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Overview 
 

Improving crop productivity is a priority for securing food security throughout the world. 

Ongoing research requires continual assessment and validation in field experiments 

representative of the target environments in which improved varieties or management protocols 

are aimed at delivery. 

Why is there a need for this manual? Field experiments are typically undertaken under 

conditions where some, but not all variables, can be controlled. These sometimes represent a 

particular stress (eg drought, nutrient or temperature), conditions typical of the growing region, or 

very favourable conditions where the aim is to understand physiological and agronomic factors 

contributing to yield potential. Similarly, assessment of genotypes under a controlled stress 

requires an understanding and reporting of factors contributing to their differential performance 

in response to stress. If some of the observed differences in yield relate to differences in 

flowering, or greater leaf area development then the cataloguing of such variation must be 

undertaken. 

Measuring and reporting of this variation can be varied. This makes interpretation across multiple 

experiments difficult as one researcher may view and undertake sampling differently to another. 

It is critical that there is consistency in how measurements are undertaken and reported. Hence, 

standardising measures and phenotyping among workers will provide data (and a growing 

database!) that is robust, reliable and repeatable. This will lead to more cost-efficient research 

where high quality data can be re-used to test new hypotheses and explore larger datasets 

possibly collected across various projects.  

This manual reflects our thoughts on the basic set of critical measurements needed to characterise 

line performance in an environment. Both measurements and their methodology are organised 

according to timing within the experiment/crop cycle using the cereal development score (‘DC’ 

for Decimal Code - Appendix 1 and 2). We strongly advise that plots typically contain two outer  

rows (‘edge’ or ‘border’) and multiple inner rows to minimise any inter-plot competition effect, 

e.g. edge effects due to shading, nutrients, water availability, or compaction. As abiotic stresses 

(water, temperature) are often a focus of research, plots should be managed with the aim of 

minimising constraints afforded by inadequate nutrition and incidence of pests (weeds, insects 

and diseases). We believe that effective phenotyping should require a set of core measurements to 

be taken on all lines in an experiment. These measurements need to be simple, reliable and 

repeatable, and potentially allow screening of large amounts of lines across environments. 

 

Figure 1a. Irrigated plots in a large breeding experiment 
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Before the experiment 

 

Importance of good site characterisation 

 

Good knowledge of the site and expected seasonal conditions based on a priori knowledge of 

long term weather trends are critical to planning and then interpreting field response data. 

Information such as starting conditions (e.g. soil type(s), soil moisture, soil nutritional status, soil 

diseases etc.) can and should be obtained for the experiment area to be used. Spatial site surveys 

using an EM38 meter (measures apparent electrical conductivity) have proven very useful in 

identifying uniform blocks to reduce residual (error) variation in large breeding experiments. 

Experiments that were thought to be poor have been reanalysed using EM38 measures as a 

covariate to remove much of the noise and reveal significant treatment differences. Long-term 

seasonal rainfall and temperature are also usually available, and should be used in planning for 

the need for irrigation, and sowing date when avoiding stress such as frost at flowering or hot, dry 

conditions through grain-filling.  

 

An example of the type of data that may be obtained prior to sowing for the site Narrabri in NSW 

Australia is given below: 

 

Narrabri (BoM station number for Narrabri West Post Office: 53030).  

 

Latitude: 30.34°S; Longitude: 149.76°E; Elevation: 212 m; Mean annual rainfall: 644 mm; 

Mean annual maximum temperature: 26.7°C; Mean annual minimum temperature: 11.6°C. 

Major soil types: Vertosol, Chromosol. 

 

Target plant density: 100 plants/m
2
; Plot configuration and harvest: plot size: 9.75 m

2
; Row 

spacing: 32.5 cm; Distance between centre wheel tracks: 1.9 m; Number of rows: 5 (all rows are 

harvested); Plot length: 6 m of which 4 m are harvested. 

 

Soil management: no-tillage and controlled traffic. 

 
 

 

Figure 1b. Plots ready for maturity harvest following harvest index cuts 
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Three sites representative for the wide-range of conditions commonly experienced by growers in the different agro-ecological regions of the 

Australian wheat belt (Fig. 2). 

 

Figure 2. Characteristics of the climate at three Australian sites: variability of monthly rainfalls (boxes mark the lower and upper quartile; solid 

and dotted lines show the median and mean; whiskers represent the 10
th

 and 90
th

 percentiles; and points correspond to the extreme data, below 

and above the 10
th

 and 90
th

 percentiles, respectively), and mean monthly minimum and maximum temperatures. Such data are critical in 

determining appropriate control of field experiment to ensure they are representative of the target environment. Data were sourced from 

http://www.bom.gov.au/climate/data/.
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Plot type and size 

 

Phenotyping of complex traits and particularly those associated with canopy development, biomass 

and yield is challenging when experiments comprise diverse genotypes. This is especially so when 

confounded with variation in traits such as height and maturity which are known to affect yield. 

Limited seed and resources may encourage field-assessment in single, spaced rows or smaller, 

unbordered plots. Competition for water, light and nutrients required for canopy growth is variable 

and non-definable where immediate neighbours are genetically different, and particularly under 

stress conditions where competition is greatest. Response to changes in resource availability varies 

among diverse genotypes, alters genotype ranking and thus reduces heritability. In turn, the 

relevance of such growing conditions to commercial field-grown crops is at best unclear and at 

worst dubious. 

The planting of multi-row plots and the simple exclusion of plot borders at harvest increases 

experimental precision and confidence in genotype response. A simple study where six wheat 

genotypes were assessed for spike number at two nitrogen levels demonstrates how including outer 

rows in the analysis can lead to substantial error in trait estimation and in the associated genotype 

by environment interactions (Fig. 3).  

Well-planned field studies and particularly those focusing on the dynamics of yield formation 

(canopy-related characteristics) must consider the use of multiple-row plots and with border rows to 

minimize the effects of interplot competition. Whether these border rows are best excluded, or 

considered as part of genotype performance will depend on the environment but we recommend 

they be excluded, especially where stress (eg water deficit) has been applied. 
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Figure 3. Comparison of spike number in the inner and outer rows for six wheat genotypes and two 

nitrogen levels: basal and a supplemental 40 kg/ha N predrilled at sowing. The outside, border 

rows averaged 56% greater spike number than for centre rows, with variation between genotypes 

presumably due to their internal tillering propensity (lsd0.05 = 7%). Over all six genotypes, the 

association for border and centre-row spike number was 0.50ns and 0.74ns for basal and 

supplemental N treatments, respectively. This lead to the border rows having a 54% yield increase 

compared to the centre rows, and a poor association (0.48ns) for yield of the border compared to 

the guarded centre-rows. Overall, an average 25% error would be made if including the outer rows 

in the analysis. 
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Preschedules – the plan for the experiment 

 

Field experiments are commonly very large and resource intensive. Development of a planning 

document or ‘Preschedule’ is recommended for reporting the experiment aims, design and 

measurements in advance of the experiment being sown (Fig. 4). Management of the experiment 

(e.g. irrigation, nutrition, fungicides etc.) is included for the benefit of the farm manager or those 

responsible for managing and maintaining the quality of the experiment. The approximate timing of 

measurements is a critical feature of a good preschedule. Reporting in advance will often identify 

those resources required and particularly those times during the season when staff need allocating 

for sampling. This will aid in managing staff requirements especially when many experiments are 

planned and run concurrently. 

Ultimately, a good preschedule should act as a recipe in providing all the information necessary to 

undertake the experiment. This document can be included on-file and be available if ever the 

scientist is unavailable and others take on responsibility for the experiment. 

 

Figure 4. Example of a preschedule containing basic planning and management information for a 

proposed experiment (Source A. Peake). 
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Measurements 
 

Diary (experiment details from before sowing onward) 
 

It is of prime importance to report every event (management action, measurement date/time and 

action etc.) that is performed (ideally, as prescheduled), as well as any problem encounter (e.g. 

disease, frost event…). Documentation of site and experiment conditions, crop management (e.g. 

sowing rates, timing of treatments) and measurements are all critical. Access to all the available 

information will contribute to a greater understanding of those factors contributing to improved 

performance between environments and lines. We advice the reporting to be written in a single 

notebook (that can be scanned at the end of the experiment) or in an electronic document (‘diary’ of 

the experiment). This document should also contain notes concerning the analysis of the trial, after 

the completion of the field experiment. 

Method. 

The recording of data of each experiment will commence before sowing with cultivation, nutrition, 

irrigation and herbicide application history, and continue until after harvest. These should be 

recorded electronically for ease of use and reporting. 

a. Experiment preparation: site details including starting soil conditions {water (see Appendix 

3), nutrient and pH (see Appendix 4)}, rotation (e.g. fallow vs canola), cultivation, and 

herbicide application 

b. Seed preparation: Sowing rates will vary depending on the experiment, available soil water, 

time of sowing, genotype etc. Details concerning seed size and quality (eg germination %) 

are always useful 

c. In experiment details: sowing date, dates of each measurement, timing of any 

fungicide/insecticide/herbicide application (and rates), any in-season fertiliser application, 

dates and amounts of water applied in irrigation (and type of irrigation), plot observations 

(eg rows missing or where fertiliser boots were blocked, large gaps in plots; Fig. 5) 

d. Climate: dates and amounts of rainfall events, dates and minimum temperatures during any 

frost, record of any period of warm temperatures with moderate-to-high wind. Much of this 

will be recorded using automatic weather stations collocated at each site. However, observer 

notes can be invaluable when analysing and understanding unusual data well after harvest 

and the experiment has finished. 
 

 

 

Figure 5. (a) A canola break crop grown in 

preparation for an experiment the following 

season; (b) an arrow shows a blocked seed 

tube contributing to a missing row; (c) large 

gaps reduce harvestable plot area. 

  

(a) 

(b) (c) 
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Which plant measurement? When? For what? 

 

Measure When? For what? Requirement
* 

Soil characterisation Sowing and 

maturity 

Soil characteristics 

 

++ 

 

 Sowing Initial soil status (H20, N…) ++ 

 Continuous Soil water content over time Depend on the 

study 

Climatic data Daily Main impact on plant growth and develop.  +++ 

 Hourly  + 

Plant establishment DC12-13 Estimation of ‘real’ density 

Info on seeds, seed bed, sowing conditions 

+++ 

Ground cover DC12 up to 

closure of the 

canopy 

Early vigour assessment 

Importance for soil evaporation, weed 

competition, soil water depletion  

+ 

Canopy light interception  DC20+ Growth rates; Radiation use efficincy + 

Leaf area/biomass at five-leaf stage DC1 5 Plant growth assessment 

Carbon isotope discrimination 

+ 

Assessing plant and crop 

development 

DC29+ Phenology assessment (in particular 

flowering date) 

+++ 

Carbon isotope discrimination DC30-32 Assess leaf photosynthesis capacity, 

potential drought adaptation 

Depend on the 

study 

Leaf and root/crown disease DC12+ Disease assessment If applicable 

Crop canopy temperature DC37+ Estimation of transpiration rate (potential 

drought adaptation) 

Depend on the 

study 

Biomass at flowering DC65 Assess crop growth during vegetative 

period 

++ 

Stem WSC at flowering DC65 Assess carbon reserves at the end of the 

vegetative period 

+ 

Plant N content at flowering DC65 Assess putative N deficiency + 

Anthesis and post-anthesis leaf 

characteristics 

DC65+ Plant growth assessment, Impact on stress 

tolerance 

Depend on the 

study 

Extreme temperature damage DC70.2+ Impact on yield (can also be assessed with 

climatic records)  

+ 

Maturity height, crop lodging, and 

shattering 

DC92+ Impact on harvest ++ 

Maturity harvest index, biomass 

and spike number 

DC92+ Assess plant growth during crop cycle, 

grain yield component  

+++ 

Grain size, hectolitre weight and 

grain screenings 

DC93+ Harvest quality +++ 

Maturity machine harvest DC93+ Grain yield +++ 

* Indication of the general relevance for each measurement (Note that this may vary across studies): +++, of prime importance;, 

++, very useful; +, valuable information.. 
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Climatic measurements 

 

The climate has a huge impact on the crop growth and development, and the stress that the plants 

will experience. Recording accurately the main climatic variable is thus crucial.  

 

’Stable’ weather station. Solar radiation, rain, maximum and minimum temperatures are typically 

recorded daily by research stations and some other organisations. Other factors such as wind speed, 

air humidity, pan evaporation are sometime also measured. The problem with these stations is that 

(1) they can be far from the field trial, while environmental factors such as rain can vary within 

short distances, and (2) they only deliver daily measurements, that are not always accurate to 

evaluate stress events (e.g. radiation frost nights). 

 

‘Portable’ weather station. A better alternative is to install a weather station in the field trial, to 

record climatic data more frequently (e.g. measurements every min can be averaged (or totalled) 

and recorded every 15 min) and with a better accuracy (e.g. factor such as wind or rainfall vary 

greatly spatially). Typically these weather stations have a solar radiation sensor, a tipped-bucket 

rainfall gauge and an air temperature and relative humidity probe mounted in a Stevenson screen 

(Fig. 6). In additional, many other sensors can also be included, such as: 

- thermistors to measure soil temperature, 

- thermocouples to measure soil, leaf or apex temperatures (temperature of the apical 

meristem can be approximated by soil temperature at 1-2cm deep up to stem elongation, and 

then by temperature of thermocouples placed between the sheath and the stem); 

thermocouple in the air without any protection can also be used to record frost event at 

night, 

- infra-red sensors to measure canopy temperature continuously (the canopy has to be closed) 

- solarimeter tubes to measure light interception (cf Fig. 11), 

- an anemometer and a wind vane to measure wind speed and direction. 

Such weather station can be powered by a car battery with a solar panel. Depending on the number 

of data recorded (i.e. number of variables measured and time-step of measurements) and on the 

data-logger memory capacity, data may have to be downloaded every few weeks (intense 

measurement setup), months, or just at the end of the season (minimal setup). In any case, it is 

recommended to download the data regularly to check that all the sensors are properly functioning. 

A new generation of sensors and data loggers is being developed to enable remote access to the 

logger so that it is now possible to access data remotely, in real time. Independent sensors (i.e. ‘self-

powered’ and with integrated communication system) should become accessible in few years so 

that it will be possible to measure climatic variable (e.g. canopy temperature) over time and for each 

plot without connection cables.  

Note the sensor calibration should be checked regularly for accuracy (e.g. once a year for solar 

radiation sensors). 
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Figure 6. Field weather station with a solar radiation sensor, a air temperature and relative 

humidity sensor, an anemometer, and a tipped-bucket rain gauge. This station is powered with a 

battery charged by a solar panel. Data are averaged and recorded on a data logger.  

Solar panel 

Solar radiation sensor 

Anemometer 

Rain gauge Data logger 

and battery 

Thermo-hygrometer 
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Plant establishment counts (Zadok DC12-13) 

 

Plant counts are useful in understanding factors contributing to leaf area, canopy development, and 

ultimately yield variation. They can also provide information on quality of the seed lot, seed bed 

and conditions at sowing. 

Method. 

Between the 2 and 3 leaf stage is the best time to make observations on plant establishment.  It is 

late enough that most plants will now survive and early enough that few or no tillers make it easy to 

do counts quickly. 

1. If establishment is uniform then 2-3 counts per plot may suffice. If plots are more variable then 

more counts per plot may be needed to gain a reasonable estimate of plant density. 

2. Randomly drop 50cm piece of white dowel into plot and then align between two rows. Count 

the number of plants on either side of the dowel and record.  Do not count edge rows.  Repeat 

as many times as required.  

3. Digital photos such as the photo below can be used to count plants as long as a scale (ideally a 

ruler but if no ruler is available then the known distance between rows can act as a scale) is 

given in at least one image, and photographs collected at the approximate same height and 

position in each plot (e.g. Fig. 7). We use a Panasonic® Lumix TZ10 for our photos. This 

camera allows good control of white balance and has the Leica® precision lens.  

 

 

Figure 7. Image illustrating the commonly observed variability between rows, and subsequent need 

to count plants across a minimum two adjacent rows at multiple locations in each plot 
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Ground cover assessments (DC12+) 

 

Good ground cover is important for intercepting light needed for growth, shading the soil to reduce 

soil evaporation, and for capacity of the crop to better compete with weeds. 

Method. 

Ground cover assessments can be made from early emergence until approaching full canopy cover 

(usually around DC30). There are several methods commonly used: 

a. Digital camera: Photographs taken at approximately the same height (e.g. 1m, a tripod can be 

used) in representative parts of each plot can be downloaded for digital analysis of ground 

cover (Fig. 8). Free software (e.g. our photo processing software is available upon request) 

can distinguish between green and other colours including soil to calculate the area of the total 

image that is green. It is important that plots are reasonably free of weeds as this software 

cannot distinguish between crop and other plants. If the plot is variable for plant number or 

vigour then two photos should be taken for ground cover. A picture with a scale should be 

taken at least once or the row width used for scale. 

b. Greenseeker meter: Instruments such as the Greenseeker chlorophyll sensor® provide a 

measure of plot greenness using the Normalised Difference Vegetation Index or NDVI. 

Calibration of the unit is quick, and assessment of ground cover and biomass may be achieved 

on many plots (see Fig. 9). Greenseeker NDVI scores correlate well with % ground cover and 

total biomass up to DC30 (Fig. 10a, b), but the strength of this relationship may vary with 

extreme stress. Importantly, the sensor must be directed towards to soil and maintained as 

approximately the same height for all plots – a harness is supplied with the unit to assist with 

this (Fig. 8). 

c. Light interception meter: See page 15. 

d. Visual score: Where no such electronic equipment is available, qualitative scores on a 1 – 9 

scale (1 = no ground cover, 9 = highest ground cover) based on a visual observation should be 

given. During this process, it is best to use some known lines with high and low early vigour 

(e.g. Fig. 8) as a benchmark, and the same person should do the entire trial to retain relativity.   
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Figure 8. Vigorous (left) and less vigorous (right) wheat canopies. Images taken at 1m height. 

Ground cover (95% for left and 42% for right) was estimated from digital photos using ground 

cover processing software. 

 

  

Figure 9. Calibration (left) and then scanning while walking (right) of wheat plots using a 

Greenseeker chlorophyll sensor. 

 

 

 

 

Figure 10. Relationship of: (a) % ground cover from a digital camera (x-axis) and NDVI using a 

Greenseeker chlorophyll sensor (y-axis) for a large number of wheat genotypes (r
2
 = 0.74, 

P<0.01); and (b) NDVI using a Greenseeker chlorophyll sensor (x-axis) and total plant biomass for 

28 wheat genotypes (r
2
 = 0.90, P<0.01) 
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Canopy light interception assessment (DC20+) 

 

Interception of incident light is important for crop growth. Sunfleck ceptometers such as those 

developed by Decagon® (Fig. 11a) allow measurement of sunlight (particularly the 

photosynthetically active component) below the canopy.  

Method. 

1. Ceptometers have two components: a master box which records and stores light readings; 

and a light-integrating probe containing the light sensors (Fig. 11a). 

2. On the day of sampling try and ensure there will be no clouds during the time of 

measurement. Restrict measurements to when the sun is highest in the sky (i.e. between 

1000 and 1400h) 

3. Prior to measurement, clean the probe of any soil, and reset the computer to commence 

recording/storing of readings. 

4. To measure, hold the probe parallel to the ground and above the canopy of the first plot to 

record incident sunlight. Kneel perpendicular (at 90º) to the first plot and move the probe 

along the ground toward the centre of the plot until the probe is completely covered by the 

canopy. Be sure that the probe is sitting on the soil surface and not lying on top of any plant 

leaves. Record value. Repeat at an angle of 45º to the left of the first measurement and then 

repeat at 45º to the right of the first measurement (Fig. 11b). 

5. Follow this procedure for each plot. However, be sure to include a measure of sunlight 

above the canopy for every 20 plots (to track incident light changes). 

6. Light interception (%) = 100*[1-(avg below canopy scores ÷ avg above canopy scores)] 

 

Alternatively, solarimeter tubes can be installed above and below the canopy to measure light 

interception continuously, over time (Fig. 11c,d). The inconvenience here is that these sensors have 

to be linked to a data logger and are typically used for a limited number of key plots. 

 

            

(a) (b) 
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Figure 11. (a) A sunfleck ceptometer that can be placed inside a plot to measure sunlight 

transmitted through the canopy; (b) Schematic showing the three relative positions of the 

ceptometer probe into a plot; (c) Linear PAR sensors (Solems SA, Palaiseau, France) at ground 

level; and (d) above a maize canopy. 

(c) (d) 
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Leaf area/biomass at five-leaf stage (DC15) to start of stem elongation (DC31) 

 

In some cases, estimates of DC stage, early leaf area and biomass may be required simultaneously. 

Where a precise estimate of plant establishment in uniform plots has been attained (see page 9), the 

following method may be used on a per plant basis.  

Method. 

1. As each wheat line reaches 5-6 leaves, two options can be used to sample the plants: 

(a) Walk down one side of the plot and in 2-3 places randomly grab 3-4 plants near ground level 

and gently pull from the ground. You should end up with 10 representative plants. Do not 

sample from edge rows and avoid sampling all plants from a single row. Sampling 

individual plants can sometimes risk overestimation of biomass and leaf area (and thereby LAI).  

(b) A more accurate measure of leaf area and biomass is to sample on a unit area basis by 

simply placing a quadrat or ruler to identify and harvest multiple adjacent rows. The larger the 

area sampled the better although it is sometimes easier and more precise to sample two separate 

parts of the same plot particularly if the plot is variable for growth. Sampling in the early 

morning or late in the day is easier on you and the crop samples. 

In both cases, make sure the sampling is done in a zone that will not be used later on for other 

sampling. 

To remove some plants, grab them near ground level and gently pull from the ground. 

2. If you have plastic bags, put each sample into a bag with an identifying tag and go onto the next 

plot. Collect all bags into a larger bag (e.g. clean fertiliser bag) and place into a cold room or 

refrigerator until ready for measurement. 

3. When ready to take measurements, open each bag and if plants are muddy, gently wash. 

4. Record the date of sampling for each wheat line/cultivar. Count the number of plants and the 

total number of shoots (tillers + main stem) including main stems. Separate three random plants 

and record numbers of leaves, leaf lengths and leaf widths. Cut plants at ground level (where 

tissue changes from green to white; Fig. 12) and discard white below-ground stem and roots. 

Remove and separate fully expanded and unopened leaves (i.e. leaf with the ligule visible) from 

young, still growing leaves of all 10 plants and pass through a leaf area machine to get total leaf 

area. Put all leaves and the stems into a labelled paper bag and place into a dehydrator @ 60-

70C. If assessing other measures, such as C
12

/C
13

 discrimination then place the separated 

leaves into a separate labelled, paper bag. 

 

Figure 12. Plant samples (a) cleaned in preparation for removal of roots and crown (arrow) and 

leaf area meter (b) which is here a Li-3100 Area Meter (Li-cor Inc., Lincoln, Nebraska, USA).  

(b) (a) 
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Assessing plant and crop development (DC29+) 

 

Plant growth can be divided into growth stages associated with the timing of different vegetative 

and reproductive growth processes. Understanding how growth varies with prevailing 

environmental conditions, primarily temperature and daylength, can be very important in assessing 

factors contributing to yield differences between genotypes and/or environments. 

Method. 

Crop development can be thought simply in terms of six key phases: 1. Vegetative (where the apical 

meristem produces leaves); 2. Floral initiation (where the apical meristem transitions from 

vegetative to reproductive development); 3. Growth of reproductive structures; 4. Flowering; 5. 

Grain development; and 6. Physiological maturity. The methodology described below is for wheat 

and triticale – similar methodology may be obtained for other cereals from the literature. 

1. Vegetative growth: plants are growing vegetatively developing leaves, tillers and 

accumulating biomass. Using a simple compound microscope, the plant apex can be 

dissected and the vegetative whorls are seen as discrete single bands or ‘ridges’ (Fig 13 (a) 1 

and 2). 

2. Floral initiation: plants remain vegetative until adequate environmental stimulus is 

provided (i.e. daylength and temperature). Plants commence floral initiation whereby the 

apical meristem commences the transition from 'vegetative' to the 'floral' or reproductive 

growth. Using a simple compound binocular microscope, the dissected apex shows pairs of 

rings or a ‘double-ridge’ commencing at the centre of the apex (Fig. 13 (a) 3). These ridges 

represent the commencement of growth of the floral bud primordium as they begin to grow 

out. Leaves are no longer being produced with the apical apex now committed to producing 

reproductive parts only. The culmination of floral development occurs with the production 

of the terminal spikelet (TS in Fig. 13 (b)). This stage (also scored as DC31 or Z31) 

coincides with the commencement of stem elongation and the production of the first node 

(known as ‘jointing’). This node can be felt as a swelling at or near the soil surface. The 

detection of this swelling is commonly used as a quick and non-destructive surrogate for 

determination of TS under a microscope. 

3. Growth of reproductive structures: following terminal spikelet, ears grow rapidly 

contained within the leaf whorls until emerging above the ligule of the flag leaf 

(DC51+)(Appendix 1 and 2). The ear is fully emerged above the ligule for all spikes at 

DC60. 

4. Flowering: fertilisation commences with dehiscence of anthers at flowering (or anthesis). 

Flowering is commonly scored as DC65 when 50% of spikes contain one or more dehisced 

anthers (observed as yellow anthers emerge from the spikelet). In some cases and 

particularly under drought, anthers may not emerge from the spikelet requiring the spikelets 

to be opened to confidently determine anther dehiscence. 

5. Grain development: grain development commences with fertilisation and is finished at 

physiological maturity with the completion of grain dry matter accumulation. 

6. Physiological maturity: maturity defines the time when grains have ceased accumulating 

carbon and commence drying-down. Typically at this stage most or all the chlorophyll has 

been lost from the plant and remains only in the stem nodes. 



19 

 

 

 

Figure 13. Various stages toward floral initiation in wheat: (a) apex development from vegetative 

(1) to double-ridge (3); (b) apex at terminal spikelet (ref: Moncur 1981) 

 

 

Reference: Moncur MW (1981) Floral initiation in field crops: an atlas of scanning electron 

 micrographs (CSIRO Publishing) 
  

(a) (b) 
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Sample preparation for Transpiration Efficiency using Carbon Isotope 

Discrimination (DC30-32) 

 

There may be the need entry measures of transpiration efficiency (aka leaf-level water-use 

efficiency). A robust surrogate for transpiration efficiency is carbon isotope discrimination 

measured using a mass spectrometer. 

Method. 

1. Obtain dried leaf samples from plants sampled at DC30 (c. 5 liguled leaves for spring wheats) 

using the procedure in preceding section. 

2. Mill samples to a consistently fine sample using a 1mm screen. 

3. Ensure mill is cleaned between samples and milling mechanism does not get too warm during 

the milling process (warm parts are harder to clean between samples). 

4. Place milled samples into labelled 30mL screw top vial for storage and transportation 

(preferably in glass to avoid any static electricity). 

5. Send labelled vials along with trial details to an accredited laboratory for processing using a 

mass spectrometer (Fig. 14). Charge per sample varies but is commonly US$20-40/sample. 

 

 

 

Figure 14. (a) The approximate height for cutting leaf blades for drying and grinding for carbon 

isotope discrimination analysis; (b) A mass spectrometer used in C
12

/C
13

 discrimination analysis 

(a) 

(b) 
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Leaf and root/crown disease scoring (DC12 - maturity) 

 

Root and leaf disease can significantly affect cereal growth, tillering and biomass accumulation. 

Assessment of any obvious root and leaf diseases can be very important in later data analysis. 

Method. 

Regular monitoring of plots should identify any unusual reductions in plant growth, or leaf 

greenness. Changes can sometimes be attributed to: 

a. Root diseases: Root diseases such as rhizoctonia root rot and nematodes can kill or severely 

reduce seedling and plant growth (Fig. 15a). Unusual reductions in plant growth usually 

compromise a small part of each plot. The approximate size of the affected area (in m
2
) and a 

growth score (from 0 = small growth reduction to 9 = severe growth reduction) given for the 

affected area. Other root or crown diseases including crown rot and take-all become apparent 

as dead white heads (empty of grain) during grain-filling. A score reflecting the approximate 

percentage of heads affected should be given where white heads are observed.  

b. Leaf diseases: The most common seedling leaf disease will be yellow spot (Fig. 15b) although 

other leaf scalds and yellow-spotting may be apparent. Any evidence of leaf disease will 

require chemical control. In the meantime, an assessment may be made of the extent of leaf 

damage associated with a leaf disease. Again, a percentage of leaf area affected should be 

recorded for any damaged plots. A detailed guide to stripe rust assessment is given in Fig. 16. 

 

  

  

Figure 15. Below-ground diseases such as crown rot and rhizoctonia (a) and spots (b) yellow leaf 

spot) can substantially reduce plot vigour and yield. Take-all score of 2 (c) and 7 (d) 

 

(a) (b) 

(c) (d) 
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Fig. 16: Detailed guide to assessing leaf disease (stripe rust) in the field (after Bariana 2011) 
 

 

Score 1 

Very resistant (VR) 

 no disease 

 

Score 2 

Resistant (R) 

 <5% necrotic dots 

 

Score 3 

Resistant to moderately resistant (R-MR) 

 10-15% necrotic stripes 

 scattered and rarely sporulating 

 top leaves often free from infection 

 

Score 5 

Moderately resistant – Moderately susceptible 

(MR-MS) 

 35-45% blotchy islands with light 

sporulation 

 can have moderate to high chlorosis and 

necrosis 

 sporulating islands often appear all over 

the leave but in some cases restricted 

towards the leaf tip 
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Score 6 

Moderately susceptible (MS) 

 50-60% large stripes often sporulating 

 stripes can turn necrotic under windy and 

warmer conditions 

 stripes in this category remain distinct 

and largely uncoalesced 

 

Score 5-6 

 

Score 9 

Very susceptible (VS) 

 95-100% infection 

 heavy sporulation  

 infection leads eventually to defoliation 

Photographs and text by courtesy of Dr Harbans Bariana, University of Sydney 

 

 

Tips for managing fungal diseases in the field 

 

 Avoid repeating growing of the same crop year after year. Where possible sow experiments 

after a break-crop and preferably one that has some soil bio-fumigation capacity (eg canola) 

 Use seed fungicide treatments 

 Initiate prophylactic spraying from tillering/jointing. This is a preventive spray before any rust 

symptoms appear 

 Apply second spray at booting 

 More preventive sprays between tillering and booting may be required depending on the 

seasonal weather conditions 

 Switching the chemical group between subsequent sprays increases the effectiveness of rust 

control 
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Measuring crop canopy temperature (DC37+) 

 

Crop canopy temperature (CT) is a complex, integrative trait that measures a genotypes ability to 

maintain transpiration and gas exchange. Thus, CT is correlated with plant water status. CT was 

first proposed as a measure of dehydration avoidance, and has subsequently been used in numerous 

studies, and is measured remotely by an infrared thermometer. Several suppliers (available on the 

internet) sell suitable instruments with various levels of repeatability, range, fixed angle view and of 

course price. In some cases, special lenses can also be obtained to alter the effective field of view. 

Method. 

There are numerous considerations before attempting to measure CT.  

1. Full canopy closure: It is essential that full canopy closure is reached before CT data is obtained 

(Fig. 17). Soil has a very different temperature than the crop, and even small amounts of dirt will 

bias the results. 

2. Time of day: CT around solar noon was initially advocated as a test of crop dehydration 

avoidance, especially in moderately stressed crops. Genetic differences will often be largest here 

(as much as 5°C). Observations in early afternoon will also provide information on crop 

dehydration avoidance, although genetic differences are smaller (usually <2°C). Early-mid 

morning observations provide an indication of the crops ability to rehydrate; genetic differences 

are smaller (usually <2°C).  

3. Cloud and wind: CT will change quickly in response to wind and cloud. It is best to avoid days 

that are cloudy, especially where there is intermittent cloud intensity. Consistent, light breeze 

(<~5km/hour) is OK but not optimal, especially where trials are large. Variable wind events must 

be avoided. 

4. Crop growth stage and canopy height: Phenological stage (see ‘Development’ section) has a 

big impact on crop CT; plant stems (eg peduncle), inflorescences and spikes have different 

temperatures than the canopy. Thus genotypic variation for Zadok score should be avoided. 

Typically, CT is measured during the vegetative phase (before spike emergence) and again after 

anthesis (grain filling). Care should be taken during grain fill to stop observing CT when leaf 

senescence of the upper canopy begins, as loss of green leaf area is correlated to CT. Finally, 

note should be made of canopy height owing to potential for boundary layer effects on CT. 

5. Trial size and layout: As environmental stability is important for effective and efficient capture 

of biologically meaningful CT data, thought should be given to trial design. Smaller trials are 

better, and blocks should measured/distributed along time. It is helpful to run check genotypes, 

known to be cool or hot, regularly through the trial.  

 

When the above issues are addressed as appropriate for the objectives of the research, there are 

several things to consider whilst estimating crop CT.  

1. Start CT observations in a noted part of the trial and follow a defined path. If possible, repeat the 

measurements using another path and check the consistency of the results. 

2. Instrument field of view is dependent on the instrument chosen (by the fixed angle view). For 

example, with a narrower angle, the operator should be a couple of metres away from the target 

canopy to ensure sufficient representation of the crop. However, it is critical that all plots are 

estimated in the same manner to remain relativity. Canopies should be scanned for several 

seconds to integrate the entire plots. 
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3. Be mindful of the position of the sun. The sun should be behind the operator, and care taken to 

ensure that the operator position does not shade the plot (Fig. 17). 

4. Be mindful of the number of data points the thermometer logs (usually a few hundred), as new 

data will over-ride old data. Some thermometer units require resetting. 

5. Observe obvious differences that may help explain large differences. For example, rolled and 

wilted compared to normal leaves could result in >5°C differences between genotypes. Such 

scores will need to be undertaken during or as soon as possible after CT collection to ensure they 

are relevant. 

 

Once data collection has been completed, statistical analysis is required. In addition to standard 

within environment analyses, there are some factors that need to be considered in analysis of CT 

datasets: 

1. Even minor, sometime inconspicuous, weather changes will influence CT. Thus, temporal effects 

within an observation event should be modelled. 

2. As multiple CT observations are usually collected on each plot within a single trial, analysis 

across these repeated observation events are potentially complicated by serial correlations.  
 

 

 

Figure 17. The angle of the thermometer, the distance to the target area, stage of crop 

development, and amount of ground cover are all critical considerations when assessing canopy 

temperature in the field. Here a Mikron® hand-held thermometer was used with a thermometer 

angle to the canopy of c. 25° 
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Anthesis (flowering) (DC65) – Sampling for biomass and WSC/N determination 

 

A sample of stems and leaves at, or soon after, flowering is important for estimating anthesis 

biomass, and providing tissue for water-soluble carbohydrate (WSC) analysis 

Method. 

1. Whenever visiting the experiment, score plots for developmental stage using Decimal Code 

sheets. Given the importance of phenology, it is crutial to measeru flowering time accurately. 

We usually take a score on all plots when the quickest to flowering lines reach DC55 (i.e. mid-

heading), then again when these reach DC65 (i.e. anthesis), and then again when the majority of 

the experiment reach DC65 (generally, the more frequent the measurements, the better). 

2. As each wheat line/cultivar reaches DC65 assess uniformity of plot and if necessary ‘select’ a 

representative section of the plot to cut. Part the edge row and insert a quadrat perpendicular to 

the direction of the rows (alternately place a 30cm long stick or plastic dowel alongside the row 

– Fig. 18). With a steak knife or secateurs cut the stems inside the quadrat/stick at ground level. 

Continue for all inner rows of the plot or for as many rows as previously determined (we usually 

sample 3-4 rows). It may be necessary to carefully retain as much dead leaf as possible. Do not 

sample from edge rows. Sample in the early morning as it easier on you and the crop samples. 

3. If you have large plastic bags, put each sample into a bag with an identifying tag, place bag in 

laneway in shadow of crop and go onto the next plot ready to harvest. Proceed until all plots 

which are ready have been sampled. Collect all bags and take to a shed/room with a workbench. 

4. If you don’t have large plastic bags to temporarily store samples then you can place the bottom 

of the grab sample into the labelled paper bag or tie with string until you get it to a shed/room 

with a workbench (but you might lose some plant parts, e.g. dead leaves) (Fig. 18). 

5. Keep samples out of sun and as cool as possible at all times until getting back to 

office/laboratory. We can usually sample and load into car about 15 plots/hour/person using this 

method. 

6. Place all samples loosely (don’t pack bundles in together as this reduces air flow and uniform 

drying of the samples) into a fan-forced dehydrator @ 60-70C. If you don’t have direct access 

to a dehydrator, samples in paper bags can be microwaved for 30 seconds on high to kill the 

sample and then samples can be refrigerated (short term) or frozen (for longer term) prior to 

drying. 

7. After a minimum 3 days remove each bundle from the dehydrator and weigh, a tray at a time, on 

a balance. Count and record the number of tillers with and without ears. Discard unless required 

for grinding and analysis of WSC and/or nitrogen. 

8. Where dehydrator space is lacking, the freshly harvested field sample can be weighed before 

weighing a smaller yet representative subsample. The subsample is then dried and its weight 

then used in back-calculating an estimated total dry weight of the original field sample. 

 

Measuring leaf area index and biomass of different plant components (e.g. stem, leaf…): 

When back in the lab, take a subsample of 20 random stems, dry the rest and measure its dry 

weight. For the 20 stems, separate the green leaf, dead leaf, stem (and sheath), and head 

components (for both main stem and tillers, without distinction); measure green leaf area with a 

leaf area meter (Fig. 12b); dry all samples and measure their dry weight (as in 6-7 above). 
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Figure 18. Cutting an area of plot at anthesis for 

biomass, N and WSC sampling: (a) positioning of a 

30cm dowel-stick before cutting; (b) placement of the 

cut stems for tying; and (c) tying into a bundle with 

identification tag. 
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Anthesis (flowering) (DC65) – Observation of other leaf attributes 

 

As plants reach anthesis, other plant attributes may become apparent that could be worthwhile 

scoring. 

Method. 

a. Glaucousness/waxiness: This is easily scored on a 1 – 5 scale (1 = lowest glaucousness, 5 = 

highest glaucousness) based on a visual observation of the flag leaf (Fig. 19a). Scoring must 

be undertaken at the same stage on leaves of similar age as the expression of waxiness 

decreases with leaf age. We score leaf glaucousness at DC65 (anthesis) as we believe 

expression is maximal at this stage; 

b. Leaf-rolling: This is easily scored on a 1 – 5 scale (1 = no leaf rolling, 5 = leaf completely 

rolled) based on a visual observation (Fig. 19b); 

c. Maintenance of green leaf area: This should be scored several times through grain-filling to 

encapsulate the loss of green leaf area over time. Here are two options for this measurements: 

- For each observation the percentage of total leaf area that is still green (and thus 

photosynthetically viable) should be given. The photosynthetic contribution of the spike and 

stem is unclear at this stage, but a percentage score of this can also be done later in the crop 

growth. Alternately, a visual senescence score (see Fig. 20) can be given throughout grain-fill 

integrating across all photosynthetic tissue. 

- Some researchers have had success using Greenseeker for green leaf area (see page 14) 

 

For all traits described above, it is important to use a single operator for scoring and maintaining 

consistency. It is also useful to include or identify known high and low genotypes/treatments for 

benchmarking across the experiment or maintaining consistency across experiments. Where 

repeated observations will be made across time, it is important to undertake each observation at 

approximately the same time of the day, as temperature, change in leaf water potential, and VPD 

may sometimes affect trait expression. 

 

  

Figure 19. (a) Non-waxy (left) and waxy (right) flag leaves. (b) A non-rolling (left) and rolling 

(right) phenotype  

(a) (b) 
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Figure 20. Senescence score. A score 

is awarded based on the greenness of 

the head, flag leaf and penultimate 

flag leaf. Each of these organs is 

awarded a score (out of one) for the 

extent to which it remains green; e.g. 

in this diagram 40% of the 

penultimate leaf, 70% of the flag leaf 

and all of the head are green, hence a 

score of 2.1 ((40+70+100)/100) is 

awarded. This score may reflect 

deeper roots and continuing access to 

soil water. 



30 

 

Extreme temperature damage (DC60+) 

 

Extreme temperature events may sometimes occur before, during or soon after anthesis. Factors 

including genotype, tiller age, and water availability can all contribute to differences in expression 

of frost damage and associated effects on grain number, size and yield. Hot, dry winds under 

drought can contribute death of the upper ear producing a ‘tipping’ phenotype.  

Method. 

Frost: Assessment of frost damage should wait until midway through grain-filling. This is because 

the damage and the timing of expression will vary with floret position on the ear (Fig. 21). Tertiary 

florets flower later and so may appear as frost-damaged. 

High temperature: High temperature damage is best recorded at physiological maturity after the 

period for high temperatures is passed and symptoms readily expressed. 

 

For both frost and high temperature damage” 

1. Hold 10 random heads in your hand and estimate the percentage of spikelets missing grain. 

Record this estimate, as:  

1 = >90% grain missing; 2 = 80% grain missing; 3 = 70% grain missing; 4 = 60% 

grain missing; 5 = 50% grain missing; 6 = 40% grain missing; 7 = 30% grain 

missing; 8 = 20% grain missing; 9 = <10% grain missing 

2. Repeat for all plots. 

 

  

Figure 21. The timing of frost will affect which florets are damaged and which florets survive to 

produce seed (left). Severe drought and frost commonly coincide to produce severe tipping damage 

(right) 
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Maturity height, lodging scores, and shattering score (DC92+) 

 

Plant height, lodging, and seed shattering can differ substantially between lines. They are readily 

scored. 

Method. 

As each line reaches maturity (rapidly losing green colour in the leaves, stems and ears), a quick 

assessment should be made of: 

a. Canopy height: Plant height be given to the nearest 5-cm for the average culms in each plot. 

This is achieved simply by identifying a representative part of the plot and holding together a 

handful of stems. A graduated stick marked to every 5cm is then placed against the bundle 

and height recorded to the tip of the ear for an average stem (ignoring the awns) (Fig. 22). 

b. Crop lodging: Lodging can occur before flowering but is commonly scored at maturity (Fig. 

22). To score lodging, estimate the percentage area of plot that is lodged and then estimate the 

angle of stem lodging (eg. an angle of 10º from the perpendicular is scored as 10 whereas 

prostrate stems are scored as 90). Lodging for the plot can then be calculated as: (% plot area 

lodged × angle of lodging from vertical)/90. For example, a plot where approximately half the 

plot is estimated to be lodging at 45º, the plot lodging score is calculated as (50 × 45)/90 = 25. 

A similar assessment should be made if lodging occurs before, at or soon after flowering. 

When lodging occurs this early, mutual shading may reduce crop yields. Be sure to also 

record the date when lodging was first observed as crops lodged early in the season 

sometimes straighten (evidenced by a small bend at the base of the stem). 

 

  

Figure 22. Measuring plant height (left) and lodging (right). The lodging score for the plot on the 

right reflected two separate lodging scores (front half of plot was lodging angle of 60º, and back 

half was 40º): (50 × 60)/90 + (50 × 40)/90 = 56 

 

c. Shattering: Seed shattering is expressed as percentage of seeds released from main culm 

spikes at maturation, and is scored in the crop stand (Fig. 23). Main culm spikes are often 

larger than spikes formed on tillers, and the main culm is often the longest on an individual 

plant. In cases where you have detected shattering in a plot (i.e. seeds on the ground, seeds 

exposed and not covered by lemma and palea, rachis visible), randomly select five main culm 

spikes in different areas of the plot. Estimate the percentage of seeds abscised for each spike. 
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The shattering score for the line is the average of the five estimates. For example, a score of 

20 indicates that 20% of the seeds have fallen out.  

 

 

  

Figure 23. The timing of crop harvest influences the shattering score. In lines susceptible to 

shattering, the score will increase with time past the optimal harvest date. The photos show an 

example of 30-40% shattering. 
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Maturity (DC92+) harvest index, biomass and spike number samples - Quadrat 

cut and sub-sampling 

 

Harvest index cuts are critical in understanding the timing of water use (pre- vs post-flowering) and 

in estimating total biomass. They also allow for estimation of spike number and a backup estimate 

for plot yield. 

Method. 

As each plot reaches full maturity (dry with no green tissue) it is to be cut for harvest index 

determination. This is readily achieved by: 

1. Part the edge row and insert a quadrat perpendicular to the direction of the row. We typically 

use a quadrat size of 3-4 rows, each being 40-50cm long. 

2. With a sharp, serrated knife or secateurs, cut the stems inside the quadrat at ground level (Fig. 

24). Try and retain as much dried leaf as possible. Do not sample from edge rows.  

3. Tie the cut bundle and attach a tag indicating the plot. Collect all tied bundles and store until 

ready for processing. Ensure samples are stored dry and away from pests such as rodents.  

4. During this entire process, it is important to handle the bundle carefully. As they are dry, it is 

easy for stems to be broken and lost, as well as for grain to fall out of the heads. 

5. We can usually sample about 15 plots/hour/person using this method. 

6. A rice-binder (Fig. 25) can be used to cut and bundle large numbers of plots quickly and 

consistently. Measure the length of the row removed, afterwards for scaling up to a plot and the 

machine harvest weight. We routinely sample 40-50 plots/hour/person with a rice-binder. 

 

For processing of each sample: 

1. Record the weight of the bundle before opening on a workbench.  

2. Carefully subsample a representative third to a quarter of the stems (ensure that a minimum of 

40 stems are present in this subsample) and then record the weight of this subsample.  

3. Count the number of fertile culms (stems with heads) and sterile culms (stems which do not 

produce grain) in the subsample. Record these values.  

4. Air-dry the sample at 35°C (often harvest maturity is dry enough). Sometimes you may want to 

retain a sample of the dried stem and leaf tissue for chemical analysis. After counting the spikes 

in the subsample, cut off the ears just below the bottom spikelet and place them with the 

original sample for threshing. The earless stems with leaves can then be placed into a paper bag 

for later grinding and analysis. 

5. Place the subsample together with the original sample and then thresh. Collect the seed for 

weighing. Record this weight and retain this sample for 100 grain weight, screenings and 

hectolitre weight estimation. Calculate harvest index as: 100×(total grain weight/total bundle 

weight). 

6. Correct for number of stems with heads in the subsample to total stem number with heads in 

the original bundle through the calculation: Total bundle weight/(subsample weight/no. stems 

with heads). Repeat for stems without heads. 
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Biomass of the different plant components (optional):  

 

Before point 4 (above), separate the different plant components (stem+sheath, leaves, head, 

grain) of 20 random spikes and obtain their dry weights. Follow the procedure for 4-6 for the 

rest of the sample.  

 

 

  

Figure 24. The procedure used in cutting mature samples for harvest index and biomass 

determination. 

 

 

   

Figure 25. The use of a rice-binder in cutting large numbers of plots for harvest index and biomass 

determination. 
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Grain size, hectolitre weight and screenings determination (DC93+) 
 

Good estimates of grain size are important in calculating grain number per m
2
 and grain number per 

spike. 

Method. 

1. For 100 grain weight, count out 100 whole grains on a flat surface (eg table-top), weigh grain 

and return to sample 

2. For hectolitre weight, take a vial of 50mL volume, fill level and weigh. Calculate hectolitre 

weight as: 100*[mass grain screened(in kg)/volume grain screened (in l)] 

3. Pour the grain from the hectolitre sample over a certified 2mm grain sieve and shake 40 times. 

Calculate screenings <2mm as: (weight <2mm/total grain weight) × 100 (Fig. 26). 

4. Occasionally you may want to keep some grains for analysis of protein concentration. These 

can be stored in dry, cool conditions until ready for analysis. 

 

  

 

Figure 26. Grain sample (a) before shaking over a 2mm grain sieve; (b) Separation after sieving 

into pinched/shrivelled grain less than 2mm in width (left) and full grain greater than 2mm in width 

(right). 

a b 
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Maturity machine harvest samples (DC93+) 
 

Careful, organised harvesting of each plot will provide a good estimate of plot yield, and possibly 

seed for the next season. 

Method. 

1. As soon as possible after the latest maturing plots are harvest ripe, trim the ends of plots and 

measure the harvested plot length. Record area of any quadrats or other sections of plot removed 

with earlier sampling. Avoid where possible the harvest of edge rows  

2. Before harvest, confirm labelled bags and/or labels/tags are in correct plot order. 

3. Calibrate the wind speed in the small plot header on a border plot for both the rainfed and 

irrigated trials so that as much of the grain is retained but without retaining too much trash. 

Droughted plots commonly produce a high proportion of small or shrivelled grain. Avoid losing 

too much of this material through too high a blower speed. 

4. Weigh the harvested grain and subsample 250g for later moisture determination. The remained 

of the harvested grain can be disposed of unless needed for sowing seed. Note if keeping seed 

for sowing, to be careful in avoiding contamination from preceding plots. 

5. Dry the 250g sub-samples at 35C if you wish to use for sowing seed (otherwise 70C) and 

weigh. Avoid use of this seed for 100-grain weight, hectolitre weight or screenings. Use instead 

the harvest index processed grain. 

 

 

Figure 27. Preparing to harvest the next plot in a field experiment. 
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Appendix 1. Text description of phenological scale 
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Appendix 2. Illustration description of phenological scale 
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Appendix 3: Soil water measurements 
This section intends to provide a brief overview.  

 

Why measuring soil water? Knowledge of changes in soil water content is used to estimate the 

agronomic water-use efficiency, determine the plant available soil water capacity of a specific soil 

type, compare the timing of crop water-stress between treatments, manage the timing and amount of 

irrigation, and measure soil water storage for water-balances.  

 

3.1 – Initial soil water – Soil cores 

 
EM38 maps and soil cores taken around sowing help to characterise the experimental site. 

Depending on the size of the field, 5-10 cores should be collected across the experimental site. 

 

1. Select representative units in the paddock. Ideally, this selection would be based on EM38 

maps (Note that EM38 measurements can depend on soil texture, clay content and soil water 

content so be wary of interpolating across fields and sometimes even within large fields).  

2. Use a core of known diameter (typically 37 or 50 mm) to sample the soil. Cut the core at set 

depth intervals, typically 0-15, 15-30, 30-60, 60-90, 90-120,120-150, 150-180 etc. Some of 

these holes can be used to install the neutron probe and the measurements can be used for 

neutron probe calibration (see below). 

3. For each depth intervals, subsamples can be taken for chemical analysis (e.g. pH, EC, Cl and 

NO3 etc). The subsamples can also be bulked across cores if desired. Dry for 4-5 days at 40°C 

and analyse for EC, chloride, pH, NO3… (see appendix 4). 

4. To measure soil water, put the remaining soil samples in plastic bags or foil-lined bags and 

seal. Weigh the samples. Unseal them prior to drying at 105°C for about 48 hours, and weigh 

again (calculation described in table 3).  

 

3.2 – Soil water over time - Neutron Probe Moisture Meter (NMM) 

 

Knowledge of radiation safety is essential for users of Neutron Probe Moisture Metres (NMM). 

The probe emits neutrons, which are uncharged, highly penetrating particles representing a radiation 

hazard. Thus, prospective users must undergo registered training (e.g. at ANSTO) to comply with 

OH&S regulations. Users should further refer to the regulations related to storage, transport, 

containment, and labelling.  

 

Theory: The NMM allows measuring the volumetric soil water content in the field at user-defined 

depth intervals. Routine measurements can be taken non-destructively, which is why NMMs have 

been widely used to measure soil water in field experiments (Fig. 28). The NMM emits fast 

neutrons which collide non-elastically with hydrogen (H) atoms in the soil. The neutrons are 

‘bounced’ off the H, and are reflected back at slower speed. Most of the H atoms in soil come from 

water (H2O). In the NMM method the measurement of the slow(ed) neutrons is used to calculate the 

soil moisture content.  
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Figure 28. Operation of a Wallingford NMM in the field and Excel sheet with the count data and 

conversion of counts into volumetric soil water contents.  

 

 

To obtain the volumetric soil moisture content, the count rate is multiplied by a calibration 

equation. The calibration equation is specific for a particular soil type and has usually the following 

form: 

 

Volumetric Soil Water Content =  Count Rate Ratio * Slope + Intercept 

 =  R / Rw * Slope + Intercept 

 

R: count rate measured at different depth intervals over a soil profile 

Rw: standard count taken in a large volume of water. To obtain Rw, the NMM is mounted onto a 200 

l barrel of water (after the instrument has been serviced). Counts are taken at the centre of the water 

body. There should be little variation between repeated measurements of Rw – if this is not the case 

the probe must be checked.  

 

If the calibration equation is known, the NMM readings taken at various depth intervals in the field 

are converted into volumetric soil water contents as shown in Table 1.  

 

Table 1. Conversion of NMM counts (R) into volumetric soil water contents (Vol. %). The 

calibration equation in this example is Vol.% =( R/974 * 0.76–0.052) *100. Rw=974; slope=0.76; 

Intercept=-0.052. 

 

Site: _____________ Crop/Treatment: _______________  

Access tube number: _______ Probe number: _________ 

Date: ___________ Days after sowing: ___________  

Depth interval 

(cm) 

Count (R) Vol. (%) 

0-15   479 32.2 = (479/974 * 0.76–0.052) *100 

15-30 457 30.5 

30-45 315 19.4 

45-75   

75-105   
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Why is the need for a calibration equation? The dry soil matrix produces its own background 

noise, which contributes to the count rate. This background noise differs with the soil type (e.g. 

clay, loam, or sand). Thus, a unique calibration relationship between count rate and water content is 

required for every soil.  

 

NMM calibration: As part of the calibration, soil water is measured gravimetrically on samples 

taken from around several access tubes at different times in the season. At the same time the counts 

from the NMM are recorded.  

 

Selection of sites and sampling procedure for calibration:  

1. Select representative units in the paddock. Ideally, this selection would be based on EM38 maps.  

2. Across the paddock, select 3 sites (i.e. access tube points) per unit. Take the GPS coordinates of 

the selected sites. 

3. At each site, insert aluminium access tube/s to the potential depth of crop rooting (1-6 – 2.0 m in 

most soils). - in an existing experiment, 1-2 temporary access tubes (A, C Fig. 28) can be 

installed close (1 m) to a permanent access tube (B; Fig. 25). - generally, several (2-3) access 

tubes/site (1 m apart) will allow to capture small scale variability - one access tube/site might 

suffice in uniform soil. 

4. Use an auger of known volume to sample the soil for each depth interval from close around the 

tube/s (tubes A and C in Fig. 29). Typical depth intervals are 0-15, 15-30, 30-45, 45-60 cm, etc.  

5. Due to soil heterogeneity and sampling errors (e.g. compression of samples despite best care), 

many sampling points (5 and more) are required for each site, depth, and sampling date. 

6. Discard bad samples (e.g. shattered) on the spot but make sure that the number of replications 

per tube is at least 3.  

7. The gravimetric soil samples must span a wide range of water contents ranging from dry, 

intermediate, to wet profiles. To achieve this samples are taken at different dates during the 

season/year. However, it may be necessary to generate the wet profile by irrigation. 

 
 

Figure 29. Schematic representation of five sampling points at each access tube A and C. Several 

access tubes and many sampling points allow addressing soil heterogeneity and improving the 

quality of the calibration.  

 

Record the count data for each depth interval on each sampling date. The NMM does not return 

reliable readings in the top 15 cm of wet soil and 30 cm of very dry soil. Thus, soil water in the top 

soil layer needs to be estimated gravimetrically (Table 2). 
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Table 2. Example form to record count data for calibration purposes.  

 

GPS coordinates of site: _____________ Crop/Treatment: _______________  

Date: _____________  

Access tube number: _______ Probe number: _______ Standard count Rw: _______ 

Observation: _______________________________________________ 

 

Depth 

interval (cm) 
Count time Count rate (R) 

Count ratio 

R/Rw 

0-15 Na na na 

15-30    

30-45    

45-60    

60-75    

etc.    

 

In the lab, the weight of wet soil samples is recorded before drying to constant weight at 105˚C. 

Drying time depends on soil type: 1 day for light soil and 2 days for heavy clay soil. Record all the 

data required for each individual field calibration point (site x depth interval) as given in Table 3.  

 

 

 

Table 3. Example form to record all data required for one calibration point.  

 

GPS coordinates of site: _____________ Depth interval: _____________ (e.g. 45-60 cm) 

Date: _____________ Crop/Treatment: _______________ 

Access tube number: _____________ Probe number: _____________  

   Sample number 

Weight (g)  1 2 3 4 5 

a Tin       

b Wet core + tin       

c Dry core + tin       

d Wet soil b-a      

e Dry soil b-a      

f Water d-e      

g Volume of core (cm
3
)       

h Dry bulk density 
a
 

(g/cm
3
) 

e/g      

Water content       

i Gravimetric (θm) f/e *100      

j Volumetric (θ) i * h      
a
 The determination of bulk density (BD) for each sample is suitable for rigid soil in which the BD 

is the same at any soil  moisture content. In contrast, the BD in shrink-swell soil varies with 

moisture content and is done only on samples collected from wet soil (close to/at drained upper 

limit). 

 

Finally, the Calibration Equation is derived by plotting the Volumetric Soil Water Content (θ) 

against the Count Rate Ratio (R/Rw) and fitting a linear regression line: y = ax + b (equation as 

explained above).  
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3.3 – Drained upper limit (DUL) and crop lower limit (CLL) 
 

Given the climatic conditions, the drained upper limit (field capacity) and the crop lower limit 

might not have been reached during the experiment.  

 

Method: 

 

1. Drained upper limit: on bare soil (i.e. can be done before sowing), lay out a trickle irrigation 

system on 4 × 4 m area and attach to a reservoir (e.g. 1000L). Lay a heavy duty plastic sheet on top 

to avoid evaporation. Bury the edges ~15cm deep. Remove all vegetation within 2m, so that no 

roots can access the water (Fig. 30). Ideally, install a neutron probe in the middle of the trickle 

irrigation system to monitor change in soil moisture. Irrigate up to soil saturation (for heavy soils, 

irrigate at least twice, weeks apart, to allow time for drainage through the profile). Leave to drain 

(from 2-3 days for free-draining soils like sand up to a few weeks for heavy-clay soils). Do a soil 

core sampling to measure soil water moisture and bulk density at standard depths (Table 3). When 

the trials with heavy-clay soils are remote, refill the reservoir at flowering and measure at maturity, 

while doing the other soil cores (this avoid doing extra trips).  

 

2. Crop lower limit: at flowering, install a 3 × 3m tent above some plants to protect from rain (Fig. 

30). Leave the plants to dry the soil and take three soil cores close to the middle of the area, at 

maturity to measure soil water content at the standard depths. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30. Pond (4×4m, left) and tent (3×3m, right) installed to measure drained upper limit and 

crop lower limit of the soil. 

 

Further reading: 

 

Bell JP (1987) Neutron probe practice (3rd edition). Institute of Hydrology, Wallingford. 

- This is a guide to the practical use of neutron probes, the working principles and 

applications. (http://nora.nerc.ac.uk/5629/) 

 

Dalgliesh N, Foale M (1998) 'Soil matters: Monitoring soil water and nutrients in dryland farming.' 

(APSRU: Toowoomba). 

- The handbook provides detailed descriptions of sampling procedures. Emphasis is placed on 

the northern region with its cracking clay soils. (www.apsim.info/ Wiki/public/ Upload/ 

ApSoil/ SoilMatters/.../front_matter.pdf) 
 

http://nora.nerc.ac.uk/5629/
http://www.apsim.info/Wiki/public/Upload/ApSoil/SoilMatters/.../front_matter.pdf
http://www.apsim.info/Wiki/public/Upload/ApSoil/SoilMatters/.../front_matter.pdf
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Appendix 4: Soil nutrient  
 

Knowledge of starting soil nutrients is critical to ensure application of appropriate levels of fertiliser 

(especially nitrogen - N) to attain desired yield levels, or where nutrients (eg N, P) are to be applied 

as an experimental treatment. Nutrient measurements can be performed on soil cores performed for 

initial soil water (see Appendix 3.1), using sub-sections 0-10cm, 10-20cm, 20-40, 40-60 and 60+ 

cm. The cores of one trial can then be pooled for further processing and analysis. Depending on the 

size and nature of the trial, these cores could be pooled could be a single pool (eg for multiple 

genotypes at a single N rate), or into multiple pools (eg 3-5 for a N-by-genotype interaction trial). 

For trials where P is a factor, the top 0-10cm of soil is the critical sample. Pooled samples should be 

stored, dried and then sent to an accredited laboratory for chemical analysis.  

 

Nutrient budget: Many experiments are nutrient-limited, confounding inference to treatment 

effects to reduce confidence in the research. Perhaps the most commonly limiting nutrient in 

research experiments is nitrogen. Inadequate nitrogen slows growth to reduce biomass. Simple 

budgeting will provide meaningful baseline data necessary for predicting nitrogen requirements for 

individual experiments. Below is a worksheet demonstrating information required and calculations 

for predicting N-requirements for a wheat experiment with a predicted, or target yield of 4 t/ha at 

13% grain protein. The crop N requirement is 121 kg/ha with the soil N analysis indicating net N 

supply of 90 kg/ha. We can then estimate (by difference) a need of 31 kg/ha N which equates to 62 

kg/ha of urea (assuming urea fertiliser is 50%N). The framework can be modified simply to account 

for different yield, or target grain protein; different starting soil N or mineralisation (previous crop, 

soil type and soil moisture); and different fertiliser used. 

 

 


