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Crop relationship "yield – evapotranspiration" for green bean

R. Kalaydzhieva, D. Davidov, A. Matev*, V. Kuneva

 

 Department of Melioration and Geodesy, Faculty of Viticulture and Horticulture, Agricultural University, 12 Mendeleev, 4000 Plovdiv, Bulgaria

Abstract. The aim of the study is to establish the parameters of the relationship "Yield - ET" for green beans on the base of the growth stages. The experiment 
was conducted during the period 2010 – 2012 on the experimental field of Agricultural University, Plovdiv. The parameters of this relationship are established on 
the base of existing formulas as follows: the two-degree formula of Davidov, the linear formula of FAO, the one-degree formula of Davidov and the linear formula 
of Stewart. Data for yield and ET (for the different growth stages) are used with the following treatments: 1) no irrigation; 2) irrigation with 30% of the optimal 
irrigation rate; 3) irrigation with 70% optimal rate; 4) optimum irrigation (supply of 100% of the calculated irrigation norm). For this purpose, the vegetation period 
of the beans is divided into three sub-periods: (before bud formation, bud formation-flowering and bean formation). For the conditions of the experiment, the 
dependence is represented best by the two-degree formula of Davidov at R = 0.98. The exponent for the entire growing period is N = 1.8. The values for the 
different sub-periods are as follows: m  = 0.05, m  = 0.05 and m  = 1.12. This means that the sensitivity of the third sub-period is the greatest, and the first and 1 2 3

second have insignificant sensitivity.
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Introduction Department of Meliorations and Geodesy at Agricultural University, 
Plovdiv on alluvial-meadow (former waterlogged) soil with variety 
"Strike".The degree of water availability in crops has influence on the 

The experiment was set with the block method in four amount of production and the intensity of evapotranspiration (ET). In 
repetitions using the scheme of planting 50 x 5 cm. The dependence each case, the most favorable irrigation regime to the crop growing 
parameters are defined using data for the yield and ET at the conditions can be determined, as well as the size of water outflow 
following treatments: 1) irrigation at pre-irrigational humidity of 80% needed to obtain sufficiently high and quality yield. This can be 
of the FC /Field Capacity/ (optimal); 2) irrigation with treatment 1, but achieved by setting the parameters of the link "yield-water" in the 
with 30% reduction of the irrigation rate; 3) irrigation with option 1 but relevant direction, namely: 1) relationship between the yield and the 
with 70% reduction of the irrigation rate; 4) without irrigation.amount of irrigation ("Total yield-irrigation depth" and "Additional 

Watering was made when the soil moisture of the layer 0 – 40 yield-irrigation depth"/; 2) relationship between yield and 
cm in variant 1 reached 80% of FC. The irrigation rates of the evapotranspiration ("Yield-Total ET" and "Yield-ET" by growth 
optimum variant were calculated for moistening the layer 0 – 60 cm stages). These parameters are established in the presence of 
to FC. For this purpose, the soil moisture was determined by the certain experimental data, which are processed with the help of 
weight method at intervals of 5 – 7 days (Atanasov, 1972). Soil existing formulas for this purpose. As a result, models are obtained 
samples were taken at a depth of 100 cm, at an interval of 10 cm.that describe the demanded dependence.

The watering for variants 2 and 3 was made simultaneously with In establishing the relationship "Yield-ET” parameters are 
variant 1, but with reduction of irrigation rates by 30 and 70%, obtained that characterize the sensitivity of the crop through 
respectively, compared to the calculated rates of variant 1. Irrigation particular growth stages to a different degree of reduction of 
of the experimental plots is done by gravity on short closed furrows evapotranspiration during the same stage. For this purpose, there 
and the water quantity submitted for each of the irrigated plots was are several formulas, such as the degree formula of Jensen (1968), 
measured with a water meter. Yield data for all variants and the linear formula (Steward and Hagan, 1969; Dawney, 1972), the 
repetitions were processed by ANOVA (Barov and Naydenova, linear formula of FAO (Doorenbos and Kassam, 1979) and the two-
1969), using a specialized computer program ''BIOSTAT'' (Penchev, degree formula of Davidov (1994, 2004).
1988). It was established and proved that there were differences With regard to beans, the publications related to the 
between the control (respectively, treatments 1 and 4) and other dependence "Yield-ET" are few in number and concern only the 
variants of the experiment.direction "Yield-total ET". This predetermined the purpose of the 

Evapotranspiration was calculated using the balance method at study, namely to establish the parameters of the relationship "Yield-
all variants of the experiment at depth of 1 m and at an interval of 20 ET by growth stages" for green beans for the conditions of Plovdiv.
cm. Data (totally for vegetation and in sub-periods) for the active soil 
layer 0 – 60 cm was used for the purpose of the research. 

In connection with establishing the parameters of the Material and methods
relationship “Yield-ET” the vegetation period is divided into three 
subperiods (phases):For the purpose of this work we used data from the field 

· First phase – growing, including the phenophases from experiment to study the irrigation regime on green beans, conducted 
germination to the beginning of the phase of bud formation (or on during the period 2010 – 2012 years in the experimental field of the 
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average, from the second decade in May to the second decade in 
June, including). Results and discussion

· Second phase – flowering, including the periods from the 
beginning of bud formation to the end of flowering (or on average, the The meteorological conditions during the period of vegetation 
third decade in June). have a significant influence on the biological effect due to irrigation 

· Third phase – productive, including the period of formation with reduced irrigation rates as well as on evapotranspiration of 
and growth of the beans to the end of harvesting (or on average, from beans. In this connection a statistical valuation of the experimental 
the first to the third decade in July, including). years was made with relation to the rainfall and the temperature sum 

For every particular variant and year the phases boundaries from May to July, using data from many years (Table 1). The first 
were defined in conformity with the particular phenological experimental year was medium wet with probability of 24.8% and 
observations. precipitation 197.8 mm. Rainfalls in that year provide plants with 

The experimental data were processed with the method of water to phase "bud formation". During the period of flowering and 
the least squares through the YIELD program, using the following initial formation of beans rainfall was insignificant. The rainfall at the 
formulas: end of the harvest was over 100 mm and was with no agronomic 

importance. The distribution of vegetation rainfall in 2011 was · Formula of Davidov (1994) – degree relationship between 
similar, when over 50% of the rainfall fell at the beginning of the yield and evapotranspiration by phenophases
reproductive period. During flowering there was drought, and the 
rainfall at the end of the vegetation period was about 40 mm, which (1)
was also ineffective. The year was dry, with probability of 89.2%. The 
third experimental year (2012) was medium wet with probability of 
23.5%, but 98% of the rainfall was at the beginning of the crop 
development and maintained the soil moisture at optimum limits to 
the phase "bud formation". Regarding the air temperature sum for 
May – July, the first two years were medium warm and the third one ·
was warm.

The differences between the experimental years with reference 
to the weather conditions led to differences concerning the 
parameters of the irrigation regime. In the first experimental year 
three waterings  were applied, one in phase "bud formation", one in 
"flowering" and one in "fructification". In the second experimental 
year there were six waterings, the first one was in the period of 
vegetation, and the rest were distributed as follows: one by one in the ·
phases of "bud formation", "flowering", "first new fruit formation", 
"fructification" and after the first harvest. In 2012 the irrigation period 
began in the phase "flowering". During this phase and the first new 
fruits formation there was one watering and during the fructification 
there were two waterings. After the first harvest there was one 
watering to ensure the growth of the rest of the beans. The source 
data was received under these conditions to establish the 

· parameters of the relationship "Yield - ET" (Table 2).
The results after processing the table data with the above 

formulas and specialized computer program "YIELD" (Davidov, 
A1994 ) are the following: Formula (1) of Davidov (one-degree) at 

correlation coefficient R=0.972: first period (N  = 20.10), second 1To calculate the relationship's parameters by the above 
period (N  = 3.70), third period (N  = 1.12).2 3formulas, a specialized computer program "YIELD" of Davidov 

The points are plotted in Figure 1, the coordinates of which are (1994) was used. The relative values of yield and the values of ET 
experimental and calculated by the formula relative values of the (total and in sub-periods) are processed with the method of the least 
yield, and Figure 2 – the relative yield, calculated and experimental squares. On the base of the final results, graphics were drawn 
for all variants. These two figures illustrate the degree approximation depicting the relations and the experimental points, with which it 
of the connection with this formula. Figure 3 presents the illustrates the degree of approximation.
relationship between yield and evapotranspiration separately for 

where S is the number of phases; N is exponent in phases; ET  is i i

evapotranspiration of phase (i) – available;  ET  is o i

evapotranspiration of phase (i) – maximum.
Formula of Davidov (1994, 2004) – two-degree relationship 

between yield and evapotranspiration in phases

(2)

where S is the number of phases; M  is exponent in phases; N is i

exponent for the period of vegetation.
Linear formula of FAO

(3)

where S is the number of phases; A  is factor determining the i

sensitivity of the phase.
Summary formula in phases of Steward and Hagan (1969)

(4)
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Table 1. Meteorological factors for the period V – VII in the region of Plovdiv

* ΣN – precipitations; ΣT° – temperature; P% – probability of the meteorological factors

Factor

∑N

T°∑

mm

P %

°C

P %

170.2 mm (for period of 101 years)

1910°C (for period of 101 years)

  197.8

    24.8

1960

    30.4

    96.9

    89.2

1993

    21.6

  205.6

    23.5

2089

      4.9

Average 201220112010
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each phase. They show that for the first period the relationship is phase sensitivity, the most sensitive is the third period, the least 
curvilinear with a high projection upwards, for the second period it is sensitive is the second period, and the first period has practically no 
also a convex parabola, but less projected than the former, and for influence.
the third period – the curve is very near to a straight line because the The lack of sensitivity of the first period is due to the fact that in 
exponent is close to one. Since the quantity of the parameters n this production direction, in the options used in this work, the number i

of waterings during this period is rarely imposed and most frequently expresses the influence degree of evapotranspiration on yield or the 

Table 2. Source data to determine the parameters of the relationship "Yield - ET in phases"

1 2

0.0

0.3

0.7

1.0

0.0

0.3

0.7

1.0

0.0

0.3

0.7

1.0

0.0

0.3

0.7

1.0

2010

2011

2012

Average 

8393

12703

14739

15685

3207

10685

16237

16683

1144

4378

7313

12046

4248

9255

12763

14805

0.535

0.810

0.940

1.000

0.192

0.640

0.973

1.000

0.095

0.363

0.607

1.000

0.287

0.625

0.862

1.000

74.9

79.6

83.1

84.3

65.1

70.7

97.2

143.9

140.5

142.1

146.6

154.7

93.5

97.5

108.9

127.6

0.889

0.945

0.986

1.000

0.452

0.491

0.675

1.000

0.909

0.919

0.948

1.000

0.733

0.764

0.854

1.000

34.4

45.4

57.7

58.7

33.8

48.9

80.1

99.0

20.7

25.0

31.9

40.6

29.6

39.8

56.6

66.1

0.585

0.774

0.983

1.000

0.341

0.494

0.809

1.000

0.510

0.615

0.785

1.000

0.448

0.602

0.856

1.000

86.8

124.4

167.2

185.2

60.2

94.4

146.5

172.6

47.8

102.2

165.1

229.6

64.9

107.0

159.6

195.8

0.469

0.672

0.903

1.000

0.349

0.547

0.849

1.000

0.208

0.445

0.719

1.000

0.331

0.546

0.815

1.000

196.0

249.4

308.0

328.1

159.1

214.0

323.8

415.5

209.0

269.2

343.5

424.8

188.0

244.2

325.1

389.5

0.60

0.76

0.94

1.00

0.38

0.52

0.78

1.00

0.49

0.63

0.81

1.00

0.48

0.63

0.83

1.00

3 4 5 6 7 8 9 10 11 12

Year 
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kg/ha
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III
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Figure 1. Relationship between experimental and 
calculated coefficients with formula (1)

All variants and years
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Figure 2. Relative yields experimental and 
calculated by formula (1)
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there is watering at the end of the period. Therefore, a significant reasons for this could be the following:
influence of the irrigation regime on the real ET can be reported, i.e. · In this part of the vegetation yield is formed and the plant 
practically, in this part of the vegetation the soil moisture is almost requirements for water are very high; 
always in optimal bounderies and there is no way to determine the · The temperature and air humidity deficit are very high, the 
actual sensitivity of the phase. The flowering period is critical foliage is well developed, in result ET reaches maximum values; 
regarding water availability in all legumes, including beans. Because · The period duration is large (about 20 days), which, in the 
of the phase shortness (10 – 12 days), the number of waterings is absence of precipitation, is a prerequisite for applying a larger 
two for the experiment conditions because of the high requirements number of irrigations (up to 3). This leads to a greater difference in 
of the plants to water and the low tension of weather factors. This still the relative ET in the different options within the phase.
allows possibility to report an increased sensitivity of the second Formula (2) of Davidov (two-degree) for N = 1.8 and correlation 
period to the first, which can be seen in Figure 3. The third period coefficient R = 0.980: first period (M  = 0.05), second period (M = 1 2 

shows the highest sensitivity. In the whole range of the relative ET 0.05), third period (M = 1.12).3 
increase, the yield coefficient increases almost in parallel. The Not only does it demonstrate extremely high accuracy in 
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Figure 3. Relationship between yield and ET in 
phases by formula (1)

all data (R=0.98)
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Figure 4. Relationship between experimental 
and calculated coefficients with formula (2)
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Figure 5. Relative yields - experimental and 
calculated with formula (2)

R=0.98

All variants and years
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Figure 6. Relationship between yield and ET in 
phases with formula (2)
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Relative yield - experimental

Figure 10. Relation between experimental and 
calculated coefficients of formula (4)

all data (R=0.97)
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approximation of the experimental data, due to its two exponents, values are projected in Figure 7 and in Figure 8 – the relative yield, 
but this formula describes gradually the alternation of the yield calculated and experimented in options. These two figures illustrate 
coefficient when ET values are changed. Figures 4 and 5 present the graphically the degree of approximation of the relation with this 
relation between the experimental and calculated with the formula formula. Figure 9 presents the dependence between yield and 
relative values of the yield. Graphs clearly show the correct evapotranspiration separately for each phase. As it can be seen, in 
interpretation and the minor deviations of the estimated values all three phases the dependence is linear. Here the quantity of the 
towards the experimental yields at very high values of R. According parameter Ai is the influence level of evapotranspiration on the yield 
to the graph in Figure 5, the sensitivity of the first and second periods or the sensitivity of the phase (the period). Therefore, the most 
with reference to ET is minimal, while the sensitivity for the third sensitive is the third period, and the other two periods are with very 
period is very large and is expressed graphically by an S-shaped low and approximately equal sensitivity.
curve. Formula (4) of Steward (linear) with a coefficient of correlation 

Formula (3) of FAO (linear) with a coefficient of correlation R=0.970: first period (А  = 0.04), second period (А = 0.07), third 1 2 

R=0.970: first period (А  = 0.05), second period (А = 0.07), third period (А = 1.04).1 2 3 

period (А = 1.06). Figure 10 presents the experimental and calculated by the 3 

The experimental and calculated by the formula relative yield formula relative values of yield and Figure 11 – the relative yield, 
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Figure 9. Relationship between yield and ET in 
phases by formula (3)
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All variants and years
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Figure 8. Relative yields - experimental and 
calculated by formula (3)
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Figure 7. Relation between experimental and 
calculated coefficients with formula (3)

all data (R=0.97)
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experimental
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Figure 11. Relative yields - experimental and 
calculated by formula (4)

R=0.97

All variants and years
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Figure 12. Relation between yield and ET in 
phases with formula (4)
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Table 3. Difference between experimental yields and yields calculated with different formulas and coefficients of yield

m – irrigation rate at optimum irrigated bean

Experimented 
Variant Year

2010

2011

2012

2010

2011

2012

Estimated yield

Formula (2)

Formula (4)

Formula (1)

Formula (3)

±%

-20.8

-7.2

3.8

0.0

25.8

-12.6

-3.0

0.0

-6.7

10.5

25.8

0.0

0.443

0.756

0.977

1.000

0.259

0.569

0.945

1.000

0.089

0.406

0.818

1.000

6946

11854

15319

15680

4321

9493

15765

16683

1072

4891

9854

12046

-13.1

-14.9

-1.4

0.0

30.4

-24.4

-11.4

0.0

53.4

20.5

19.3

0.0

0.473

0.705

0.927

1.000

0.276

0.515

0.874

1.000

0.204

0.457

0.752

1.000

7419

11058

14540

15685

4605

8592

14581

16683

2457

5505

9059

12046

0.535

0.810

0.940

1.000

0.192

0.640

0.973

1.000

0.095

0.363

0.607

1.000

8393

12703

14739

15685

3207

10685

16237

16683

1144

4378

7313

12046

dry

30%m

70%m

100%m

dry

30%m

70%m

100%m

dry

30%m

70%m

100%m

dry

30%m

70%m

100%m

dry

30%m

70%m

100%m

dry

30%m

70%m

100%m

8393

12703

14739

15685

3207

10685

16237

16683

1144

4378

7313

12046

0.535

0.810

0.940

1.000

0.192

0.640

0.973

1.000

0.095

0.363

0.607

1.000

6854

10227

14069

15685

5172

8675

14014

16683

1939

4963

8456

12046

0.437

0.652

0.897

1.000

0.310

0.520

0.840

1.000

0.161

0.412

0.702

1.000

-22.4

-24.2

-4.8

0.0

38.0

-23.2

-15.9

0.0

41.0

11.8

13.5

0.0

7011

10321

14101

15685

5389

8825

14064

16683

2132

5095

8529

12046

0.447

0.658

0.899

1.000

0.323

0.529

0.843

1.000

0.177

0.423

0.708

1.000

-19.7

-23.1

-4.5

0.0

40.5

-21.1

-15.5

0.0

46.3

14.1

14.3

0.0

±% %% % kg/hakg/hakg/ha



calculated and experimented in options. The graphs of the two When using the linear formula of Steward we have to have in 
figures illustrate graphically the degree of approximation of the mind that it is the sum, and not the product, of the influence of the 
relation with this formula. Figure 12 shows the dependence between different phases. This means that there will be yield, even when in 
the yield loss and evapotranspiration separately for each phase. In one of the phases ET = 0, which is impossible in practice.
all three phases the dependence is linear. Here the quantity of the 
parameter Ai expresses the degree of influence of evapotranspi-
ration on yield or the phase sensitivity. The most sensitive is again References
the third phase and the first and second ones are with insignificant 
sensitivity and very close in parameters. Atanasov I, 1972. Guidance on practical exercises of Soil Science. 

The relative deviations between the experimental and Publishing House Hr. Danov, Plovdiv.
calculated yields and yield rates of different formulas are presented Barov V and Naydenova P, 1969. Statistical methods in field and 
in Table 3. Minimum relative deviations of calculations towards the vegetation experiments. Zemizdat, Sofia (Bg).
experimental yield are obtained when using the two-degree formula 

Davidov D, 1994. On the Grounds of the Relationship "Yield-Water"; 
(2).

17th European Regional Conference on Irrigation and Drainage 
ICID-CIID, Varna, Bulgaria, 1, 251-253.

ADavidov D, 1994 . Computer program for calculating crop yields 
with and without irrigation for a series for past years. Regional Conclusion
conference of ICID, Varna, I, 255-260.
Davidov D, 2004. Relationship “water-yield” – comparison and The formulas that are used in the work express accurately the 
analysis of formulae. Agricultural Engineering, 1, 28-33.relation between yield and evapotranspiration in phases at R ≥  
Dawney ZA, 1972. Water-yield relation for non-forage crops. 0.970. The most sensitive to ET is the third phase (fructification), and 
Journal of Irrigation and Drainage Engineering, ASCE, 98, IRI.the first and second phases are less sensitive (correspondingly the 
Doorenbos J and Kassam A, 1979. Yield response to water; FAO bud formation period and the flowering period).
Irrigation and Drainage, Paper 33, FAO, Rome.For the conditions of the experiment the two-degree formula of 
Jensen ME, 1968. Water consumption by agricultural land in water David reflects the dependence with the following parameters: N = 
deficits and plant growth. ED. T.T.Kozlovski, 2, Academic Press, NX 1.8, m  = 0.05, m  = 0.05, m  = 1.12 and R = 0.980. Not only is it (the 1 2 3

1-22.formula) a product of the influence of the different phases, but it 
Penchev E, 1988. Evaluation of productivity and quality parameters reflects more smoothly and with the highest accuracy the change in 
of wheat with mathematical models. Abstract.the relation between the relative yield and the relative 
Stewart JI and Hagan RM, 1969; Development of Evapotranspi-evapotranspiration in each of the three sub-periods of the garden 
ration Crop Yield Function for Managing Limited Water Supplies. beans vegetation. The differences between the experimental and 
Seventh Congress on Irrigation and Drainage, Mexico City, Quest. calculated with this formula yields are the smallest.
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