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Recognizing the crop and region-specific irreversible effects of climate change on agriculture is unavoidable. The
Southeastern United States region (SE-US) contributes significantly to the United States (US) economy through
its diverse agricultural productivity. Climatically, this region is more vulnerable than the rest of the country. This
study was designed to quantify the effect of changing climate, i.e., daily maximum temperature (Tmax), daily
minimum temperature (Tmin), and precipitation, on oats (Avena sativa L.) and sorghum (Sorghum bicolor L.
Moench) in SE-US. The panel data approach with a fixed effects model was applied by creating a production
function on a panel dataset (1980-2020) of climate and yield variables. The required diagnostic tests were used
to statistically confirm that the dataset was free of multi-collinearity, unit root (non-stationarity), and auto-
correlation issues. The results revealed asymmetric warming (Tmin increase > Tmax increase) over the re-
gion. Tmax and Tmin significantly increased during the oats growing season (OGS) and sorghum growing season
(SGS). Precipitation increased during OGS and decreased during SGS. The growing season average values of
Tmax, Tmin, and Tavg (daily average temperature) have shifted by 1.08 °C (0.027 °C/year), 1.32 °C (0.033 °C/
year), and 1.20 °C (0.030 °C/year) in OGS and by 0.92 °C (0.023 °C/year), 1.32 °C (0.033 °C/year), and 1.12 °C
(0.028 °C/year) in SGS. However, precipitation had shifted by 23.2 mm (0.58 mm/year) in OGS and shifted
(decreased) by —5.2 mm (—0.13 mm/year) in SGS. Precipitation had a non-significant effect on oats and sor-
ghum yields. With every 1 °C increase in Tmin and Tmax, oats yield was reduced by (—5%) and (—4%),
respectively, whereas sorghum yield was increased by (+13%) and decreased by (—7%), respectively. Taken
together, a 1 °C net rise in overall temperature reduced oats yield (—9%) while increased sorghum yield (+6%).

1. Introduction [5]. A similar increase in irregularities in precipitation has also been

confirmed at the country level in the US, Europe, Australia, and Japan

Long-term shifts in temperature, precipitation, as well as other
indices i.e., humidity and pressure are referred to as climate change [1].
Changing climate has become a pressing issue in the last decade [2], as
the global temperature has increased by 0.85 °C (degree Celsius) in the
previous century, and it is expected to increase in the range of
1.4 °C-5.8 °C by 2100 [3]. Recently, Myhre et al. [4] connected these
temperature warmings with the irregularities in intense precipitation
events and deduced that these events are doubled for every 1 °C increase
in climate warming. Consequently, the irregularities in extreme pre-
cipitation events showed an upward trend globally from 1901 to 2000
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[4] and regional levels in the northeast US, and the southeast US [6].
By 2100, extreme precipitation anomalies are expected to intensify
by 24-40% [7]. Additionally, these climatic changes are anticipated to
be more rapid than witnessed in the previous 1000 years [8,9]. Un-
doubtedly, this foregoing trend in climate change had already affected
and will continue to affect crop developmental stages and productivity
[10], at local (domestic), regional, and worldwide scale [11].
Specifically, continuing climatic trend causes abiotic and biotic
stresses in plants [12]. Together, these stresses impair plant microcli-
mates, microbial populations, and their interactions with plants, and
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affect their vegetative and phenological mechanisms, and thus, pro-
ductivity [13]. Furthermore, these effects can be positive [14-16],
negative [17,18], or neutral [19,20] depending on the crop, pace, and
amplitude of shift of climatic variables, as well as the geographic region
[5]. Generally, the impact is negative on C3 crops (wheat, rice, and
soybeans) but is less severe on C4 crops (corn, sorghum, and millets) due
to their higher photosynthetically optimal temperatures [21].

Nonetheless, approximately 75% of the total cultivated area has
shown a negative response to climate-induced scenarios [22]. Tropical
areas are typically more vulnerable to climate change because their
temperatures are already close to the optimal maximum temperature
[23]. However, due to the highly uneven nature of climatic effects on
countries with larger landmasses, there are mixed opinions on
climate-crop relationships for the US [24-29]. Within the US, the SE-US
is more vulnerable climatically [15,30], having previously experienced
more billion-dollar disasters [31], rising sea levels, cataclysmic flooding,
frequent droughts, intense heat, snow or rainstorms, and hurricanes
than any other region in the country, particularly in springs and sum-
mers, resulting in crop yield losses [6,30]. Moreover, SE-US agriculture
is oversensitive to intense heat as many crops here are produced close to
their temperature thresholds [29,32]. The SE-US is producing 17% ($55
billion) of total US agricultural commodities every year and is a key
player in the national economy [33,34]. Out of 135 million hectares of
gross area in SE-US, twenty-one million hectares, or 13% of US culti-
vable land, is under cultivation [15]. SE-US is known for its agricultural
diversity, and topographical distinctness [29,35]. Thus, the SE-US is one
of the most sensitive socio-economic sectors to study from a crop-climate
viewpoint [36].

While sizeable research on global or mega-scales has already inves-
tigated the climate-crop relationship utilizing crop-simulation models,
the regional viewpoint remains unexplored [37]. This may be due to the
complexities attached to accumulating massive datasets to apply these
models at a regional scale [38]. So far, the climate-crop studies mostly
focused on crops i.e., rice, wheat, corn, and soybeans since these crops
altogether contribute to 75% of the world’s total calorie consumption
[22,39]. This is at the exclusion of other minor crops like oats and sor-
ghum, which could be a valuable alternative to combating food security
under the current climate change scenario [40].

Sorghum and oats are ranked 5th and 6th in terms of the world’s
grain production [41,42]. According to USDA-NASS [43], the US pro-
duced oats worth 161 million dollars, and sorghum worth two billion
dollars. The SE-US has 27.50% (5,63,322 ha) of the national sorghum
hectarage. The SE-US accounts for 17.79% (1.82 million tons) of na-
tional sorghum production and 20.13% of national sorghum revenue
[43]. This region has a sorghum yield of 4.60 Mg ha_! on average and
three states, Arkansas, Louisiana, and Mississippi, with yields that are
greater than the national average (4.85 Mg ha™!). The SEUS has 30,351
ha of oats cultivation, accounting for 11.54% of total national oats
cropland [43]. The SEUS accounts for 11.21% of total US production and
12.74% of oats production income. This region’s average oat yield is
4.59 Mg ha™!, which is greater than the national average yield (4.12 Mg
ha™1) [43].

Sorghum is a climate-resilient crop, particularly in the face of
irregular precipitation and high temperatures, making it valuable for
studying the climate-crop link [44]. Furthermore, very few studies on
oats have been conducted globally since the 1970s, after horses lost their
role in agriculture drastically decreasing the demand for oats as fodder
[45]. So far, almost minimal to no crop-climate studies on oats have
been conducted, particularly in the SE-US, which is also the case for
sorghum. Hence, the goal of this study was to determine the adaptability
of the SE-US growers (oats and sorghum) to climate change and provide
estimates to crop-climate mitigation policymakers about the vulnera-
bility of the SE-US. This was achieved by: i) Determining the trend,
magnitude of change, and annual rate of change in climatic variables
(Tmax, Tmin, and precipitation) in SE-US from 1980 to 2020, ii)
Determining the impact of changes in the aforesaid climatic variables on
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oats and sorghum yield, and iii) Determining the marginal effects of
change in these climatic variables on oats and sorghum yield. The term
“marginal effects” refers to how much yield (in %) is affected (increased
or decreased) by a 1 °C or 1 mm change in SE-US temperatures (Tmax
and Tmin) and precipitation from 1980 to 2020.

2. Materials and methods
2.1. Data

The present study has used a panel dataset, often called cross-
sectional or longitudinal time series data that comprises data of every
variable repeating across the time series [46]. The panel dataset has
been widely utilized in past crop-climate studies [47-50]. A minimum
30 years timeframe is suggested to adequately depict climatic fluctua-
tions to the finer level [51], and the panel data model requires a
continuous dataset [52].

Hence, states meeting this minimum dataset criterion were only
considered. Only 7 states in SE-US met the requirements and the state-
averaged data from the counties growing respective crops was consid-
ered to represent cropland in the SE-US (Table 1). The data included
explanatory variables such as Tmin, Tmax, precipitation, and the
response variable as yield to form a panel of 287 rows (41 years x 7
states), and 10 columns (Tmax, Tmin, Tavg, precipitation, and yields x 2
crops), as guided by Liu and Cheng [54], and Ozdemir [55]. The data on
explanatory variables were accessed from the NOAA data repository
[53] (Table 1), while response variables were accessed from the
USDA-NASS data repository [43]. The NOAA (data source for climatic
variables) uses the area-weighted average method on grid point readings
(5-km resolution) transcoded from weather stations to compute
county-level values [53]. The unit of Tmin, Tmax, and Tavg is °C, pre-
cipitation is millimeter, and yield is Mg ha—'. The growing season av-
erages for daily temperature and the growing season cumulative sum for
daily precipitation were computed for analysis, as guided by Lobell and
Burke [56] and Blanc and Schlenker [57]. The oats growing season
(OGS) and sorghum growing season (SGS) was taken from September to
December, and March to June, respectively as per USDA’s handbook
guiding sowing and harvest dates [43].

2.2. Panel data approach

Out of the current approaches used for evaluating crop-climate links,
econometric techniques outperform the rest, in terms of reducing com-
plexities, and higher accuracy in predictions, especially at a regional
scale with clustered datasets [56,58,59]. Within econometric methods,
the panel data approach is considered more robust against omitted
variables, unobservable heterogeneity validation, and a greater degree
of freedom [48,60].

The panel data approach utilizes two model types fixed, or random
effects [48]. The most recent climate-crop studies utilized a fixed effects
model [29,50]. In our study, many unobservable variables such as
edaphic parameters, topographical parameters, and growers
self-regulatory modifications such as switching between different sow-
ing dates, crop mix, seed varieties, and different input rates might in-
fluence crop yields. Therefore, the fixed effect model fits best in this
study to account for the unobserved factors in purely (to maximum
extent) capturing the climatic effect [50]. This model uses the first dif-
ferencing as a method to minimize the unobservable variations, making
the model more effective in generating inferences [61,62]. The
climate-crop relationship was computed by building a production
function with panel data analysis utilizing regression [29,63]. The main
yield determinant variables were precipitation and temperatures (Tmax
and Tmin) [64]. Hence, the model previously adopted by Birthal et al.
[65] and applied in this study as follows:

Iny,=S8; +T: + pXi + €
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Table 1
Data description.
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Crops Growing Period Panel Districts No of years Variables Considered Data sources
Oats September to e Georgia 41 years e Maximum Temperature (°C) e Oats yield [43]
December e North (1980-2020) e Minimum Temperature (°C) Tmax, Tmin, Tavg, and Precipitation [53]
Carolina e Mean Temperature (°C)
e Texas e Precipitation (mm)
e Oats Yield (Mg ha_!/Mega gram per hectare)
Sorghum  March to June e Arkansas 41 years e Maximum Temperature (°C) e Sorghum yield [43]
e Georgia (1980-2020) e Minimum Temperature (°C) e Tmax, Tmin, Tavg, and Precipitation
e Louisiana e Mean Temperature (°C) [53]
o Mississippi o Precipitation (mm)
o Texas e Sorghum Yield (Mg ha~!/Mega gram per
hectare)

In the above equation, “i" represents a region (state), and “t” is time.
The “S” represents the state-bound fixed effect, and “y” is the model’s
response variable. As per our hypothesis, the state-bound fixed effects
(S) assimilate all the unobservable time-variant variables related to the
state that may or may not impact crop yields and controls the noise
created by the model’s exogenous variables [61]. “T” signifies the
time-fixed effects of the yield computation model that may be driven by
factors such as infrastructure improvements, technology advances, and
human resource enhancements. The “X”, “f”, and “€” represents climatic
parameters, independent variable-related parameters, and the
random-error term.

The statistical software Stata® version-16 [66] was used for
analyzing the panel data. The oats and sorghum yields were regressed
independently over the climatic parameters, generating regression co-
efficients and p-values (Table 5). The climate-crop relationships are
often nonlinear [58]. To tackle the problem of non-linearity, the squared
component of Tmax, Tmin, and precipitation was incorporated with
these variables into the model’s equation. This squared factor gave rise
to unnecessary variation in the response variable (y;) which was
controlled by transforming equation (1) into a logarithmic-linear func-
tion. The logarithmic-linear function coefficients are simply understood
as proportional changes exhibiting marginal effects. The marginal im-
pacts computed the magnitude (%) of change in yield led by a unit
change in temperature (1 °C) or precipitation (1 mm), by equating
various values of variable arithmetic mean [67,68], as shown in Table 6.
The natural logarithmic of values of explanatory variables were
regressed independently across time using state-bound fixed effects to
regulate time-reliant parameters for establishing climatic trends over
OGS and SGS.

2.3. Diagnostic testing

Initially, multicollinearity among independent variables was tested
before applying regression analyses (Table 2).

Both variance inflation factor (VIF <10) and tolerance values (>0.1)
were within the permissible limits for each crop, confirming no collin-
earity between the variables [69]. Another set of diagnostic testing was
done to validate the presumptions of the erroneous elements of the
model before applying regression. The model’s presumption includes no
autocorrelation among unobservable variables [61]. It implies that all

Table 2

Multi-collinearity statistics.
Variable VIF SQRTVIF  Tolerance  VIF SQRTVIF  Tolerance
Oats Sorghum
Tmin 6.82 2.61 0.15 4.30 2.07 0.23
Tmax 9.35 3.06 0.11 4.64 2.15 0.22
Precipitation 3.15 1.77 0.32 1.93 1.39 0.52
Mean VIF 6.44 3.62

Tmin is minimum temperature, Tmax is maximum temperature, VIF is the
Variance inflating factor, and SQRT VIF represents the square root of VIF.

individual time unvarying features need to be unique and uncorrelated
and hence the constant and erroneous terms are also uncorrelated [61,
62]. When such error components are correlated, the fixed-effect model
is invalid, and the conclusions obtained are misleading [55]. Another
presumption was that the yield, Tmax, Tmin, and precipitation variables
data should be stationary, otherwise non-stationary data could raise the
problem of autocorrelation [55,68]. The autocorrelation effect may be
more problematic regarding independent variables [70].

The stationarity of all datasets was confirmed after rejecting the null
hypothesis for the various panel unit root tests, namely “Levin-Lin-Chu”,
“lm, Pesaran, and Shin”, and “Fisher-type” (Table 3). Since stationarity
denotes the absence of a trend, absence of seasonal variation, but a
constant variation in the time series, the autocorrelation function
rapidly drops to nearly zero for a stationary time series [61,70].
Therefore, autocorrelation was not a significant issue with our dataset.

3. Results and discussion

3.1. Changes in climatic variables during OGS and SGS in SE-US
(1980-2020)

Throughout the study period (1980-2020), the Tavg, Tmax, and
Tmin for SGS were 19.6 °C, 25.9 °C, and 13.3 °C, respectively, and
15.2 °C, 21.5 °C, and 8.8 °C for OGS (Table 4).

The slope of Tavg, Tmax, and Tmin showed a significantly positive
trend throughout OGS and SGS for the recent 41 years (Figs.. 1A and
2A). The SE-US had average growing season precipitation of 133 mm
from 1980 to 2020 (Table 4), demonstrating a non-significant positive
trend for OGS. However, a non-significant negative trend was noted for
SGS, with average growing season precipitation of 191 mm (Figs.. 1B
and 2B).

The analysis of the magnitude of shifts in temperature from 1980 to
2020 exhibited a significant upsurge of 1.20 °C and 1.12 °C in Tavg of
OGS and SGS, respectively (Table 4). These results are comparable with
the estimations of other studies in the context of the magnitudes of the
warming observed globally [2,71] and regionally (especially SE-US)
[15,29,50]. Also, it signifies that the SE-US witnessed 7.14% more
overall warming in OGS than in SGS, which may have an unfairly
negative effect on oats yield (Table 4). This warming can be advanta-
geous or harmful to crops depending on whether the occurrence of
elevated Tavg coincides or not with high temperature-sensitive growth
processes/stages [72]. In cereal crops, the flowering and gametogenesis
phases are most sensitive to high temperatures [73,74], which is the
primary cause of a decrease in seed number, seed size, and yield [75].
For the previous 41 years, the degrees by which the Tmax has shifted
during OGS (1.08 °C) were greater than the degrees by which it had
shifted during SGS (0.92 °C) by 0.16 °C (Table 4). However, the Tmin
has shifted by the same magnitude (1.32 °C) during OGS and SGS
(Table 4). These statistics for OGS and SGS’s Tmax (1.08 °C and 0.92 °C)
and Tmin (1.32 °C and 1.32 °C) shifts for SE-US (Table 4) are markedly
higher than the corresponding global figures for Tmax (0.40 °C) and
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Table 3
Stationarity testing.

Journal of Agriculture and Food Research 12 (2023) 100626

Variables Levin-Lin-Chu Im-Pesaran-Shin Fisher-Type
unit root test unit root test unit root test
Unadjusted t Adjusted T p-value z-t-tilde-bar p-value Chi-sq (pm) P-value
Hy: Panel contains a unit root Ho: All panels contain unit roots Ho: All panels contain unit roots
Hj: Panel are stationary H;: Some panels are stationary Hj: At least one panel is stationary

OT (min) —6.4293 —4.227 0.001 —5.311 0.001 64.202 0.001

ST (min) —9.9665 —7.390 0.001 —6.281 0.001 92.144 0.001

OT (max) —8.093 —5.579 0.001 —6.360 0.001 97.756 0.001

ST (max) —9.743 —6.857 0.001 —6.139 0.001 89.857 0.001

OP —9.646 —7.095 0.001 -7.331 0.001 148.992 0.001

SP —8.049 -3.770 0.001 —-7.361 0.001 141.126 0.001

Ln (yield oats) —6.945 —4.852 0.001 —5.714 0.001 86.102 0.001

Ln (yield sorghum) —6.946 —3.799 0.001 —5.669 0.001 80.522 0.001

OT and ST represent the Oats Temperature, and Sorghum Temperature, respectively. OP and SP represent the Oat’s precipitation, and Sorghum precipitation,

respectively.

Table 4

Overall mean, change, and the annual rate of change of climatic variables during oats and sorghum growing seasons in SE-US, 1980-2020.

Growing season Variables Maximum Temperature (Tmax) (°C) Minimum Temperature (Tmin) (°C) Mean Temperature (Tavg) (°C) Precipitation (mm)
Oats Mean 21.5 (0.006) 8.8 (0.007) 15.2 (0.005) 133 (0.301)
Change 1.08 1.32 1.20 23.2
Annual rate of change ~ 0.027+%** 0.033%*** 0.030%*** 0.58%***
Sorghum Mean 25.9 (0.006) 13.3 (0.005) 19.6 (0.085) 191 (0.036)
Change 0.92 1.32 1.12 -5.2
Annual rate of change  0.023%** 0.033%** 0.028%*** —0.13%**

Notes: *** denotes significance at 1% level, and Figures in parentheses are standard errors.

Table 5

Regression estimation coefficients for the impact of change in temperature
(Tmax and Tmin) and precipitation on oats and sorghum yields in the SE-US,
1980-2020.

Particulars C SE p- C SE p-

value value

Oats Growing Period Sorghum Growing Period

Tmin (°C) —0.09%** 0.10 0.36 0.02%** 0.23 0.01
Tmin (Square) -0.01 0.01 0.15 0.01 0.01 0.52
Tmax (°C) —0.29%%* 0.21 0.16 —0.19%** 0.50 0.01
Tmax (Square) 0.01 0.00 0.11 0.002 0.01 0.82
PP (mm) 0.02% 0.02 0.15 —0.02%  0.02 0.23
PP (Square) —0.0003 0.00 0.44 —0.0009 0.00 0.04
Constant 6.34 2.04 0.00 6.60 5.69 0.25
District Yes Yes
Time Yes Yes
No of 123 156
Observations

Notes: *** denote significance at the 1% level; C and SE represent Regression
Coefficient and Standard Error, respectively, NS: Non-Significant, and PP rep-
resents precipitation.

Table 6
Marginal effect of temperature (Tmax and Tmin) and precipitation on the yield
of oats and sorghum in the SE-US, 1980-2020.

Particulars C z- p- C z- p-
value value value value

Oats Growing Period Sorghum Growing Period

Tmin (°C) —0.05***  -212  0.01 0.13%** 3.77 0.01

Tmax (°C) —0.04%**  1.54 0.13 —0.07%**  -1.79  0.01

Precipitation 0.01N8 2.44 0.14 —0.018 -1.82  0.07
(mm)

Note: *** ** and x denote significance at 1, 5, and 10% levels, respectively, NS:
Non-Significant, C represents the Marginal Regression Coefficient.

Tmin (0.80 °C) [76-78], indicating that the SE-US is more vulnerable
climatically. Diurnal warming was increased by 17.39% in OGS in
comparison to SGS, but nocturnal warming was noted to be the same for
both (Table 4). This may be more harmful to oats as elevated diurnal
temperatures negatively impact the oats’ grain-filling timespan (even-
tually the yield) [79]. Over the last 41 years, 22.22% and 43.47% more
nocturnal warming than diurnal warming was noted with OGS and SGS,
respectively (Table 4). However, nocturnal warming attributed 58.93%
(in SGS) and 55% (in OGS) to overall warming in the SE-US, compared to
diurnal warming’s 41.07% (in SGS) and 45% (in OGS) (Table 4). Hence,
the nocturnal temperature (Tmin) explicates most of the heating
upswing trend for the past 41 years of SE-US throughout OGS and SGS.
These findings are corroborated by similar studies [80,81] that also
observed the Tmin warming rate to be 40% or 1.4 times faster than the
Tmax.

Pinpointing the rate or speed at which the climatic variables (Tmax,
Tmin, and precipitation) are shifting every year is also important as it
provides an estimate of the time, speed, or tendency of ecosystems to
readapt, readjust, or revive [76]. From 1980 to 2020, the yearly rate of
change of Tmax, Tmin, Tavg, and precipitation in OGS was 0.027 °C,
0.033 °C, 0.030 °C, and 0.58 mm, respectively, while in SGS it was
0.023 °C, 0.033 °C, 0.028 °C, and —0.013. The negative sign (—0.013)
indicates that SGS witnessed a decrease in precipitation every year
throughout the past 41 years (Table 4). It can be inferred that the pace of
nocturnal and diurnal warming in OGS was 1.22:1, but in SGS it was
1.43:1. However, in the OGS and SGS, the rate of diurnal warming was
1.17:1, whereas the rate of nocturnal warming was 1:1. Figs. 1B and 2B
demonstrated a notable rise in precipitation during OGS while a
reduction in precipitation during SGS. Overall, the 41-year trend indi-
cated that Tmax and Tmin are the major significant driving factors of
climate change in SE-US.
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Temperature during oats growing season
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Fig. 1. A. Tmax, Tmin, and Tavg, showed significant slopes throughout OGS in the SE-US between 1980 and 2020. B. The precipitation showed a non-significant

(increasing) trend in the SE-US over OGS between 1980 and 2020.
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Temperature during sorghum growing season
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Fig. 2. A. Tmax, Tmin, and Tavg showed significantly positive slopes throughout SGS in the SE-US between 1980 and 2020. B. The precipitation showed a non-

significant (decreasing) trend in the SE-US over SGS between 1980 and 2020.

3.2. Impact of climate change during 41-yr. Period (1980-2020) on oats
and sorghum yield

The regression coefficients of Tmin and Tmax were shown to be
significant on oats and sorghum yields while precipitation was non-
significant, implying Tmin and Tmax as the major variables driving
oats and sorghum production in SE-US (Table 5). These findings agree
with O’Donnell and Adkins [82], Ortiz-Bobea et al. [83], Zhang et al.
[84], and Chadalavada et al. [2].

The regression coefficient for Tmin and Tmax was noted to be
significantly (99% confidence level) negative (—0.09 and —0.29) for
oats (Table 5), confirming an adverse effect of both (Tmin and Tmax) on

oats yield. These findings are consistent with those of Hellewell et al.
[79], and Klink et al. [85] in the context of Tmin, and Ehlers [86],
Saastamoinen [87], Sanchez-Martin et al. [88], and Agnolucci et al. [89]
about Tmax. The higher Tmin raises nocturnal respiration rates and
reduces the carbon supply to support this increased respiration rate in
oats [90]. Thereby, limiting the availability of photo-assimilates essen-
tial for plant biomass production and seed/grain development [91,92]
and thus decreasing yield. The elevated Tmax, on the other hand,
negatively affects the phenological processes in oats, notably the flow-
erhead (panicle) breakout, the period of flowerheads (panicle) forma-
tion upon its shoots tip, grain filling, anthesis [79,93], number of
spikelets per panicle [94], and hence the yield. According to Hedhly
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et al. [95], a minor increase in temperature could either improve or
reduce yield based on whether the already existing growing season
temperature is below or close to the photosynthetic optimal tempera-
ture. However, the OGS temperature in SE-US during the study period
was noted to be 21.5 °C (Table 4), which is greater than the oats’
photosynthetic optimal temperature of 20°C-21.1 °C [85], thereby
penalizing yield. Eck et al. [15] recognized that in the SE-US, diurnal
temperatures frequently exceed the optimal growth range. This
increased temperature intensifies the crop water demands to the extent
of 60% [96]. This increased temperature of OGS in SE-US could be even
more detrimental, given that oats are a cool season crop with poor
tolerance to high temperatures and drought, as well as having higher
water demands compared to other small grains [86,88].

In the case of sorghum, the regression coefficient for Tmin was
calculated as significantly (99% confidence level) positive (0.02)
(Table 5), indicating that Tmin had a positive effect on sorghum yield.
This is consistent with the recent findings of Bekuma Abdisa et al. [16].
However, there is still no consensus on Tmin’s physiological effects on
plants (particularly sorghum) [97-99]. Furthermore, most sorghum
growing areas have a Tmin of 22 °C or higher [100], so even a slight
increase in Tmin could put them at risk of crossing the optimum Tmin of
22 °C for sorghum [95,101,102]. However, this study found a SE-US
Tmin of 13.3 °C (Table 4). This indicates that the sorghum in the
SE-US can still withstand or benefit from further nocturnal warming
until the actual Tmin crosses the optimal Tmin of 22 °C because of
SE-US’s comparatively wider window for the difference between opti-
mum Tmin and existing Tmin (22 °C minus 13.3 °C). In contrast, this
study found that Tmax had a negative impact on sorghum yield since the
regression coefficient was assessed to be significantly (99% confidence
level) negative (—0.19). The same findings have been established by
Singh et al. [103], Prasad et al. [104], Chadalavada et al. [2], Bekuma
Abdisa et al. [16], Sime and Demissie [105], and Araya et al. [18]. The
increased Tmax accelerates evapotranspiration and respiratory rates,
shortens the growing season, and reduces granular (seed) number and
size, resulting in reduced yields [106,107]. Changing Tmax and Tmin
had an overall positive effect on sorghum yield, as evidenced by the
improvement in sorghum yield for every 1 °C increase in SE-US tem-
perature (Table 6). This was also confirmed by Adejuwon [108], Boo-
miraj et al. [109], Msongaleli et al. [110], Bosire [111], and
Chadalavada et al. [112]. It is worth noting that, as per Prasad et al.
[100], and Sunoj et al. [113] regarding sorghum, temperatures greater
than 32 °C (the cutoff point) begin to negatively affect the RUBISCO
mechanism, hampering photosynthesizing performance and, eventually,
yield. RUBISCO is an enzyme responsible for converting CO, to glucose
and other useful chemicals in plants during photosynthesis [114].
Contrarily, SE-US Tmax (25.9 °C) is well below the cutoff point
throughout the study period (Table 4). Furthermore, the SE-US’s SGS
temperature (25.9 °C) was even slightly lower than the optimal range
(27 °C) for sorghum [101,102], and Hedhly et al. [95] claim that a slight
temperature increase in this situation could improve yields. Conse-
quently, our study documented that Tmax’s negative effects were offset
by Tmin’s positive effects, with the same supported by Turnbull et al.
[115] and Bekuma Abdisa et al. [16].

Though the regression coefficients for precipitation were found to be
non-significant in both the OGS and SGS (Table 5), the precipitation
changing pattern numerically increased oats yield but decreased sor-
ghum yield. The non-significant/weak relationship of yield with pre-
cipitation is not uncommon [116-118], because of the increased crops’
dependency on better irrigation systems rather than on precipitation
[119]. The same is the case with SE-US [43].

3.3. Marginal impact of climate change (1980-2020) on oats and
sorghum yield

In oats, the marginal coefficient of regression for both Tmax and
Tmin was noted to be significantly (95% confidence level) negative
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(—0.04 and —0.05), implying that both Tmax and Tmin had negatively
affected oats yield i.e., oats yield was reduced by 4% and 5% with every
1 °C rise in Tmax and Tmin, respectively. Consequently, it is inferred
statistically that the net 1 °C upsurge in the overall temperature of SE-US
during OGS penalized the oats yield by 9%. Klink et al. [85],
Sanchez-Martin et al. [88], and Agnolucci et al. [89] also discovered
similar results for oats. Sorghum’s marginal coefficients of regression
were significantly (99% confidence level) negative (—0.07) and positive
(0.13) for Tmax and Tmin, respectively, inferring a 7% yield reduction
and a 13% yield improvement with each 1 °C increase in Tmax and
Tmin. Further examination indicated that the total impact of marginal
shift patterns in Tmax and Tmin was beneficial to sorghum yield, which
may be inferred statistically as a net 1 °C upsurge in overall temperature
ameliorated sorghum yield (by 6%). Adejuwon [108], Msongaleli et al.
[110], Bosire [111], and Chadalavada et al. [112] also found similar
results in terms of the positive effects of overall temperature-increasing
patterns on sorghum. Recently, Mumo et al. [120] estimated that yield
increases due to temperature changes in the future could reach up to
80.7% in the case of sorghum (2050-2070), based on the current rate of
temperature warming.

There is a clear indication that sorghum benefitted (+13% “yield
improved”) by Tmin (per 1 °C rise) compared to oats (—5% “yield
reduced”), and hence from overall temperature (+6% “yield improved”)
compared to oats (—9% “yield reduced”) (Table 6). Therefore, the SE-US
changing climate (temperatures) affected oats more harshly than sor-
ghum. This is attributable to the fact that the severity of yield penalty
from rising temperatures is proportional to the magnitude and rate of
warming during respective growing seasons, which are higher in oats
(compared to sorghum) i.e., magnitude (1.20 °C > 1.12 °C) and pace
(0.030 °C > 0.028 °C) (Table 4). For C3 crops like oats, the photosyn-
thetic optimal temperature is comparatively lower (20 °C-21.1 °C) [85]
than the C4 crops like sorghum (27°C-31 °C) [100,102], making oats
more sensitive to rising temperatures. Moreover, at higher tempera-
tures, oxygen has a better binding affinity to CO, than RUBISCO
reducing photosynthetic activity in C3 plants such as oats.

Although the marginal coefficients for precipitation were calculated
as non-significant but positive (0.01) and negative (—0.01) for oats and
sorghum, respectively. This indicates a 1% yield improvement in oats
and a 1% yield reduction in sorghum with every 1 mm rise in precipi-
tation (Table 6). These results were corroborated by Peltonen [121] and
Peltonen-Sainio et al. [122] for oats, and Sharma et al. [123] for sor-
ghum. Overall, the negative effects of elevated warmings (caused by
Tmax and Tmin) were not completely offset by precipitation effects;
however, precipitation had a minor (non-significant) impact on oats and
sorghum production in SE-US.

3.4. Model robustness testing

Following the analysis of the marginal effects using the estimates
from the fixed effect panel data (regression) model, it is suggested (in
literature) to ensure the robustness and validity of results obtained, for
which, there should not be serial correlation and heteroscedasticity in
the model [124,125]. Hence, the study conducted two diagnostic tests,
namely the Breusch-Godfrey LM test (for serial correlation) to determine
whether the error terms of the model’s output regression equation are
serially correlated with their lag values and the Breusch-Pagan-Godfrey
test (for heteroscedasticity) to determine whether the error terms of the
model’s output regression equation are uniformly scattered or not
[125-127]. The results for both statistics are shown in Table 7 about
both oats and sorghum. The Breusch-Godfrey LM test result signifies that
there is no serial autocorrelation in the model. The
Breusch-Pagan-Godfrey test results indicated that the model is free
from heteroscedasticity problem.
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Table 7
Diagnostic tests for fixed effect model.

Test Chi? Probability value
Oats

BPG test for Heteroscedasticity 1.83 0.18

BG LM test for serial correlation 3.63 0.97

Sorghum

BPG test for Heteroscedasticity 29.00 0.41

BG LM test for serial correlation 47.74 0.92

4. Limitations of the study

The present study is limited to explanatory variables such as daily
Tmax, Tmin, and precipitation which are most extensively used in
climate-crop studies [49,54,58]. However, the additional data on hourly
temperature, hours of sunlight, wind speed, and humidity that was not
available, may provide a better conceptual insight into the crop-climate
link.

5. Conclusions and policy suggestions

The panel data analysis revealed that the SE-US had seen a signifi-
cant increasing trend in Tavg, Tmax, and Tmin for both OGS and SGS
over the past 41 years, but precipitation trends were seen increasing in
OGS and decreasing in SGS. The SE-US had asymmetric warming over
OGS and SGS (from 1980 to 2020), with 22.22% more nocturnal
warming than diurnal warming in OGS but 43.47% more nocturnal
warming than diurnal warming in SGS. However, nocturnal warming
attributed 58.93% (in SGS) and 55% (in OGS) to overall warming in the
SE-US, compared to diurnal warming’s 41.07% (in SGS) and 45% (in
OGS). The diurnal warming was 17.39% greater in OGS than in SGS. On
comparing the pace of warming, the nocturnal and diurnal warming in
OGS was 1.22:1, but in SGS it was 1.43:1. As a result, the nocturnal
temperature (Tmin) explicates most of the heating upswing trend for the
past 41 years of SE-US throughout OGS and SGS. Tmax, Tmin, Tavg, and
precipitation have changed by 1.08 °C, 1.32 °C, 1.20 °C, and 23.2 mm in
OGS but by 0.92 °C, 1.32 °C, 1.12 °C, and —5.2 mm in SGS over the last
41 years. However, these climatic changes affected oats and sorghum
yields differently. Precipitation in the SE-US had a non-significant pos-
itive (+1%) and negative (—1%) effect on oats and sorghum yields,
respectively. With every 1 °C increase in Tmin and Tmax, oats yield was
reduced by (—5%) and (—4%), whereas sorghum yield was increased by
(+13%) and decreased by (—7%), respectively. Altogether, a 1 °C net
rise in overall temperature reduced oats yield (—9%) while increasing
sorghum yield (+6%).

Substantive policy suggestions from this study include the require-
ment of similar efforts in the future to explore the crop-climate link for
other crops of SE-US and then redistribute crop mix and cropland based
on the findings. The crops having positive (as sorghum in this study)
interaction with the SE-US climate should allocate more cropland and
vice versa for the crops like oats showing negative interaction with the
local climate.

Declaration of competing interest

The authors of this manuscript have no conflict interests to disclose.
Data availability

Data will be made available on request.
Acknowledgment

The authors are grateful to Laura Stevens (laura.stevens@ncics.org),
Research Scientist, at North Carolina State University, North Carolina

Journal of Agriculture and Food Research 12 (2023) 100626

Institute for Climatic Studies (NCICS), Asheville, NC, United States, for
providing procedural direction and support in obtaining the climate data
for this work. The authors are also thankful to Camden Oglesby,
Research Associate, Mississippi State University for giving his valuable
reviews. The Mississippi Agricultural and Forestry Experiment Station,
Starkville, MS, United States, contributed to this publication. Under the
terms of cooperative agreement number 58-6066-020, USDA-ARS has
jointly funded this work.

References

[1] K. Abbass, M.Z. Qasim, H. Song, M. Murshed, H. Mahmood, I. Younis, A review of
the global climate change impacts, adaptation, and sustainable mitigation
measures, Environ. Sci. Pollut. Control Ser. (2022) 1-21.

[2] K. Chadalavada, B.D. Kumari, T.S. Kumar, Sorghum mitigates climate variability
and change on crop yield and quality, Planta 253 (5) (2021) 1-19.

[3] IPCC (Intergovernmental Panel on Climate Change), Climate Change 2014,
Cambridge University Press, Cambridge, 2014.

[4] G. Myhre, K. Alterskjeer, C.W. Stjern, @. Hodnebrog, L. Marelle, B.H. Samset,

J. Sillmann, N. Schaller, E. Fischer, M. Schulz, A. Stohl, Frequency of extreme
precipitation increases extensively with event rareness under global warming,
Sci. Rep. 9 (1) (2019) 1-10.

[5] G.S. Malhi, M. Kaur, P. Kaushik, Impact of climate change on agriculture and its

mitigation strategies: a review, Sustainability 13 (3) (2021) 1318.

K.E. Kunkel, L.E. Stevens, S.E. Stevens, L. Sun, E. Janssen, D. Wuebbles, M.

C. Kruk, D. Thomas, M. Shulski, N.A. Umphlett, K.G. Hubbard, J.G. Dobson,

Regional Climate Trends and Scenarios for the US National Climate Assessment

Part 4, The climate of the US, Great Plains, 2013.

[7] C.W. Thackeray, A. Hall, J. Norris, D. Chen, Constraining the increased frequency

of global precipitation extremes under warming, Nat. Clim. Change 12 (5) (2022)

441-448.

K.R. Reddy, H.F. Hodges, B.A. Kimball, Crop ecosystem responses to global

climate change: cotton, in: K.R. Reddy, H.F. Hodges (Eds.), Climate Change and

Global Crop Productivity, CAB International), Wallingford, 2000, pp. 162-187.

[9] M. Arora, N.K. Goel, P. Singh, Evaluation of temperature trends over India/
Evaluation de tendances de température en Inde, Hydrol. Sci. J. 50 (1) (2005).

[10] S. Piao, P. Ciais, Y. Huang, Z. Shen, S. Peng, J. Li, L. Zhou, H. Liu, Y. Ma, Y. Ding,
J. Fang, The impacts of climate change on water resources and agriculture in
China, Nature 467 (7311) (2010) 43-51.

[11] Z. Fatima, S. Naz, P. Igbal, A. Khan, H. Ullah, G. Abbas, M. Ahmed, M. Mubeen,
S. Ahmad, Field crops and climate change, in: Building Climate Resilience in
Agriculture, Springer, Cham, 2022, pp. 83-94.

[12] E. Suréwka, M. Rapacz, F. Janowiak, Climate change influences the interactive
effects of simultaneous impact of abiotic and biotic stresses on plants, in: Plant
Ecophysiology and Adaptation under Climate Change: Mechanisms and
Perspectives I, Springer, Singapore, 2020, pp. 1-50.

[13] R.M. Rivero, R. Mittler, E. Blumwald, S.I. Zandalinas, Developing climate-
resilient crops: improving plant tolerance to stress combination, Plant J. 109 (2)
(2022) 373-389.

[14] C. Chen, Y. Pang, X. Pan, L. Zhang, Impacts of climate change on cotton yield in
China from 1961 to 2010 based on provincial data, J. Meteorol. Res. 29 (3)
(2015) 515-524.

[15] M.A. Eck, A.R. Murray, A.R. Ward, C.E. Konrad, Influence of growing season
temperature and precipitation anomalies on crop yield in the southeastern United
States, Agric. For. Meteorol. 291 (2020), 108053.

[16] T. Bekuma Abdisa, G. Mamo Diga, A. Regassa Tolessa, Impact of climate
variability on rain-fed maize and sorghum yield among smallholder farmers,
Cogent Food Agric. 8 (1) (2022), 2057656.

[17] O.N.A.T. Bihter, H. Bakal, L. Gulluoglu, H. Arioglu, The effects of high
temperature at the growing period on yield and yield components of soybean
[Glycine max (L.) Merr] varieties, Turk. J. Field Crop. 22 (2) (2017) 178-186.

[18] A. Araya, P.V. Vara Prasad, I.A. Ciampitti, C.W. Rice, P.H. Gowda, Using crop
simulation models as tools to quantify effects of crop management practices and
climate change scenarios on wheat yields in northern Ethiopia, Enhancing Agric.
Res. Precis. Manag. Subsistence Farming Integrating Sys. Model. Exp. (2022)
29-47.

[19] A.R. Mohammed, L. Tarpley, High nighttime temperatures affect rice productivity
through altered pollen germination and spikelet fertility, Agric. For. Meteorol.
149 (6-7) (2009) 999-1008.

[20] S. Fang, D. Cammarano, G. Zhou, K. Tan, S. Ren, Effects of increased day and
night temperature with supplemental infrared heating on winter wheat growth in
North China, Eur. J. Agron. 64 (2015) 67-77.

[21] M.C. Sonmez, R. Ozgur, B. Uzilday, I. Turkan, S.A. Ganie, Redox Regulation in C3
and C4 Plants during Climate Change and its Implications on Food Security, Food
and Energy Security, 2022, p. e387.

[22] LS. Wing, E. De Cian, M.N. Mistry, Global vulnerability of crop yields to climate
change, J. Environ. Econ. Manag. 109 (2021), 102462.

[23] A.J. Challinor, J. Watson, D.B. Lobell, S.M. Howden, D.R. Smith, N. Chhetri,

A meta-analysis of crop yield under climate change and adaptation, Nat. Clim.
Change 4 (4) (2014) 287-291.

[24] W. Schlenker, W.M. Hanemann, A.C. Fisher, Will US agriculture really benefit
from global warming? Accounting for irrigation in the hedonic approach, Am.
Econ. Rev. 95 (1) (2005) 395-406.

[6

—

[8

=


mailto:laura.stevens@ncics.org
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref1
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref1
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref1
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref2
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref2
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref3
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref3
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref4
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref4
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref4
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref4
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref5
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref5
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref6
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref6
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref6
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref6
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref7
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref7
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref7
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref8
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref8
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref8
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref9
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref9
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref10
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref10
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref10
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref11
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref11
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref11
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref12
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref12
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref12
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref12
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref13
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref13
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref13
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref14
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref14
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref14
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref15
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref15
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref15
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref16
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref16
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref16
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref17
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref17
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref17
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref18
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref18
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref18
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref18
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref18
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref19
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref19
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref19
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref20
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref20
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref20
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref21
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref21
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref21
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref22
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref22
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref23
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref23
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref23
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref24
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref24
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref24

R.K. Sharma et al.

[25]

[26]

[27]

[28]

[29]

[30]
[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

L. You, M.W. Rosegrant, S. Wood, D. Sun, Impact of growing season temperature
on wheat productivity in China, Agric. For. Meteorol. 149 (6-7) (2009)
1009-1014.

L.K. Petersen, Impact of climate change on twenty-first century crop yields in the
US, Climate 7 (3) (2019) 40.

Y. Su, B. Gabrielle, D. Makowski, The impact of climate change on the
productivity of conservation agriculture, Nat. Clim. Change 11 (7) (2021)
628-633.

R.V. Gordeev, A.I. Pyzhev, E.V. Zander, Does climate change influence Russian
agriculture? Evidence from panel data analysis, Sustainability 14 (2) (2022) 718.
R.K. Sharma, S. Kumar, K. Vatta, R. Bheemanahalli, J. Dhillon, K.N. Reddy,
Impact of recent climate change on corn, rice, and wheat in southeastern USA,
Sci. Rep. 12 (1) (2022) 1-14.

A. Anandhi, C. Bentley, Predicted 21st century climate variability in southeastern
US using downscaled CMIP5 and meta-analysis, Catena 170 (2018) 409-420.
NOAA, Billion-dollar weather/climate disasters, Available online at: http://www.
nede.noaa.gov/billions/, 2013. (Accessed 26 June 2022).

J.L. Hatfield, K.J. Boote, B.A. Kimball, L.H. Ziska, R.C. Izaurralde, D. Ort, A.

M. Thomson, D. Wolfe, Climate impacts on agriculture: implications for crop
production, Agron. J. 103 (2) (2011) 351-370.

G.J. Carbone, W. Kiechle, C. Locke, L.O. Mearns, L. McDaniel, M.W. Downton,
Response of soybean and sorghum to varying spatial scales of climate change
scenarios in the southeastern United States, in: Issues in the Impacts of Climate
Variability and Change on Agriculture, Springer, Dordrecht, 2003, pp. 73-98.

S. Mitra, P. Srivastava, Spatiotemporal variability of meteorological droughts in
southeastern USA, Nat. Hazards 86 (3) (2017) 1007-1038.

S. Asseng, Agriculture and climate change in the southeast USA, in: Climate of the
Southeast United States, Island Press, Washington, DC, 2013, pp. 128-164.
Agamerica Lending, Southeast agriculture: 2021 data and trends report. https
://agamerica.com/farm-publications/southeast-agricultural-trends-report/,
2022. (Accessed 21 May 2022).

Kunkel, et al., Climate of the Southeast U.S. National Climate Assessment, U.S.
Global Change Research Program, 2012.

T.E. Lychuk, R.L. Hill, R.C. Izaurralde, B. Momen, A.M. Thomson, Evaluation of
climate change impacts and effectiveness of adaptation options on crop yield in
the Southeastern United States, Field Crop. Res. 214 (2017) 228-238.

K.G. Cassman, Ecological intensification of cereal production systems: yield
potential, soil quality, and precision agriculture, Proc. Natl. Acad. Sci. USA 96
(11) (1999) 5952-5959.

M.S. Hossain, M.N. Islam, M.M. Rahman, M.G. Mostofa, M.A.R. Khan, Sorghum: a
prospective crop for climatic vulnerability, food and nutritional security, J. Agric.
Food Res. (2022), 100300.

J. Isidro-Sanchez, E. Prats, C. Howarth, T. Langdon, G. Montilla-Basc6n, Genomic
approaches for climate resilience breeding in oats, in: Genomic Designing of
Climate-Smart Cereal Crops, Springer, Cham, 2020, pp. 133-169.

G.K. Ananda, H. Myrans, S.L. Norton, R. Gleadow, A. Furtado, R.J. Henry, Wild
sorghum as a promising resource for crop improvement, Front. Plant Sci. 11
(2020) 1108.

USDA-national agricultural statistics Service. https://quickstats.nass.usda.gov/,
2021. (Accessed 8 July 2022).

S. Griebel, M.M. Webb, O.H. Campanella, B.A. Craig, C.F. Weil, M.R. Tuinstra,
The alkali spreading phenotype in Sorghum bicolor and its relationship to starch
gelatinization, J. Cereal. Sci. 86 (2019) 41-47.

A. Partala, Vilja Suomessa 1910-2010, in: K. Lento (Ed.), Sata Vuotta
Maatalouslaskentaa. Information Centre for the Ministry of Agriculture and
Forestry in Finland (Maa- Ja Metsatalousministerion Tietopalvelukeskus Tike),
Helsinki, 2010, pp. 44-49.

J.M. Wooldridge, I. Econometrics, A Modern Approach, Mason: Thomson South-
Western, 2003.

C. Adam, P.D. Drakos, Climate Change: North & South EU Economies. An
Application of Dynamic Asymmetric Panel Data Models, 2022.

L.E. Emediegwu, A. Wossink, A. Hall, The impacts of climate change on
agriculture in sub-Saharan Africa: a spatial panel data approach, World Dev. 158
(2022), 105967.

H.J. Sartorius von Bach, K.M. Kalundu, Are SACU countries self-sufficient in
cereals? A dynamic panel analysis, Agrekon 61 (2) (2022) 151-166.

R.K. Sharma, S. Kumar, K. Vatta, J. Dhillon, K.N. Reddy, Impact of recent climate
change on cotton and soybean yields in the southeastern United States, J. Agric.
Food Res. (2022), 100348.

ANL. Argonne National Laboratory, Guidance for Vulnerability and Adaptation
Assessments, US Country Studies Program, Washington DC USA, 1994, p. 205.
M.C. Voelkle, J.H. Oud, E. Davidov, P. Schmidt, An SEM approach to continuous
time modeling of panel data: relating authoritarianism and anomia, Psychol.
Methods 17 (2) (2012) 176.

NOAA, National Oceanic and Atmospheric Administration, 2021. https://www.
ncei.noaa.gov/pub/data/cirs/climdiv/. (Accessed 29 November 2021).

Y. Liu, X. Cheng, Does agro-ecological efficiency contribute to poverty
alleviation? An empirical study based on panel data regression, Environ. Sci.
Pollut. Control Ser. (2022) 1-17.

D. Ozdemir, The impact of climate change on agricultural productivity in Asian
countries: a heterogeneous panel data approach, Environ. Sci. Pollut. Control Ser.
29 (6) (2022) 8205-8217.

D.B. Lobell, M.B. Burke, On the use of statistical models to predict crop yield
responses to climate change, Agric. For. Meteorol. 150 (11) (2010) 1443-1452.
E. Blanc, W. Schlenker, The Use of Panel Models in Assessments of Climate
Impacts on Agriculture. Review of Environmental Economics and Policy, 2020.

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]
[74]

[75]

[76]

[77]

[78]
[79]
[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

Journal of Agriculture and Food Research 12 (2023) 100626

W. Schlenker, M.J. Roberts, Nonlinear temperature effects indicate severe
damages to US crop yields under climate change, Proc. Natl. Acad. Sci. USA 106
(37) (2009) 15594-15598.

M. Belyaeva, R. Bokusheva, Will climate change benefit or hurt Russian grain
production? A statistical evidence from a panel approach, Climatic Change 149
(2) (2018) 205-217.

0. Deschénes, M. Greenstone, The economic impacts of climate change: evidence
from agricultural output and random fluctuations in weather, Am. Econ. Rev. 97
(1) (2007) 354-385.

J.Z. Wu, J. Zhang, Z.M. Ge, L.W. Xing, S.Q. Han, S.H.E.N. Chen, F.T. Kong, Impact
of climate change on maize yield in China from 1979 to 2016, J. Integr. Agric. 20
(1) (2021) 289-299.

B.T. Tan, P.S. Fam, R.R. Firdaus, M.L. Tan, M.S. Gunaratne, Impact of climate
change on rice yield in Malaysia: a panel data analysis, Agriculture 11 (6) (2021)
569.

C.S. de Blas, R. Valcarce-Dineiro, A.E. Sipols, N.S. Martin, B. Arias-Pérez, M.

T. Santos-Martin, Prediction of crop biophysical variables with panel data
techniques and radar remote sensing imagery, Biosyst. Eng. 205 (2021) 76-92.
K. Hakala, L. Jauhiainen, A.A. Rajala, M. Jalli, M. Kujala, A. Laine, Different
responses to weather events may change the cultivation balance of spring barley
and oats in the future, Field Crop. Res. 259 (2020), 107956.

P.S. Birthal, T.M. Khan, D.S. Negi, S. Agarwal, Impact of climate change on yields
of major food crops in India: implications for food security, Agric. Econ. Res. Rev.
27 (347-2016-17126) (2014) 145-155.

StataCorp, Stata 16 Base Reference Manual, Stata Press, College Station, TX,
2019.

D.J. Davidson, J. Andrews, D. Pauly, The effort factor: evaluating the increasing
marginal impact of resource extraction over time, Global Environ. Change 25
(2014) 63-68.

A.K. Singh, B. Jyoti, Projected productivity of cash crops in different climate
change scenarios in India: use of marginal impact analysis technique, Finance
Econ. Rev. 3 (1) (2021) 63-87.

D.N. Gujarati, D.C. Porter, Multicollinearity: what Happens if the Regressors Are
Correlated?, Basic Econometrics, fifth ed., Published by McGraw-Hill/lrwin, a
business unit of The McGraw-Hili Companies, New York, NY, 2009, 10020. Inc.
1221 Avenue of the Americas.

R. Affoh, H. Zheng, K. Dangui, B.M. Dissani, The impact of climate variability and
change on food security in sub-Saharan Africa: perspective from panel data
analysis, Sustainability 14 (2) (2022) 759.

A. Raza, A. Razzaq, S.S. Mehmood, X. Zou, X. Zhang, Y. Lv, J. Xu, Impact of
climate change on crops adaptation and strategies to tackle its outcome: a review,
Plants 8 (2) (2019) 34.

J.R. Lopez, B.G. Tamang, D.M. Monnens, K.P. Smith, W. Sadok, Canopy cooling
traits associated with yield performance in heat-stressed oats, Eur. J. Agron. 139
(2022), 126555.

S.K. Jagadish, Heat stress during flowering in cereals—effects and adaptation
strategies, New Phytol. 226 (6) (2020) 1567-1572.

Y. Wang, S.M. Impa, R. Sunkar, S.K. Jagadish, The neglected other half-role of the
pistil in plant heat stress responses, Plant Cell Environ. 44 (7) (2021) 2200-2210.
A. Ahmadi, M. Joudi, M. Janmohammadi, Late defoliation and wheat yield: little
evidence of post-anthesis source limitation, Field Crop. Res. 113 (1) (2009)
90-93.

S.J. Smith, J. Edmonds, C.A. Hartin, A. Mundra, K. Calvin, Near-term acceleration
in the rate of temperature change, Nat. Clim. Change 5 (4) (2015) 333-336.
NOAA, National Oceanic and Atmospheric Administration Global Climate Report
— Annual, Department of Commerce. U.S.A, 2018. https://www.ncdc.noaa.gov
/sote/global/201813. (Accessed 4 April 2022).

M. Valipour, S.M. Bateni, C. Jun, Global surface temperature: a new insight,
Climate 9 (5) (2021) 81.

K.B. Hellewell, D.D. Stuthman, A.H. Markhart III, J.E. Erwin, Day and night
temperature effects during grain-filling in oats, Crop Sci. 36 (3) (1996) 624-628.
R. Davy, L. Esau, A. Chernokulsky, S. Outten, S. Zilitinkevich, Diurnal asymmetry
to the observed global warming, Int. J. Climatol. 37 (1) (2017) 79-93.

L. Zheng, D. Li, J. Xu, Z. Xia, H. Hao, Z. Chen, A twenty-years remote sensing
study reveals changes to alpine pastures under asymmetric climate warming,
ISPRS J. Photogrammetry Remote Sens. 190 (2022) 69-78.

C.C. O’Donnell, S.W. Adkins, Wild oats and climate change: the effect of CO2
concentration, temperature, and water deficit on the growth and development of
wild oats in monoculture, Weed Sci. 49 (5) (2001) 694-702.

A. Ortiz-Bobea, H. Wang, C.M. Carrillo, T.R. Ault, Unpacking the climatic drivers
of US agricultural yields, Environ. Res. Lett. 14 (6) (2019), 064003.

Y. Zhang, L. Zhang, N. Yang, N. Huth, E. Wang, W. van der Werf, N.P. Anten,
Optimized sowing time windows mitigate climate risks for oats production under
cool semi-arid growing conditions, Agric. For. Meteorol. 266 (2019) 184-197.
K. Klink, C.J. Crawford, J.J. Wiersma, D.D. Stuthman, Climate variability and the
productivity of barley and oats in Minnesota, CURA Rep. 41 (2011) 12-18.

W. Ehlers, Transpirations efficiency of oats, Agron. J. 81 (5) (1989) 810-817.
M. Saastamoinen, Effects of environmental factors on grain yield and quality of
oats (Avena sativa L.) cultivated in Finland, Acta Agric. Scand. Plant Soil Sci. 48
(3) (1998) 129-137.

J. Sanchez-Martin, N. Rispail, F. Flores, A.A. Emeran, J.C. Sillero, D. Rubiales,
E. Prats, Higher rust resistance and similar yield of oats landraces versus cultivars
under high temperature and drought, Agron. Sustain. Dev. 37 (1) (2017) 1-14.
P. Agnolucci, C. Rapti, P. Alexander, V. De Lipsis, R.A. Holland, F. Eigenbrod,
P. Ekins, Impacts of rising temperatures and farm management practices on
global yields of 18 crops, Nature Food 1 (9) (2020) 562-571.


http://refhub.elsevier.com/S2666-1543(23)00133-3/sref25
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref25
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref25
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref26
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref26
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref27
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref27
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref27
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref28
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref28
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref29
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref29
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref29
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref30
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref30
http://www.ncdc.noaa.gov/billions/
http://www.ncdc.noaa.gov/billions/
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref32
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref32
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref32
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref33
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref33
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref33
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref33
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref34
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref34
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref35
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref35
https://agamerica.com/farm-publications/southeast-agricultural-trends-report/
https://agamerica.com/farm-publications/southeast-agricultural-trends-report/
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref37
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref37
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref38
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref38
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref38
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref39
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref39
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref39
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref40
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref40
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref40
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref41
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref41
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref41
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref42
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref42
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref42
https://quickstats.nass.usda.gov/
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref44
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref44
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref44
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref45
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref45
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref45
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref45
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref46
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref46
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref47
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref47
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref48
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref48
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref48
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref49
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref49
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref50
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref50
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref50
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref51
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref51
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref52
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref52
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref52
https://www.ncei.noaa.gov/pub/data/cirs/climdiv/
https://www.ncei.noaa.gov/pub/data/cirs/climdiv/
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref54
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref54
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref54
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref55
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref55
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref55
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref56
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref56
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref57
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref57
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref58
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref58
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref58
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref59
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref59
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref59
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref60
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref60
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref60
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref61
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref61
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref61
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref62
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref62
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref62
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref63
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref63
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref63
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref64
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref64
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref64
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref65
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref65
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref65
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref66
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref66
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref67
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref67
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref67
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref68
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref68
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref68
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref69
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref69
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref69
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref69
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref70
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref70
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref70
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref71
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref71
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref71
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref72
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref72
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref72
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref73
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref73
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref74
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref74
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref75
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref75
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref75
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref76
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref76
https://www.ncdc.noaa.gov/sotc/global/201813
https://www.ncdc.noaa.gov/sotc/global/201813
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref78
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref78
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref79
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref79
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref80
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref80
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref81
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref81
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref81
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref82
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref82
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref82
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref83
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref83
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref84
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref84
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref84
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref85
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref85
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref86
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref87
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref87
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref87
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref88
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref88
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref88
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref89
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref89
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref89

R.K. Sharma et al.

[90]

[91]
[92]

[93]

[94]
[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]
[103]

[104]

[105]

[106]

[107]

[108]

[109]

O.K. Atkin, D. Bruhn, V.M. Hurry, M.G. Tjoelker, Evans Review No. 2: the hot and
the cold: unravelling the variable response of plant respiration to temperature,
Funct. Plant Biol. 32 (2) (2005) 87-105.

R.W. Downes, Effect of temperature on the phenology and grain yield of Sorghum
bicolor, Aust. J. Agric. Res. 23 (4) (1972) 585-594.

W. Sadok, S.K. Jagadish, The hidden costs of nighttime warming on yields, Trends
Plant Sci. 25 (7) (2020) 644-651.

M. Sonego, Effect of Temperature and Daylength on the Phenological
Development of Oats (Avena Sativa L.) (Doctoral Dissertation, Lincoln University,
2000.

M.F. Chinnici, D.M. Peterson, Temperature and drought effects on blast and other
characteristics in developing oats 1, Crop Sci. 19 (6) (1979) 893-897.

A. Hedhly, J.I. Hormaza, M. Herrero, Global warming and sexual plant
reproduction, Trends Plant Sci. 14 (1) (2009) 30-36.

F. Tao, M. Yokozawa, Y. Xu, Y. Hayashi, Z. Zhang, Climate changes and trends in
phenology and yields of field crops in China, 1981-2000, Agric. For. Meteorol.
138 (1-4) (2006) 82-92.

D.B. Lobell, M.B. Burke, Why are agricultural impacts of climate change so
uncertain? The importance of temperature relative to precipitation, Environ. Res.
Lett. 3 (3) (2008), 034007.

T. Shu, Soybean phenotypic variation under high night temperature stress
[Master’s Thesis]. Auburn State University, https://etd.auburn.edu//handle/1
0415/7670, 2021. (Accessed 26 January 2022).

J. Song, Z. Chen, A. Zhang, M. Wang, M.S. Jahan, Y. Wen, X. Liu, The positive
effects of increased light intensity on growth and photosynthetic performance of
tomato seedlings in relation to night temperature level, Agronomy 12 (2) (2022)
343.

P.V. Prasad, K.J. Boote, L.H. Allen Jr., Adverse high temperature effects on pollen
viability, seed-set, seed yield and harvest index of grain-sorghum [Sorghum
bicolor (L.) Moench] are more severe at elevated carbon dioxide due to higher
tissue temperatures, Agric. For. Meteorol. 139 (3-4) (2006) 237-251.

G.L. Hammer, P.S. Carberry, R.C. Muchow, Modelling genotypic and
environmental control of leaf area dynamics in grain sorghum. I. Whole plant
level, Field Crop. Res. 33 (3) (1993) 293-310.

R.K. Maiti, Sorghum Science, Science Publishers, Lebanon, NH, USA, 1996.

R. Singh, G. Devi, D. Parmar, S. Mishra, Impact of rainfall and temperature on the
yield of major crops in Gujarat state of India: a panel data analysis (1980-2011),
Curr. J. Appl. Sci. Technol. 24 (5) (2017) 1-9.

V.R. Prasad, M. Govindaraj, M. Djanaguiraman, I. Djalovic, A. Shailani, N. Rawat,
P.S.L. Singla, A. Pareek, P.V. Prasad, Drought and high temperature stress in
sorghum: physiological, genetic, and molecular insights and breeding approaches,
Int. J. Mol. Sci. 22 (18) (2021) 9826.

C.H. Sime, T.A. Demissie, Assessment and prediction of the climate change impact
on crop yield, in jimma zone upper gilgel gibe districts, Ethiopia, Arabian J.
Geosci. 15 (3) (2022) 1-15.

B. Sultan, K. Guan, M. Kouressy, M. Biasutti, C. Piani, G.L. Hammer, G. Mclean, D.
B. Lobell, Robust features of future climate change impacts on sorghum yields in
West Africa, Environ. Res. Lett. 9 (10) (2014), 104006.

V. Singh, C.T. Nguyen, E.J. van Oosterom, S.C. Chapman, D.R. Jordan, G.

L. Hammer, Sorghum genotypes differ in high temperature responses for seed set,
Field Crop. Res. 171 (2015) 32-40.

J.0. Adejuwon, Food crop production in Nigeria. II. Potential effects of climate
change, Clim. Res. 32 (3) (2006) 229-245.

K. Boomiraj, S.P. Wani, P.K. Agrawal, Impact of climate change on dry land
sorghum in India, in: Use of High Science Tools in Integrated Watershed
Management (Proceeding of National Symposium, 2011, pp. 292-304.

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

Journal of Agriculture and Food Research 12 (2023) 100626

B.M. Msongaleli, F. Rwehumbiza, S.D. Tumbo, N. Kihupi, Impacts of Climate
Variability and Change on Rainfed Sorghum and Maize: Implications for Food
Security Policy in Tanzania, 2015.

E.N. Bosire, Simulating Impacts of Climate Change on Sorghum Production in the
Semi-arid Environment of Katumani in Machakos County, Kenya, Doctoral
dissertation, university of Nairobi, 2019.

K. Chadalavada, S. Gummadi, K.R. Kundeti, D.M. Kadiyala, K.C. Deevi, K.

K. Dakhore, R.K.B. Diana, S.K. Thiruppathi, Simulating potential impacts of future
climate change on post-rainy season sorghum yields in India, Sustainability 14 (1)
(2021) 334.

V.J. Sunoj, P.V. Prasad, L.A. Ciampitti, H.F. Maswada, Narrowing diurnal
temperature amplitude alters carbon tradeoff and reduces growth in C4 crop
sorghum, Front. Plant Sci. 11 (2020) 1262.

R.G. Jensen, Activation of Rubisco regulates photosynthesis at high temperature
and CO2, Proc. Natl. Acad. Sci. USA 97 (24) (2000) 12937-12938.

M.H. Turnbull, R. Murthy, K.L. Griffin, The relative impacts of daytime and night-
time warming on photosynthetic capacity in Populus deltoides, Plant Cell
Environ. 25 (12) (2002) 1729-1737.

A.A. Warsame, L.A. Sheik-Ali, O.M. Jama, A.A. Hassan, G.M. Barre, Assessing the
effects of climate change and political instability on sorghum production:
empirical evidence from Somalia, J. Clean. Prod. 360 (2022), 131893.

D.B. Lobell, G.L. Hammer, G. McLean, C. Messina, M.J. Roberts, W. Schlenker,
The critical role of extreme heat for maize production in the United States, Nat.
Clim. Change 3 (5) (2013) 497-501.

R. Guntukula, Assessing the impact of climate change on Indian agriculture:
evidence from major crop yields, J. Publ. Aff. 20 (1) (2020), e2040.

C. Chen, C. Lei, A. Deng, C. Qian, W. Hoogmoed, W. Zhang, Will higher minimum
temperatures increase corn production in Northeast China? An analysis of
historical data over 1965-2008, Agric. For. Meteorol. 151 (12) (2011)
1580-1588.

L. Mumo, J. Yu, M. Ojara, C. Lukorito, N. Kerandi, Assessing changes in climate
suitability and yields of maize and sorghum crops over Kenya in the twenty-first
century, Theor. Appl. Climatol. 146 (1) (2021) 381-394.

P. Peltonen, Effect of climatic factors on the yield and on the characteristics
connected to yielding ability of oats (Avena sativa L.), Acta Agric. Scand. 40 (1)
(1990) 23-31.

P. Peltonen-Sainio, L. Jauhiainen, K. Hakala, Crop responses to temperature and
precipitation according to long-term multi-location trials at high-latitude
conditions, J. Agric. Sci. 149 (1) (2011) 49-62.

O.P. Sharma, N. Kannan, S. Cook, B.K. Pokhrel, C. McKenzie, Analysis of the
effects of high precipitation in Texas on rainfed sorghum yields, Water 11 (9)
(2019) 1920.

D.M. Drukker, Testing for serial correlation in linear panel-data models, STATA J.
3 (2) (2003) 168-177.

B.H. Baltagi, B.C. Jung, S.H. Song, Testing for heteroskedasticity and serial
correlation in a random effects panel data model, J. Econom. 154 (2) (2010)
122-124.

P. Singh, K. Arora, S. Kumar, N. Gohain, R.K. Sharma, Indian millets trade
potential-cum-performance: economic perspective, Indian J. Agric. Sci. 93 (2)
(2023) 200-204.

C. Oglesby, J. Dhillon, A. Fox, G. Singh, C. Ferguson, X. Li, R. Kumar, J. Dew,
J. Varco, Discrepancy between the crop yield goal rate and the optimum nitrogen
rates for maize production in Mississippi, Agron. J. 115 (1) (2023) 340-350.


http://refhub.elsevier.com/S2666-1543(23)00133-3/sref90
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref90
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref90
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref91
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref91
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref92
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref92
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref93
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref93
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref93
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref94
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref94
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref95
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref95
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref96
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref96
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref96
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref97
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref97
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref97
https://etd.auburn.edu//handle/10415/7670
https://etd.auburn.edu//handle/10415/7670
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref99
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref99
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref99
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref99
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref100
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref100
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref100
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref100
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref101
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref101
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref101
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref102
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref103
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref103
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref103
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref104
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref104
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref104
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref104
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref105
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref105
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref105
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref106
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref106
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref106
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref107
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref107
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref107
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref108
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref108
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref109
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref109
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref109
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref110
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref110
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref110
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref111
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref111
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref111
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref112
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref112
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref112
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref112
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref113
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref113
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref113
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref114
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref114
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref115
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref115
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref115
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref116
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref116
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref116
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref117
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref117
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref117
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref118
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref118
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref119
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref119
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref119
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref119
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref120
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref120
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref120
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref121
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref121
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref121
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref122
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref122
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref122
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref123
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref123
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref123
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref124
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref124
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref125
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref125
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref125
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref126
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref126
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref126
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref127
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref127
http://refhub.elsevier.com/S2666-1543(23)00133-3/sref127

	Crop-climate link in the southeastern USA: A case study on oats and sorghum
	1 Introduction
	2 Materials and methods
	2.1 Data
	2.2 Panel data approach
	2.3 Diagnostic testing

	3 Results and discussion
	3.1 Changes in climatic variables during OGS and SGS in SE-US (1980–2020)
	3.2 Impact of climate change during 41-yr. Period (1980–2020) on oats and sorghum yield
	3.3 Marginal impact of climate change (1980–2020) on oats and sorghum yield
	3.4 Model robustness testing

	4 Limitations of the study
	5 Conclusions and policy suggestions
	Declaration of competing interest
	Data availability
	Acknowledgment
	References


