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SUMMARY

Due to the potential impact of climate change and climate variability on rainfed production systems, both farmers
and policy makers will have to rely more on short- and long-term yield projections. The goal of this study was to
develop a procedure for calibrating the Cropping SystemModel (CSM)-CROPGRO-Soybeanmodel for six cultivars,
to determine the potential impact of climate change on rainfed soybean for five locations in Georgia, USA, and to
provide recommendations for potential adaptation strategies for soybean production in Georgia and other south-
eastern states. The Genotype Coefficient Calculator (GENCALC) software package was applied for calibration of
the soybean cultivar coefficients using variety trial data. The root mean square error (RMSE) between observed
and simulated grain yield ranged from 201 to 413 kg/ha for the six cultivars. Generally, the future climate scenarios
showed an increase in temperature which caused a decrease in the number of days to maturity for all varieties and
for all locations. This will benefit late-planted soybean production slightly, while the increase in precipitation and
carbon dioxide (CO2) concentration will result in a yield increase. This was the highest for Calhoun andWilliamson
and ranged from 31 to 49% for the climate change projections for 2050. However, a large reduction in precipitation
caused a decrease in yield for Midville, especially based on the climate scenarios of the Global Climate Models
(GCMs) Commonwealth Scientific and Industrial Research Organisation’s model CSIRO-Mk3.0 and Geophysical
Fluid Dynamics Laboratory’s model GFDL-CM2.1. Overall, Calhoun, Williamson, Plains and Tifton will probably
be more suitable for rainfed soybean production over the next 40 years than Midville. Farmers might shift to a later
planting date, around 5 June, for the locations that were evaluated in the present study to avoid potential heat and
drought stress during the summer months. The cultivars AG6702, AGS758RR and S80-P2 could be selected for
rainfed soybean production since they had the highest rainfed yields among the six cultivars. In general, the
present study showed that there are crop management options for soybean production in Georgia and the
south-eastern USA that are adapted for the potential projected climate change conditions.

INTRODUCTION

Agriculture is one of the main economic sectors in
Georgia and other states in the south-eastern USA.
Soybean is one of the dominant crops and it is nor-
mally double-cropped with wheat (Persson et al.
2010). Since 2001, the demand for soybean has
increased, resulting in an increase in the world

market soybean price (Ash & Dohlman 2001; Ash
et al. 2008; Ash 2013). Although the total soybean
acreage in the south-eastern USA has expanded, the
sandy soils of the region’s coastal plain and the dry
weather conditions in Georgia have seriously limited
soybean production, especially for late-planted
soybean (Boerma et al. 2007; Naeve & Orf 2007;
Harris et al. 2008; Woodruff et al. 2010). Through
research and extension, producers are provided with
information related to variety selection, pest and
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disease control and irrigation. However, due to the
regional climate variability and the uncertainty asso-
ciated with climate change, it is still a challenge
for farmers and governments to make long-term
production decisions for planning (Eitzinger et al.
2010) and thus strategy assessments play an important
role in providing adaptation strategies to decision-
makers.
The coupling of climate models with crop models

has been a common method for analysing the poten-
tial impact of climate change on crop production
and for providing adaptation strategies (Mearns et al.
2003a; Parry et al. 2007). Some impact studies have
also been conducted for the south-eastern USA: the
climate models used for these studies included both
Global Climate Models (GCMs) and Regional
Climate Models (RCMs). The application of RCMs is
critical because the coarse resolution of GCMs can
introduce uncertainties into the studies, while RCMs
provide a finer spatial resolution (Carbone et al.
2003; Doherty et al. 2003; Mearns et al. 2003b;
Tsvetsinskaya et al. 2003; Wilby et al. 2004;
Christensen et al. 2007). The resolution of the RCM
RegCM2 in the above-mentioned studies was 50 ×;
50 km, while all future projections were based on
one GCM, i.e. the Commonwealth Scientific and
Industrial Research Organisation’s model CSIRO-
Mk3.0, with a 300-km resolution.
Several of these climate change studies used the

Cropping System Model (CSM)-CROPGRO-Soybean,
which is one of the main crop simulation models of
the Decision Support System for Agrotechnology
Transfer (DSSAT). This is a software package that
encompasses models for more than 25 different
crops and includes programmes and utilities that
facilitate the evaluation and application of the crop
models (Jones et al. 2003; Hoogenboom et al. 2012).
The CSM-CROPGRO-Soybean model simulates the
plant and soil carbon, water and nitrogen balances
for soybean (Boote et al. 1998; Mavromatis et al.
2001; Jones et al. 2003) based on crop genetics,
including cultivar-specific parameters or cultivar coef-
ficients. Local weather and soil conditions, initial con-
ditions, soil analysis and crop management are the
minimum data needed for model operation, while
crop performance data are needed for model cali-
bration and evaluation (Hunt & Boote 1998). Most of
the climate change studies that have been conducted
for the south-eastern USA that used both GCM and
RCM scenarios concluded that soybean yield will
decrease because of the projected change in

weather conditions, while the increase of carbon
dioxide (CO2) will fertilize soybean and thus offset
part of the predicted decrease in yield (Curry et al.
1995; Alexandrov & Hoogenboom 2000; Carbone
et al. 2003). Adaptation strategies, such as shifting
planting date to avoid the moisture and temperature
stress, have been suggested. These previous studies
have shown that this approach not only benefits
farmers by providing quantitative predictions at a
more local level, but also federal and state govern-
ments and farmers’ organizations for long-term plan-
ning across a region. However, two limitations of the
approaches that have been used so far for climate
change impact studies still exist.

One of the limitations from previous climate change
studies that have been conducted for the south-eastern
USA, as well as many other regions across the world,
is that the crop models were not evaluated for local
conditions (White et al. 2011). For accurate predic-
tions, crop model calibration and evaluation are
needed, especially when the model is applied to
new cultivars and new locations. Genetic coefficients
for new local cultivars are normally obtained using
procedures such as the downhill simplex method
(Grimm et al. 1993), simulated annealing (Goffe
et al. 1994), and one- and two-dimensional linear
grid searches (Mavromatis et al. 2001). These
manual processes are time-, resource- and labour-
consuming, especially when the calibration includes
a large number of coefficients for multiple locations
and cultivars. A Genotype Coefficient Calculator
(GENCALC) has been developed to facilitate the cal-
culation of cultivar coefficients using a systematic
approach (Hunt et al. 1993). The cultivar coefficients
are estimated iteratively by running the appropriate
crop model with approximate values of the coeffi-
cients, comparing the model output to observed data
and then adjusting the value of a cultivar coefficient
until the simulated and observed values match (Hunt
et al. 1993). Anothai et al. (2008) and Guerra et al.
(2008) demonstrated that GENCALC could be used
for estimating the cultivar coefficients of the CSM-
CROPGRO-Peanut model. For the observed variables,
Anothai et al. (2008) used the dates for first flower
occurrence and harvest maturity, final biomass, pod
and seed yield, seed size, pod and seed harvest
index and shelling percentage. Guerra et al. (2008)
used dates for first flower and pod occurrence, seed
and pod yield, total above ground biomass, seed
and pod harvest index, maximum size of a full
leaf and maximum weight per seed.

Strategies for rainfed soybean production under CC 799



Many impact studies used the default cultivar coef-
ficients included with the distribution version of
DSSAT or published coefficients from former studies.
Given that breeders and seed companies release
new and improved varieties annually that are
adapted to local environments, it is important to use
the genetic characteristics of cultivars that are cur-
rently being used by farmers. At the same time it is
also important to evaluate the model for current
local conditions, especially if the outcomes of the
study are presented to local policy makers and
growers who are normally not very familiar with the
application of complex computer models. However,
the observed records for most soybean variety trials
only include the maturity date, seed size and grain
yield. Thus, a quick and easy methodology for
model calibration and evaluation based on this
limited set of observations should be explored.

Another limitation of the resolution of climate
models is that there is a disparity between the
outputs of a GCM or a RCM and the inputs for a
local impact model. A climate model, such as
SimCLIM, that provides projections for a specific
location should be introduced in impact studies to
address the issue. Originally developed for New
Zealand, SimCLIM is a computer-based modelling
system for examining the effects of climate variability
and change over time and space (CLIMsystems 2010).
Downscaled outputs of GCMs to a 1 × 1 km grid based
on pattern-scaling (Richard Warrick, personal com-
munication) can be obtained using SimCLIM for
many countries across the world, including the
USA. It provides different spatial scales that were
designed for national, regional, local and site-specific
assessments. The site-specific scale of SimCLIM
was designed for addressing more detailed ques-
tions related to the effects of climate change on
agricultural and climatological risk (Kenny et al.
2001), which solves the important issue of matching
spatial and temporal scales between the outputs
of the GCMs or RCMs and input requirements for
impact assessment models (Semenov & Barrow
1997). SimCLIM has been used to assess the potential
impacts of climate change on the environment
(Kenny et al. 1995) and agriculture (Kenny et al.
2000, 2001) of New Zealand, and the potential
impacts of climate change on floods in Bangladesh
(Mirza et al. 2003).

The overall goal of the present study was to evaluate
the calibration procedures for climate change impact
and adaptation assessment using readily available

crop performance data and to determine alternate
crop management strategies for soybean under chan-
ging climatic conditions. Specific objectives included:
(1) to develop a procedure for calibrating the CSM-
CROPGRO-Soybean model for six cultivars; (2) to
determine the potential impact of climate change for
projections from 2011 to 2050 on rainfed soybean
yield for five locations in Georgia; and (3) to provide
recommendations for potential adaptation strategies
for soybean production in Georgia and other south-
eastern states.

MATERIALS AND METHODS

Model calibration and evaluation

Crop model inputs

As mentioned previously, local weather, soil profile,
crop management and crop performance data are
needed as inputs for model calibration and evaluation.
The sites that were selected included Watkinsville
(33°52′N, 83°32′W), Calhoun (34°29′N, 84°58′W),
Williamson (33°10′N, 84°24′W), Midville (32°52′N,
82°13′W), Plains (32°2′N, 84°22′W) and Tifton (31°
28′N, 83°31′W) in Georgia, United States. Daily
solar radiation, maximum and minimum air tempera-
ture and precipitation were obtained from the Georgia
Automated Environmental Monitoring Network
(AEMN, www.georgiaweather.net), which was first
deployed in 1991 (Hoogenboom 1996), with 60 oper-
ational stations in 2004 (Garcia y Garcia &
Hoogenboom 2005) and over 80 in 2013.

Soil types and associated profile, surface and
generic soil information were obtained from Perkins
et al. (1978, 1979, 1982, 1983, 1985, 1986) for all
six locations. The soil types for the trial sites were a
Cecil coarse sandy loam (clayey, kaolinitic, thermic
Typic Hapludults) for Watkinsville, a Waynesboro
loam (clayey, kaolinitic, thermic Rhodic Paleudults)
and a Rome gravelly clay loam (fine-loamy, mixed,
thermic Typic Hapludults) for Calhoun, a Greenville
sandy clay loam (clayey, kaolinitic, thermic Rhodic
Paleudults) for Plains, a Cecil sandy loam (clayey, kao-
linitic, thermic Typic Hapludults) for Williamson, a
Dothan sandy loam (fine-loamy, siliceous, thermic
Plinthic Paleudult) for Midville, and a Tifton
sandy loam (fine-loamy, siliceous, thermic Plinthic
Paleudult) for Tifton. A soil utility programme of
DSSAT, SBuild, was used to create the soil inputs
based on these local soil profile data with depth,
cation exchange capacity, pH in water, etc.
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The crop management and performance data for six
cultivars from the six locations were obtained from the
University of Georgia (UGA) College of Agricultural
and Environmental Science (CAES) Statewide Variety
Testing (SWVT) programme (Day et al. 2001, 2002,
2003, 2004, 2005, 2006, 2007, 2008), which
ranged from 4 to 7 years per cultivar covering the
period from 2001 to 2008. The cultivar DP5634RR
(Maturity Group V, MG V) was grown from 2003 to
2007, the cultivars DP5915RR (MG V) and
DP7220RR (MG VII) were grown from 2001 to
2007, and the cultivars AG6702 (MG VI),
AGS758RR (MG VII) and cultivar S80-P2 (MG VIII)
were grown from 2005 to 2008. In the present study,
the records for the odd years were used for calibration
of the cultivar coefficients, while the records for the
even years were used for model evaluation.
Crop management for all trials was the same. The

plant population at seeding was 34 plants/m2, row
spacing was 76 cm and the planting depth was 5
cm. This information was used to define the crop man-
agement inputs for the CSM-CROPGRO-Soybean
model. For irrigation, the reported dates and amount
of irrigation for each individual trial were used and
the irrigation method was set to sprinkler irrigation.
Previous crops grown in these fields included maize,
cotton, soybean, sunflower and grain sorghum,
while in some instances there was a fallow season.
The model performance tests consisted of planting

date, ranging from 7 May to 29 June, total amount of
irrigation applied during the trials, grain yield
(HWAM, kg/ha, with 13% moisture content), maturity
date (MDAP, calendar days) and unit weight at matur-
ity (HWUM, mg). Grain yield was corrected to 0%
moisture content, as the crop models predict yield
on a dry weight basis. Besides these variables, the
number of seeds per pod was assumed to be 2·05,
which was obtained from the provided DSSAT
soybean cultivar file. The total number of seeds
could then be calculated as maturity yield/unit seed
weight (Table 1).

Model calibration and evaluation procedure

The CSM-CROPGRO-Soybean model defines 15 cul-
tivar coefficients (Table 2) to simulate daily growth
and development in response to weather and soil con-
ditions and crop management (Guerra et al. 2008).
The general calibration procedures and definition of
model input parameters were similar to the studies
conducted by Soler et al. (2007, 2008). Cultivar

coefficients were calibrated using GENCALC, which
starts with the initial coefficients that are extracted
from the genotype file of DSSAT and selects the best
value for each coefficient by evaluating the root
mean square error (RMSE) between the simulated
and observed variables (Hunt et al. 1993). For
soybean, the values for the generic maturity groups
are normally used as initial coefficients (Table 3).
GENCALC was designed to search for the best value
of coefficients in a limited range. The parameters
STEP and LOOPS control its search range for each
special cultivar coefficient by setting the change for
each step, i.e. STEP, and the number of times
GENCALC should change the values of a particular
coefficient, i.e. LOOP (Table 4).

Model calibration started with selecting parameters.
The soil fertility factor (SLPF) and several essential
crop cultivar coefficients were selected first. The soil
fertility factor is an input parameter for the crop
models that affects the overall crop growth rate by
modifying daily canopy photosynthesis and is attribu-
ted to soil fertility differences and soil-borne pests,
such as nematodes (Mavromatis et al. 2001; Guerra
et al. 2008). Normally, simulations with appropriate
SLPF values would be close to the observations. A suit-
able SLPF should be determined first, prior to calibrat-
ing the cultivar coefficients. The adjustment of SLPF
was conducted by comparing observed and simulated
grain yield for each of the six locations. To determine
the best value for SLPF for one location, all six culti-
vars for all years (2001–2008) at that location were
used. The SLPF was modified manually with values
ranging from 0·7 to 0·94 (Jones et al. 1989;
Mavromatis et al. 2001) and the one that provided
the lowest RMSE between simulated and observed
yield was selected.

Although 15 cultivar coefficients were defined for
simulations, because of the limited observed data
that were available from the Statewide Variety
Testing, only six candidate coefficients could be opti-
mized with GENCALC. These included photothermal
days from first seed to physiological maturity (SDPM),
seed-filling duration for an individual pod cohort
(SFDUR), seed size (WTPSD), maximum leaf photo-
synthetic rate (LFMAX), average number of seeds per
pod under standard growing conditions (SDPDV)
and the time required for soybean to reach final pod
load under optimal conditions (PODUR). In order to
obtain a reasonable simulation for the number of
days to maturity, the photothermal days from first
flower to first pod (FLSH), from first flower to first
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seed (FLSD), and the photothermal time from emer-
gence to flower appearance (EMFL) were manually
adjusted when running GENCALC for SDPM. The
best value for each cultivar coefficient could be
obtained only within the range that consisted of the
maximum and minimum value for that coefficient in
the cultivar file (Table 5).

Cultivar coefficient calibration

The SLPF was adjusted first to obtain reasonable simu-
lations in grain yield, and then the cultivar coefficients
were calibrated. Since an accurate simulation for the
number of days to maturity is essential, candidate
coefficients started with EMFL, FLSH, FLSD and
SDPM, which are related to the number of days to

maturity. CSM-CROPGRO-Soybean was run with a
set of initial values and then a comparison was
made between the simulated and observed number
of days to maturity to determine the direction for
manually changing EMFL and FLSD. The values of
EMFL and FLSD were decreased when the simulated
number of days to maturity was greater than the
observed value, otherwise the values were increased.
The changes were 0·5% for EMFL and 1·5% for FLSD.
The FLSH was changed using the following equation:

FLSH ¼ ðFLSH=FLSDÞMG × FLSDopt ð1Þ
where FLSDopt is the optimized value of FLSD based
on GENCALC and (FLSH/FLSD)MG is the ratio of the
general maturity group values for the specific coeffi-
cients (Mavromatis et al. 2001). GENCALC was run

Table 1. Average of observed data from the University of Georgia College of Agricultural and Environmental
Sciences Statewide Variety Testing programme

Maturity
group Cultivar

Total no.
years

Grain yield
(kg/ha)

Unit seed
weight (g/seed)

Total number of
seeds (no./m2)

Number of seeds per
pod (no./pod)

MG V DP5634RR 30 3022 0·158 1900 2·05
DP5915RR 35 2855 0·158 1786 2·05

MG VI AG6702 24 2944 0·153 2006 2·05
MG VII AGS758RR 20 2876 0·142 1953 2·05

DP7220RR 28 2817 0·122 1926 2·05
MG VIII S80-P2 20 2853 0·179 1515 2·05

Table 2. Definition for the cultivar coefficients of the CSM-CROPGRO-Soybean model that determine soybean
growth, development and yield

Coefficient Definition Unit

CSDL Critical short day length below which reproductive development progresses
with no day length effects

h

PPSEN Slope of the relative response of development to photoperiod with time 1/h
EM-FL Time between plant emergence and flower appearance Photothermal day
FL-SH Time between first flower and first pod Photothermal day
FL-SD Time between first flower and first seed Photothermal day
SD-PM Time between first seed and physiological maturity Photothermal day
FL-LF Time between first flower and end of leaf expansion Photothermal day
SFDUR Seed filling duration for pod cohort at standard growth conditions Photothermal day
PODUR Time required for cultivar to reach final pod load under optimal conditions Photothermal day
LFMAX Maximum leaf photosynthesis rate at 30 °C, 350 vpm CO2, and high light mg CO2 /m

2 s
SLAVR Specific leaf area of cultivar under standard growth conditions cm2 /g
SIZLF Maximum size of full leaf (three leaflets) cm2

XFRT Maximum fraction of daily growth that is partitioned to seed+shell –

WTPSD Maximum weight per seed g
SDPDV Average seed per pod under standard growing conditions Numbers per pod
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to search for the value of SDPM each time when EMFL
and FLSDwere changed. The set of EMFL, FLSD, FLSH
and SDPM was selected when the simulated number
of days to maturity matched the observed value.
After the calculation of the number of days to matur-

ity, the next step was calculating the coefficients that
determined grain yield. As with the rule for the
above, the coefficients’ values with the smallest
RMSE for each variable were selected. The corre-
sponding variable for WTPSD was seed size, for
PODUR was seed number, for SDPDV was seed
number per pod, and for SFDUR and LFMAX was
grain yield. The first set of calibrated coefficients
could be obtained from this step and the simulations
should be close to the observed values.
A check for the outliers of the simulations was per-

formed based on the first set of coefficients from the
above step. The years for which a freeze was

simulated were removed from the simulations, as
these data could lead to under-valuing of the genetic
coefficients. All the candidate coefficients were initia-
lized and the cultivar coefficients related to each
observed variable were calculated again. The order
was from the number of days to maturity to grain
yield. A second set of coefficients was obtained
based on the simulations in which a freeze did not
occur. If the simulations and observations did not
match well, the candidate cultivar coefficients could
be manually adjusted; otherwise, the simulations pro-
ceeded directly to the next step.

Although the simulated variables performed fairly
well based on the above-mentioned approach,
improvements could be made by repeatedly adjusting
the SLPF since it was calculated based on the initial
values that were used for the cultivar coefficients.
The SLPF was calculated again by minimizing the

Table 3. Initial values of the cultivar coefficients* that were used for calibration

Maturity Group Cultivar EM-FL FL-SH FL-SD SD-PM LFMAX WTPSD SFDUR PODUR SDPDV

MG V DP5634RR 19·8 8 15·5 34·8 1·03 0·18 23 10 2·05
DP5915RR 19·8 8 15·5 34·8 1·03 0·18 23 10 2·05

MG VI AG6702 20·2 9 16·0 35·6 1·03 0·18 23 10 2·05
MG VII AGS758RR 20·8 10 16·0 36·4 1·03 0·18 23 10 2·05

DP7220RR 20·8 10 16·0 36·4 1·03 0·18 23 10 2·05
MG VIII S80-P2 21·5 10 16·0 37·2 1·03 0·18 23 10 2·05

* Defined in Table 2.

Table 4. Configuration of GENCALC for calibration of the soybean cultivar coefficients

Observed
variable* Description

Cultivar
coefficients† STEP‡ LOOPS§

Cultivar
coefficients† STEP‡ LOOPS§

ADAP Time to anthesis as days after planting CSDL 5·0 5 EM-FL 10 5
PDFP First seed day FL-SD 5·0 4
MDAP Physiological maturity day SD-PM 10·0 3
CWAM Tops weight at maturity LFMAX 10·0 3
H#UM Number of seeds at maturity SDPDV 10·0 3
LAIX Leaf area index, maximum FL-LF 10·0 10 SLAVR 10 3
CWAM Tops weight at maturity LFMAX 5·0 3
HWUM Unit weight at maturity WTPSD 10·0 3
HWAM Yield at harvest maturity SFDUR 5·0 3
H#AM Number at maturity PODUR 10·0 3
HWAM Yield at harvest maturity SFDUR 10·0 3 LFMAX 10 3

* DSSAT code for the observed variables.
† The definitions of the cultivar coefficients are defined in Table 2.
‡ Change in the value for each coefficient for each step when using GENCALC for calibration.
§ Number of times the coefficients can change.
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RMSE of grain yield based on the second set of
coefficients. Because of the change of SLPF, cultivar
coefficients were adjusted. This time the cultivar coef-
ficients were not initialized, but they were modified
based on the second set from the above procedure.
The best set of optimized cultivar coefficients was
then obtained.

The procedure for calibrating SLPF and the candi-
date cultivar coefficients is summarized in Fig. 1.
The accuracy of the procedure for estimating the cul-
tivar coefficients was also evaluated by the coefficient
of determination (R2) from function (2) and index of
agreement (d) from function (3). Both R2 and d
ranged from 0 to 1; a best fit requires that they are 1.

R2 ¼ 1�
P

i ðOi � PiÞ2P
i ðOi � �OÞ2

ð2Þ

where Oi is the ith observation, Pi is the ith simulation
and is the mean of all observations.

d ¼ 1�
Pn

i¼1 ðPi �OiÞ2Pn
i¼1 P0

i

�� ��� O0
i

�� ��� �2
" #

; 0 � d � 1 ð3Þ

where n is the number of observations, Pi is the pre-
dicted value for the ith measurement, Oi is the
observed value for the ith measurement, P

0
i ¼ Pi � �O,

O
0
i ¼ Oi � �O, where �O is the mean of all observations

Evaluation of cultivar coefficients

After calibration of the cultivar coefficients, a com-
parison between observed and simulated grain yield
was performed based on the best coefficients that
were obtained during calibration. Evaluation was con-
ducted using the observed values that were obtained
from the experiments that were conducted during
the years 2002, 2004, 2006 and 2008.

Soybean yield prediction

The CSM-CROPGRO-Soybean model was used to
predict the number of days to maturity and grain
yield for the cultivars DP5634RR, DP5915RR,
AGS6702, AG758RR, DP7220RR and S80-P2, for
the period of 1958 to 2008 (reference simulations),
and for climate change projections for 2011, 2020,
2030, 2040 and 2050 for rainfed conditions for
Calhoun, Williamson, Midville, Plains and Tifton.
The inputs for the CSM-CROPGRO-Soybean, includ-
ing soil profiles, plant population, row spacing and
planting depth at each location, were the same asTa
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the values used for model calibration for the same
location. No irrigation was applied and no nitrogen
fertilizer was needed, as soybean is a leguminous
crop that fixes nitrogen.
The weather inputs for the reference simulations

were the corresponding observed daily weather
data, including precipitation, minimum temperature,
maximum temperature and solar radiation from
1958 to 2008. Long-term observed weather data
from 1958 to 2008 obtained from the National
Climatic Data Center (NCDC) were used as the refer-
ence data. Because this data set did not include
solar radiation, the data from 1958 to 2008 (reference
years) were provided by Garcia y Garcia &
Hoogenboom (2005), who used the Weather
Generator for Solar Radiation (WGENR) to generate
solar radiation values based on a multivariate stochas-
tic process using minimum and maximum tempera-
ture and precipitation as inputs.

The weather inputs for simulations from 2011 to 2050
were the reference weather data that were modified
based on future climate patterns obtained from
SimCLIM. The marker scenario A1B, which represents
a medium level of greenhouse gas emissions, from
the Special Report on Emissions Scenarios (SRES,
Nakicenovic & Swart 2000) was selected. Based on the
recommendation of Hulme et al. (2000), at least three
GCMs should be selected in case the prediction is
limited to a narrow representation of future climate.
Therefore, three commonly used GCMs were selected
for the present study, i.e. the UK Meteorological
Office’s Hadley Centre Coupled Model version 3
(UKMO-HadCM3 (UKMO), the Commonwealth
Scientific and Industrial Research Organisation’s model
CSIRO-Mk3.0 (CSIRO), and the Geophysical Fluid
Dynamics Laboratory’s model GFDL-CM2.1 (GFDL).
Three resulting projections for monthly average tempera-
ture and precipitation for 2011, 2020, 2030, 2040 and
2050 for Calhoun, Williamson, Midville, Plains and
Tifton were generated with SimCLIM. The reference
daily precipitation and minimum and maximum temp-
erature were modified based on the monthly climate
change as calculated by SimCLIM and were used as
input in the soybean simulations for the climate change
projections for 2011, 2020, 2030, 2040 and 2050.

The CO2 concentrations for the projected years
2011, 2020, 2030, 2040 and 2050 were obtained
from the database for SimCLIM (Table 6). To evaluate
potential options for adaptation to climate change,
simulations were run for all six varieties and four
planting dates, i.e. 5, 15 and 25 May and 5 June. For
each of the five locations, projection years and
GCMs, the number of days to maturity and grain
yield were analysed.

RESULTS

Soil fertility adjustment

The optimized value for the Soil Fertility Factor (SLPF)
was 0·85 for Watkinsville, 0·76 and 0·70 for Calhoun
(where the experiment was conducted at two locations
with different soil types), 0·82 for Williamson, 0·82 for
Midville, 0·85 for Plains and 0·92 for Tifton (Table 7).
The simulated yield was based on the optimized
values for SLPF for each site using statistical analysis.
The slope of the regression ranged from 0·682 to
1·264; the coefficient of determination, R2, ranged
from 0·33 to 0·89, the value for d ranged from 0·72
to 0·97 and the RMSE compares to the observed

Fig. 1. Procedure for model calibration based on the
number of days to maturity, seed size and yield.

Strategies for rainfed soybean production under CC 805



yield ranged from 158 to 473 kg/ha. For the linear
regression of simulated v. observed yield, a slope
close to 1 and a value for R2 close to 1 mean a good
fit. A lower RMSE also means a better fit. Calhoun
had the lowest RMSE for yield but the crop model
under-estimated yield by c. 56 kg/ha. Grain yield was
also under-estimated by c. 32 kg/ha for Watkinsville
and 46 kg/ha for Midville. The grain yield was over-
estimated at Tifton, Plains and Williamson by c. 150
kg/ha. For Tifton the R2 (0·33) and d (0·72) were the
lowest when compared to all locations, while the
RMSE (473 kg/ha) was the highest. The SLPF values
for the six locations were different from the values
determined by Mavromatis et al. (2001). However,
the RMSE between simulations and observations from
the present study ranged from 156 to 227 kg/ha and
were less than those reported by Mavromatis et al.
(2001) for Calhoun, Williamson and Midville,
showing improved calibration procedures.

Cultivar coefficient calibration

The average yield for the six cultivars was estimated
(Table 8) and showed that the difference between
simulated and observed yield was <3%. The yield
for DP5915RR and AG6702 was under-estimated by
the crop model, but the difference was <10 kg/ha
compared to the observed yield, 3300 kg/ha. The
RMSEs of DP5634RR, DP5915RR and AG6702
ranged from 230 to 279 kg/ha, which were smaller
than those for the other three cultivars, while the
values for the slope of the regression equation
ranged from 0·84 to 1·01 and were also close to
1. However, the values for R2 and d showed that the
optimized cultivar coefficients performed better for
DP5634RR, DP5915RR and S80-P2 (R2 = 0·8–0·9;
d = 0·93–0·97) than for the other cultivars.

Cultivar DP5634RR had both the lowest observed
and simulated grain yield among the six cultivars.
Normally, if the values of the cultivar coefficients
LFMAX, WTPSD, SFDUR, SDPDV and PODUR are
smaller, the simulated yield should be lower for that
cultivar. For example, the values of WTPSD, SFDUR,
SDPDV and PODUR for DP5634RR and AG6702
were close, but the value for LFMAX for AG6702
(0·9259) was higher than for DP5634RR (0·8641).
Cultivar DP5915RR had a higher LFMAX than
DP5634RR, but the value for SFDUR for DP5915RR
was much lower. The longer growing season for
DP5915RR contributed to a higher yield at maturity.
Therefore, the values for the cultivar coefficients
EMFL, FLSD and SDPM, which determined the
length of the soybean growing season, were higher
for cultivar DP5915RR than for DP5634RR.

Crop model evaluation

An evaluation for the performance of the optimized
cultivar coefficients was conducted by comparing
simulated and observed grain yield for the six
locations (Table 9). The data collected from the
soybean trials during the years 2002, 2004, 2006
and 2008 for the six locations were used for evalu-
ation. The predicted grain yield for cultivars
DP5634RR, DP5915RR, AG6702 and AGS758RR
were <5% different from the observed yield, but
there was an 8% difference for DP7220RR and 10%
for S80-P2. Because the limited observations were
used for calibration, the values of R2 and d generally
decreased and RMSE increased compared with
model calibration for all cultivars except for
DP5915RR. The comparison of the simulated and
observed yield for DP5915RR had a slope of 0·8979,
an R2 of 0·912, a d of 0·976 and an RMSE of
152 kg/ha. For the remaining five cultivars, the com-
parison between simulated and observed yield had
the following values: the slope ranged from 0·63 to
0·9969, the R2 ranged from 0·47 to 0·562, the values
for d ranged from 0·75 to 0·84 and the value for
RMSE ranged from 343 to 520 kg/ha.

Projections for monthly precipitation and mean
temperature

The climate change patterns, including monthly pre-
cipitation and mean temperature for the projections
for 2011, 2020, 2030, 2040 and 2050, were obtained
using SimCLIM for Calhoun, Williamson, Midville,

Table 6. CO2 concentration for scenario A1B for
future climate projections

Year
CO2 concentration
(ppm)

Reference years (1958–2008) 380
2011 394
2020 421
2030 456
2040 493
2050 533

Source: SimCLIM version 2.1.7.0.
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Plains and Tifton. These changes were defined with
respect to the baseline for the period 1961–1990
and the values varied by location, month and the
respective GCMs that were used. Monthly precipi-
tation showed both a decrease and an increase
from the baseline based on the three GCMs. In
general, the projections based on the CSIRO GCM
showed the largest change in precipitation for both
the increase and decrease, while there was a moderate
change in precipitation for the projections based on
the GFDL GCM, and the smallest change in precipi-
tation was for the projections based on the UKMO
GCM. Monthly mean temperature increased from
2011 to 2050 compared with the baseline for the

projections for all three GCMs. Although these
changes in mean temperature were different for the
individual months, the annual changes for the same
year were similar among the three GCMs and did
not vary by more than 0·5 °C. The difference among
months for the same year became larger for both
monthly precipitation and mean temperature as the
projection years increased from 2011 to 2050.

For Calhoun, the smallest change in monthly pre-
cipitation from the baseline was 0% for June for both
the 2011 and 2050 projections (Fig. 2). The largest
increase was 10% for 2011 and 43% for 2050 for
December based on the UKMO GCM, while the
increases for the remaining months were no more

Table 8. Optimized cultivar coefficients* and the average observed (Obs.) and simulated (Sim.) grain yield (kg/
ha) for each cultivar. Statistics include slope of regression; coefficient of determination (R2); index of agreement
(d); and root mean square error of simulated and observed yield (RMSE)

Optimized cultivar coefficients

Maturity group Cultivar EMFL FLSH FLSD SDPM LFMAX WTPSD SFDUR SDPDV PODUR

MG V
DP5634RR 22·88 12·32 23·87 34·90 0·8641 0·1895 25·95 2·045 12·49
DP5915RR 24·17 14·51 28·12 33·57 1·0760 0·1895 22·73 2·045 12·49

MG VI AG6702 24·29 15·61 27·76 36·83 0·9259 0·1895 25·96 2·045 12·49

MG VII
AGS758RR 23·50 12·32 19·71 38·45 0·8250 0·1701 20·01 2·045 10·69
DP7220RR 23·54 12·18 19·49 36·63 0·8250 0·1701 20·00 2·045 7·505

MG VIII S80-P2 21·33 9·80 15·68 38·31 0·8250 0·1898 25·98 2·433 10·05

Simulations based on optimized coefficients

Obs. Sim. Slope R2 D RMSE

MG V DP5634RR 2703 2713 0·8400 0·835 0·954 230
DP5915RR 3206 3205 0·8774 0·895 0·971 233

MG VI AG6702 3377 3368 1·0100 0·631 0·880 279
MG VII AGS758RR 3319 3348 0·7028 0·755 0·905 369

DP7220RR 3141 3274 0·8176 0·634 0·878 427
MG VIII S80-P2 3118 3200 0·7347 0·807 0·934 377

* See Table 2 for the definitions of the cultivar coefficients.

Table 7. Estimation of the soil fertility factor (SLPF) for six locations and observed (Obs.) and simulated (Sim.)
grain yield. Statistics include slope of regression; coefficient of determination (R2); index of agreement (d); and
RMSE of simulated and observed yield

Location SLPF Obs. (kg/ha) Sim. (kg/ha) Slope R2 d RMSE

Watkinsville 0·85 3233 3301 0·9751 0·682 0·897 316
Calhoun 0·70 and 0·76 2759 2703 0·8430 0·893 0·964 158
Williamson 0·82 2778 2950 1·2638 0·872 0·920 306
Midville 0·82 2874 2828 0·9751 0·781 0·935 348
Plains 0·85 3209 3326 0·7255 0·574 0·846 331
Tifton 0·92 3557 3720 0·6820 0·331 0·721 473
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than 4% for 2011 and 19% for 2050. An extreme
change occurred for August and January based on
the CSIRO GCM, which was −4% for 2011 and
−16% for 2050 for August and 17% for 2011 and
73% for 2050 for January. The decrease in precipi-
tation for July, September and December was −1%
for 2011, and ranged from −2 to −6% for 2050
based on the CSIRO GCM. For the GFDL GCM, the
smallest change in precipitation was −1% for 2011
and −3% for 2050 for June, the largest change was
10% for 2011 and 43% for 2050 for December, and
the change for April to September was <2% for 2011
and <10% for 2050.

For Calhoun, the monthly mean temperature pro-
jections based on the three GCMs were somewhat
different from the change in monthly precipitation
(Fig. 2). For the UKMO GCM, the increase in tem-
perature varied from 0·4 °C for May to 0·72 °C
for December for 2011, and from 1·74 °C for
May to 3·17 °C for December for 2050. For the
CSIRO GCM, the increase in temperature varied
from 0·32 °C for December to 0·61 °C for October
for 2011, and 1·43 °C for December to 2·69 °C
for October for 2050. For the GFDL GCM, the
increase in temperature varied from 0·14 °C for July
to 0·72 °C for November for 2011, and from 0·63 °C
for July to 3·17 °C for November for 2050. When com-
paring the three GCMs, the change in monthly mean
temperature based on the CSIRO GCM was the smal-
lest compared to the other two GCMs.

In general, the changes from baseline in monthly
precipitation and mean temperature for Williamson
for the projections for 2011 to 2050 were similar to
those for Calhoun, with a few exceptions (Fig. 3).
For the CSRIO GCM, the precipitation projection for
March and April was close to 0% for the 2011 to
2050 projections, while for September it increased
from about 3% for 2011 to 11% for 2050, and it

decreased for December from −6% for 2011 to
−29% for 2050. For the GFDL GCM, the precipitation
for June increased by c. 5% for 2011 and 24% for
2050, but for July there was no change. The tempera-
ture change for August based on the UKMO GCM
increased from 0·22 °C for 2011 to 2·22 °C for 2050,
while for December it increased from 0·65 °C for
2011 to 2·85 °C for 2050.

Midville showed a smaller increase in monthly pre-
cipitation from the baseline during the soybean
growing season from 2011 to 2050, especially for
the projections by the GFDL GCM when compared
to Calhoun and Williamson (Fig. 4). Based on the
three GCMs, the increase in monthly temperature for
January and December was also smaller for Midville
than for Calhoun and Williamson. For the UKMO
GCM, the precipitation increase was ⩽14%, while
there was a decrease in precipitation of −2% for
both May and October. The CSIRO GCM did not
show any change in precipitation for May. For
the GFDL GCM the change in precipitation was
<9% but October showed an increase of 5% for
2011 to 23% for 2050. The projections for March,
May, June and July for 2050 showed a decrease
in precipitation of almost −8%. Based on the
UKMO GCM, the increase in temperature was c.
0·3 °C for 2011 and 2·7 °C for 2050 for January and
December. The largest change in temperature based
on the GFDL GCM occurred from May to October,
and increased over time from 2·3 °C for 2011 to
2·93 °C for 2050.

The change in monthly precipitation and mean
temperature compared to the baseline for Plains
from 2011 to 2050 was similar to Calhoun and
Williamson (Fig. 5). However, for the UKMO GCM,
precipitation decreased by c. −2% for February,
while the GFDL GCM did not show a change in pre-
cipitation for April. The largest change in temperature

Table 9. Model evaluation based on simulated (Sim.) and observed (Obs.) yield. Statistics include slope of
regression; coefficient of determination (R2); index of agreement (d); and root mean square error of simulated
and observed yield (RMSE)

Maturity group Cultivar Obs. (kg/ha) Sim. (kg/ha) Slope R2 d RMSE

MG V DP5934RR 3143 3015 0·9969 0·599 0·838 343
DP5915RR 3317 3304 0·8979 0·912 0·976 152

MG VI AG6702 3397 3510 0·7640 0·470 0·806 473
MG VII AGS758RR 3189 3425 0·7943 0·483 0·747 403

DP7220RR 2828 3075 0·9875 0·557 0·818 520
MG VIII S80-P2 3273 3614 0·6325 0·562 0·760 509
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based on the UKMO GCM was for August, which was
0·65 °C for 2011 and 2·85 °C for 2050.
The change from baseline in monthly precipitation

and mean temperature from 2011 to 2050 for Tifton
was similar to Plains except for some details in precipi-
tation (Fig. 6). For the UKMO GCM, the precipitation
for February decreased by c. −2% for 2011 and −8%
for 2050. For the CSIRO GCM, the precipitation
decreased by −1% for 2011 and −5% for 2050 for

June, while it increased by 2% for 2011 and 8% for
2050 for December. For the GFDL model, the
decrease was −2% for April and −3% for September
for 2050.

Soybean yield projections

The number of days to maturity and grain yield
were simulated for the reference years and for the

Fig. 2. Changes in monthly precipitation (%) and mean temperature (°C) as projected for 2011, 2020, 2030, 2040 and 2050
based on scenario A1B for three GCMs compared to the baseline data for the period 1961–1990 for Calhoun, Georgia.
Precipitation (a) and temperature (b) for UKMO-HadCM3, precipitation (c) and temperature (d) for CSIRO-Mk3.0, and
precipitation (e) and temperature (f) for GFDL-CM2.1. Precipitation change is in percentage and temperature is the
difference in °C.
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projections from 2011 to 2050 under rainfed con-
ditions. Each of the projections contained simulations
for 51 years. The following analysis is, therefore,
based on the average of 51 years.

To determine the potential impact of climate
change, the number of days to maturity and grain
yield were first simulated for the 51 years of reference
weather data for each location, maturity group and

planting date (Table 10). The number of days to
maturity for Calhoun was the longest, ranging from
134 to 182 days for all six cultivars, while Tifton had
the shortest growing season, ranging from 120 to
163 days. Among the six studied cultivars, the
growing season for AG6702, AGS758RR and S80-P2
was 3–22 days longer than the other three cultivars.
Based on the four planting dates, the growing

Fig. 3. Changes in monthly precipitation (%) and mean temperature (°C) as projected for 2011, 2020, 2030, 2040 and 2050
based on scenario A1B for three GCMs compared to the baseline data for the period 1961–1990 for Williamson, Georgia.
Precipitation (a) and temperature (b) for UKMO-HadCM3, precipitation (c) and temperature (d) for CSIRO-Mk3.0, and
precipitation (e) and temperature (f) for GFDL-CM2.1. Precipitation change is in percentage and temperature is the
difference in °C.
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season of later-planted soybean was 6–16 days longer
than earlier-planted soybean. For yield, Williamson
and Plains had the highest yield, followed by
Midville, while the yield in Calhoun and Tifton was
100–400 kg/ha less. Among the six cultivars,
DP5915RR had the highest yield (1256–1636 kg/ha)
and DP5634RR the lowest (1024–1385 kg/ha). Yield
increased when the planting date was shifted from

5 to 25 May, while yield decreased when the
planting date was shifted to 5 June for the cultivars
AG6702, DP7220RR, AGS758RR and S80-P2. For
the cultivars DP5634RR and DP5915RR, the yield
increased when the planting date was shifted from 5
May to 5 June.

Following the reference simulations, the climate
change patterns for the three GCMs, i.e. UKMO,

Fig. 4. Changes in monthly precipitation (%) and mean temperature (°C) as projected for 2011, 2020, 2030, 2040 and 2050
based on scenario A1B for three GCMs compared to the baseline data for the period 1961–1990 for Midville, Georgia.
Precipitation (a) and temperature (b) for UKMO-HadCM3, precipitation (c) and temperature (d) for CSIRO-Mk3.0, and
precipitation (e) and temperature (f) for GFDL-CM2.1. Precipitation change is in percentage and temperature is the
difference in °C.
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CSIRO and GFDL, as projected for 2011 to 2050 were
applied to the reference historical data to predict
future soybean yield. The potential impact of these
climate patterns on the number of days to maturity
and grain yield is discussed below with respect to
the reference simulations. One normally would
expect that an increase in the number of days to
maturity would increase yield and a decrease in the

number of days would cause a decrease in yield due
to shorter grain filling duration.

For Calhoun, the projected increase in mean
temperature based on the three GCMs (Fig. 2)
could cause soybean to develop faster, thereby
decreasing the number of days to maturity for the
projections from 2011 to 2050 for the cultivars that
were analysed in the present study (Fig. 7). Over

Fig. 5. Changes in monthly precipitation (%) and mean temperature (°C) as projected for 2011, 2020, 2030, 2040 and 2050
based on scenario A1B for three GCMs compared to the baseline data for the period 1961–1990 for Plains, Georgia.
Precipitation (a) and temperature (b) for UKMO-HadCM3, precipitation (c) and temperature (d) for CSIRO-Mk3.0, and
precipitation (e) and temperature (f) for GFDL-CM2.1. Precipitation change is in percentage and temperature is the
difference in °C.
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time, this situation could worsen. The decrease
based on the GFDL GCM was larger than the
UKMO and CSIRO GCMs. The number of days to
maturity for the later-planted soybean for the projec-
tions from 2011 to 2050 decreased less than those
of the earlier-planted soybean. The differences
among the six cultivars studied were not great.
Based on the UKMO and CSIRO GCMs, the decrease
in the number of days to maturity for all cultivars

ranged from −0·4 days for the 2010 projection to
−3 days for the 2020 one, while there was a decrease
from −1 to −6 days for the 2030, 2040 and 2050 pro-
jections. Based on the GFDL GCM, the decrease in
the number of days to maturity was c. 1 to 2 days
less than for the UKMO and CSIRO GCMs,
especially for the 2040 and 2050 projections. The
decrease in the number of days to maturity based
on the 5 May planting date was c. 0·2–2 days more

Fig. 6. Changes in monthly precipitation (%) and mean temperature (°C) as projected for 2011, 2020, 2030, 2040 and 2050
based on scenario A1B for three GCMs compared to the baseline data for the period 1961–1990 for Tifton, Georgia.
Precipitation (a) and temperature (b) for UKMO-HadCM3, precipitation (c) and temperature (d) for CSIRO-Mk3.0, and
precipitation (e) and temperature (f) for GFDL-CM2.1. Precipitation change is in percentage and temperature is the
difference in °C.
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Table 10. Simulated number of days to maturity and grain yield based on the reference weather data (1958–2008)s

Number of days to maturity (#) Grain yield (kg/ha) Number of days to maturity (#) Grain yield (kg/ha)

Sites

PD

5/5 5/15 5/25 6/5 5/5 5/15 5/25 6/5 5/5 5/15 5/25 6/5 5/5 5/15 5/25 6/5

MGV-DP5634RR MGVII-AGS758RR
Calhoun 151 145 140 134 1024 1052 1077 1074 176 169 162 156 1121 1138 1077 1029
Williamson 144 138 133 127 1286 1328 1369 1385 168 162 155 148 1449 1467 1492 1463
Midville 142 136 131 125 1180 1235 1259 1266 164 157 150 143 1431 1447 1442 1389
Plains 139 133 128 123 1322 1336 1344 1351 161 154 148 141 1450 1425 1425 1415
Tifton 135 130 126 120 1154 1159 1152 1126 157 150 144 137 1223 1234 1219 1206
Average 142 136 132 126 1193 1222 1240 1240 165 158 152 145 1335 1342 1331 1300

MGV-DP5915RR MGVII-DP7220RR
Calhoun 159 153 148 142 1278 1293 1264 1256 173 167 160 152 1186 1236 1220 1127
Williamson 150 145 140 135 1539 1591 1626 1636 165 159 152 145 1485 1528 1547 1533
Midville 148 143 137 132 1429 1463 1485 1494 161 155 148 141 1474 1486 1480 1437
Plains 145 139 134 129 1533 1555 1584 1579 158 152 145 139 1520 1477 1471 1450
Tifton 141 136 131 126 1317 1320 1327 1298 155 148 142 135 1308 1285 1249 1210
Average 149 143 138 133 1419 1444 1457 1453 162 156 149 142 1395 1402 1393 1351

MGVI-AG6702 MGVIII-S80-P2
Calhoun 176 169 164 155 1209 1166 1072 1117 182 174 167 157 1031 1033 1071 1111
Williamson 167 161 156 150 1518 1516 1544 1501 174 167 159 151 1440 1469 1449 1417
Midville 163 156 151 144 1449 1473 1476 1446 169 162 154 146 1447 1441 1422 1415
Plains 159 153 148 142 1497 1486 1459 1444 167 159 152 144 1426 1422 1427 1406
Tifton 155 149 144 138 1260 1256 1251 1234 163 155 148 140 1236 1250 1247 1221
Average 164 158 153 146 1387 1379 1360 1348 171 163 156 148 1316 1323 1323 1314

PD: planting date.
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Fig. 7. Simulated number of days to maturity and yield of soybean for four planting dates for Calhoun, Georgia under
projected climate change based on scenario A1B and GCMs UKMO-HadCM3, CSIRO-Mk3.0 and GFDL-CM2.1. X-axis is
the projection for different years; Y-axis is changes in the number of days to maturity and yield. Panels a1–6, b1–6 and c1–6
are the change in number of days to maturity from the reference (1958–2008) under the projections of UKMO-HadCM3,
CSIRO-Mk3.0 and GFDL-CM2.1 (#). Panels d1–6, e1–6 and f1–6 are for change in yield (%).
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than those for 5 June. The cultivars AG6702 and S80-
P2 planted on 5 June showed an increase of 0·1–0·4
days in the number of days to maturity for the 2010
and 2020 projections compared to the reference
years.

Grain yield for all cultivars increased for the 2011 to
2050 projections compared to the reference simu-
lations (Fig. 7). The increase in yield with respect to
the reference simulations was always larger for the
2050 projections than for the 2011 projections,
partly due to the increase in precipitation (Fig. 2)
and the increase in CO2 concentration (Table 2).
Because the increase in precipitation during the
soybean growing season (May to November) based
on the UKMO and GFDL GCMs was larger than for
the CSIRO GCM (Fig. 2), the increase in yield was
larger for the projections based on the UKMO and
GFDL GCMs. In general, the later-planted soybean
showed a larger increase in yield than the earlier-
planted soybean. However, the later-planted cultivar
S80-P2 showed a smaller increase in yield than the
earlier-planted soybean and this situation was worse
for the 2011 than for the 2050 projections. This is
possible because the longer growing season of the cul-
tivar S80-P2 suffered frost damage. The increase in
yield was 4–49% for all six cultivars that were
studied based on the GCMs UKMO and GFDL,
while the increase was 2–32% based on the GCM
CSIRO. The increase in yield for the 2011 projection
was 5–28% less than those for the 2050 projections.
Later-planted soybean showed a 2–13% larger
increase in yield than the earlier-planted soybean,
while the later-planted S80-P2 cultivar had a 10–
20% smaller increase in yield than the earlier-
planted soybean. The cultivars AG6702, AGS758RR
and S80-P2 showed a 5–20% larger increase in yield
than the other cultivars.

In general, the trend of the change in the number of
days to maturity and yield for Williamson was similar
for Calhoun (Fig. 8), but the differences among the four
planting dates were less. The range for the decrease in
the number of days to maturity was c. −1 day to −7·5
days based on the three GCMs. However, the
decrease in number of days to maturity was lower
for the 2030 projections, based on the CSIRO GCM,
when soybean was planted later. The increase in
yield was 7–42% based on the UKMO and GFDL
GCMs, while the increase in yield ranged from 5 to
31% based on the CSIRO GCM. The later-planted cul-
tivar S80-P2 had a larger increase in yield than earlier-
planted soybean.

For Midville, the trend for the change in the number
of days to maturity and yield was similar to
Williamson (Fig. 9). However, there was not much
difference for the decrease in the number of days to
maturity for the 2011 to 2050 projections, which
ranged from −0·6 to −2·9 days. Compared to
Williamson, the increase in yield was less for
Midville and ranged from 7 to 28% based on the
UKMO GCM, from −8 to 14% based on the CSIRO
GCM and from 1 to 21% based on the GFDL GCM.
Because of the large decrease in precipitation that
was projected for Midville, soybean that was planted
earlier had lower yields for the 2040 and 2050 projec-
tions than the reference based on the CSIRO GCM,
especially for cultivars DP5634RR and DP5915RR.
The cultivars AG6702, AGS758RR and S80-P2 did
not show a large increase in yield compared to the
other cultivars for Midville, in contrast to the findings
for Calhoun and Williamson.

The change in the number of days to maturity and
yield for Plains was similar to Midville, although
some of the details were different (Fig. 10). The
decrease in the number of days to maturity ranged
from −0·4 to −4 days and the difference between
the projections from 2011 to 2050 was larger than
for Midville. There was no decrease in yield for the
projections from 2011 to 2050 because the increase
in precipitation for Plains was larger than for
Midville. The increase in yield ranged from 6 to
24% based on the UKMO GCM, from 1 to 26%
based on the CSIRO GCM and from 7 to 30% based
on the GFDL GCM.

For Tifton, the decrease in number of days to matur-
ity was much less compared to the other four locations
and the number of days to maturity increased for
the cultivars DP5634RR and DP5915RR, based on
the CSIRO GCM for the projections for 2040 and
2050 compared to the reference years (Fig. 11).
However, the increase in yield that was predicted
was similar to Plains. There was a decrease in
the number of days to maturity, ranging from −0·4 to
−1·8 days for the UKMO GCM, from 0·4 to −2 days
for the CSIRO GCM, and from −0·6 to −2·7 days for
the GFDL GCM. The increase in yield ranged from 6
to 26% based on the UKMO and GFDL GCMs, but
−1 to 23% based on the CSIRO GCM.

DISCUSSION

All statistics showed that the calibrated CSM-
CROPGRO-Soybean model could provide accurate
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Fig. 8. Simulated number of days to maturity and yield of soybean for four planting dates for Williamson, Georgia under
projected climate change based on the scenario A1B and GCMs UKMO-HadCM3, CSIRO-Mk3.0 and GFDL-CM2.1. X-
axis is the projection for different years; Y-axis is changes in the number of days to maturity and yield. Panels a1–6, b1–6
and c1–6 are the change in number of days to maturity from the reference (1958–2008) under the projections of UKMO-
HadCM3, CSIRO-Mk3.0 and GFDL-CM2.1 (#). Panels d1–6, e1–6 and f1–6 are for change in yield (%).
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Fig. 9. Simulated number of days to maturity and yield of soybean for four planting dates for Midville, Georgia under
projected climate change based on the scenario is A1B and GCMs UKMO-HadCM3, CSIRO-Mk3.0 and GFDL-CM2.1. X-
axis is the projection for different years; Y-axis is changes in the number of days to maturity and yield. Panels a1–6, b1–6
and c1–6 are the change in number of days to maturity from the reference (1958–2008) under the projections of UKMO-
HadCM3, CSIRO-Mk3.0 and GFDL-CM2.1 (#). Panels d1–6, e1–6 and f1–6 are for change in yield (%).
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Fig. 10. Simulated number of days to maturity and yield of soybean for four planting dates for Plains, Georgia under projected
climate change based on the scenario A1B and GCMs UKMO-HadCM3, CSIRO-Mk3.0 and GFDL-CM2.1. X-axis is the
projection for different years; Y-axis is changes in the number of days to maturity and yield. Panels a1–6, b1–6 and c1–6 are
the change in number of days to maturity from the reference (1958–2008) under the projections of UKMO-HadCM3,
CSIRO-Mk3.0 and GFDL-CM2.1 (#). Panels d1–6, e1–6 and f1–6 are for change in yield (%).
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Fig. 11. Simulated number of days to maturity and yield of soybean for four planting dates for Tifton, Georgia under projected
climate change based on the scenario A1B and GCMs UKMO-HadCM3, CSIRO-Mk3.0 and GFDL-CM2.1. X-axis is the
projection for different years; Y-axis is changes in the number of days to maturity and yield. Panels a1–6, b1–6 and c1–6 are
the change in number of days to maturity from the reference (1958–2008) under the projections of UKMO-HadCM3,
CSIRO-Mk3.0 and GFDL-CM2.1 (#). Panels d1–6, e1–6 and f1–6 are for change in yield (%).
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simulations for the six selected cultivars. In general,
the present study generated better results when com-
pared with Mavromatis et al. (2001), in which the
RMSE for grain yield varied from 396 to 559 kg/ha.
The scenarios based on three GCMs showed differ-

ences in climate projections. In summary, the shorter
soybean-growing season from 2011 to 2050 was
caused by the increase in temperature; this obser-
vation is similar to the conclusion by Alexandrov &
Hoogenboom (2000). However, grain yield increased
based on the climate scenarios of three GCMs for all
five locations, except for the CSIRO GCM for
Midville. Gain yield increased over time, partially
due to the projected increase in precipitation during
growing season except when a severe drought
occurred, for instance for the CSIRO GCM for
Midville. In addition, the increase in CO2 concen-
tration also partially offset the negative effect of the
projected increase in temperature. Because of the
large decrease in precipitation during July, August
and September for the CSIRO GCM for the 2011 to
2050 projections when compared to the baseline con-
dition, the increase in yield base on the GCM CSRIO
was less than the other two GCMs. All previous
studies have stated that the soybean grain yield in
south-eastern USA will decrease, even considering
the impact of an increase in CO2 (Curry et al. 1995;
Alexandrov & Hoogenboom 2000; Carbone et al.
2003).
Some adaptation strategies can be provided for

farmers to deal with the potential climate change
based on the outcomes of the present study for the
selected cultivars with different planting dates at mul-
tiple locations in Georgia. For the five locations where
the simulations were conducted, Calhoun and
Williamson were more suitable for rainfed soybean
planting based on the projections from 2011 to
2050, followed by Plains and Tifton. On the other
hand, Midville was less favourable for rainfed
soybean production due to the projected decrease in
precipitation. When other factors, such as the price
of soybean, are acceptable, farmers could potentially
expand their soybean production acreage especially
at Calhoun and Williamson. In other words, soybean
production at lower latitudes might shift to higher lati-
tudes, especially for rainfed soybean planting.
However, climate scenarios for Midville showed a
decrease in precipitation, which means that soybean
planted there might need additional irrigation to
obtain a higher yield and to reduce the risks due to
potential drought.

The simulations to determine the effect of planting
date on grain yield showed that later-planted
soybean had a higher yield than earlier-planted
soybean. Farmers, therefore, should shift to a planting
date around 5 June or possibly later, because the
increase in mean temperature might cause potential
heat and drought stress when planted earlier.
However, because of the limitations of low tempera-
tures at Calhoun, the planting date for cultivar S80-
P2, which has a relatively longer growing season,
could not be shifted to 5 June due to frost that occurred
towards the end of the growing season. Therefore, the
planting date can be later only if the growing season
allows.

Finally, for the same environmental conditions, the
cultivars AG6702, AGS758RR and S80-P2 had higher
yields than the other four cultivars, especially for
Calhoun and Williamson. However, the present
study only evaluated the potential adaptation for
recently released varieties. There is now an effort for
breeding programmes to consider future climate
change conditions as part of their evaluations
(Ceccarelli et al. 2010). Farmers should select
soybean cultivars with heat and drought resistance
for planting in the future to reduce the potential risks
from climate change.

CONCLUSION

The results of the present study show that the genetic
coefficient estimator, GENCALC, can be used as a
tool for determining the cultivar coefficients for
soybean using the limited data that are collected in
state-wide variety trials. Based on the climate
change projections from the three GCMs, the
number of days to maturity decreased for all varieties
and for all locations. The projected increase in temp-
erature could benefit later-planted cultivars.
However, the projected change in precipitation is
the main cause for the change in grain yield.
Overall, Calhoun, Williamson, Plains and Tifton are
more suitable for soybean production for the next 40
years, while rainfed soybean production in Midville
is less suitable due to the potential effects of climate
change. One potential adaptation scenario for produ-
cers is to change the planting date to around 5 June in
order to avoid heat stress and drought that can occur
when planted earlier. Overall, the cultivars AG6702,
AGS758RR and S80-P2 had the highest yield in the
present study and could potentially be selected for
rainfed production systems.
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In the present study the potential impact of climate
change for the baseline from 1961 to 1990 was deter-
mined for five locations in Georgia. However, it
should be noted that a different baseline period or
different locations could show different results due
the complexity of the climate change projections.
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