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1 Abstract 

Uncertainty in estimating fertiliser N requirements is large, with differences between recommended 

and measured N optima frequently exceeding 50 kg/ha.  Precision farming technologies including 

yield mapping, canopy sensing, satellite imaging and soil mapping are now common-place on 

farm.  The Auto-N project sought to apply the information readily available from these technologies 

within an ‘Auto-N logic’ to improve the precision of N fertiliser decision making.  The ‘Auto-N logic’ 

was derived from that used to estimate fertiliser N requirements as set out in the AHDB Cereals & 

Oilseeds guide Nitrogen for winter wheat – management guidelines; this guide suggests that N 

requirements should be calculated by subtracting Soil N Supply (SNS) from Crop N Demand 

(CND: grain yield x crop N content) and dividing by Fertiliser N Recovery (FNR); thus the ‘Auto-N 

logic’ uses yield and protein maps to inform estimates of CND, canopy sensing to inform estimates 

of SNS and soil sensing to inform estimates of FNR. 

 

Novel chessboard N response experiments were set up on six commercial fields between harvest 

years 2010 and 2012 to quantify spatial variation in N requirement, to explain it in terms of CND, 

SNS and FNR, hence to develop the ‘Auto-N logic’.  At each site, each farmer applied N as liquid 

urea plus ammonium nitrate (UAN) using the farm sprayer twice, in perpendicular directions, to 

create a systematic grid of ~400 plots (~12m × 12m) fertilised with N rates of 0, 120, 240 or 

360 kg/ha; the area of each experiment exceeded 4 ha.  Grain yields were measured by small-plot 

combine, grain samples were analysed for protein, and N harvest index and total N uptake were 

determined from pre-harvest grab samples.  Values were then estimated for all variates and all N 

levels for all plots by kriging. Response curves were fitted, and N optima and their components 

(SNS, CND, FNR) were derived assuming 5 kg grain would pay for 1 kg fertiliser N.  Within field 

variation in optimum N exceeded 100 kg/ha at all sites; spatial variation in optimal yield was 

greater than 2 t/ha at all sites and variation in SNS was generally greater than 50 kg/ha.  Some of 

the spatial variation in optimum N was explained in terms of SNS and CND. However, the 

tendency for positive correlations between SNS and optimum yield was striking, and hindered 

complete explanation of spatial variation in optimum N: i.e. high yielding areas tended to have 

greater SNS, so the increased requirement from higher crop N demand was counteracted by the 

reduced requirement from higher SNS.   

 

Spatial variation in CND and SNS was reasonably well estimated from the use of past yield maps 

and crop sensing, respectively; often, similar within-field patterns showed through for both.  

However, variation in FNR was also large and was unpredictable.  Using clustering techniques, 

zoning, performance mapping or simple averaging of data from five farms, it was shown that past 

yield maps could be used usefully to estimate variation in CND. In addition, variation in SNS could 

be predicted from canopy sensing in early spring (an algorithm was developed based on sensed 

NDVI and thermal time since sowing).  Calibrations for crop N uptake, biomass and crop N status 
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(Nitrogen Nutrition Index) from canopy sensing were explored, but no rational basis could be found 

to justify their inclusion in the ‘Auto-N logic’. 

 

Validation trials were set up with farmers on 11 fields in 2013 & 2014; these used adjacent 

tramlines to compare the Auto-N logic with the farm’s own practice, 50 kg/ha more N and 50 kg/ha 

less N.  Evaluation of these trials along with economic analysis of the chessboard trials showed the 

benefits of precision in judging N requirements to be modest, whereas benefits of accuracy 

(proximity to the measured mean) were much greater.  Whilst this work demonstrated the feasibility 

of automating judgements of N requirements within fields using precision information, the variability 

in CND, SNS and FNR, and crucially the interactions between them, meant that the use of such 

systems would not guarantee increased accuracy or precision of N use.  The evidence suggests 

that variable rate N management can give only modest returns, even with a system making perfect 

predictions, if the field is already receiving the right average N rate. 

 

The results showed that the most important decisions concern N use for whole farms, then for 

whole fields, then for areas within fields.  Precision technologies can help with all of these, 

especially through comparisons of crops between and within farms.  However, the most effective 

aspect of precision farming technologies is probably the empowerment of farmers to test 

retrospectively the effects of their N decisions (or indeed any decisions) on-farm.  Given the 

variation in and unpredictability of N requirements between fields and between farms the only way 

farmers can know for sure whether their chosen N rates were right is to test yield effects of 

different N rates – this is relatively easy now, by simply applying (say) 60 kg/ha more and 60 kg/ha 

less to adjacent tramlines.  

 

The chessboard trials initiated here have transformed our understanding of N responses and 

shown new possibilities for spatial experimentation, not only to empower on-farm testing, but to 

understand how soil variation affects husbandry outcomes.  These trials show that N use is not the 

major cause of the very large spatial variation seen in yield.  Thus, understanding the soil-related 

causes of yield variation should, and can, now become a priority for soil and agronomic research.   

 

  



Page 12 of 196 

2 Introduction 

The use of nitrogen fertiliser is crucial to modern arable crop production in achieving the yields 

required to meet the increasing global demands for food, feed and fuel from a rapidly expanding 

global population (Tilman et al., 2011). However, N fertiliser is associated with a range of 

environmental impacts (Sutton et al., 2011) including nitrate leaching, energy use through 

manufacture and greenhouse gas (GHG) emissions, predominantly through nitrous oxide (N2O) 

emissions from soils (Brentrup et al., 2004; 2008).  Indeed, N fertiliser and N2O can be responsible 

for more than 70% of GHG costs of arable crops such as wheat and oilseed rape (Berry et al., 

2010; Sylvester-Bradley et al., 2014; 2015). Yields per hectare are also important to GHG 

emissions at a global scale through their indirect effects on land-use-change (Kindred et al., 2008); 

if reduced production from reduced yields in the UK are met by new production via land use 

change from natural habitat elsewhere in the world the GHG consequences from that land use 

change can be overwhelming (Carlton et al., 2012). Nitrogen fertiliser forms the biggest single cost 

in gross margins for wheat production, and it is the input that can have the single biggest influence 

on yield. Judging the right amount of N fertiliser to apply for the farm, field and within-field is 

therefore of importance for the farmer to maximise profits, the local environment to minimise 

leaching and eutrophication risks, the wider environment to minimise GHG emissions and the 

wider global population to maximise food production and reduce pressure on land use change.  

 

This project aims to use information available from new technologies to develop new approaches 

to judging N fertiliser requirements in order to improve N management decision making for winter 

cereals at the within-field to across-farms scales. This should reduce GHG and nitrate emissions 

and improve crop productivity.  

 

2.1 N fertiliser Decision making 

The supporting evidence for wheat & barley (Sylvester-Bradley et al. 2008) and sugar beet 

(Jaggard et al. 2009) from the last update of the Fertiliser Manual (RB209: Defra, 2010) reveal the 

difficulties in accounting for variation in optimum N amounts. They show how any recommendation 

inevitably has considerable uncertainty and hence that in practice fertiliser N is applied with 

considerable imprecision.  

 

Current cereal nitrogen recommendations are imprecise, and at a field by field and metre by metre 

level they can be very inaccurate. This is not through lack of effort from N researchers & advisors 

or negligence on the part of farmers, it is the result of a complex system where only partial 

information is known when decisions are made. Relevant information is unavailable or too onerous 

to collate on farms; this indicates a need for automation.   
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A recent programme of N response experiments showed that the Field Assessment Method (FAM) 

recommendation system (MAFF, 2000) predicted the N optima to be within 50kg N/ha of the 

measured N optima in less than 50% of cases (Sylvester-Bradley et al., 2008a). Indeed, applying a 

fixed level of N across all experiments was found to give a better outcome than use of FAM alone 

(12kg N/ha out on average vs 23kg N/ha out, respectively). The use of soil mineral N to inform 

prediction of soil N supply was found to improve the prediction of N optima significantly (average 

10kg/ha from the measured optimum). However, imprecision is large and SMN analysis of every 

field is economically unfeasible (Kindred et al., 2012a). The imprecision and inaccuracies in the 

conventional recommendation system and application management not only have large economic 

costs through wasted fertiliser and foregone yields; they also have large environmental costs. 

Applications of nitrogen above the optimum increase risks of nitrate leaching into watercourses, 

potentially resulting in eutrophication and failure to meet legislative water quality limits (NVZs, WFD 

etc). Wasted N fertiliser also contributes to GHG emissions through emissions associated with 

fertiliser manufacture and from nitrous oxide emissions from soil without increasing productivity, 

hence increases GHG emissions per tonne of production. Where N applications are sub-optimal, 

an opportunity is missed to provide extra grain at marginal economic and environmental cost; this 

‘lost’ productivity could exacerbate pressures for indirect land use change (ILUC) (Kindred et al., 

2008) in a world where food production needs to double by 2050 (FAO, 2009). 

 

It is therefore clear that a better system for N management is needed urgently. Although the 

imprecision of the majority of N recommendations is larger than might be liked, the consequences 

of small imprecisions (<50kg N/ha) are relatively minor in economic and environmental terms.  The 

major economic and environmental gains come from identifying and eliminating the larger errors, 

where current recommendations would differ by >100kg N/ha from the true N optima; the 

consequences of getting N management badly wrong in a small number of cases are much worse 

than those from being a little wrong in the majority of cases (Sylvester-Bradley et al., 2008a). 

 

One reason for the poor performance of recommendations is unavailability of relevant information; 

usable information has normally been limited to soil type, previous crop (which indicates soil N 

supply), over-winter rainfall, past crop yield and (perhaps) grain N% (which indicates N demand). 

Ideally, recommendations would be based on direct knowledge of soil N supply, including likely N 

available from mineralisation and deposition, N demand from the crop and likely fertiliser N 

recovery. Crucially, it is also important to monitor success of an N management strategy, through 

grain yields, grain protein contents and occurrence of lodging. TheNitrogen for winter wheat – 

management guidelines (AHDB Cereals & Oilseeds, 2009) sets out how to use information to 

calculate fertiliser N requirements by estimating crop N demand, soil N supply and fertiliser N 

recovery with an approach that is compatible with the Fertiliser Manual RB209 (Defra, 2010). This 

is explained in detail in Chapter 2.  
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2.2 Precision Farming technologies 

Precision Agriculture has long held the promise of improving the management of nitrogen (N) 

fertilisers for arable cropping (Sylvester-Bradley et al., 1999), and its use on-farm is now common-

place. Fertiliser spreaders and sprayers capable of variable rate application are now used widely 

and many farms use GPS systems for auto-steering of farm machinery, if nothing else. Modern 

combines all have the capability to monitor yield, though fewer have GPS systems to enable yields 

to be mapped. Whilst a range of approaches are now being used on-farm to address spatial 

variation in N fertiliser application to cereal crops, there is not yet a comprehensive system that 

determines absolute N amounts and timings for winter cereals. 

 

The 2012 Defra Farm Practices Survey assessed use of precision agriculture technologies by 

farmers in England. It found that 46% of cereal farm respondents used GPS, 38% used soil 

mapping, 25% had used yield mapping and 31% used some form of variable rate application.  

 

2.2.1 Precision Technologies for Auto-N 

In principle, precision agriculture technologies now offer the opportunity to gather information of 

use for the N Management Guide approach described in previous section and in Chapter 2 and, 

further, to process it and determine appropriate N management automatically, not only on a field by 

field basis, but also at a finer within-field scale. For example, grain yield monitors and yield 

mapping are now common-place on modern combine harvesters. Grain protein sensors and hence 

grain protein mapping are also commercially available, though uptake in the UK to date is limited. 

Electro-magnetic induction (EMI) sensors are widely used to produce maps of soil characters, and 

a host of crop sensing technologies are available to assess growth of the crop, remotely by satellite 

or with sensors on the tractor. Whilst approaches to use these technologies to inform cereal N 

management are being used commercially (especially using crop canopy sensing), these are 

mostly used to vary applications around a preset field norm, they do not currently help determine 

the absolute N rate to apply for cereals. Furthermore, no system has yet integrated all the available 

technologies to give an automated system with the best chance of improving N decision making. 

 

The consortium in this project integrated expertise in automatic crop sensing with expertise in 

determination of N advice, in order to develop and validate, as far as possible, fully automated 

systems for N management.  Our starting point was that these systems should use the same 

principles that underlie best field-by-field N advice, but that they should be modified according to 

the character of data available from commercially-available automatic sources. 
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2.2.1.1 Variable N management 

A major goal for precision agriculture has been to improve the management of N fertiliser within 

fields. Much academic research work has been undertaken across the world over the past 20 

years to meet this goal (e.g. Lukina et al., 2001; Welsh et al., 2003; Shanahan et al., 2008; Mistele 

& Schmidhalter, 2008; Samborski et al., 2009; Basso et al, 2011). In addition, there has been much 

commercial development, for example by Yara with the N sensor (Reusch, 2005; Heege et al., 

2008). A range of technologies are potentially useful for precision N management including soil 

sensing by EMI, yield mapping, canopy sensing and grain protein sensing. The most widely 

developed and widely adopted of these measures for precision N management to date are canopy 

sensing measures. Approaches generally use sensor information (eg NDVI) as a gauge of crop N 

demand to adjust N applications upwards where growth is less, and reduce N applications where 

crops are lush with increased lodging risks assumed (Bernsten et al., 2006, Zilman et al., 2006). In 

the UK over 800 farmers are thought to be currently using such sensing technologies. However, 

relatively little public research has supported the use of these sensor technologies in the UK.  

 

A large AHDB Cereals & Oilseeds-funded study (Godwin et al., 2002, 2003a,b;c Welsh et al 

2003a,b; Wood et al., 2003a,b) investigated the application of precision agriculture technologies for 

crop management, including N fertiliser. Experiments demonstrated that large difference in N 

optima exist within fields, but that these vary between years (Welsh et al., 2003). It was concluded 

that the simple use of past yield maps to set N recommendations was not appropriate, but that 

within season measures, in this case aerial digital photography, could be used to successfully 

apply variable N application rates. The approach developed by Wood et al. (2003) used remote 

sensing of NDVI to gauge shoot numbers or green area index (GAI) on a relative basis, with 

ground truthed measures to allow benchmarking against target GAI as set out in the Wheat Growth 

Guide (AHDB Cereals & Oilseeds). A similar system is now used commercially by SOYL using 

satellite imagery.     

 

Whilst Yara market an absolute calibration for oilseed rape using the N sensor, as yet there are no 

systems available in the UK that give absolute N recommendations for cereals, ie current practice 

on UK cereals is that the farmer sets the appropriate rate for the field and the system applies this in 

a spatially variable manner, usually with more N applied to thinner crop areas and less to thicker 

crop areas.  

 

Most approaches for variable rate N fertiliser management are based on canopy sensing, adjusting 

N applications by a range of approaches including empirical calibrations, use of nil-N or N rich 

strips (Samborski et al., 2009), a concept of nitrogen status or nitrogen nutrition index (Mistele & 

Schmidhalter, 2008) or a concept of target GAI (Wood et al., 2003). These systems have 

limitations: most do not give absolute recommendations; calibrations and algorithms may be 
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relatively site specific (Samborski et al, 2009); and systems may only work efficiently where N is 

the major limiting factor (Zilman et al., 2006). It is still not proven whether fertiliser N amounts 

should be (i) related to estimated yield potential, and / or (ii) increased or decreased in relation to 

sensed canopy differences (Wiltshire et al., 2002;.Welsh et al., 2003; Zilman et al., 2006).  

Moreover, precision farming research has not so far tried to reconcile and integrate in full all key 

aspects of N management invoked field-by-field.  

 

Shanahan et al. (2008) advocate that an integrated approach to variable N management should be 

taken, using information on soil, past yields and present canopy together. It seems likely that 

development of a system that can set absolute N amounts for the full range of situations will 

require separate assessments of crop N demand, soil N supply and fertiliser N recovery. From 

such a perspective it should be possible to use the available information and technologies to match 

N fertiliser requirements with accuracy. 

2.2.1.2 Canopy sensing 

Over 300 farmers in the UK use the Yara N sensor for in field variable rate applications of N 

fertiliser, over 500 farmers use satellite sensing services from SOYL, whilst there are smaller 

numbers of other sensing units such as Crop Circle, Optrx, Greenseeker and Rapidscan used on 

farm. 

 

Spectral reflectance is widely used to gauge canopy characters such as plant/shoot population, 

ground cover/GAI, chlorophyll/greeness and biomass, though these characters cannot necessarily 

be sensed separately from each other (Scotford & Miller, 2004). Commonly, reflectance is sensed 

at the infra-red and near infra-red wavelengths, allowing various vegetation indices to be calculated 

(Wiegand et al., 1991; Raun et al., 1998), most commonly Normalised Difference Vegetation Index 

(NDVI). Ground based sensors such as Greenseeker and Crop Circle measure two or three 

wavelengths (Govaerts et al., 2007; Havrankova et al., 2008; Raun et al., 2002;2008) whilst the N 

sensor can measure several wavelengths (Zillman et al., 2006) and spectroradiometers measure 

many wavelengths (Wiltshire et al., 2002). The use of a colour component in addition to structural 

information from vegetation indices could give useful extra information (Miller, 2009; 2013). 

Spectral information can also be gathered remotely from aerial photography (Wood et al., 2003) or 

satellite imagery (Metternicht, 2004). Each of these systems is used commercially on farm to some 

extent. Whilst the different sensor platforms give subtlely different values for vegetation indices 

such as NDVI they are all capable of differentiating crop size and N status (Samborski et al., 2009). 

Simple digital photographs can also be used to generate vegetation indices (Tillett, 1991), and can 

be used to predict ground cover or GAI. This is in use commercially for oilseed rape and has been 

developed for cereals by BASF (Canopy Analyser Tool; www.totaloilseedcare.co.uk) and Yara 

(ImageIT smartphone App).  
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In addition, a range of other sensors have been suggested as being useful in detecting canopy 

characters, including fluorescence (Malenovsky et al., 2009), LIDAR (Omasa et al., 2007) and 

ultrasonic sensors (Scotford & Miller, 2004). Whilst such technologies may prove to give superior 

sensing of crop characters in the future, perhaps in multiple sensor arrays (Scotford  Miller, 2004b; 

Miller et al., 2013), this project deals only with proven technologies which are already in 

commercial use.   

 

An AHDB Cereals & Oilseeds scoping study has shown that canopy sensing over-winter can 

effectively distinguish between cereal crops with different levels of soil N supply (Sylvester-Bradley 

et al., 2009b). This is developed in Chapter 2 and Chapter 6. 

2.2.1.3 Soil sensors 

Electro-Magnetic Induction (EMI) has been shown to be a useful and reliable method of 

characterising soil variation in fields (King et al., 2003; 2005). EMI sensors measure the apparent 

electrical conductivity of the soil, hence indicating available water content and soil texture. If used 

when the soil has reached field capacity they can be especially useful for interpretation of yield 

maps and delineation of management zones (King et al., 2005). EMI scanning is conducted 

commercially in the UK by precision farming providers such as Agrii Soil Quest, SOYL, Soil 

Essentials and Precision Decisions.  

 

Sensing of soil organic matter and other soil properties has been under development over many 

years along with other soil characters (Quraishi & Mouazen, 2013; Kuang & Mouazen, 2013; Tekin 

et al., 2014; Kuang et al., 2015). Such sensors are only recently available for commercial use but 

could offer a major step forward in estimation of potential mineralisation of N on a spatial basis. 

2.2.1.4 Grain protein sensors 

NIR sensors that will monitor grain protein on the combine have been developed by a number of 

companies and the AccuHarvest sensor has been commercially available from the company Zeltex 

since 2006 (Taylor & Whelan, 2009). As well as allowing segregation of grain for quality markets, 

such sensors allow grain protein maps to be generated which, when combined with grain yield, 

enable the success of N management to be evaluated (Whelan et al., 2009). This could represent 

a major step forward in tailoring N management strategy on-farm, allowing grain protein to be used 

as a retrospective guide to whether the crop has been under or over-fertilised in a more 

sophisticated way than has hitherto been possible (Sylvester-Bradley & Clark, 2009). Other on-

farm NIR protein sensors are also commercially available that could be used in a similar vein, such 

as the FOSS Sofia instrument. Uptake of such protein sensors in the UK has been limited to date, 

but sales have been greater in USA and Australia. 
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2.2.1.5 Yield maps  

Yield mapping equipment is now readily available, and comes as standard on many combine 

harvesters. Whilst some difficulties exist with the accuracy of yield monitoring data, especially due 

to variable bout widths and long lead-in times at the start of bouts, these can be overcome with 

appropriate adjustments (Blackmore & Moore, 1999).  The principal limitation on the use of yield 

map data is the substantial spatio-temporal complexity that yield maps commonly display.  

Extracting an underlying signal from these somewhat noisy data is a challenge, but there are 

statistical methodologies to deal with them.  There are two broad approaches.  One (e.g. 

Blackmore et al., 2003; Kleinjan et al., 2006) considers local mean yield and its variability, 

identifying regions where yield is relatively stable and regions where it is less predictable.  Another 

approach (Lark & Stafford, 1997; Perez-Quezada et al. 2003) uses a more flexible ‘clustering’ 

approach in which locations in a field are grouped into classes which show more or less uniform 

season-to-season patterns of variation (e.g. consistently above-average yields, above average 

yields except in dry seasons, consistently below-average yields, etc.).  These classes have been 

shown to account for substantial soil variation (e.g. King et al., 2005), since a region with a more-

or-less uniform season-to-season pattern of yield variation is likely to be subject to more-or-less 

uniform constraints on crop performance (e.g. small available water capacity, poor soil structure 

leading to poor establishment and greater slug damage, etc.).  Fridgen et al. (2004) describe a 

software tool developed to generate management zones for precision agriculture using the 

approach of Lark & Stafford (1997). 

 

2.3 Project objectives 

In summary, the main challenges in automating N management of cereal crops in the UK were 

deemed to be: evaluation of automated grain N% sensor data (Taylor et al., 2005; Long et al., 

2008; Whelan et al., 2009) for UK cereals, improved interpretation of previous soil and yield maps 

(Lark & Stafford, 1997; Blackmore et al., 2003; King et al., 2005; Ross et al., 2008), testing the 

extent to which N balances predict soil N supplies after both cereals and oilseed rape (Whelan et 

al., 2009), improved prediction of NDVI with unlimited N supply (accounting for any effects of soil, 

genotype, sowing date and seed rate), measurement and interpretation of canopy colour in spring 

as distinct from canopy size (Heege et al., 2008), using variation in canopy size to predict grain 

yield, and indentifying appropriate predictive relationships between yield potential and other spatial 

variables that can be applied at different spatial scales (Milne et al., 2006a).  This project aimed to 

address these challenges, then to develop appropriate automated N management systems, 

validate these on commercial farms, and ensure their commercial viability.   

 

In addressing these challenges it was expected that findings would benefit N management both 

metre-by-metre and field-by-field because it will prove possible to make more precise tests of 
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relationships within fields than have previously been possible in field trials e.g. the effects of soil 

variation on fertiliser N recovery and the relationship between yield potential and N requirement. 

 

Spatially intensive measurements of SMN and potentially mineralisable N in the chessboard trials 

in this project, together with spatially intensive measures of grain yield, N uptake (including N 

uptake without N applied, hence true SNS) and N optima offer the opportunity to explore this 

variability in greater detail, potentially allowing better understanding, and hence prediction, of the 

contribution of SMN and mineralisation to true soil nitrogen supply.  

 

The chessboard trials in this project offer a unique opportunity to better understand the causes of 

differences in protein content at the optima, and the extent to which N optima are related to yield 

potential. 

 

2.4 Objectives 

1. To develop a logic for N fertiliser decision-making that integrates existing ‘N balance’ and ‘canopy 

management’ recommendation systems using (as far as possible) criteria available from 

commercial automated, spatially-referenced sensors. 

2. To develop new protocols (or extend existing approaches) for predicting crop N demands, based 

on previous yield maps and associated physical data. 

3. To test the extent to which the ‘N balance’ approach explains in-field variation in soil N supplies 

and optimum fertiliser N amounts.   

4. To develop a spring N scheduling system by defining maximum (unlimited by N supply) GAI 

trajectories (based on thermal time) for autumn-sown cereals, and to calibrate commercial 

canopy sensors.  

5. To validate automated applications of fertiliser N for their effects on gross margins, N Use 

Efficiency, and N emissions to the environment. 

 

2.5 Work Programme 

The objectives above were tackled in the 5 Work Packages described below. The first addresses 

the formulation of the logic in the round; Task 2 deals with issues in judging N demand, using yield 

and protein maps; Task 3 assesses the impacts of soil N supply and crop N demand on fertiliser N 

requirements; Task 4 develops calibrations and systems to transfer canopy sensor signals into 

useable information; and Task 5 tests the value of the systems in commercial practice. 

 

In these tasks, a range of resources were used, with some cross-over between Tasks;  

 

A. Scientific literature and data-sets from recent research 
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B. Liaison with international groups working on these issues 

C. Commercial farm data from 5 farmers who have been using appropriate precision 

technologies. 

i. Historic yield maps for 5 years for 5 fields.  

ii. Soil maps, EMI maps for these fields to be taken in the project. 

iii. Yield & protein maps (on-board combine protein sensors to be provided in the 

project) recorded in the first 3 years of the project, with SMN & mineralisable N 

measured in each field. 

iv. Satellite imagery of crop canopy from February to May to be provided by SOYL 

for each field. Canopy data from other canopy sensors (eg Crop Circle, N sensor) 

to be used as available. 

D. Chessboard experiments (Task 3) allowing ~400 N optima to be determined spatially 

per experiment, which can be related to soil N supply, grain yield, grain protein, 

canopy sensor signals and other measures. 

E. Sensor calibration experiments (Task 4) including seed rate, sowing date, variety, N 

rate and N timing comparisons. 

F. System validation trials (Task 5) to give half-field comparisons between ‘conventional’ 

(i.e. not spatially adjusted) & ‘automated’ N management systems. 

The issues to be addressed in the 5 tasks of the project, and the proposed approaches to these, 

are set out in more detail below. 

 

2.6 Work Programme 

The objectives above were tackled in the 5 Work Packages described below. The first addresses 

the formulation of the logic in the round; Task 2 deals with issues in judging N demand, using yield 

and protein maps; Task 3 assesses the impacts of soil N supply and crop N demand on fertiliser N 

requirements; Task 4 develops calibrations and systems to transfer canopy sensor signals into 

useable information; and Task 5 tests the value of the systems in commercial practice. 

In these tasks, a range of resources were used, with some cross-over between Tasks;  

G. Scientific literature and data-sets from recent research. 

H. Liaison with international groups working on these issues. 

I. Commercial farm data from 5 farmers who have been using appropriate precision 

technologies. 

v. Historic yield maps for 5 years for 5 fields.  

vi. Soil maps, EMI maps for these fields to be taken in the project. 

vii. Yield & protein maps (on-board combine protein sensors to be provided in the 

project) recorded in the first 3 years of the project, with SMN & mineralisable N 

measured in each field. 
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viii. Satellite imagery of crop canopy from February to May to be provided by SOYL 

for each field. Canopy data from other canopy sensors (eg Crop Cirlce, N sensor) 

to be used as available. 

J. Chessboard experiments (Task 3) allowing ~400 N optima to be determined spatially 

per experiment, which can be related to soil N supply, grain yield, grain protein, 

canopy sensor signals and other measures. 

K. Sensor calibration experiments (Task 4) including seed rate, sowing date, variety, N 

rate and N timing comparisons. 

L. System validation trials (Task 5) to give half-field comparisons between ‘conventional’ 

(i.e. not spatially adjusted) & ‘automated’ N management systems. 

The issues to be addressed in the 5 tasks of the project, and the proposed approaches to these, 

are set out in more detail below. 

 

2.6.1 Task 1: Developing a logic for automation  

A spreadsheet-based model was developed to demonstrate the feasibility of integrating 

automatically sensed data on soils, past yields, grain protein, field and weather information, and 

real-time canopy signals to produce predictions of fertiliser N requirements.  This model was 

developed and refined throughout the project, using literature, previous datasets and on-going 

work (Tasks 2-4) to:  

• Confirm the contribution to soil N supply from atmospheric deposition, soil mineral nitrogen and 

mineralisation, net of losses due to leaching, denitrification & immobilisation, and whether 

estimates are improved with knowledge of soil type, weather, geographic location etc.  

• Evaluate N%, nitrogen harvest indices & fertiliser N recoveries of a range of crops to inform N 

balance calculations for previous crops, and whether such balances usefully inform subsequent 

SNS. 

• Evaluate whether grain yield is a useful determinant of grain N demand, hence N requirement, 

or whether its relationship with N recovery counteracts the usefulness in determining fertiliser N 

requirement.  

• Evaluate the crop fertiliser recovery of modern cereal crops and quantify the effect of soil type, 

fertiliser & weather on these recoveries. 

• Quantify the soil-N limitation of the crop over time from October to March – i.e. to determine at 

what level of topsoil SNS does N become limiting to crop growth? 

• Evaluate whether topsoil SNS assessed by canopy sensing can reasonably be related to SNS 

for 0–90cm depth. 

• Quantify Benchmark GAI through the season to monitor whether growth is ‘on-target’. 

• Quantify dynamics of N uptake to predict how much previously applied N is still likely to be 

taken up at the time of subsequent N application.  
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• Evaluate the use of grain protein and grain yield as a measure of success of N application. 

 

Use was made of past datasets in tackling the questions above including HGCA Optimum N 

project, report No.438 (RD-3084: Sylvester-Bradley et al., 2008) and associated Defra project 

IS0223 (especially with regard to crop NHI, N yields, N recoveries & N balances), SNS Best 

Practice (PR490;; Kindred et al., 2012); (especially with regard to predicting soil N supply, 

mineralisation, relation between topsoil and subsoil N), Grain signatures project (PR458; Sylvester-

Bradley & Clark, 2009) with regard to using yield and protein to predict N demand & hence N 

requirements, Wheat Growth Guide data sets (Sylvester-Bradley et al., 2008) with regard to GAI 

and growth over time and thermal time.  

 

2.6.2 Task 2: Judging expected yield & N demand  

Key issues here were: 

 Evaluating best methods for predicting yields 

 Evaluating the consistency of grain protein & N demand (kg N/per kg grain) across & within 

fields, soil types, years etc. 

 Evaluating the usefulness of canopy sensors to judge non-N limited grain yields at the time of 

final N application (~GS 37, May), in order to inform estimates of N demand.  

 

Studies in the literature (e.g. Kleinjan et al., 2006) were firstly reviewed. New datasets were then 

created by identifying and working with 5 farmers with good field records of grain yield from at least 

5 fields going back at least 5 years. Apparent electrical conductivity (EMI) was measured on these 

soils to map soil properties. Yield, soil and weather data was collated and analysed together to 

develop methods to predict expected yield. In particular, the potential of a flexible statistical model 

(multivariate clustering, as proposed by Lark & Stafford, 1997) approaches were explored.  This 

approach identifies the principal patterns of temporal yield variation in a field, which might include 

consistently large or small yields, but will also include any patterns that reveal susceptibility of 

regions of a field to particular problems such as drought or poor establishment.  This provides a 

basis for predicting local relative yield and its uncertainty.  This task will therefore derive the best 

means of predicting, on an absolute basis, future grain yield and hence crop N demand of cereals 

both between and within fields.  

 

The relationships between yield, protein and N demand will also be assessed from the literature. 

Commercial protein sensors will be fitted to combines of the 5 farmers identified above to allow the 

spatial relationships to be tested further through the project, as well as from the trials in Tasks 3 & 

4.  
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Past satellite canopy sensed data was also related to yield data to evaluate how well canopy 

measures at mid growth (~GS37) can predict non-N limiting yield differences and hence final N 

demand.  

 

2.6.3 Task 3: Explaining in-field variation in soil N supplies and optimum N  

The core experiments for the Project were the chess-board trials (see below; Lark & Wheeler, 

2003; Pringle et al., 2004) in which nitrogen rates are varied within a field with greater replication 

than in conventional fertiliser experiments. Because these trials can be analysed to model the local 

nitrogen response of the crop, they allow us to quantify the spatial variation of N requirements 

(including whether normal field trials accurately reflect N requirements of whole fields), and they 

provide a test of whether in-field variation in grain N% provides a useful post-mortem on optimum 

N use (as recommended in the Fertiliser Manual; Defra, 2009).  They also allow the evaluation of 

the use of previous grain yields and protein contents to predict soil N supplies and optimum N 

amounts of the current crop.   

 

Key issues were to: 

 Evaluate the consistency of protein content at the measured N optima. 

 Evaluate the usefulness of grain protein and grain yield as a measure of success of N strategy, 

where high protein indicates super–optimal N applications; low protein/low yield indicates sub-

optimal N application.  

 Test effects of within-field differences in soil type on N requirements. 

 Assess the contribution differences in soil type, organic matter and mineralisation make to 

differences in soil N supply, and infer differences in leaching/ immobilisation etc. 

 Assess relationships between N supply (from soil and fertiliser), canopy signals, growth, green 

area index, canopy nitrogen requirement, colour and N uptake.  

 Test value of EMI (and soil organic matter sensors, if available) for measuring soil characters 

and informing N management.  

 

One chess-board nitrogen experiment was set up in 2010 growing season, 2 in 2011 and 3 in 

2012. Plot size in each experiment was around 10m by 10m, with 4 N rates including zero applied 

N, applied using 24m spreader with half boom shut off and tramlines both across and up & down 

the experiment. The design of the experiments means that each plot is always in a grid containing 

all 4 N rates, allowing N optima to be determined for each plot, but (as noted in the legend to the 

figure above) model-based estimation of the local response function uses information from 

neighbouring plots via block kriging, and so achieves greater precision than if each local function 

were estimated directly from just four yield measurements. This approach can be taken not only to 

yield, but to other measured responses such as grain N content.  
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Extensive measurements were taken on the experiments, including sufficient measurements of soil 

mineral N, potentially mineralisable N, shoots m2, canopy progress, canopy reflectance, GAI, crop 

DM, N uptake, grain yield, grain protein and nitrogen harvest index to allow causes of differences 

in N requirements to be evaluated. Regular measurements of canopy signals helped allow 

calibrations for the above measures to be developed, where appropriate. Grain yield 

measurements were made by plot combine harvester to ensure greatest possible precision in the 

experiments.  

 

Where practical sensor assessments of chess-board trials were continued into the succeeding crop 

to test the capacity of sensors to detect residual or ‘ghost’ effects, particularly on SMN.   

Chess-board trial design (using a tramline grid) to test spatial patterns of N responses.  
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Figure 1. Chessboard trial: The diagram shows how each component of the ‘chess-board’ tramline 

grid includes a mini-trial with N levels of 0, 1, 2 & 3 (2 being the expected N optimum).  Hence a N 

optimum can be determined at each point in the grid, and these can be mapped over the whole field, 

revealing the spatial variation in N requirements and achievable yields (unconstrained by N) over the 

whole field, at a maximum spatial resolution of 12-24 metres (depending on the width of the fertiliser 

spreader used, and the variability in the trial). Note that the methods for analysing such trials (Pringle 

et al., 2004; Lark and Wheeler, 2003) use model-based methods to map the local N response.  This 

exploits information on the response in neighbouring plots, and so ensures that the local response 

functions are estimated with less sampling variance than they would be in direct modelling of just 

four plot yields. 
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2.6.4 Task 4: Calibrating & interpreting canopy sensor signals 

An AHDB Cereals & Oilseeds Scoping Study (Sylvester-Bradley et al., 2009) demonstrated that 

over winter and early spring NDVI signals for bare ground and fully-fertilised wheat canopies were 

reasonably consistent over sites and seasons, hence promising scope for absolute calibration of 

sensor signals.  More specific further work was undertaken to account for effects of genotypes 

(varieties of wheat and barley with contrasting leaf colours and canopy structures), sowing dates 

and plant establishment on GAI and soil-adjusted vegetation indices (Rondeau et al., 1996; 

Steven, 1997).   

 

Key issues were to: 

 Collate & develop benchmark data for crop growth, GAI, crop N uptake and canopy signals in 

N unlimited wheat crops, in terms of thermal time after sowing, as affected by variety, sowing 

date, seed rate and establishment. 

 Develop reliable calibrations for canopy signals to gauge crop growth/GAI/crop N uptake, 

taking account of differences in soil characters etc.  

 Develop a reliable system for predicting N-unlimited-growth (dry matter, GAI, N uptake & 

canopy signals) from sowing date, plant establishment and thermal time.  

 Develop a system to quantify soil N limitation over-winter by relating current canopy signals to 

predicted signals from N unlimited growth, hence allowing estimation of soil N supply.  

 Evaluate whether crop colour (or spectral properties) can be used as a measure of crop N 

status, hence develop a system using canopy sensors to gauge residual N availability after N 

has previously been applied.  

 

Bespoke experiments were established with sowing date, seed rate, N rate & timing treatments  to 

set-up canopies with different levels of N uptake and N status to be compared, and differences in 

the dynamics of uptake be assessed. 

 

Digital images were taken and canopy reflectance measured with commercial sensors (e.g. 

research versions of Crop Circle, N Sensor) through the season.  

 

Data collated in these trials was combined with data from other trials with canopy sensing into a 

large ‘calibration’ dataset from which relationships were evaluated. 

 

2.6.5 Task 5: System validation 

A commercialisation group made up of representatives of each of the industry partners convened 

regularly through the project to ensure that project outcomes could be used commercially. A 

generic spreadsheet-based system was developed by the project, which partners could use to 
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develop their own software applications to drive variable rate application technology, through factor 

maps or zone maps using their own systems. Whilst the underlying decision principles are freely 

available to all and are published in this report, the application of those principles in any 

commercial software remains the property of the industry partners to allow full exploitation. Whilst 

not all partners may seek to take outcomes from the project to the market place, all partners 

committed to not restricting the right of others to do so. Soilessentials, Agleader, Yara, Precision 

Decisions & Soyl provided application systems developed in the project that can be tested on farm 

in Task 5. 

 

Tramline comparisons were set up with several growers in 2013 and 2014 comparing ‘automated 

N management’ applications with uniform N management.   

 

The potential benefits of automated N management on gross margins were evaluated. As well as 

economic impacts of such automated-N systems, the potential environmental benefits accrued 

through reduced GHG emissions from N fertiliser manufacture and soil N2O emissions, reduced N 

leaching and ammonia volatilisation were quantified, as well as any land use implications through 

improved productivity. 

 

2.7 Working with 5 farms and 5 fields on each 

Real commercial farm data and field sites to answer all the questions above were made available 

by working closely with 5 precision farmers. On each farm 5 fields were selected to give interesting 

variability in soil characters, yields and canopy sensing within each field 
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3 A Rational Logic for N Decision Making 

Nitrogen (N) management is important for profitability and compliance with legislation; 

environmental consequences for climate change and water quality are serious. Knowledge of the 

appropriate rate of N fertiliser to apply to UK arable crops is derived empirically from N response 

experiments conducted over the past 75+ years (Crowther & Yates, 1941).  This knowledge is 

summarised as recommendations in the Fertiliser Manual (RB209; Defra 2010) and TN625 in 

Scotland (Sinclair et al., 2009). These use information on previous cropping, soil type and over 

winter rainfall to give N recommendations through look up tables, known as the “field assessment 

method”. Whilst these recommendations work on average, there is large variation around the 

averages which cannot currently be predicted; Sylvester-Bradley et al. (2008) found that 50% of N 

recommendations deviated by more than 50 kg ha-1 from measured optima.  

 

The Nitrogen for winter wheat – management guidelines (AHDB Cereals & Oilseeds, 2009) 

developed an approach whereby N requirements could be calculated incorporating best estimates 

of crop N demand, soil N supply and fertiliser recovery for the farm, field, crop and season. This 

also advocates monitoring success in order to make better estimates in future years. However, the 

full guidance for this approach has not been fully developed or validated. 

 

In addition, farmers in nitrate vulnerable zones (comprising the majority of UK arable area) must 

comply with Nmax rules on the total N rates applied to crop species within the farm. 

 

3.1 N responses and the economic N optima 

Many N response experiments have been conducted over the past hundred years to determine 

fertiliser nitrogen (N) requirements of wheat (Board of Agriculture and Fisheries, 1905; Russell 

1939; Crowther & Yates 1941; Garner, 1957; Boyd, 1976; Bloom, 1987, Sylvester-Bradley & 

Kindred, 2009). Early experiments such as those of Lawes & Gilbert (Johnston, 1996) were 

principally to demonstrate that artificial fertilisers were worthwhile. Since the 1970s the N optima 

for individual experiments have been determined empirically from fitting an N response curve to 

yield data from at least four N application rates (including zero) and interpolating the point at which 

profit to the farmer is maximised (Boyd et al., 1976). This point is dependent on two factors 

external to the crop experiment, namely the choice of fitted curve and the relative price of grain to 

fertiliser N (the breakeven ratio: BER). Since George (1984) the standard approach to curve fitting 

in the UK has been to fit a linear plus exponential function (Equation 1), but other responses are 

commonly fitted elsewhere and in the literature (Bachmeier et al., 2009). The BER describes the 

quantity of grain required to pay for a quantity of fertiliser N, and is typically around 5:1 but has 

varied between 2:1 to 9:1 in recent decades (Sylvester-Bradley & Kindred, 2009). The economic 

optimum (Equation 2) is the point on the response curve where the slope equals the BER; i.e. the 
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point at which increasing the fertiliser N applied by 1 unit would not increase grain yields 

sufficiently to pay for the cost of that N fertiliser. 

 

Equation 1: LEXP: Y = a + b.rN + c.N 

Equation 2:  Nopt = [Ln{(P/1000 − c)/(b × Ln r)}]/Ln r 

 

Where Y = Yield, N = N applied, P = Price ratio of N (£/kg) and grain (£/kg) and a, b, c & r are 

parameters determined by statistical fitting. 

 

3.1.1 Components of N requirement 

By considering crop N uptake as well as yield (Figure 2) the fertiliser N requirement can be 

considered as a function of 3 components. Crop N uptake with zero fertiliser N applied can be 

considered as our best estimate of soil N supply (by definition this is N that has got into the crop 

from soil, not from fertiliser) and can be termed harvested SNS (Kindred et al., 2012). The slope of 

the increase in crop N uptake with applied N is the apparent fertiliser N recovery (AFR). The 

maximum crop N uptake is the Crop N Demand. Where crop N uptake intersects the economic N 

optimum from the yield response can be considered to be the economic crop N demand; i.e. how 

much N it is worth getting into the crop. In practice the economic CND tends to be similar to the 

maximum CND. 
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Figure 2. Schematic of N response with N optima (triangle) and crop N uptake showing Soil N Supply 

(y intercept),  Apparent Fertiliser Recovery (AFR; angle of slope) & Crop N Demand (Crop N uptake at 

plateau, or at optima) 

 

By thinking about the yield response and crop N uptake in this way it is possible to both quantify 

the components to assess their importance in explaining variation in N requirement, and to use 

estimates of each component to independently estimate an N requirement using Equation 3 below. 

 

3.2 AHDB Cereals & Oilseeds Nitrogen Management Guide approach 

The basis of field-by-field advice, as set out in the Nitrogen for winter wheat – management 

guidelines, is to:  

1. Judge N demand (from expected yield and optimal N content), 

2. Judge N supply (using soil mineral N analysis, or from previous crop N balance, adjusting for 

any N losses, plus some N deposition), 

3. Determine Fertiliser N requirement (the N shortfall, adjusted by fertiliser recovery), 

4. Schedule applications (to manage the canopy, accounting for lodging and take-all risks), 

5. Monitor Success (by measuring grain yield and grain N content). 

 

Fertiliser N requirements are calculated from the three components: 

N applied (kg/ha)

Crop N (kg/ha) 

Optimum N Grain yield (t/ha) 

N applied (kg/ha)

Optimum N Grain yield (t/ha) 

SNS 

  

AFR
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Equation 3: 

 N requirement (kg N/ha)  =  Crop N Demand (kg N/ha) – Soil N Supply (kg N/ha) 

          Fertiliser Recovery (%) 

where Crop N Demand (CND) is the amount of N that it is needed by the crop to optimise yield, 

grain protein and straw N requirements (assumed to be 23 kg N t grain for feed wheats); Soil N 

Supply (SNS) is the amount of N available from the soil and fertiliser recovery is the proportion of 

fertiliser N applied that gets into the crop.  

 

TheNitrogen for winter wheat – management guidelines (AHDB Cereals & Oilseeds, 2009) 

advocates stepwise estimation of each of these components to determine N requirements of wheat 

crops.  This gives comparable recommendations to RB209, but allows quantitative ‘sliding-scale’ 

adjustments to be made if yields, proteins, SNSs, or fertiliser recoveries are expected to differ from 

standard assumptions.  It is thus applicable to intra-field variation, as well as to between field 

variation.  In principle, each of the three components on N requirements could be estimated (or at 

least informed) by information available through precision farming technologies – thus it ought to 

be possible to automate the estimation of absolute N recommendations for cereals where 

Precision Farming is practised.  The Auto-N project seeks to test this assertion and so provide a 

system for automated N decision making for use within as well as between fields. 

 

3.2.1 Crop N Demand 

Crops need N to build green canopy (green area index; GAI) to intercept sufficient light to achieve 

optimal yields.  For wheat, 95% interception of light is achieved with a GAI of 6 or 7, (i.e. 6–7 ha-1 

green leaf and stem area per ha-1). Each unit of GAI contains ~30 kg N ha-1; thus 180–210 kg N ha-

1 in the crop should produce sufficient green canopy. However, crops also need N to satisfy the 

protein requirements of the seed which, in wheat, are higher for breadmaking varieties than for 

feed varieties; with optimal N supply, the grain protein of feed wheats is around 11% (1.9%N), that 

of milling varieties is 12% (2.2%N) (Sylvester-Bradley & Clarke, 2009). It has been shown 

experimentally that higher protein breadmaking varieties require more fertiliser N for yield than feed 

varieties (Sylvester-Bradley & Kindred, 2009). Allowing for the N remaining in straw at harvest, 

23 kg N is required for each fresh (85% DM) tonne of grain yield for feed wheat, but 25 kg N/t for 

bread wheat. It is therefore apparent that, with yields above ~9 t ha-1, more N is required to satisfy 

grain protein demand than is needed to build an optimum crop canopy.   

 

3.2.2 Soil N supply 

Variation in SNS is generally taken to be the major driver of variation in N requirement. Soil N 

supply is variable spatially and temporally (Dampney & Goodlass, 1997; Baxter et al., 2003), and is 

currently predicted or measured with poor precision (Harrison, 1995; Sylvester-Bradley et al., 
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2008). This is due in part to differences in the amount of N mineralised or immobilised through the 

season which affects N available to the crop (Shepherd et al., 1996; Bhogal et al., 1998; Goulding 

et al., 2008). 

 

Measured SNS has conventionally been assumed to be used by crops with 100% ‘efficiency’ 

(compared to 60% efficiency for fertiliser N; Sylvester-Bradley et al., 2001), though this assumption 

has been questioned (Knight et al., 2008). The chessboard trials should allow the uptake efficiency 

of soil N to be assessed across the range of SMN in a field, other factors being constant. 

 

In the field assessment method, SNS is estimated from previous crop, soil type and over-winter 

rainfall. SNS is all the N that becomes available to the crop from the soil (i.e. not fertiliser or 

manure N) throughout its growing season, so SNS includes N that will mineralise as well as 

residual soil N available as nitrate or ammonium.  We use the measure of N in an unfertilised crop 

at harvest as our best measure of total SNS, and we call this ‘harvested SNS’. It is possible to 

measure SNS in autumn or spring before fertiliser N is applied, by testing soil mineral N, as well as 

using incubation tests to estimate mineralisation.  In this sense SNS should be considered as the 

mineral N in the soil, plus the N already in the crop, plus an estimate of likely N mineralisation. 

Whilst such testing is useful where SNS is expected to be high or uncertain, and to give an 

indication of where a field or farm lies in relation to RB209 SNS indices, it does not by itself 

radically improve predictions of N requirements in ‘normal’ arable fields (Kindred et al., 2012; 

Orson, 2010).  

 

The Nitrogen for winter wheat – management guidelines (AHDB Cereals & Oilseeds, 2009) sets 

out a quantitative basis for predicting SNS using previous crop to set the size of likely N residues in 

autumn, and soil type with winter rainfall to estimate retention of that residue through to spring 

(Sylvester-Bradley, 2009).  We have formalised this within a spreadsheet tool to give a rational 

basis to quantify SNS at the field level, but we have also enabled assessments of crops over winter 

and in early spring to help to adjust or validate predicted levels of SNS.  Estimation of N in the crop 

is an important part of estimating SNS, especially for oilseed rape where more than 100 kg N ha-1 

can be taken up over winter. In wheat uptake over winter rarely exceeds ~30 kg N ha-1. Tools from 

BASF and Yara are available online and via smart phones to estimate canopy size (GAI) and N 

uptake for cereals and OSR for the purposes of N and plant growth regulator (PGR) management. 

The large crop N uptake of OSR is part of the reason why crop sensing techniques (e.g. N sensor) 

are used successfully to determine its N requirements, perhaps assisted by the weaker influence of 

seed N content on OSR N demand.  
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3.2.3 Fertiliser N recovery 

Whilst fertiliser recovery is known to vary substantially between N response experiments and 

fertiliser types (Sylvester-Bradley et al., 2014), the majority of this variation is not predictable. 

Fertiliser recovery is therefore assumed to be 60% for most soils, 70% for sandy and silty soils and 

55% for shallow soils over chalk, as in the Fertiliser Manual (RB209; Defra., 2010).  

 

3.3 An integrated Auto-N approach 

Figure 3 illustrates our initial view of how this N Management Cycle might be integrated with 

information from precision technologies. Widely used ‘precision farming’ technologies could 

provide information on likely N demand and N supply even before the crop is sown, through yield 

maps, grain protein maps and soil maps.  Past yields and soil data should together provide a guide 

to likely future yields (King et al., 2005; Kleinjan et al., 2006) and are routinely mapped on many 

farms.  The current field-by-field approach is to assume a crop N content at the optimum of 23 kg N 

per tonne of grain [1.9% N in grain (Defra, 2009; Sylvester-Bradley & Clarke, 2009) and 0.7 N 

harvest index (Sylvester-Bradley & Kindred, 2009)], allowing N demand to be estimated.  Soil N 

supply can be estimated initially from the N balance of the previous crop (fertiliser N used less crop 

N off-take; Taylor & Whelan, 2007), modified by estimates of additions and losses due to 

atmospheric exchange, soil organic matter turnover and leaching; these can all be informed by 

mapped soil data.  

 



Page 34 of 196 

 

Figure 3. The N management cycle (yellow), indicating data sources for automation (orange, green & 

grey), and issues researched in this project (stars). 

Initial estimates of crop N demand and soil N supply can be used to make initial estimates of 

fertiliser N requirements using fertiliser N recoveries dependent on soil type.  Canopy signals over 

winter and through spring can then be used to refine these estimates, firstly of soil N supply, and 

later of crop N demand.  

 

3.3.1 Initial Auto-N approach for Estimating Crop N Demand 

The estimation of CND is possible from estimation of likely yields and protein requirements. Yield 

maps from previous harvests should enable estimates of yield to be made on a spatial basis, 

recognising that these estimates can be compromised because, as an extreme example, weather 

variation can mean that areas that yield best in one year yield worst in another. To deal with this, 

statistical approaches such as ‘fuzzy k means clustering’ can be used to group areas into those 

that behave in a similar manner (Milne et al., 2011). Commercially, simpler functions are used in 

precision farming software and by service providers to give yield performance maps, zoning areas 

that consistently perform well, badly or are inconsistent. Alternatively, zones can be defined by 

growers from any (or a combination of) prior knowledge such as soil surveys, aerial and satellite 

imagery, electromagnetic induction (EMI) mapping of soil conductivity, digital elevation maps, past 
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field boundaries as well as yield maps. Yield estimates can then be made for each zone.  It is also 

possible that in-season satellite sensing can help fine-tune spatial yield expectations. 

 

Whilst protein sensors on the combine are available (Whelan et al., 2009) they have not so far 

been widely adopted commercially. Understanding spatial variation in grain protein content and its 

relationship with grain yield and N supply could improve our estimation of N requirements. The 

fertiliser manual includes allowance for adjustments to N fertiliser use based on past grain protein 

results, and many growers use this as a measure of the success of their N management. However, 

thus far, the dynamics of protein variation have proved too complex to formalise the use of grain 

protein information into the estimation of N requirement, beyond the well-established impact of 

variety type (bread vs feed). 

 

3.3.2 Initial Auto-N approaches for Estimating Soil N Supply 

The crop can be an indicator of available soil N, especially in terms of indicating spatial variation. 

Sylvester-Bradley et al. (2008;2009) showed that canopy sensing at visible and near infrared 

wavelengths (expressed as NDVI: Normalised Difference Vegetation Index) using a Crop Circle 

(from Holland Scientific) could consistently distinguish plots where previous N response 

experiments had caused different residual N levels, hence differing SNS. Thus, based on known 

NDVI values adjusted through thermal time from crops grown with no N-limitation, it is possible to 

develop calibrations that indicate spatial variation in SNS from their NDVI (or other spectral 

reflectance measures) in spring. 

 

The AHDB Cereals & Oilseeds study (Sylvester-Bradley et al., 2008; 2009) has shown that, as 

predicted from classical models of plant growth (Hunt, 1982) and light reflectance by canopies 

(Wiltshire et al. 2002) the NDVI (normalised difference vegetation index) of wheat crops with 

unlimited N increases quite consistently with thermal time across sites and seasons (Fig. 4).   

 

Thus, from the difference between measured NDVI and that with unlimited N, crops with small N 

supplies may be identified by canopy sensors early in the season (Fig. 4), whilst crops with larger 

N supplies may be identified later.  Initial estimates of soil N supply based on previous crop data 

may thus be verified or modified in spring.  However, possible interfering and interacting effects (on 

sensing signals) of soil colour, stones, genotype, sowing date and seed rate need to be assessed 

and accommodated (Heege et al., 2008).  
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Figure 4. Two example time-courses for NDVI (by Crop Circle) of unfertilised wheat crops compared 

to the range of NDVI for crops with unlimited N at 4 sites over 2 seasons, showing how N limitation 

becomes apparent over time.  Symbols show initials of months of measurement: J=January, etc. 

AHDB Cereals & Oilseeds Project No. 3285 (Sylvester-Bradley et al. 2009).     

 

3.3.3 Initial Auto-N approach for Estimating Fertiliser recovery 

In principle soil sensing techniques such as EMI and soil brightness could be used to identify 

zones in fields where different estimates of fertiliser recovery are evident. However, there is only a 

minority of fields containing sufficiently contrasting soil types for good distinctions to be made. 

Currently, evidence is insufficient to assume any quantitative direct relationship of fertiliser 

recovery with quantitative soil characteristics. 

 

3.3.4 Initial Auto-N approach for Scheduling N applications 

Monitoring of canopies in later spring with appropriate sensors should enable progress towards a 

target canopy size (set according to Canopy Management principles; Sylvester-Bradley et al., 

1997; Wood et al., 2003) to be gauged, and should also allow initial estimates of crop N demand to 

be adjusted.  Canopy colour is expected to indicate the immediate balance between supply and 

demand (Lemaire et al., 2008; Heege et al., 2008), hence allowing re-estimation of residual N 

availability.  On this basis N fertiliser decisions may be adjusted automatically at each of three 

spring application timings.  
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1. The first N application (0 to ~60 kg N/ha in Feb/March) is used to manage the canopy potential, 

applying more where tillering is poor and take-all risk high, and applying none where the crop is 

large and SNS is high, indicating high lodging risk.  

2. The main N application (~50% of total N requirement, in April) provides for further canopy 

expansion, N rates being reduced if a large canopy is sensed.  

3. The final N application is the most important as it determines final N rate, and is the most 

challenging because three features of N requirement need to be estimated; (i) N already in the 

crop, sensed from canopy size assuming a default canopy N ratio (30 kg N per ha green area; 

Sylvester-Bradley et al. 1997), and (ii) N still available from the soil including fertiliser N still to 

be taken up from previous applications, sensed by canopy colour, and (iii) expected yield, 

hence crop N demand, assuming that a larger crop indicates higher yield potential. Each of 

these issues requires investigation. 

 

Bread-making crops may require additional late-N to boost grain protein; automation is potentially 

applicable but this project will mainly target optimisation of grain production, rather than quality.  

 

3.3.5 Initial Auto-N approach to Monitor Success 

Monitoring of grain yield and protein (as well as any lodging) at harvest will indicate the success of 

N use, e.g. low grain yield and high grain N% indicating excess N use due to non-N factors limiting 

yield.  This information should inform future N management (Norng et al., 2005).  

 

However, we don’t yet properly understand the relationships between grain yield and N optima, 

and grain protein and N optima (Sylvester-Bradley & Clarke, 2009), hence the best methods for 

setting N recommendations remain contentious. Grain N% remains the favoured yardstick by 

which accuracy of N use on wheat should be judged on farms, though recent work has shown that 

whilst grain protein is a useful measure of success on average, it can’t be taken as a definitive 

gauge in all situations (Sylvester-Bradley & Clarke, 2009). For example, season-specific conditions 

and geographic location can impact protein content at the optima in a way which has not yet been 

explained.  

 

3.4 Using past N response data to compare N recommendations 

The approach of the N Management Guide has never before been validated by comparison 

against RB209 or SMN measurement. Data were collated from 53 cereal N response experiments 

(Figure 5) since 2003 across the UK where Linear plus Exponential response curves (Equation 1) 

could be fitted and N optima determined (Equation 2) using a break-even ratio of 6:1.  
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Figure 5. Responses and optima (triangles) of 53 N response curves from ADAS experiments 

conducted between 2003 to 2010 

 

Recommended N rates were determined using 3 approaches: 

A. RB209 field assessment method using information on previous crop, soil type and over-winter 

rainfall.  

B. Soil mineral N tests to estimate SNS for the RB209 recommendation. 

C. Soil mineral N tests combined with simple crop N demand estimates using the N 

management guide approach. Yield estimates were reduced for older varieties and a higher 

crop N content was used for breadmaking varieties. 
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A B 

C 

 
 

Figure 6. Measured and predicted N requirements from various N response experiments conducted 

since 2000 predicted using RB209 field assessment method (A), SMN measurement with RB209 (B) 

and using the  N management Guide approach with SMN (C). 

 

This shows an improvement in using the N Management Guide approach with SMN over using 

SMN with RB209 (Figure 6). Detailed ‘farmer experience’ needs to incorporated into estimates of 

SNS and fertiliser recovery to fairly compare the N Management Guide approach. 

 

The dataset can also be used to explore the components of N requirement from estimates of 

harvested SNS, Crop N Demand and Fertiliser recovery and their importance in driving the 

variation seen in N optima (Figure 7).  
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A B 

C 

 
 

 

Figure 7. Relationship between N optima and its components Crop N Demand (A), Soil N Supply (B) 

and Apparent Fertiliser Recovery (C) for the 53 responses shown in Figure 5. 

 

This shows that of the components, SNS explains most of the variation in the N optima (r2 = 0.63). 

Whilst there is a slight positive relationship with Crop N Demand (Figure 7-A), there is no 

relationship at all with yield at N optima (r2 = 0.01; data not shown). There is no relationship with 

fertiliser recovery, though it varies greatly.   

 

This indicates that assessing variation in SNS is the most important factor for improving N 

applications on a field by field basis.   

 

In order to assess the importance of the 3 components in variation in N requirements within fields, 

and to see if this variation could be detected by precision technologies, chessboard experiments 

were set up.  
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4 Chessboard trials to understand variation in N requirements 

4.1 Spatial experiments 

Spatial N response experiments at a field scale have previously been conducted in the UK (Lark & 

Wheeler, 2003; Bishop & Lark; 2006; 2007) and Australia (Pringle et al., 2004; 2010; Whelan et al., 

2012). By setting up replicated differential rates of N across fields, measuring yields (or other 

factors, e.g. NDVI), kriging to assess spatial variation at each N rate, then fitting an N response 

function, the spatial variation in N requirements can be seen. Some of these studies have tended 

to aim at developing techniques for farmers to generate local response functions using combine 

yield mapping which they can use for variable rate site specific management in future years 

(Pringle et al., 2004). Bishop & Lark (2006) recognise the potential for new spatial experimentation 

techniques to help learn about underlying soil effects on the response of treatments, which is 

deliberately inhibited by the classical randomised block design and analysis of variance 

established by Fisher (1930). By measuring the components of N requirement (Crop N Demand, 

SNS, Fertiliser recovery) along with other crop and soil measures, this spatial experimentation 

should be able to tell us about soil effects on N requirements generally, not just for the specific site. 

 

4.2 Chessboard Experiments  

Whilst there are statistical benefits from including randomisation within an experimental design, 

there are major logistical, practical and management advantages in adopting a simple systematic 

chessboard (or checkerboard) design as shown in Figure 8. This design is relatively simple to set 

up using commercial application equipment (sprayer or pneumatic spreader), with half boom shut 

off and tramlines both across and up & down the experiment.  In one direction N rate 1 is applied to 

one side of the tramline, N rate 0 on the other. In the perpendicular direction N rate 2 is applied to 

one side and again N rate 0 to the other. This sets up the chessboard pattern (actually a gingham 

pattern) of alternating squares of N0 (N0+N0) and N1 (N1+N0) plus N2 (N0+N2) and N3 (N1+N2) 

across the applied area. The size of each square depends on tramline width, a common 24m 

tramline width giving 12m squares.   
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Figure 8. Chessboard trial: The diagram shows how each N rate of the ‘chess-board’ tramline grid is 

attained from cross applications of N rates 0, 1 & 2 to give repeating pattern of N levels of 0, 1, 2 & 3. 

 

4.2.1 Chessboard Sites 

Fields in winter wheat were selected as candidates from 5 fields of the 5 Auto-N farms. Fields were 

sought with interesting underlying variation in yields or crop sensing which might give rise to 

variation in N requirements. Final decisions on which fields to use were made by the Steering 

Group. The fields had to be large enough to accommodate the chessboard design of 250 to 500 

plots (3 to 5ha plus headlands). Fields where manure had been applied to the current crop were 

excluded, as were fields recently ploughed out of grass. 
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Table 1. Sites and details for the six chessboard trials. 

Field 

ID 

Parish Grid Ref Harvest 

year 

Plot # Plot 

length 

Soil types Soil series 

F1 Flawborough, 

Notts 

SK777427 2010 528 10m Clay loam Worcester, 

Evesham, 

Fladbury 

F6 Flawborough, 

Notts 

SK781412 2011 432 9m Clay loam Evesham, 

Fladbury 

A2 Burford, 

Oxon 

SP236111 2011 376 11m Cotswold 

brash 

Elmton, 

Aberford,  

A3 Burford, 

Oxon 

SP242112 2012 400 11m Cotswold 

brash 

Elmton 

B2 Sharnbrook, 

Beds 

SP990589 2012 270 10m Clay loam St Lawrence, 
Wickham, 
Efford, Aberford 

C Shipton,   

N Yorks 

SE561576 2012 250 12m Sandy clay 

loam 

 

 

4.2.2 Setting up plots 

Plot size was a minimum of 10m x 10m allowing half of each plot to be used for destructive 

sampling whilst the other half was used for non-destructive assessments and harvest by plot 

combine. Harvest lengths were defined by removing tramlines in one direction by plot combine and 

a single ‘burn out’ mid-way between tramlines using a herbicide application by hand.  

 

4.2.3 Nitrogen Applications 

Nitrogen treatments were applied by the farmer either pneumatically or as liquid (not by a spinner) 

using a grid system of tramlines in accordance with the plan (appendix 1a). Nitrogen fertiliser 

application was applied in two equal doses in March and April (approx. GS30 and 32). At each 

application date, normal farm tramlines were used to apply Rate 1 (normally 60kg/ha) in one 

direction on half the tramline, and zero on other half. On tramlines at right angles to these Rate 2 

(normally 120 kg/ha) was applied to half the tramline, and zero on other half.   

 

All chessboard trials had treatments of 0, 120, 240, 360 except F6 which had 0, 100, 200, 300 due 

to high measured SMN and high expected (& achieved) SNS. 
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4.2.4 Measurements 

4.2.4.1 Soil sampling.  

Soils were sampled in Autumn or Spring (prior to any fertiliser application) using Eijkelkamp 

“Stepwise” gouge augurs to 90cm depth in increments of 0–30cm, 30–60cm and 60–90cm. Each 

sample consisted of 5 cores the first being at the intersection of 4 treatment ‘squares’(GPS 

referenced) and the remaining 4 from the centre of each square. Sampling was carried out either in 

a grid pattern, or was stratified according to known soil and past yield variations (where sufficient 

information was available). All samples were analysed for SMN. The 0–30cm sample was also 

analysed for, total N% by Dumas, SOM (Walkley Black – RB427) and potentially mineralisable-N 

by anaerobic digestion. 

4.2.4.2 Canopy sensing 

We aimed to measure canopy reflectance of all plots using a Crop Circle sensor on at least four 

occasions per trial, once in autumn or before end February, once 2-3 weeks after first N application 

(mid-March), once 2–3 weeks after second N application (late April) and once at flag leaf 

emergence (mid-May). In practice waiting for suitable weather conditions, technical problems with 

the sensors, and delivery delays between sites meant that exact timings were not always as 

planned. 

 

On selected plots at each date, canopy measurements were also taken using a hand-held version 

of the Yara N Sensor, Cropscan, Minolta SPAD (and Yara N tester) and, after GS30, a Sunscan 

ceptometer. Digital photos were also taken looking vertically down into the crop for use with the 

BASF canopy assessment tool. 

 

Where possible, sensor assessments of chess-board trials were continued into the succeeding 

crop to test the capacity of sensors to detect residual or ‘ghost’ effects, particularly on SMN.   

4.2.4.3 Crop dry matter and N uptake. 

Crop dry matter and nutrient uptake was measured on the same selections of plots and timings as 

the soil samples. Three 0.25m2 quadrats were taken from each plot. Prior to sampling, digital 

photographs were taken of each quadrat area, chlorophyll content measured by SPAD and light 

interception measured using the Sunscan ceptometer. The numbers of plants and shoots in each 

quadrat were counted before the plants were cut at ground level and taken back to the laboratory 

for drying and weighing. Dried samples were then analysed for N%.  
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4.2.4.4 Harvest 

At selected plots at each site whole tiller grab samples were taken from each plot immediately prior 

to harvest, shoots counted then ears separated from straw dried & weighed. Ears were threshed 

and grain weighed. Chaff was returned to straw samples and sent for analysis of N% by Dumas at 

Hill Court laboratory. Due to resource limitations and some sample losses not all samples were 

fully processed at all sites.   

 

To eliminate effects of combine harvest direction being confounded with N treatment two harvest 

cuts were taken per plot in opposite directions parallel to farm wheelings, using a Sampo plot 

combine. Cross wheelings were removed prior to harvest cuts being taken and plot lengths 

measured. A single sample was taken from each plot for grain moisture and specific weight 

determination by Dickey John Grain meter. Plot yields were calculated at 85% dry matter using 

averaged yields from the two cuts per plot. Grain samples were analysed for protein by FOSS 

Infratec NIR analyser.  

 

4.2.5 Post-harvest  

Where the experimental crop was followed by cereal or oilseed rape, semi-permanent markers 

were placed in the field and GPS references recorded to allow easy relocation of plots. Crop 

sensors were then used on every plot in the autumn and in spring before fertiliser application.  

 

4.2.6 Statistical analysis 

Harvest index (HI) was calculated for each plot by dividing the grain dry matter per shoot by the 

total dry matter per shoot. Grain N uptake was calculated by multiplying the grain yield by grain 

protein content divided by 5.7, which is the conversion factor in wheat from grain N% to grain 

protein content (% dry matter). N harvest index (NHI) was calculated by division of the grain N per 

shoot by the total N per shoot (straw N plus grain N). Total N uptake was calculated by dividing 

Grain N uptake by the NHI. 

 

Block kriging was used in Genstat or Matlab to interpolate measures at each N rate for each plot, 

so that for each plot measures were available for each N rate, even though each plot was 

conducted at only one N rate. Kriging was conducted for grain yield, grain protein content on all 

plots at all N rates. HI and straw N% were kriged where sufficient data was available within an N 

rate. This allowed calculation of grain N yield, NHI and total N uptake for each plot at each N rate 

(where kriging NHI was not possible it was assumed at the fixed average level per N rate per site, 

allowing total N uptake still to be estimated from grain N yield). 
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At each site N responses were fitted to yield for each plot in Genstat using Exponential and Linear 

plus Exponential (LpE; Equation 1) curves sequentially allowing more parameters to vary within a 

site and assessing the parsimonious increase in variation explained. N optima were calculated 

using Equation 2 and a breakeven ratio of 5kg grain per kg N. After examining curves and fits at 

each site it was decided that the LpE with a fitted common R parameter at each site gave the most 

representative fits and estimates of N optima. The exponential model is statistically more justifiable 

for fitting to four N rates given its use of 3 parameters rather than 4 with LpE, but the exponential 

cannot give a decline at higher N rates and does not allow as much flexibility in the shoulder of the 

curve where N optima are low. By fixing the R parameter within each site only 3 parameters need 

to be fitted, leaving one degree of freedom. 

 

Quadratic curves were fitted in Genstat to grain protein concentration. However, these were found 

to give unsatisfactory responses in many instances. To calculate protein content at the optima 

simple interpolation was performed in Excel using the forecast function between the N rates either 

side of the optima for yield. 

 

A broken stick (or split-line) regression analysis was conducted in Genstat on the total N uptake 

data for each plot. The slope of the second line was restricted to zero so that the Y breakpoint 

could be used as an estimate of crop N demand and the slope an estimate of fertiliser recovery.  

 

All presentation of spatial data is in ArcGIS. 

 

4.3 Chessboard results 

4.3.1 Weather comments 

Both 2010 and 2011 were characterised by having very dry springs (Table 1); it is likely in both 

years that yields were limited by water availability where soil did not contain sufficient available 

water. It also meant that fertiliser was not readily taken up after application in April. This was 

especially evident at Flawborough in 2011 where little visual difference was evident from N 

applications following only 16.5mm rainfall in all of March and April (Table 2). Such dry conditions 

could have killed soil microbial activity, giving mineralisation once substantial rainfall fell in late May 

2011. The 2012 season began with a continuing drought but became very wet from April onwards. 

The Shipton site in Yorkshire suffered water-logging for much of the spring and summer. 2012 was 

also marked by having a very dull late spring and summer, which together with relatively high night 

time temperatures (7.0°C and 9.7°C for May and June, respectively, compared to long term 

average mean minimum temperatures of 6.4 and 9.2°C) meant crop respiration was high relative 

to photosynthesis.  
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Table 2. Weather Summary for the three years from Met Office for England 

Period 2010 2011 2012 

Rainfall (mm/month)    

Oct–Dec 110.7 66.6 71.8 

Jan–Mar 66.7 58.6 40.1 

Apr–May 27.0 30.0 95.3 

Jun–Jul 48.9 64.8 130.8 

Solar Radiation (hrs/month)    

Oct–Dec 74.4 77.9 75.7 

Jan–Mar 81.2 78.0 103.7 

Apr–May 202.3 211.9 161.9 

Jun–Jul 198.4 186.4 139.4 

Mean Temperature (°C)    

Oct–Dec 7.5 5.0 9.1 

Jan–Mar 3.2 5.5 5.8 

Apr–May 9.7 11.9 9.3 

Jun–Jul 16.1 14.5 14.4 
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Table 3.  Weather Summary for Flawborough from John Hawthorne’s weather station, Notts 

Period 2010 2011 2012 

Rainfall    

January 41.4 32.8 38.6 

February 50.8 51.8 9.6 

March 40.9 9.1 24.8 

April 29.7 7.4 130.7 

May 28.2 47.8 36.2 

June 40.1 35.8 110.5 

July 36.8 54.9 103.4 

August 110.2 56.6 96.8 

    

Mean Temperature    

January 1.6 3.2 5.2 

February 2.4 6.1 4.1 

March 5.3 6.3 7.3 

April 8.3 10.9 7.2 

May 10.2 11.9 11.5 

June 14.6 14.1 13.4 

July 16.7 15.1 15.3 

August 14.6 15.5 16.5 

 

4.3.2 Chessboard sites info 

All chessboard trials were set-up successfully. A few minor over-applications of fertiliser in Burford 

2011 meant a 2 plots were excluded from analyses. Figure 9 shows the fields and layouts of the 

chessboard trials.  
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F1, 2010 F6, 2011 

  

A2, 2011 A3, 2012 

  

B, 2012 C2, 2012 

  

Figure 9. Fields with Chessboard trials from Google Maps 
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Figure 10 gives estimates of soil series for each plot where soil series differ within the site. 

 

Flawborough F1, 2010 Flawborough F6, 2011 

 
Fladbury-integrade-Evesham-integrade-Worcester 

 

Fladbury-Evesham-Fladbury-Evesham 

Burford, A2, 2011 Bedfordia, B3, 2012 
 

 

Aberford – Elmton  

 

St Lawrence, Wickham, Efford 

Figure 10. Soil types on chessboard fields 

 

Figure 11 shows the cluster groups for the chessboard areas from analysis of previous yields 

described in Chapter 4. Areas within each cluster behaves in a similar way with regard to yields 

across years. The identity of cluster groups is arbitrary, but these and the soil groups are used to 

explore the relationships between N optima and its components in Figures 33–38. 

 

The average past wheat yields from past field yield maps for the chessboard areas are shown in 

Figure 12. Full details are given in Chapter 4. 

 

Figure 13 shows electrical conductivity from EMI mapping of the fields. The distance between 

paralled soil scans was often somewhat more than the ~10m plot size of the chessboard plots so 

there are substantial numbers of missing data. 
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F1, 2010 F6, 2011 

 

A2, 2011 A3, 2012 

   
B3, 2012 C2, 2012 

    
 

Figure 11. Cluster groups from previous yield on chessboard fields (see Chapter 4) 

 

F1, 2010 
7.9-12.1 t/ha 

F6, 2011 
6.4-10.3 t/ha 

  

A2, 2011 
6.6-9.8 t/ha 

A3, 2012 
6.3-10.2 t/ha 

  

B3, 2012  

 

 

 

Figure 12. Averaged past wheat yields on chessboard fields (see Chapter 4) 
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F1, 2010 F6, 2011 

 

 

A2, 2011 A3, 2012 

 

 

B3, 2012  

 

 

 

Figure 13. Soil Electrical Conductivity on chessboard fields. NB soil measures sometimes taken at 

tramline width not plot width of ~10m so missing values for some plots. 

 

4.3.3 Aerial Photographs 

Visual effects of N application and underlying spatial variation were apparent in May/June in all the 

chessboard trials, though visual effects of N were much more limited at Flawborough in 2011 

(Figure 14) . 
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F1, 2010 F6, 2011 

  

A2, 2011 A3, 2012 

  

B2, 2012 C2, 2012 
In 

  

 

Figure 14. Aerial images of Chessboard trials with field ID and harvest year. 

 

4.3.4 Plot yields 

Each site clearly showed strong effects of N on yield as seen by the chessboard pattern showing 

through in plot yields in Figure 15, with the exception of Flawborough 2011 where there was very 

little yield response to N, and some very high yields achieved without N. All sites showed large 

spatial variation in grain yield, both from plot data and from kriged data giving estimated yields at 

each N rate for each individual plot (Figure 17). Generally the higher yielding areas at each site 

correspond to the evidently greener areas from the aerial photography. There is some exception in 
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2012 at Burford and Bedfordia, where the greener areas in June end with the lowest yields. Yields 

were generally low in 2012. 

F1, 2010 
3.9-12.6 t/ha 

F6, 2011 
6.1-11.6 t/ha 

 

A2, 2011 
3.4-10.5 t/ha 

A3, 2012 
3.2-9.2 t/ha 

 

 
B3, 2012 

3.2-9.2 t/ha 
C2, 2012 

1.0-10.8 t/ha 

 
 

 
Figure 15. Plot combine harvester yields of each individual plot in the Chessboard trials. Dark blue 

corresponds to low yield, dark red to higher yield. Values are given for the range in plot yields. 

There was some lodging at Flawborough 2010 site at the highest N rates in the highest yielding 

areas, shown in Figure 16 below. There was no lodging at any other site. 

  
 

Figure 16. Plot lodging (% area lodged) at Flawborough 2010 
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4.3.5 Kriged yields – at each N rate 

F1, 2010 F6, 2011 

  0N 3.9-9.2 

120N 6.9-11.7 

240N 8.3-12.6 

360N 7.9-12.0 

0N 6.7-10.5 

100N 6.9-10.7 

200N 6.5-11.1 

300N 6.4-10.4 

A2, 2011 A3, 2012 

   0N 4.0-6.1 

120N 6.9 -9.9 

240N 7.6-11.3 

360N 8.6-11.0 

  0N 3.5-6.8 

120N 5.2-8.0 

240N 6.2-8.6 

360N 6.8-8.8 
 

Figure 17. Kriged yields at each N rate of chessboard trials. Dark blue corresponds to low yield, dark 

red to higher yield. Values are given for the range in plot yields at each N level. 
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B3, 2012 

C2, 2012 

  0N 6.1-7.9 

120N 6.1-9.1 

240N 6.9-9.3 

360N 6.6-8.5 

  0N 1.4-6.2 

120N 4.8-8.2 

240N 7.3-9.8 

360N 6.5-10.9 
Figure 17 (cont). Kriged yields at each N rate of chessboard trials. Dark blue corresponds to low 

yield, dark red to higher yield. Values are given for the range in plot yields at each N level. 

Spatial variation in yield exceeded 2 t/ha at all sites and 4 t/ha at Flawborough. Generally the patterns 

of spatial variation were consistent across all levels of applied N, i.e. higher yielding areas yielded 

more whether or not N fertiliser was applied. However there was a strong exception in 2012 at the 

Burford and Bedfordia sites where areas yielding the most without N applied, yielded the least with 

high levels of N applied. This is likely to be due to the abnormally dull and wet summer in 2012, 

where larger crops generally tended to perform poorly; this is discussed further in sections 3.7.4. 

 

4.3.6 N responses & N optima 

For each plot at each site N responses were fitted using Linear plus Exponential function and 

economic optima determined (Equation 2). A random selection of these responses are shown for 

each site in Figure 18, with all optima plotted for each site. The differences in shape between sites 

is striking, but whilst there is substantial variation in N optima within each site, the shape of the 

response within each site is relatively consistent. Variation in N optima exceeds 100 kg/ha at all 

sites, and relates more to yield at some sites (e.g. Bedfordia 2012) than at others. 
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F1, 2010 F6, 2011 

 

A2, 2011 A3, 2012 

  

B3, 2012 C2, 2012 

 

Figure 18. N responses and N optima (triangles) of Chessboard trials using Linear plus Exponential 

fits with R fixed at each site. A random subset of the total number of responses is presented for each 

trial. 

 

The responses at Flawborough in 2010, Burford 2011 and Shipton in 2012 are reasonably typical 

of N response curves in the UK, giving N optima between 100 kg N/ha and >340kg N/ha. The lack 
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of response to N is evident at Flawborough in 2011 and is probably partly due to spring drought 

meaning N fertiliser was not taken up in time to affect grain yield. Responses in 2012 for Burford 

and Bedfordia became negative at higher N rates, especially so at Bedfordia with some areas 

yielding as little with 340 kg N/ha as they did with no fertiliser. Whilst such N responses were 

common in 2012, typically such responses are rare, especially in the absence of lodging. 

 

F1, 2010 
101-248kg N/ha 

F6, 2011 
0-110kg N/ha 

 

A2, 2011 
172 - >360kg N/ha 

A3, 2012 
67-360kg N/ha 

 
 

B, 2012 
0-188kg N/ha 

C2, 2012 
213 - >360kg N/ha 

 
 

Figure 19. N optima (BER=5) from fits in Figure 12 of Chessboard trials with field ID and harvest year. 

Values are minimum and maximum N requirements in trial. Darker colour higher is N requirement. 

 

Spatial variation in N optima (Figure 19) does not always clearly follow the same patterns that are 

evident from aerial imagery or from kriged grain yields. The patterns are most consistent for 

Burford and Bedfordia in 2012 where the lowest yielding bands give the lowest N optima, and vice 

versa.  
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4.3.7 Yield at optima 

F1, 2010 
8.0-12.1 t/ha 

F6, 2011 
6.8-10.6 t/ha 

 

A2, 2011 
8.4-11.0 t/ha 

A3, 2012 
6.3-8.8 t/ha 

  

B3, 2012 
6.3-9.2 t/ha 

C2, 2012 
7.5-10.9 t/ha 

  
 

Figure 20. Yields at N optima of Chessboard trials from fits in Figure 19 with field ID and harvest year. 

Dark blue corresponds to low yield, dark red to higher yield. Values give minimum and highest 

yields, excluding outliers. 

 

The variation in yields at N optima (Figure 20) at each site is greater than 2 t/ha and is similar to 

the variation in yield at any given N rate. This suggests N limitation is not a major cause of the 

spatial variation in yield in each of these fields.   
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4.3.8 Plot protein 

There is a clear effect of N application on grain protein at each of the sites as the pattern shows 

through clearly (Figure 21), including for Flawborough 2011 which was unresponsive for yield. 

There is underlying spatial variation but this isn’t generally as clear as that for grain yield and 

corresponds less clearly to the visible spatial variation from the aerial imagery. 

 

F1, 2010 
7.6-14.3 %DM 

F6, 2011 
6.9-12.8 %DM 

A2, 2011 
8.1-14.5 %DM 

A3, 2012 
9.6-16.3 %DM 

 

B3, 2012 
10.3-16.8 %DM 

C2, 2012 
7.8-13.6%DM 

 
 

 
Figure 21. Grain protein content of each individual plot in the Chessboard trials. Darker colour 

corresponds to higher protein. Values are given for the minimum and maximum protein in each trial, 

excluding outliers. 

 

4.3.9 Kriged protein at each N rate 

The spatial variation in the kriged grain protein content at each N rate is generally less coherent 

than that for grain yield, and is generally less consistent between N rates (Figure 22). However, 

variation in grain protein at each N rate is large, always exceeding 2% and often much more.  


