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SUMMARY
Nitrogen-use efficiency in wheat in the Yaqui Valley has been estimated at about 31%. The nitrogen that is not recovered by the crop has important environmental costs that have regional and global consequences. In addition, these nitrogen losses represent an important reduction in farm income. The objective of this work was to validate the use of N rich strips together with the Green Seeker sensor and with a crop algorithm in farmer’s fields as a tool to improve nitrogen-use efficiency through site specific nitrogen management in irrigated spring wheat. During the wheat crop cycle 2002-2003 and 2003-2004, 13 validation experiments of approximately one hectare each were established in farmers’ fields in the Yaqui Valley. After the validation phase, during the wheat crop cycle 2005-2006, eight technology transfer trials were established in farmers’ fields these had on average an area of 10 hectares each.  Both the validation and technology transfer trials compared conventional nitrogen management use by the farmers vs. the use of the N rich strip, together with the Green Seeker sensor and a crop algorithm to derive N recommendations for each individual field. The results of the validation trials showed that, on average over all locations, farmers were able to save 69 kg N ha-1, without any yield reduction. At the price of US$ 0.9 per unit of N in the Valley, when these experiments were established, this represents US$ 62 per hectare of savings to the farmers. The technology transfer trials demonstrated that in large commercial areas with an average size of 10 hectares farmers’ could improve their farm income by US$ 50 per hectare, when using sensor based N management.  The combination of the N rich strip, together with the use of the sensor and a crop algorithm to interpret the results from the sensor allowed farmers to obtain significant saving in N use and thus in farms profits. Average over all trials in all years farm income was increased by US$ 56 per hectare. 
INTRODUCTION
Nitrogen-use efficiency in wheat in the Yaqui Valley has been estimated at about 31% Ortiz-Monasterio (unpublished). This estimate of nitrogen use efficiency is similar to other reports for cereals around the world (Raun et al. 1999). The nitrogen that is not recovered by the wheat crop in the Valley represents a reduction in farm income and results in significant losses to (i) the atmosphere as nitrous oxide and nitric oxide (Matson et al. 1998); (ii) as leaching below the root zone (Riley et al. 2001), and (iii) as runoff to the surface waters of the Sea of Cortes, resulting in algae blooms (Beman et al. 2005). Two factors have shown great potential at increasing nitrogen-use efficiency in the Valley: the timing and rate of N applications (Ortiz-Monasterio 2002). In terms of timing currently farmers apply 75% of the total N rate (263 kg N ha-1) approximately 20 days before planting. Timing could be improved significantly by better matching supply of N with the time of highest demand by the crop, around the beginning of stem elongation. Applying the correct rate could also result in substantial fertilizer savings. Research in the Yaqui Valley has shown that good diagnostics of residual soil N and climate forecasts can lead to a reduction of excess N fertilizer applications in the Yaqui Valley (Lobell et al. 2004), with subsequent benefits to farmer income and environmental quality (Matson et al. 1998; Riley et al. 2001; Lobell et al. 2004; Christensen et al. 2006).
There is a new technology based on the combined use of N rich strips, sensors and crop algorithms that can help identified the optimum N rates for each individual field (Raun et al. 2005). This technology works by establishing an N rich strip (an area of the field that receives a high enough N rate to guarantee that there will not be N deficiency in that area) in the farmers field. The N in this strip has to be applied at the latest by the time of planting. The next step involves using a sensor, which sends a beam of light in the red and infrared bands into the wheat canopy, collects reflectance data from the leaves in these two wavelengths in the N rich area as well as in the farmer field.  This data is used to calculate the normalized difference vegetation index (NDVI), which is used to predict yield potential. The NDVI values are collected toward the end of tillering and beginning of stem elongation in wheat (Z31). Lastly, through the use of a crop algorithm this index predicts yield and calculates the need for any additional N (Raun et al. 2005).

The N rich strip also allows a visual comparison with the farmer’s N management. A farmer that has experience growing wheat can easily establish if there are differences or not between his field and the N rich strip.  If by Z31 there are no noticeable differences for the trained eye between these two areas, this indicates that there is no need to apply additional N.  This means that the sensor is not really necessary when there is no N deficiency in the farmer’s field with respect to the well fertilized strip. However, the sensor becomes very useful when the area under farmer’s management shows a deficiency since the sensor together with the crop algorithm will help identify the optimum N rate.
 Farmers in the Yaqui Valley usually apply approximately 180 to 200 kg N/ha pre-plant, then irrigate and approximately 20 days later plant wheat. They have an additional application of about 50 to 60 kg N/ha right before the first post-plant irrigation, which is close to the beginning of stem elongation (Z30-Z31) 44 to 55 days after planting.

Most farmers in the Yaqui Valley belong to a farmers union. These unions provide credit, farm inputs a lower than commercial rates, technical agronomic advise and help in marketing their farm products.  The cost of these sensors is approximately 3,500 USD, which could be considered expensive for individual farmers in the developing countries.  However, when the technical departments of these farmers unions purchase the sensor and provide the service of N diagnostics to the farmers this technology becomes very affordable to farmers in the developing world. 
The current blanket nitrogen recommendations fail to address the spatial and temporal variations in N supply and demand. This in turn results in over fertilization in most farmers fields.  In this study we evaluate the application of new sensor-based technology that takes into account spatial variations in N supply, and allows a site specific management of nitrogen inputs.
MATERIALS AND METHODS
There were two types of trials established in farmers’ fields. The first type was validation trials to test the robustness of the sensor based technology under farmer’s management in semi-commercial areas of approximately one hectare.  The second type was technology transfer trials were this technology was tested in areas that were on average 10 hectares.  

Validation Trials: During the wheat crop cycles 2002-2003 and 2003-2004, 13 validation trials were established in farmers’ fields in the Yaqui Valley. These experiments were composed of an N rich strip (5 to 10 m wide), the length of the field (150 to 300 m), where all N was applied by planting. In addition, there was an area of approximately one hectare that received the basal (pre-plant and planting) N rate used by the farmer, and where the N top-dress required at the beginning of stem elongation (Z30-Z31) would be determined by the Green Seeker sensor. We will refer to this area as the sensor area. Within the sensor area, an N response experiment was established with six rates (0, 50, 100, 150, 200, and 250 kg N/ha) and three replications arranged as a randomized complete block design. The sensor area received the basal nitrogen rate used by the farmer (Table 1). All the nitrogen in the N rate experiment was applied just before planting time as urea and incorporated with the planting operation. The plots were five meters long and four beds wide, all farmers planted on beds 75 to 90 cm wide, and only the central three meters and the central two beds were harvested for yield evaluation. This experiment was established with two objectives. First to verify if the N recommendation derived from the sensor was correct, and second to determine if more N was needed in addition to the basal rate applied at planting time. The N diagnostics in the sensor area was done by taking measurements along the beds recording the normalized vegetative index (NDVI) on a distance of 100 meters, 50 meters into the field, and 50 meters back selecting a different bed in each direction. The NDVI values generated by the sensor were entered in an optical sensor based algorithm for crop nitrogen fertilization (Raun et al. 2005) modified for spring wheat and using data for the Yaqui Valley to obtain the nitrogen recommendation (Ortiz-Monasterio et al. in preparation). In the algorithm the maximum potential yield for wheat was set at 8,000 kg ha-1 and the nitrogen-use efficiency at 35%. The price of urea (US$ 0.90 kg N-1) was the price that farmers faced during the 2002-2003 and 2003-2004 crop cycles in the Valley and the price of wheat that farmers received in the Valley in those years was US$ 0.180 kg-1.  The exchange rate used was the prevalent one during harvest time in May 2003 and 2004 (10.0 Mexican pesos per US $ 1).
Technology Transfer Trials: The second set of trials, which are considered technology transfer trials, were established during the wheat crop cycle 2005-2006.  There were eight trials which were composed of an N rich strip, an area managed by the sensor (sensor area) and an area under conventional N management.  The N rich strip area was between 8 to 16 beds (75 to 90 cm) wide through the length of the field that ranged from 200 to 400 m long.  The N rate applied in the N rich strips ranged from 150 to 276 kg N ha-1 (Table 2). The average sensor area across all eight locations was 10 hectares and the range of N rates applied was 75 to 150 kg N ha-1 (Table2).  The conventional area, where N was managed conventionally by the farmers, was at least as large as the sensor area.
The yield was measured in the sensor area as well as in the area with conventional N management, either by harvesting each of these areas with a commercial combine and sending wagons with all the grain to get weighed at the grain elevator or by taking cuts with a commercial combine and measuring yield in the field with a weighing wagon.  Since these large technology transfer trials were not replicated within a farmer’s field, the N rich strip was also harvested to have an approximate measure of field variation.  An economic analysis was done on these plots, yield differences were assumed to be significant during the economic analysis.  The price of urea (US$ 0.82 kg N-1) and anhydrous ammonia (US$ 0.78 kg N-1) where those that farmers encountered during the 2005-2006 crop cycle in the Valley and the price of wheat that farmers receive in the Valley (US$ 0.191 kg-1).  The exchange rate used was the prevalent one during harvest time during May 2006 (11.0 Mexican pesos per US $ 1).  

RESULTS
Validation Trials: The results showed that the average N rate used by farmers following their conventional N management was 226 kg N ha-1, somewhat lower than that reported in previous surveys, with values around 244 - 251 kg N ha-1 (Naylor et al. 2001).  In contrast, the average N rate used in the sensor area following the Green Seeker recommendation was only 157 kg N ha-1 (Table 1). Yield was measured only in the area where N was managed conventionally using a combine and a weighing wagon. However, we were able to establish if N was limiting in the sensor area because the N rate experiments that were established within this area.  The results of the N experiments confirmed that although the sensor area received less nitrogen these lower rates were not limiting yield, since there was no response to N application, except in location 5. In location 5, the basal N rate used by the farmer was zero and the N rate experiment showed a strong response to N fertilizer application with an optimum agronomic rate of 242 kg N/ha and an optimum economic rate of 206 kg N/ha using the price of urea in the Valley (US$ 0.90 kg-1) and the price of wheat that farmers receive in the Valley (US$ 0.18 kg-1). The sensor recommended 198 kg N/ha, which is close to the optimum economic rate recommended by the N rate experiment. The results showed that on average across trials farmers were able to save 69 kg N ha-1, without any yield reduction (Table 1). At the price of N at the time of the experiments (US$ 0.90 per unit of N) in the Valley, this represents US$ 62 per hectare of savings to the farmers. The sensor proved to be very reliable as an N diagnostic tool when there was no need to apply additional nitrogen. Unfortunately, there was only one field where there was a response to N above the basal N application, therefore, the performance of the sensor as a diagnostic tool to recommend additional N applications could only be tested in one location and under sever N deficiency. The results in that one location were very encouraging, since the N recommendation by the sensor was very close to that observed in the N rate experiment.  However, additional sites will be needed to verify the performance of the algorithm when additional N is required by the crop, particularly when the N deficiency is mild to intermediate, which is something that we were not able to assess with this group of farmers. The lack of response to additional N applications after the basal applications in all trials but one, demonstrates that many soils in the Valley have significant amounts of residual soil N and/or that the basal rates used by farmers tend to be high.
Technology Transfer Trials: The results showed that the average N rate used by farmers following their conventional management was 203 kgN ha-1, significantly lower than that reported in previous surveys, with values around 244 - 251 kgN ha-1. This could be the result of a small sample size or the fact that farmers that participate in these validation and technology transfer trials do so because they are already trying to lower their N rates.  In all eight trials the sensor did not recommend additional N application at Z31 stage of development during the N diagnostics exercise in the area managed by the sensor.  The average N rate used under the sensor area, which was on average more profitable than the farmers’ management was only 127 kg N ha-1 (Table 2).  This result coincides with that of the validation trials, which point at the high levels of residual soil N and/or at the high rates of pre-plant and basal N applications currently used in wheat. 
The N demand by the wheat crop is a function of yield potential; more N is needed by the crop when the yield potential is higher.  In the Yaqui Valley the relationship is 20 kg N ha-1 inside the plant per ton of yield between the ranges of yield of 1 to 5 tons of wheat per hectare.  Above 5 tons of wheat yield per hectare the requirement increases to 30 kg N ha-1 per ton of wheat yield (Ortiz-Monasterio, 2002).  During the last 25 years the average wheat yield in the Yaqui Valley has ranged between 4.5 ton ha-1 and 6.1 ton ha-1, these differences were mostly driven by climatic conditions (Lobell et al 2005).  If the wheat cycle 2005-2006 had been a low yielding year one might have wondered if this savings in N use could also been achieved in a year with a higher yield potential that has a higher N demand. However, 2005-2006 had the highest average wheat yields in the history of the Valley (6.1 ton ha-1), demonstrating that this technology worked even in the year with the highest N demand. 
CONCLUSION
In the 13 locations of the validation trials and the eight locations of the technology transfer trials the sensor was evaluated only in fields with sufficient N (no N deficiency) and in one case a very deficient N field at the time of the diagnostic. Therefore, the sensor needs to be further tested under a wider range of situations, for instance, where there are intermediate and low levels of N deficiency. Nonetheless, within the range of levels of soil N where the sensor has been tested (dominantly high levels of residual soil N), performance has been good, resulting in average savings in N use of US$ 62, without any yield reduction in the validation trials and an improvement in farm profit of US$ 50 per hectare in the technology transfer trials. 
As mentioned above, technically the sensor is not necessary when there are no visual differences between the N rich strip and the farmer’s field; however, our experience working with farmers is that they still like to collect the readings with the sensor.  For them, collecting the data with the sensor when there are no visual differences is equivalent to getting a second opinion and reassures them in their decision making process.
It is possible that reductions in N application derived from the use of the sensor, which look to optimize only yield, may have an impact in wheat protein concentration. Currently, most farmers in the Yaqui Valley do not receive a premium price for high protein. However, farmers have a price penalty if their wheat has more than 12% yellow berry. There is a high negative correlation between grain protein and yellow berry. Therefore, this technology will eventually need to address issues related to wheat quality.  In the mean time with the use of this technology there are great opportunities in improving farm profits by reducing the cost of N application for a large number of farmers, particularly those that apply high N rates and/or those having high levels of residual soil N.  
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Table 1. Thirteen on-farm validation trials showing the Basal N rate utilized by farmers, the sensor N recommendation using the crop algorithm, total N rate used in the area managed by the sensor, the total N rate used by farmers under farmers management, the grain yield

of the plots under farmers management, the N recommendation based on the N response experiment and the NDVI values for the
sensor area and the area under farmers management.
	Location
	Basal N Rate Farmer's Practice (kg N ha-1)
	Sensor N Recommendation (kg N ha-1)
	Total N Rate Sensor Area (kg N ha-1)
	Total N Rate Farmer Management (kg N ha-1)
	Grain Yield (ton ha-1)
	Recommended N Rates by the N Response Experiment2
	Sensor Area (NDVI)
	N-Rich Strip (NDVI) 

	1
	Valenzuela
	134
	0
	134
	160
	5.7
	0
	0.73
	0.75

	2
	Amaya
	92
	0
	92
	230
	5.44
	0
	0.88
	0.87

	3
	Dabdub
	175
	0
	175
	220
	3.86
	0
	0.77
	0.74

	4
	Castro
	92
	0
	92
	184
	6.97
	0
	0.78
	0.81

	5
	Pablos
	0
	198
	198
	207
	6.01
	242
	0.8
	0.6

	6
	Lopez de Lara
	123
	0
	123
	246
	6.95
	0
	0.73
	0.84

	7
	Felix
	180
	0
	180
	220
	5.32
	0
	0.67
	0.64

	8
	Arvizu
	204
	0
	204
	245
	5.6
	0
	0.47
	0.48

	9
	Dabdub
	189
	30
	219
	275
	5.24
	0
	0.82
	0.8

	10
	Gallegos
	160
	0
	160
	252
	5.5
	0
	0.7
	0.74

	11
	Miranda
	138
	0
	138
	198
	6.3
	0
	0.64
	0.66

	12
	Perez
	149
	25
	174
	247
	-
	0
	0.78
	0.77

	13
	Nery
	147
	0
	147
	253
	4.8
	0
	0.78
	0.77

	Mean
	137
	
	157
	226
	5.641
	
	
	


1 Grain yield of the Farmer's practice area.

2 Optimum agronomic rate according to the N response experiment.
Using $0.18 USD kg of wheat and $0.90 per kgN

Table 2. Eight technology transfer trials showing the N rate used in the sensor areas, the area under famer’s management 
and the N rich strip, the area planted of each of these plots, the grain yield, fertilizer costs, income from wheat sells, amount 

of N saved using the sensor and improvement in farm income by using the sensor compared to the conventional farmer’s

management.

	Location
	Fertilizer

Rate (kg ha-1) 
	Planting Area 

(ha)
	Grain Yield (metric tons ha-1)
	Fertilizer Cost *

(dlls ha-1)
	Income from Yield**     

(dlls ha-1)
	N Savings

(dlls ha-1)
	N

Savings (kg N ha-1)
	Improvement in Farm Income with Sensor Use

(dlls ha-1)

	1
	Alejandro Oroz Gaytan     (B. 1003)
	138       Sensor
	12.0
	7.13
	$113 
	$1,362 
	$63 
	82
	$20 

	
	
	220       Farmer
	12.0
	7.36
	$176 
	$1,405 
	 
	 
	 

	
	
	230                      N Rich Strip
	1.0
	7.43
	$188 
	 
	 
	 
	 

	2
	Idalia Mejia (B.2128)
	75                                   Sensor
	25.0
	7.35
	$61 
	$1,403 
	$58 
	75
	$56

	
	
	150                            N Rich Strip
	0.3
	7.36
	$123 
	$1,405 
	 
	 
	 

	3
	Jorge Orozco Parra          (B. 1110)
	138                                   Sensor
	9.5
	6.97
	$113 
	$1,331 
	$46 
	60
	$12 

	
	
	198       Farmer
	9.5
	7.15
	$159 
	$1,366 
	 
	 
	 

	
	
	276                      N Rich Strip
	1.0
	7.38
	$226 
	 
	 
	 
	 

	4
	Ernesto Olea (B.909)
	115                                   Sensor
	5.0
	7.28
	$94 
	$1,390 
	$63 
	82
	$26 

	
	
	197       Farmer
	5.0
	7.48
	$157 
	$1,427 
	 
	 
	 

	
	
	230                      N Rich Strip
	1.0
	7.73
	$188 
	$1,476 
	 
	 
	 

	5
	Productores del Valle    (B. 516)
	150                                  Sensor
	3.0
	8.05
	$123 
	$1,536 
	$77 
	100
	$104 

	
	
	250       Farmer
	5.0
	7.90
	$200 
	$1,509 
	
	
	

	
	
	243                      N Rich Strip
	2.0
	8.14
	$199 
	 
	 
	 
	 

	6
	Cristobal  Campos  (UCAH)
	92                                 Sensor
	0.9
	7.44
	$75 
	$1,421 
	 
	 
	 

	
	
	92                                 Sensor
	0.9
	7.57
	$75 
	$1,444 
	$71 
	92
	$71 

	
	
	184       Farmer
	0.2
	7.57
	$151 
	$1,444 
	 
	 
	 

	
	
	276                    N Rich Strip
	1.8
	7.29
	$226 
	 
	 
	 
	 

	7
	Ernesto Combuston (B. 1924)
	160                                 Sensor
	15.5
	7.30
	$131 
	$1,394 
	$29 
	37
	$86 

	
	
	197       Farmer
	4.0
	7.00
	$160 
	$1,336 
	
	
	

	
	
	217                      N Rich Strip
	0.5
	 
	$178 
	 
	 
	 
	 

	8
	Alejandro Oroz Gaytan        (B. 1107)
	148                                 Sensor
	12.0
	7.68
	$121 
	$1,466 
	$63 
	82
	$45 

	
	
	230       Farmer
	12.0
	7.77
	$184 
	$1,484 
	
	
	

	
	
	241                      N Rich Strip
	 
	7.82
	$197 
	 
	 
	 
	 


             Average                                                                                                                                                                                                              $53

 * Fertilizer cost on January 2006: Urea $ .82 dlls per kg N and Anhydrous  Ammonia $ .78 dlls per kg N

** Price of wheat per metric ton: $191 dlls
    For all calculation the exchange rate during May 2006 was used (1 dll = 11 pesos)
( To whom all correspondence should be addressed. Email: i.monasterio@cgiar.org





PAGE  
1

