 crops x 5 scenarios x 2 CO2 levels x 2 treatments/adaptations). Land management 1070 

and fertilizer application rates were based on a “no stress” approach to represent potential past 1071 

and future yields. Up to 200 kg ha-1 of N, 50 kg ha-1 of P, and the best favorable planting and 1072 

harvesting days were used for model simulations. Applications of potassium and sulfur fertilizer 1073 

as well as micronutrients were not included in the simulations. The simulated land area at each 1074 

farm was 10 hectares. The response variables were corn and soybean yields, as well as the 1075 

aggregated yields of three C3 (soybean, alfalfa, winter wheat) and three C4 (corn, sorghum, pearl 1076 

millet) crop types.     1077 

 1078 

 1079 



14 

 

2.3 Statistical Analysis 1080 

 1081 

The experiment was analyzed as a randomized complete block design with split-plots in time for 1082 

the baseline vs. future comparisons, and as a randomized complete block design with repeated 1083 

measures for comparisons between the averaged 5-year periods within each future climate 1084 

scenario predicted by the RCM_GCM models. Experimental units consisted of 10 farms that 1085 

were placed into one of three regions that allowed regional comparisons to be made. The farms 1086 

and groupings were 3 in the South (Florida, Georgia, Alabama), 3 in the West (Texas, Louisiana, 1087 

Mississippi) and 4 in the North (Arkansas, Missouri, Tennessee, Kentucky). Farms within 1088 

regions were used as blocks (Izaurralde et al., 2003) within which the main plots were assigned 1089 

to a 2 x 2 factorial combination of biochar and irrigation. The sub-plot factors were corn or 1090 

soybean yields and the aggregated yields of C3 or C4 crops. For cases involving temporal data on 1091 

the same experimental units, appropriate repeated-measures analyses were performed. Five 1092 

different climate scenarios were used for comparisons: one historical baseline scenario (1979 – 1093 

2009) and four future climate scenarios (2041 - 2070) projected by the four RCM_GCM models. 1094 

Periods within each individual future scenario were averaged in 5 year intervals and were treated 1095 

as repeated measures. Comparisons were made (1) between historical baseline and future 1096 

scenarios and (2) between the 5 year periods within each of the four future (2041 – 2070) climate 1097 

scenario defined by the four RCM_GCM models. All statistical analyses were performed using 1098 

the MIXED Procedure in SAS v. 9.3 (SAS Institute, 2013).  1099 

 1100 

 1101 

 1102 

 1103 
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In total, there were five groups of comparisons made in this study: 1104 

1. Comparison between past (historical baseline) and future corn and soybean yields under 1105 

the four future climate scenarios projected by the RCM_GCM models (Section 3.1). 1106 

2. Comparisons between future corn yields under future climate scenarios projected by the 1107 

four RCM_GCM models. The future corn yields were compared among the 5-year 1108 

periods within each future climate scenario predicted by the RCM_GCM models (Section 1109 

3.2).  1110 

3. Comparisons between future soybean yields under future climate scenarios projected by 1111 

the four RCM_GCM models. The future soybean yields were compared among the 5-1112 

year periods within each future climate scenario predicted by the RCM_GCM models 1113 

(Section 3.3). 1114 

4. Comparison between past (historical baseline) and future aggregated yields for three C3 1115 

and three C4 crops under the four future climate scenarios projected by the RCM_GCM 1116 

models (Section 3.4). 1117 

5. Comparisons between the future aggregated yields for three C3 and three C4 crops under 1118 

the future climate scenarios projected by the four RCM_GCM models. The future 1119 

aggregated yields of C3 and C4 crops were compared among the 5-year periods within 1120 

each future climate scenario predicted by the RCM_GCM models (Section 3.5). 1121 

  1122 
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3.	Results		1123 

 1124 

3.1 “Corn – Soybean” Historical Baseline Yield vs. Future Yield Comparison 1125 

 1126 

Future corn yields increased in three of the four climate change scenarios when compared to 1127 

historical yields. The greatest yield increases were predicted by the CRCM_CGCM3 model 1128 

(83% increase), followed by a 60% increase under the HRM3_HadCM3 model, and a 36% 1129 

increase under the RCM3_GFDL model (Tukey HSD test, P < 0.05, Table 4). There was a 1130 

declining trend for future soybean yields under all future climate scenarios simulated by all 1131 

RCM_GCM models (Table 4).  1132 

There were significant region x model interactions for future corn and soybean yields simulated  1133 

the RCM3_CGCM3 model. The occurrence of interactions required that yield data be analyzed 1134 

based on each region and model (Fig. 1 and Fig. 2). The future corn yields in the South region 1135 

were higher by 64% compared to the values under the historical baseline (10.1 Mg ha-1 vs. 6.15 1136 

Mg ha-1) scenario and by 120% when compared to the values in the West region (13.5 Mg ha-1 1137 

vs. 6.13 Mg ha-1) (Tukey HSD test, P < 0.05). The yield differences were not significant for the 1138 

North region (Fig. 1).   1139 

In the North region, the future soybean yields simulated under the RCM3_CGCM3 model 1140 

displayed a 23% yield reduction compared to historical values (Fig. 2) (0.78 Mg ha-1 vs. 1.01 Mg 1141 

ha-1) (Tukey HSD test, P < 0.05). The future soybean yields were lower than the historical yields 1142 

in the South region, but the difference was not significant. In the West region, the future soybean 1143 

yields displayed a 41% increase compared to the historical baseline yields (1.12 Mg ha-1 vs. 0.79 1144 

Mg ha-1) (Tukey HSD test, P < 0.05) (Fig. 2).  1145 
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3.2 Climate and Adaptation Effects on Future Predicted Corn Yields 1146 

 1147 

Significant region x model interactions were detected for all future climate scenarios predicted 1148 

by the models. The occurrence of significant interactions required that corn yield data be 1149 

analyzed based on each region and model. The average corn yield declined in 2066-2070 1150 

compared to the yields in 2041-2045 with the reductions ranging between 5% (HRM3_HadCM3 1151 

model, West region) to 13% (RCM3_CGCM3 model, West region) (Table 5).  1152 

The effects of irrigation on future corn yields were significant in the North (33% increase) and 1153 

South regions (29% increase) under the future climate projected by the RCM3_CGCM3 and 1154 

RCM3_GFDL models, and in the South (29% increase) region under the RCM3_GFDL scenario 1155 

(Table 5). The future corn yields under irrigation in the other regions were not different than 1156 

yield values grown under no irrigation (Table 5).  1157 

There were no effects for biochar on future corn yields in the North region across all future 1158 

climate scenarios, the West region for the HRM3_HadCM3 and the RCM3_GFDL, and the 1159 

South region for the RCM3_CGCM3 and the RCM3_GFDL (Table 5). For all the other regions 1160 

under future climate projected by the remaining RCM_GCM models, there were significant 1161 

period x biochar interactions. In the South region under the CRCM_CGCM3 model, there was a 1162 

significant reduction (Tukey HSD test, P < 0.05) in corn yields by 9.5% from 12.45 Mg ha-1 1163 

(2041-2045 5-yr average) to 11.26 Mg ha-1 (2066-2070 5-yr average) that was attributed to 1164 

biochar amendments. In the West region, under the CRCM_CGCM3 climate projection, there 1165 

was a significant yield reduction (Tukey HSD test, P < 0.05) of 12% from 12.54 Mg ha-1 (2041-1166 

2045 5-yr average) to 11.06 Mg ha-1 (2066-2070 5-yr average) attributable to biochar. In the 1167 

same region, under the RCM3_CGCM3 scenario, there was a significant yield reduction (Tukey 1168 

HSD test, P < 0.05) of 20% from 14.03 Mg ha-1 (2041-2045 5-yr average) to 11.16 Mg ha-1 1169 



18 

 

(2066-2070 5-yr average). There were no biochar effects on future corn yields in the South 1170 

region under the HRM3_HadCM3 model (data not shown).   1171 

3.3 Climate and Adaptation Effects on Future Predicted Soybean Yields 1172 

 1173 

Similar to the effects of climate change on future corn yields, there were significant region x 1174 

model interactions for all the future climate scenarios predicted by the RCM_GCM models. The 1175 

occurrence of significant interactions required that the soybean yield data be analyzed based on 1176 

each region and model. The average reductions in 5-yr yields between the beginning (2041-1177 

2045) and the end (2066-2070) of future simulation periods ranged between 1 to 13% (Tukey 1178 

HSD test, P < 0.05). For example, under the CRCM_CGCM3 scenario in the North region, the 1179 

yield reduction was 6% from 1.01 Mg ha-1 to 0.95 Mg ha-1 and 3% under the HRM3_HadCM3 1180 

from 0.91 Mg ha-1 to 0.88 Mg ha-1. For the future climate scenario predicted by the 1181 

RCM3_GFDL model, the reduction in the future soybean yields was 10%, from 0.87 Mg ha-1 to 1182 

0.78 in the South and 13% from 1.00 Mg ha-1 to 0.87 Mg ha-1 in the West region. The yield 1183 

reduction under the RCM3_CGCM3 model in the South region was 8% from 0.96 Mg ha-1 to 1184 

0.88 Mg ha-1. For the remaining scenarios predicted by the RCM_GCM models for the other 1185 

regions, the yield reductions were not significant (data now shown). Neither irrigation nor 1186 

biochar had any effects on the future soybean yields under any scenario across all the regions.   1187 

 1188 

3.4 Aggregated C3 and C4 Crop Types: Historical Baseline Yield vs. Future Yield Comparisons 1189 

 1190 

RCM3_CGCM3 (future) vs. NARR (baseline) comparison: There was a significant region x 1191 

model interaction which required analyzing yield data based on each model (RCM3_CGCM3 1192 

and NARR) and region (North, South, and West). The crop type effect was not significant for 1193 
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any of the RCMs. This lack of significance allowed the yields of both crop types to be combined 1194 

and then the yields between the RCM3_CGCM3 and NARR were compared based on each 1195 

region. In the North region, the differences between the historical (3.74 54 Mg ha-1) and future 1196 

yields (3.54 Mg ha-1) were not significant. Similarly, in the South region, the differences between 1197 

the historical baseline (4.2 Mg ha-1) and future yields (4.65 Mg ha-1) were not significant. In the 1198 

West region, there was a significant model x crop type interaction. This interaction required a 1199 

separate analysis for the comparisons of the yields for each model (RCM3_CGCM3 and NARR) 1200 

and the aggregated yields of each crop type (C3 and C4) (Fig. 3). The aggregated yields of the 1201 

three C4 crops under the future climate scenario predicted by the RCM3_CGCM3 model were 1202 

almost doubled compared to the aggregated yields of the three C4 crops under the historical 1203 

baseline (8.8 Mg ha-1 vs. 4.8 Mg ha-1, an 83% increase (Tukey HSD test, P < 0.05) (Fig. 3). 1204 

There was a slight increase in the future aggregated yields of the three C3 crops compared to the 1205 

historical baseline, but the differences were not significant (Fig. 3).  1206 

RCM3_GFDL (future) vs. NARR (baseline) comparison: There was a significant model x 1207 

crop type interaction which required analyzing the yield data based on each model and crop type 1208 

(Fig. 4). The future aggregated yields of the three C4 crops increased by 39%, from the historical 1209 

yields, 5.47 Mg ha-1 to 7.64 Mg ha-1, in the future (P < 0.05, Tukey HSD test). For the future 1210 

aggregated C3 crops, the increases were not significant compared to historical yields (Fig. 4).  1211 

CRCM_CGCM3 (future) vs. NARR (baseline) comparison: There was a significant model x 1212 

crop type interaction which required analyzing the yield data by each model (CRCM_CGCM3 1213 

and NARR) and crop type (C3 and C4). The aggregated C4 crop yields increased by 57%, from 1214 

5.3 Mg ha-1 under the historical climate to 8.3 Mg ha-1 under the future climate (Tukey HSD test, 1215 
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P < 0.05). The increase in future aggregated yields compared to the historical yield of C3 crops 1216 

was not significant (Fig. 5).  1217 

HRM3_HadCM3 (future) vs. NARR (baseline) comparison: There was a significant model x 1218 

crop type interaction which required analyzing the yield data based on each model 1219 

(HRM3_HadCM3 and NARR) and crop type (C3 and C4). The aggregated C4 crop yields 1220 

increased by 41%, from 5.3 Mg ha-1 under the historical climate to 7.5 Mg ha-1 under the future 1221 

climate (P < 0.05, Tukey HSD test). The differences between the historical and the future 1222 

aggregated C3 crop yields were not significant (Fig. 6).  1223 

3.5 Climate and Adaptation Effects on Future Aggregated C3 and C4 Crop Yields 1224 

 1225 

There were significant region x model and period x crop type interactions for all future climate 1226 

scenarios. These interactions required the yield data to be analyzed separately for each region, 1227 

climate change scenario, 5-yr average period, and crop type (Table 6 and Table 7). The future 1228 

aggregated C3 crop yields were negatively affected under climate scenarios projected by all 1229 

RCM_GCM models in all regions, except for the South region under the HRM3_HadCM3, 1230 

RCM3_CGCM3, and RCM3_GFDL models and in the North region under the future climate 1231 

predicted by the CRCM_CGCM3 model (Tukey HSD test, P < 0.05). The yield reductions 1232 

ranged between 10% (in the North region under the HRM3_HadCM3 model) to 22% (in the 1233 

North region under the RCM3_CGCM3 model) (Table 6) for comparisons between 2041-2045 1234 

and 2066-2070 5-yr average yields, respectively (Tukey HSD test, P < 0.05).  1235 

The reductions in the future aggregated C4 crop yields varied between 6% in the West region 1236 

under the future climate scenario predicted by the CRCM_CGCM3 model to 10% in the West 1237 

region under the RCM3_CGCM3 model (Tukey HSD test, P < 0.05) (Table 7), when 2041-2045 1238 
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and 2066-2070 5-yr average yields were compared. The reductions were also significant in the 1239 

South and West regions for the CRCM_CGCM3 and the RCM3_CGCM3 models, and in the 1240 

North region for the HRM3_HadCM3 model. In all other regions under all other future climate 1241 

scenarios, there was a non-significant declining yield trend. Compared to the C3 crops, the future 1242 

aggregated yields of C4 crops showed less reduction in projected yields as climate change 1243 

progressed toward the final (2066-2070) 5-yr simulation period. This smaller reduction was 1244 

obvious in (1) the magnitude of the reduction (10 to 22% reductions for C3 vs. 6 to 10% 1245 

reductions for C4 crops), and in (2) the number of times the future yield reductions were found 1246 

significant (8 times for aggregated C3 crops and 5 times for aggregated C4 crops) (Tables 6 and 1247 

7).  1248 

There were significant region x irrigation and model x crop type interactions detected. There was 1249 

a positive response of future aggregated C3 crop yields to irrigation, but the differences were not 1250 

significant compared to the no irrigation treatment (Table 6). The future aggregated yields of the 1251 

C4 crops were greater under the irrigation treatment compared to the no irrigation treatment in 1252 

almost all regions under all future climate scenarios (Tukey HSD test, P < 0.05) (Table 7). The 1253 

yield increases ranged between 3% in the South region under the HRM3_HadCM model to 22% 1254 

in the South region under the RCM3_CGCM3 and RCM3_GFDL models, and to 38% in the 1255 

North region under the RCM3_CGCM3 model (Tukey HSD test, P < 0.05).  1256 

There were significant region x biochar and model x crop type interactions. Contrary to our 1257 

expectations, the biochar applications negatively affected future yields. For the C3 crops, the 1258 

yield reductions due to biochar treatments varied between 5 to 7%, depending on the region and 1259 

the model (Table 6). For the C4 crops, the yield reductions varied between 3 to 5% (Table 7). For 1260 
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all other regions and models, there was a declining yield trend after biochar applications, but the 1261 

differences were not significant (Tables 6 and 7).  1262 

4.	Discussion	1263 

 1264 

The four future climate scenarios predicted by the RCM_GCM models displayed a wide range of 1265 

differences in maximum and minimum air temperatures and precipitation in the regions of 1266 

interest. Generally, the CRCM_CGCM3 and HRM3_HadCM3 models predicted increased 1267 

maximum daily air temperatures, while the RCM3_CGCM3 and the RCM3_GFDL models 1268 

predicted decreased values. All scenarios except for the HRM3_HadCM3 model predicted 1269 

decreased minimum daily air temperatures. In some individual states that comprised the North, 1270 

West, or South regions, there was an increase in the future maximum daily temperature up to 1271 

3.3°C, depending on the RCM_GCM model. In some states, reductions in the future precipitation 1272 

quantities compared to the historical values ranged between 8 to 28%. However, the average 1273 

future precipitation throughout the Southeastern US was projected to increase by 3%, 10%, and 1274 

4% under the HRM3_HadCM3, RCM3_CGCM3, and RCM3_GFDL models, respectively, and 1275 

to be reduced by 8% under the CRCM_CGCM3 model. We speculate that it is the average 1276 

increase in the future precipitation which explained a weaker than expected crop response to 1277 

irrigation under the future climate scenarios predicted by some of the models.  1278 

4.1 Corn 1279 

 1280 

The future corn yields were initially predicted to increase when compared to yields under the 1281 

historical baseline scenario. Our findings on increased future corn yields were similar to results 1282 

reported by Hatch et al. (1999) who showed increased future corn yields simulated with the 1283 

DSSAT model by as much as 27% in 2090 compared to a 1975 – 1995 historical baseline in 1284 
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Georgia under the Hadley Center Model. Our findings were also in agreement with results 1285 

reported by the Izaurralde et al. (2003), who simulated effects of climate change on corn yields 1286 

in the United States using the Hadley Center Model. Depending on the sub-region, they found up 1287 

to a 10% increase in future corn yields in the Southeastern US. However, as climate change 1288 

progressed into the future, the corn yields decreased. In our study, the decreased future corn 1289 

yields by the end of the 2066-2070 simulation period were primarily associated with an increased 1290 

number of days with temperature stress due to increased daily maximum and minimum 1291 

temperatures (Table 2). This temperature stress explained future corn yield declines in the North 1292 

region under the future climate simulated by the CRCM_CGCM3, RCM3_CGCM3, and 1293 

HRM3_HadCM3 models, and in the West region by the HRM3_HadCM3 model. The 1294 

combination of temperature or moisture stress (deficit or excess) was the reason behind the  yield 1295 

reductions in the South region predicted by the RCM3_CGCM3 and RCM3_GFDL models, and 1296 

in the North region by the RCM3_CGCM3 model (Table 2 and Table 5). These results were in 1297 

agreement with Tsvetsinskaya et al. (2003) who investigated the regional impacts of climate 1298 

change on corn yields in the Southeastern US. They reported projected reductions in corn yields 1299 

ranging between 0 to 34%, depending on the scenario and the sub-region within the Southeastern 1300 

US. Similarly, Easterling et al. (2003) found 10 to 30% corn yield reductions in the Southeastern 1301 

US when no adaptations were taken to alleviate climate change impacts. We ascribed weaker 1302 

than expected response to irrigation in corn due to the weakness in predicting extreme events like 1303 

droughts, days with extreme heat temperatures (heat peaks), and very intense rainfalls by the 1304 

RCM_GCM models. These models are stochastic in nature and they operate with weather 1305 

patterns on an average basis. In addition, three of the four future climate scenarios predicted 1306 

general increases in average annual precipitation rates (Table 2) for the 10 states covered in this 1307 
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study. This increased precipitation may also help explain the lack of a statistically significant 1308 

uniform positive response to irrigation. Reductions in the future corn yields as a result of biochar 1309 

applications were ascribed to alterations in pH levels and availability of soil nutrients such as Ca 1310 

and Mg, and the availability of micronutrients such as B and Mo, which are important elements 1311 

for biological N fixation. It should be noted that this modeling study utilized biochar with a C:N 1312 

ratio of 120, thus the annual biochar applications may have resulted in decreased plant N 1313 

availability due to N immobilization.  1314 

4.2 Soybean 1315 

 1316 

The declining trends in the future soybean yields compared to the historical baseline reported in 1317 

this study were in agreement with Izaurralde et al. (2003), who found that future climate change 1318 

in the Southeastern US would result in decreased yields and Paudel and Hatch (2012), who 1319 

reported reductions in soybean yields under the future climate simulated by the Hadley Center 1320 

HadCM2 model. The temperature stress due to the increased future maximum and minimum 1321 

temperatures was thought to be a primary reason for the declined future soybean yields, as 1322 

soybeans are well known for their low tolerance to high temperatures. For example, as the future 1323 

climate progressed towards the end of the simulation period (2066-2070), soybean grown in the 1324 

North region under the future climates simulated by the CRCM_CGCM3 and HRM3_HadCM3 1325 

scenarios decreased due to increased daily maximum and minimum temperatures (Table 2). 1326 

Deficit or excess moisture stress was also a factor for some regions and models. The excess 1327 

moisture stress was due to as much as 57% increased future precipitation and was the primary 1328 

reason for the declined soybean yields in some states within the South region predicted by the 1329 

RCM3_CGCM3 and RCM3_GFDL models (Table 2). In our modeling study, the lack of 1330 

irrigation effects on soybean was attributed to the increased average annual precipitation rate 1331 
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across the 10 states in this study. The increase in available moisture created soil conditions such 1332 

that the soybean crops were not subjected to water stress, and irrigation was not required. 1333 

4.3 Aggregated Yields of C3 and C4 Crops 1334 

 1335 

The average increase between future and historical aggregated C4 crop yields varied between 39 1336 

to 83%, depending on the region and model. There was a numerical, but not statistically 1337 

significant increase in the future aggregated C3 crop yields compared to the historical baseline. 1338 

As climate change progressed, both crop types were negatively affected and future yields were 1339 

reduced. However, compared to the C3 crops, the future aggregated yields of C4 crops showed 1340 

less reduction in projected yields towards the final 5-yr simulation period (2066-2070). Even 1341 

though both crop types were negatively affected by progressing climate change, we concluded 1342 

that generally C4 crops are better adapted to stresses associated with climate change in 1343 

comparison to C3 crops due to: (1) better deficit moisture tolerance that was attributable to 1344 

improved water use efficiency; (2) better assimilation of available moisture due to higher 1345 

seasonal mean crop growth rates in C4 compared to C3 crops, and the C4 crops increased moisture 1346 

demands during the growth of larger biomass quantities; (3) better heat stress tolerance of C4 1347 

crops compared to C3 crops and (4) a lesser degree of photorespiration in C4 compared to C3 1348 

crops under conditions of high light intensities, increased atmospheric CO2, and increased 1349 

temperatures. 1350 

Our findings were in agreement with Vogan and Sage (2011) who concluded there was 1351 

approximately 1.5 to 4 times greater photosynthetic water-use efficiency in  C4 compared to C3 1352 

crops. In addition, Monteith (1978) compared the length of the growing season and the standing 1353 

dry weight between a group of C4 (bulrush millet, corn, sorghum, and sugar cane) and C3 crops 1354 

(kale, potatoes, sugar beet, rice, cassava, and oil palm). They reported the mean seasonal crop 1355 
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growth rate for the C4 group was 22 ± 3.6 g m-2 d-1 and 13 ± 1.6 g m-2 d-1 for the C3 group. 1356 

Finally, Schmitt and Edwards (1981) found that at 30°C, corn (C4 crop) had a higher rate of CO2 1357 

assimilation and soluble protein contents than either rice or wheat (C3 crops). 1358 

The yield reductions in C3 crops were primarily associated with temperature stress due to the 1359 

increased daily maximum air temperatures and reductions in future precipitation rates, which 1360 

was in agreement with research on the effects of temperature and precipitation on long-term 1361 

yields (Lychuk et al., 2017a; Lychuk et al., 2017b). For example, in the states comprising the 1362 

North region, the projected increases in the future mean annual daily temperatures were almost 1363 

2°C under the RCM3_CGCM3 model, 2.6°C in the states comprising the West region under the 1364 

HRM3_HadCM3 model, and 3.3°C in the states comprising the West region under the 1365 

CRCM_CGCM3 model (Table 2). In individual states comprising North, West, or South regions, 1366 

the reductions in future precipitation rates ranged between 8 to 28% compared to the historical 1367 

values. 1368 

No statistically significant differences were detected on future aggregated C3 crop yields in 1369 

response to the irrigation treatment. However, the future aggregated yields of the C4 crops were 1370 

found to be significantly greater under the irrigation treatment in almost all regions under all 1371 

future climate conditions, with yield increases ranging between 3 to 38% depending on the 1372 

region and model. We ascribed the positive responses to irrigation in C4 crops used in this study 1373 

due to their increased moisture demand for greater biomass development (especially corn) and 1374 

greater mean growth rates compared to C3 crops. 1375 

Contrary to our expectations, in some regions the biochar applications resulted in significant 1376 

decreases of the future aggregated yields in both crop types and varied between 5 to 7% for the 1377 
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C3 and 3 to 5% for the C4 crops, depending on the model. The declines in future yields were 1378 

ascribed to N immobilization and the expected reductions in plant N availability due to the high 1379 

C:N biochar ratio used in this modeling study. Another possible reason for yield reductions is 1380 

alteration in the rates and timing of seed germination, which would influence plant emergence 1381 

and growth and yield due to the timing of precipitation and accumulation of thermal heat units, 1382 

as a result of biochar application (Spokas et al., 2012). Further research is needed to simulate the 1383 

effects of other types of biochar made from different types of feedstock materials on C3 and C4 1384 

crop yields in the Southeastern US under future climate projections.  1385 

  1386 
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5.	Conclusions	1387 

 1388 

The results of this study demonstrated that climate change is expected to affect the regions of the 1389 

Southeastern US differently. Compared to the historical baseline scenario, the increased future 1390 

corn yields ranged between 36 to 83%, but the future yields decreased by 5-13% towards 2066-1391 

2070 due to temperature stress. The future soybean yields decreased by 1-13% due to 1392 

temperature and moisture stresses. The future aggregated C4 crops produced higher yields 1393 

compared to the historical C4 yields. There were no differences between future aggregated and 1394 

historical C3 crop yields. Both crop types were negatively affected by progressing climate 1395 

changes towards the end of the 2066-2070 simulation period. The reductions in the future 1396 

aggregated C3 crop yields ranged between 10 to 22%, and between 6 to 10% for C4 crops. We 1397 

attributed the lower yield reductions in C4 compared to C3 crops due to a lesser degree of 1398 

photorespiration, better water use efficiency, and better heat tolerance under the conditions of 1399 

high light intensities and increased temperatures in C4 crops. The annual biochar applications 1400 

were not effective in increasing corn, soybean or aggregated yields of C3 and C4 crop types, and 1401 

under some future climate scenarios caused significant yield reductions. There were indications 1402 

that irrigation may be an effective adaptation technique for alleviating climate change effects on 1403 

the yields of corn and C4 crops in the Southeastern US, with a mixed signal regarding the effects 1404 

of irrigation on the yields of future soybean and C3 crops. The effects of irrigation will be more 1405 

or less pronounced depending on the region and the future climate scenario. Further research is 1406 

needed to identify other adaptation practices for agriculture in the Southeastern US and quantify 1407 

their effectiveness on alleviating climate change impacts on future crop yields in the region. 1408 

  1409 
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Fig. 1 Corn yields for the North (N), South (S), and West (W) regions under the 1979 – 2009 1607 

NARR historical baseline and the future yields under the Regional Climate Model Version 3 1608 

with the Third Generation Coupled Climate (RCM3_CGCM3) model. Letters indicate Tukey 1609 

HSD mean differences at P < 0.05. Error bars represent standard error of the mean. 1610 

 1611 

Fig. 2 Soybean yields for the North (N), South (S), and West (W) regions under the 1979 – 2009 1612 

NARR historical baseline and the future yields under the Regional Climate Model Version 3 1613 

with the Third Generation Coupled Climate (RCM3_CGCM3) model. Letters indicate Tukey 1614 

HSD mean differences at P < 0.05. Error bars represent standard error of the mean.  1615 

 1616 

Fig. 3 Aggregated yields in the West region for the C3 and C4 crops under the 1979 – 2009 1617 

NARR historical baseline and the future aggregated yields under the Regional Climate Model 1618 

Version 3 with the Third Generation Coupled Climate (RCM3_CGCM3) model. Letters indicate 1619 

Tukey HSD mean differences at P < 0.05. Error bars represent standard error of the mean.  1620 

  1621 

Fig. 4 Aggregated yields of the C3 and C4 crops under the 1979 – 2009 NARR historical baseline 1622 

and the future aggregated yields under the Regional Climate Model Version 3 with the 1623 

Geophysical Fluid Dynamics Laboratory Global Climate (RCM3_GFDL) model. Letters indicate 1624 

Tukey HSD mean differences at P < 0.05. Error bars represent standard error of the mean. 1625 

  1626 

Fig. 5 Aggregated yields of the C3 and C4 crops under the 1979 – 2009 NARR historical baseline 1627 

and the future aggregated yields under the Canadian Regional Climate Model with the Third 1628 

Generation Coupled Climate Model (CRCM_CGCM3) model. Letters indicate Tukey HSD 1629 

mean differences at P < 0.05. Error bars represent standard error of the mean.  1630 

 1631 

Fig. 6 Aggregated yields of the C3 and C4 crops under the 1979 – 2009 NARR historical baseline 1632 

and the future aggregated yields under the Hadley Regional Model with the Hadley Coupled 1633 

Model version 3 (HRM3_HadCM3) model. Letters indicate Tukey HSD mean differences at P < 1634 

0.05. Error bars represent standard error of the mean.  1635 
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Fig. 1 Corn yields for the North (N), South (S), and West (W) regions under the 1979 – 2009 

NARR historical baseline and the future yields under the Regional Climate Model Version 3 

with the Third Generation Coupled Climate (RCM3_CGCM3) model. Letters indicate Tukey 

HSD mean differences at P < 0.05. Error bars represent standard error of the mean.  
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Fig. 2 Soybean yields for the North (N), South (S), and West (W) regions under the 1979 – 2009 

NARR historical baseline and the future yields under the Regional Climate Model Version 3 

with the Third Generation Coupled Climate (RCM3_CGCM3) model. Letters indicate Tukey 

HSD mean differences at P < 0.05. Error bars represent standard error of the mean. 
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Fig. 3 Aggregated yields in the West region for the C3 and C4 crops under the 1979 – 2009 

NARR historical baseline and the future aggregated yields under the Regional Climate Model 

Version 3 with the Third Generation Coupled Climate (RCM3_CGCM3) model. Letters indicate 

Tukey HSD mean differences at P < 0.05. Error bars represent standard error of the mean.  
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Fig. 4 Aggregated yields of the C3 and C4 crops under the 1979 – 2009 NARR historical baseline 

and the future aggregated yields under the Regional Climate Model Version 3 with the 

Geophysical Fluid Dynamics Laboratory Global Climate (RCM3_GFDL) model. Letters indicate 

Tukey HSD mean differences at P < 0.05. Error bars represent standard error of the mean. 
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Fig. 5 Aggregated yields of the C3 and C4 crops under the 1979 – 2009 NARR historical baseline 

and future aggregated yields under the Canadian Regional Climate Model with the Third 

Generation Coupled Climate Model (CRCM_CGCM3) model. Letters indicate Tukey HSD 

mean differences at P < 0.05. Error bars represent standard error of the mean.  
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Fig. 6 Aggregated yields of the C3 and C4 crops under the 1979 – 2009 NARR historical baseline 

and the future aggregated yields under the Hadley Regional Model with the Hadley Coupled 

Model version 3 (HRM3_HadCM3) model. Letters indicate Tukey HSD mean differences at P < 

0.05. Error bars represent standard error of the mean.  
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Table 1. Information about NARCCAP Regional Climate Models (RCMs) and their driving 

Global Climate Models (GCMs) set as boundary conditions used in this study† (adapted from 

Khaliq et al. (2014) Monette et al. (2012) Mailhot et al. (2012).  

 

RCM Driving GCM Acronym of GCM 

driven RCM 

simulation 

Simulation period  

 

Canadian 

Regional  

Climate 

Model: CRCM 

 

Canadian Global Climate 

Model, version 3: CGCM3 

 

 

CRCM_CGCM3 

 

 

 

2041-2070 

 

 

 

Hadley 

Regional  

Climate 

Model: HRM3 

 

Hadley Centre Climate 

Model, version 3: HadCM3 

 

 

HRM3_HadCM3 

 

 

 

2041-2070 

 

 

 

Regional 

Climate Model 

3: RCM3 

 

Geophysical Fluid Dynamics 

Laboratory Model: GFDL 

CGCM3 

 

 

RCM3_GFDL 

RCM3_CGCM3 

 

 

2041-2070 

2041-2070 

    
† Historical weather data from 1979 to 2009 were obtained from National Oceanic and Atmospheric 

Administration’s (NOAA North America Regional Reanalysis (NARR) database. Source: (Mesinger, 

2004) 

 



Table 2. Regional distribution of air temperatures and precipitation under the historical baseline 

North America Regional Reanalysis (NARR, 1979 - 2009) conditions and the deviations from 

the baseline predicted by the pairs of four regional climate models (RCMs) and their boundary 

conditions defined by the Global Climate Models (GCMs) over the future 30-year simulation 

period (2041 – 2070). Models are listed in Table 1. 

 

Model  Representative farms in 

   AL  AR  FL  GA  KY  LA  MS  MO  TN  TX  

Maximum daily air temperature (°C) 

NARR  20.5  20.8  24.5  23.6  17.2  24.1  22.7  16.7  20.1  25.1  

CRCM_CGCM3  2.3  3.3  1.6  1.9  2.4  2.6  3.3  3.2  3.0  2.6  

HRM3_HadCM3  0.2  2.6  1.0  1.4  2.9  2.2  2.6  4.1  3.1  1.8  

RCM3_CGCM3  0.5  0.4  -1.6  -1.4  0.4  -0.9  -0.3  1.7  0.7  -1.2  

RCM3_GFDL  -1.1  -1.4  -2.7  -2.7  -1.3  -2.0  -1.7  -0.5  -0.9  -3.6  

Minimum daily air temperature (°C) 

NARR  12.2  11.7  16.1  14.8  9.2  15.5  13.6  8.03  11.4  15.1  

CRCM_CGCM3  -1.5  -0.5  -1.6  -1.1  -1.0  -0.1  -0.4  -0.1  -0.5  -2.0  

HRM3_HadCM3  -1.3  1.96  0.2  0.6  0.9  1.5  1.8  2.9  2.1  1.5  

RCM3_CGCM3  -1.0  -0.8  -2.1  -1.2  -1.1  -1.2  -1.1  0.1  -0.6  -2.2  

RCM3_GFDL  -2.7  -2.2  -3.1  -2.4  -2.9  -2.5  -2.2  -1.8  -2.1  -3.8  

Precipitation (mm) 

NARR  1328  1202  992  1220  1217  1503  1311  953  1281  853  

CRCM_CGCM3  -87  -80  107  -141  211  -432  -199  -15  -66  -194  

HRM3_HadCM3  51  69  262  67  254  -360  -59  97  -7  4  

RCM3_CGCM3  42  68  631  265  126  -186  -99  232  40  25  

RCM3_GFDL  -48  -28  494  204  105  -188  -157  81  -60  101  

 

 

 



Table 3. Soil types and their properties used in the Environmental Policy Integrated Climate 

model simulations. 

 

Representative 

farms in the 

Southeastern 

US states: 

Soil type Organic 

carbon 

content, 

% 

Bulk 

density,  

g cm-3 

CEC, 

cmolc 

kg-1 

pH 

Alabama Fine, kaolinitic, thermic, 

rhodic paleudult 

0.75 1.37 2.7 5.5 

Arkansas Fine-silty, mixed, active, 

thermic typic endoaqualfs 

0.93 1.35 10.1 5.9 

Florida Fine-loamy, kaolinitic, 

thermic typic kandiudults 

0.69 1.39 4.0 5.6 

Georgia Fine-loamy, kaolinitic, 

thermic plinthic 

kandiudults 

1.1 1.38 3.5 5.4 

Kentucky Fine-silty, mixed, active, 

thermic ultic hapludalfs 

1.3 1.31 2.9 6.1 

Louisiana 

 

Fine, smectitic, thermic 

typic albaqualfs 
 

1.6 1.40 8.3 6.0 

Mississippi Fine, smectitic, thermic 

typic endoaqualfs 

1.5 1.37 9.9 5.8 

Missouri 

 

Fine, smectitic, mesic 

aquertic argiudolls 
 

3.6 1.29 19.4 6.6 

Tennessee Fine-silty, mixed, active, 

thermic ultic hapludalfs 

1.2 1.35 9.4 5.9 

Texas 

 

Fine, smectitic, thermic 

udertic paleustalfs 
 

1.0 1.30 8.9 6.1 

 



Table 4. Comparisons between the predicted corn and soybean yields under the historical 

baseline and the future climate scenarios predicted by the regional climate models (RCMs). 

Models are listed in Table 1. Letters within the same column indicate Tukey HSD mean 

differences at P < 0.05 

 

 

 

 

 

 

 

 

Model Crop Yield (Mg ha-1) 

Corn Soybean 

NARR (baseline) 6.43a 0.92a 

CRCM_CGCM3 11.78b 0.96a 

HRM3_HadCM3 10.31b 0.84a 

RCM3_GFDL 8.77b 0.82a 



Table 5. Climate and adaptation effects on the predicted corn yields (Mg ha-1) under the four future climate scenarios predicted by the 

regional climate models (RCMs). Models are listed in Table 1. Letters within the same column for each effect indicate Tukey HSD 

mean differences at P < 0.05. 

 

 

 

Effect 

Model 

CRCM_CGCM3 HRM3_HadCM3 RCM3_CGCM3 RCM3_GFDL 

Region 

North South West North South West North South West North South West 

Period 

(years) 

2041-2045 11.14a 12.44a 12.73a 10.73a 11.49a 9.76a 8.53b 11.84a 14.02a 8.36abc 11.26ab 11.07a 

2046-2050 10.9ab 12.11ab 12.56ab 10.33ab 11.26a 9.12b 9.07a 11.22b 13.81a 7.91bc 10.72bc 9.24cd 

2051-2055 10.31cd 12.11ab 12.54ab 10.33ab 11.53a 9.72a 7.82c 11.3b 13.73a 8.4ab 11.6a 10.28b 

2056-2060 10.15cd 11.94ab 12.40ab 10.2b 11.33a 9.92a 8.38b 10.51c 13.43ab 8.45ab 11.25ab 9.3cd 

2061-2065 10.48bc 11.72ab 12.06ab 10.4ab 10.74a 8.72c 8.46b 10.98bc 12.83ab 8.66a 10.58cd 8.74d 

2066-2070 9.82d 11.63b 11.85b 9.59c 10.96a 9.25b 7.89c 11.05b 12.16b 7.78c 10.1d 9.74bc 

Irriga-

tion 

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 

Bio-

char 

No 10.79a - - 10.52a - 9.49a 8.50a 11.4a - 8.37a 11.04a 9.88a 

Yes 10.14a - - 10.01a - 9.34a 8.22a 10.9a - 8.15a 10.8a 9.57a 



Table 6. Climate and adaptation effects on the future aggregated C3 crop yields (soybean, alfalfa, winter wheat) (Mg ha-1) under the 

four future climate scenarios predicted by the regional climate models (RCMs). Models are listed in Table 1. Letters within the same 

column for each effect indicate Tukey HSD mean differences at P < 0.05 

 

 

Effect 

Model 

CRCM_CGCM3 HRM3_HadCM3 RCM3_CGCM3 RCM3_GFDL 

Region 

North South West North South West North South West North South West 

Period 

(years) 

2041-2045 2.33ab 2.59ab 2.74a 2.20ab 2.35a 2.60a 2.59a 2.73a 2.80a 2.29a 2.67a 2.93a 

2046-2050 2.41a 2.60a 2.76a 2.21a 2.36a 2.63a 2.49a 2.73a 2.79a 2.26ab 2.58a 2.86a 

2051-2055 2.31ab 2.46abc 2.74a 2.14abc 2.33a 2.57a 2.39ab 2.58a 2.74a 2.22ab 2.46a 2.76ab 

2056-2060 2.27ab 2.38abc 2.59ab 2.12abc 2.21a 2.46ab 2.33abc 2.41a 2.57ab 2.15ab 2.35a 2.76ab 

2061-2065 2.16ab 2.26bc 2.37bc 2.01bc 2.11a 2.28bc 2.18bc 2.29a 2.41bc 2.15ab 2.32a 2.51bc 

2066-2070 2.12b 2.25c 2.29c 1.98c 2.15a 2.16b 2.02c 2.33a 2.29c 1.96b 2.33a 2.41c 

Irrigation No 2.27a 2.43a 2.59a 2.10a 2.25a 2.45a 2.33a 2.50a 2.61a 2.24a 2.43a 2.69a 

Yes 2.26a 2.43a 2.58a 2.11a 2.25a 2.46a 2.35a 2.52a 2.59a 2.12a 2.47a 2.72a 

Biochar No 2.33a 2.50a 2.63a 2.15a 2.30a 2.49a 2.42a 2.56a 2.66a 2.25a 2.50a 2.76a 

Yes 2.20b 2.35b 2.54a 2.07a 2.22a 2.41a 2.25b 2.47a 2.53b 2.09b 2.41a 2.64b 

 

 

 



Table 7. Climate and adaptation effects on the future aggregated C4 crop yields (corn, sorghum, pearl millet) (Mg ha-1) under the four 

future climate scenarios predicted by the regional climate models (RCMs). Models are listed in Table 1. Letters within the same 

column for each effect indicate Tukey HSD mean differences at P < 0.05 

 

 

Effect 

Model 

CRCM_CGCM3 HRM3_HadCM3 RCM3_CGCM3 RCM3_GFDL 

Region 

North South West North South West North South West North South West 

Period 

(years) 

2041-2045 7.47a 8.62a 8.71a 7.41a 8.23a 6.96a 5.57a 7.89a 9.37a 5.26a 7.35a 7.41a 

2046-2050 7.42a 8.47ab 8.68a 7.24ab 8.15a 6.50a 5.96a 7.44ab 9.33a 5.11a 7.08a 6.25a 

2051-2055 6.96a 8.36ab 8.79a 7.18ab 8.20a 6.94a 5.21a 7.60ab 9.14a 5.34a 7.60a 6.82a 

2056-2060 6.82a 8.16ab 8.75a 6.95ab 7.98a 7.11a 5.50a 7.05ab 8.89ab 5.27a 7.29a 6.26a 

2061-2065 7.21a 8.21b 8.43ab 7.31ab 7.82a 6.30a 5.68a 7.56ab 8.86ab 5.68a 7.14a 5.95a 

2066-2070 6.65a 8.12b 8.21b 6.71b 7.83a 6.58a 5.31a 7.27b 8.41b 5.03a 6.77a 6.68a 

Irrigation No 6.89a 8.32a 8.56a 7.11a 7.91a 6.49a 4.64a 6.71a 9.01a 4.93a 6.49a 5.57a 

Yes 7.29b 8.33a 8.62a 7.16a 8.17b 6.97b 6.43b 8.23b 8.99a 5.63b 7.92b 7.55b 

Biochar No 7.27a 8.47a 8.72a 7.27a 8.16a 6.77a 5.61a 7.58a 9.16a 5.34a 7.27a 6.63a 

Yes 6.91b 8.18b 8.47b 7.01b 7.91b 6.69a 5.46a 7.35a 8.84b 5.22a 7.14a 6.49a 

 

 

 




