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ABSTRACT- Plant growth and vyield are influenced by many production
parameters such as the amount of irrigation water, fertilization, plant density,
etc. Due to the limitation of resources and agricultural inputs, increased
production costs, food demand, population growth, and environmental
problems, the development of scheduling approaches to use production
parameters is necessary. In this study, firstly, crop yield and net benefit
responses to variation of production parameters and secondly, economic-
mathematical analysis of production parameters such as irrigation water were
reviewed. Presented analyses in this study were categorized into four cases
including 1) constant or variable crop price, 2) single, two, or multiple variables
production functions, 3) limited land area and water or not limited, and 4)
variable water price. The economic-mathematical analysis presented about
deficit irrigation in this study was extended to determine the optimum value of
other production parameters such as fertilizer rate, plant density, seed density,
corm planting intensity, etc.

optimization problems is not solvable, however, an exact
method of solving optimization problems is available, but
is not computationally attractive and obtaining

in production costs, increasing food demand, population
growth, and environmental problems, have made inevitable
the necessity of the development of scheduling approaches
in the use of resources and agricultural inputs. Applying
optimum values of agricultural inputs and other
manageable production parameters can be considered one
method for coping with limitations and shortages of these
inputs.

Mathematical programming and heuristic methods are
two procedures for solving optimization problems
(Rodriguez et al., 2018). Understandability, analyzability,
and the ability to determine the exact answers are the most
important advantages of mathematical solution methods
for solving optimization problems. However, in the
heuristic methods, researchers may not be able to obtain
the exact answer and should be satisfied to obtain
acceptable or enough good answers (Burke et al. 2003).

Heuristic methods should be used in cases where
problems cannot be stated in mathematical form
(Rodriguez et al. 2018), the mathematical form of

acceptable answers is limited by computing time (Zanakis
and Evans 1981). Furthermore, heuristics methods are
categorized into a group known as the black-box type
(Mufioz et al. 2015) that gives a final answer which may
be not the correct answer (Kaveh and Talatahari 2010).
In some cases, the optimization problems may have
more than one answer that one of them is the correct
one. The heuristic methods only give one answer that
may be not correct or optimal (Yang 2010). Analysis of
sensitivity in mathematical methods compared with
heuristic methods is much easier and more
comprehensible. As reported by Yoo and Kim (2014),
for carrying out an analysis of sensitivity in the heuristic
methods, the software should be run many times along
with various inputs that are time-consuming.

To determine optimum values of production
parameters, an assessment of crop yield response to
variation of these parameters is necessary. Therefore, the
relationship between the vyield responses to different
production parameters should be determined.
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Crop yield Response to Production Parameters

As shown in Fig. 1, plant growth and yield responses to
major production parameters such as the amount of
irrigation water, fertilization, plant density, etc., are initially
increasing and then decreasing over the increase in the
level of most of these parameters. The crop yield increases
with an increase in the level of production parameters until
the level that would maximize yield. Zheng et al. (2019) by
assessing 1490 paired data points from 21 counties
reported that irrigation water (146 mm) increases maize
grain yield by 30.35% compared with non-irrigated
systems. Tomato yield first increased by applying 223.0
mm of irrigation water and application of 250 kg N ha-1
and then decreased by 297.0 mm and 350 kg ha-1 (Du et
al. 2017).

The effect of production parameters on crop Yyield
increase depends on its availability, environmental
conditions, agronomic practice, and crop characteristics
(Baeza et al. 2019; Liu et al. 2019; Bronson et al. 2019;
Carciochi et al. 2019; Zhihui et al. 2016). Before the point
of maximum, the increase in production parameters results
in an increase in crop yield. After the maximum point,
yield decreases due to the response of plant or soil to an
excessive amount of production parameters. Excessive
irrigation or over-irrigation causes crop yield reduction due
to 1) an increase in nutrient loss from the root zone
resulting from nutrient leaching to the sub-soil (Pulido-
Bosch et al. 2018; Li et al. 2018; Kapur et al. 2017) or
conversion nitrate into gas forms of nitrogen under
waterlogging conditions, 2) coming up groundwater level
and increase in soil salinity (Haj-Amor et al. 2017; Pulido-
Bosch et al. 2018; Cui et al. 2019), 3) reduction in the
temperature of the soil due to water evaporation from the
soil surface, 4) change in soil hydraulic conductivity due to
deformation of soil structure (Zhang et al. 2017), 5)
increase in diseases (Chartzoulakis and Bertaki 2015) and
6) deficiency of air for aeration of plants roots and other
soil beneficial organisms (Herzog et al. 2016).

Overusing fertilizer can result in more susceptibility of
crops to drought and decrease harvest indices. On the other
hand, full irrigation can only result in high yields if
sufficient N-fertilizer is applied (Geerts and Raes 2009;
Woli et al. 2016; Barzegari et al. 2017). Excess fertilizer
results in an overabundance of soluble salts in the root zone
soil that cause root burn (Hazra 2016). Han et al. (2017)
and Azizian and Sepaskhah (2014) reported that
continuous excessive fertilization results in an increase in
soil acidity and salinity, and a decrease in the diversity of
nitrifying microbial communities. Overusing fertilizer can
result in crop susceptibility to disease attacks (Dusserre et
al. 2017; Hong-xing et al. 2017). Overusing nitrogen
fertilizer decreases stalk lodging resistance (Zhang et al.
2016) and high vegetative growth in rice (Leghari et al.
2016).

The relationship between grain yield and plant density
is usually described by a quadratic model that constitutes
four major regions including relatively rapid growth, slow
growth, zero growth, and declining growth (Assefa et al.
2016). Grain yield commonly reaches a maximum at
proper plant densities, however, it declines at higher
densities due to a decrease in the growth of the lateral

branch and pod formation on lower branches (French
2016). As reported by Ren et al. (2017), with an increase in
plant density of maize from 30,000 plants ha* to 135,000
plants ha %, chlorophyll a and b, net photosynthetic rate,
amount of chloroplasts content, the number of grana and
yield per plant decreased. Lower-relative growth rate, -
relative elongation rate, fewer branch numbers, and smaller
shoot diameter resulted from the high plant density (Li et
al. 2015). High plant density in maize causes interplant
competition to reach more light, nutrients, and water. This
may decrease the final yield due to a decrease in the
number of ears per plant and kernels per ear (Sangoi 2001).
Therefore, optimum plant density that maximizes yield is
dependent on the cropping system, environment, cultivar
and, planting date (Dong et al. 2010).

Crop Yield Under Loss/No Loss Production Parameters

In the field, whole applied production parameters cannot be
used by the plant to produce marketable yield. As shown in
Fig. 2, the amount of yield under conditions of loss
occurrences in the applied production parameters is
different from those values under no loss conditions. In the
case of irrigation water, losses are deep percolation, runoff,
and whole non-transpiration water like evaporation. In the
case of fertilization, losses are nutrient leaching and
conversion of nutrients into gas forms and entering the
atmosphere and the whole amount of fertilizer which is not
taken up by the plant and goes out of plant reach, and in the
case of seeding, losses included not germinated seeds. In
other words, here, the loss is the amount of production
parameters that does not enter the plant growth process and
does not affect the yield production. It should be noted that
the shape of the yield production curve under no loss
conditions is linear or nonlinear for some production
parameters, e.g., for irrigation water, the relationship
between net applied water (equal to transpiration) and yield
is linear while for fertilization, this relationship is
nonlinear. In fact, for the nonlinear relationship under no
loss conditions, the amount of applied production
parameters can be divided into two parts: First, the part of
applied production parameters that results in an increase in
yield, and second, the part that results in a decrease in
yield. For more explanation, the applied nitrogen fertilizer
can be divided into three parts, first, one part of the applied
nitrogen fertilizer cannot be taken up by the plant. This part
is named losses. Second, the part of nitrogen fertilizer that
is taken up by the plant increases the yield. and third, the
part of nitrogen fertilizer that is taken up by the plant
decreases the yield due to the negative effect on plant
growth. In reality, losses are inevitable and crop production
occurs along with losses. Therefore, losses should be
considered in economic analyses.

Losses amount, as shown in Fig. 2, is different at low
and high levels of the applied production parameters. The
higher the level of applied production parameters, the
higher losses occur. A high level of irrigation water
increases deep percolation, runoff, and evaporation in cases
of short irrigation intervals (English 1990). Fertilizer
leaching increases with increasing the applied fertilizer due
to the fact that plants cannot take up the whole fertilizer.
Increasing losses means low efficiency of the farming
system, increase in cost and, decrease in benefit.

88



Shabani et al., / Iran Agricultural Research (2022) 41(2)87-100

Crop yield (Y, kg ha®)
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Fig. 1. Crop yield response to increase in level of production parameters

Crop yield (Y, kg ha'l)

Without losses

Level of production parameter

Fig. 2. Crop production curve under loss/no loss production parameters

Production Function
Single Variable

There are numerous studies that show a quadratic
relationship between crop yield and production parameters.
For example, it has been reported that there are quadratic
relationships between nitrogen application rate and forage
mass of tropical grasses (Johnson et al. 2001), between
corn grain yield and nitrogen (N) application rate (Schlegel
and Havlin 2017), between phosphorus fertilizer rate and
forage yield (Berg et al. 2005), between soybean seed
yield, seed protein and seed mineral contents with plant
density (Rahman et al. 2011), between rice panicles and
grain yield and rice seeding rates (Chauhan et al. 2011) and
especially between marketable yield and applied irrigation
water (wheat grain) (Kang et al. 2002), cabbage, spinach,
rape, carrot, tomato and, onion (Imtiyaz et al. 2000), cotton
for drip, furrow, and sprinkler irrigation methods (Cetin
and Bilgel 2002), sugarbeet (Tarkalson et al. 2018), and
etc.). Therefore, a binomial equation (Eg. 1) that has a
maximum point is used for describing the mathematical
relationship between crop yield and production parameters
as follows (Fig. 1):

Y(x) =ax®*+bx+c Eq. (1)
where Y is the marketable yield (kg ha™) as the dependent
variable, x is the independent variable including applied
irrigation water, fertilizer rate, plant density, seeding rate,
and other production parameters (applied amount per
hectare), and a, b and c are the constant coefficients.

It should be noted that due to single variable production
functions being empirical, it can be used for analysis in
cases where one production parameter is growth limited
factor and all climatic and production parameters affecting
crop yield should be mentioned.

Two or Multiple Variables

It is clear that crop yield is not a function of a single
parameter. Several parameters can affect crop yield. The
effect of each parameter on crop yield is not independent
of the effects of other parameters. In other words, one
parameter can decrease or increase the effects of other
parameters on crop Yield and they may interact with each
other. Schlegel & Havlin (2017) based on 19-year field
experimental data demonstrated that the relationship
between maize grain yield and nitrogen rate is related to
phosphorus application rate under full irrigation conditions
(Fig. 3). So that the N rates required for maximum grain
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yield at 20 and 40 kg P ha™* were 187 and 195 kg N ha*,
respectively. In other words, crop yield variation depends
on both fertilizer rates.

Therefore, as shown by Zand-Parsa and Sepaskhah
(2001), crop yield can function as two or more variables
as follows (Eq. 2) (Fig. 4):

Y(x,y) = ax?y? + bx%’y + cxy? + dx* + ex + fy? +
gy +hxy +i Eqg. (2)
where Y is the crop yield, x, and y are the production
parameters, and a, b, ¢, d, e, f, g, h and i are the constant
coefficients. Some of the constant coefficients in Eq. (2)
may not be significant, therefore, their values should be
considered zero.

Concept of Economic Model

As many researchers concluded studies about deficit
irrigation (English 1990; Sepaskhah et al. 2006; Banda
et al. 2019), there is a curvilinear relationship between
gross revenue and the level of production parameters
(Fig. 5).

There are three important levels of applied
production parameters. First: the level of the production
parameter that maximizes yield and gross revenue (is
shown as X, in Fig. 5). The marginal yield is zero at
this level of the applied production parameter. Profit
(net revenue = gross revenue — cost, the distance
between gross revenue and cost lines in Fig. 5) is not
maximum at that point. Second: when the land is
limiting (shown as X, in Fig. 5), the goal would be the
use of the amount of production parameters that
maximize the net revenue per unit of land. The value of
X, is lower than X,. At the X,, the marginal cost is equal
to the marginal gross revenue. For values of higher and

12

lower than X, the profit per unit of land decreases.
Under the land limited condition, farmers put all
available land under cultivation and will be able to save
production parameters by choosing Xl instead of Xm. If
the land is not limiting, by selecting the level of
production parameter lower than X, the saved
production parameters at that level compared to X, can
be applied to cultivate the extra land area. Therefore, the
total gross revenue obtained from the sum of original
and extra cultivated lands will be increased. Third: the
land is not limiting, but the amount of the applied
production parameters are limiting. The amount of
applied production parameters can be limited due to
limitation of resources (e.g., water shortage) or
limitation and the high price of agricultural inputs (due
to high demand and low supply) and governmental rules
for restricting the amounts of fertilizers applied by each
farmer due to environmental impacts such as soil and
water pollution. Therefore, when the production
parameter is limited, the profit per unit of land is equal
to the profit from full irrigation at one point which is
shown as X, in Fig. 5. Total gross revenue is maximum
at point X, (Sepaskah et al. 2006). For lower than X,,
total gross revenue is decreased due to decreasing the
gross revenue from the original land area. However, the
extra land area is higher than original land area when
the amount of production parameter is higher than X,.
Under production parameter limiting conditions, the
area of cultivated land is calculated as X./Xy, and the
area of cultivated land increases as (Xn/Xx -1). The
profit per unit production parameter is maximum under
this condition.
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Fig. 3. Maize grain yield response to nitrogen (N) and phosphorus (P) rate for full irrigation from 1992-2010 and 1961-2010

(Retrieved from Schlegel & Havlin. 2017)
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Grain yield, Mgha

Grain yield, Mg/ha

Fig. 4. Relationships between maize grain yield and the sum of applied water (w) and applied and residual nitrogen (N+N;),

(Retrieved from Zand-Parsa and Sepaskhah 2001)
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focused on deficit irrigation, the economic-

The Mathematical Formulation of Deficit Production
Parameters

Farm net income is determined as follows:
(X)) = A(X).i;,(X) Eg. (3)
LX) = [RY(X) - C(X)] Eq. (4)
where A (X) is the cultivated area (ha), Y (X) is the crop
yield (kg ha') that is expressed as a function of
production parameters, C(X) is the production costs per
unit area (money ha™) that is expressed as a function of
production parameters, Pc is the crop price in money kg
1 i(X) is the net income per unit area (money ha™), and
1¢(X) is the total net income (money) from all cultivated
area. The goal is to maximize the total net income.
There are many states for Eq. (4). Four situations based
on a review of the literature are considered including 1)
crop price can be constant or variable, 2) production
function may be a single variable or two or multiple
variables, 3) land area and production parameters can be
limited or not limited, 4) the agricultural inputs price
may be varied in some cases. For example, water price
is variable for different levels of irrigation water
salinities.

Further details about the mentioned states will be
explained in the following sections. Since the major
economic-mathematical analysis by investigators is

mathematical analyses of deficit irrigation based on the
abovementioned four states are presented in this study.
It is obvious that these analyses can be used for other
manageable production parameters, as the production
functions have non-linear behaviors related to their
variations.

Single Variable Production Functions with Constant
Crop Price

When only one production parameter limits crop growth
and yield (i.e., the yield is as a function of one
production parameter), the goal is determining the
amount of that parameter which results in maximum net
income. For example, based on the analysis presented
by English (1990), when the yield is a function of
applied water (W), the optimum applied water per unit
area (m® ha’) that maximize net income can be
determined by setting the derivative of Eq. (3)
considering that W becomes zero as follows:

TLD = Aw).25 4 (w) 00 = Eq. (5)

where A(w) is the irrigated area (ha), W is the
applied water (m* ha™), i,(W) is the net income per unit
area (money ha), and 1(W) is the total net income from
all irrigated area (money ha™).
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As mentioned above, in the case of limiting land,
A(W) is a constant value and excess water cannot be
applied to cultivate the extra land area. Therefore,
OA(W)/OW in Eq. (5) is zero. Therefore, the optimum
irrigation water can be determined by setting the
derivative of Eq. (4) considering that W becomes zero

as follows:
ai(w) _ a[pcy(W)-Cc(w)

1_
pove " =0 o - Eq. (6)
Therefore, under land limited conditions, the
optimum irrigation water amount can be determined by
solving:
ayw) acw) _
e = "o = ()

When the water is limited but the land area is not

limited, the land area is a function of water as follows:
w:

AW) =T ©)

where Wr is the total available water supply (m®). The

derivative of A(W) is as follows:
0A _ Wr
w = "Wz ©)

By substituting Egs. (8) and (9) in Eg. (5) and
simplifying, the following equation is achieved:
2r[p 200 _ 2Oy [Ry(w) — cW)] |- 2] = 0 (20)

By solving Eq. (10) for W, the optimal values of
irrigation water can be obtained under water-limited
conditions. The resulting equations are presented by
Banda et al. (2019), Amiri et al. (2016), Zhang and
Oweis (1999), and English and Raja (1996).

Based on an economic analysis of deficit irrigation
for wheat in Oregon, cotton in California, and maize in
Zimbabwe by English and Raja (1996), deficit irrigation
of 16 and 39% for wheat, 15 and 28% for cotton, and 15
and 59% for maize resulted in a profit increase of 8.3
and 49, 13.2 and 44.1, 3.8 and 68% under land- and
water-limiting conditions compared to full irrigation
condition (W,,), respectively.

Two-Variable Production Functions with Constant Crop
Price

Eleven years after the analysis presented by English
(1990), Zand-Parsa and Sepaskhah (2001) applied the
above-mentioned analysis to a two-variable production
function. In their study, optimum values of irrigation
water and N for maize were determined.

When the crop yield and cost functions are as a
function of applied irrigation water and N, the Egs. (1)
and (2) changes as follows:

I;(W,N + Nr) = AW).i;(W,N + Nr) Eq. (11)
iy(W,N + Nr) = [B.* Y(W,N + Nr) — C(W,N)] Eq.
(12)

where N is the nitrogen (N) application rate (kgha),
and Nr is the soil residual N (kgha™).

In the analysis presented by Zand-Parsa and
Sepaskhah (2001), it was assumed that A can only be
depended on applied water under water-limited
conditions.  However, due to environmental
considerations and governmental laws, it is possible that
A be dependent on N too. Land area owned by the
farmers is the common criterion of the fertilizer
allocation to each farmer. If the allocated fertilizer is
lower than the optimum value of fertilizer, the farmers
will be forced to use the allocated amount. In case when

the allocated fertilizer is higher than the optimum value
of fertilizer, the farmers choose the optimum values to
apply and they can sell extra fertilizer or use it for
cultivating the plant that has the optimum value of
fertilizer higher than the allocated fertilizer. Here,
similar to the analysis presented by Zand-Parsa and
Sepaskhah (2001), the irrigated area is determined by
Eq. (8) and is independent of the fertilizer rate. When
the land is limited, the net income per unit area should
be maximized for specific irrigation water and nitrogen
application. Therefore, to determine the optimum value
of water and nitrogen, the partial derivative of 1{(W,
N+Nr) in Eq. (11) with respect to W and N should be
set to zero as follows:

Al W,N+NT) = 3i(WN+NT) | . 24 _
o =A. o +l,(W,N+Nr)aW— 0

Eqg. (13a)

0lf(WN+Nr) 9ij(W.N+NT) | . 24 _
on = A. o +i;(W,N + Nr) v 0

Eqg. (13b)

As mentioned above, under the limited-land
conditions, OA(W)/6W and dA(W)/ON in Egs. (13a) and
(13b) are zero. After substituting Eg. (12) and its
derivative form in Egs. (13a) and (13b) and simplifying,
the optimum levels of W and N under land limiting
conditions can be obtained as the following form:

aY(W,N+Nr)  9C(W,N)
B, * W - - w Ea. (142)
P+ WWNINT) _ 0CWN) _ Eq. (14b)

N N
When the W and N are limiting and not limiting,

respectively, 0A(W)/60W equals Eqg. (9), and 0A(W)/ON
is zero in Eqgs. (13a) and (13b). After substituting Eq.
(12) and its derivative form in Eqgs. (13a) and (13b) and
simplifying, the optimum W and N under water limiting
conditions can be obtained as the following form:

W, [P, « ZERND _ SCWN] — [y (W, N + Nr) -

c(w,N)] Eq. (152)
dY(W,N+Nr) dc(W,N

pe TS — S = Eq. (150)

A nonlinear system of equations should be applied
to solving Egs. (14a), (14b), (15a,) and (15b) for
determining W and N under land and water-limited
conditions.

For maize farming in Bajgah Agricultural
Experiment Station at Shiraz University in Iran, Zand-
Parsa and Sepaskhah (2001) reported that optimum
irrigation water depth and applied nitrogen were 0.99 m
and 212 kg Nha* and 0.735 m and 206 kg Nha™ under
land- and water-limiting conditions, respectively.
Applying the above amount of irrigation water and
nitrogen fertilizer under water-limiting conditions
caused a net income increase of 18% compared to land-
limiting conditions. They concluded that the values of
applied water and nitrogen fertilizer under land limiting
are equal to their maximum values when the price of
water and nitrogen is low.

The above analysis was used by Sepaskhah et al.
(2008) for determining optimum levels of irrigation
water and saffron corm planting intensity by replacing
saffron corm planting intensity with N+N, in the
aforementioned equations.

Single Variable Production Functions with Variable
Crop Price
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In the two aforementioned cases, analyses were done
based on constant crop prices. In some crops (e.g., sugar
beet and sugarcane), the sale price of crops is not
constant in Iran, Germany, Poland, and some other
countries (Shabani and Sepaskhah 2019; Artyszak et al.
2019; Loel et al. 2014; Hoffmann 2010). Crop price
variability in these cases is different from the crop price
variation caused by the supply and demand system or
government pricing. In this pricing system, crop price
depends on the produced sugar concentration. For
instance, some countries such as lIran and Germany,
considers a base crop price for the unit weight of sugar
beetroot with a sugar concentration of 16% (P.s). Then
the sugar concentration of sugar beet is determined by
the sugar refining factory. Afterward, the sugar beet
price is determined based on sugar concentration. Sugar
beet price increases by increasing the sugar
concentration (Shabani 2019; Shabani et al. 2018).
Therefore, any parameters (e.g., irrigation and fertilizer
application) that affect the sugar concentration cause
increasing or decreasing the crop price.

It has been reported that some factors increase the
concentration of sugar in sugar beet. For example, water
stress is leading to sucrose accumulation and increases
in sugar concentration in sugar beet (Mahmoud et al.
2018). Also, applying calcium promotes the sugar
concentration of sugar beet under drought-stress
conditions (Hosseini et al. 2019). Similarly, osmotic
stress increases the sucrose content in sugar beetroot
(Wu et al., 2016). It has also been reported that at a low
range of N application, the sugar concentration is
increased with increasing N, but at a high range of N
application rate, the sugar beet shows reverse behavior
(Sadeghi-Shoae et al. 2015 and Chatterjee et al. 2018).

According to the analysis presented by Shabani
(2019), in cases when the crop price, yield, and cost
functions are a function of applied water, Eq. (4) should
be modified as follows:

4(W) = [R-(W)Y (W) — C(W)] Eqg. (16)

Therefore, for land limited conditions, the optimum
irrigation water amount can be determined by solving

a;s;v) P.(W) ay(w) apc(w) Y(W) — 6C(W) -0 (17)

For water I|m|t|ng condltlons by substituting Egs.
(8), (16), and (17) in Eq. (5) the following equation is
obtained

S [P (w) 252+ 2L (W) — 2500+ [P (W)Y (W) —

coml[-22] =0 Eqg. 18)
By simplifying Eq. (18), Eq. 19 is obtained:

W [P(w) 252 + 2Dy (w) — 200 = [R. (W)Y (W) —
cW)] Eqg. (19)

Optimal applied water can be calculated by solving
Eq. (19) for W when water and crop price are limited
and variable, respectively. The resulting equations are
presented by Shabani et al. (2018). In their study, sugar
beet price was a function of the sum of irrigation water
and seasonal rainfall, and optimum applied water was
determined under land and water-limiting conditions.
Obtained results by these investigators showed that
applying optimum water under land- (98.5 cm water
depth) and water-limited conditions (56.6 cm water
depth) caused a 1.2 and 12% increase in net income per

unit area and per unit water compared to maximum yield
conditions, respectively.

Two-Variable Production Functions with Variable Crop
Price

When the crop yield, cost, and crop price are as a function
of applied water and N, the Egs. (3) and (4) should be
modified as follows (Shabani and Sepaskhah 2019):

I;(W,N + Nr) = A.i;(W,N + Nr) Eq. (20)
iy(W,N + Nr) = [P,(W,N + Nr) * Y(W,N + Nr) —
cCW, N)] Eq. (21)

When the land is limiting, the net income per unit area
should be maximized. Therefore, in case the crop price is
variable, the Eqgs. (14a) and (14b) should be modified as

follows:
Y (W,N+Nr)

Po(W,N + Nr) » 2NN | SRGERAND) vy, N +

Nr) —ZE8 = o Eq. (22a)

(W, N + Nr) » 2D PN vy, N +

Nr) — 2R = o Eq. (22b)
Therefore, in the conditions of limited-land and

variable crop prices, optimum irrigation water and nitrogen
amounts can be determined by solving the nonlinear
system of Egs. (22a), (22b).

It is assumed that the irrigated area is a function of
applied water and it is not dependent on the N application.
Therefore, the value of A can be determined by Eq. (8).
When the water is limiting and crop price is variable, the
net income per unit applied water should be maximized.
Therefore, in these cases Egs. (15a) and (15b) should be

modified as follows:

dY(W,N+N1) . dP.(W,N+NT)
W[PC(I;V,(N-I)-Nr)* LD B Y (W, N +
cwN] _
Nr) 2000 =

[P.(W,N + Nr) «Y(W,N + Nr) —
c(w,N)]

Eqg. (23a)

PC(W, N + Nr) « 6Y(Wa,11\\ll+Nr) 6PC(M;,IIVV+NT) «Y(W,N +
Nr) - 280 — Eq. (23b)
By ssolving the nonlinear system of Eqgs. (23a) and
(23b) for W and N, the optimum amounts of W and N
under limited water and variable crop price conditions are
determined. The resulting equations are presented by
Shabani and Sepaskhah (2018). In their study, sugar beet
price was dependent on the sum of irrigation water and
seasonal rainfall, and nitrogen fertilizer and optimum
applied water and nitrogen fertilizer were determined under
land and water limiting conditions. Optimum water,
nitrogen, and total net income at different rainfall depths
under conditions of maximum vyield, limited-land and
water limiting obtained by Shabani and Sepaskhah (2018)
are shown in Fig. 6. An increase in rainfall occurrence
resulted in a decrease in applied water (lower distance from
the center) and an increase in the amount of total net
income (more distance from the center). The differences
between total net income under water limiting and
maximum Yyield conditions were higher than those values
between land limiting and maximum vyield conditions
(more distance between green and red lines with respect to
the blue line, Fig. 6). The optimum applied water was lower
and nitrogen fertilizer was higher under water-limiting
conditions compared to land-limiting and maximum yield
conditions. Total net income was higher under water-
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limiting conditions compared to land-limiting and

(Optimum water) 200

R=12 cm R=6 cm

maximum yield conditions.

R=0cm

(Optimum nitrogen) 400

R=12 cm R=6 cm

R=0cm

(Total netincom, 106 RIs) 20
1

e Maximum yield
=== |_and limiting
Water limiting

R=12 cm

R=6 cm

Fig. 6. Optimum water (cm), Optimum nitrogen (kgha), and total net income (Iranian Rials (RIs)) at different rainfall depths (R)
under conditions of maximum yield, land limiting, and water limiting

Two-variable Production Function with Variable Crop
and Water Price

Due to water resource shortage, saline water usage is
unavoidable. The cost function includes two parts. First,
constant costs involving land rent and preparation,
seeding, weeding, pesticides and herbicides, harvest,
and variable costs including costs of water, fertilizer,
and other manageable production parameters that
increase (or decrease) as use increases (or decreases).
Irrigation water price is not constant when water is
saline and depends on the amount of salinity, due to the
fact that water price decreases with increasing water
salinity. Shamshiri et al. (2019) determined the optimal
water consumption of sugar beet in conditions of the
irrigation water salinity and the dependency of the yield
price on its quality. In their study, sugar beet production
function was obtained based on the amount and salinity
of irrigation water. Therefore, similar to the earlier
analysis, the production function is a two-variable
function, and crop and water prices are variables.
Hence, Egs. (20) and (21) should be modified as
follows:

I;(W,ECy,) = A.i;(W,ECyy,) Eq. (24)
i(W,ECy,) = [R(W,ECy,) *Y(W,ECy,) — C(W, ECy,)]
Eqg. (25)

where EC;,, is the irrigation water salinity and W is the
applied water. There is no data available about the
variation of irrigation water prices based on water

salinity levels. Therefore, Shamshiri et al. (2019)
determined the cost function as follows:

cw, ECiw) =Co + VV[PWO(1 —b(ECy — ECthh] Eq (26)
where C, is the constant cost, P,, is the price of
freshwater, EC;,, is the irrigation water salinity (dS m™),
ECiw is the threshold irrigation water salinity for yield
reduction of the crop (dS m™) and b is the yield
reduction per unit irrigation water salinity. They
considered two assumptions: first, for the salinity of
water lower than the threshold, the water price did not
reduce and it was equal to non-saline water. Second, for
water salinity higher than the threshold, water price
reduction per unit of water salinity was equal to yield
reduction per unit of irrigation water salinity. Although
these assumptions should be revised based on real data. Eq.
(26) can be suggested for pricing the saline water.
Anyhow, under irrigation saline water, either Eq. (26) or
another equation is used to determine the price of saline
water, the water price is variable. Therefore, in Egs. (22a),
(22b), (23a) and (23b), N+Nr must be replaced with EC;,
as follows:

Y (W,EC;y, OP:(W,ECiy
PL(W, EC,,) » P00 4 TSI Y (W, EC,) =
aC(gf‘iciw) -0 Eq. (27a)
dY (W,EC;y, OP.(W,ECiy,
PL(W, EC,,) » Zte) 4 SPEEE) Y (W, EC,) -
ar:(u;ﬁciw) -0 Eq. (27h)
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Y (W ,ECiy)

w[PW, ECy,) + 2

+ dP.(W,ECjy)
ow

*Y(W,ECy,) —

eI = [P.(W, ECoy) * Y (W, ECy,) = C(W, ECy)] EQ.
(28a)

Y (W,ECjy,) dP:(W,ECjy,)
P(W, ECy, ) » 0t 4 P Y (W, EC,) -
6C(W,EC,:W) _
2 Ei) Eq. (28b)

Therefore, optimum irrigation water at specific
water salinity can be determined by solving the
nonlinear system of Egs. (27a) and (27b) for land
limited conditions and Egs. (28a) and (28b) for water-
limited conditions.

Based on the study by Shamshiri et al. (2019), for
the salinity of 0 dS m™ and based on current prices of
water and sugar beet crop, the optimum amounts of
water were 1.87, 1.77, and 1.52 m to obtain the
maximum vyield, maximum profit under limited-land
and maximum profit under limited-water conditions,
respectively. The amount of water saving under water-
limiting conditions was 18.7 %, and the cultivation area
increased by 20% compared to maximum vyield
conditions.

Considering Rainfall in Calculations of Optimum Amount
of Water

There are two strategies for considering rainfall in the
calculation of the optimum amount of water. First, the
predicting the amount of seasonal rainfall before the start
of the growing season. Second, determining optimum
applied water based on occurrence probability analysis for
a given rainfall (Sepaskhah et al. 2008). In the second
strategy, farmers accept some degree of risk in exchange
for potential economic gain (English 1981). Sepaskhah and
Akbari (2005) considered the rainfall in deficit irrigation

analysis and determined the optimum amount of irrigation
water. For considering rainfall in analyses, yield functions
[Egs. (1) and (2)] are maodified as follows:

YW +R)=a' W+R)?2+b'(W+R)+C’ Eq. (29)
YW +R,y)=a' W +R)?y?+b' (W +R)?y +c'(W +
Ry?+d (W +R32+e'W+R)+f'y?+g'y+h W+
R)y + i’ Eg. (30)
Where, &', b” and, ¢” are the constants of the production
function when the independent variable is the sum of
seasonal applied water (W) and rainfall (R). Also, rainfall
can only be considered for determining planting area as
follows (Sepaskhah et al. 2006; Sepaskhah et al. 2008):

Aw) =22 Eq. (31)

However, applying the rainfall in the calculation of
planting area can increase the degree of risk for farmers
due to increasing planting area along with increasing the
other costs related to planting and losses resulting from no
occurrence of predicted rainfall. Therefore, in some
studies, the planting area is assumed to be independent of
rainfall (Shabani et al. 2018; Shabani and Sepaskhah
2019).

As stated by Sepaskhah and Akbari (2005), Sepaskhah
et al. (2006), Sepaskhah et al. (2008), and Shabani et al.
(2018), by increasing in rainfall, the value of optimum
applied water under land- and water-limited conditions
decreased linearly and nonlinearly, respectively (Fig. 7).
Based on mathematical analysis, the nonlinearity of the
relationship between rainfall and the value of optimum
applied water under water-limited conditions resulted from
using W, as a variable for the irrigated area in Eq. (8) that
is behind the brackets in Egs. (10), (15a), (19), (23a) and
(28a). Therefore, choosing the water-limited conditions
strategy results in applying a higher ratio of rainfall to
applied water that maximizes total net return.
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Fig. 7. Relationship between the optimum water depth of sugar beet under limiting land (a) and limiting water (b)
conditions with rainfall depth (Retrieved from Shabani et al. 2018).
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Sensitivity Analysis

Based on reported results by Shabani and Sepaskhah
(2019), by increasing the rainfall, the applied water
depth decreased under both water and land-limited
conditions. But, the effect of rainfall on optimum
applied water under water-limited conditions was higher
than its effect on optimum applied water under land
limited conditions so the relation between rainfall and
optimum applied water was second power under water-
limited conditions, while their relationship was linear
under land limited conditions. The amount of rainfall
only affects the level of optimum water level and not the
level of nitrogen, seeding rate, and other agronomic
parameters. It should be noted that this is true in the
conditions that over-rainfall does not lead to nitrogen
leaching or plant growth reduction.

CONCLUSIONS

Determining the optimum value of production
parameters is very important due to the limitation of
resources and agricultural inputs. A review of literature
indicated that the optimum water depth decreases with
an increase in water price. Increasing fertilizer cost
causes a decrease and an increase in the optimum
amount of fertilizer and applied water depth,
respectively. The optimum level of water increases with
an increase in crop price because maximum net income
is achieved at higher applied water depth by increasing
crop price. Also, maximum net income decreases by
increasing fertilizer costs. This occurs at a lower
fertilizer level. Soil residual nitrogen content does not
affect the value of applied water depth and the level of
applied nitrogen decreases by increasing the soil
residual nitrogen content.

Presented concepts and analyses in this study can be
extended to determine the optimum value of all
manageable production parameters in agriculture and
help to select the best strategies for increasing net
benefit per area and unit of water and declining the loss
of resources to prevent environmental pollution. There
are two shortcomings in the presented analyses. First,
yield and crop price functions, applied in the presented
analyses, are basically empirical, therefore, those should
be modified before being used in other climates and
cultivars. However, this shortcoming is also true for
other yield functions and with less important for crop
models. Second, the analysis presents a single value as
optimum for the whole growing season. For example,
farmers or farm managers can determine one optimum
amount of irrigation water for deficit irrigation under
water- or land-limited conditions. However, there are
some problems with what is the irrigation interval.
When is the time of the irrigation event? Is it applied in
sensitive or tolerant growth stages to water stress? For
the optimum value of fertilizer, when the fertilizer is
applied? Is it divided into parts during the growing
season? Therefore, all of the conditions governing the
yield and cost functions to be obtained should be stated
and presented for similar cases. Simplicity,
understandability, analyzability, and ease of assessment
of price variations on optimum values of production

parameters and performing sensitivity analysis are
advantages of these analyses.

DISCLOSURE STATEMENT

The authors declare that there were no conflicts of
interest in this study.

FUNDING

This research did not receive any specific grant from
funding agencies in the public, commercial, or not-for-
profit sectors.

REFRENCES

Amiri, M. J., Hamidifar, H., Bahrami, M., & Eslamian,
S. (2016). Optimisation of deficit-irrigation under
variable seasonal rainfall and planning scenarios for
rice in a semi-arid region of Iran. International
Journal of Hydrology Science and Technology, 6(4),
331-343.
https://doi.org/10.1504/IJHST.2016.079351

Azizian, A., & Sepaskhah, A. R. (2014). Maize
response to different water, salinity and nitrogen
levels: Agronomic behavior. International Journal of
Plant Production, 8(1), 107-130.
https://doi.org/10.22069/ijpp.2014.1375

Artyszak, A., Klarzynska, E., Litwinczuk-Bis, M., &
Siuda, A. (2019). Profitability of sugar beet foliar
nutrition with silicon. Annals of the Polish
Association of Agricultural and Agrobusiness
Economists, 21(1), 7-13.
doi: 10.5604/01.3001.0013.0539

Assefa, Y., Vara Prasad, P. V., Carter, P., Hinds, M.,
Bhalla, G., Schon, R., Jeschke, M., Paszkiewicz, S.,
& Ciampitti, 1. A. (2016). Yield responses to
planting density for US modern corn hybrids: A
synthesis-analysis. Crop Science, 56(5), 2802-2817.
https://doi.org/10.2135/cropsci2016.04.0215

Baeza, P., Junquera, P., Peiro, E., Lissarrague, J. R.,
Uriarte, D., & Vilanova, M. (2019). Effects of vine
water status on vyield components, vegetative
response and must and wine composition. Advances
in Grape and Wine Biotechnology, 1, 73-94.
doi:10.5772/intechopen.87042

Banda, M. M., Heeren, D. M., Martin, D. L., Munoz-
Arriola, F., & Hayde, L. G. (2019). Economic
analysis of deficit irrigation in sugarcane farming:
Nchalo Estate, Chikwawa District, Malawi. Boston,
Massachusetts: American Society of Agricultural
and Biological Engineers.
https://doi.org/10.13031/aim.201900852

Barzegari, M., Sepaskhah, A. R., & Ahmadi, S. H.
(2017). Irrigation and nitrogen managements affect
nitrogen leaching and root yield of sugar beet.
Nutrient Cycling in Agroecosystems, 108(2), 211-
230.
https://doi.org/10.1007/s10705-017-9853-y

Berg, W. K., Cunningham, S. M., Brouder, S. M., Joern,
B. C., Johnson, K. D., Santini, J., & Volenec, J. J.
(2005). Influence of phosphorus and potassium on
alfalfa yield and yield components. Crop Science,
45(1), 297-304.
https://doi.org/10.2135/cropsci2005.0297

96


https://doi.org/10.1504/IJHST.2016.079351
https://doi.org/10.2135/cropsci2016.04.0215
https://doi.org/10.13031/aim.201900852
https://doi.org/10.1007/s10705-017-9853-y
https://doi.org/10.2135/cropsci2005.0297

Shabani et al., / Iran Agricultural Research (2022) 41(2)87-100

Bronson, K. F., Hunsaker, D. J., & Thorp, K. R. (2019).
Nitrogen fertilizer and irrigation effects on seed yield
and oil in camelina. Agronomy Journal, 111(4),
1712-1719.
https://doi.org/10.2134/agronj2018.10.0644

Burke, E., Kendall, G., Newall, J., Hart, E., Ross, P., &
Schulenburg, S. (2003). Hyper-heuristics: An
emerging direction in modern search technology. In
Glover, F., Kochenberger, G.A. (eds). Handbook of
metaheuristics (pp 457-474). International series in
operations research & management science, vol 57.
Boston, MA, USA: Springer.
https://doi.org/10.1007/0-306-48056-5_16

Carciochi, W. D., Schwalbert, R., Andrade, F. H.,
Corassa, G. M., Carter, P., Gaspar, A. P., Schmidt,
J., & Ciampitti, I. A. (2019). Soybean seed vyield
response to plant density by yield environment in
north America. Agronomy Journal, 111(4), 1923-
1932.
https://doi.org/10.2134/agronj2018.10.0635

Cetin, O., & Bilgel, L. (2002). Effects of different
irrigation methods on shedding and yield of cotton.
Agricultural Water Management, 54(1), 1-15.
doi: 10.1016/S0378-3774(01)00138-X

Chartzoulakis, K., & Bertaki, M. (2015). Sustainable
water management in agriculture under climate
change. Agriculture and Agricultural Science
Procedia, 4, 88-98.
https://doi.org/10.1016/j.aaspro.2015.03.011

Chatterjee, A., Subedi, K., Franzen, D. W., Mickelson,
H., & Cattanach, N. (2018). Nitrogen fertilizer
optimization for sugarbeet in the Red River Valley of
North Dakota and Minnesota. Agronomy Journal,
110(4), 1554-1560.
https://doi.org/10.2134/agronj2017.12.0694

Chauhan, B. S., Singh, V. P., Kumar, A., & Johnson, D.
E. (2011). Relations of rice seeding rates to crop and
weed growth in aerobic rice. Field Crops Research,
121(1), 105-115.
https://doi.org/10.1016/j.fcr.2010.11.019

Cui, G., Lu, Y., Zheng, C., Liu, Z., & Sai, J. (2019).
Relationship  between soil  salinization and
groundwater hydration in Yaoba Oasis, Northwest
China. Water, 11(1), 175.
https://doi.org/10.3390/w11010175

Dong, H., Kong, X., Li, W., Tang, W., & Zhang, D.
(2010). Effects of plant density and nitrogen and
potassium fertilization on cotton yield and uptake of
major nutrients in two fields with varying fertility.
Field Crops Research, 119(1), 106-113.
https://doi.org/10.1016/j.fcr.2010.06.019

Du, Y. D, Cao, H. X,, Liu, S. Q., Gu, X. B., & Cao, Y.
X. (2017). Response of vyield, quality, water and
nitrogen use efficiency of tomato to different levels
of water and nitrogen under drip irrigation in
Northwestern  China. Journal of Integrative
Agriculture, 16(5), 1153-1161.
https://doi.org/10.1016/s2095-3119(16)61371-0

Dusserre, J., Raveloson, H., Michellon, R., Gozé, E.,
Auzoux, S., & Sester, M. (2017). Conservation
agriculture cropping systems reduce blast disease in
upland rice by affecting plant nitrogen nutrition.
Field Crops Research, 204, 208-221.

https://doi.org/10.1016/j.fcr.2017.01.024

English, M. (1990). Deficit irrigation. 1. Analytical
framework. Journal of Irrigation and Drainage
Engineering, 116(3), 399-412.
https://doi.org/10.1061/(asce)0733-
9437(1990)116:3(399)

English, M., & Raja, S. N. (1996). Perspectives on
deficit irrigation. Agricultural Water Management,
32(1), 1-14.

English, M. J. (1981). The uncertainty of crop models in
irrigation optimization. Transactions of the ASAE.
24,917-921.
https://doi.org/10.13031/2013.34364

French, R. J. (2016). Lupin: Agronomy. In Reference
module in food science. Elsevier. doi:10.1016/b978-
0-08-100596-5.00194-3.

Geerts, S., & Raes, D. (2009). Deficit irrigation as an
on-farm strategy to maximize crop water
productivity in dry areas. Agricultural Water
Management, 96(9), 1275-1284.
https://doi.org/10.1016/j.agwat.2009.04.009

Haj-Amor, Z., Toth, T., Ibrahimi, M. K., & Bouri, S.
(2017). Effects of excessive irrigation of date palm
on soil salinization, shallow groundwater properties,
and water use in a Saharan oasis. Environmental
Earth Sciences, 76(17), 590
https://doi.org/10.1007/s12665-017-6935-8 .

Han, J., Shi, J., Zeng, L., Xu, J., & Wu, L. (2017).
Impacts of continuous excessive fertilization on soil
potential nitrification activity and nitrifying
microbial community dynamics in greenhouse
system. Journal of Soils and Sediments, 17(2), 471-
480.
https://doi.org/10.1007/5s11368-016-1525-z

Hazra, G. (2016). Different types of eco-friendly
fertilizers:  An  overview.  Sustainability in
Environment, 1(1), 54-70.
https://doi.org/10.22158/se.vinlp54

Herzog, M., Striker, G. G., Colmer, T. D., & Pedersen,
0. (2016). Mechanisms of waterlogging tolerance in
wheat-a review of root and shoot physiology. Plant,
Cell and Environment, 39(5), 1068-1086.
https://doi.org/10.1111/pce.12676

Hoffmann, C. M. (2010). Root quality of sugarbeet.
Sugar Tech, 12(3-4), 276-287.
https://doi.org/10.1007/s12355-010-0040-6

Hong-xing, X. U., Ya-jun, Y., Yan-hui, L. U., Xu-song,
Z., Jun-ce, T., Feng-xiang, L., Qiang, F. U, &
Zhong-xian, L. (2017). Sustainable management of
rice insect pests by non-chemical-insecticide
technologies in China. Rice Science, 24(2), 61-72.
https://doi.org/10.1016/j.rsci.2017.01.001

Hosseini, S. A., Réthoré, E., Pluchon, S., Ali, N.,
Billiot, B., & Yvin, J. C. (2019). Calcium application
enhances drought stress tolerance in sugar beet and
promotes plant biomass and beetroot sucrose
concentration. International Journal of Molecular
Sciences, 20(15), 3777.
https://doi.org/10.3390/ijms20153777

Imtiyaz, M., Mgadla, N. P., Chepete, B., & Manase, S.
K. (2000). Response of six vegetable crops to
irrigation schedules. Agricultural Water
Management, 45(3), 331-342.

97


https://doi.org/10.2134/agronj2018.10.0635
http://dx.doi.org/10.1016/S0378-3774(01)00138-X
https://doi.org/10.1016/j.aaspro.2015.03.011
https://doi.org/10.2134/agronj2017.12.0694
https://doi.org/10.1016/j.fcr.2010.11.019
https://doi.org/10.3390/w11010175
https://doi.org/10.1016/j.fcr.2010.06.019
https://doi.org/10.1016/s2095-3119(16)61371-0
https://doi.org/10.1016/j.fcr.2017.01.024
https://doi.org/10.1061/(asce)0733-9437(1990)116:3(399)
https://doi.org/10.1061/(asce)0733-9437(1990)116:3(399)
https://doi.org/10.13031/2013.34364
https://doi.org/10.1016/j.agwat.2009.04.009
https://doi.org/10.1007/s12665-017-6935-8
https://doi.org/10.1007/s11368-016-1525-z
https://doi.org/10.22158/se.v1n1p54
https://doi.org/10.1111/pce.12676
https://doi.org/10.1016/j.rsci.2017.01.001
https://doi.org/10.3390/ijms20153777

Shabani et al., / Iran Agricultural Research (2022) 41(2)87-100

https://doi.org/10.1016/s0378-3774(99)00105-5

Johnson, C. R., Reiling, B. A., Mislevy, P., & Hall, M.
B. (2001). Effects of nitrogen fertilization and
harvest date on yield, digestibility, fiber, and protein
fractions of tropical grasses. Journal of Animal
Science, 79(9), 2439-2448.
https://doi.org/10.2527/2001.7992439x

Kang, S., Zhang, L., Liang, Y., Hu, X., Cai, H., & Gu,
B. (2002). Effects of limited irrigation on yield and
water use efficiency of winter wheat in the Loess
Plateau of China. Agricultural Water Management,
55(3), 203-216.
https://doi.org/10.1016/s0378-3774(01)00180-9

Kapur, B., Celiktopuz, E., Saridas, M. A., & Kargi, S. P.
(2017). Effects of different irrigation levels with bio-
stimulant applications on plant growth in ‘Kabarla’
Strawberry variety. American Journal of Plant
Biology, 2(4), 120-124.

Kaveh, A., & Talatahari, S. (2010). A novel heuristic
optimization method: Charged system search. Acta
Mechanica, 213(3-4), 267-289.
https://doi.org/10.1007/s00707-009-0270-4

Khozaie, M., & Sepaskhah, A. R. (2018). Economic
analysis of the optimal level of supplemental
irrigation for rain-fed figs. lIran Agricultural
Research, 37(2), 17-26.
https://doi.org/10.22099/iar.2018.4928

Leghari, S. J., Wahocho, N. A., Laghari, G. M.,
HafeezLaghari, A, MustafaBhabhan, G.,
HussainTalpur, K., Bhutto, T.A., Wahocho, S.A. &
Lashari, A. A. (2016). Role of nitrogen for plant
growth and development: A review. Advances in
Environmental Biology, 10(9), 209-219.

Li, F., Zhu, L., Xie, Y., Jiang, L., Chen, X., Deng, Z., &
Pan, B. (2015). Colonization by fragments of the
submerged macrophyte Myriophyllum spicatum
under different sediment type and density conditions.
Scientific Reports, 5, 11821. doi:10.1038/srep11821

Li, Y., Li, J., Gao, L., & Tian, Y. (2018). Irrigation has
more influence than fertilization on leaching water
quality and the potential environmental risk in
excessively fertilized vegetable soils. PloS one,
13(9), e0204570.
https://doi.org/10.1371/journal.pone.0204570

Liu, Y., Li, C., Fang, B., Fang, Y., Chen, K., Zhang, Y.,
& Zhang, H. (2019). Potential for high yield with
increased seedling density and decreased N fertilizer
application under seedling-throwing rice cultivation.
Scientific Reports, 9(1), 731.
https://doi.org/10.1038/s41598-018-36978-w

Loel, J., Kenter, C., Mérlander, B., & Hoffmann, C. M.
(2014). Assessment of breeding progress in sugar
beet by testing old and new varieties under
greenhouse and field conditions. European Journal
of Agronomy, 52, 146-156.
https://doi.org/10.1016/j.eja.2013.09.016

Mahmoud, E. S. A., Hassanin, M. A., Borham, T. ., &
Emara, E. I. (2018). Tolerance of some sugar beet
varieties to water stress. Agricultural Water
Management, 201, 144-151.
https://doi.org/10.1016/j.agwat.2018.01.024

Mufioz, M. A., Sun, Y., Kirley, M., & Halgamuge, S. K.
(2015).  Algorithm  selection for  black-box

continuous optimization problems: A survey on
methods and challenges. Information Science, 317,
224-245,

https://doi.org/10.1016/j.ins.2015.05.010

Pulido-Bosch, A., Rigol-Sanchez, J. P., Vallejos, A.,
Andreu, J. M., Ceron, J. C., Molina-Sanchez, L., &
Sola, F. (2018). Impacts of agricultural irrigation on
groundwater salinity. Environmental Earth Sciences,
77(5), 197.
https://doi.org/10.1007/s12665-018-7386-6

Rahman, M. M., Hossain, M. M., Anwar, M. P., &
Juraimi, A. S. (2011). Plant density influence on
yield and nutritional quality of soybean seed. Asian
Journal of Plant Sciences, 10(2), 125-132. doi:
10.3923/ajps.2011.125.132

Ren, B., Liu, W., Zhang, J., Dong, S., Liu, P., & Zhao,
B. (2017). Effects of plant density on the
photosynthetic and chloroplast characteristics of
maize under high-yielding conditions. The Science of
Nature, 104(3-4), 12.
https://doi.org/10.1007/s00114-017-1445-9

Rodriguez, N., Gupta, A., Zabala, P. L., & Cabrera-
Guerrero, G. (2018). Optimization algorithms
combining (Meta) heuristics and mathematical
programming and its application in engineering.
Mathematical Problems in Engineering, Article ID
3967457, 3 pages.
https://doi.org/10.1155/2018/3967457.

Sadeghi-Shoae, M., Taleghani, D. F., & Paknejad, F.
(2015). Meta-analysis the effect of nitrogen fertilizer
on quantitative and qualitative characteristics of
sugar beet. Biological Forum 7, 65-71.

Sangoi, L. (2001). Understanding plant density effects
on maize growth and development: An important
issue to maximize grain yield. Ciéncia Rural, 31(1),
159-168.
https://doi.org/10.1590/s0103-84782001000100027

Schlegel, A. J., Havlin, J. L. (2017). Corn yield and
grain nutrient uptake from 50 years of nitrogen and
phosphorus fertilization. Agronomy Journal, 109(1),
335-342. https://doi.org/10.2134/agronj2016.05.0294

Sepaskhah, A. R., Azizian, A., & Tavakoli, A. R.
(2006). Optimal applied water and nitrogen for
winter wheat under variable seasonal rainfall and
planning scenarios for consequent crops in a semi-
arid region. Agricultural Water Management, 84(1-
2), 113-122.
https://doi.org/10.1016/j.agwat.2006.01.008

Sepaskhah, A. R., Dehbozorgi, F., & Kamgar-Haghighi,
A. A. (2008). Optimal irrigation water and saffron
corm planting intensity under two cultivation
practices in a semi-arid region. Biosystems
Engineering, 101(4), 452-462.
https://doi.org/10.1016/j.biosystemseng.2008.09.014

Sepaskhah, A. R., & Akbari, D., (2005). Deficit
irrigation planning under variable seasonal rainfall.
Biosystems Engineering, 92(1), 97-106.
https://doi.org/10.1016/j.biosystemseng.2005.05.014

Shabani, A. (2019). Determining the optimum applied

water for sugar beet in the case of crop price as a

function of applied irrigation water. Journal of Water

and Soil Science, 23(2), 349-359. (In Persian with

English abstract)

98


https://doi.org/10.1016/s0378-3774(99)00105-5
https://doi.org/10.2527/2001.7992439x
https://doi.org/10.1016/s0378-3774(01)00180-9
https://doi.org/10.22099/iar.2018.4928
http://dx.doi.org/10.1038/srep11821
https://doi.org/10.1371/journal.pone.0204570
https://doi.org/10.1038/s41598-018-36978-w
https://doi.org/10.1016/j.eja.2013.09.016
https://doi.org/10.1016/j.agwat.2018.01.024
https://doi.org/10.1016/j.ins.2015.05.010
https://doi.org/10.1007/s12665-018-7386-6
http://dx.doi.org/10.3923/ajps.2011.125.132
https://doi.org/10.1007/s00114-017-1445-9
https://doi.org/10.1155/2018/3967457
https://doi.org/10.1590/s0103-84782001000100027
https://doi.org/10.1016/j.agwat.2006.01.008
https://doi.org/10.1016/j.biosystemseng.2008.09.014
https://doi.org/10.1016/j.biosystemseng.2005.05.014

Shabani et al., / Iran Agricultural Research (2022) 41(2)87-100

https://doi.org/10.29252/jstnar.23.2.349

Shabani, A., & Sepaskhah, A. R. (2019). Optimal
amounts of water and nitrogen applied to sugar beet
when crop price depends on its sugar content.
Spanish Journal of Agricultural Research, 17(3),
1202. doi: https://doi.org/10.5424/sjar/2019173-
14487

Shabani, A., Sepaskhah, A. R., & Khorramian, M.
(2018).  Mathematical-economic  analysis  to
determine optimal applied water in case of crop price
depends on its quality. International Journal of Plant
Production, 12(3), 191-202.
https://doi.org/10.1007/s42106-018-0020-4

Shamshiri, Gh., Shabani, A., Sepasian, A. R., Azizian,
A., & Sepaskhah, A. R. (2020). Optimizing water
consumption of sugar beet in conditions of the
irrigation water salinity and dependency of the yield
price to quality. Iranian Journal of Irrigation and
Drainage, 13(6), 1762-1733. (In Persian with
English abstract)

Tarkalson, D. D., King, B. A., & Bjorneberg, D. L.
(2018). Yield production functions of irrigated
sugarbeet in an arid climate. Agricultural Water
Management, 200, 1-9.
doi.org/10.1016/j.agwat.2018.01.003

Woli, P., Hoogenboom, G., & Alva, A. (2016).
Simulation of potato yield, nitrate leaching, and
profit margins as influenced by irrigation and
nitrogen management in different soils and
production regions. Agricultural Water
Management, 171, 120-130.
https://doi.org/10.1016/j.agwat.2016.04.003_

Wu, G. Q., Feng, R. J., & Shui, Q. Z. (2016). Effect of
osmotic stress on growth and osmolytes
accumulation in sugar beet (Beta vulgaris L.) plants.
Plant, Soil and Environment, 62(4), 189-194.
https://doi.org/10.17221/101/2016-pse

Yang, X. S. (2010). Engineering optimization: an
introduction with metaheuristic applications. New
Jersey:John Wiley & Sons.
https://doi.org/10.1002/9780470640425

Yoo, D. G. & Kim, J. H. (2014). Meta-heuristic
algorithms as tools for hydrological science.
Geoscience Letter, 1(1),1-7.
https://doi.org/10.1186/2196-4092-1-4

Zanakis, S. H., & Evans, J. R. (1981). Heuristic
“optimization”: Why, when, and how to use it.
Interfaces, 11(5), 84-91.
https://doi.org/10.1287/inte.11.5.84

Zand-Parsa, S., & Sepaskhah, A. R. (2001). Optimal
applied water and nitrogen for corn. Agricultural
Water Management, 52(1), 73-85.
https://doi.org/10.1016/s0378-3774(01)00106-8

Zhang, H., & Oweis, T. (1999). Water—yield relations
and optimal irrigation scheduling of wheat in the
Mediterranean region. Agricultural ~ Water
Management, 38(3), 195-211.
https://doi.org/10.1016/s0378-3774(98)00069-9

Zhang, T., Zhan, X., Kang, Y., Wan, S., & Feng, H.
(2017). Improvements of soil salt characteristics and
nutrient status in an impermeable saline—sodic soil
reclaimed with an improved drip irrigation while
ridge planting Lycium barbarum L. Journal of Soils
and Sediments, 17(4), 1126-1139.
https://doi.org/10.1007/s11368-016-1600-5

Zhang, W., Wu, L., Wu, X,, Ding, Y., Li, G, Li, J.,
Weng, F., Liu, Z., Tang, S., Ding, C., & Wang, S.
(2016). Lodging resistance of japonica rice (Oryza
Sativa L.): Morphological and anatomical traits due
to top-dressing nitrogen application rates. Rice, 9(1),
31. https://doi.org/10.1186/s12284-016-0103-8

Zheng, H., Ying, H., Yin, Y., Wang, Y., He, G., Bian,
Q., Cui, Z., & Yang, Q. (2019). Irrigation leads to
greater maize yield at higher water productivity and
lower environmental costs: A global meta-analysis.
Agriculture, Ecosystems and Environment, 273, 62-69.
https://doi.org/10.1016/j.agee.2018.12.009

Zhihui, W., Jianbo, S., Blackwell, M., Haigang, L.,
Binggiang, Z., & Huimin, Y. (2016). Combined
applications of nitrogen and phosphorus fertilizers
with manure increase maize yield and nutrient
uptake via stimulating root growth in a long-term
experiment. Pedosphere, 26(1), 62-73.
https://doi.org/10.1016/s1002-0160(15)60023-6

99


https://doi.org/10.5424/sjar/2019173-14487
https://doi.org/10.5424/sjar/2019173-14487
https://doi.org/10.1016/j.agwat.2018.01.003
https://doi.org/10.1016/j.agwat.2016.04.003

AY=Y e (DY OF- V) 1ol 65,0k cladss

So9r° aJlio

2log bl Of Copoe gly by - golaidl Judxi p (55950

A Lod

ﬂ{’ og”

Jypaxoadg oyl

Y . \ . Yoo . #B .
15 Jgmw Ploas ¢ conilo (Gugo doxo ¢ olgmlw Lo pule o Sl e

Sl Tz (L (L oSzl ¢(5),9laS 0aSails «ol owiige 3 poke i |
. o FE - P P - . 1 . E ¥
Sl i 5l e olEals s 5,5laS suSiails o JLSis Slalllas 35 0 5 Ol owdige (50
: s E R o - ST . ae ¥
Olpl g dd L ol8asls (g5 ,5lis 0aSiiils (Capds cwiige) (g 105l g a3 0 (cwdige (iSu

J G 03w g5

(22355 s el T lime 2o wsi (slo sl 5 5l Sl o oL 0 Slhac 5 00Sx
g slo aza (1l (55)5laS slo ool g @l Cudgaze 4 Az b Cuwl 0us g Ly ST
shosliiul sl aile; oo ,Sg) drwss (lasme Conyy S 5 Cnen 2, M3 Lol
Slyasd @ alls S5 el 5 Jpamme o Sloe lail aalllas (pl jo .l (5500 adgi sla il )by
wlasile adsi lo el 3k - alanl ol pos 0055 (o0 )13 S 9)50 S5t sl el b
Cuad (V ol 3550 oz 50 anlllae ol 5 0l &) gl Jelow (28,5 )13 (s 2 990 ()]
b ogame Ol g ey gl (¥ o i aiz b 50 oS5 adsi slo i (F e b ol o Jpoams
890 o o Al ool ;- (golamdl Julod g a5 aad o aib pie OF Caad (F 5 35000l
iy 05155 355 olinn 35l adgs slo iy pl dinge ok mess sl adllan 53 (5l o

PS8l (B8 0 g a SlS Dad G oS5

Alio wledMb|

alléo azxsty U

VE NV el e gl
VEYIYNY o dy b
VESY/YIYY gy G b
islS sloojly

Jyame S

U0 S dgae

Sl b



