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Executive Summary:
Remote sensing of plant and soil properties has been investigated as a tool for managing production of crops for the last half century.  Only within the last few years has the technology advanced enough for farmers to make management decisions that actually return a net profit. Recent research to develop optical sensors and the prerequisite agronomic science has now provided tools to allow optimization of the most significant input for cereal crop production, nitrogen fertilizer.  Of the more than 56,000,000 metric tons of fertilizer nitrogen (N) applied to cereals each year, 66% of that is lost via denitrification, volatilization, gaseous plant N loss, leaching, and surface runoff.  If nitrogen use efficiencies could be improved from the current 33% (Raun et al., 1999), to more than 50%, this would result in a world savings exceeding $10.8 billion dollars.  Since 1992, Oklahoma State University scientists have been working on the development of an optical sensor based approach to improve fertilizer N use efficiency in cereal crops.  In 1998, the first active lighting sensor was successfully used to accurately predict cereal grain yield potentials from mid-season vegetative readings.  This sensor was later adapted to accurately predict mid-season fertilizer N needs.  Farmers using the sensor on wheat and corn have realized average increases in revenue in excess of $20/ha.  While we have been successful in extending this technology in Mexico, India, Argentina, Australia, Canada, and the USA, the technology must be modified to produce an inexpensive (throw away) optical pocket sensor that can be extended in the third world.  Science based decision making algorithms must be modified for the crops and needs of third world farmers.  Judicious and prudent use of N fertilizer has never been more important, especially considering natural gas prices, and the adverse environmental effects of irresponsible N use.  This importance is amplified by the nutritional penalty from not having applied enough N.  The sensor technology with supporting agronomic principles could be developed and extended to Sub-Saharan Africa and South Asia within a relatively short time period.  Furthermore, numerous other remote sensing technologies and scientific advances to utilize these technologies are in the pipeline and could impact productivity and income of these farmers within the next 25 years.  The key to successfully introducing these technologies and scientific developments to farmers in Sub-Saharan Africa, South Asia or any other region is the development of a comprehensive package of technology, science, education, financing, and numerous other factors.  Absent an entire package or system these technologies and scientific breakthroughs will not be adopted.  We offer as a model for creating and introducing these technologies to the third world the ongoing development of an optical sensor based system to manage nitrogen fertilizer.
Introduction: 
Remote sensing encompasses a number of technologies generally, but not exclusively utilizing some form of electromagnetic radiation.  There are two criteria to all of these technologies:  1) Measurements are non-contact and 2) Measurements are indirect.  The former criterion encompasses devices separated only slightly from the plant or soil surface such as ground penetrating radar to sensors located large distances from the target, e.g. satellite cameras.  The first criterion is critical to these technologies, because it enables large areas to be measured quickly and non-destructively.  The latter criterion presents a unique challenge.  In general, remote sensed data must be confirmed or interpreted by “ground truthing” because the data are generally confounded.  
Never-the-less, remote sensing has found a place in agriculture.  Satellite imagery is being used to estimate grain yields.  Stereoscopic aerial imagery in conjunction with soil sampling (ground truthing) is used to classify soils and estimate their productivity.  Infrared temperature sensing “guns” can be used to measure plant canopy temperature and determine if a crop is under moisture stress.  While these tools are useful for making decisions at the state and national level of governments, none, with the exception of the infrared gun, have a direct effect on farmer’s crop production or net income.  Even a financially strong and technology savvy company such as John Deere & Co. has failed twice when trying to commercialize remote sensing technologies.  In the late 1990’s, they attempted sell sprayer mounted active lighting optical sensors, but the adoption rate was too slow.  Their attempt to build a micro-controller based optical sensor failed, and Deere elected to sell the company rather than to continue investing in the technology (we should note parenthetically that the patents sold with the company for pulse width modulated active lighting provided the intellectual property protection needed by Oklahoma State University to create a commercially viable optical sensor system for nitrogen management.)  Approximately two years ago, Deere & Co. purchased a large aerial remote sensing company to produce geo-referenced images of farmer’s fields.  Within the last two months Deere sold the company and fired a number of Deere employees working on remote sensing, having been unable to sell enough images to make the subsidiary commercially viable.  Farmers in the United States and Argentina saw no reason to spend money to purchase remote sensed images which did not enable them to increase grain yields, decrease input costs, increase net return, or reduce the potential for adverse environmental impact.
In spite of these failures, there is a critical role for remote sensing to enable farmers to manage inputs in-order to increase grain yields, decrease input costs, increase net return and/or reduce the potential for adverse environmental impact.  Most of the balance of this paper describes a project by Oklahoma State University which is in the process of creating a system that:  meets these objectives; is now commercially viable; and with sufficient additional support, can develop and deliver a sensor and supporting agronomic technology that will enable farmers in the third world to optimize nitrogen fertilizer application rates in cereal and other crops.  We believe that it can serve as a model to develop new agricultural technologies, integrate them into agricultural production system, and create programs to extend them in Sub-Saharan Africa and South Asia.  Furthermore, we identify other remote sensing technologies in the “pipeline” that could eventually meet these criteria.
The Role of Nitrogen in Cereal Crop Production.  
Nitrogen fertilizer is critical for plant growth and grain yield of cereal crops of which corn, wheat, and rice are the principal crops grown in the world.  It has been impossible to optimize the application of nitrogen fertilizer because it is highly mobile.  It is also relatively expensive because of the high energy costs associated with its manufacture.  Because N is critical for the production of cereal grains, farmers resort to one of two extreme N application strategies: 1) apply N fertilizer in excess when sufficient fertilizer is available and cost is not excessive or 2) apply little or none if only limited amounts of N are available and costs are high.  In either case, there is no inexpensive scientifically based device or management system available for use by farmers in the third world to determine nitrogen fertilizer rates.  An examination of the evolving science and technology for managing N fertilizer and how it can be delivered to Sub-Saharan Africa (SSA) will provide this NAS committee with a case history of how the Bill and Melinda Gates Foundation could use rapidly evolving agricultural sciences and engineering technology to enable SSA and other third world countries to feed themselves.
Disparity in Crop Production and N Fertilizer Use in Sub-Saharan Africa and the USA: 
Sub-Saharan Africa has a population exceeding 699,000,000.  In 2005, SSA produced 97,317,420 metric tons of cereal grain on 88,435,068 hectares or an average of 1.10 tons of cereal grain/hectare.  A total of 26,801,040 hectares of maize were harvested in SSA, with a total production of 40,473,062 metric tons, and average maize yields of 1.51 tons/ha (FAOSTAT.ORG).  Wheat, sorghum, rice, and millet comprise the majority of the remaining cereal production.  Alternatively, the USA produced 364,019,526 metric tons of cereal grain on 56,404,000 hectares, resulting in 6.50 tons of cereal grain/hectare.
Fertilizer N consumption for SSA in 2005 was 1,307,443 metric tons (FAOSTAT.ORG) of which 60% is estimated to be consumed for cereal production (FAO, 1995).  This translates into an anemic average N rate of 4 kg/ha for the more than 88 million hectares of cereals in SSA.  In the USA, 6,526,998 metric tons of fertilizer N was consumed for cereal production, and the average annual N rate was 52 kg/ha for all cereals..  While SSA represents 10% of the world population, it consumes less than 1.5% of the world fertilizer N.  The USA consumed 10,878,330 metric tons of fertilizer N in 2005, or 13% of the world total, with less than 5% of the world population.

Table 1.  Production and nitrogen use statistics for cereal production in Sub Saharan Africa, the United States, and the World (from www.fao.org, FAOSTAT). 
	
	
	
	

	
	SSA
	USA
	World

	Population
	699,813,000
	300,000,000
	6,600,000,000

	Cereal production, ha
	88,435,068
	56,404,000
	657,085,620

	Maize, ha
	26,801,040
	30081820
	138,163,504

	Wheat, ha
	2,631,932
	20226410
	210,247,188

	Sorghum, ha
	25,829,881
	2301470
	41,689,272

	Rice, ha
	8,477,895
	1352880
	147,455,159

	Millet, ha
	20,480,119
	200000
	34,242,897

	Cereal production, Mt
	97,317,420
	364,019,526
	693,427,825

	Maize, production, Mt
	40,473,062
	280,228,384
	601,815,839

	Cereal yields, Mt/ha
	1.10
	6.45
	1.06

	Maize, yields, Mt/ha
	1.51
	9.32
	4.36

	Fertilizer N, Mt
	1,307,443
	10,878,330
	84,746,304

	Fertilizer N, Mt (cereals)
	784,466
	6,526,998
	50,847,782

	N rate, cereals (kg/ha)
	3.99
	52.07
	34.82

	Expenditure, N Fertilizer, $ 
	706,019,220
	5,874,298,200
	45,763,004,160


In 1998, Malakoff estimated that excess N flowing down the Mississippi River was valued at over $750,000,000.  With drastically increased N prices today, that value now exceeds 1.0 billion dollars per year.  This becomes increasingly important when considering that SSA spent only $706,000,000 on fertilizer N in 2005 for 88,435,068 hectares of cereal production, while the USA spent 5.8 billion dollars on N fertilizer for over 56,404,000 hectares under cereal production.  While US farmers are making some effort to improve upon their fertilizer use efficiency, it is disturbing to note that the excesses from fertilizer N loss that end up in the Mississippi River each year, exceed the total amount of N fertilizer applied for cereal production in SSA.  The same tendency to over fertilize occurs in all countries when a sufficient amount of N fertilizer is available at a reasonable price.  An example is the dead zone in the Gulf of California at the mouth of the Yaqui Valley of Mexico.

Evolution of an Optical Sensing Technology for Nitrogen Fertilizer Management
In 1992, Oklahoma State University engineers and agronomists initiated a team approach to improve fertilizer N use efficiency in cereal grain production.  This initially started with the development of passive (natural lightning) optical sensors and translating output of these sensors into a vegetative index (the Normalized Difference Vegetative Index, NDVI) that could predict plant biomass (Stone et al., 1996).  Subsequently, research documented extensive soil variability at distances less than 30 cm in production fields (Raun et al., 1998).  Geostatistical analyses showed that the optimum sensing and treatment resolution for agronomic benefits, e.g. optimum yield and optimum nitrogen use efficiency, was in the range of 1 by 1 m (Solie et al., 1996).  However, sensing and treatment could occur at coarser resolutions with a subsequent decrease in agronomic benefits.  Ensuing research documented the ability to predict midway through the growing season crop yield potential with high spatial resolution, optical sensors.  This was critical because it enabled calculation of fertilizer rates based on projected N removal (Raun et al., 2001).  However, yield prediction was but half of the equation for predicting fertilizer N rates.  Later findings showed that the crop’s response to N to fertilizer changed radically from year to year as a function of the rate of conversion of organic N to inorganic N (Johnson and Raun, 2003).  The combined knowledge of drastically changing yield levels spatially within a field and changes in crop response to additional N from one year to the next demanded an N application rate be determined midway through the crop season.  

Once it was recognized that crop response to N fertilizer, RI, could be predicted from early-season sensor readings, this agronomic component was combined with yield potential with no additional N (YP0) (Raun et al., 2001) to estimate crop yield with sufficient N, YPN (Raun et al., 2005).  By estimating the amount of N taken up in the crop (fertilized and un-fertilized), the deficit was that amount of N required to produce the predicted difference in grain yield (YPN-YP0).  This calculation was further refined by accounting for the expected efficiency of the mid-season N applied (between 0.5 and 0.7) and the maximum possible grain yield for each specific environment.  A key point demonstrated by the agronomic research is that remote sensing measurements are, to a greater or lesser extent, significantly confounded.  If these devices are to be use in a farmer’s production system, major efforts must be mounted to conduct agronomic research to develop new and innovative methods to interpret and use the sensor data.
As noted previously, the concept of optical reflectance sensors with pulse width modulated active lighting was known and had been patented.  Although patented, no one had successfully constructed such a sensor except as an analogue device to detect weeds growing on fallow soil.  We designed and built a sensor and controller capable of measuring crop yield potential, calculating N fertilizer application rate and applying N on-the-go.  These sensors emit light in the red and near infrared bands and measure the light reflected back to the sensor, and are unaffected by lighting conditions to the extent that they are capable of indirectly measuring plant biomass day or night.  Thirty of these sensors were integrated into a conventional 18 m wide agricultural sprayer and connected in an ISO 11783 Controller Area Network with a user interface and supporting computers.  The sensor/applicator measured yield potential for each 0.6 by 0.6 m area, the inherent and basic spatial variability (Solie et al.1999), and applied fertilizer at the calculated rate while operating at 22.5 km/hr.  
Oklahoma State University entered into an agreement with NTech Industries, Inc., Ukiah, California who now manufacture and sell machines based on this design.  This company owned certain patents that covered pulse width modulation of light for all agricultural applications, patents previously owned by Deere & Co.  They also had experience with analog based active lighting sensors for weed detection.  It has taken this company six years of development and education of prospective customers to reach the point where fertilizer applicator based optical sensing/variable rate application has become commercially viable.  These sensors are marketed under the GreenSeekerTM trade name.  The OSU team’s experience with this and other companies is that large companies with well established markets are generally unwilling to assume the risk and dedicate the time required to make these high risk technologies commercially viable particularly if the potential monetary return is limited.
It soon became apparent to OSU researchers and NTech Industries that even the most progressive U.S. farmers were unwilling to accept such a complex sensing and application system.  As a consequence, OSU and NTech created a low-resolution six sensor system which is being successfully marketed by NTech Industries www.ntechindustries.com.  

We realized early in the research and development process that if optical sensor based research was to be successful a major educational effort must be initiated and continued throughout the development process.  In 1996, we worked with writers from the agricultural press to introduce optical sensor based N management to farmers in Oklahoma and in national publications to farmers throughout the United States.  After completion of the first self-propelled sprayer with passive sensors in 1996, OSU invited engineers from the leading manufacturers of fertilizer applicators, fertilizer dealers, and farmers to see the machine operate.  We continued to work closely with fertilizer dealers to inform them of the latest developments and began offering workshops for farmers and agricultural consultants.  This effort intensified with construction of the field scale sensor applicator.  After completion of the applicator, our team conducted a series of on-farm demonstration/applied research trials. We enlisted county agricultural educators and area agronomists to extend the science and system to Oklahoma farmers, and our team continues working with farmers and the press throughout the US to implement the technology.  The latest example is the Discovery Channel who recently filmed our system and will present the sensor based N rate technology on their world wide science program this fall (http://www.nue.okstate.edu/Discovery_Channel/Disovery_Channel.htm).
When the high resolution, high speed sensor/applicator and low resolution sensor/applicator were introduced, it became apparent that farmers were not ready for the equipment or technology.  By this time, we knew that we could greatly improve nitrogen use efficiency by simply managing the temporal variability within a field while ignoring spatial variability.  A parallel R&D program was initiated to create a single sensor system that would account for temporal variability and could be used by small farmers around the world. Creation of a “low cost” optical sensor system required development of a single, handheld optical sensor, and an efficient way to calculate fertilizer rates anywhere in the world.  NTech is marketing an “inexpensive” ($4,000) handheld sensor that uses our web site and associated nitrogen rate calculator.  This calculator has algorithms for winter and spring wheat, corn, sorghum, and rice with algorithms customized for a number of regions in the world (Google, search: “sensor based nitrogen” or www.nue.okstate.edu).  The site also has provisions to download the calculator to Windows CE PDA’s.  
             [image: image1.jpg]



Figure 1.  Farmer field day and extension of the GreenSeeker Sensor in Ciudad Obregon, Mexico, January 2007.

Working with CIMMYT (Centro Internacional de Mejoramiento de Maíz y Trigo) and financed by a USAID grant, we began working in Mexico, India, China, Uzbekistan, and Turkey to evaluate the handheld sensor and to develop algorithms for cereal crops.  We have continued our long term working relationship with CIMMYT to develop and extend the handheld sensor technology for corn and wheat.  In addition, we have engaged Canadian researchers to develop an optical sensor based management system for Canola; and have 4 years of experience with Argentine farmers to test and extend the technology in spring wheat and corn.  
Need for Making Mid-Season N Decisions

Most nitrogen fertilizer is applied prior to planting the crop and occasionally as much as six months prior to planting.  This leads to major losses of the mobile nutrients (nitrogen) and can result in major environmental damage.  An alternative is waiting until midway through the plant’s life cycle and applying nitrogen fertilizer based on the actual, measured requirements of the crop.  Because early season N stress seldom results in decreased yields, provided N is applied later, mid-season N applications are much more efficient, and as a result of this improved efficiency, lower amounts of N are required (i.e. topdress versus a preplant N application) to produce the same level of yield.
The improved mid-season N management approaches developed by OSU and CIMMYT have resulted in documented increases in NUE exceeding 15% (Raun et al., 2002).  Similarly, Ortiz-Monasterio and Raun (2007) showed increased farmer revenue in excess of $30/ha when using the sensor based N recommendations in spring wheat.  Extensive on-farm evaluation of the sensor-based nitrogen rate calculator (SBNRC) for wheat and corn has shown a minimum of $22.00/ha increased farmer revenue when using the recommended N rate in wheat, and over $40.00/ha in corn.  A subset of our on-farm results can be found on the following site (http://www.nue.okstate.edu/Index_Benefits.htm).

Application for Africa

Considering the extremely low N rates applied for cereal production in SSA (average of 4 kg/ha), extension of any kind of N management could potentially lead to significant increases in production.  Similar to what took place in Pakistan and India in the 1960’s and 1970’s, improved fertilizer N practices must be extended with higher yielding genetic materials.  With a modest 50% increase in yield (from 1.10 to 1.60 Mt/ha) combined with a tripling of the fertilizer N rate (4 to 12 kg N/ha), at current fertilizer N prices, increased farmer revenue could exceed $5 billion dollars/year.  While this is optimistic, it is well within reach based on what has happened with recent adoption of the technology in Mexico, and the USA.

Issues Extending Optical Sensor N Management (or Any Other Similar Technology) to Africa

Although the optical sensor nitrogen management is commercially viable, it is not ready for extension to Sub-Saharan Africa or South Asia.  It faces the same challenges that all new agriculture technologies will face: 1) sensor cost, 2) simplification, 3) illiteracy of potential users of the technology, 3) lack of an education/extension infrastructure and 5) limited or non-existent agricultural research organization, 6) lack of a nitrogen fertilizer distribution system and 7) unaffordable N fertilizer.  To be successful, the following must occur:

1. A simple low-cost handheld “optical pocket sensor”, OPS must be designed and mass produced that meets the needs of third world farmers.  Any new technology must be of a form so that any farmer or his advisor/extension agent can purchase the instrument and use it.  Either the engineers and scientists that created the technology must design the instrumentation and participate in the manufacturing of the product or design and manufacturing must be handed off to a third party.  The latter is risky unless a mechanism is in place to guarantee the product meets standards established during the research and development process.  Our experience from participating in a number of projects to develop new products is that most of the good technologies or inventions fail in the “handoff” between the creator/inventor and the manufacturer.  Provisions must be made for calibration of sensors, downloading updated software, and most importantly downloading new or improved algorithms for managing N fertilizer.  

2. The problem of “handing off” the sensors and agronomic science is even more of a challenge than turning a prototype sensor into a mass produced product.  There will need to be a major agronomic research program in each country to modify algorithms for each countries crops and conditions.  As has been accomplished here, a program must be put in place to test and modify the decision making software, and most importantly demonstrate to the users that the technology works.  The not-invented-here syndrome exists in every country.
A plan must be developed and implemented to extend the technology to African and South Asian farmers, which includes supplying:  the sensor, adequate supplies of nitrogen fertilizer, and corn and other crop cultivars that are bred to perform well with adequate levels of N fertilizer.  Teams of “extension” personnel which may be government employees, AgNGO (Agricultural Non-Governmental Organizations) employees, private agricultural consultants, farmer co-operative agronomists and/or fertilizer dealer agronomists must be created.  These teams can be supported by the Gates Foundation, USAID, or other funding agencies.  It has taken five years of effort after the GreenSeekerTM self-propelled sensor applicator was first demonstrated to reach the point where significant sales of the modified machine are being made.  It will take as long or longer for significant adoption of new science and technology to occur in Africa or Asia.  It is likely that the cost of this extension program will greatly exceed the cost of sensor development and production and the agronomic research needed to refine and confirm the validity of the algorithms to calculate N rate.
To be successful the internet must be used both as and educational tool and as the conduit to convey algorithms in the form of software or in the form of an online calculator that can be accessed by the consultant or farmer.  Experience with such a website developed first for farmers in Oklahoma and now used in Argentina, Mexico, Canada, China, and Australia has shown this is a practical means to disseminate this information.  The web site also serves as a repository for journal articles, practical experiences of farmers, popular press articles professional presentations and other information critical to the successful implementation of the science and technology (www.nue.okstate.edu).
Scientists from agricultural research services in African and South Asian countries, or scientists from agNGO’s will be recruited to conduct this research.  AgNGO’s such as CIMMYT have a long history of breeding crops to meet the needs of the third world and can be expected to participate in the optimization of N fertilizer use in the third world.  OSU has had a long working relationship with CIMMYT and has worked closely with them to test and extend the sensor technology.  Where extension services exist, extension personnel will be recruited and trained to extend the technology.  AgNGO’s will likely be enlisted for delivery of the technology.  Agricultural Co-operatives, particularly in Argentina, have calibrated the N fertilizer rate algorithms and extended the technology to their members.  AgNGO’s such as CIMMYT have had extensive experience extending agricultural technologies in the third world.  

As with any other extension program, an effective educational methodology must be developed to extend the sensor based N management system.  We have documented that farmers in the United States can increase their bottom line by as much as $55.00 (US) per hectare using this strategy.  However, we have found that preaching this does not convince them to adopt the technology.  Farmers in the developed world and developing nation farmers need to see for themselves that the technology will work.  Thus, it is critical that the data collection phase be as rigorous as possible.  Losing on-farm trials is common in third world work, and because this project is regional and multinational, the OPS N Management system coordinator will need to identify personnel in each country on whom he/she can depend.  Also, financial incentives for each in-country National Agricultural Research System (NARS) coordinator need to be made available.  This is a problem in SSA where the strength of the agricultural extension programs differ radically, and as such, technology delivery/extension will need to be tailored accordingly.  In Central America, CIMMYT was successful in conducting a 9-country regional trial (legume interseeding in corn to assist with controlling soil erosion) by purchasing computers in each country, but making these computers part of the in-country NARS coordinators dominion.  Paying for labor and other miscellaneous costs (in each country) is mandatory, and the in-country coordinator has to have some financial freedom to do just that.  Finding trustworthy people is actually easy, you just have to treat them the way you would like to be treated.  

3. A financial infrastructure must be implemented that allows loans to purchase fertilizer and/or improved seed, and sensor access to farmers and potentially to lenders.  Many of these countries have neither an affordable source of N fertilizer nor the means to finance the importation of the fertilizer.  Many, perhaps most of the small farmers do not posses the funds to buy the fertilizer or lack the ability to borrow money at reasonable interest rates.  It is pointless to conduct R&D programs to develop low or high technology without first addressing this problem.

4. Finally, an accountability program must be created to document the benefits of the Optical Pocket Sensor N fertilizer management system and crop cultivar performance and provide feedback to the program so it can be amended or changed to meet objectives.  

We believe that new technologies will play a part in the process of raising the production of small Sub-Saharan and South Asian farms and the standard of living of these farmers.  However there is an important role for new technologies/science in this endeavor.  The key to the success of these technologies/scientific discoveries is their parallel packaging in a form that can be utilized by farmers in these countries, developing the education and delivery mechanisms, financial aid, processing of the agricultural products, marketing them, and the myriad of other programs that will make introduction successful.  With this being said, there are a number of other new remote sensing technologies that have potential for use in Sub-Saharan Africa and South Asia.  If they are to be developed and extended to the third world, a systematic program must be implemented early in the research and development process to create and implement a comprehensive plant that addresses all of the issues raised in this case study. The following are a partial listing of technologies primarily arising from research at Oklahoma State University.

	Technology
	Description
	Status

	Multi-band active lighting spectral sensors
	Spectral signatures can be use to distinguish among crop species, detect water stress, disease stress, and other plant stressor
	Sensors exist.  Systematic agronomic research to determine what can be measured, how it can be quantified, and how it can interpreted to enable farmers to make decisions is limited or non-existent

	Remote monitoring of cattle and other ruminants.
	A system consisting of instrumentation to monitor location, activity, and the amount of forage consumed by grazing animals.  This information can be transmitted through a radio frequency network to a central station.
	Read for use in research on grazing ruminants.

	Optical sensing for managing forage production
	A system has been demonstrated for Bermudagrass.  Can be readily extended to other tropical and semi-tropical grasses
	System is in place and maybe integrated with the remote monitoring system

	Ultrasonic and laser plant height sensor
	There is a strong correlation with corn (maize) height and grain yield.  Either device can measure plant height.  Laser(s) can measure plant reflectance spectra and potentially serve as a line scan “camera” to recognize plant shapes
	Ultrasound distance measurements have been used extensively for research.  Laser systems are in development

	Plant identification by pattern recognition for directed spraying of pesticides
	Has been investigated extensively.  The principal has been demonstrated by numerous institutions. 
	Computer power has finally increased to the point that this technology may be practical

	Detection of weevil and other insects in unshelled nuts
	The use of low power X rays to detect insects in unshelled nuts has been demonstrated
	The major reason the technology has not been implemented is safety concerns about exposure to radiation.

	Detection of insects invading fruit and nut trees
	Identification of specific insect species using several pattern recognition algorithms has been demonstrated.  This is important for protection of nut bearing trees because of the major damage these insects can do within a short period after their initial invasion of the grove
	Pattern recognition algorithms have been tested.  A practical device has yet to be constructed.

	High resolution determination of spatially variable rainfall
	Oklahoma has a 140+ weather station network that can measure everything from air temperature.  Oklahoma State and University of Oklahoma researchers are working with NOAA to Calibrate NEXRAD radar data with MESONET weather station data.  This will result in a system to accurately estimate rainfall at hectare level resolution
	The system is being developed.  The information will be important not only to manage irrigation, but to accurately predict crop yield and assist in identifying problems developing during the growing season e.g. insect emergence and plant disease outbreaks

	Wide band RF measurement of soil moisture
	The technique of using wide band multiple frequency radio waves to measure soil moisture has been demonstrated
	This is in the basic research stage.  The are significant challenges of processing the data to remove confounding variables


Other Recommendations:

We understand that the Gates Foundation anticipates a two pronged effort to deliver existing agricultural science and technologies and to create, perfect, and deliver them to farmers in Sub-Saharan Africa and South Asia.  Based on our experience, we believe that we can make the following recommendations to meet these objectives.

1. There must be a complete interdisciplinary team of dedicated scientists and engineers to create new agricultural science and technology. 

2. The results of implementing these technologies must be real and measurable.  Farmers are willing to try new ideas for a couple of years.  However, if the idea does not place food on the table and more money in their pockets, they will abandon the technology in two to three years.

3. The technology must be affordable.  Even in the United States, farmers must have access to inexpensive sensors that they can use to collect data.  It is our experience that they will believe the sensor after they compare the sensor readings with their observations of the crop. 

4. Farmers are not particularly interested in how the technology works, but they need to know that it does work.

5. The system must be simple and operate in “real-time”.  Farmers want to make a decision in the field and implement it immediately.  They do not and will not wait days or weeks for a recommendation.

6. Researchers, if they are to adopt the system and modify the system for their conditions or other crops, must know how the entire system (agronomic and engineering) works.  There can be no “black boxes”.

7. To be successful with an N management system such as OSU’s system or any other, there must be in-place an educated, enthusiastic, extension team.  Our experience is that to convince farmers to adopt our technology we must have extension personnel with these characteristics working in country.  These agents need not be employed by the university or government; our most effective agent in Oklahoma is an agronomist working for a large fertilizer dealer.

8. Sensors need to be very low cost (probably well under $100.00 US), long life, and can be treated as a “throw away” item.  

9. The sensor and/or supporting decision making devices (e.g. PDA’s) must be able to access the latest N management algorithms.  A possible method already in place at OSU, is a web based algorithm data base.

10. An additional challenge in Sub-Saharan Africa is illiteracy.  Any technology must be in a form that it can be used by these individuals.
References

FAO. 1995. World agriculture: towards 2010 an FAO study. Nikos Alexandratos (ed.). Food and Agriculture Organization of the United Nations and John Wily & Sons, West Sussex, England. p. 190.

Johnson, G.V., and W.R. Raun. 2003. Nitrogen response index as a guide to fertilizer management. J. Plant Nutr. 26:249-262.

Malakoff, David. 1998. Death by suffocation in the gulf of Mexico. Science 281:190-192.

Ortiz-Monasterio, J.I., and W. Raun. 2007.  Reduced nitrogen for improved farm income for irrigated spring wheat in the Yaqui Valley, Mexico, using sensor based nitrogen management.  J. of Agric. Sci. 145:1-8.

Raun, W.R., J.B. Solie, G.V. Johnson, M.L. Stone, R.W. Mullen, K.W. Freeman, W.E. Thomason, and E.V. Lukina. 2002. Improving nitrogen use efficiency in cereal grain production with optical sensing and variable rate application. Agron. J. 94:815-820.

Raun, W.R., J.B. Solie, G.V Johnson, M.L. Stone, R.W. Whitney, H.L. Lees, H. Sembiring and S.B. Phillips. 1998. Micro-variability in soil test, plant nutrient, and yield parameters in bermudagrass. Soil Sci. Soc. Am. J. 62:683-690.

Raun, W.R., and G.V. Johnson. 1999. Improving nitrogen use efficiency for cereal production. Agron. J. 91:357-363.

Raun, W.R., G.V. Johnson, M.L. Stone, J.B. Solie, E.V. Lukina, W.E. Thomason and J.S. Schepers. 2001. In-season prediction of potential grain yield in winter wheat using canopy reflectance. Agron. J. 93:131-138.

Raun, W.R., J.B. Solie, M.L. Stone, K.L. Martin, K.W. Freeman, R.W. Mullen, H. Zhang J.S. Schepers, and G.V. Johnson.  2005.  Optical sensor based algorithm for crop nitrogen fertilization.  Commun. Soil Sci. Plant Anal. 36:2759-2781.

Raun, W.R., G.V. Johnson, J.B. Solie, M.L. Stone, K.W. Freeman. 2007. Use of within-field-element-size CV for improved nutrient fertilization in crop production.  US Patent No. 7,188,450 B2. Issued, March 13, 2007.

Solie, J.B., W.R. Raun, R.W. Whitney, M.L. Stone and J.D. Ringer. 1996. Optical sensor based field element size and sensing strategy for nitrogen application. Trans. ASAE 39(6):1983-1992.

Solie, J.B., W.R. Raun and M.L. Stone. 1999. Submeter spatial variability of selected soil and bermudagrass production variables. Soil Sci. Soc. Am. J. 63:1724-1733.

Stone, M.L., J.B. Solie, W.R. Raun, R.W. Whitney, S.L. Taylor and J.D. Ringer. 1996. Use of spectral radiance for correcting in-season fertilizer nitrogen deficiencies in winter wheat. Trans. ASAE 39(5):1623-1631.
