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Soybean is one of the most important oilseed crops in 
the world. Its economic value is based on the concen-
tration of protein and oil produced in the seeds. How-
ever, in climate change studies, a crop simulation 
model like AquaCrop is unable to predict the qualita-
tive yield of crops. Therefore, this study aims to simu-
late qualitative soybean yield based on regression 
models between observed dry grain yield (Yd) from  
12 treatments as independent variables with their  
corresponding observed values for oil and protein 
contents as dependent variables. The P-value (<0.05) 
and R2 value of the linear regression model showed 
that oil content was positively regressed with yield, 
whereas protein content was negatively regressed with 
yield. On the other hand, predicted values of Yd from 
the calibrated AquaCrop model over general circula-
tion models based on weighted multi-model ensemble 
means of five emission scenarios have been used for 
simulation of soybean oil and protein contents in the 
future. The results obtained by comparing historical 
period (1985–2010) to the future period (2020–2039) 
centred on the 2030s, showed that soybean oil content 
increased similarly as yield increased in the future  
period while protein content decreased inversely with 
yield. Overall, statistical indicators showed that the  
linear regression model performed well to predict the 
soybean oil and protein content when AquaCrop  
model not able to simulate the qualitative yield. 
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SOYBEAN is one of the most important oilseed crops in 
the world. In general, dry soybeans by weight have  
approximately 20% fat (oil) and 36% protein. The role of 
oil and protein from soybean in human diet and industrial 
application cannot be neglected. The economic value of 
soybean is based on the concentration of protein and oil 
produced in seeds. 
 Some studies show a correlation between mean daily 
temperature and soybean oil and protein content1,2. 
 Thomas et al.3 studied the effects of climate change  
on the composition of soybean seeds by focusing on  
increased CO2 and elevated temperature. The findings 
showed that oil concentration was highest at 32/22°C 
(day/night) and decreased with further increase in  
temperature. Taub et al.4 did the meta-analysis for 228  
studies to observe the effect of elevated atmospheric CO2 
rate on the protein concentration of major food crops. The 
results showed that increased CO2 led to a 1.4% reduction 
in protein concentration of soybean. On the other hand, 
AquaCrop is a crop simulation model which was  
designed by FAO as a water-driven model to simulate 
and predict quantitative yield response in relation to  
water supply, but the model is incapable to simulate and 
predict qualitative yield. Some linear regression models 
can be suggested as an additional function to simulate 
and predict oil and protein contents of soybean in the  
future. Therefore, this study aims to evaluate proposed  
linear regression models to simulate oil and protein  
contents and consequently predict their values under pro-
jected climate change scenarios. 
 The study area with a cold semi-arid climate was  
located in experimental fields within the latitude of 
35°47′30″N and 35°48′0″N, and longitude of 50°54′30″E 
and 50°55′30″E, at research department of oilseed crops, 
Karaj seed and plant improvement institute, Iran. In this 
study, the soybean dry grain yield (Yd) was collected 
from a field experiment in 2010, which were imple-
mented using a completely randomized block design with 
three replications in 2010. Four soybean varieties includ-
ing L17 (V1), Williams*Hobbit (W*H) (V2), M9 (V3), 
and M7 (V4) under three irrigation treatments including 
without water stress (I1), mild water stress (I2), and  
severe water stress (I3) were sown on 27 June. The oil 
and protein contents were measured for each treatment by 
using inframatic grain analyser. 
 Both protein and oil were a function of the rate of dry 
matter accumulation in soybean seed5. Accordingly, envi-
ronmental influences on seed size can lead to changes in 
overall protein and oil concentration. Therefore, two  
linear regression models were carried out between  
observed Yd from twelve treatments as independent  
variables with their corresponding observed values of oil 
and protein contents separately as dependent variables. 
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 The results of simulated Yd from AquaCrop model that 
had already been calibrated by Araji et al.6 were applied 
to equations derived from regression models to simulate 
oil and protein contents in percentage. Next, the observed 
and simulated oil and protein content were respectively 
multiplied to the observed and simulated Yd to determine 
the weight of oil and protein for each treatment. Some 
statistical tests were implemented between the observed 
and simulated values to investigate the validity of the  
linear regression model. 
 In order to predict the percentage of oil and protein 
content for the future period (2020–2039) centered  
on 2030s, the mean of simulated Yd in the historical 
(1985–2010) and the future period (2030s) under five 
emission scenarios (B1, A1B, A2, RCP2.6, and RCP8.5) 
was applied to the equations of the linear regression 
models. 
 Based on observed and simulated values, statistical  
indicators were applied to evaluate the accuracy of linear 
regression models. Equations (1) to (6) for RMSE, 
RMSEn, the index of agreement (d), mean bias error 
(MBE), model efficiency (ME), and Nash Sutcliff effi-
ciency (NSE) respectively were utilized in judging the 
model performance. 
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where Pi and Oi are the predicted (simulated) and  
observed values, Ō is the mean observed values, and n is 
the number of measurements. 
 RMSE values close to zero show that the residual esti-
mation error decreases. On the other hand RMSEn values 
are excellent if smaller than 10%, good if between 10% 
and 20%, fair if between 20% and 30% and poor if larger 
than 30% (ref. 7). The index of agreement (d) ranges 

from 0 to 1, and the model simulates the appointed para-
meter better for the value close to 1 (ref. 8). Moreover,  
a positive value in MBE represents overestimation in  
estimated values, whereas the negative values indicate 
underestimation in estimated values9. ME ranges from 
negative infinity to positive 1 and the closer values to 1 
show more model robustness10. The model also shows 
better simulation efficiency when the value of NSE  
approaches to 1 (ref. 11). 
 The results of the regression models between observed 
Yd from twelve treatments with their corresponding  
observed values of oil and protein contents are respec-
tively shown in Figures 1 and 2. The P-value (<0.05) and 
R2 value of the linear regression model showed that oil 
content was positively regressed with Yd, whereas pro-
tein content was negatively regressed with Yd. The  
results were consistent with results obtained by Chung  
et al.12, which found that oil content was positively corre-
lated with soybean yield whereas the protein was nega-
tively correlated with yield. 
 The observed and simulated values of Yd, oil and pro-
tein contents for different treatments in 2010 (Table 1) 
show that simulated oil content decreased in treatments 
with water stress which was in line with decreasing trend 
of simulated yield obtained by Araji et al.6, while protein 
content inversely increased with water stress. The results 
 

 
 

Figure 1. Linear regression model between soybean Yd and oil con-
tent. 

 
 

 
 

Figure 2. Linear regression model between soybean Yd and protein 
content. 
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Figure 3. Linear regression model between soybean oil and protein contents. 
 
 

Table 1. Observed and simulated values of Yd, oil and protein contents for different treatments in 2010 

 Yd (kg ha–1) Oil content (%) Protein content (%) 
 

Varieties Observed Simulated Observed Simulated Observed Simulated 
 

V1I1 2473 2570 23.20 23.40 33.53 33.46 
V1I2 1540 1421 23.41 22.71 34.29 35.53 
V1I3  720  750 22.11 22.31 36.47 36.74 
V2I1 2346 2392 23.07 23.30 33.79 33.78 
V2I2 1320 1355 22.71 22.68 35.75 35.65 
V2I3  621  710 22.75 22.29 34.68 36.81 
V3I1 2224 2245 22.99 23.21 34.55 34.05 
V3I2 1233 1285 22.19 22.63 37.50 35.78 
V3I3  856  721 22.28 22.29 37.22 36.79 
V4I1 2363 2390 23.80 23.30 32.07 33.79 
V4I2 1475 1416 22.34 22.71 37.31 35.54 
V4I3 1191 1010 22.33 22.47 36.31 36.27 

 
 
Table 2. Statistical tests between the weight of oil and protein from  
 the observed data versus simulated data by the linear regression model 

 Oil (kg ha–1) Protein (kg ha–1) 
 

 Observed Simulated Observed Simulated 
 

Mean 351 349 532 530 
SD 152 160 204 216 
Minimum 574 601 215 261 
Maximum 141 158 792 808 
N 12 12 
RMSE 22 37 
RMSEn (%)  6  7 
d 0.995 0.992 
MBE –1 –2 
ME 0.979 0.968 
NSE 0.979 0.968 

 
 
agree with Dornbos Jr and Mullen13, who found that  
severe drought, increased protein content by 4.4%, while 
oil content decreased by 2.9%. As drought stress  
increased, protein content increased linearly and oil con-
tent decreased linearly at each air temperature. 
 The linear regression model between soybean oil and 
protein contents (Figure 3) showed that protein contents 
of soybean were negatively regressed with seed oil  
contents, which were in agreement with similar results  

reported by Chung et al.12. The results were also in 
agreement with Piper and Boote14, who declared that oil 
and protein concentration were inversely related in  
response to heat stress during seed filling period. 
 The model prediction accuracy tested by statistical  
indicators is shown in Table 2. The RMSEn and d values 
indicated that the model had excellent performance for 
simulation of oil and protein. These indices also showed 
that the model could simulate oil better than protein. The 
results of MBE showed that the model underestimated 
both oil and protein. The ME values showed the robust-
ness of the linear regression model, and NSE showed that 
model performance is excellent in the simulation of oil 
and protein contents. Therefore, the linear regression 
model had enough validity to predict oil and protein con-
tents in the future period. 
 The mean annual yields over the historical (1985–
2010) and the future period (2030s) under different emis-
sion scenarios simulated by AquaCrop model are shown 
in Table 3. The results of simulated yield in Table 3 were 
applied to the equations from the linear regression model 
in Figures 1 and 2 to estimate oil and protein content of 
each treatment in the historical and the future period  
respectively. Future changes in soybean oil and protein 
content under different emission scenarios are shown 
in Figure 4. Under projected climate change for all  
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Table 3. Mean annual yield over the historical (1985–2010) and the future period (2030s) under different 
 emission scenarios simulated by AquaCrop model 

Varieties Historical (1985–2010) 2.6 (2030s) 8.5 (2030s) A2 (2030s) A1B (2030s) B1 (2030s) 
 

V1I1 2359 2672 2765 2772 2824 2695 
V1I2 1304 1477 1553 1553 1610 1511 
V1I3 641 763 809 738 932 720 
V2I1 2211 2507 2596 2602 2649 2531 
V2I2 1241 1405 1476 1476 1528 1435 
V2I3 619 733 784 731 890 705 
V3I1 2083 2360 2445 2452 2500 2383 
V3I2 1196 1354 1422 1419 1470 1377 
V3I3 639 757 798 742 902 724 
V4I1 2225 2520 2610 2622 2660 2560 
V4I2 1319 1484 1557 1567 1612 1527 
V4I3 943 1061 1116 1113 1173 1086 

 
 

 
 

Figure 4. Future changes in soybean oil and protein content under different emission scenarios estimated by the linear regression 
model. 

 

 
treatments and emission scenarios, the oil content  
increased while protein content decreased. 
 The mean of oil content within all emission scenarios 
under the control treatment showed that L17 had the 
highest increase, followed by M7, W*H and M9, in that 
order. The estimated oil content under mild water stress 
showed that M7 had the highest increase, followed by 
L17, W*H and M9, in that order. Furthermore, the esti-
mated oil content under severe water stress showed that 
M7 had the highest increase, followed by L17, M9 and 
W*H, in that order. 
 The mean of protein content within all emission scena-
rios under the control treatment showed that L17 had the 
highest decrease, followed by M7, W*H and M9, in that 

order. The estimated protein content under mild water 
stress showed that M7 had the highest decrease, followed 
by L17, W*H and M9, in that order. Moreover, the esti-
mated protein content under severe water stress showed 
that M7 had the highest decrease, followed by L17, M9 
and W*H, in that order. 
 Based on the results derived from Table 4 (ref. 7), the 
increased mean temperatures were in agreement with 
those obtained by Howell and Cartter15 who reported that 
high temperatures during soybean seed filling period 
could elevate seed oil. The results also were consistent 
with findings by Divsalar16, who reported that the mini-
mum oil content and maximum protein content were 
found in treatment with water stress during seed filling 
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period. The increased CO2 rate due to the future climate 
change decreased the protein concentration of soybean17, 
which were in agreement with the present findings. 
 Oil concentration increased by an increment in temper-
ature with optimum at 25°C to 28°C, above which the oil 
concentration declined13,14,18. At temperatures greater 
than 28°C, the protein content increased linearly with 
temperature13,18,19. Following Table 4 and Figure 4, it can 
be concluded that under projected climate change, mean 
temperature during seed feeling stage exceeds the opti-
mum threshold (above 25°C) for seed oil storage which 
were in agreement with Wolf et al.19 who found oil con-
tent was positively correlated with increasing temperature 
from 25°C to 36°C. 
 The linear regression model had validity to predict the 
qualitative yield of soybean. The results can be linked to 
the results of Yd simulated by AquaCrop model to esti-
mate oil and protein content of soybean. The results of 
the oil content were precisely in line with those obtained 
for yield under projected climate change scenarios.  
However, protein content decreased due to its reversed 
relation with soybean yield and oil content. Moreover, in-
creased temperature in cold semi-arid climate of the study 
area may prepare an optimal temperature for seed oil sto-
rage during the flowering and seed filling periods. 
 It has been suggested that under projected climate 
change, not only estimation of qualitative yield in the  
future is important but also other crop production para-
meters such as oil content, protein content and water 
productivity should be estimated simultaneously among 
different varieties to enhance the productivity of soybean 
yield in the future. The present results are practical for 
agricultural decision-makers to cultivate the best varieties 
in terms of yield (quantitative and qualitative) and irriga-
tion levels and consequently to adapt themselves with the 
future climate change. Under future climate changes, this 
simulation allows irrigation engineers to manage the 
supply of water matching with a suitable variety of  
soybean to increase the production of oil and protein for 
the best pricing values. 
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