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Abstract: Sensor technology, which benefits from high temporal measuring resolution, 

real-time data transfer and high spatial resolution of sensor data that shows in-field 

variations, has the potential to provide added value for crop production. The present paper 

explores how sensors and sensor networks have been utilised in the crop production 

process and what their added-value and the main bottlenecks are from the perspective of 

users. The focus is on sensor based applications and on requirements that users pose for 

them. Literature and two use cases were reviewed and applications were classified 

according to the crop production process: sensing of growth conditions, fertilising, 

irrigation, plant protection, harvesting and fleet control. The potential of sensor technology 

was widely acknowledged along the crop production chain. Users of the sensors require 

easy-to-use and reliable applications that are actionable in crop production at reasonable 

costs. The challenges are to develop sensor technology, data interoperability and 

management tools as well as data and measurement services in a way that requirements can 

be met, and potential benefits and added value can be realized in the farms in terms of 

higher yields, improved quality of yields, decreased input costs and production risks, and 

less work time and load. 
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1. Introduction 

Agricultural production is vital for feeding the human population. Production of crops, however, 

show variation in space and time due to changes in weather conditions, different management practices 

and other external factors. Information on the day-to-day factors influencing crop growth has been 

important for farmers for ages. In the past farmers mainly used direct human observations to recognize 

these factors. In the last decades, however, more and more automatic sensor systems such as soil 

moisture sensors, weather stations and satellite or airborne sensors have been adopted [1]. Automatic 

sensors and sensor networks enable local and (near) real-time observations and monitoring, and may 

foster more sustainable crop production practices and, thus, lower negative environmental impacts of 

agriculture and food safety risks. 

Sensor and communication technology has quickly developed from off-line sensors using field 

loggers and manual downloading to wireless on-line sensor networks, and is moving toward 

interoperable and autonomous sensor webs [2]. This sensor web concept is based on the Sensor Web 

Enablement (SWE) framework of the Open Geospatial Consortium (OGC). Within this framework, 

standard protocols, interfaces and web services to discover, task, exchange and process data from 

different sensors and sensor networks have been defined [3-5]. Geo-sensors were loosely defined by 

Nittel et al. in 2008 [6] as sensors that monitor phenomenon in a geographical place. Until now the 

development of sensors and sensor networks has mainly been driven by technological innovations. 

However, this technological push has been supported by growing needs for food and fiber, demands 

for reducing environmental effects of agriculture and concerns over food safety [7]. Also increasing 

competition in the global food market and decreasing profitability of European farms have been seen 

to support adoption of new technology in the farms [7,8].  

Agriculture benefits from high temporal measuring resolution, real-time data transfer and high 

spatial resolution of sensor data that shows in-field variations [2,9-12]. Sensor technology has the 

potential to provide added value for agriculture e.g., for improving yield quality or for decreasing costs 

or risks in production. Currently sensor technology has been most commonly applied in real-time 

weather monitoring for support of management practices, and in precision agriculture [10,13]. Maturing 

technology has also enabled first commercial and operational applications in agriculture [14].  

Sensor networks in agricultural applications have been studied with growing interest.  

Past papers mainly focused on technical issues (hardware, software, energy-consumption and 

communication) [4,9,11,13,14,16-18]. Also recent review articles [13,15,18] on sensor technology and 

sensor networks in agriculture had a predominantly technical perspective. More and more queries have 

been made for studies that focus on applications and operational use of sensor technology in the field 

of agriculture and environmental monitoring [14]. As far as we know, agricultural applications of 

sensor networks have not been analyzed or reviewed from a practical application and user point of 

view. Relevant questions when sensor networks are implemented in operational crop production and 

applications are: How do they support crop production? What added-value do they bring to production 

process? How do users benefit? What are the risks and bottlenecks involved?  

In the present paper we aim to explore these questions in crop production process. The analysis is 

done by comprehensive literature review and the analysis of two sensor network use cases. Literature 
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review of geo-sensor network applications is limited to crop production including in-situ or portable 

sensors and sensors mounted in field or airborne vehicles or machines. 

2. Sensors and Sensor Network Applications in Arable Crop Production 

2.1. Literature Review 

2.1.1. Sensing of Growing Conditions 

Many of farming decisions are based, at least partly, on weather information. Because weather is an 

important factor in agriculture, many agro-meteorological networks were founded decades ago to 

support agriculture [2]. Most countries provide agro-meteorological services by integrating national 

weather data with soil and agricultural data; such as crop growth models, plant disease and pest 

information. These are used for timing tasks like plant protection and irrigation. Many countries also 

offer alerting or forecast services and maintain separate agrometeorological station networks [19]. The 

first networks were based on meteorological stations and voluntary observers, but already in the 80s 

automated weather stations started to be commonly available [20,21]. These networks, some of them 

still operational, offered weather and soil information combined with agricultural models to support 

farmers’ management decisions [20,22]. 

The regional agro-meteorological sensor network, AgWeatherNet, from Washington State (USA) [10] 

is a recent example of a commercially successful sensor network application. It integrates biological 

knowledge and sensor data to provide decision support for fruit tree farmers. Also applications for 

irrigation system performance, crop-load monitoring and manure spreading employ weather data 

acquired by AgWeatherNet.  

Knowledge of the spatial variability of soil attributes within an agricultural field is critical for 

successful site-specific crop management. At the start of the growing season, the farmer is interested in 

the actual soil status (e.g., compaction, nutrient balance, pre crop) to decide on the required soil 

preparation activities. During the growing season, information on nutrient and pesticide fluxes is 

relevant for proper timing of management decisions. However, manual soil sampling and laboratory 

testing is tedious and expensive. Several studies have presented alternative soil sensing techniques 

which are able to assess this variability. Two main types of soil sensing techniques can be 

distinguished: (1) proximal sensors mounted on vehicles for on-the-go measurements [23], and  

(2) wireless sensor networks with individual nodes located at different positions and depths within an 

agricultural parcel [24].  

Proximal sensing techniques can be defined as field based techniques that can be used to measure soil 

chemical, physical, biological and mineralogical properties from a distance of approximately less  

than 2 m above the soil surface [25]. A broad variety of on-the-go proximal sensing techniques has been 

applied ranging from diffuse reflectance spectroscopy using Visible-Near-Infrared (VIS-NIR) [26,27] or  

Mid-Infrared (MIR) wavelengths [27], Gamma-Ray Radiometry (GRR) [28], Ground Penetrating 

Radar (GPR) [29], and Electrical Conductivity (EC) [30]. VIS-NIR and MIR can provide information 

of the top-soil on several soil properties (e.g., soil organic carbon, texture, nitrogen content, pH) [15]. 

Viscarra Rossel et al. [27] compared the performance of different wavelength ranges using VIS, NIR 

and MIR. Prediction accuracy varied greatly depending on the soil property. GRR and EC provided 
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subsurface information and for example the derived textural information could be adopted as a-priory 

variable to improve predictions based on VIS-NIR spectroscopy [31]. GPR also quantifies soil 

properties of the subsurface and especially is capable to provide information about soil moisture. 

Integration of different sensing techniques by selecting a complementary set of sensors, may improve 

the estimation of soil properties [32]. These so-called multi-sensor platforms [24] would allow 

increased confidence as independent measurements are made on the same soil in various parts of the 

electromagnetic spectrum. Complementary to this, in 2010 Sinfield et al. [33] published a review on 

the current state of sensor technology for monitoring nitrate (N), phosphate (P), and potassium (K) 

status of the soil to optimize fertilizer production inputs. Other specific types of sensors are also able to 

detect the problem of soil compaction which causes many problems in crop production (e.g., decreased 

water storage and soil physical fertility). Hemmat and Adamchuk [23] gave a detailed classification of 

available sensors for measuring soil compaction.  

Wireless sensor networks for measuring soil properties had been mainly developed for soil water 

content and soil temperature [34]. Continuous in-situ sensor measurements would be able to provide 

real-time information on field conditions which can be used as a direct input for farm management 

systems. For example, Moghaddam et al. in 2010 [35] presented a smart wireless sensor web for 

optimal measurement of surface-to-depth profiles of soil moisture using in-situ sensors. The starting 

point was to develop a sparser but smarter network with an optimized measurement schedule in space 

and time which can provide soil moisture estimates by operating sensor scheduling and estimation 

strategies. Ritsema et al. in 2009 [36] presented an advanced approach with a communication protocol 

including data transfer to an end user web page which is applied for continuous monitoring of soil 

water contents at multiple depths. Finally, Sun et al. in 2009 [37] have presented a solar-powered 

wireless cell that contained a water content sensor, two temperature sensors, an optical sensor, a 

communication module and a data-logger. Experimental results under varying weather conditions 

showed that the cell is promising to be used as a node of wireless network in agricultural fields.  

Real-time commercial proximal soil sensing systems have already been developed for various 

operations in crop production. In general these techniques are less accurate than laboratory analyses, 

but they improve the efficiency of soil data collection and provide the farmer spatial patterns of soil 

variation instead of only a few accurate measurements. In addition, by combining these soil patterns 

with observed yield patterns, stratification zones can be identified for spatially varying management [27]. 

Recent advances in image based sensing techniques showed the potential to map soil properties like 

soil organic matter from airborne [24,38] or spaceborne platforms [39]. 

Currently used, off-the-shelf soil moisture sensors, such tensiometers, electrical resistance sensors 

and dielectric sensor, are also relatively large, need soil-specific calibration and careful installation 

with good connection with the soil and are often wired making them impractical for agricultural  

fields [40]. The radio signal attenuation hinder data transfer from networks installed underground. 

However, wireless data transfer through the soil has developed fast in recent years [41-44].  

Ritsema et al. [36] and Tiusanen [43] have reported good performance of underground soil sensor 

networks in their tests. The communication (at ~868 MHz) through soil showed some problems, 

especially if distances between underground and aboveground nodes were longer. The tested distances 

were between 6–62 m and 30–150 m, when sensor depths varied between 4–10 cm or 10–40 cm, 

correspondingly [9,36,43].  
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2.1.2. Plant Protection 

Control of disease, insect pests, and weeds is an essential operation to gain a stable high yield of 

crops and high-quality products. To be able to destroy a weed or disease, it has to be first sensed or 

detected. Different sensing techniques are used to sense the position of plants and differentiate weeds 

in order to appropriately apply protection agents. These sensors and actuators are either attached to  

the tractor or are independent autonomous machines for this purpose. Spectral colour analysis  

techniques [45,46] and textural properties of leaves [47,48] have been employed to identify weeds. 

Gerhards and Christensen in 2003 [46] and Lamm et al. in 2002 [49] used the shapes of plants to 

differentiate between weeds and crops.  

After sensing the unwanted weed or disease, mechanical, chemical or thermal methods can be used 

to destroy these weeds. Slaughter et al. [50] reviewed different methods used for weed control. 

Rotating hoes and tine types of weed control actuators has been utilised for weed control [51-54]. As 

reviewed by McCarthy et al. [55], commercial weed control systems on the market include Photonic 

Detection System [56] that uses reflectance in the NIR wavebands to determine the spectral differences 

between weeds and the bare ground, the Weedseeker [57] which employs light emitting diodes to 

assess the ratios of red and NIR reflectances of weeds and background, and the Rees Equipment [58] 

that identifies weeds based on colour, basic shape and size properties using video image analysis. Also 

a tractor-mounted pendulum-meter which measures plant biomass of crop has been tested for 

controlling fungicide dosage in variable-rate application [59]. Lamm et al. in 2002 [49], Gerhards and 

Christensen in 2003 [60], Luck et al. in 2010 [61] used prototype precision chemical application 

system with microscopic or boom section control in a test of a robotic weed control systems to 

improve the precision of agent application. Available thermal methods for weed control use similar 

sensing but different types of actuators and mechanisms for weed control. Heisel [62] described in his 

research the use of non contact laser treatments methods for control of weeds.  

2.1.3. Fertilising 

Considerable progress has been made in the use of proximal remote measurements with handheld 

and tractor mounted sensors for nutrient management in arable farming [63,64]. For these so-called  

near-sensing systems, different commercial devices are currently on the market (e.g., Yara N-sensor, 

Greenseeker, Cropcircle, Isaria) which measure reflectance in a small number of relatively broad 

spectral bands using their own active light-source. In an operational setting, the sensors are mounted 

on the tractor or the spraying boom and measurements are acquired when agricultural activities on the 

field are carried out [65]. This results in a regular point sampling of the field depending on the number 

of sensors and distance between them and the velocity of the mobile platform during acquisition. The 

output of near-sensing instruments consists either of more general vegetation indices like normalized 

difference vegetation index (NDVI) and red-edge position (REP) or system specific indices that 

represent the relative difference in crop conditions. Based on this relation, variable-rate technology is 

developed for spraying and fertilization based on real-time sensor data acquisition [24]. 

Most studies focus on the use of near-sensing systems for optimization of nitrogen fertilization in 

arable crops like wheat [66,67], corn [65,68], potato [64] and cotton [69] but also for automated fertilizer 
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application in tree crops [70]. For example, in 2006 Berntsen et al. [67] adopted the Yara N-sensor to 

target nitrogen fertilizer in fields of winter wheat. Their results showed that better relationships 

between sensor measurements and grain yield could be achieved when improved sensors would be 

able to describe additional crop features (e.g., LAI and canopy characteristics) or soil properties (e.g.,  

soil organic matter, water content). An inter-comparison study by Tremblay et al. in 2009 [65] showed 

that although both commercial sensors (Greenseeker and Yara N-sensor) were capable of 

characterizing differences in crop growth resulting from variation in nitrogen status, marked 

differences between sensors were observed in NDVI development over the growing season. The 

studies indicated that integration of near-sensing instruments or the combined use of near-sensing 

systems with remote sensing data sources still require further improvement [63]. In addition, recently 

published vegetation indices like the Normalized Area Over reflectance Curve (NAOC) [71] and the 

Double-peak Canopy Nitrogen Index (DCNI) [72] combined with biomass indices (e.g., weighted 

difference vegetation index (WDVI) [73] showed promising results to assess crop nitrogen status. To 

improve site-specific nitrogen management, plant growth models require accurate information on the 

whole cropping system, including the crop nitrogen status, and supply and losses from the soil with 

high temporal and spatial resolution [74]. 

2.1.4. Irrigation  

Efficient irrigation management needs information on when and where to irrigate and how much 

water to apply. Sensor information on soil characteristics, mostly soil moisture and temperature, can be 

utilised in deciding timing and amount water applied as well as in validating irrigation efficiency. Also 

indirect sensor measurement on crop stress has been developed for irrigation practises [40,75]. 

The potential of sensor technology for irrigated agriculture has been studied since mid 80s [76,77]. 

Since then rapid development of communication technologies has replaced wired soil conditions 

monitoring systems with wireless systems. In Spain such an experimental system for monitoring soil, 

weather and irrigation water was developed for precision horticulture. The system provided more 

comprehensive data in both space and time compared to the traditional systems based on manual 

measurement with portable device. The wireless techniques made systems faster to deploy and provide 

flexibility while challenges were found in costs of the sensors, lack of experienced staff and in power 

supply [78]. 

Holler presented [79] a ten-node soil moisture and temperature monitoring network for managing 

regulated deficit irrigation in Californian vineyards. They used inexpensive off-the-shelf sensors for 

optimizing irrigation duration and intervals and for monitoring water sources and irrigation system 

operation (e.g., line pressure, tank filling). The use of sensor data seemed beneficial as the sensor 

network was extended to two adjacent vineyards. Benefits were gained from improved grape quality 

and yield and from savings in water use, pumping energy, and labour and repair costs. 

 In conventional irrigation, fields are managed uniformly both in terms of water application depth 

and timing, which may results in over- or under-irrigation. Site-specific irrigation management takes 

into account spatial variation by using management zones that are treated individually [80].  

Vellidis et al. [81] presented an irrigation scheduling application based on soil moisture and 

temperature sensors. Sensor data was used to define irrigation zones, timing of irrigation and amount 



Sensors 2011, 11                            

 

 

6662 

of water to apply. The systems used RFID technology in transmitting monitoring data which had an 

advantage of decreasing cost and power use by the transmitting network. They also developed variable 

rate irrigation (VRI) system retrofit package that is suitable for most existing pivots to allow varying 

water application amounts. The VRI system was also commercialised in United States [81,82]. 

Control of irrigation system on basis of sensor measurements requires wireless real-time 

communication. Automated irrigation system should also be able to allow a variety of control inputs 

(also sensor inputs), to control individual nozzles and be aware of its location to optimise amount of 

water applied [81,83,84]. Decision support software for the control of linear-move irrigation based on 

near real-time sensor networks was described by Kim and Evans in 2009 [84]. The experimental 

system employed wireless sensor network of soil moisture monitoring, and used sensor data to adjust 

irrigation and nozzle sequencing for performing site-specific irrigation. The location of irrigation 

machine was also monitored and the system was adaptable for different crop designs, irrigation 

patterns and field locations. Chavez et al. [83,85] recently described an automated control system for 

lateral-move irrigation systems. It controlled on/off time of each nozzle to create spatially variable 

water application rates. The system worked at 1-min resolution and integrated in-situ soil moisture 

sensor data, remote sensing maps with thermal infrared readings, spatial information on field 

characteristics and static information of crop water use to automatically provide a map for controlling 

irrigation task and providing feedback on tasks’ success.  

Irrigation management posed requirements for sensor and communication technology: sensors 

should be easy to use and install, expenses of sensors be low, power-use of instruments and 

communication be low and data representativeness and reliability be at reasonable level. Interoperability 

of sensors and sensor networks with irrigation control systems also need development [84]. The 

benefits of sensor measurements were obtained by increased efficiency of water use [83]. There is also 

evidence that site-specific irrigation can increase amount and quality of yields for crops that are 

sensitive to soil water availability such as potato. However, increase in income may not cover the costs 

of monitoring and improved irrigation systems [80]. Site-specific irrigation had also lowered risks of 

plant diseases and environmental damages, such as nutrient leaching and soil compaction [40,80,84]. 

For site-specific irrigation, as any precision agriculture technique, correct modelling of spatial 

variability (of soil moisture) is critical, otherwise uniform application rate may be more approved than 

variable rate applications [75].  

Remote sensing was also studied in mapping crop water status. Thermal imagery provides spatial 

data on surface temperature which was used to estimate crop water status. The review of recent remote 

sensing studies on crop water status is given by Lee et al. in 2010 [14].  

2.1.5. Harvesting 

Yield sensing and mapping during grain harvesting has been extensively studied and is also widely 

adopted practise. Yield monitor systems usually incorporate data from a yield sensor, a moisture 

sensor, a ground speed sensor, a cut width sensor, an elevator speed sensor, and a differential global 

positioning system (DGPS) receiver to relate sensed grain yield to location [86]. Various techniques 

for on-the-go yield sensing were described in review articles by Arslan et al. [86] and Reyns [87].  

Reyns [87] separated mountable grain yield sensors in four groups: Mass flow measurements, volume 
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flow measurements, impact sensors and indirect methods, where indirect methods includes radiometric 

and capacitive methods. Reyns [87] gave a detailed overview of published research on different 

sensors as well as an overview of commercial sensors on the market. Most major agricultural 

equipment companies now provide optional yield-mapping systems for their combine harvesters. A 

fair amount of studies have been conducted to assess the accuracy of yield measurement and yield 

mapping (see [86,88,89] and references therein).  

In addition to crop yield, also sensing of crop quality has been developed. For grain crops, these 

applications typically give information on crop moisture and protein content. In commercial applications, 

grain protein content monitoring is carried out with sensors based on either Near-Infrared Transmittance 

(NIT) on stationary grain samples (Cropscan 2000H and Zeltex Accuharvest) or NIR technology 

measuring from continuous flow of harvested grain (The ProSpectra) [90]. Taylor et al. [91] tested  

on-harvester grain protein and moisture sensing using NIT technology (Zeltex AccuHarvest). They 

reported coherent output and strong indication that observed patterns are real, and pointed out that 

local calibration is needed for the sensor. Whelan et al. [90] studied use of the same harvester-mounted 

on-the-go sensor to assess wheat grain protein concentration, grain yield and their site-specific 

variation. With calibration to local (Australian) crops, they managed to get consistent estimation of 

protein level with measurement precision better than 0.5%, over a large grain protein content range. 

Similar levels of accuracy were reported by Long et al. [92] as they were using NIR reflectance 

spectrometer (ProSpectra Grain Analyzer) to measure wheat protein content in a moving grain stream. 

On-the-go measurement of grain quality in harvesters could also allow separation of crop into 

quality classes, and thus bring competitive advantage if there are non-linearity’s in the payments of 

quality premium [91,93]. Measuring quality may also help explain the variation in crop yield [87], 

enable nitrogen fertilizer management, and support environmental auditing at the within-field  

scale [89]. Crop quality sensing was regarded as one of the future trends in precision farming [93-95]. 

Research on sensing and yield mapping applications for forage crop harvesting has been lesser in 

amount. Some recent examples are [96] and [97]. Lee et al. [97,98] developed a wagon-based real-time 

yield monitoring system that was successfully implemented in a silage corn field. The system used 

moisture sensors, DGPS receiver, load cells, and Bluetooth modules for wireless data transmission. In 

addition to yield and crop quality monitoring, emphasis of the research is on how to interprete yield 

maps, and convert them into actionable data such as management plans [99,100].  

While harvesting of grain and forage crops utilized on-the-go sensors, in viticulture sensor network 

applications were emerging. However, full-scale decision support systems (DSS) that could convert sensor 

monitoring data into decision support on harvest still remains a challenge, also in viticulture [101].  

Precision viticulture has to deal with the existence of variability of grape yield and quality, often 

with more financial importance on quality. Matese et al. [102] presented a sensor network solution for 

precision viticulture that was set up on four experimental vineyards in Tuscany, Italy. The system 

included a base agro-meteorological station as a Master Unit, and a series (10) of peripheral wireless 

nodes (slave units) located in the vineyard that monitored air, grape, leaf, and soil temperatures, soil 

water potential, grape radiation, leaf wetness and wind speed. The Master Unit utilized wireless 

technology for data communication and transmission with the slave units and remote central server. 

The system was originally developed to monitor agro-meteorological parameters and environmental 

conditions in different management practices, to see how they influence grape quality. The network 
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was seen to be flexible and customizable, and it was also possible to set an alarm threshold for  

agro-meteorological conditions such as frost risk [10] or drought [81], or weather conditions leading to 

increased pathogen risks [103] and thus provide additional, actionable data to the farmer. 

Burrell et al. [104] explored usability of sensor networks in terms of user needs, equipment 

capabilities, and environmental conditions for a vineyard in Oregon, USA. In the study they considered 

several optional system architectures, and carried out a trial installation of 18 monitoring motes 

capable of in-network processing of data, and using radio frequencies for data transmission. It was 

concluded that even if sensor networks provide valuable information on the optimal timing of harvest, 

the decision of actual harvest time should not be fully automated, mainly because it is often a 

subjective and social-economically-based decision.  

2.1.6. Fleet Management and Control  

Fleet management and control Systems (FMS) encompasses the management of a company’s 

mobile vehicles properties, which includes the purchase, maintenance, inventory, disposal and work 

scheduling of these vehicles. Fleet Management, which became widely adapted in industrial domains 

from the end of the 1980s, provides added value for an enterprise or organization by improving 

efficiency and productivity of mobile vehicles [105,106]. Just as has happened in the transportation 

industry, agricultural production has undergone significant changes to embrace large farms with 

multiple machinery and chains that require more efficient management. Furthermore, modern 

agriculture machinery is advanced and equipped with various smart sensors some of which are 

wirelessly networked [107].  

Fleet management in agricultural crop production consists of two main components a transport 

telematics; located on the vehicle, which serves and receives network information, and a software 

application [108]. The software application can be used via local wireless networks or through the 

internet to provide access to the fleet to be managed [109]. The transport telematics consists of a 

positioning system; a key component for fleet management, and a series of networked sensor nodes 

that enable process and environment monitoring [18].  

Large and intensive crop production farms invest heavily in machinery; therefore, their usage and 

maintenance must be efficiently planned and implemented. For efficient management of the fleet, 

enterprises need information about where their mobile vehicles are, how they are operating, and in which 

environment they are operating. As the agricultural machinery has become complex and diverse, the 

International Standards Organization has charged the Technical Committee 23 (ISO/TC23/SC19/WG5)  

with standardizing wireless communication amongst agricultural equipments. Fleet management and 

implement synchronizations are one of the priorities in the standardization work. 

Within this scope, fleet management with WSN in agricultural crop applications a can be classified 

into two main groups: firstly plant production vehicles and equipment, and secondly unmanned aerial 

vehicles (UAV). Plant production vehicles and equipment perform field operations such as soil 

manipulation, planting, fertilizer and disease control applications, and crop harvesting. UAV’s monitor 

crops and environmental conditions of the crop production system. 

For plant production vehicles and equipment, recent publications have reported the trends in the 

management and control of fleet in farming operation which involve single or multi-machinery 
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systems of combine harvesters, self-propelled, tractor-trailer units and one or more crop transport 

units. Guo and Zhang [110] presented in 2005 a wireless data fusion system that automatically 

collected and processed operational data from agricultural machinery in order to provide real-time 

support for precision farming tasks. The system provided transparent data for management and 

decision support functions to crop producers by wirelessly integrating a machinery-based sensing unit 

and an office-based data processing unit. The machinery-based unit collects the machine position and 

altitude data, the office-based unit performs data fusion to accurately estimate the machine position, 

and the wireless data-link transmits the data between the machinery- and the office-based units. Field 

tests indicate that this system can collect field data from the operating machinery and wirelessly send 

the raw data to a data-processing centre to acquire accurate machinery positioning data at a sampling 

rate of 50 Hz.  

Apart from research literature and prototyped trials, major agricultural machinery companies  

are becoming key actors in fleet management in agriculture. Examples include Claas group’s  

―Agro-Combine online‖ and the ―Claas Telematics‖ [111] or John Deere’s ―JDLink‖.  

For unmanned aerial vehicles, Techy et al. [112] described the use of a control strategy 

(coordination via speed modulation) to synchronize two autonomous fleet UAVs during aerobiological 

sampling of the potato late blight pathogen, Phytophthora Infestans. The UAVs shared position 

coordinates via a wireless mesh network and modulated their speeds so that they were properly phased 

within their sampling orbits. Their report was one of the first using an autonomous UAV coordination 

for aerobiological sampling of a plant pathogen in the lower atmosphere. Göktogán et al. [113] also 

presented a novel application of an autonomous Rotary-Wing Unmanned Air Vehicle (RUAV) as a 

cost-effective tool for the surveillance and management of aquatic weeds. The presented system 

locates and identifies weeds on inaccessible locations. The RUAV was equipped with low-cost sensor 

suites and various weed detection algorithms. In order to provide the weed control spraying and 

treatment of the aquatic weeds the RUAV is also fitted with a spray mechanism. The system has been 

demonstrated over inaccessible weed infested aquatic habitats. Hunt et al. [114] also remotely 

controlled and monitored a small Unmanned Aerial Vehicles (UAVs) by acquiring digital  

color-infrared photographs from a single 12-megapixel camera without an internal hot-mirror filter but 

with a red-light-blocking filter in front of the lens, resulting in NIR, green and blue images. The  

UAV-camera system was tested over two variably-fertilized fields of winter wheat and the authors found 

a good correlation between leaf area index and the green normalized difference vegetation index.  

In their research Huang et al. [115] presented an overview on the development of three UAVs for 

crop production management. The remote monitoring of the UAV’s were also discussed. They 

presented an ultra low volume sprayer for a UAV helicopter. Two other UAVs, one helicopter and one 

fix-wing airplane, were evaluated for low-altitude remote sensing over crop fields. The integration of 

the spray technology and the remote sensing technology on the UAV systems provided a great 

potential to identify crop stresses and hence spray crop production and protection materials at different 

rates over small crop fields to realize highly accurate site-specific crop production management. 

Lelong et al. [116] focused on the use of a combination of simple digital photographic cameras with 

spectral filters, designed to provide multispectral images in the VIS-NIR domains in light-weight UAV 

for remote sensing for precision farming. Successful tests were performed on ten varieties of wheat, 

grown in trial micro-plots in Southwest France.  
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2.2. Use Cases 

We present two cases of using sensor measurements in agricultural applications in detail and 

conclude with the lessons learnt during sensor network deployment and maintenance as well as 

application development. 

2.2.1. Precision Farming of Potatoes in The Netherlands 

In crop production, nitrogen is most frequently the limiting nutrient and is needed by most crops at 

higher quantities than other nutrients. Optimal nitrogen supply is essential to secure abundant yield 

with high quality. For example for potato, which has a relatively low nitrogen use efficiency (50–60%) 

due to its naturally shallow and poorly developed root system, insufficient nitrogen exhibits yield 

while excessive nitrogen applications can reduce both yield quantity and quality [64]. Over the last 

decade, significant progress has been made in sensing methods to detect and diagnose crop nitrogen 

status for precision agriculture applications. This refers to remote sensing based methods from 

spaceborne or airborne platforms which are the basis for operational services like Mijnakker in the 

Netherlands (www.mijnakker.nl) and GEOSYS in France (www.geosys.com), but also includes the 

use of handheld and tractor mounted near-sensing (or ground-based) sensors for which a range of 

commercial devices (e.g., Yara N-sensor, Greenseeker, Cropcircle, Isaria) are currently available on 

the market.  

To investigate the application of near sensing instruments for fertility management in potato, a field 

study was conducted on an arable farm in the south of The Netherlands. The objective of the study was 

to investigate to which extent tractor mounted near-sensing instruments like Greenseeker (GS) are able 

to detect and monitor differences in fertility management practices in a potato crop. In addition, the 

complementary use of optical sensors and data from sensor networks to diagnose potato crop status 

over the growing season was evaluated. The GS sensor measures crop reflectance using an integrated 

LED emitting light in the red (656 nm) and NIR (774 nm) band from which the well-known NDVI can 

be calculated. Six GS sensors were mounted on the spraying beam behind the tractor resulting in a 

regular point sampling of the field depending on the velocity during acquisition. Sensor measurements 

were acquired during regular agricultural management activities (e.g., fungicide application) resulting 

in a frequency of 11 measurements over the growing season of 2009. In addition, continuous 

meteorological data (e.g., temperature, rainfall) were available from an on-farm sensor network which 

was also used as input for a decision support system to optimize use and timing of fungicide 

applications to mitigate the risk of potato late blight disease development. 

A simple experiment was set-up to track potato crop development over the growing season and to 

evaluate effects of weather on crop development. One parcel was split in two parts and planting dates 

were varied with early planting in the western part (April 25, 2009) and later in the eastern part  

(May 13, 2009). In addition, soil conditions (e.g., organic matter, moisture) within the parcel were 

spatially varying. Figure 1 shows the development of NDVI as an indicator for vegetation biomass 

measured with the GS sensor over the growing season for five spatially varying locations within the 

parcel. The composite image in the inset of Figure 1 which combines the spatial distribution of three 
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NDVI observations over the growing season clearly detects the spatial variation in potato crop status 

caused by the difference in planting date and the inherent soil variability.  

Figure 1. Development of normalized difference vegetation index (NDVI) from  

time-series of measurements with Greenseeker sensor in potato parcel and comparison with 

rainfall data from nearby meteorological sensor network. The timing of agricultural 

management practices (e.g., irrigation and fertilization) is also indicated in the figure. The 

inset shows the sample locations for the Greenseeker sensor within the parcel. The 

variation in colours represent a composite image indicating NDVI at different stages over 

the growing season: red: 13 June; green: 9 July; blue: 29 July 2009. 

 

 

Additionally to the spatial variation, also the temporal development of the crop varied significantly 

at different positions within the field (Figure 1). A clear difference can be observed between S1, S2 

and S3 (early planting) and S4 and S5 (late planting) in NDVI development where the first samples 

reach a NDVI saturation level of 0.85 around mid June and the latter mid July. However, for all 

locations a clear reduction of NDVI can be observed between mid and end of June. Comparison with 

rainfall data from the meteorological sensor network shows that this overlaps with a period with no 

rainfall. Based on this information, the farmer decided to apply irrigation for the whole parcel which 

resulted in a quick recover of the crop as shown by the increasing NDVI. Although some effect of 

nitrogen fertilization can be observed after the application of mid July especially for S4 and S5, the 

detection and diagnosis of nitrogen status of the potato crop needs further improvement. Firstly, by the 

use of optical vegetation indices (e.g., red-edge position) which use spectral bands related to the crop 

nitrogen status, and secondly, by analyzing detailed multi-temporal sensor measurements [74]. The 

latter would require the integration of remote sensing and (mobile) near-sensing measurements to 

achieve the best possible consistent high-frequency time-series for an improved continuous detection 

of crop status.  

The results of this case-study indicated that complementary application of optical sensors and 

sensor network is promising to optimize management activities and the usage of (natural) resources in 

arable farming. As the modern farmer requires near-real-time and ready-to-use information to drive 

management decisions and it is anticipated that sensor costs will decrease considerably over the 

coming decade, the next critical step is to improve the quality of sensor measurements in precision 

agriculture. Therefore, based on the presented case study and scientific literature, the following aspects 

would need development:  
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Due to different reasons the timeliness of sensor data is still limiting: e.g., remote sensing is weather 

and satellite dependent and near-sensing is dependent on management operations; 

Currently available sensors and related services are mostly based on one or a limited number of 

sensor data streams while a combination of sensors will be required to detect and diagnose processes 

within the soil-cropping system. This will require innovative data analysis methods to take advantage 

of complementary sensor data streams;  

Established relations between sensor measurements and crop-growth, -composition and -yield need 

improvement. For instance by combining existing databases and developing more flexible diagnosis 

methods which are fitted to management information needs of the individual farmer; 

The availability of directly useable spraying maps and information for site-specific management 

derived from sensor measurements needs improvement. Therefore, new concepts of information 

organization are required which take advantage of the increasing opportunities for web-based data 

processing (e.g., cloud computing) and wireless communication between sensors and devices. 

2.2.2. Applications of the SoilWeather Sensor Network in Finland 

Testing and development of agricultural forecast models and automating the use of sensor data in 

agricultural applications calls for reliable sensor measurements that can capture both temporal and 

spatial variation in the area of interest. Several application pilots were carried out using Finnish,  

large-scale (2,000 km
2
) wireless sensor network, called SoilWeather. The network was established in 

Southern Finland during the years 2007 and 2008 to support development of environmental 

monitoring, agricultural forecast services and precision farming, and also to provide local farmers 

timely information on local weather parameters. SoilWeather wireless sensor network (WSN) monitors 

local weather parameters (air temperature, humidity, precipitation, wind speed and direction), soil 

moisture and parameters for ditch and river water (turbidity and nitrate concentration) at a frequency  

of 15–60 min (Table 1, Figure 2). The nodes of the network (~70) are mostly compact weather stations 

(a-Weather) that are located in the fields of private farms. GSM network is used in transferring data 

from nodes to database. Data is available near-real time (time lag 1 h in maximum) at customized web 

services. Every 24 h, the data is validated by simple data quality algorithms flagging missing data and 

erroneous data (such as measurements outside of defined ranges). Maintenance of SoilWeather WSN 

measuring stations is carried out at a regular basis (twice a year) and according to the alerts from 

quality control system. Common maintenance tasks are replacement of batteries or broken parts and 

manual cleaning of the sensor probes. Especially the aquatic sensors require frequent manual cleaning 

due to contamination during the growing season, even though the sensors are equipped with automatic 

cleaning systems based either on a mechanical wiper or air pressure. SoilWeather WSN is described in 

detail by Kotamäki et al. [117]. 

SoilWeather WSN serves as platform for research and application development including 

agricultural application for farmers, nutrient leaching studies from agricultural land to water system 

and retention efficiency studies of constructed wetland [117]. Here we focus agricultural applications 

that can improve crop production processes at farm level, and thus emphasis is on weather and soil 

measurements instead of water measurements. 
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Table 1. Variables measured and sensors used in SoilWeather WSN. 

Measurement stations and measured variables Instrument used (Model) Number of instruments 

Weather station (a-Weather)   

Air temperature (°C) Pt100 52 

Air relative humidity (%) AST2 Vaisala HMP50 52 

Precipitation (mm) Davis rain collector 52 

Wind direction (Deq.) Davis Anemometer 52 

Wind speed (m/s) Davis Anemometer 52 

Water turbidity station (a-Water)   

Water turbidity (NTU) OBS3+ 16 

Water level (cm) Keller, 0.25 bar 7 

Nutrient measurement stations   

Water nitrate concentration (mg/L) S::can Nitro:lyser 4 

Water turbidity (FTU) S::can Nitro:lyser 4 

Water level (cm) Keller PR36 4 

Water temperature (°C) Luode Consulting Ltd (own product) 4 

Figure 2. Photographs of the devices used in SoilWeather WSN: (A) the spectrometer used 

in measuring water turbidity and nitrate concentration; (B) Turbidity sensor; and (C) weather 

station (Photographs: Lippo Sundberg, MTT Agrifood Research Finland).  

 

To demonstrate the usability of local sensor measurement in agricultural decision support, we 

carried out a plant protection forecast pilot for potato blight, white mould of turnip seeds and three 

leaf blotch diseases (glume blotch and tanspot for wheat and net blotch for barley).  In potato blight 

application, timing of the spraying operation was supported by estimates for onset and spreading of 

potato blight We employed the complex LB2004 model at Web-blight warning service 

(www.euroblight.net) [118,119] in which an interface was built to operate with SoilWeather sensor 

data (air temperature and humidity). Additionally, potato blight risk was assessed by a simple model 

that uses only temperature and relative humidity measured locally in farms. This model was tested  

for 11 potato fields in SoilWeather WSN. The prevention need for white mould of turnip seeds was 

estimated by a simple decision rule: if the soil is continuously moist (precipitation is ~30 mm) in three 

week time period before the flowering of turnip seed, prevention against white mould is needed [117].  
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The crop disease prognosis for wheat and barley provides a daily estimate for accumulated risk for 

infection. Prognosis is based on the weather data from SoilWeather WSN (temperature, humidity and 

rainfall) and cultivation data from FMIS on sowing, cultivation history, tillage and cultivar. Web-based 

FMIS can access SoilWeather WSN database. The prognosis model was verified by observations made 

in 18 farms. The farmer was alerted when risk level exceeded the predetermined limit. For cases where 

a farm does not have an own local weather station, spatial coverage was arranged by using national 

weather data. Plans to productize the application as a part of a commercial WebWisu FMIS exist. 

A grass harvesting time model and service application (Artturi, https://portal.mtt.fi/portal/page/ 

portal/Artturi/artturi_web_service) is operational with national weather data and available for farmers. 

The empirical model estimates concentration of digestible organic matter of forage based on effective 

temperature sum. In the context of SoilWeather WSN, research on this application is focused on the 

possible additional value gained from higher spatial or temporal frequency from the sensor data.  

Automated use of local weather parameters was also piloted in agricultural on-field operations. In 

the pilot, local weather information was used as decision support for farmer to optimize pesticide 

spraying task by taking into account wind drift of the agent and safe time for spraying. A prototype 

task controller for executing precision spraying tasks was developed and data transfer between 

SoilWeather database, FMIS and a field vehicle was demonstrated. In addition to other relevant 

information such as sprayer information and GPS location, the task controller of a work set provides 

the farmer information on weather parameters from local weather station of SoilWeather, and rainfall 

forecast for next three hours. 

The experiences gained from building up the sensor network and during four years of operation has 

highlighted the value of sensor data, but also revealed that resources have to be allocated for the 

maintenance of sensors and data quality control. The added value was gained more on temporal and 

spatial resolutions, which made it possible to rapidly analyse or observe highly variable phenomena, 

such as nutrient leaching peaks, and integrate local measurement data (e.g., farm weather station) to 

agricultural models and with work-sets.  

In SoilWeather WSN, running costs include repair of the devices, communication network costs 

(SMS messages), data service cost, and work time and travel costs used for maintenance and cleaning. 

Even if actual costs of sensor devices are decreasing, it should be emphasized that greater part of overall 

costs accumulates from maintenance of network, thereby creating the need for long-term financing.  

The SoilWeather WSN produces about 30,000 measurements daily. With this rate of incoming data, 

the data quality control need to be automated as far as possible, but still some expert knowledge and 

manual measurements are needed to keep track on the need for maintenance and overall quality of the 

measurements. Variation in data quality needs also to be taken into account in the development of 

automated applications. Software applications have to deal with temporal gaps in the data stream e.g., 

due to communication network breakdowns, and with spatially irregular gaps as sensor networks are 

still relatively rare. In the developed plant protection forecasts, national weather data was used when 

no local sensor data was available. This highlights the need for interoperability between data sources 

and standardised interfaces enabling integration of different data sources for applications. Sensors also 

provide erroneous measurements e.g., due to the contamination of sensors, of which most should be 

identified by data quality algorithms. Although data quality algorithms need to be developed further, 

there is also a challenge of communicating data quality to the end users.  
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3. User Requirements  

Even if research on sensors and sensor networks in agriculture covers a wide spectrum of 

applications, they only have real potential to become operational applications when they provide 

economical or other benefits for users, such as decreased work load for farmer or environmental 

effects of crop production. In crop production, added-value from sensors and sensor networks was 

expected to be gained by increased efficiency in use of water, agrochemicals, nutrients and farm 

vehicles and by improved yield both in quantity and quality resulting to benefits both for farmer and 

environment. All the sensor types, in-situ sensors, near-sensing and remote sensing were employed, 

and several commercial sensor products were available. Sensor technology was used more in specialty 

crop production, such as vegetables, fruits and grapes, than in field production. The reason is that in 

specialized crop production, added value is higher, which makes investments in sensor technology 

economically beneficial. Based on the literature review and our own experience from the use cases we 

have identified eight user requirements for successful deployment of sensor technology especially of 

sensor networks.  

3.1. Ease of Deployment and Maintenance of Sensors  

Easy installation and use of sensors was considered an important issue for operational and  

wide-spread applications. Whereas sensors and networks were considered to be flexible and suitable 

for many purposes and locations, technical expertise needed in deployment and use was seen as 

drawback. At the moment plug-and-play sensors are only limitedly available. In traditional farming, 

many tasks in crop production processes can be carried out by unskilled labour. Automation and use of 

sensors may decrease these job vacancies while creating demands for higher-skilled and more 

specialised workers [14]. The lack of technical expertise and support for farms was often raised as one 

of the major challenges in taking sensor technology into operational use in farms. 

Several technical solutions such as solar energy harvesting, automatic cleaning systems, 

development in materials (e.g., antifouling materials), automatic calibration and remote control of 

sensors has been developed to decrease maintenance efforts, yet still all the sensors need some amount 

of maintenance. Deployment and maintenance may also be outsourced so that installation and 

maintenance comes along with the measurement service. However an arranged maintenance causes 

costs and requires resources over the measuring time-span. In some cases, field work may increase 

compared to the traditional sample based analysis [2,117,120], but on the other hand the obtained level 

of information is higher.  

Power supply was commonly seen as a main bottleneck in literature, and thus, solutions was 

searched to either decrease sensor energy use or increase their energy use efficiency by improving 

battery technology or by solar harvesting systems [37]. In addition, energy use of sensor nodes was 

commonly improved by limiting communication distances or measuring frequencies and by activating 

the sleep mode of sensors when no measuring needs exists. 

  



Sensors 2011, 11                            

 

 

6672 

3.2. Sensor and Network Reliability 

Sensor nodes need to be durable and rugged for varying weather conditions, in some cases under 

dirty and vibrating field vehicle conditions, and against animal disturbance and destruction. This 

demands for a good design and casings for sensor nodes, but also allowance for maintenance and 

cleaning of sensor devices. Sensors work reliably only if they are correctly maintained.  

Sensor networks were mostly wireless systems with real-time or near real-time data transfer via 

radio, Wi-fi, ZigBee, Bluetooth or 3G mobile phone networks. The optimal data transfer solution 

needs to be considered case by case considering issues like power consumption, network topology, 

number of nodes, sensor and data type, data transmittance distances and need for extenditibility. The 

benefits and challenges of these technologies has been widely discussed in existing reviews [17,18]. 

Additionally RFID based communication was tested in an irrigation application [81]. Wireless 

communication made devices easier to install and less demanding for measuring sites. It also decreased 

costs because wires were not needed. However, coverage of wireless networks is still low in many 

rural areas [14]. Reliability of communication has often been questioned, but in the application review 

it did not appear to be a major bottleneck (keeping in mind that most applications were short-term 

experiments), although some problematic experiences have been reported [121]. Many reviewed cases 

were prepared for packet loss or failures in communication connection e.g., by employing diagnostic 

software for observing problems or alternative routing possibilities for sending measurements. 

3.3. Data Correctness  

Data quality can be considered as one of the most critical challenges related to sensors applications 

and networks [122], and especially when data is used in decision making or, moreover in automated 

processing e.g., on-the-go variable rate application. Sensors may produce erroneous measurements or 

there may be gaps in data streams, e.g., due to sensor, software or communication network failure. Due 

to changing natural conditions such as high dynamics of ambient light, field-based sensors will not 

provide accuracy similar to conventional, laboratory based methods, but may provide spatial and 

temporal coverage and timelines that cannot be obtained by conventional methods e.g., on soil 

properties [23]. The spatial accuracy of sensor data as well as GPS location field vehicle is critical for 

site-specific applications: in case of spatial inaccuracy, tendencies are that it is cost-efficient to apply 

equal levels of nutrients or chemicals [75].  

Data quality is a result of several aspects: selection of appropriate measuring sites and sensors, proper 

deployment, careful sensor calibration and maintenance, and reliable data transfer and management. 

Some of the challenges are purely technological, e.g., data transfer, whereas others are more related 

resources, skills or ways of action. Limited data quality due to loss of calibration accuracy could be 

solved by automated calibration of sensors [123]. However, focus should also put on selection of 

appropriate sensors and careful deployment in representative sites considering parameters measured.  

Sensor observations vary in quality, which has to be taken into account in data delivery e.g., by 

specifying quality flags for observations. Although data quality algorithms to flag erroneous  

(or missing) observations were well-developed in meteorological networks, these DQ tools were less 
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frequently applied to sensor networks in other domains. However, for end-users, being a farmer, a 

model or a machine, it is critical that data quality is communicated. 

3.4. Data Amount 

Continuous data acquisition in sensor networks results in fast accumulating amounts of data which 

poses a challenge to data management. One of the solutions to limit data amount was in-situ processing 

or filtering of data, in particular when data sets were very large or data is acquired with high 

frequency. In the cases of on-the-go sensing and applications from mobile vehicles like tractors, in-situ 

processing were a requirement. However, this will result in an increase of energy consumption which 

often is not problematic for moving vehicles but could be a limitation for wireless sensor networks.  

Data amount was also limited by timing measurements to events. Thus, most sensor nodes of the 

network were turned off until something interesting was observed. Sensor data availability is also 

supposed to increase due to changes in data policies and in ways of collecting and sharing data. Larger 

amount of data available recalls tools for finding data, and for data analysis e.g., by data mining  

and fusion.  

3.5. Interoperability and Standardization 

The availability of equipment with more computing power makes it possible to utilize various 

sensing techniques such as global positioning systems (GPS), machine vision, weather sensors,  

dead-reckoning sensors, laser-based sensors, inertial sensors and geomagnetic direction sensors for 

applications in agriculture. Heterogeneity of sensors poses also many challenges for data integration 

and interoperability of systems: data of wide spectrum of variables is generated in various formats and 

resolutions by sensors using different measuring technologies and standards. Moreover, data is 

transferred between various hardware, software and organizations, such as FMIS, farm machinery and 

vehicles, and external web services, resulting in incompatibilities [124]. In order to widely apply sensor 

technologies in agriculture, there is the need for standardizing sensor communication and data produced.  

Interoperability, data transfer and data harmonization are the major problems to be addressed for 

enabling easy data transfer between sensors, agricultural machines and the agricultural supply chain 

network, although some progress had been made in recent years. For crop production machines, the 

ISOBUS standard adresseses data exchange and compatibility between hardware systems for crop 

production in agriculture. ISO standard ISO 11783 specifies the data BUS communication standard 

between the tractor and implementation chain. However, the integration of different networks from 

external intelligent systems such as environmental sensors amongst others is still not widely  

available [125]. European Union’s (EU) INSPIRE directive aims to harmonize European spatial data 

infrastructure. This will enable the sharing of environmental spatial information among public sector 

organisations and better facilitate public access to spatial information across Europe [126]. Geography 

Markup Language (GML) has also been proposed to serve as a good basis for standardising data 

formats for precision agriculture [18]. OGC’s standardized web services and interfaces are commonly 

recognised and the following have high relevance in agriculture: WMS (Web map service), WFS[-T] 

(Web feature service [transactional]), WCS (Web coverage service), WPS (Web processing service), 

GML (Geographic markup language), ISO 19115 (Metadata standard for geographic data sets), SFS 
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(Simple features specification) and CTS (Coordinate transformation service) [127]. Steinberger et al. [128] 

and Ruiz-Garcia et al. [18] demonstrated this with the acquisition of agricultural process data using 

ISO 11783 equipped tractor in ISOBUS XML form, transfering the data to a Farm Management 

Information System, converting the data to AgroXML form with GPS and open web services based on 

OGC standards. 

3.6. Temporal and Spatial Resolution 

High spatial and temporal resolution is a well recognized advantage of in-situ sensor data. 

Development of applications was clearly focused on applications that are time-critical and benefit from 

high measurement frequency or real-time data transfer like alerting services for irrigation or plant 

protection. High measuring and data transfer frequency enabled to react to rapid or unexpected events, 

to improve timing of practices e.g., initiate frost prevention and automated adjustment of field vehicles 

according to the changing conditions.  

When considering in-situ sensor networks, high spatial resolution was mainly obtained for  

small-area applications. For example, few parcels may be highly instrumented for analysing soil 

moisture. Thus, coverage of high-frequency in-situ sensor networks was relatively low. A better spatial 

resolution and coverage was obtained by airborne or tractor based sensing. The spatial accuracy of 

remote sensing data as well as GPS location of field vehicles was critical for site-specific applications. 

Collection of location information in constant intervals from mobile vehicles can cause difficulties. 

Optimal spatial and temporal resolution and coverage of sensing are in relation to spatial variation of 

measured parameter, scale of application and sensing method. However, they also influence sensor 

power consumption, communication solutions selected and costs of measuring. 

3.7. Costs of Sensing  

Costs of sensor networks were reported often, but only for devices, not for operation. Sensing costs 

consists of investment to equipments, data transfer, network maintenance (including cleaning, spare 

parts, calibration) and possibly data services. The costs of sensors are decreasing when use of nodes 

increases and mass production is realized. Technological development is also believed to decrease 

maintenance need and costs. At the moment, it was considered to be an obstacle that limits the use of 

sensor technology for small area applications or in testbeds.  

3.8. Access to Data and Applications 

Most of the reviewed applications were made available by Internet giving the flexibility to monitor 

and manage farm activities, and connect to external services or data sources, such as weather forecasts, 

plant protection prognosis and to control their own sensors. Moreover, up-to-date information is 

actively offered to the farmers, e.g., in the forms of alerts. The possibilities of standardized web 

services were commonly recognized, and because sensors mostly produce spatial data, open geospatial 

web services were considered especially interesting. Integration of agricultural sensor networks to 

SWE is still untested, but interesting data such as aerial photos has been made available through WMS 

interfaces [124]. 
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Access to data can also be considered from the viewpoint of the customers, food chain and 

authorities. Automatic measuring and web services enable to acquire and share information on how 

food is produced. The proof on responsibility of food production and traceability of food products may 

also offer economical benefits to the farmer, if customers or food industry are willing to pay more on 

products or raw material which is produced in a responsible way. Farm management data is sensitive, 

and farmers have to be confident that it can only be accessed by defined stakeholders 

4. Conclusions 

At the start of this paper, we formulated four research questions about sensors and sensor networks 

in the context of crop production: How do they support crop production? What added-value do they 

bring to production process? How users benefit? Which are the risks and bottlenecks involved? 

The review showed that lot of potential is seen in sensors and sensor networks along the crop 

production chain ranging from soil preparation to the harvesting and from monitoring of growing 

conditions to automated control of machinery. Also some commercial sensor based products (e.g., near 

sensing systems) and services (e.g., plant protection services, frost alert services) were currently 

available. Presently, sensor technology was mostly adopted to support decision making and assist 

farmer in timing of production practises, such as irrigation or plant protection or in allocating 

chemicals or nutrients according to sensor observed needs (e.g., site-specific management). Other 

sensors collected information that can be used in the evaluation of production success (e.g., quality and 

amount of yield). The most advanced sensor systems were used for automated control or adjust of 

machines or vehicles. Benefits were then gained through better decisions and by developing 

production process. Overall benefits were obtained in terms of higher yields, improved quality of 

yields, decreased input costs and production risks or less work time or load. The sensor based 

applications may also help to reduce environmental effects or food safety risks by lowering use of 

nutrients, chemicals, energy and water. 

Quality of sensor data and how it is communicated to the end-users has a high importance. Errors in 

the data can trigger to wrong decisions leading to the inefficient resources use, and increased costs and 

environment risks. Therefore, in automated systems with low level of human intervention, this must be 

especially considered. There is a risk that users abandon new techniques because it does not respond to 

their demands on data or application quality. Operational sensor networks call for well-developed error 

diagnostics that alert the user on fault situations and maintenance actions needed. Alternatively, 

commercial measurement services may take care of the maintenance and users’ attention may not  

be needed.  

Another point we would like to raise is the integration of sensing data in applications and control 

systems used in the farms. It should be easy to integrate local measurement into the application but 

also the measurement or model result produced by these applications should be easy to integrate back 

to the farming information or control systems through open interfaces and standard data formats. 

Standards and interoperability are of the essence that sensor based application are utilised in 

developing and planning crop production in practise. This is an issue that has been widely 

acknowledged, and a lot of progress has been made in recent years.  
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Thirdly, all sensors (both mechanical and electronic) need maintenance and recalibration in order to 

control the quality of measurements. Maintenance intensity varies a lot and often causes great part of 

measuring costs. The importance of maintenance was not raised in the reviewed applications, maybe 

because they were mostly research oriented and applied in short term testbeds. 

The review showed a wide spectrum of applications and sensor technologies that have potential to 

benefit crop production. Although some commercial and operational applications exist, majority of the 

reviewed applications are still running in the research domain. Further testing on usability, reliability 

and compatibility of applications in practical domain will finally show when or if the benefits gained 

from sensor technology overcome costs, maintenance efforts and risks related technology. 

References  

1. Stefanidis, A.; Nittel, S. GeoSensor Networks; CRC Press: Boca Raton, FL, USA, 2005. 

2. Hart, J.; Martinez, K. Environmental sensor networks: A revolution in the earth system science? 

Earth-Sci. Rev. 2006, 78, 177-191. 

3. Botts, M.; Percivall, G.; Reed, C.; Davidson, J. OGC sensor web enablemant: Overview and high 

level architecture. In Geo-Sensor Networks; Springer-Verlag: Berlin, Germany, 2008. 

4. Delin, K. The sensor web: A macro-instrument for coordinated sensing. Sensors 2002, 2,  

270-285. 

5. Teillet, P.M.; Chichagov, A.; Fedosejevs, G.; Gauthier, R.; Ainsley, G.; Maloley, M.;  

Guimond, M.; Nadeau, C.; Wehn, H.; Shankaie, A.; et al. An integrated earth sensing sensorweb 

for improved crop and rangeland yield predictions. Can. J. Remote Sens. 2007, 33, 88-98. 

6. Nittel, S.; Labrinidis, A.; Stefanidis, A. Introduction. In Advances in Geosensor Networks; 

Springer-Verlag: Berlin, Germany, 2008.  

7. Tilman, D.; Cassman, K.G.; Matson, P.A.; Naylor, R.; Polasky, S. Agricultural sustainability and 

intensive production practices. Nature 2002, 418, 671-677. 

8. Thysen, I. Agriculture in the information society. J. Agric. Eng. Res. 2000, 76, 297-303. 

9. Cao, X.; Chen, J.; Zhang, Y.; Sun, Y. Development of an integrated wireless sensor network 

micro-environmental monitoring system. ISA Trans. 2008, 47, 247-255. 

10. Pierce, F.; Elliott, T. Regional and on-farm wireless sensor networks for agricultural systems in 

Eastern Washington. Comput. Electon. Agric. 2008, 61, 32-43. 

11. Akyildiz, I.F.; Su, W.; Sankarasubramaniam, Y.; Cayirci, E. Wireless sensor networks: A survey. 

Comput. Networks 2002, 38, 393-422. 

12. Butler, D. Everything, everywhere. Nature 2006, 7083, 402-405. 

13. Wang, N.; Zhang, N.; Wang, M. Wireless sensors in agriculture and food industry-recent 

development and future perspective. Comput. Electron. Agric. 2006, 50, 1-14. 

14. Delin, K.A.; Jackson, S.P.; Johnson, D.W.; Burleigh, S.C.; Woodrow, R.R.; McAuley, J.M.; 

Dohm, J.M.; Ip, F.; Ferre, T.P.A.; Rucker, D.F.; et al. Environmental studies with the sensor web: 

Principles and practice. Sensors 2005, 5, 103-117. 

15. Lee, W.S.; Alchanatis, V.; Yang, C.; Hirafuji, M.; Moshou, D.; Li, C.; Lee, W.S.;  

Alchanatis, V.; Yang, C.; Hirafuji, M.; et al. Sensing technologies for precision specialty crop 

production. Comput. Electron. Agric. 2010, 74, 2-33. 



Sensors 2011, 11                            

 

 

6677 

16. Liang, S.H.L.; Croitoru, A.; Vincent Tao, C. A distributed geospatial infrastructure for sensor 

web. Comput. Geosci. 2005, 31, 221-231. 

17. Yick, J.; Mukherjee, B.; Ghosal, D. Wireless sensor network survey. Comput. Networks 2008, 52, 

2292-2330. 

18. Ruiz-Garcia, L.; Lunadei, L.; Barreiro, P.; Robla, J.I. A review of wireless sensor technologies 

and applications in agriculture and food industry: State of the art and current trends. Sensors 

2009, 9, 4728-4750. 

19. Motha, R.P.; Sivakumar, M.V.K.; Bernardi, M. Strengthening operational agrometeorological 

services at the national level. In Proceedings of the Inter-Regional Workshop, Manila, 

Philippines, 22–26 March 2004; pp. 237-238. 

20. Hubbard, K.G.; Rosenberg, N.J.; Nielsen, D.C. Automated weather data network for agriculture. 

J. Water Res. 1983, 109, 213-222. 

21. Sivertsen, T.H. Weather information, site information and a system for dissemination of 

information on the worldwide web from a network of 52 automatic agrometeorological stations. 

EPPO Bull. 2000, 30, 77-81. 

22. Hoogenboom, G.; Coker, D.D.; Edenfield, J.M.; Evans, D.M.; Fang, C. The Georgia automated 

environmental monitoring network: Ten years of weather information for water resources 

management. In Proceedings of the 2003 Georgia Water Resources Conference, Athens, GA, 

USA, April 2003.  

23. Hemmat, A.; Adamchuk, V.I. Sensor systems for measuring soil compaction: Review and 

analysis. Comput. Electron. Agric. 2008, 63, 89-103. 

24. Zerger, A.; Viscarra Rossel, R.A.; Swain, D.L.; Wark, T.; Handcock, R.N.; Doerr, V.A.J.; 

Bishop-Hurley, G.J.; Doerr, E.D.; Gibbons, P.G.; Lobsey, C. Environmental sensor networks for 

vegetation, animal and soil sciences. Int. J. Appl. Earth. Obs. 2010, 12, 303-316. 

25. Bartholomeus, H.; Kooistra, L.; Stevens, A.; van Leeuwen, M.; van Wesemael, B.; Ben-Dor, E.; 

Tychon, B. Soil organic carbon mapping of partially vegetated agricultural fields with imaging 

spectroscopy. Int. J. Appl. Earth. Obs. 2011, 13, 81-88. 

26. Kooistra, L.; Wanders, J.; Epema, G.F.; Leuven, R.S.E.W.; Wehrens, R.; Buydens, L.M.C. The 

potential of field spectroscopy for the assessment of sediment properties in river floodplains. 

Anal. Chim. Acta 2003, 484, 189-200. 

27. Viscarra Rossel, R.A.; Walvoort, D.J.J.; McBratney, A.B.; Janik, L.J.; Skjemstad, J.O.  

Visible, near infrared, mid infrared or combined diffuse reflectance spectroscopy for 

simultaneous assessment of various soil properties. Geoderma 2006, 131, 59-75. 

28. Robinson, N.J.; Rampant, P.C.; Callinan, A.P.L.; Rab, M.A.; Fisher, P.D. Advances in precision 

agriculture agriculture in south-eastern Australia. II. Spatio-temporal prediction of crop yield 

using terrain derivatives and proximally sensed data. Crop Pasture Sci. 2009, 60, 859-869. 

29. Lambot, S.A.; Weihermüller, L.; Huisman, J.A.; Vereecken, H.; Vanclooster, M.; Slob, E.C. 

Analysis of air-launched ground-penetrating radar techniques to measure the soil surface water 

content. Water Resour. Res. 2006, 42, W11403.  

30. Mertens, M.F.; Pätzold, S.; Welp, G. Spatial heterogeneity of soil properties and its mapping with 

apparent electrical conductivity. J. Plant Nutr. Soil Sci. 2008, 171, 146-154. 



Sensors 2011, 11                            

 

 

6678 

31. Sudduth, K.A.; Kitchen, N.R.; Wiebold, W.J.; Batchelor, W.D.; Bollero, G.A.; Bullock, D.G.; 

Clay, D.E.; Palm, H.L.; Pierce, F.J.; Schuler, R.T.; et al. Relating apparent electrical conductivity 

to soil properties across the north-central USA. Comput. Electron. Agric. 2005, 46, 263-283. 

32. Brown, D.J.; Shepherd, K.D.; Walsh, M.G.; Dewayne Mays, M.; Reinsch, T.G. Global soil 

characterization with VNIR diffuse reflectance spectroscopy. Geoderma 2006, 132, 273-290. 

33. Sinfield, J.V.; Fagerman, D.; Colic, O. Evaluation of sensing technologies for on-the-go detection 

of macro-nutrients in cultivated soils. Comput. Electron. Agric. 2010, 70, 1-18. 

34. López Riquelme, J.A.; Soto, F.; Suardíaz, J.; Sánchez, P.; Iborra, A.; Vera, J.A. Wireless sensor 

networks for precision horticulture in southern Spain. Comput. Electron. Agric. 2009, 68, 25-35. 

35. Moghaddam, M.; Entekhabi, D.; Goykhman, Y.; Ke, L.; Mingyan, L.; Mahajan, A.; Nayyar, A.; 

Shuman, D.; Teneketzis, D. A wireless soil moisture smart sensor web using physics-based 

optimal control: Concept and initial demonstrations. IEEE J. Sel. Top. Appl. Earth Obs. Remote 

Sens. 2010, 3, 522-535. 

36. Ritsema, C.J.; Kuipers, H.; Kleiboer, L.; van den Elsen, E.; Oostindie, K.; Wesseling, J.G.; 

Wolthuis, J.; Havinga, P. A new wireless underground network system for continuous monitoring 

of soil water contents. Water Resour. Res. 2009, 45, W00D36. 

37. Sun, Y.; Li, L.; Schulze Lammers, P.; Zeng, Q.; Lin, J.; Schumann, H. A solar-powered wireless 

cell for dynamically monitoring soil water content. Comput. Electron. Agric. 2009, 69, 19-23. 

38. Stevens, A.; Udelhoven, T.; Denis, A.; Tychon, B.; Lioy, R.; Hoffmann, L.; van Wesemael, B. 

Measuring soil organic carbon in croplands at regional scale using airborne imaging spectroscopy. 

Geoderma 2010, 158, 32-45. 

39. Gomez, C.; Viscarra Rossel, R.A.; McBratney, A.B. Soil organic carbon prediction by 

hyperspectral remote sensing and field vis-NIR spectroscopy: An Australian case study. 

Geoderma 2008, 146, 403-411. 

40. Greenwood, D.J.; Zhang, K.; Hilton, H.W.; Thompson, A.J. Opportunities for improving 

irrigation efficiency with quantitative models, soil water sensors and wireless technology.  

J. Agric. Sci. 2010, 148, 1-16. 

41. Silva, A.R.; Vuran, M.C. Develoment of a testbed for wireless underground sensor networks. 

Eurasip J. Wireless Commun. Networking 2010, doi: 10.1155/2010/620307. 

42. Huang, J.; Kumar, R.; El-Sayed Kamal, A.; Eber, R.J. Development of a wireless soil sensor 

network. In Proceeding of the ASABE annual meeting 2008, Providence, RI, USA, June 2008.  

43. Tiusanen, J. Wireless soil scout prototype radio signal reception compared to the attenuation 

model. Precis. Agric. 2009, 10, 372-381. 

44. Pardossi, A.; Incrocci, L.; Incrocci, G.; Malorgio, F.; Battista, P.; Bacci, L.; Rapi, B.; Marzialetti, P.; 

Hemming, J.; Balendonck, J.; et al. Root zone sensors for irrigation management in intensive 

agriculture. Sensors 2009, 9, 2809-2835. 

45. Wang, N.; Zhang, N.; Dowell, F.E.; Sun, Y.; Peterson, D.E. Design of an optical weed sensor 

using plant spectral characteristics. Trans. ASAE 2001, 44, 409-419. 

46. Gerhards, R.; Oebel, H. Practical experiences with a system for site-specific weed control in 

arable crops using real-time image analysis and GPS-controlled patch spraying. Weed Res. 2006, 

46, 185-193. 



Sensors 2011, 11                            

 

 

6679 

47. Tian, L.F.; Reid, J.F.; Hummel, J.W. Development of a precision sprayer for site-specific weed 

management. Trans. ASAE 1999, 42, 893-900. 

48. Burks, T.F.; Shearer, S.A.; Payne, F.A. Classification of weed species using color texture features 

and discriminant analysis. Trans. ASAE 2000, 43, 441-448. 

49. Lamm, R.D.; Slaughter, D.C.; Giles, D.K. Precision weed control system for cotton. Trans. ASAE 

2002, 45, 231-238. 

50. Slaughter, D.; Giles, D.; Downey, D. Autonomous robotic weed control systems: A review. 

Comput. Electron. Agric. 2008, 61, 63-78. 

51. Melander, B. Optimization of the adjustment of a vertical axis rotary brush weeder for intra-row 

weed control in row crops. J. Agric. Eng. Res. 1997, 68, 39-50. 

52. Åstrand, B.; Baerveldt, A. An agricultural mobile robot with vision-based perception for 

mechanical weed control. Autonom. Robot. 2002, 13, 21-35. 

53. Peruzzi, A.; Raffaelli, M.; Ginanni, M.; Borelli, M. Physical weed control in organic carrot in the 

Fucino Valley (Italy). In Proceedings of the 7th EWRS Mediterranean Symposium, Adana, 

Turkey, May 2003; pp. 37-38. 

54. van Der Schans, D.; Bleeker, P.; Molendijk, L. Practical Weed Control in Arable Farming and 

Outdoor Vegetable Cultivation Without Chemicals; Wageningen UR: Lelystad, The Netherlands, 

2006. 

55. McCarthy, C.; Rees, S.; Baillie, C. Machine vision-based weed spot spraying: A review and 

where next for sugarcane? In Proceeding of the 32nd Annual Conference of the Australian 

Society of Sugar Cane Technologists, Bundaberg, Australia, May 2010; p. 7. 

56. Paap, A.; Askraba, S.; Alameh, K.; Rowe, J. Evaluation of an optical image sensor for use in the 

microphotonic real-time vegetation discrimination system. In Proceedings of the Opto-Electronics 

and Communications Conference and Australian Conference on Optical Fibre Technology, 

Sydney, Australia, July 2008. 

57. Weedseeker
®

 Automatic Spot Spray System. Available online: http://www.ntechindustries.com 

(accessed on 16 May 2011). 

58. Rees, S.J.; Rees, J.I.; Kinmont, A.M. Controller for Agricultural Sprayers. U.S. Patent 5,924,239, 

20 July 1999. 

59. Dammer, K.-H.; Ehlert, D. Variable-rate fungicide spraying in cereals using a plant cover sensor. 

Precis. Agric. 2006, 7, 137-148.  

60. Gerhards, R.; Christensen, S. Real-time weed detection, decision making and patch spraying in 

maize, sugarbeet, winter wheat and winter barley. Weed Res. 2003, 43, 385-392. 

61. Luck, J.D.; Pitla, S.K.; Shearer, S.A.; Mueller, T.G.; Dillon, C.R.; Fulton, J.P.; Higgins, S.F. 

Potential for pesticide and nutrient savings via map-based automatic boom section control of 

spray nozzles. Comput. Electron. Agric. 2010, 70, 19-26. 

62. Heisel, T. Weeds in sugar beet rows—I. Influence of neighbour plant on the beet yield—II. 

Investigations of a CO2 laser for in-row weed control. Available online: http://agris.fao.org/ 

agris-search/search/display.do?f=2003/DK/DK03011.xml;DK2003000580 (accessed on 16 May 

2011). 

63. Samborski, S.M.; Tremblay, N.; Fallon, E. Strategies to make use of plant sensors-based 

diagnostic information for nitrogen recommendations. Agron. J. 2009, 101, 800-816. 



Sensors 2011, 11                            

 

 

6680 

64. Goffart, J.P.; Olivier, M.; Frankinet, M. Potato crop nitrogen status assessment to improve N 

fertilization management and efficiency: Past-present-future. Potato Res. 2008, 51, 355-383. 

65. Tremblay, N.; Wang, Z.; Ma, B.; Belec, C.; Vigneault, P. A comparison of crop data measured by 

two commercial sensors for variable-rate nitrogen application. Precis. Agric. 2009, 10, 145-161. 

66. Li, F.; Miao, Y.; Zhang, F.; Cui, Z.; Li, R.; Chen, X.; Zhang, H.; Schroder, J.; Raun, W.R.; Jia, L. 

In-season optical sensing improves nitrogen-use efficiency for winter wheat. Soil Sci. Soc. Am. J. 

2009, 73, 1566-1574. 

67. Berntsen, J.; Thomsen, A.; Schelde, K.; Hansen, O.; Knudsen, L.; Broge, N.; Hougaard, H.; 

Horfarter, R. Algorithms for sensor-based redistribution of nitrogen fertilizer in winter wheat. 

Precis. Agric. 2006, 7, 65-83. 

68. Barker, D.W.; Sawyer, J.E. Using active canopy sensors to quantify corn nitrogen stress and 

nitrogen application rate. Agron. J. 2010, 102, 964-971. 

69. Gwathmey, C.O.; Tyler, D.D.; Yin, X. Prospects for monitoring cotton crop maturity with 

normalized difference vegetation index. Agron. J. 2010, 102, 1352-1360. 

70. Cugati, W.M.; Schueller, J. Automation concepts for the variable rate fertilizer applicator for tree 

farming. In Proceedings of the 4th European Conference in Precision, Agriculture, Berlin, 

Germany, June 2003.  

71. Delegido, J.; Alonso, L.; Gonzalez, G.; Moreno, J. Estimating chlorophyll content of crops from 

hyperspectral data using a normalized area over reflectance curve (NAOC). Int. J. Appl. Earth 

Obs. Geoinf. 2010, 12, 165-174. 

72. Chen, P.; Haboudane, D.; Tremblay, N.; Wang, J.; Vigneault, P.; Li, B.; Chen, P.;  

Haboudane, D.; Tremblay, N.; Wang, J.; et al. New spectral indicator assessing the efficiency of 

crop nitrogen treatment in corn and wheat. Remote Sens. Environ. 2010, 114, 1987-1997. 

73. Clevers, J. A simplified approach for yield prediction of sugar beet based on optical remote 

sensing data. Remote Sens. Environ. 1997, 61, 221-228. 

74. Hatfield, J.L.; Prueger, J.H. Value of using different vegetative indices to quantify agricultural 

crop characteristics at different growth stages under varying management practices. Remote Sens. 

2010, 2, 562-578. 

75. Hedley, C.B.; Yule, I.J.; Hedley, C.B.; Yule, I.J. A method for spatial prediction of daily soil 

water status for precise irrigation scheduling. Agric. Water Manage. 2009, 96, 1737-1745. 

76. Grismer, M.E. Field sensor networks and automated monitoring of soil water sensors. Soil Sci. 

1992, 154, 482-489. 

77. Vellidis, G.; Smajstrla, A.G.; Zazueta, F.S. Continuous soil water potential measurement with a 

microcomputer-based data acquisition system. Appl. Eng. Agric. 1990, 6, 733-738. 

78. Lopez Riquelme, J.A.; Soto, F.; Suardiaz, J.; SAnchez, P.; Iborra, A.; Vera, J.A. Wireless sensor 

networks for precision horticulture in Southern Spain. Comput. Electron. Agric. 2009, 68, 25-35. 

79. Holler, M. High density multiple depth soil moisture tension measurements for irrigation 

management. In Proceeding of the 59th Annual Meeting of American Society for Enology and 

Viticulture (ASEV), Portland, OR, USA, June 2008. 

80. King, B.A.; Stark, J.C.; Wall, R.W. Comparison of site-specific and conventional uniform 

irrigation management for potato. Appl. Eng. Agric. 2006, 22, 677-688. 



Sensors 2011, 11                            

 

 

6681 

81. Vellidis, G.; Tucker, M.; Perry, C.; Kvien, C.; Bednarz, C. A real-time wireless smart sensor 

array for scheduling irrigation. Comput. Electron. Agric. 2008, 61, 44-50. 

82. Perry, C.; Pocknee, S.; Hansen, O. A variable rate pivot irrigatio control system. In Proceedings 

of the Fourth European Conference in Presicion Agriculture, Berlin, Germany, 15–19 June 2003; 

pp. 539-544. 

83. Chavez, J.L.; Pierce, F.J.; Elliott, T.V.; Evans, R.G. A remote irrigation monitoring and control 

system for continuous move systems. Part A: Description and development. Precis. Agric. 2010, 

11, 1-10. 

84. Kim, Y.; Evans, R.G. Software design for wireless sensor-based site-specific irrigation. Comput. 

Electron. Agric. 2009, 66, 159-165. 

85. Chavez, J.L.; Pierce, F.J.; Elliott, T.V.; Evans, R.G.; Kim, Y.; Iversen, W.M. A remote irrigation 

monitoring and control system (RIMCS) for continuous move systems. Part B: Field testing and 

results. Precis. Agric. 2010, 11, 11-26. 

86. Arslan, S.; Colvin, T.S. Grain yield mapping: Yield sensing, yield reconstruction, and errors. 

Precis. Agric. 2002, 3, 135-154. 

87. Reyns, P.; Missotten, B.; Ramon, H.; De Baerdemaeker, J. A review of combine sensors for 

precision farming. Precis. Agric. 2002, 3, 169-182. 

88. Grisso, R.D.; Jasa, P.J.; Schroeder, M.A.; Wilcox, J.C. Yield monitor accuracy: Successful 

farming magazine case study. Appl. Eng. Agric. 2002, 18, 147-151. 

89. Schmidhalter, U.; Maidl, F.-X.; Heuwinkel, H.; Demmel, M.; Auernhammer, A.; Noack, P.O.; 

Rothmund, R. Precision farming-adaptation of land use management to small scale heterogeneity. 

In Perspectives for Agroecosystem Management: Balancing Environmental and Socio-Economic 

Demands; Schröder, P., Pfadenhauer, J., Munch, J.C., Eds.; Elsevier: San Diego, CA, USA, 2008; 

pp. 121-199.  

90. Whelan, B.M.; Taylor, J.A.; Hassall, J.A. Site-specific variation in wheat grain protein 

concentration and wheat grain yield measured on an Australian farm using harvester-mounted  

on-the-go sensors. Crop Pasture Sci. 2009, 60, 808-817. 

91. Taylor, J.; Whelan, B.; Thylén, L.; Gilbertsson, M.; Hassall, J. Monitoring wheat protein content 

on-harvester: Australian experiences. Precis. Agric. 2005, 5, 8-17. 

92. Long, D.S.; Engel, R.E.; Siemens, M.C. Measuring grain protein concentration with in-line near 

infrared reflectance spectroscopy. Agron. J. 2008, 100, 247-252. 

93. Stewart, C.M.; McBratney, A.B.; Skerritt, J.H. Site-specific durum wheat quality and its 

relationship to soil properties in a single field in northern New South Wales. Precis. Agric. 2002, 

3, 155-168. 

94. McBratney, A.; Whelan, B.; Ancev, T.; Bouma, J.; McBratney, A.; Whelan, B.; Ancev, T.; 

Bouma, J. Future directions of precision agriculture. Precis. Agric. 2005, 6, 7-23. 

95. Stafford, J. Implementing precision agriculture in the 21st century. J. Agric. Eng. Res. 2000, 76, 

267-275. 

96. Kumhala, F.; Kroulik, M.; Prosek, V. Development and evaluation of forage yield measure 

sensors in a mowing-conditioning machine. Comput .Electron. Agric. 2007, 58, 154-163. 

97. Lee, W.S.; Schueller, J.K.; Burks, T.F. Wagon-based silage yield mapping system. Agric. Eng. 

2005, 7, 1-14. 



Sensors 2011, 11                            

 

 

6682 

98. Lee, W.S.; Burks, T. Silage Yield Monitoring System; ASAE-Society for Engineering in 

Agricultural, Food, and Biological Systems: St. Joseph, MI, USA, 28–31 July 2002; Paper  

No. 021165. 

99. Zhang, N.; Wang, M.; Wang, N. Precision agriculture—a worldwide overview. Comput. 

Electron. Agric. 2002, 36, 113-132. 

100. Griffin, T.W.; Dobbins, C.L.; Vyn, T.J.; Florax, R.J.G.M.; Lowenberg-DeBoer, J.M. Spatial 

analysis of yield monitor data: Case studies of on-farm trials and farm management decision 

making. Precis. Agric. 2008, 9, 269-283. 

101. Arnó, J.; Martínez-Casasnovas, J.; Ribes-Dasi, M.; Rosell, J. Precision viticulture. Research 

topics, challenges and opportunities in site-specific vineyard management. Span. J. Agric. Res. 

2009, 7, 779-790. 

102. Matese, A.; Di Gennaro, S.F.; Zaldei, A.; Genesio, L.; Vaccari, F.P. A wireless sensor network 

for precision viticulture: The NAV system. Comput. Electron. Agric. 2009, 69, 51-58. 

103. Rosa, M.; Genesio, R.; Gozzini, B.; Maracchi, G.; Orlandini, S. Plasmo: A computer program for 

grapevine downy mildew development forecasting. Comput. Electron. Agric. 1993, 9, 205-215. 

104. Burrell, J.; Brooke, T.; Beckwith, R. Sensor and actuator networks-Vineyard computing: Sensor 

networks in agricultural production. IEEE Pervas. Comput. 2004, 3, 38-45. 

105. Crainic, T.G.; Laporte, G. Fleet Management and Logistics; Kluwer Academic Publishers: 

Boston, MA, USA, 1998. 

106. der van Heijden, R.; Marchau, V. Innovating road traffic management by ITS: A future 

perspective. Int. J. Technol. Policy. Manag. 2002, 2, 20-39. 

107. Pesonen, L.; Koskinen, H.; Rydberg, A. Recommendations and Guidelines for a Novel, 

Intelligent, Integrated Information and Decision Support Framework for Planning and Control of 

Mobile Working Units; Nordic Innovation Centre: Oslo, Norway, 2008. 

108. Kelly, B.; Hatfield, G. Fleet management in the electronic age. Util. Fleet Manag. 2003, 22,  

20-26. 

109. Borirug, S.; Fung, C.; Philuek, W. A study on the requirements and tools for real time fleet 

management e-business systems in Thailand. In Proceeding of the 8th International Conference 

on e-Business (iNCEB2009), Bangkok, Thailand, October 2009; pp. 92-97. 

110. Guo, L.S.; Zhang, Q. Wireless data fusion system for agricultural vehicle positioning. Biosyst. 

Eng. 2005, 91, 261-269. 

111. Jung, D. Fleet management with AGRO-COMBINE online. Landtechnik 2004, 59, 200-201. 

112. Techy, L.; Schmale, D.G.; Woolsey, C.A. Coordinated aerobiological sampling of a plant 

pathogen in the lower atmosphere using two autonomous unmanned aerial vehicles. J. Field Rob. 

2010, 27, 335-343. 

113. Göktogan, A.; Sukkarieh, S.; Bryson, M.; Randle, J.; Lupton, T.; Hung, C. A rotary-wing 

unmanned air vehicle for aquatic weed surveillance and management. J. Intell. Rob. Syst. 2010, 

467-484. 

114. Hunt, E., Jr.; Hively, W.; Fujikawa, S.; Linden, D.; Daughtry, C.; McCarty, G. Acquisition of 

NIR-green-blue digital photographs from unmanned aircraft for crop monitoring. Remote Sens. 

2010, 2, 290-305. 



Sensors 2011, 11                            

 

 

6683 

115. Huang, Y.; Hoffmann, W.C.; Lan, Y.; Thomson, S.J.; Fritz, B.K. Development of unmanned 

aerial vehicles for site-specific crop production management. In Proceedings of 10th 

International Conference on precision agriculture, Denver, CO, USA, 18–21 July 2010.  

116. Lelong, C.; Burger, P.; Jubelin, G.; Roux, B.; Labbé, S.; Baret, F. Assessment of unmanned aerial 

vehicles imagery for quantitative monitoring of wheat crop in small plots. Sensors 2008, 8,  

3557-3585. 

117. Kotamäki, N.; Thessler, S.; Koskiaho, J.; Hannukkala, A.O.; Huitu, H.; Huttula, T.; Havento, J.; 

Järvenpää, M. Wireless in-situ sensor network for agriculture and water monitoring on a river 

basin scale in southern finland: Evaluation from a data user's perspective. Sensors 2009, 9,  

2862-2883. 

118. Andrade-Piedra, J.L.; Forbes, G.A.; Shtienberg, D.; Grunwald, N.J.; Chacon, M.G.; Taipe, M.V.; 

Hijmans, R.J.; Fry, W.E. Qualification of a plant disease simulation model: Performance of the 

LATEBLIGHT model across a broad range of environments. Phytopathology 2005, 95,  

1412-1422.  

119. Hansen, J.G.; Nielsen, B.J.; Bødger, L.; Andersson, B.; Yuen, J.; Wiik, L.; Hermansen, A.; 

Nærstad, R.; Le, V.H.; Brurberg, M.B.; et al. Blight management in the Nordic countries. In 

Proceedings of the 9th Workshop of an European Network for Development of an Integrated 

Control sStrategy of Potato Late Blight, Tallinn, Estonia, October 2007. 

120. Linjama, J.; Puustinen, M.; Koskiaho, J.; Tattari, S.; Kotilainen, H.; Granlund, K. Implementation 

of automatic sensors for continuous monitoring of runoff quantity and quality in small 

catchments. Agric. Food Sci. 2009, 18, 417-427. 

121. Langendoen, K.; Baggio, A.; Visser, O. Murphy loves potatoes: Experiences from a pilot sensor 

network deployment in precision agriculture. In Proceeding of the 20th International Parallel 

and Distributed Processing Symposium, Rhodes, Greece, April 2006. 

122. Kooistra, L.; Thessler, S.; Bregt, A. User requirements and future expectations for geosensor 

networks—An assessment. Lect. Notes Comput. Sci. 2009, 5659, 149-157. 

123. Balzano, L.; Novak, R. Blind calibration of sensor networks. In Proceedings of the 6th 

International Conference on Information Processing in Sensor Networks (IPSN’07), Cambridge, 

MA, USA, 25–27 April 2007. 

124. Nash, E.; Korduan, P.; Bill, R. Applications of open geospatial web services in precision 

agriculture: A review. Precis. Agric. 2009, 10, 546-560. 

125. ISO. ISO 11783: Tractors and Machinery for Agriculture and Forestry-Serial Control and 

Communications Data Network; International Organization for Standardization: Geneva, 

Switzerland, 2011. 

126. INSPIRE Directive. Directive 2007/2/EC of the European Parliament and of the Council of 14 

March 2007 establishing an infrastructure for spatial information in the European community 

(INSPIRE). Available online: http://inspire.jrc.ec.europa.eu/ (accessed on 16 May 2011).  

127. Kresse, W.; Fadaie, K. ISO Standards for Geographic Information; Springer Verlag: Berlin, 

Germany, 2004. 

  



Sensors 2011, 11                            

 

 

6684 

128. Steinberger, G.; Rothmund, M.; Auernhammer, H. Mobile farm equipment as a data source in an 

agricultural service architecture. Comput. Electron. Agric. 2009, 65, 238-246. 

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


