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Abstract

Sorghum is considered as a cereal in the world but in Iran forage sorghum is preferred due to lack of forage.
This research was conducted considering the importance of forage sorghum and the conditions of sorghum
cultivation under salinity stress in Mazandaran province. The aims of this research were: 1) to investigate the
functional response of forage sorghum (variety Speedfeed) to irrigation water salinity and soil salinity, and
2) to quantify the sorghum functional response to salinity during maturation, using several empirical models.
Water salinity treatments included well water (control), ratios of 1:4, 2:4, and 3:4 sea water to well water,
and pure sea water which were applied in a column study. Salinity-Yield threshold models (Mass and
Hoffman, van Genuchten and Hoffman, Dirksen et al., Homaee et al., modified Weibull, bi-exponential and
Gompertz) were fitted to the data obtained (relative yield of sorghum at maturation stage vs. electrical
conductivity, EC) and the parameters of models were estimated. The van Genuchten model and the Hoffman
and Gompertz model were better than other models in fitting the relative yield data as a function of the EC of
the saturated soil extract, due to the lower root mean square errors (RMSE) and Akaike’s information
criterion (AIC) in these models (2.84 and —157.34 for the van Genuchten model and 3.11 and —152.53 for the
Hoffmann and Gompertz model, respectively). The van Genuchten and Hoffmann model (-205.77, -1.09)
and the corrected Weibull model (-213.21 and 0.95) were superior in fitting relative yield data as a function
of EC of irrigation water. The salinity tolerance thresholds of sorghum based on fitting relative yield data as
a function of EC of saturated soil extract and irrigation water were also estimated to be 3.65 and 2.33 dS m?,
respectively. Also, no significant difference was observed between the relative yield obtained from the
models as a function of the EC of saturated soil extract or irrigation water. In other words, the mentioned
models are capable to estimate the yield based on the salinity of the irrigation water.

Keywords: Mathematical model, Statistical model, Threshold, Yield.
Background and Objective: Currently, the increasing growth of the world's population and the need for

more agricultural products are important issues that human being is facing today. Limitation in water and soil
resources is mentioned as the main restriction for agricultural production. Therefore, the proper use of
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available water resources and poor-quality saline waters, is at the forefront of the activities of different
countries (2). The detrimental effect of salinity on plant growth is due to low osmotic potential in the soil,
unbalanced nutrition, specific ionic effects or a combination of these factors (1). Usually, the sensitivity of
plants to salinity varies during the growing season (3). Therefore, proper water management requires
analysis of plant sensitivity to salinity at each growth stage, in areas with unfavorable water and soil quality.

Methods: Five sorghum seeds were planted in 15 polyethylene columns filled with a clay loam soil, and
after germination, they were reduced to three seedlings. The treatments included well water as control, 1:4,
2:4 and 3:4 ratios of sea water to well water, and pure sea water with the EC values of 0.99, 4.7, 8.1, 13.7
and 15.9 dS m, respectively. After 56 days of plant growth, the effect of salinity on the growth and yield of
sorghum was assessed and the salinity threshold for this plant was determined. The relative yield as a
function of salinity was also calculated using the models of Mass and Hoffman, van Genuchten and
Hoffman, Dirksen et al., Homaee et al., modified Weibull, bi-exponential and Gompertz. Quantitative
comparison of the models was also conducted using some statistical indices. In order to fit and determine the
optimized parameters of the root water uptake models, the Solver tool in Excel was used. Also, the mean
comparison was statistically analyzed using t-test by MSTATC software.

Results: The salinity thresholds of sorghum based on the EC values of saturated soil extract and irrigation
water were 3.5 and 1.4 dS m?, respectively. The slope of the linear relation between relative yield and soil
EC was calculated to be about 3% per dS m?, indicating that sorghum is sensitive to salinity stress. Based on
the EC of saturated soil extract, the RMSE and AIC were lower for van Genuchten and Hoffman, and
Gompertz models. However, efficiencies of Dirksen et al.'s and bi-exponential models were slightly different
and can be suggested. Also Mass and Hoffman's model can also be used due to the simplicity of its equation.
The analysis based on the EC of irrigation water also showed that the van Genuchten and Hoffman's model
and the modified Weibull model were the best ones according to the lower values of RMSE and AIC. Also,
the results of the t test showed that there was no significant difference between the fitting of mathematical
and statistical models to observational data and between the two groups of models as a function of EC values
of saturated soil extract and irrigation water at p<0.01. Therefore, at this stage of plant growth, instead of
using EC of saturated soil extract, EC of irrigation water can be used directly in the root water uptake
models.

Conclusions: The results of this research showed that the salinity thresholds of sorghum based on the EC
values of saturated soil extract and irrigation water were 3.5 and 1.4 dS m?, respectively. The non-linear
models have better ability in modeling the water uptake by roots. Also, there was not significant difference
between the fitting results of mathematical and statistical models with the measured data and the results of
the two groups of models as a function of EC values of saturated soil extract and irrigation water. Therefore,
by using these models, it is possible to determine the irrigation time for maximum plant growth without the
need for field measurements.
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Table 3. Electrical conductivity of saturated soil extract and sorghum yield at the end of the experiment
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Fig. 1. The relative yield of sorghum (observed) at the maturity stage as a function of the electrical conductivity of the saturated soil
extract and irrigation water
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Fig. 2. Performance of Mass and Hoffman (1977), van Genuchten and Hoffman (1984), Dirksen et al. (1993) and Homaee et al.
(1999) models in predicting relative yield of the sorghum plant at the maturity stage as a function of osmotic pressure of saturated
soil extract
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Fig. 2. (Continued)
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Table 5. Accuracy criteria for the prediction of sorghum relative yield by four mathematical models based on the salinity of saturated
soil extract (Sse) and irrigation water (IW) at the maturity stage

Model /Js Mass ??g%‘)’ffman V*I‘;‘O?f::;‘f(ltfgngi‘)‘d Dirksen et al. (1993)  Homaee et al. (1999)
[ pead s> Sl
Prediction accuracy Sse Iw Sse w Sse w Sse w
criterion
R? 0.93 0.98 0.98 0.99 0.98 0.99 0.82 0.91
CRM -1.60 0 0.001 -0.0004 0.001 -0.0004 -0.003 -0.001
ME 0.07 0.04 0.04 0.02 0.04 0.02 0.09 0.09
CD 1.07 1.01 1.01 1.00 1.03 1.00 1.38 1.22
RMSE 0.04 0.02 0.02 0.008 0.02 0.008 0.07 0.04
AlC: -118.38 -157.99 -156.84 -206.27 -156.44 -204.26 -88.31 -109.27
AIC -118.88 -157.49 -157.34 -205.77 -156.94 -203.76 -88/81 -108.77

e w3 sl tAIC (s o 5 R il 3L o w22 CRM (o gl wly ME (018 g 55 €D ot Dol 1 Sle 4y, RMSE
RTINS SISTAIC, wsslsT

RMSE: root mean square error, CD: coefficient of efficiency, ME: maximum Error, CRM: coefficient of residual mass, R?: coefficient of
determination, AIC: Akaike's prediction accuracy criterion, AIC,: corrected Akaike
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Fig. 3. Performance of Modified Weibull (2005a), Bi-Exponential (2005a) and Gompertz (2005b) models for predicting relative
yield of the sorghum plant at the maturity stage as a function of osmotic pressure of saturated soil extract
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Fig. 3. (Continued)

B Cmmer 3l sy (ol e Sl Ay S e
5 Slodaliin glaosls 5 gLl gladds s aS sls OLES
O o)y S a5 Ladie 055 93 o (miamer
2, s g Jls e
“Jae 3l e el s a8 s e 0L S S sba,
O PP S NV N pr Sy 050 oS Sy (5l
gl ol (6558 Gl » S3ledde 4 Lol 5 A

el iy S

&p&bj&)ﬂb{CD JJ.»;:J.AQ;;; (Y JQ&) sls
(7 Jsd) dils 5, sS Jde 4 S
Sl 5 ol gladde o5 8 55 o (5lel alie 5l
o 3 Shas 3551 5 gledalin glaesls L s KuK L
CL-JJ‘ OJL.G.O L;.:J;.{H L;"LLJJ‘) )‘ &U Q‘)&M fﬁ)j.w °l'.‘.§
i bl amalr ( Sike avslie 05031 51 (oolel ST 5 S
(V) d).\;— BE duﬁdw .(V dj.\;.-).k..f:aslil.ﬂ\tu;})

B 610Mu~a L;Lﬁeb() 9 d&l.:) 6LAJJVA O J)M":da sdaline



...r}fj‘,.wol.:f'c«l.;dlﬁdjﬂ—:ﬂ.«.c&ﬁdd.uwxgdlg)l b')&».ﬁ}dj})_,s

ol al o 3 Ll O 5 Sk gLl ojlas 650 sl (oLl o i b p S5 s od 5 S s s Slaslone F J g

Table 6. Accuracy criteria for prediction of sorghum relative yield by three statistical models based on the salinity of saturated soil
extract (Sse) and irrigation water (IW) at the maturity stage

Equations/Yslas Modi(f;%((l) ;?Z)eibull Bi-]%;ggl;gtial Gompertz (2005b)
foddmalons (e 3 Slaslne 5 Lo Lk Sse W Sse w Sse w
Calculated parameters and correct estimation criteria
R? 0.97 0.99 0.98 0.99 0.98 0.99
CRM 0.003 0.0007 -0.0004 0.001 0.002 0.002
ME 0.04 0.01 0.04 0.01 0.04 0.01
CD 1.04 1.01 0.99 1.01 1.01 1.02
RMSE 0.026 0.007 0.024 0.008 0.023 0.01
AIC. -147.01 -213.71 -150.5 -209.71 -152.03 -193.13
AIC -147.51 -213.21 -151 -209.21 -152.53 -192.63
a (Equations 8-10) 2.33 1.83 0.003 0.0024 -0.13 -0.11
C (Equations 8-10) -0.0011 -0.0043 0.01 -0.004 -6.47 -4.59

b o5 1 sa o R il 3L o w22 CRM (o gl aiy ME (o1 g 55 €D ot Dol 1 Sle 4y, RMSE
sl aSSTIAIC: ST (prass s slne IAIC slae
RMSE: root mean square error, CD: coefficient of efficiency, ME: maximum Error, CRM: coefficient of residual mass, R?: coefficient of

determination, a and C: constant coefficients of each equation, AIC: Akaike's prediction criteria, AIC.: corrected Akaike corrected

aﬂdjja)lxlﬂauﬁQéjLﬁTgT} S gysd sl &JLLJJL;)LJL;LAJJ.» Loy aJ..is)ﬂﬂ s 3,5we olie 4o V J gd
t g3l 3l eslial b
Table 7. Comparison of the relative yield values predicted by the statistical and mathematical models based on soil (Sse) and

irrigation water (IW) salinity with the measured ones using ¢ test.

L awslis Slodalie o3ls ol sladde
Compared with Observational data Mathematical models
Jie
J df Pvalue df Pualue
Models
. B (Sse) 4 0.72"s 4 0.37m
Statistical /s !
Iw) 4 1.00"s 4 0.37m
. (Sse) 4 1.00" - -
Mathematical / .5\ ,
Iw) 4 0.81ms - -

33T a3 df ol 3 s Sol3 sme S5 ms

ns: There is no significant difference, df: degree of freedom
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Table 8. Comparing the results of the relative yield as a function of the salinity of the saturated soil extract or the salinity of the
irrigation water using ¢ test

Je S gl o las Sl of - a s e
Model Saturated soil extract Irrigation water Significant

a(ho) Sl a(ho) Sl

Mean a(ho) Mean a(ho)
Mass and Hoffman (1997) 0.76 0.77 0.84 4 ns
van Genuchten and Hoffman (1984) 0.75 0.76 0.71 4 ns
Dirksen et al. (1993) 0.76 0.76 0.93 4 ns
Homaee et al. (1999) 0.78 0.78 0.64 4 ns
Modified Weibull (2005a) 0.75 0.76 0.65 4 Ns
Bi-Exponential (2005a) 0.75 0.76 0.79 4 Ns
Gompertz (2005b) 0.76 0.76 0.84 4 Ns

df: degree freedom ((g3l31 a3 df
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