4. RESULTS

The results of the study titled “Modelling the Soil-Water-Crop-Atmosphere System to Improve Land and Water Productivity in Stage II of IGNP” which was carried out during kharif and rabi seasons of 2012-13 and 2013-14 at Bajju (Bikaner) are presented in this section. The section is divided into two parts – results and analysis of the field data, and application of the data for setting up, calibration and application of the CropSyst crop simulation model (Version 4.15.24; Stockle et al., 2003) to test different irrigation application depths and N fertilizer application rates to maximize land and water productivity. 
Analysis of crop and water productivity requires the quantification of the hydrological variables - irrigation, rainfall, evapotranspiration and percolation, and the biophysical variables - dry matter or grain yield in the agricultural production system. Measurements of hydrological variables under field conditions are difficult and hence determined through the application of the model or estimated using empirical equations. Most of the input parameters (such as cultivar characteristics, crop rotation, irrigation, fertilization, tillage operations and residue management, daily weather data, dates and amounts of inputs applied for each fertilization and irrigation events, sowing date, hydraulic characteristics of the soil profile, crop parameters, and initial conditions of the soil profile, soil water content, mineral nitrogen and organic matter) were measured directly in field experiments with a high degree of accuracy. Other crop parameters required for setting up the CropSyst model were derived manually by changing values by 5 percent from the default for each crop parameter one at a time till a satisfactory level of agreement between predicted and observed values of seed yield, soil moisture, dates of initiation of different crop growth stages and aboveground biomass were achieved. 

4.1 Current land and water productivity of different crops

The current land and water productivity of the area was assessed by personnel interview of 20 farmers using pre-tested schedule during the year 2012-13. Data on current land and water productivity of prominent crops grown in the area are presented in Table 4.1. Water productivity of prevailing cropping systems in the area were also assessed (Table 4.2).
4.1.1 Major crops grown in the area 

On examination of data presented in Table 4.1, it is amply clear that in the area of study there are two important kharif crops - groundnut and clusterbean with average areas of 61.4 percent and 36.7 percent, respectively of the total cropped area predominantly grown by the farmers. While in rabi season, wheat with a share of 59.8 percent area was observed to be the most prominent crop. Chickpea and mustard ranked second and third with average areas of 26.9 percent and 17.4 percent respectively. From the Table, it is also evident that crops like cumin and isabgol were grown in negligible amount of area.
4.1.2 Seed yield and water productivity of major crops

Highest average seed yield of 2852.7 kg ha-1 was recorded with groundnut whereas lowest average seed yield of 438 kg ha-1 was registered with cumin crop. Seed yield values of the order of 2615.4 kg ha-1, 1635.1 kg ha-1, 1441.9 kg ha-1, 1140.6 kg ha-1, and 462 kg ha-1 were observed for wheat, chickpea, mustard, clusterbean and isabgol, respectively. Among rabi season crops, chickpea had highest water productivity in terms total water applied of 0.58 kg m-3 which was 18.36 and 20.83 percent higher than the water productivity of wheat and mustard, respectively. Among the two kharif season crops, groundnut had higher water productivity of the order of 0.45 kg m-3 as compared to 0.39 kg m-3 registered for clusterbean.
Table 4.1 Land and water productivity of different crops at Bajju, Bikaner 
	Crops
	Area

(%)
	Seed yield

(kg ha-1)
	Water applied

(mm)
	**Water productivity  (kg m-3)

	
	Range
	Mean± SD
	Range
	Mean ± SD
	Range
	Mean ± SD
	

	Kharif
	
	
	
	
	
	
	

	Groundnut
	44.2 - 74.2
	61.4 ± 8.8
	2359-3789
	2852.7 ± 361.1
	510.2 -750.2
	634.3 ± 72.7
	0.45

	Clusterbean
	43.4 - 54.1
	36.7 ± 9.1
	880-1374
	1140.6 ± 157.3
	240.8 - 349.2
	290.3 ± 35.4
	0.39

	Rabi
	
	
	
	
	
	
	

	Wheat
	45.0 - 74.3
	59.8 ± 6.7
	2245-3446
	2615.4 ± 360.4
	456.5 -620.7
	528.1 ± 48.7
	0.49

	Mustard
	10.0 - 20.0
	17.4 ±  8.0
	1234-1789
	1441.9 ± 181.1
	231.4 -356.7
	298.8 ± 42.8
	0.48

	Chick pea
	20.5 - 37.6
	26.9 ± 4.5
	1346-1792
	1635.1 ± 131.4
	189.4 - 356.4
	280.5± 56.5
	0.58

	Cumin*
	
	-
	-
	438
	-
	353
	0.12

	Isabgol*
	
	-
	-
	462
	-
	353
	0.13


* Cumin and isabgol cultivated areas were negligible. Only one farmer was growing these crops
**Water productivity= Water productivity in terms of seed yield per unit water applied

4.1.3 Water productivity of cropping systems 
Data on seed yield of different cropping systems are presented in Table 4.2. Highest seed yield of 5468 kg ha-1 was observed in groundnut-wheat cropping system followed by groundnut-mustard 4294.5 kg ha-1 and lowest yield of 2775.6 kg ha-1 was recorded with clusterbean-chickpea cropping system. Results further showed that highest water productivity was recorded in clusterbean-chickpea cropping system (0.49 kg m-3) followed closely by groundnut-wheat (0.47 kg m-3) and groundnut-mustard (0.46 kg m-3). Lowest water productivity of 0.33 kg m-3 was recorded in groundnut-cumin cropping system. Clusterbean-chickpea cropping system had 4.25, 48.48, 4.11 and 6.52 percent higher water productivity over groundnut-wheat, groundnut–cumin, groundnut–isabgol and groundnut-mustard cropping system, respectively.

Table 4.2 Land and water productivity of different cropping systems at Bajju, Bikaner
	Cropping Systems
	Seed yield

(kg ha-1)
	Water applied 

(mm)
	Water productivity

(kg m-3)

	Groundnut – wheat
	5468
	1162
	0.47

	Groundnut – cumin
	3291
	987
	0.33

	Groundnut – isabgol
	3315
	987
	0.34

	Groundnut – mustard
	4295
	933
	0.46

	Clusterbean – chickpea
	2776
	571
	0.49


4.2 Field experimentation

On the basis of survey conducted, representative farmer adopting traditional as well as improved cropping systems was selected, keeping in view the responsiveness, crops grown and irrigation facilities from the IGNP canal for field experimentation. Data on weather parameters during cropping season, irrigation water quality, initial soil condition at the time of crop sowing, tillage practices, crop management, amount of irrigation water applied, periodic growth observations, periodic soil moisture observations, seed, straw and biomass yield at the harvest of different crops were collected. Nitrogen content was analyzed in each crop to compute the nitrogen balance. Water balance, nitrogen balance, economics and physical water productivity of different crops and cropping system were computed for 2012-13 and 2013-14 growing seasons.
4.2.1 Soils of the experimental site

Data on physio-chemical properties of experimental soils studied up to 1 m depth, during 2012-13 and 2013-14 are presented in Table 4.3. Perusal of data on different soil properties clearly indicate that the bulk density, cation exchange capacity (CEC), pH, permanent wilting point (PWP) and field capacity (FC) ranged between 1.51 to 1.55 Mg m-3, 4.1 to 5.1 cmol (p+) kg-1, 7.5 to 8.0, 0.076 to 0.086 m3m-3 and 0.152 to 0.168 m3 m-3, respectively. CEC, pH, FC, PWP and water content of soil increased with increase in soil depth whereas bulk density, NO3-N, NH4-N, soil organic matter (SOM) and electrical conductivity (EC) decreased with increase in soil depth. The initial water content, NO3-N and NH4-N, SOC and EC ranged between 0.061 to 0.073 and 0.072 to 0.079 m-3 m-3, 9.12 to 14.37 and 9.13 to 11.92 kg ha-1, 25.09 to 37.28 and 19.92 to 29.57 kg ha-1, 0.06 to 0.13 and 0.07 to 0.12 percent and 0.09 to 0.17 and 0.11 to 0.18 dS m-1, respectively during the 2012-13 and 2013-14 growing seasons.
Table 4.3 Soil physical and chemical properties of experimental site

	Soil properties
	Soil Depth (m)

	
	0-0.15
	0.15-0.25
	0.25-0.50
	0.50-0.75
	0.75-1.00

	Sand (%)
	Y1
	86.5
	85.8
	84.8
	84.2
	83.7

	
	Y2
	86.4
	84.9
	85.7
	84.6
	84.5

	Silt (%)
	Y1
	7.7
	8.0
	8.7
	8.9
	9.2

	
	Y2
	7.8
	8.7
	8.5
	9.1
	9.3

	Clay (%)
	Y1
	5.5
	5.9
	6.2
	6.6
	6.8

	
	Y2
	5.8
	6.4
	5.8
	6.3
	6.2

	Bulk Density (Mg m-3)
	Y1
	1.55
	1.52
	1.52
	1.53
	1.52

	
	Y2
	1.54
	1.53
	1.54
	1.54
	1.51

	Cation Exchange Capacity 
(cmol kg-1)
	Y1
	4.1
	4.4
	4.5
	4.9
	5.1

	
	Y2
	4.3
	4.6
	4.4
	4.7
	4.8

	pH
	Y1
	7.5
	7.8
	7.9
	7.9
	8.0

	
	Y2
	7.6
	7.7
	7.8
	7.8
	7.9

	Field Capacity (m3m-3)
	Y1
	0.154
	0.158
	0.165
	0.168
	0.167

	
	Y2
	0.152
	0.155
	0.162
	0.167
	0.167

	Permanent Wilting Point (m3 m-3)
	Y1
	0.077
	0.079
	0.081
	0.083
	0.086

	
	Y2
	0.076
	0.078
	0.082
	0.083
	0.085

	Water content 

(m3 m-3)
	Y1
	0.061
	0.063
	0.065
	0.073
	0.073

	
	Y2
	0.073
	0.074
	0.072
	0.079
	0.075

	NO3-N 

(kg N ha-1)
	Y1
	14.37
	12.37
	11.59
	10.29
	9.12

	
	Y2
	11.92
	9.80
	11.39
	11.72
	9.13

	NH4-N 

(kg N ha-1)
	Y1
	37.28
	32.25
	30.24
	28.54
	25.09

	
	Y2
	29.57
	25.99
	26.66
	25.39
	19.92

	Soil Organic Matter (%)
	Y1
	0.13
	0.06
	0.08
	0.11
	0.11

	
	Y2
	0.12
	0.07
	0.07
	0.12
	0.11

	Electrical Conductivity (dS m-1)
	Y1
	0.17
	0.11
	0.12
	0.15
	0.09

	
	Y2
	0.18
	0.11
	0.12
	0.14
	0.11


*Y1 = 2012-13, Y2 = 2013-14
4.2.2 Water Quality

Data on chemical analysis of canal water are presented in Table 4.4. The quality of water used for irrigation was good. pH and EC ranged between 6.9 to 7.5 and 0.23 to 0.27 dS m-1, respectively. The ionic composition of cations and anions showed that  the Na+, K+, Ca2+, Mg2+, CO32-, HCO3-, Cl-, SO4- and NO3-N ions ranged from 0.73 to 0.82, 0.04 to 0.06, 1.72 to 1.81, 0.10 to 0.14, 1.21 to 1.52, 0.41 to 0.54, 0.68 to 0.82 and 0.22 to 0.28 me L-1, respectively.
Table 4.4 Chemical properties of the water (IGNP) used for experimentation
	Parameters
	Range
	Average
	Standard Deviation

	pH
	6.9-7.5
	7.2
	0.3

	EC (dS m-1)
	0.23-0.27
	0.25
	0.02

	CO32- (me L-1)
	0.10-0.14
	0.12
	0.02

	HCO3- (me L-1)
	1.21-1.52
	1.32
	0.18

	Cl- (me L-1)
	0.41-0.54
	0.46
	0.07

	SO42- (me L-1)
	0.68-0.82
	0.73
	0.08

	Na+ (me L-1)
	0.73-0.82
	0.78
	0.05

	K+ (me L-1)
	0.04-0.06
	0.05
	0.01

	Ca2+ + Mg2+ 

(me L-1)
	1.72-1.81
	1.75
	0.05

	NO-3 -N (me L-1)
	0.22-0.28
	0.25
	0.03


4.2.3 Seed, straw and aboveground biomass yield of different crops
Data on average seed, straw and aboveground biomass yield (ABY) of different crops are presented in Table 4.5. Highest yield of seed, straw and aboveground biomass was observed with groundnut, which was of the order of 2856, 4341 and 7197 kg ha-1 during 2012 growing season and 2926, 4473 and 7399 kg ha-1 during 2013. Similarly, clusterbean produced 1145, 3057 and 4202 kg ha-1 seed, straw and ABY in 2012 growing season and 1047, 2781 and 3828 kg ha-1 in 2013 growing season, respectively. 
Table 4.5 Observed seed and straw yield and aboveground biomass of different crops at Bajju, Bikaner
	Crops
	Seed yield 

(kg ha-1)
	Straw yield 

(kg ha-1)
	Aboveground biomass 
(kg ha-1)

	
	Range
	Mean ± SD
	Range
	Mean ± SD
	Range
	Mean ± SD

	Clusterbean
	Y1
	995 - 1305
	1145 ± 133
	2617 - 3533
	3057 ± 403
	3644 - 4980
	4202 ± 567

	
	Y2
	822 - 1357
	1047 ± 232
	2483 - 3020
	2781 ± 249
	2775 - 4368
	3828 ± 721

	Groundnut
	Y1
	2539 - 3045
	2856 ± 323
	3837 - 5207
	4341 ± 606
	6735 - 7445
	7197 ± 323

	
	Y2
	2664 - 3150
	2926 ± 245
	3883 - 5276
	4473 ± 675
	6487 - 7950
	7399 ± 647

	Wheat
	Y1
	2190 - 2770
	2470 ± 297
	2814 - 4040
	3401 ± 549
	5142 - 6742
	5871 ± 701

	
	Y2
	2585 - 3010
	2772 ± 186
	3329 - 4183
	3827 ± 380
	6189 - 7009
	6599 ± 335

	Mustard
	Y1
	1342 - 1590
	1458 ± 121
	2577 - 3312
	2977 ± 319
	3763 - 4979
	4435 ± 504

	
	Y2
	1466 - 1910
	1692 ± 213
	2762 - 3824
	3304 ± 513
	4697 - 5290
	4996 ± 257

	Chick pea
	Y1
	1386 - 1679
	1515 ± 125
	1690 - 2482
	2089 ± 404
	3034 - 4013
	3604 ± 424

	
	Y2
	1533 - 2010
	1791 ± 218
	1908 - 2315
	2137 ± 174
	3604 - 4077
	3928 ± 268

	Cumin
	Y1
	290 - 586
	438 ± 155
	464 - 898
	685 ± 201
	837 - 1434
	1123 ± 304

	
	Y2
	320 - 747
	502 ± 190
	760 - 1019
	901 ± 113
	1204 - 1663
	1403 ± 215

	Isabgol
	Y1
	350 - 652
	462 ± 133
	454 - 798
	623 ± 154
	784 - 1375
	1085 ± 289

	
	Y2
	469 - 668
	556.5 ± 105
	690 - 1045
	838.5 ± 160
	1272 - 1565
	1395 ±128


*Y1 = 2012-13, Y2 = 2013-14
Among rabi season crops, the average seed yields (kg ha-1) recorded during the year 2012-13 were to the tune of 2470 for wheat, 1458 for mustard, 1515 for chickpea, 438 for cumin and 462 for isabgol. Similarly during 2013-14, the average seed yields (kg ha-1) recorded were of the order of 2772 for wheat, 1692 for mustard, 1791 for chickpea, 502 for cumin and 556 for isabgol. Amongst all the rabi season crops, wheat yielded 69.4, 63.0, 463.9 and 434.6 percent higher seed yield during 2012-13 and 63.8, 54.8, 452.2 and 398.1 percent higher during 2013-14 as compared to mustard, chickpea, cumin and Isabgol, respectively. Similarly, with respect to total biomass production, wheat gave highest ABY followed by mustard, chickpea, cumin and isabgol, respectively.
4.2.4 Yield of cropping system

Data regarding seed and biomass yield of different cropping systems at experimental site during 2012-13 and 2013-14 are presented in Table 4.6 and figs. 4.1 and 4.2. A perusal of data clearly indicates that in different cropping systems the seed and biomass yield varied respectively from 2660 to 5326 kg ha-1 and 7806 to 13068 kg ha-1 during 2012-13 and 2838 to 5698 kg ha-1 and 7756 to 13998 kg ha-1 during 2013-14. During both the years, groundnut-wheat cropping system recorded highest seed yield of the order of 5326 and 5698 kg ha-1 and biomass yield of 13068 and 13998 kg ha-1, respectively. Clusterbean–chickpea recorded lowest seed yields of 2660 and 2838 kg ha-1 and biomass yields of 7806 and 7756 kg ha-1 during 2012-13 and 2013-14, respectively. Groundnut-wheat cropping system showed 61.7 and 66.2, 60.5 and 63.5, 23.5 and 23.3 and 100.2 and 100.7 percent higher seed and 57.1 and 59.0, 57.8 and 59.2, 12.3 and 12.9 and 67.4 and 80.4 percent higher biomass yield over groundnut–cumin, groundnut–isabgol, groundnut-mustard and clusterbean-chickpea during 2012-13 and 2013-14, respectively.
Table 4.6 Seed and biomass yield of different cropping systems at Bajju, Bikaner 
	Cropping systems
	Seed yield 

(kg ha-1)
	Biomass yield 
(kg ha-1)

	
	2012-13
	2013-14
	2012-13
	2013-14

	Groundnut - wheat
	5326
	5698
	13068
	13998

	Groundnut - cumin
	3294
	3428
	8320
	8802

	Groundnut - isabgol
	3318
	3483
	8282
	8794

	Groundnut - mustard
	4314
	4618
	11632
	12395

	Clusterbean - chickpea
	2660
	2838
	7806
	7756


4.2.5 Water balance


Data on soil-water balance components for different crops at experimental site during 2012-13 and 2013-14 growing season are presented in Table 4.7 and figs. 4.3 and 4.4. Water used by different crops varied from 289.2 to 728.9 mm and 188.0 to 619.6 mm during 2012-13 and 2013-14, respectively. 
The highest water use of 728.9 and 619.6 mm was observed with groundnut and lowest water use to the order of 289.2 and 188.0 mm was observed with chickpea in 2012-13 and 2013-14, respectively. Evapotranspiration (ET) losses recorded with different crops ranged from 84.5 to 664.9 and 90.5 to 530.5 mm in 2012-13 and 2013-14, respectively. The highest ET loss was observed with groundnut (664.9 and 530.5 mm) followed by wheat (264.1and 330.6 mm), clusterbean (205.6 and 183.7 mm), mustard (168.5 and 174.7 mm), chickpea (154.4 and 121.8 mm), cumin (92.6 and 92.4 mm) and isabgol (84.5 and 90.5 mm) during 2012-13 and 2013-14, respectively. The deep drainage of water varied from 13.7 mm to 189.4 mm during 2012-13 and 15.2 mm to 152.0 mm during 2013-14. The highest deep drainage of the magnitude of 189.4 mm and 152.0 mm during year 2012-13 and 2013-14, was recorded with isabgol crop of the total water applied, the ET share varied from 23.9 to 91.2 percent and 28.9 to 85.6 percent during 2012-13 and 2013-14, respectively (figs. 4.3 and 4.4). Similarly, the deep drainage share varied from 1.8 to 53.5 percent during 2012-13 and 5.7 to 48.5 percent during 2013-14 out of the total applied water.
4.2.6 Economic analysis


The economic analyses reflect the crop productivity in economic term thereby helping in analyzing the water productivity in monetary terms. 
Table 4.7 Soil water balance components for different crops at Bajju, Bikaner 
	Crop
	Water balance components

	
	Inputs (mm)
	Losses (mm)

	
	Irrigation

(I)
	Rainfall

(R)
	Total

(I + R)
	*ET
	Drainage

(D)

	Stored soil

moisture (S)

	2012-13

	Clusterbean
	187.2
	162.0
	349.2
	205.6
	82.4
	61.2

	Groundnut
	520.0
	208.9
	728.9
	664.9
	13.7
	50.3

	Wheat
	478.4
	20.2
	498.6
	264.1
	170.0
	64.5

	Mustard
	332.8
	17.7
	350.5
	168.5
	120.5
	61.5

	Chickpea
	270.4
	18.8
	289.2
	154.4
	79.3
	55.5

	Cumin
	332.8
	20.2
	353.0
	92.6
	174.9
	85.5

	Isabgol
	332.8
	20.2
	353.0
	84.5
	189.4
	79.1

	2012-13

	Clusterbean
	124.8
	140
	264.8
	183.7
	29.7
	51.4

	Groundnut
	416.0
	203.6
	619.6
	530.5
	30.7
	58.4

	Wheat
	540.8
	6.4
	547.2
	330.6
	144.6
	72.0

	Mustard
	249.6
	1.0
	250.6
	174.7
	18.2
	57.7

	Chickpea
	187.0
	1.0
	188.0
	121.8
	15.2
	51.0

	Cumin
	249.6
	1.0
	250.6
	92.4
	88.9
	69.3

	Isabgol
	312.0
	1.0
	313.0
	90.5
	152.0
	70.5


*ET= Evapo-transpiration
Data on economic comparison between different crops and cropping systems are presented in Tables 4.8 and 4.9. Highest cost of cultivation of [image: image1.png]


34096 and 35716 ha-1 was registered with groundnut during kharif seasons of 2012 and 2013, respectively. Groundnut earned highest as gross return of [image: image2.png]


158793 and 143021 ha-1 and net return of [image: image3.png]


124697 and 107304 ha-1 during years 2012 and 2013, respectively. However, clusterbean had lowest cost of cultivation during 2012 and 2013 of [image: image4.png]


13856 and 14156  ha-1 and earned [image: image5.png]


101533 and 51974 ha-1 as gross return and [image: image6.png]


87677 and 37818 ha-1 as net return, respectively. The observed increase in net return of groundnut was 42.2 and 183.7 percent over clusterbean during kharif seasons of 2012 and 2013, respectively.
Data on cost of cultivation, gross return and net return of rabi season crops grown at the experimental site during 2012-13 and 2013-14 are presented Table 4.8. Highest cost of cultivation of [image: image7.png]


25544 and 27080 ha-1 was recorded with wheat followed by chickpea, mustard, isabgol and cumin to the tune of [image: image8.png]


19920 and 20220 ha-1, [image: image9.png]


15587 and 17291 ha-1, [image: image10.png]


14662 and 14962 ha-1, and [image: image11.png]


13406 and 14180 ha-1, respectively during 2012-13 and 2013-14. Cumin registered lowest cost of cultivation. Chickpea gave maximum gross return of [image: image12.png]


67338 and 71610 ha-1 and net return of [image: image13.png]


47418 and 51390 during 2012-13 and 2013-14, respectively. Isabgol registered lowest gross and net return of the order of [image: image14.png]


36260 and 48453 ha-1 and [image: image15.png]


21598 and 33491 during rabi season 2012-13 and 2013-14. Wheat, mustard and cumin gave gross return [image: image16.png]


55594 and 67976 ha-1, [image: image17.png]


58503 and 59060 ha-1 and 57220 ha-1 and [image: image18.png]


56700 ha-1 and net return [image: image19.png]


30050 and 40896 ha-1, [image: image20.png]


42916 and 41769 ha-1 and 43814 ha-1 and [image: image21.png]


42520 ha-1 during 2012-13 and 2013-14, respectively. The observed increase (percent) in net return of chickpea was 57.8, 10.5, 8.2 and 119.5 in 2012-13 and 25.7, 23.0, 20.9, and 53.4 in 2013-14 over wheat, mustard, cumin and isabgol, respectively.
Table 4.8 Economics of different crops at Bajju, Bikaner 

	Crops
	Cost of cultivation

([image: image22.png]


ha-1)
	Gross return

([image: image23.png]


ha-1)
	Net return

([image: image24.png]


ha-1)
	±B:C 
ratio

	Clusterbean
	Y1
	13856
	101533
	87677
	7.3

	
	Y2
	14156
	51974
	37818
	3.7

	Groundnut
	Y1
	34096
	158793
	124697
	4.7

	
	Y2
	35716
	143021
	107304
	4.0

	Wheat
	Y1
	25544
	55594
	30050
	2.2

	
	Y2
	27080
	67976
	40896
	2.5

	Mustard
	Y1
	15587
	58503
	42916
	3.8

	
	Y2
	17291
	59060
	41769
	3.4

	Chickpea
	Y1
	19920
	67338
	47418
	3.4

	
	Y2
	20220
	71610
	51390
	3.5

	Cumin
	Y1
	13406
	57220
	43814
	4.3

	
	Y2
	14180
	56700
	42520
	4.0

	Isabgol
	Y1
	14662
	36260
	21598
	2.5

	
	Y2
	14962
	48453
	33491
	3.2


*Y1 = 2012-13, Y2 = 2013-14; ±: beneft:cost ratio
Data further revealed that the cost of cultivation, gross and net return of different cropping systems ranged from [image: image25.png]


33776 to 59640, [image: image26.png]


168870 to 217296 and [image: image27.png]


135094 to 168511 during 2012-13 while [image: image28.png]


34376 to 62796, [image: image29.png]


123583 to 202081 and [image: image30.png]


89207 to 149824, respectively in 2013-14 (figs. 4.5 and 4.6). Highest cost of cultivation of [image: image31.png]


59640 and 62796 ha-1 was recorded with groundnut-wheat cropping system followed by groundnut-mustard, groundnut-isabgol, groundnut-cumin and clusterbean-chickpea cropping system of the order of [image: image32.png]


49683 and 53007 ha-1, [image: image33.png]


48758 and 50678 ha-1 and 47502 ha-1 and [image: image34.png]


49896 ha-1 and 33776 ha-1 and [image: image35.png]


34376 ha-1, respectively during 2012-13 and 2013-14. Clusterbean-chickpea cropping system had lowest cost of cultivation during both years. Groundnut-mustard cropping system gave maximum gross return of [image: image36.png]


217296 ha-1 during 2012-13 while, during 2013-14 groundnut-wheat cropping system gave maximum gross return of [image: image37.png]


210997 ha-1. In terms of net return, groundnut-cumin cropping system recorded highest in both years of the order of [image: image38.png]


168511 and 149824 ha-1 during 2012-13 and 2013-14, respectively. Groundnut-cumin cropping system had 8.9, 15.2, 0.5 and 24.7 percent higher net returns during 2012-13 and 1.1, 6.4, 0.5 and 67.9 percent higher net returns during 2013-14 over groundnut-wheat, groundnut–isabgol, groundnut-mustard and clusterbean-chickpea cropping system during 2012-13 and 2013-14, respectively. Clusterbean-chickpea cropping system gave lowest gross and net return of [image: image39.png]


168870 and 123583 ha-1 and [image: image40.png]


135094 and 89207 ha-1 with highest benefit:cost (B:C) ratio during 2012-13 and 2013-14, respectively. 

Table 4.9 Economics of different cropping systems at Bajju, Bikaner
	Cropping systems
	Cost of cultivation
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ha-1)
	Gross return
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ha-1)
	Net return
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ha-1)
	±B:C 
Ratio

	Groundnut – wheat
	*Y1
	59640
	214387
	154747
	3.6

	
	*Y2
	62796
	210997
	148200
	3.4

	Groundnut – cumin
	Y1
	47502
	216013
	168511
	4.5

	
	Y2
	49896
	199721
	149824
	4.0

	Groundnut – isabgol
	Y1
	48758
	195053
	146295
	4.0

	
	Y2
	50678
	191474
	140795
	3.8

	Groundnut – mustard
	Y1
	49683
	217296
	167613
	4.4

	
	Y2
	53007
	202081
	149073
	3.8

	Clusterbean-chickpea
	Y1
	33776
	168870
	135094
	5.0

	
	Y2
	34376
	123583
	89207
	3.6


*Y1 = 2012-13, Y2 = 2013-14; ±: beneft:cost ratio
Data on pooled analysis (2012-2013 and 2013-2014 combined) of economics of both crop growing years for different crops and cropping systems are presented in Tables 4.10 and 4.11, respectively. From Table 4.10 it is evidently clear that amongst the kharif the season crops, highest cost of cultivation of [image: image44.png]


34906 ha-1 was registered with groundnut. Groundnut earned highest gross return of [image: image45.png]


150907 ha-1 and net return of [image: image46.png]


116001 ha-1. However, clusterbean showed lowest cost of cultivation of [image: image47.png]


14006 ha-1 and earned [image: image48.png]


76753 ha-1 as gross return and [image: image49.png]


62747 ha-1 as net return, respectively. The observed increase in net return of groundnut was of order of 84.8 percent over clusterbean. Among rabi season crops, highest cost of cultivation of [image: image50.png]


26312 ha-1 was recorded with wheat followed by chickpea, mustard and isabgol to tune of [image: image51.png]


20070, [image: image52.png]


16439, and [image: image53.png]


14812, respectively. Whereas cumin had lowest cost of cultivation of [image: image54.png]


13793 ha-1. Chickpea gave maximum gross return of [image: image55.png]


69474 ha-1 and net return of [image: image56.png]


49404 ha-1, respectively. Isabgol registered lowest gross and net return of the order of [image: image57.png]


42357 and 27544 ha-1, respectively. Wheat, mustard and cumin gave gross return of [image: image58.png]


61785, 58782 and 56960 ha-1 and net return [image: image59.png]


35473, 42342 and 43167 ha-1, respectively. The observed increase in net return of chickpea was 39.3, 16.7, 14.4 and 79.4 percent higher over wheat, mustard, cumin and isabgol, respectively. 

Data in Table 4.11 reveals that the pooled cost of cultivation, gross and net return of different cropping systems, ranged from [image: image60.png]


34076 to 61218, [image: image61.png]


146227 to 212692 and [image: image62.png]


112151 to 159167 ha-1, respectively. Highest cost of cultivation of [image: image63.png]


 61218 ha-1 was recorded with groundnut-wheat cropping system followed by groundnut-mustard, groundnut-isabgol and groundnut-cumin cropping system with the magnitude of [image: image64.png]


51345, 49417, and 48699 ha-1, respectively. Clusterbean-chickpea cropping system had lowest cost of cultivation of [image: image65.png]


34076 ha-1. Groundnut-wheat cropping system gave maximum gross return of [image: image66.png]


212692 ha-1. In case of net return groundnut-cumin cropping system recorded highest of the order of [image: image67.png]


159167 ha-1. Groundnut-cumin cropping system had 5.1, 10.9, 0.5 and 41.9 percent higher net returns over groundnut-wheat, groundnut–isabgol, groundnut-mustard and clusterbean-chickpea cropping system, respectively. Clusterbean-chickpea cropping system gave lowest gross and net return of [image: image68.png]


146227 and 112125 ha-1.
Table 4.10 Pooled economics of different crops at Bajju, Bikaner 
	Crops
	Cost of cultivation
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ha-1)
	Gross return
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ha-1)
	Net return
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ha-1)
	B:C
ratio

	Clusterbean
	14006
	76753
	62747
	5.5

	Groundnut
	34906
	150907
	116001
	4.3

	Wheat
	26312
	61785
	35473
	2.3

	Mustard
	16439
	58782
	42342
	3.6

	Chick pea
	20070
	69474
	49404
	3.5

	Cumin
	13793
	56960
	43167
	4.1

	Isabgol
	14812
	42357
	27544
	2.9


Table 4.11 Pooled economics of different cropping systems at Bajju, Bikaner
	Cropping systems
	Cost of cultivation
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ha-1)
	Gross return
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ha-1)
	Net return
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ha-1)
	B:C 

Ratio

	Groundnut – wheat
	61218
	212692
	151474
	3.5

	Groundnut – cumin
	48699
	207867
	159167
	4.3

	Groundnut – isabgol
	49718
	193263
	143545
	3.9

	Groundnut – mustard
	51345
	209688
	158343
	4.1

	Clusterbean-chickpea
	34076
	146227
	112151
	4.3


4.2.7 Water productivity of cropping system

Data on water Productivity (WP) of different cropping systems obtained at experimental site during 2012-13 and 2013-14 are presented in Table 4.12 and figs. 4.7-4.10. WP in terms of biological yield varied from 0.77 to 1.22 and 0.94 to 1.71 kg m-3 and for seed yield varied from 0.30 to 0.43 and 0.37 to 0.63 kg m-3 during 2012-13 and 2013-14. Clusterbean-chickpea cropping system recorded highest WP of the order of 1.22 and 1.71 kg m-3 and 0.42 and 0.63 kg ha-3 for biological and seed yield during 2012-13 and 2013-14, respectively, followed by groundnut-mustard cropping system with 1.08 and 1.41 kg m-3 and 0.40 and 0.53 kg m-3 during 2012-13 and 2013-14, respectively, for biological and seed yield. In terms of WP through biological yield and seed yield, groundnut-cumin and groundnut-isabgol cropping systems were at par and lowest in comparison to other cropping systems during 2012-13 and 2013-14. Groundnut-wheat cropping system recorded WP for biological and seed yield of the order of 1.06 and 1.20 kg m-3 and 0.43 and 0.49 kg m-3 during 2012-13 and 2013-14. On the other hand, WP for gross return varied from 174.7 to 264.5 and 180.8 to 272.9 [image: image75.png]


 ha-1 mm and for net return, it ranged from 126.1 to 211.6 and 127.0 to 197.0 [image: image76.png]


ha-1 mm for different cropping systems, respectively during 2012-13 and 2013-14.
WP in terms of water use (WPET) varied from 1.10 to 2.17 and 1.41 to 2.54 kg m-3 for biological yield and 0.43 to 0.74 and 0.55 to 0.93 kg m-3 for seed yield. Clusterbean-chickpea cropping system recorded highest WPET of 2.17 and 2.54 kg m-3 for biological yield and 0.74 and 0.93 kg m-3 for seed yield whereas groundnut-cumin recorded lowest WPET 1.10 and 1.41 kg m-3 and 0.43 and 0.55 kg m-3 of biological and seed yield respectively during 2012-13 and 2013-14. Highest WP for gross and net return was registered with clusterban-chickpea cropping system and lowest with groundnut-wheat cropping system. Clusterbean-chickpea cropping system had 67.8, 35.8, 56.5 and 36.3 percent and 55.1, 14.4, 30.5 and 15.0 percent higher net returns over groundnut-wheat, groundnut-cumin, groundnut-isabgol and groundnut- mustard cropping system during 2012-13 and 2013-14, respectively. The WPET in terms of gross returns ranged from 230.8 to 469.1 and 245.0 to 404.5 [image: image77.png]


ha-1 mm and in terms of net return, it ranged  from 166.6 to 375.3  and 172.1  to 292.0 [image: image78.png]


ha-1 mm for different cropping systems, respectively during 2012-13 and 2013-14.
Table 4.12 Water productivity of different cropping systems at Bajju, Bikaner
	Cropping systems
	Water productivity
(kg m-3)
	Monetary return

([image: image79.png]


ha-1 mm)

	
	*WPBY
	**WPSY
	Gross Return
	Net Return

	2012-13
	
	
	
	

	Water productivity (in terms of water applied)

	Groundnut - wheat
	1.06
	0.43
	174.7
	126.1

	Groundnut - cumin
	0.77
	0.03
	199.7
	155.8

	Groundnut - isabgol
	0.77
	0.31
	180.3
	135.2

	Groundnut - mustard
	1.08
	0.40
	201.3
	155.3

	Clusterbean - chickpea
	1.22
	0.42
	264.5
	211.6

	Water productivity (In terms of water used) WPET

	Groundnut - wheat
	1.41
	0.57
	230.8
	166.6

	Groundnut - cumin
	1.10
	0.43
	285.2
	222.5

	Groundnut - isabgol
	1.11
	0.44
	260.3
	195.2

	Groundnut - mustard
	1.40
	0.52
	260.7
	201.1

	Clusterbean - chickpea
	2.17
	0.74
	469.1
	375.3

	2013-14
	
	
	
	

	Water productivity (in terms of water applied)

	Groundnut - wheat
	1.20
	0.49
	180.8
	127.0

	Groundnut - cumin
	1.01
	0.39
	229.5
	172.2

	Groundnut - isabgol
	0.94
	0.37
	205.3
	151.0

	Groundnut - mustard
	1.41
	0.53
	232.2
	171.3

	Clusterbean - chickpea
	1.71
	0.63
	272.9
	197.0

	Water productivity (In terms of water used) WPET

	Groundnut - wheat
	1.63
	0.66
	245.0
	172.1

	Groundnut - cumin
	1.41
	0.55
	320.6
	240.5

	Groundnut - isabgol
	1.42
	0.56
	308.3
	226.7

	Groundnut - mustard
	1.76
	0.65
	286.6
	211.4

	Clusterbean - chickpea
	2.54
	0.93
	404.5
	292.0


* WPBY = Water productivity In terms of biological yield
**WPSY = Water productivity In terms of seed yield
Groundnut-wheat, groundnut-mustard, groundnut-cumin and groundnut-isabgol cropping system gave at par results for WPET. However, during both years, groundnut-isabgol cropping system recorded highest WPET in terms of monetary return i.e., gross as well as net, while lowest return was observed with groundnut-wheat cropping system. Clusterbean-chickpea cropping system had 125.2, 68.7, 92.3 and 86.6 percent and 69.7, 21.4, 28.8 and 38.1 percent higher net returns over groundnut-wheat, groundnut-cumin, groundnut-isabgol and groundnut-mustard cropping systems during 2012-13 and 2013-14, respectively.

4.2.8 N-uptake

Data on N-uptake by different kharif and rabi season crops are presented in Table 4.13. Data clearly show that groundnut and chickpea recorded highest N-uptake of the order of 122.3 and 134.2 kg ha-1 and 67.0 and 71.0 kg ha-1 among kharif and rabi season crops during both years. Clusterbean in kharif and isabgol in rabi season recorded lowest N-uptake of 47.3 and 46.2 kg ha-1 and 13 kg ha-1 and 15 kg ha-1 during 2012-13 and 2013-14, respectively. The observed increase in N-uptake by groundnut was 158.5 and 190.5 percent higher than clusterbean during 2012 and 2013, respectively. Among the rabi season crops chickpea recorded highest N-uptake. The greater N-uptake by chickpea was to the tune of 8.0, 17.5, 294.1 and 415.4 percent during 2012-13 and 1.9, 11.1, 222.7 and 373.3 percent during 2013-14 as compared to wheat, mustard, cumin and isabgol, respectively.
Table 4.13 N-uptake of different crops at Bajju, Bikaner
	Crops
	N-uptake (kg ha-1)

	
	2012-13
	2013-14

	Clusterbean
	47.3
	46.2

	Ground nut
	122.3
	134.2

	Wheat
	62.0
	69.7

	Mustard
	57.0
	63.9

	Chickpea
	67.0
	71.0

	Cumin
	17.0
	22.0

	Isabgol
	13.0
	15.0


4.2.9 Nitrogen balance

Data on nitrogen balance of experimental site during 2012-13 and 2013-14 are presented Table 4.14. Initial and added nitrogen in soil varied among crops. The total nitrogen in soil ranged from 111.5 to 167.2 and 107.8 to 166.3 kg N ha-1 during 2012-13 and 2013-14. Among different crops, wheat had highest total nitrogen followed by mustard and groundnut. Residual nitrogen in soil varied from 19.2 to 105.2 and 14.0 to 96.6 kg ha-1 during 2012-13 and 2013-14, respectively. During both years, highest residual nitrogen in soil of the order of 105.2 and 96.6 kg ha-1 was recorded with wheat crop, whereas lowest residual soil nitrogen of 19.2 and 14.0 kg ha-1 was registered with groundnut crop.
Table 4.14 Nitrogen balance for different crops at Bajju, Bikaner

	Component
	Crop

	
	Clusterbean
	Groundnut
	Wheat
	Mustard
	Chick pea
	Cumin
	Isabgol

	Initial Nitrogen

(kg ha-1) (A)
	*Y1
	94.6
	111.5
	87.2
	85.4
	97.3
	98.2
	96.5

	
	*Y2
	95.3
	118.2
	86.3
	84.2
	96.1
	95.3
	92.8

	Nitrogen added

(kg ha-1) (B)
	Y1
	25.0
	30.0
	80.0
	60.0
	20.0
	15.0
	15.0

	
	Y2
	20.0
	30.0
	80.0
	60.0
	20.0
	15.0
	15.0

	Total Nitrogen

(kg ha-1) (A+B =C)
	Y1
	119.6
	141.5
	167.2
	145.4
	117.3
	113.2
	111.5

	
	Y2
	115.3
	148.2
	166.3
	144.2
	116.1
	110.3
	107.8

	Plant uptake

(kg ha-1) (D)
	Y1
	47.3
	122.3
	62.0
	57.2
	66.8
	17.3
	28.0

	
	Y2
	46.2
	134.2
	69.7
	63.9
	71.0
	22.0
	26.0

	Residual Nitrogen in soil (kg ha-1) (E)
	Y1
	72.3
	19.2
	105.2
	88.2
	50.5
	95.9
	83.5

	
	Y2
	69.1
	14.0
	96.6
	80.3
	45.1
	88.3
	81.8


*Y1 = 2012-13, Y2 = 2013-14
4.3 Model calibration

CropSyst crop simulation model was calibrated for five rabi season crops (wheat, mustard, chickpea, cumin and isabgol) and two kharif season crops (groundnut and cluster bean) during year 2012-2013. For calibration, some required parameters such as related to crop transpiration, canopy growth were kept at model default value with slight adjustment within a small range, while other parameters were measured and modified from default values, during the calibration process to improve the model’s prediction accuracy. For the parameters that could be fixed, a range of realistic values were determined, based on experimental data and literature. During calibration, latter parameters were adjusted by running the model with various combinations of values within these realistic ranges. The measured AGB, grain yield, N-uptake, green area index (GAI) and soil moisture parameters were compared with the simulated values to assess and improve the model performance statistics.
4.3.1 Calibration for clusterbean

To calibrate model for clusterbean, measured data of GAI (LAI), seed yield, AGB, N-uptake and soil moisture content were used to determine the best set of crop modelling parameters. 

Data on observed and simulated green area index (GAI) are presented in Table 4.15. It clearly indicates that simulated values for GAI of clusterbean at different growth stages are in good agreement with observed values with RMSE of 0.2810.

Table 4.15 Observed and simulated values for GAI of clusterbean grown at Bajju, Bikaner
	Measurement dates
	Green area index (m2 m-2)

	
	Observed
	Simulated

	05-09-2012
	0.3840
	0.1191

	26-09-2012
	2.2920
	1.9655

	17-10-2012
	3.5880
	3.9410

	08-11-2012
	0.1304
	0.0110

	RMSE
	0.2810


Data simulated for seed yield, AGB and N-uptake are presented in Table 4.16. The simulated seed yield of 1148 kg ha-1 of clusterbean, matched well with the observed yield of 1145 kg ha-1 with absolute and relative errors of 3.0 and 0.3%, respectively. Simulation of AGB development of clusterbean also matched well with the field data. The observed AGB of 4202 kg ha-1 was slightly lower than simulated AGB value of 4273 kg ha-1 with an absolute and relative errors of 71 and 1.7, respectively. Similarly, simulation of N-uptake by clusterbean also matched well with the observed data. The simulated N-uptake of 40.2 kg ha-1 was, however, little lower than observed N-uptake of 47.3 kg ha-1 with absolute and relative errors of 7.1 and 15.0%, respectively.

Table 4.16 Quantitative measures of model performance for yield, aboveground biomass (AGB) and N-uptake of clusterbean during calibration period 
	Particular 
	Observed (kg ha-1)
	Simulated (kg ha-1) 
	Absolute error
(%)
	Relative error (%)

	Seed yield 
	1145
	1148
	3
	0.3

	AGB
	4202
	4273
	71
	1.7

	N-uptake
	47.3
	40.2
	7.1
	15.0


Data presented in Table 4.17 show the RMSE, RRMSE, correlation coefficient and index of agreement values for soil moisture content. It indicates that RMSE values for moisture content ranged from 0.0183 to 0.0445, in the different soil layers, while for 0-100 cm soil depth the RMSE value was of the order of 0.0252. Simulated value of soil moisture content matched well with observed values in most of the layers up to 100 cm (fig 4.11). The index of agreement was 0.87 in soil depth of 0-100 cm. No systematic under- or over-prediction of moisture content and small differences between the observed and simulated moisture content along with low magnitude values of RMSE reveal that soil moisture movement was well-predicted by CropSyst at the field level.
Table 4.17 Quantitative measures of model performance for soil moisture under clusterbean during calibration period
	Soil layer, cm
	RMSE
	RRMSE
	Correlation

coefficient
	Index of agreement

	0-100
	0.0252
	20
	0.870
	0.87

	0-10
	0.0196
	17
	0.920
	0.87

	10-20
	0.0183
	14
	0.943
	0.91

	20-30
	0.0445
	38
	0.629
	0.70

	30-40
	0.0204
	15
	0.934
	0.91

	40-50
	0.0204
	15
	0.926
	0.90

	50-60
	0.0227
	17
	0.917
	0.89

	60-70
	0.0307
	24
	0.817
	0.80

	70-80
	0.0236
	19
	0.920
	0.88

	80-90
	0.0202
	16
	0.928
	0.92

	90-100
	0.0199
	16
	0.935
	0.92


4.3.2 Calibration for groundnut

For calibration of model for groundnut crop growth, data of GAI, seed yield, AGB, N-uptake and soil moisture content were used to determine the best set of crop modelling parameters. 

Data of observed and simulated GAI are presented in Table 4.18. It is evident that simulated GAI at different growth stages matched well with the observed GAI (RMSE of 0.2410).

Table 4.18 Observed and simulated values for GAI of groundnut grown at bajju, Bikaner
	Measurement date
	Green area index (m2 m-2)

	
	Observed
	Simulated

	14-06-2012
	0.1912
	0.0378

	10-07-2012
	1.6329
	1.2294

	26-07-2012
	2.8348
	3.0300

	08-09-2012
	0.3864
	0.4701

	RMSE
	0.241


Data on observed and simulated seed yield, AGB and N-uptake are presented in Table 4.19. It clearly indicates that simulated seed yield of 2942 kg ha-1 is in good agreement with the observed seed yield value of 2856 kg ha-1 with absolute and relative errors of 86 and 3.0, respectively. Similarly, simulated value of AGB of groundnut also showed good match with the observed data. The observed AGB of 7197 kg ha-1 was slightly lower than simulated value of 7356 kg ha-1 with an absolute and relative errors of 159 and 2.2, respectively. Further, simulated value of N-uptake showed fair match with the observed data. The simulated N-uptake of 108.3 kg ha-1 was slightly lower than observed N-uptake of 122.3 kg ha-1 with absolute and relative errors of 14 and 11.4%, respectively.

Table 4.19 Quantitative measures of model performance for yield, AGB and N-uptake of groundnut during calibration period
	Particular 
	Observed (kg ha-1)
	Simulated (kg ha-1) 
	Absolute error
(%)
	Relative error (%)

	Seed yield
	2856
	2942
	86
	3.0

	AGB
	7197
	7356
	159
	2.2

	N-uptake
	122.3
	108.3
	14
	11.4


Data presented in Table 4.20 show the values of RMSE, RRMSE, correlation coefficient and index of agreement for soil moisture under groundnut crop. 
Table 4.20 Quantitative measures of model performance for soil moisture under groundnut during calibration period
	Soil layer, cm
	RMSE
	RRMSE
	Correlation

coefficient
	Index of agreement

	0-100
	0.0096
	6
	0.902
	0.82

	0-10
	0.0062
	5
	0.974
	0.95

	10-20
	0.0062
	4
	0.932
	0.91

	20-30
	0.0103
	7
	0.482
	0.59

	30-40
	0.0081
	5
	0.959
	0.86

	40-50
	0.0090
	6
	0.855
	0.72

	50-60
	0.0115
	8
	0.791
	0.56

	60-70
	0.0120
	8
	0.686
	0.42

	70-80
	0.0115
	7
	0.421
	0.39

	80-90
	0.0098
	6
	0.867
	0.43

	90-100
	0.0094
	6
	0.844
	0.61


It clearly indicates that the values of RMSE of moisture content ranged  from 0.0062 to 0.0115 in different soil layers, while for 0-100 cm soil depth the value of RMSE was of the order of 0.0096. These low values of RMSE reveal that soil moisture movement was well predicted by CropSyst model at the field level. Simulated value of soil moisture content matched well with observed values in the soil layers up to 100 cm (Fig 4.12). The index of agreement was 0.82 for soil depth of 0-100 cm. 

4.3.3 Calibration for wheat

To calibrate the model for wheat, data of GAI, seed yield, AGB, N-uptake and soil moisture content were used to determine the best set of crop modelling parameters. 

Data of observed and simulated GAI are presented in Table 4.21. A perusal of the Table indicates that simulated values of GAI of wheat at different growth stages was in good agreement with observed GAI was indicated by low RMSE of 0.1980.

Table 4.21 Observed and simulated values for GAI of wheat grown at bajju, Bikaner


	Measurement date
	Green Area Index (m2 m-2)

	
	Observed
	Simulated

	12-01-2013
	0.1934
	0.1450

	11-02-2013
	2.9240
	3.2139

	09-03-2013
	1.7041
	1.4774

	21-03-2013
	0.1511
	0.0110

	RMSE
	0.1980


Data on simulation of seed yield, AGB and N-uptake was presented in Table 4.22. The simulated seed yield of 2047 kg ha-1 and observed yield of 2470 kg ha-1 of wheat varied with absolute and relative errors of 423 and 17.1%, respectively. The observed AGB of 5871 kg ha-1 was higher than simulated AGB value of 5111 kg ha-1 with absolute and relative errors of 760 and 12.9%, respectively. Simulation of N-uptake by wheat closely corresponded with the observed data. The simulated N-uptake of 61.1 kg ha-1 was very close to the observed N-uptake of 62.0 kg ha-1 with absolute and relative errors of 0.9 and 1.5%, respectively.

Table 4.22 Quantitative measures of model performance for yield, AGB and N-uptake of wheat during calibration period
	Particular 
	Observed (kg ha-1)
	Simulated (kg ha-1) 
	Absolute error
(%)
	Relative error (%)

	Seed yield
	2470
	2047
	423
	17.1

	AGB
	5871
	5111
	760
	12.9

	N-uptake
	62.0
	61.1
	0.9
	1.5


Data presented in Table 4.22 show the RMSE, RRMSE, correlation coefficient and index of agreement values for soil moisture content. An examination of the Table indicates that RMSE values for moisture content ranged from 0.0301 to 0.0436, in the different soil layers, while for 0-100 cm soil depth the RMSE values was of the order of 0.0400. Simulated value of soil moisture content matched well with observed values in most of the layers up to 100 cm (fig 4.13). The index of agreement was 0.84 for soil depth of 0-100 cm. No systematic under- or over-prediction of moisture content and small differences between the observed and simulated moisture content along with low magnitude values of RMSE reveal that soil moisture movement was predicted well by CropSyst model at the field level. 
Table 4.23 Quantitative measures of model performance for soil moisture under wheat during calibration period
	Soil layer,

cm
	RMSE
	RRMSE
	Correlation coefficient
	Index of

agreement

	0-100
	0.0400
	24
	0.748
	0.84

	0-10
	0.0301
	28
	0.836
	0.91

	10-20
	0.0401
	24
	0.713
	0.83

	20-30
	0.0425
	25
	0.696
	0.82

	30-40
	0.0424
	24
	0.706
	0.82

	40-50
	0.0423
	24
	0.712
	0.82

	50-60
	0.0436
	24
	0.697
	0.81

	60-70
	0.0403
	23
	0.740
	0.82

	70-80
	0.0395
	22
	0.751
	0.81

	80-90
	0.0390
	23
	0.681
	0.75

	90-100
	0.0383
	22
	0.581
	0.66


4.3.4 Calibration for mustard

For calibration of mustard, data of GAI, seed yield, AGB, N-uptake and soil moisture content were used to determine the best set of crop modelling parameters. 

Data of observed and simulated GAI are presented in Table 4.24. From examination of data presented in the Table, it is evident that simulated GAI at different growth stages are matched well with the observed GAI (RMSE of 0.2350).
Table 4.24 Observed and simulated values for GAI of mustard grown at Bajju, Bikaner
	Measurement date
	Green Area Index (m2 m-2)

	
	Observed
	Simulated

	28-12-2012
	0.3718
	0.1336

	27-01-2013
	1.1644
	1.3163

	25-02-2013
	1.7980
	1.5956

	15-03-2013
	0.3270
	0.0110

	RMSE
	0.2350


Data on observed and simulated seed yield, AGB and N-uptake are presented in Table 4.25. It clearly indicates that simulated seed yield of 1385 kg ha-1 is in good agreement with the observed seed yield value of 1458 kg ha-1 with absolute and relative errors of 73 and 5.0%, respectively. Similarly, simulated value of AGB of mustard showed good match with the observed data. The observed AGB of 4435 kg ha-1 was higher than simulated 4198 kg ha-1 with absolute and relative errors of 237 and 5.3%, respectively. Further simulated value of N-uptake showed fair matched with the observed data. The simulated N-uptake of 48.2 kg ha-1 was lower than observed N-uptake 57.2 kg ha-1 with absolute and relative errors of 9 and 15.7%, respectively.
Table 4.25 Quantitative measures of model performance for yield, AGB and N-uptake of mustard during calibration period
	Particular 
	Observed (kg ha-1)
	Simulated (kg ha-1) 
	Absolute error
(%)
	Relative error (%)

	Seed yield
	1458
	1385
	73
	5.0

	AGB
	4435
	4198
	237
	5.3

	N-uptake
	57.2
	48.2
	9
	15.7


Table 4.26 Quantitative measures of model performance for soil moisture under mustard during calibration period
	Soil layer, cm
	RMSE
	RRMSE
	Correlation coefficient
	Index of agreement

	0-100
	0.0454
	35
	0.965
	0.81

	0-10
	0.0384
	34
	0.977
	0.84

	10-20
	0.0402
	34
	0.974
	0.85

	20-30
	0.0430
	32
	0.978
	0.85

	30-40
	0.0432
	34
	0.978
	0.85

	40-50
	0.0464
	36
	0.973
	0.83

	50-60
	0.0482
	36
	0.977
	0.82

	60-70
	0.0473
	35
	0.977
	0.80

	70-80
	0.0468
	34
	0.959
	0.76

	80-90
	0.0490
	37
	0.924
	0.67

	90-100
	0.0501
	38
	0.911
	0.63


Data presented in Table 4.26 show the values of RMSE, RRMSE, correlation coefficient and index of agreement for soil moisture under groundnut crop. Data in Table clearly indicate that the values of RMSE of moisture content ranged from 0.0348 to 0.0501 in the different soil layers, while for 0-100 cm soil depth the value of RMSE was of the order of 0.0454 was obtained. These low magnitude values of RMSE reveal that soil moisture movement was well predicted by CropSyst model at the field level. Simulated value of soil moisture content matched well with observed values in the soil layers up to 100 cm (fig. 4.14). The index of agreement was 0.81 in soil depth of 0-100 cm.
4.3.5 Calibration for chickpea

To calibrate model for chickpea, data of GAI, seed yield, AGB, N-uptake and soil moisture content were used to determine the best set of crop modelling parameters. 
Data of observed and simulated GAI are presented in Table 4.27. A perusal of the Table clearly indicates that simulated values for GAI of chickpea at different growth stages are in good agreement with observed GAI with RMSE of 0.2810. 

Table 4.27 Observed and simulated values for GAI of chickpea grown at Bajju, Bikaner
	Measurement date
	Green Area Index (m2 m-2)

	
	Observed
	Simulated

	07-01-2013
	0.1920
	0.0427

	29-01-2013
	0.8466
	0.3429

	24-02-2013
	1.5702
	1.6735

	17-03-2013
	0.4570
	0.6253

	RMSE
	0.2810



Data simulated for seed yield, AGB and N-uptake are presented in Table 4.28. The simulated seed yield 1473 kg ha-1 of chickpea, matched well with observed yield of 1515 kg ha-1 with absolute and relative errors of 42 and 2.8%, respectively. Simulated AGB of chickpea closely corresponded with the observed data. The observed AGB of 3604 kg ha-1 was slightly lower than simulated AGB value of 3690 kg ha-1 with absolute and relative errors of 86 and 2.4, respectively. Similarly, simulation of N-uptake by chickpea slightly mismatched with the observed data. The simulated N-uptake of 62.0 kg ha-1 was little lower than observed N-uptake 66.8 kg ha-1 with absolute and relative error of 4.8 and 7.2, respectively.

Table 4.28 Quantitative measures of model performance for yield, AGB and N-uptake of chickpea during calibration period
	Particular 
	Observed (kg ha-1)
	Simulated (kg ha-1) 
	Absolute error
(%)
	Relative error (%)

	Seed yield
	1515
	1473
	42
	2.8

	AGB
	3604
	3690
	86
	2.4

	N-uptake
	66.8
	62.0
	4.8
	7.2


Data presented in Table 4.29 show the RMSE, RRMSE, correlation coefficient and index of agreement values for soil moisture content. An examination of the Table indicates that RMSE values for moisture content ranged from 0.0117 to 0.0216, in the different soil layers, while for 0-100 cm soil depth the RMSE value was of the order 
Table 4.29 Quantitative measures of model performance for soil moisture under chickpea during calibration period
	Soil layer, cm
	RMSE
	RRMSE
	Correlation
	Index of agreement

	0-100
	0.0184
	16
	0.960
	0.95

	0-10
	0.0117
	14
	0.936
	0.92

	10-20
	0.0184
	16
	0.971
	0.95

	20-30
	0.0189
	16
	0.969
	0.95

	30-40
	0.0198
	17
	0.969
	0.94

	40-50
	0.0200
	17
	0.972
	0.94

	50-60
	0.0216
	18
	0.972
	0.93

	60-70
	0.0189
	15
	0.969
	0.94

	70-80
	0.0182
	15
	0.970
	0.94

	80-90
	0.0172
	14
	0.963
	0.95

	90-100
	0.0175
	14
	0.968
	0.94


of 0.0184. Simulated value of soil moisture content matched well with observed values in most of the layers up to 100 cm (fig. 4.15). The index of agreement was 0.95 in soil depth of 0-100 cm. No systematic under- or over-prediction of moisture content and small differences between the observed and simulated moisture content along with low magnitude values of RMSE reveal that soil moisture movement was well predicted by CropSyst model at the field level.
4.3.6 Calibration for cumin

For calibration of cumin, data of GAI, seed yield, AGB, N-uptake and soil moisture content were used to determine the best set of crop modelling parameters. 
Data of observed and simulated GAI are presented in Table 4.30. Upon examination of data presented in the Table, it is evident that simulated GAI at different growth stages are in good agreement with the observed GAI with value of RMSE 0.0910.

Table 4.30 Observed and simulated values for GAI of cumin grown at bajju, Bikaner
	Measurement date
	Green Area Index (m2m-2)

	
	Observed
	Simulated

	12-01-2013
	0.0271
	0.0660

	15-02-2013
	0.4569
	0.4270

	16-03-2013
	0.1606
	0.0110

	RMSE
	0.0910


Data on observed and simulated seed yield, AGB and N-uptake are presented in Table 4.31. A perusals of the Table clearly indicates that simulated seed yield of 426 kg ha-1 was in good agreement with the observed seed yield value of 438 kg ha-1 with absolute and relative errors of 12 and 2.7, respectively. Similarly, simulated value of AGB of cumin also showed good match with the observed data. The observed AGB of 1123 kg ha-1 was slightly lower than simulated 1237 kg ha-1 with absolute and relative errors of 114 and 10.2, respectively. Further simulated value of N-uptake showed fair matched with the observed data. The simulated N-uptake of 27.4 kg ha-1 was moderately higher than observed N-uptake 17.3 kg ha-1 with absolute and relative errors of 10.1 and 58.4, respectively.
Table 4.31 Quantitative measures of model performance for yield, AGB and N-uptake of cumin during calibration period
	Particular 
	Observed (kg ha-1)
	Simulated (kg ha-1) 
	Absolute error
(%)
	Relative error (%)

	Seed yield
	438
	426
	12
	2.7

	AGB
	1123
	1237
	114
	10.2

	N-uptake
	17.3
	27.4
	10.1
	58.4


Data presented in Table 4.32 show the values of RMSE, RRMSE, correlation coefficient and index of agreement for soil moisture under cumin crop. Data in Table clearly indicate that the values of RMSE of moisture content ranged from 0.0081 to 0.0123 in the different soil layers, while for 0-100 cm soil depth the values of RMSE was of the order of 0.0099 was obtained. These low magnitude values of RMSE reveal that soil moisture movement was well predicted by CropSyst model at the field level. Simulated value of soil moisture content matched well with observed values in the soil layers up to 100 cm (Fig 4.16). The index of agreement was 0.96 in soil depth of 0-100 cm.
Table 4.32 Quantitative measures of model performance for soil moisture under cumin during calibration period
	Soil layer
	RMSE
	RRMSE
	Correlation
	Index of agreement

	0-100
	0.0099
	7
	0.972
	0.96

	0-10
	0.0102
	14
	0.994
	0.87

	10-20
	0.0095
	7
	0.951
	0.95

	20-30
	0.0111
	8
	0.963
	0.93

	30-40
	0.0098
	7
	0.965
	0.94

	40-50
	0.0084
	6
	0.992
	0.94

	50-60
	0.0123
	9
	0.880
	0.83

	60-70
	0.0088
	6
	0.956
	0.89

	70-80
	0.0092
	6
	0.954
	0.83

	80-90
	0.0109
	8
	0.878
	0.74

	90-100
	0.0081
	5
	0.441
	0.61


4.3.7 Calibration for isabgol

To calibrate model for isabgol, data of GAI, seed yield, AGB, N-uptake and soil moisture content were used to determine the best set of crop modelling parameters. 
Data of observed and simulated GAI are presented in Table 4.33. A perusal of the Table clearly indicates that simulated values for GAI of isabgol at different growth stages are in good agreement with observed GAI with RMSE of 0.1690.

Table 4.33 Observed and simulated values for GAI of isabgol grown at Bajju, Bikaner
	Measurement date
	Green Area Index (m2 m-2)

	
	Observed
	Simulated

	12-01-2013
	0.0483
	0.0402

	15-02-2013
	0.6740
	0.5323

	16-03-2013
	0.1587
	0.4150

	RMSE
	0.1690



Data simulated for seed yield, AGB and N-uptake are presented in Table 4.34. The simulated seed yield 429 kg ha-1 of isabgol matched well with the observed yield of 462 kg ha-1 with absolute and relative errors of 33 and 7.1, respectively. Simulation of AGB development of isabgol also matched with the observed data. The observed AGB of 1085 kg ha-1 was higher than simulated AGB value of 997 kg ha-1 with an absolute and relative error of 88 and 8.1, respectively. Similarly, simulation of N-uptake by isabgol matched moderately with the observed data. The simulated N-uptake of 13.0 kg ha-1 was however, lower than observed N-uptake 20.0 kg ha-1 with absolute and relative errors of 7 and 53.8, respectively.

Table 4.34 Quantitative measures of model performance for yield, AGB and N-uptake of Isabgol during calibration period
	Particular 
	Observed (kg ha-1)
	Simulated (kg ha-1) 
	Absolute error
(%)
	Relative error (%)

	Seed yield
	462
	429
	33
	7.1

	AGB
	1085
	997
	88
	8.1

	N-uptake
	13.0
	20.0
	7
	53.8


Data presented in Table 4.35 show the RMSE, RRMSE, correlation coefficient and index of agreement values for soil moisture content. An examination of the Table indicates that the RMSE values for moisture content ranged from 0.0139 to 0.0785, in the different soil layers, while for 0-100 cm soil depth the RMSE value was of the order of 0.0607. Simulated value of soil moisture content matched well with observed values in most of the layers up to 100 cm (Fig 4.17). The index of agreement was 0.44 in soil depth of 0-100 cm. No systematic under or over prediction of moisture content and small differences between the observed and simulated moisture content along with low magnitude values of RMSE reveal that soil moisture movement was well predicted by CropSyst model at field level. 
Table 4.35 Quantitative measures of model performance for soil moisture under Isabgol during calibration period
	Soil layer
	RMSE
	RRMSE
	Correlation
	Index of agreement

	0-100
	0.0607
	66
	0.285
	0.44

	0-10
	0.0139
	15
	0.979
	0.65

	10-20
	0.0529
	60
	0.934
	0.38

	20-30
	0.0420
	40
	0.847
	0.66

	30-40
	0.0485
	46
	0.701
	0.60

	40-50
	0.0575
	60
	0.829
	0.52

	50-60
	0.0605
	62
	0.819
	0.44

	60-70
	0.0717
	82
	0.574
	0.39

	70-80
	0.0753
	87
	0.359
	0.36

	80-90
	0.0785
	95
	0.061
	0.29

	90-100
	0.0765
	90
	0.343
	0.30


4.4 Model Validation

CropSyst model was calibrated for kharif and rabi season crops (groundnut, clusterbean, wheat, mustard, chickpea, cumin and isabgol) during 2012-13 as described in this section. The calibrated model was validated using 2013-14 growing season data for the site conditions using the crop model parameter values fixed in the mentioned years with associated water management. Soil characteristics, initial conditions of available soil water, nitrogen and organic matter and daily weather data as observed in the experiment were input data for CropSyst model. The CropSyst model was validated using the data obtained from the experiment conducted during 2013-14. The model validations was based on the comparison between simulated and observed data different than those used in model calibration. The model was validated for AGB, seed yield, N-uptake and soil moisture content. The average difference between simulation outputs and experimental data is described by the root mean square error (RMSE) and index of agreement (IoA).

4.4.1 Validation for clusterbean

For validation of clusterbean, data of GAI, seed yield, AGB, N-uptake and soil moisture content were used to determine the best set of crop modelling parameters. 

Data of observed and simulated GAI are presented in Table 4.36. On examination of data presented in Table, it is evident that simulated values for GAI of clusterbean at different growth stages are in good agreement with observed GAI (RMSE of 0.2790). 

Table 4.36 Observed and simulated values for GAI of clusterbean grown at Bajju, Bikaner
	Measurement date
	Green Area Index (m2m-2)

	
	Observed
	Simulated

	20-08-2013
	0.2952
	0.1180

	05-09-2013
	1.4715
	1.7167

	19-09-2013
	2.5800
	3.0490

	19-10-2013
	0.1296
	0.1497

	RMSE
	0.2790


Data on observed and simulated seed yield, AGB and N-uptake are presented in Table 4.37. A perusal of the Table clearly indicates that simulated seed yield of 1094 kg ha-1 is in excellent agreement with the observed seed yield value of 1047 kg ha-1 with absolute and relative errors of 47 and 4.5, respectively. Similarly, simulated value of AGB of clusterbean also showed good match with the observed data. The observed AGB of 3828 kg ha-1 was little lower than simulated 4055 kg ha-1 with an absolute and relative errors of 227 and 5.9, respectively. Further simulated value of N-uptake matched well with the observed data. The simulated N-uptake of 42.7 kg ha-1 was slightly lower than observed N-uptake 46.2 kg ha-1 with absolute and relative errors of 3.5 and 7.6, respectively. 
Table 4.37 Quantitative measures of model performance for yield, AGB and N-uptake of clusterbean during validation period
	Particular 
	Observed (kg ha-1)
	Simulated (kg ha-1) 
	Absolute error
(%)
	Relative error (%)

	Seed yield
	1047
	1094
	47
	4.5

	AGB
	3828
	4055
	227
	5.9

	N-uptake
	46.2
	42.7
	3.5
	7.6


Data presented in Table 4.38 show the RMSE, RRMSE, correlation coefficient and index of agreement values of soil moisture content. The RMSE values of moisture content ranged from 0.0182 to 0.0443, in the different soil layers, while for 0-100 cm soil depth the value of RMSE was of the order of 0.0250. Simulated value of soil moisture content matched well with observed values in most of the layers up to 100 cm (fig. 4.18). The index of agreement was 0.87 in soil depth of 0-100 cm. No systematic, under- or over-prediction of moisture content and low differences between the observed and simulated moisture content along with low magnitude values of RMSE reveal that soil moisture movement was well predicted by CropSyst at the field level. 
Table 4.38 Quantitative measures of model performance for soil moisture under clusterbean during validation period
	Soil layer, cm
	RMSE
	RRMSE
	Correlation

coefficient
	Index of agreement

	0-100
	0.0250
	20
	0.869
	0.87

	0-10
	0.0198
	17
	0.898
	0.88

	10-20
	0.0182
	14
	0.941
	0.91

	20-30
	0.0443
	38
	0.628
	0.70

	30-40
	0.0208
	16
	0.930
	0.90

	40-50
	0.0206
	15
	0.918
	0.90

	50-60
	0.0223
	17
	0.921
	0.89

	60-70
	0.0304
	24
	0.814
	0.80

	70-80
	0.0230
	18
	0.925
	0.89

	80-90
	0.0198
	16
	0.930
	0.92

	90-100
	0.0189
	15
	0.941
	0.93


4.4.2 Validation for groundnut

To validate model for groundnut, data of GAI, seed yield, AGB and N-uptake and soil moisture content were used to determine the best crop modelling parameters. 

Data of observed and simulated GAI are presented in Table 4.39. A perusal of the Table clearly indicates that simulated values for GAI of groundnut at different growth stages matched well with observed GAI with RMSE of 0.3050. 
Table 4.39 Observed and simulated values for GAI of groundnut grown at Bajju, Bikaner


	Measurement date
	Green Area Index (m2m-2)

	
	Observed
	Simulated

	20-07-2013
	0.2388
	0.1359

	16-08-2013
	2.1440
	2.5236

	04-09-2013
	3.8520
	4.3145

	01-10-2013
	0.1456
	0.1963

	RMSE
	0.305


Data simulated for seed yield, AGB and N-uptake are presented in Table 4.40. The simulated seed yield of 3023 kg ha-1 of groundnut, matched well with the observed seed yield value of 2926 kg ha-1 with absolute and relative errors of 97 and 3.3, respectively. Similarly, simulated value of AGB of groundnut also showed good match with the observed data. The observed AGB of 7399 kg ha-1 was little lower than simulated 7559 kg ha-1 with absolute and relative errors of 160 and 2.2, respectively. Further simulated value of N-uptake showed good agreement with the observed data. The simulated N-uptake of 145.5 kg ha-1 was moderately higher than observed N-uptake 134.2 kg ha-1 with absolute and relative errors of 3.5 and 7.6, respectively.
Table 4.40 Quantitative measures of model performance for yield, AGB and N-uptake of groundnut during validation period
	Particular 
	Observed (kg ha-1)
	Simulated (kg ha-1) 
	Absolute error
(%)
	Relative error (%)

	Seed yield
	2926
	3023
	97
	3.3

	AGB
	7399
	7559
	160
	2.2

	N-uptake
	134.2
	145.5
	11.3
	8.4


Data presented in Table 4.41 show the values of RMSE, RRMSE, correlation coefficient and index of agreement for soil moisture under groundnut crop. Data in the Table clearly indicate that the values of RMSE of moisture content ranged from 0.0050 to 0.0118 in the different soil layers, while for 0-100 cm soil depth the value RMSE was of the order of 0.0094. These low values of RMSE reveal that soil moisture movement was well predicted by CropSyst at the field level. Simulated value of soil moisture content matched well with observed values in the soil layers up to 100 cm (fig. 4.19). The index of agreement was 0.83 in soil depth of 0-100 cm. 
Table 4.41 Quantitative measures of model performance for soil moisture under groundnut during validation period
	Soil layer, cm
	RMSE
	RRMSE
	Correlation

coefficient
	Index of agreement

	0-100
	0.0094
	6
	0.892
	0.83

	0-10
	0.0064
	5
	0.972
	0.94

	10-20
	0.0050
	3
	0.965
	0.95

	20-30
	0.0096
	6
	0.502
	0.64

	30-40
	0.0072
	5
	0.964
	0.89

	40-50
	0.0082
	5
	0.891
	0.77

	50-60
	0.0115
	7
	0.797
	0.59

	60-70
	0.0118
	8
	0.554
	0.44

	70-80
	0.0118
	8
	0.328
	0.37

	80-90
	0.0102
	7
	0.916
	0.44

	90-100
	0.0095
	6
	0.884
	0.61


4.4.3 Validation for wheat

To validate model for wheat, data of GAI, seed yield, (AGB), N-uptake and soil moisture content were used to determine the best set of crop modelling parameters. 

Data of observed and simulated GAI are presented in Table 4.42. A perusal of the Table clearly indicates that simulated value of GAI of wheat at different growth was in good agreement with observed GAI (RMSE of 0.2850). 

Table 4.42 Observed and simulated values for GAI of wheat grown at Bajju, Bikaner


	Measurement date
	Green Area Index (m2 m-2)

	
	Observed
	Simulated

	10-01-2014
	0.1974
	0.1112

	02-02-2014
	1.2423
	1.5852

	27-02-2014
	2.7923
	3.2235

	19-03-2014
	0.1243
	0.0110

	RMSE
	0.2850


Data on observed and simulated seed yield, AGB and N-uptake are presented in Table 4.43. A perusal of the Table clearly indicate that simulated seed yield of 2532 kg ha-1 is in good agreement with the observed seed yield value of 2772 kg ha-1 with absolute and relative errors of 240 and 8.7,respectively. Similarly, simulated value of AGB of wheat also showed good match with the observed data. The observed AGB of 6599 kg ha-1 was moderately higher than simulated 6143 kg ha-1 with absolute and relative errors of 456 and 6.9, respectively. Further simulated value of N-uptake showed good agreement with the observed data. The simulated N-uptake of 61.6 kg ha-1 was slightly lower than observed N-uptake 69.7 kg ha-1 with absolute and relative errors of 8.1 and 11.6, respectively. 

Table 4.43 Quantitative measures of model performance for yield, AGB and N-uptake of wheat during validation period
	Particular 
	Observed (kg ha-1)
	Simulated (kg ha-1) 
	Absolute error
(%)
	Relative error (%)

	Seed yield
	2772
	2532
	240
	8.7

	AGB
	6599
	6143
	456
	6.9

	N-uptake
	69.7
	61.6
	8.1
	11.6


Data presented in Table 4.44 show the RMSE, RRMSE, correlation coefficient and index of agreement values of soil moisture content. An examination of Table indicates that the RMSE values for moisture content ranged from 0.0069 to 0.0234, in the different soil layers, while for 0-100 cm soil depth the value of RMSE was of the order of 0.0140. Simulated value of soil moisture content matched well with observed values in most of the layers up to 100 cm (fig. 4.20). The index of agreement was 0.96 for soil depth of 0-100 cm. No systematic under- or over-prediction of moisture content and small differences between the observed and simulated moisture content along with low values of RMSE reveal that soil moisture movement was well predicted by CropSyst at the field level.
Table 4.44 Quantitative measures of model performance for soil moisture under wheat during validation period
	Soil layer, cm
	RMSE
	RRMSE
	Correlation
	Index of agreement

	0-100
	0.0140
	11
	0.964
	0.96

	0-10
	0.0069
	5
	0.931
	0.96

	10-20
	0.0089
	6
	0.922
	0.94

	20-30
	0.0100
	7
	0.949
	0.88

	30-40
	0.0111
	7
	0.874
	0.79

	40-50
	0.0099
	7
	0.901
	0.80

	50-60
	0.0104
	7
	0.930
	0.75

	60-70
	0.0185
	16
	0.987
	0.96

	70-80
	0.0165
	15
	0.996
	0.97

	80-90
	0.0148
	13
	0.997
	0.98

	90-100
	0.0237
	22
	0.991
	0.94


4.14.4 Validation for mustard

For validation of mustard model, data of GAI, seed yield, AGB, N-uptake and soil moisture content were used to determine the best crop modelling parameters. 

Data of observed and simulated GAI are presented in Table 4.45. An examination of data presented in the Table it is evident that simulated GAI at different growth stages matched well with observed GAI (RMSE of 0.2910). 

Table 4.45 Observed and simulated values for GAI of mustard grown at Bajju, Bikaner
	Measurement dates
	Green area index (m2m-2)

	
	Observed
	Simulated

	10-01-2014
	0.1451
	0.1010

	02-02-2014
	1.4621
	0.9211

	27-02-2014
	2.5108
	2.4987

	16-03-2014
	0.2192
	0.0110

	RMSE
	0.2910


Data simulated for seed yield, AGB and N-uptake are presented in Table 4.46. The simulated seed yield of 1534 kg ha-1 of mustard, matched well with the observed seed yield of 1692 kg ha-1 with absolute and relative errors of 158 and 9.3, respectively. Similarly, simulated value of AGB of mustard also showed good match with the observed data. The observed AGB of 4996 kg ha-1 was slightly higher than simulated 4653 kg ha-1 with an absolute and relative errors of 343 and 6.9, respectively. Further simulated value of N-uptake by mustard showed fair agreement with the observed data. The simulated N-uptake of 58.3 kg ha-1 was higher than observed N-uptake 63.9 kg ha-1 with absolute and relative errors of 5.6 and 8.8, respectively. 

Table 4.46 Quantitative measures of model performance for yield, AGB and N-uptake of mustard during validation period
	Particular 
	Observed (kg ha-1)
	Simulated (kg ha-1) 
	Absolute error
(%)
	Relative error (%)

	Seed yield
	1692
	1534
	158
	9.3

	AGB
	4996
	4653
	343
	6.9

	N-uptake
	63.9
	58.3
	5.6
	8.8


Data presented in Table 4.47 show the values of RMSE, RRMSE, correlation coefficient and index of agreement for soil moisture for mustard crop. Data in Table clearly indicate that the values of RMSE of moisture content ranged from 0.0117 to 0.0224 in the different soil layers, while for 0-100 cm soil depth the RMSE value was of the order of 0.0179.  These low magnitude  values  of  RMSE
Table 4.47 Quantitative measures of model performance for soil moisture under mustard during validation period
	Soil layer, cm
	RMSE
	RRMSE
	Correlation
	Index of agreement

	0-100
	0.0179
	18
	0.991
	0.96

	0-10
	0.0195
	17
	0.988
	0.89

	10-20
	0.0195
	17
	0.990
	0.90

	20-30
	0.0224
	19
	0.986
	0.88

	30-40
	0.0221
	18
	0.989
	0.87

	40-50
	0.0182
	15
	0.979
	0.90

	50-60
	0.0170
	16
	0.993
	0.97

	60-70
	0.0176
	16
	0.995
	0.96

	70-80
	0.0117
	15
	0.999
	0.97

	80-90
	0.0135
	21
	0.995
	0.97

	90-100
	0.0145
	26
	0.997
	0.97


reveal that soil moisture movement was well predicted by CropSyst at the field level. Simulated value of soil moisture content matched well with observed values in the soil layers up to 100 cm (fig. 4.21). The index of agreement was 0.96 in soil depth of 0-100 cm.

4.14.5 Validation for chickpea

To validate model for chickpea, data of GAI, seed yield, AGB, N-uptake and soil moisture content were used to determine the best set of crop modelling parameters. 

Data of observed and simulated GAI are presented in Table 4.48. A perusal of the Table clearly indicates that simulated values of chickpea GAI at different growth stages are in poor agreement with observed GAI with RMSE of 0.2700. 

Table 4.48 Observed and simulated values for GAI of chickpea grown at Bajju, Bikaner


	Measurement date
	Green Area Index (m2m-2)

	
	Observed
	Simulated

	10-01-2014
	0.1611
	0.0892

	02-02-2014
	1.2313
	0.9717

	27-02-2014
	2.1377
	2.0367

	19-03-2014
	0.4690
	0.0110

	RMSE
	0.2700


Data on observed and simulated seed yield, AGB and N-uptake are presented in Table 4.49. A perusal of the Table clearly indicate that simulated seed yield of 1691 kg ha-1 was match well with the observed seed yield value of 1791 kg ha-1 with absolute and relative errors of 130 and 7.3, respectively. Similarly, simulated value of AGB of wheat also showed good match with the observed data. The observed AGB of 3928 kg ha-1 was slightly lower than simulated 4355 kg ha-1 with an absolute and relative errors of 427 and 10.9, respectively. Further simulated value of N-uptake showed good agreement with the observed data. The simulated N-uptake of 79.0 kg ha-1 was moderately higher than observed N-uptake 71.0 kg ha-1 with absolute and relative errors of 8.0 and 11.3, respectively.

Table 4.49 Quantitative measures of model performance for yield, AGB and N-uptake of chickpea during validation period
	Particular 
	Observed (kg ha-1)
	Simulated (kg ha-1) 
	Absolute error
(%)
	Relative error (%)

	Seed yield
	1791
	1661
	130
	7.3

	AGB
	3928
	4355
	427
	10.9

	N-uptake
	71.0
	79.0
	8.0
	11.3


Data presented in Table 4.50 show the RMSE, RRMSE, correlation coefficient and index of agreement values for soil moisture content. An examination of the Table indicates that the RMSE values for  moisture content ranged from 0.0089 to 0.0223, in the different soil layers, while for 0-100 cm soil depth the RMSE value was of the order of 0.0121. Simulated value of soil moisture content matched well with observed values in most of the layers up to 100 cm (fig. 4.22). The index of agreement was 0.95 in soil depth of 0-100 cm. No systematic under- or over-prediction of moisture content and low differences between the observed and simulated moisture content along with low magnitude values of RMSE reveal that soil moisture movement was well predicted by CropSyst at the field level. 
Table 4.50 Quantitative measures of model performance for soil moisture under chickpea during validation period
	Soil layer, cm
	RMSE
	RRMSE
	Correlation
	Index of agreement

	0-100
	0.0121
	10
	0.913
	0.95

	0-10
	0.0089
	8
	0.955
	0.97

	10-20
	0.0093
	8
	0.988
	0.97

	20-30
	0.0096
	7
	0.958
	0.97

	30-40
	0.0090
	7
	0.959
	0.97

	40-50
	0.0090
	7
	0.955
	0.97

	50-60
	0.0098
	7
	0.964
	0.97

	60-70
	0.0123
	9
	0.931
	0.95

	70-80
	0.0129
	9
	0.885
	0.94

	80-90
	0.0223
	17
	0.686
	0.82

	90-100
	0.0117
	11
	0.906
	0.71


4.14.6 Validation for cumin

For validation of cumin model, data of GAI, seed yield, AGB, N-uptake and soil moisture content were used to determine the best crop modelling parameters. 

Data of observed and simulated GAI are presented in Table 4.51. Upon examination of data presented in the Table, it is evident that simulated GAI at different growth stages matched well with observed GAI (RMSE of 0.1140). 

Table 4.51 Observed and simulated values for GAI of cumin grown at Bajju, Bikaner
	Measurement dates
	Green area index (m2m-2)

	
	Observed
	Simulated

	05-01-2014
	0.0141
	0.0502

	24-01-2014
	0.3835
	0.3211

	27-02-2014
	0.6326
	0.4334

	16-03-2014
	0.0930
	0.0110

	RMSE
	0.1140


Data simulated for seed yield, AGB and N-uptake are presented in Table 4.52. The simulated seed yield of 410 kg ha-1 matched well with the observed seed yield value of 502 kg ha-1 with absolute and relative errors of 92 and 18.3, respectively. Similarly, simulated value of AGB of groundnut also showed good match with the observed data. The observed AGB of 1403 kg ha-1 was moderately higher than simulated 1195 kg ha-1 with an absolute and relative errors of 208 and 14.8, respectively. Similarly, simulated of N-uptake by cumin also showed fair agreement with the observed data. The simulated N-uptake of 26.5 kg ha-1 was slightly higher than observed N-uptake 22.0 kg ha-1 with absolute and relative errors of 4.5 and 20.5, respectively.

Table 4.52 Quantitative measures of model performance for yield, AGB and N-uptake of cumin during validation period
	Particular 
	Observed (kg ha-1)
	Simulated (kg ha-1) 
	Absolute error
(%)
	Relative error (%)

	Seed yield
	502
	410
	92
	18.3

	AGB
	1403
	1195
	208
	14.8

	N-uptake
	22.0
	26.5
	4.5
	20.5



Data presented in Table 4.53 show the values of RMSE, RRMSE, correlation coefficient and index of agreement for soil moisture for mustard crop. Data in the Table clearly indicate that the values of RMSE of moisture content ranged from 0.0049 to 0.0138 in the different soil layers, while for 0-100 cm soil depth the values of RMSE was of the order of 0.0117. These low magnitude values of RMSE reveal that soil moisture movement was well predicted by CropSyst at the field level. Simulated value of soil moisture content matched well with observed values in the soil layers up to 100 cm (fig. 4.22). The index of agreement was 0.90 for soil depth of 0-100 cm.

Table 4.53 Quantitative measures of model performance for soil moisture under cumin during validation period
	Soil layer,

Cm
	RMSE
	RRMSE
	Correlation coefficient
	Index of agreement

	0-100
	0.0117
	7.9
	0.964
	0.90

	0-10
	0.0049
	3.4
	0.996
	0.89

	10-20
	0.0082
	5.6
	0.879
	0.51

	20-30
	0.0132
	8.7
	0.679
	0.44

	30-40
	0.0128
	8.5
	0.661
	0.46

	40-50
	0.0120
	7.9
	0.693
	0.46

	50-60
	0.0138
	9.0
	0.672
	0.42

	60-70
	0.0132
	8.5
	0.684
	0.42

	70-80
	0.0125
	8.1
	0.812
	0.39

	80-90
	0.0125
	9.0
	0.997
	0.97

	90-100
	0.0114
	8.1
	0.997
	0.98


4.14.7 Validation for isabgol

To validate model for isabgol, data of GAI, seed yield, AGB, N-uptake and soil moisture content were used to determine the best set of crop modelling parameters. 

Data of observed and simulated GAI are presented in Table 4.54. A perusal of the Table clearly indicate that simulated values for GAI of isabgol at different growth stages are in poor agreement with observed GAI with RMSE of 0.2150. 
Table 4.54 Observed and simulated values for GAI of isabgol grown at Bajju, Bikaner
	Measurement date
	Green Area Index (m2m-2)

	
	Observed
	Simulated

	10-01-2014
	0.125
	0.0483

	02-02-2014
	0.726
	0.4230

	27-02-2014
	1.394
	1.6534

	16-03-2014
	0.155
	0.0157

	RMSE
	0.2150


Data on observed and simulated seed yield, AGB and N-uptake are presented in Table 4.55. A perusal of the table clearly indicate that simulated seed yield of 597 kg ha-1 matched well with the observed seed yield value of 557 kg ha-1 with an absolute and relative error of 40.5 and 7.3, respectively. Similarly, simulated value of AGB of wheat also showed good match with the observed data. The observed AGB of 1395 kg ha-1 was slightly lower than simulated 1894 kg ha-1 with an absolute and relative errors of 499 and 35.8, respectively. Further, simulated value of N-uptake showed fair agreement with the observed data. The simulated N-uptake of 34.0 kg ha-1 was moderately higher than observed N-uptake 26.0 kg ha-1 with absolute and relative errors of 19 and 126.6, respectively.
Table 4.55 Quantitative measures of model performance for yield, AGB and N-uptake of isabgol during validation period
	Particular 
	Observed (kg ha-1)
	Simulated (kg ha-1) 
	Absolute error
(%)
	Relative error (%)

	Seed yield
	557
	597
	40.5
	7.3

	AGB
	1395
	1894
	499
	35.8

	N-uptake
	26.0
	34.0
	19
	126.6


Data presented in Table 4.56 show the RMSE, RRMSE, correlation coefficient and index of agreement values for soil moisture content. An examination of the Table indicates that the RMSE values for moisture content ranged from 0.0143 to 0.0280, in the different soil layers, while for 0-100 cm soil depth the RMSE values was the order of 0.0222. Simulated value of soil moisture content matched well with observed values in most of the layers up to 100 cm (fig. 4.24). The index of agreement was 0.95 in soil depth of 0-100 cm. No systematic under- or over-prediction of moisture content and less differences between the observed and simulated moisture content along with low magnitude values of RMSE reveal that soil moisture movement was well predicted by CropSyst at the field level. 
Table 4.56 Quantitative measures of model performance for soil moisture under isabgol during validation period
	Soil layer, cm
	RMSE
	RRMSE
	Correlation
	Index of agreement

	0-100
	0.0222
	22
	0.988
	0.95

	0-10
	0.0143
	14
	0.991
	0.97

	10-20
	0.0192
	18
	0.999
	0.95

	20-30
	0.0214
	18
	0.961
	0.93

	30-40
	0.0183
	15
	0.997
	0.95

	40-50
	0.0274
	23
	0.999
	0.90

	50-60
	0.0280
	23
	0.996
	0.88

	60-70
	0.0228
	24
	0.996
	0.94

	70-80
	0.0274
	36
	0.990
	0.94

	80-90
	0.0184
	22
	0.997
	0.97

	90-100
	0.0206
	25
	0.996
	0.96


4.5 Model simulation scenarios 

Once the crop models were satisfactorily calibrated and validated, they were applied to simulate different scenarios. Simulation results of different scenarios were compared for predicting the best water and N application practices for maximizing seed yield and water productivity of different Kharif and rabi season crops. The predicted grain yield and water productivity as a function of applied water and N scenarios (percent of the required water and N) were generated and are presented in Tables 4.57 to 4.61. The scenarios of required water and required nitrogenous fertilizer were considered on the basis of crop water and nitrogen requirements. 
4.5.1 Clusterbean 

Data on simulated relationship of yield and water productivity with different levels of water and nitrogen application for clusterbean crops are presented in Table 4.57 and figs. 4.25 and 4.26. From the Table, it is clear that yield increased with the subsequent increase in the levels of application of water and nitrogen fertilizers. However, the quantum of increase in yield was higher with the increase in water applied from 100 to 150 mm as compared to 150 to 200 mm and 200 to 250 mm. But with the level of nitrogen application the magnitude of increase was of higher order from 40 to 60 kg ha-1. Contrastingly, water productivity decreased with the subsequent increase in the levels of addition of water and increased with increasing levels of fertilizer. The quantum of increase in water productivity was higher with the increase in water applied from 100 to 150 mm as compared to 150 to 200 mm and 200 to 250 mm. But with the level of nitrogen application, the quantum of increase in water productivity was of higher order from 20 to 40 kg ha-1.
Table 4.57 Seed yield and water productivity of clusterbean predicted by calibrated CropSyst simulation scenarios
	Water applied (mm)
	Seed yield (kg ha-1)
	Water productivity (kg m-3)

	
	Nitrogen level ( kg ha-1)

	
	20
	40
	60
	Avg.
	20
	40
	60
	Avg.

	100
	961
	992
	1041
	998
	0.96
	0.99
	1.04
	1.00

	150
	1109
	1132
	1176
	1139
	0.74
	0.75
	0.78
	0.76

	200
	1144
	1159
	1191
	1165
	0.57
	0.58
	0.58
	0.58

	250
	1210
	1219
	1238
	1222
	0.48
	0.49
	0.50
	0.49

	Avg.
	1106
	1126
	1162
	
	0.69
	0.70
	0.73
	


4.5.2 Groundnut 

Data on simulated relationship of yield and water productivity with varying levels of water and nitrogen application for groundnut crop are presented in Table 4.58 and figs. 4.27 and 4.28. From the Table, it is clear that yield increased with the subsequent increase in the levels of addition of water and nitrogen fertilizers. However, the quantum of increase in yield was higher with the increase in water applied from 400 to 450 mm as compared to 450 to 500 mm and 500 to 550 mm. But with the level of nitrogen application the increase was of higher order from 20 to 40 kg ha-1. Contrastingly, water productivity decreased with the subsequent increase in the levels of application of water except at 400 mm and increased with increasing levels of fertilizer. The quantum of increase in water productivity was higher with the increase in water applied from 400 to 450 mm as compared to 450 to 500 mm and 500 to 550 mm. But with the levels of nitrogen application the increase in water productivity was of higher order from 40 to 60 kg ha-1.
Table 4.58 Seed yield and water productivity of groundnut predicted by calibrated CropSyst simulation scenarios
	Water applied (mm)
	Seed yield (kg ha-1)
	Water productivity (kg m-3)

	
	Nitrogen level ( kg ha-1)

	
	20
	40
	60
	Avg.
	20
	40
	60
	Avg.

	400
	1160
	1165
	1165
	1163
	0.29
	0.29
	0.29
	0.29

	450
	2729
	2818
	2874
	2807
	0.61
	0.63
	0.64
	0.63

	500
	2924
	2985
	3042
	2984
	0.58
	0.60
	0.61
	0.60

	550
	3007
	3040
	3074
	3040
	0.55
	0.55
	0.56
	0.55

	Avg.
	2455
	2502
	2539
	
	0.51
	0.52
	0.53
	


4.5.3 Wheat 

Data on simulated relationship of yield and water productivity with different levels of water and nitrogen application for wheat crop are presented in Table 4.59 and figs.4.29 and 4.30. From the Table, it is clear that subsequent increase in the levels of application of water with 50 kg ha-1 N decreased to yield and up to 300 mm water applied with 100 to 150 N kg ha-1 increased to yield after that, yield decreased with higher level of applied water. In case of 200 kg ha-1 N, yield increased with the subsequent increase in the levels of application of water. The quantum of increase in yield was higher with the increase in water applied from 200 to 300 mm as compared to 300 to 400 mm, 400 to 500 and 500 to 600 mm. But with the level of nitrogen application the increase was of higher order from 50 to 100 kg ha-1. Contrastingly, water productivity decreased with the subsequent increase in the levels of addition of water and increased with increasing levels of fertilizer. The quantum of increase in water productivity was higher with the increase in water applied from 200 to 300 mm as compared to 300 to 400 mm, 400 to 550 mm and 500 to 600 mm. But with the level of nitrogen application the quantum of increase in water productivity was of higher order from 50 to 100 kg ha-1.
Table 4.59 Seed yield and water productivity of wheat predicted by calibrated CropSyst simulation scenarios
	Water applied (mm)
	Seed yield (kg ha-1)
	Water productivity (kg m-3)

	
	Nitrogen level ( kg ha-1)

	
	50
	100
	150
	200
	Avg.
	50
	100
	150
	200
	Avg.

	200
	582
	2038
	2596
	2694
	1978
	0.29
	1.01
	1.30
	1.35
	0.99

	300
	406
	2100
	3045
	3237
	2197
	0.14
	0.70
	1.02
	1.08
	0.74

	400
	327
	1950
	3171
	3481
	2232
	0.08
	0.49
	0.79
	0.87
	0.56

	500
	287
	1689
	3013
	3489
	2120
	0.06
	0.34
	0.60
	0.70
	0.43

	600
	262
	1426
	2784
	3431
	1976
	0.04
	0.24
	0.46
	0.57
	0.33

	Avg.
	373
	1841
	2922
	3266
	
	0.12
	0.56
	0.83
	0.91
	


4.15.4 Mustard 

Data on simulated relationship of yield and water productivity with varying levels of water and nitrogen application for mustard crop are presented in Table 4.60 and figs. 4.31 and 4.32. From the Table, it is clear that subsequent increase in the levels of application of water with 60 kg ha-1 N decreased to yield and up to 200 mm water applied with 80 kg ha-1 N increased to yield after that, yield decreased with higher level of applied water. In case of 100 and 120 kg ha-1 N yield increased with the subsequent increase in the levels of addition of water. The quantum of increase in yield was higher with the increase in water applied from 150 mm to 200 mm as compared to 100 to 150 mm and 200 to 250 mm. But with the level of nitrogen application the increase was higher of order from 60 to 80 kg ha-1. In contrast, water productivity decreased with the subsequent increase in the levels of application of water and increased with increasing levels of fertilizer. The quantum of increase in water productivity was higher with the increase in water applied from 100 mm to 150 mm as compared to 150 to 200 mm and 200 to 250 mm. But with the level of nitrogen application the increase was of higher order from 60 to 80 kg ha-1. 
Table 4.60 Seed yield and water productivity of mustard predicted by calibrated CropSyst simulation scenarios
	Water applied (mm)
	Seed yield (kg ha-1)
	Water productivity (kg m-3)

	
	Nitrogen level ( kg ha-1)

	
	60
	80
	100
	120
	Avg.
	60
	80
	100
	120
	Avg.

	100
	739
	1127
	1327
	1381
	1144
	0.74
	1.13
	1.34
	1.38
	1.15

	150
	713
	1161
	1464
	1578
	1229
	0.48
	0.77
	0.98
	1.05
	0.82

	200
	724
	1237
	1614
	1767
	1336
	0.36
	0.62
	0.8
	0.88
	0.67

	250
	637
	1208
	1693
	1917
	1364
	0.25
	0.48
	0.68
	0.77
	0.55

	Avg.
	703
	1183
	1525
	1661
	
	0.46
	0.75
	0.95
	1.02
	


4.15.5 Chickpea 

Data on simulated relationship of yield and water productivity with different levels of water and nitrogen application for chickpea crop are presented in table 4.61 and fig. 4.33 and 4.34. From the Table it is clear that yield increased with the subsequent increase in the level of application of water and nitrogen fertilizers. However, the quantum of increase in yield was higher with the increase in water applied from 100 mm to 150 mm as compared to 150 to 200 mm and 200 to 250 mm. But with the level of nitrogen application the increase was of higher order from 40 to 60 kg ha-1. In contrast, water productivity decreased with the subsequent increase in the levels of application of water and increased with increasing levels of fertilizer. The quantum of increase in water productivity was higher with the increase in water applied from 100 mm to 150 mm as compared to 150 to 200 mm and 200 to 250 mm. But with the level of nitrogen application the increase was of higher order from 20 to 40 kg ha-1.
Table 4.61 Seed yield and water productivity of chickpea   predicted by calibrated CropSyst simulation scenarios
	Water applied (mm)
	Seed yield (kg ha-1)
	Water productivity (kg m-3)

	
	Nitrogen level ( kg ha-1)

	
	20
	40
	60
	Avg.
	20
	40
	60
	Avg.

	100
	810
	951
	1110
	957
	0.81
	0.95
	1.11
	0.96

	150
	1233
	1234
	1271
	1246
	0.82
	0.82
	0.85
	0.83

	200
	1464
	1472
	1503
	1480
	0.73
	0.74
	0.75
	0.74

	250
	1478
	1562
	1615
	1552
	0.59
	0.62
	0.65
	0.62

	Avg.
	1246
	1305
	1375
	
	0.74
	0.78
	0.84
	


�I am still unclear why you have to measure soil texture for both years. It does not change. If you get different values, it’s instrumentation or human error in measuring the sample. 


�Why did it vary between the two years? Please refer to the growing season rainfalls in the two years. 





