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Plate 1 Pot experiment assessing effect of balsa trash management on growth of corn seedlings- Vudal, Papua New Guinea 
Why use Pot Experiments?

Researchers use pot experiments to help show primary responses of plants to changing environmental conditions such as soil fertility, light, temperature, water, herbicide, insecticide, rhizobium. Such experiments do not replace field experimentation but are a cost effective way of highlighting most likely responses and treatment levels to use when studies move to field experimentation. Plant material can be evaluated quickly at much less expense than would be the case if a large field experiment were used. Sometimes omission pot experiments are used to help indicate critical needs for particular elements.  

Before doing any research it is important to read the literature, talk with appropriate stakeholders- discussing issues of importance. Some research stations may have a research management manual- this is well worth reading.
It is also important to write down key components of the research- a trial protocol (Refer Page 18) is a good place to start. Discuss your plans with your colleagues or supervisor before starting any research. 

Doing Research with Pots

As with all other types of research one of the main challenges for the researcher when conducting pot experiments is to reduce variability within the treatments. A high CV% means it will be harder to detect significant differences among treatments. Put simply it means we are wasting our time and our research money! 

The steps below are designed to help you with your experiments.

Pot size/shape

For most short-term experiments pots that hold from 2-4 litres of growing medium will be sufficient. Deeper pots are better for water management as there is more chance that roots will have the aeration they need even where over-watering has occurred.

Growing medium

The growing medium will depend on the objectives of the experiment and may be a medium to promote good growth, sand or an inert mixture to induce mineral deficiencies or a soil that is being tested for particular soil deficiencies or toxicities. For experiments on particular soils, it is important that the samples taken are representative of the site and that the sample is not contaminated by anything during transport, storage or potting up. For example soil samples can be contaminated with zinc if you use galvanised equipment to collect, transport or sieve the soil and zinc deficiencies may not show up in pot trials even though the soil in the field is deficient in zinc. 

There are many soil mixes that can be used to produce good plant growth and the mix used often depends on what materials are readily available in your area. The main objective is to have a mix that has good aeration, good water holding capacity and an adequate and balanced supply of nutrients.  

Combinations can be fine sharp sand and composted sawdust in ratio 1:1 or, sand; topsoil and composted sawdust in the range 1:1:1. Fertiliser must be incorporated into the potting mix, the actual amount necessary will depend on whether topsoil is used and the nutrient availability in the topsoil. However as a guide for sand / composted sawdust the following is recommended per cubic metre (One cubic m is the same as 100 10 litre buckets) of mix – 

7 kg of slow release fertiliser (Osmocote / Nutricoat etc use 3, 6, 9 month release compound depending on the length of the experiment) of approximate NPK ratio of 18:3:10 or 6 kg of 12:12:17:2 compound fertiliser. 6 kg of dolomite (add less for species requiring more acidic mediums) 1 kg of magnetite (black iron oxide) 1 kg of Diammonium phosphate (DAP) and 1 kg of fritted trace element mix. 

Coir (composted coconut husks) with 8 kg slow release fertiliser (Osmocote / Nutricoat etc) per cubic metre is also a suitable medium to produce good plant growth in containers.  

There are variations possible for the mix ratio and fertilisers – but it is up to you to run appropriate tests.

Soil collection and preparation

Prior to collecting the soil you need to design your experiment and determine the amount of soil you will require to ensure you collect enough during your collecting trip.  It is very costly and inconvenient to have to make an extra collecting trip at a later date and soils from different collections will not be identical and would have to be thoroughly mixed before they could be used in an experiment. 

Discuss your soil collection with the property owner before collecting soil. They will know if the following issues are likely:-

· Fertiliser use that has occurred,

· Burning of rubbish which would change the fertility of the site,

· Animals that could have camped in parts of the site- increasing fertility.

Soil is normally collected from the surface (0-15 cm) in the field, (unless you are looking at sub-soil properties). If the  objective of the experiment is to examine the effect of the soil type on plant growth the sample collected should be representative of the soil being studied. To ensure this collect sub-samples from a number of randomly selected locations (4-10) at the site. The sub-samples should be thoroughly mixed during subsequent operations. 

To help ensure all pots have a similar soil content the soil is air-dried and sieved prior to setting up the trial. Soil is air dried by spreading the soil in a shallow layer on a plastic sheet in the sun preferably in a glasshouse, well away from rain. If the glasshouse leaks during rain (most glasshouses leak, so check before you start- use a hose on the roof if necessary) you will need to cover the heap of growing medium. Care must be taken to ensure the soil is not contaminated by dust and other contaminates such as other soils, fertilisers, plant materials etc while drying. 

Turning the soil once or twice a day speeds up the drying process and helps to mix the soil. This turning process is continued until the soil is air-dry. The soil is then sieved through a screen or plastic sieve with a mesh of approximately 5 mm openings to remove rocks, clods and large pieces of organic matter. A uniform soil mix is the goal.

Filling pots with air dry soil

Normally we want soil to be within about 3-4 cm of the top of the pot.

Take 3 empty pots, and put a plastic bag in each pot- to stop soil from flowing out the drainage holes in the pots.

Fill each pot to about 1 cm from the top, with the air dry, sieved soil. Settle the soil in the pot by tapping the pot on the bench about 4 times. If need be remove or add some soil, to get the level to about 3-4 cm from the top of the pot.

Weigh the soil that was present in each pot, calculate the mean. That is the weight of air dry soil that needs to be weighed into each pot in your experiment. In the calculations below (for watering to weight), assume the air dry soil in your pots is 1600g.

Labelling the pots

Careful labelling of pots is very important and should include things like Pot number, trial code, date, soil name, treatment, and replication number, and any other relevant information. Labels should be written using a waterproof marking pen.  A dark-coloured (e.g. black or dark blue black is often better), good quality pen should be used, as some inks fade in the sunlight. Plastic labels can be used but these should be wired onto the pot or plant to avoid them being lost or swapped from pot to pot. Plastic pot labels often have a smooth and a slightly rough side and marking pens fade quickly on the smooth side.  Write on the rough side. For longer experiments aluminium labels with the writing indented into the label and wired on to the pot will be better. If in doubt, do a fading test about 3 weeks before the start of the experiment and check and replace labels if necessary during the experiment.  We do not write label details on removal parts of the pots such as radiation shield (see Page 25), which is usually inserted between the outside of the pot and the pot liner, for 2 reasons - (1) The radiation shields are likely to be reused in subsequent experiments, and will soon be covered in a confusing array of information, and (2) When watering, these shields are usually removed, and it is easy to make a mistake about which shield was on which pot.

Watering

In pot experiments the moisture content of the potting media is kept as close as possible to field capacity to obtain growth that is not limited by water stress. Pot experiments can be watered from the top, with sprinklers or by using trays under pots. It is common practise to use a hand hose to spray water on plants. Pots near the water source or close to an aisle are very likely to receive more water than those in a far corner- unless excess water is splashing off the sides of the glasshouse! This leads to increased variability, higher CV%’s and this means it will be harder to detect significant differences among treatments. Put simply it means we are wasting our time and our research money! 

In some pot experiments you will want to control the amount of water the plants are receiving either to keep them well watered or to limit the amount of water for drought work. The containers used for experiments where water is being controlled or water use measured should not have any drain holes or they will need to be lined with a plastic bag. 

The easiest way to measure the amount of water in pots is by weighing the pots. If you calculate the weight of the pot when it is at a specified water content the water used by the plant and any lost through evaporation can be replaced by adding water to the pot until it is again at the calculated weight. You can also measure plant water use and water use efficiency using this technique. 

Table 1 on page 9 provides you with a worked example of the calculations we are going to do, and a spreadsheet is available to help you on our website - look for ‘DFR Soil Moisture Calculations.xls’.

Since you will be watering on a weight basis, you need to know what the pot of soil will weigh when correctly watered to the desired water level eg field capacity or 90% of field capacity perhaps. In other words, you need a target weight to aim for.  To do this, some simple calculations are necessary. These are discussed in detail in the next pages, and summarised in Table 1 on page 9.

% Moisture at Field Capacity

First, we need to calculate the amount of water in the soil when it is at field capacity. An estimate of the field capacity moisture content can be obtained by the following method. A sample of the sieved soil is placed in a tall glass or clear plastic jar or cylinder (20 cm high and 8 cm wide is a good size, with no drainage holes). The soil should be added in 3-5 equal amounts and settled in the container by gently bumping it on the bench three times between the soil additions until the jar is filled to about 1 cm from the top with soil. Three samples should be done to replicate the process. The samples are slowly wet to approximately half of their depth from the top using a pipette or other method of slowly adding water. Care must be taken not to over water the samples, which can occur if the rate of water application is too great. The samples are covered to prevent evaporation with parafilm, plastic film or a lid. The containers are left for at least 24 hours after which the top 3-4 cm of soil is scooped out and discarded- this soil may not be fully wet. The wet soil is scooped, using a clean spoon, into a drying container such as an aluminium tray or tin. Don’t sample right next to the wetting front of the soil, as that may be too wet. The aim is to sample soil that is fully wet, but not over-wet. The sample is quickly weighed (water loss can be significant if left on the bench for a minute or two before weighing) and the sample dried to constant weight at 105 deg C (about 48 hours in most ovens) and reweighed. The field capacity moisture content is then calculated.

(Keep in mind the need to subtract the weight of any weighing tin/container from the soil, at all steps, in the calculation):-

Field capacity percentage moisture = 
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The mean of the three samples is used as the estimate of the field capacity moisture content. 

	A worked example is given on the our web site - look for the file called:

DFR Soil Moisture calculations.xls.

It is an Excel file and gives layout and calculations used in a field experiment.


The field capacity % moisture content is based on oven-dry soil, but the soil that will be used in the pots is air-dry and contains more water than the oven-dry soil.   

% Moisture in Air Dry soil

The amount of moisture in the air-dry soil has to be determined. To do this, three samples (approximately 50 g) of air-dry soil are accurately weighed and dried to constant weight at 105 deg C (normally about 48 hours) and the oven-dry weights recorded and the air-dry moisture content calculated as follows;

Air-dry percentage moisture in soil = 
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Again the means of the three samples are used as the estimate of the air-dry soil moisture content.

If you are not sure how to handle the tin weights, look at the spreadsheet on the CD-ROM, referred to above, and refer to Table 1 on page 9.

Oven dry soil in a pot

Now the weight of soil required to fill the pot if it was oven-dry is calculated:-

Weight of oven dry soil to fill pot = 
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For example, if 1600 g of air-dry soil was required to fill a pot and the air-dry soil had a moisture content of 12.4%. 

The equivalent weight of oven dry soil to fill a pot =
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Mls of water in each pot, when at Field Capacity

Next, we need to calculate the amount of water that would be present in each pot when watered to field capacity, 

The weight of soil and water at field capacity =
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The amount of water that would be present in each pot at field capacity is;

Weight of water per pot =
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Knowing how much water is present in the soil at field capacity can be used to get an estimate of how much water is available for the plant (water is generally not limiting to plant growth between field capacity and 60% of field capacity). 

Water to add to air dry soil to water a pot to field capacity

The amount of water that would have to be added to the air-dry soil to water a pot to field capacity is;

Weight of water to add per pot =
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Knowing how much water is required to water to field capacity is important for determining what volumes nutrient solutions etc can be added without saturating the soil 

Calculating the target weight, neglecting the weight of seed, the total weight of the pot after planting should be:
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As this is the weight we would be aiming for each time we watered the pots, it is sometimes called the after-planting target weight. 

Other water contents can be calculated by multiplying the amount of water in the soil at field capacity by the desired field capacity percentage. For example, the amount of water at 70% field capacity =
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During the first few weeks of an experiment the pots will only require watering 2 or 3 times a week. Towards the end of the experiment they may need to be watered at least every day and may be even two or more times a day as the plants grow and water use increases. An inert mulch such as plastic or styrofoam beads can be placed on the soil surface to reduce evaporation if required, but remember to add the weight to the ‘After planting target weight’.  

As the plants grow their weight will increase and the pots will be under watered if this is not taken into account. One way around this is to increase the After planting target weight by an amount that is related to the plant growth. Data obtained from any past pot trials can be used to obtain a relationship between plant height and fresh weight. By plotting plant height against weight the weight of a plant in the trial can be estimated by reading the corresponding weight for its current height. This may require some extrapolation but it will give a rough enough estimate. The target weights for watering should be adjusted by adding this weight on a treatment by treatment basis depending on plant growth and writing the new target weight on the pot.

You could set up a few pots in the experiment you are going to run, as extras, so that you can harvest these as the trial progresses to allow you to estimate total plant biomass (weight), to include in your watering calculations.

Table 1 Calculating after planting target weight for watering

1600 g Air-dry soil in each pot, 22% moisture at FC and 12.4% moisture in air-dry soil.

	Calculations
	Comments

	% Moisture at Field Capacity = [image: image14.wmf]100
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	Wet soil here is that soil totally saturated, as per our method of calculating Field Capacity.
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= 22% Moisture at Field Capacity (actually we use a mean of three values)
	Remember that the calculation we normally work with has to take into account the empty tin weight, i.e. the container we weighed the soil in. In this example the empty tin weighed 103.2 g.

	% Moisture in Air Dry soil =

=12.4%
	This is same calculation as that above, except this time our sample of wet soil is actually air-dry soil, which will be dried in an oven.

	Air dry soil in all pots = 1600 g
	From the method on page 5.

	Weight of oven dry soil, in each pot =
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=1424g of oven dry soil in the 1600 g of air dry soil
	The only reason for this calculation is to give us a fixed base point, (oven dry soil) for moisture calculations.

We don’t actually fill the pot- to within 3-4 cm of the top of the pot is fine.

	Weight of Soil and water at field capacity
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=1737 g
	If the pot was filled with 1600 g of air-dry soil (at 12.4% moisture), and you added water until it weighed 1737 g, then that pot is now at field capacity.

	Weight of water to add to each pot, of air dry soil =
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=1737-1600g

=137 g or 137 mls of water
	Adding 137 mls of water would bring soil to field capacity.

	If we wanted to water to 90% of field capacity, then each pot would receive  

137mls x (90/100) = 123mls and would weigh after watering, 123+1600=1723 g
	It is normal to add water to say 90% of field capacity, once plants are growing well.


Notes. 

1. All pots receive the same amount of air-dry soil, so you don’t need to have a separate column for that information- it needs to be recorded in the spreadsheet, and in your field diary/notebook. In this example 1600 g of air-dry soil was added to each pot.

2. Note we did a set of three estimates of the percentage moisture in the soil at Field Capacity and this mean value is used in our calculations.  For these calculations we are taking a value of 22% moisture at Field Capacity.

3. Likewise we took three samples of soil for percentage of moisture in air-dry soil. For our example the value was 12.4%.

Chemicals for Pot Experiments

As a general rule for nutrient studies use compounds which contain only one important plant nutrient. For example, applying KHSO4 to increase potassium concentrations in the pots can cause problems because the compound KHSO4 contains sulphur. KCl would be better in this regard as the chlorine is not a significant plant nutrient, whereas sulphur is and you would not be able to tell if the growth response to KHSO4 was due to the potassium or the sulphur. 

Application of soluble fertiliser

Where possible it is advisable to use soluble compounds, as they are much easier to apply evenly and accurately to your pots.  Where this is not possible, you will need to use insoluble fertilisers. Soluble fertilisers can be made up as a stock solution, which can then be accurately pipetted in small amounts onto each pot- refer to page 17. Some possible fertilizer chemicals are:

Table 2 Elements and compounds commonly used in Pot Experiments

Beware- the calculations below relate to pure compounds, what you buy may have impurities. Look on the bag for the manufacturers stated percentages.
	Required Element
	Chemical name for fertiliser
	Percentage of the required element in the fertiliser
	Soluble/ insoluble

	N
	Ammonium nitrate NH4NO3
	35.00 % N
	soluble

	N
	Urea CO(NH2)2
	46.65 % N
	soluble

	N 
	Ammonium chloride NH4Cl
	26.18 % N
	soluble

	N & Ca
	Calcium nitrate Ca(NO3)2

(if you want to avoid NH4)
	24.42 % Ca

17.07 % N
	soluble

	N & Ca
	Calcium ammonium nitrate

(The percentage N is not given, as this is not a true compound.  It is a mixture of calcium nitrate and ammonium nitrate.)
	

	P & Ca
	Calcium tetrahydrogen diphosphate

CaH4(PO4)2.H2O *

	15.9 % Ca

24.57 % P
	insoluble

	P
	Sodium dihydrogen orthophosphate *

NaH2PO4.2H2O
	19.16 % Na

25.81 % P

 anhydrous

14.74 % Ca

19.85 % P 

hydrated
	soluble

	K
	Potassium chloride KCl
	52.44 % K
	soluble

	K & S
	Potassium hydrogen sulphate KHSO4
	28.71 % K

23.55 % S
	soluble

	Ca
	Calcium chloride CaCl2 
	36.11 % Ca
	soluble

	Ca
	Calcium carbonate CaCO3 lime 
	40.04 % Ca
	insoluble

	Ca
	Calcium hydroxide Ca(OH)2 , slaked lime
	54.09 % Ca
	soluble

	Mg
	Magnesium chloride MgCl2.6H2O
	11.96 % Mg
	soluble

	S
	Sodium sulphate Na2SO4
	22.58 % S
	soluble

	S
	Sodium hydrogen sulphate NaHSO4
	19.15 % Na

26.71 % S
	soluble

	S & Ca
	Calcium sulphate CaSO4.2H2O*
	29.44 % Ca

23.55 % S

anhydrous

23.28 % Ca

18.62 % S 

hydrated
	insoluble

	Fe
	Iron chelate Fe-EDTA
	5 % Fe
	soluble

	Fe
	Iron chelate Fe-EDDHA
	6 % Fe
	

	B
	Boric acid H3BO3 
	17.48 % B
	soluble

	B
	Sodium tetraborate Na2B4O7.5H2O *
	15 % B

anhydrous

11.34 % B 

hydrated
	soluble

	Zn
	Zinc chloride ZnCl2 
	47.98 % Zn
	soluble

	Zn & S
	Zinc sulphate ZnSO4.H2O
	36.43 % Zn

17.87 % S
	soluble

	Mn
	Manganese chloride MnCl2.4H2O 
	27.76 % Mn
	soluble

	Mn
	Manganese sulphate MnSO4.4H2O 
	24.63 % Mn

14.38 % S
	soluble

	Cu
	Copper chloride CuCl2.2H2O 
	37.27 % Cu
	soluble

	Cu
	Copper sulphate CuSO4.5H2O 
	25.45 % Cu

12.84 % S
	soluble

	Mo
	Sodium molybdate Na2MoO4.2H2O *
	39.65 % Mo
	soluble

	Co
	Cobalt chloride CoCl2.6H2O 
	24.77 % Co
	soluble

	Ni
	Nickel chloride NiCl2.6H2O
	24.69 % Ni
	soluble

	
	
	
	


Particularly in humid, tropical conditions chemicals marked with an asterix will absorb unknown amounts of moisture.  This can affect the concentration of the elements that make up the compound, so although you may think you are applying 80 kg/ha of an element the rate you are actually applying is lower because the compound has absorbed water.  In these instances it is best to oven dry the compound at 1050C before weighing, and calculating the rate of fertilizer application assuming no water is attached to the molecule. 

For example, in the case of sodium di-hydrogen orthophosphate (NaH2PO4.2H2O) you would do the calculations for %P based on a chemical that is now NaH2PO4. 

Normally the compounds used for the addition of nutrients should be AR grade (analytical reagents) especially when examining micronutrient responses, fertiliser grade compounds often contain impurities of other nutrients. 

Application of insoluble fertilisers

Those fertilisers that cannot be dissolved in water (e.g. lime, CaCO3, calcium tetrahydrogen diphosphate, CaH4(PO4)2.H2O) must be weighed out separately for each pot.  Use a standard technique to incorporate the fertiliser into the pot.

Adjusting soil pH

For soils with low pH, buffer curves can be used to estimate the amount of liming material required to adjust the soil to a desired pH. Depending on the plant species being grown liming is normally only required if the pH is less than 5.2-5.5 units.

	pH Buffer Curve

1. Prepare a saturated Ca(OH)2 solution by boiling 1 L distilled water for 15 minutes to remove any CO2, while it is still warm add 2 g of Ca(OH)2 and mix well, place in a sealed bottle and allow to settle over night. This solution should be saturated and solid Ca(OH)2 should settle to the bottom. 

2. Weigh 20 g of air-dry soil into 12 clean screw top jars.

3. Add 2.5, 5, 10, 20 and 40 ml of Ca(OH)2 to two jars each. Take care not to disturb the settled solid Ca(OH)2 in the solution. The other two jars have no addition of Ca(OH)2
4. Add distilled water to each jar to bring the volume up to about 100 ml, screw on the lids and shake the jars to mix the soil and water, allow the jars to stand for 24 hours with occasional shaking before measuring the pH.     

5. Plot the pH against the volume of saturated Ca(OH)2 added and read off the graph the volume required to bring the soil to the desired pH (normally about pH 6.0)

6. Calculate the weight of liming materials to add per pot

Weight of Ca(OH)2 per pot = V x 0.038/2 x 74 x W/20  

Where 
V = volume of Ca(OH)2 solution required to obtain desired pH



0.038 is the molar concentration of OH- in saturated Ca(OH)2 



74 is the molecular weight of Ca(OH)2 



W is the weight (g) of air-dry soil per pot 

CaCO3 can also be calculated using the above equation but substituting the molecular weight of CaCO3 (which is 100) for that of Ca(OH)2   
Weight of CaCO3 per pot = V x 0.038/2 x 100 x W/20 


A similar curve could be constructed for strongly alkaline soils (pH > 7.0) by substituting aluminium salts such as AlCl3 or Al2(SO4)3 for the Ca(OH)2. This may be useful for research however; in practice acidification of alkaline soils is not an economically feasible option.   

Calculations for Pot Trials

**The overall calculation to convert kg of element/ha to g of fertilizer/pot (read as grams of fertilizer per pot):
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If this calculation doesn’t make sense, work through the example below following the steps A through E.

___________________________________________________________________

Converting kg element/ha to g fertilizer/pot

For a pot trial working with tissue-cultured taro 50 kg of phosphorous per hectare (50kg P/ha) are to be applied. CaH4(PO4)2.H2O will be the P source.  Pots have a diameter of 16.7 cm at the top and 12.5 cm and at the bottom.  

Question:
How much fertilizer (in grams) do we need to apply to each pot?

Step A:


Determining the percentage of element in the fertilizer

% element in fertilizer =

[image: image22.wmf]1

100

x

fertilizer

of

weight

molecular

total

element

of

weight

Atomic


So, using the example above:

Separate the compound into individual elements:

CaH4(PO4)2.H2O is split into:

Ca | H | P | O |

NB: remember that we ignore the water molecule attached to this compound because we oven dried the fertilizer at 105(C to remove excess water. If this step wasn’t taken, then the amount of water in the molecule needs to be added into the calculation.

Refer to page 38 for atomic weights of commonly used elements.

Table 3 Molecular weight of sodium di-hydrogen orthophosphate (NaH2PO4.2H2O).
	Element
	No. of atoms of each element in the fertiliser
	Atomic Weight
	Total

	Ca
	1
	40.08
	40.08

	H
	4
	1.01
	4.04

	P
	2
	30.97
	61.94

	O
	8
	16.00
	128.00

	Total Molecular weight
	
	234.06
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NB: you can test your understanding of steps 1-5 by calculating for yourself the % element contained in the fertilizers listed- (Refer Page 10)

Determining the kilograms of fertilizer required per hectare

kg fertilizer/ha =
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So we will need to apply 188.96 kg of fertilizer per hectare to get an application rate of 50 kg P/ha

While kg element/ha is a useful figure if we are fertilizing a whole field, it doesn’t mean much in relation to our small pots. So we need to convert this figure to grams per pot. The following steps (B-E) outline how to convert from kg element/ha to grams/pot.

NB: If you have already done “step A” you can shortcut steps B-E.  

	Now is a good time to think about what this actually means.  This is roughly the same as five 40 kg bags of chicken pellets being spread on a paddock that is 100 m long and 100 m wide (a rugby field is usually 100 m long). It should be clear that not much fertiliser gets spread on each metre squared.  

So, when we come to pots don’t be surprised if the amount per pot seems tiny. It should!  If it doesn’t, then you have probably made some mistakes in your calculations.


Step B:
Converting from kg fertilizer/ha to kg fertilizer/m2 (kilograms per square meter):

1 hectare is the same as 100 m2  or 100 m x 100 m, so: 
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                  = 0.0189 kg fertilizer/m2
Step C:
Converting from kg fertilizer/m2 to g fertilizer/m2:

There are 1000 grams in a kilogram, so:


0.0189 kg fertilizer/m2 x 1000 
= 18.90 g fertilizer/m2
Step D:
Converting from g fertilizer/m2 to g fertilizer/cm2:

1m2 is the same as 100 cm2 or 100 cm x 100 cm, so:
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= 0.00189 g fertilizer/cm2

Step E:
Converting from g/cm2 to g/pot1:

First we need to find the surface area of the pot. 

Because our pots have sloping sides we will calculate the surface area of 
both the top and the bottom of the pot and take the mean.

Area  = ( radius 2 and  (  = 3.1416

Radius = [image: image28.wmf]2
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In our example we are told that the pot diameter 16.7 cm at the top and 12.5 cm at the bottom, so:
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So the mean pot area =
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We then multiply the mean pot area by the g fertilizer/cm2 to get g fertilizer/pot1 (grams of fertilizer per pot):

170.88 cm2/pot x 0.00189 g fertilizer/cm2 
= 0.32 g fertilizer/pot


Summary:
So for this example g of fertiliser per pot = 
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= 0.32 g fertilizer/pot 

Please take note how little fertilizer is applied to each pot. If you end up with a large number at the end of your calculation, chances are you’ve probably gone wrong somewhere! Remember that once you know the kg of fertilizer/ha and the mean surface area of your pots you can use the table provided. Refer to Page 20.
Determining the number of pots for each nutrient addition

We are working on an experiment that is a factorial. 

The treatments are three rates of potassium (0, 40, and 80 kg K/ha) and two rates of nitrogen (0 kg N/ha  and 100 kg N/ha), each replicated four times. 

So the details to note are:

3 x K 

2 x N

4 replications

Question:

How many pots will receive the level one (0 kg K/ha), level two (40 kg K/ha) and level three (80 kg K/ha) of our potassium treatments?

Table 4 Standard order for a factorial design (2N x 3K x 4 reps)

	Treatment
	Nitrogen kg N/ha
	Potassium

kg K/ha
	Replicates and pot numbers below:-

	
	
	
	Rep1
	Rep 2
	Rep 3
	Rep 4

	1
	0
	0
	5
	8
	15
	23

	2
	100
	0
	3
	7
	13
	24

	3
	0
	40
	2
	12
	18
	20

	4
	100
	40
	1
	11
	17
	19

	5
	0
	80
	6
	9
	14
	21

	6
	100
	80
	4
	10
	16
	22


Use the random number table on page 38 to determine which treatment is allocated to which pots. (Pot numbers are allocated at random in the shaded cells) 

The table above shows that for each level of K there are 8 pots.

There are 3 x 2 x 4 = 24 pots total in the trial. We divide 24 by the 3 potassium treatments to get 8. This means that for each level of K we have 8 pots, so 8 pots will receive no K fertilizer, 8 will receive 40 kg K/ha and 8 will receive 80 kg K/ha.

Applying Soluble Fertilizer in Solution:

As mentioned above, soluble fertilizers can be made up as stock solutions, which can then be pipetted onto each pot. Because the amounts of fertilizer applied per pot are very small you can see why it is easier to apply fertilizer in solution rather than in powdered or granular form.

The worked example below uses the data from to demonstrate how to convert g dry KCl/pot to ml KCl solution/pot.

Converting g dry fertilizer/pot to ml fertilizer solution/pot.

Pots used have a mean area of 170.88 cm2/pot. 
If we want to apply 80 kg K/ha this is the same as =
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= 15.255 g KCl/m2 and as g/cm2
15.255 g KCl/m2  = [image: image34.wmf]cm
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= 0.00153 g KCl/cm2 and as g KCl per pot where pots are 170.88 cm2
0.00153 X 170.88 = 0.261 g KCl/pot for the 80 kg K/ha treatments.

To find out how much KCl we will need per pot for the 40 kg/ha treatment pots we simply halve this figure:   = 0.131 g KCl/pot for the 40 kg K/ha treatments.

Lets say we want to pipette out 5 ml of a standard solution to the 40 kg K/ha pots and therefore 10 ml of the same standard solution for the 80 kg K/ha pots (so although the solution is the same concentration for both, the 80 kg K/ha pots receive twice as much solution and therefore twice as much K).

Question:
If we make up a solution that has 0.131 g KCl for every 5 ml of water, what size volumetric flask should we use to fertilize all the 40 kg K/ha and all the 80 kg K/ha pots?

(Remember that there are 8 pots for each treatment)

8 pots at 40 kg K/ha each receiving 5 ml of solution

= 40 ml solution

8 pots at 80 kg K/ha each receiving 10 ml of solution
= 80 ml solution
So the total solution you need to make up will be:
    120 ml solution

Because we don’t have a 120 ml volumetric flask we should make up 200 or 250 ml of solution and simply throw out the unused solution. 

Question:
How much dry KCl will we need to make up 200 ml of KCl solution?

Because we want 0.131 g KCl for every 5 ml of water we will need:
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= 5.22 g KCl to dissolve in 200ml of water.

So dissolve 5.22 g KCL.

Always make careful and orderly notes about what you did and when. When you get to write-up stage you will be very pleased you did!

Trial Protocol for Pots and Fertilisers

The table below will go a long way towards ensuring you get all the important information. Refer also to Doing Field Research General for further details on Trial Protocols.

Table 1 Recording treatment applications to pot experiments
	Date
	kg/ha of element
	g/pot used of compound
	Solution strength

(for soluble compounds)

	ml solution per pot
	How mixed into soil?
	Pots

applied

to


	16/01/11
	40 kg/ha
	0.1305 KCl
	0.1305 / 5 ml
	5 ml
	on top
	2,12,18,20,

1,11,17,19

	16/01/11
	80 kg/ha
	0.261 KCl
	0.261 /10ml
	10 ml
	on top
	6,9,14,21

4,10,16,22


	Date
	kg/ha of element 
	g/pot used of compound
	Solution strength 

(for soluble compounds) 
	ml solution per pot
	How mixed into soil?
	Pots 

applied 

to

	16/01/11
	5 t/ha
	0.216 CaCO3
	insoluble
	-
	mixed in
	All


NB: Basal application: Applied to all pots at the same rate, eg: lime applied to raise the pH of all the pots.

Treatment application: Applied to different groups of pots at different rates. The trial design for this particular experiment was stated on page 17.

Table 5 Recording basal applications to pot experiments during set up

	Date
	Item
	Rate
	Rate/pot

	16/01/--
	Air dry soil
	
	1800 g/pot

	16/01/--
	Lime (CaCO3)
	10 t/ha
	0.43 g/pot

	16/01/--
	Phosphorus (KCl)
	40 and 80 kg KCl/ha
	0.13 and 0.261 g/pot

	16/01/--
	Water
	
	300 ml/pot


Make sure you always label pots (with permanent markers), so that you can identify which pots have received which treatments (once the chemical has gone on you are not going to be able to tell which pot is which!).

NB: Other applications to consider may include Rhizobium for legumes, fungicide, and insecticides, soil sterilization etc.

Taking note of this kind of information as it happens makes it a lot easier to write up your experiment later!

Table 6 Checking table to calculate the weight of fertilizer in g/pot when both kg/ha of fertiliser and pot surface area are known.

	
	kg/ha of fertiliser (eg kg/ha of Urea, not kg/ha of Nitrogen)

	
	100
	200
	300
	400
	500
	600
	700
	800
	900

	Surface Area of Pot cm2
	1
	0.001
	0.002
	0.003
	0.004
	0.005
	0.006
	0.007
	0.008
	0.009

	
	5
	0.005
	0.01
	0.015
	0.02
	0.025
	0.030
	0.035
	0.04
	0.045

	
	10
	0.01
	0.02
	0.03
	0.04
	0.05
	0.06
	0.07
	0.08
	0.09

	
	20
	0.02
	0.04
	0.06
	0.08
	0.10
	0.12
	0.14
	0.16
	0.18

	
	30
	0.03
	0.06
	0.09
	0.12
	0.15
	0.18
	0.21
	0.24
	0.27

	
	40
	0.04
	0.08
	0.12
	0.16
	0.20
	0.24
	0.28
	0.32
	0.36

	
	50
	0.05
	0.10
	0.15
	0.20
	0.25
	0.30
	0.35
	0.40
	0.45

	
	60
	0.06
	0.12
	0.18
	0.24
	0.30
	0.36
	0.42
	0.48
	0.54

	
	70
	0.07
	0.14
	0.21
	0.28
	0.35
	0.42
	0.49
	0.56
	0.63

	
	80
	0.08
	0.16
	0.24
	0.32
	0.40
	0.48
	0.56
	0.64
	0.72

	
	90
	0.09
	0.18
	0.27
	0.36
	0.45
	0.54
	0.63
	0.72
	0.81

	
	100
	0.10
	0.20
	0.30
	0.40
	0.50
	0.60
	0.70
	0.80
	0.90

	
	200
	0.20
	0.40
	0.60
	0.80
	1.00
	1.20
	1.40
	1.60
	1.80

	
	300
	0.30
	0.60
	0.90
	1.20
	1.50
	1.80
	2.10
	2.40
	2.70

	
	400
	0.40
	0.80
	1.20
	1.60
	2.00
	2.40
	2.80
	3.20
	3.60

	
	500
	0.50
	1.00
	1.50
	2.00
	2.50
	3.00
	3.50
	4.00
	4.50

	
	600
	0.60
	1.20
	1.80
	2.40
	3.00
	3.60
	4.20
	4.80
	5.40

	
	700
	0.70
	1.40
	2.10
	2.80
	3.50
	4.20
	4.90
	5.60
	6.30

	
	800
	0.80
	1.60
	2.40
	3.20
	4.00
	4.80
	5.60
	6.40
	7.20

	
	900
	0.90
	1.80
	2.70
	3.60
	4.50
	5.40
	6.30
	7.20
	8.10


Steps B-E on page 15 describe the process of converting kg fertilizer/ha to g fertilizer/pot. This table provides a quick and easy way to do the same thing. Please note however, this table can only be used if you already now how much fertilizer needs to be applied. If you only know how much element (eg: Phosphorous, Nitrogen, etc) needs to be applied, then you will need to go through step A as well.
Example:

You want to apply 400 kg/ha of fertiliser to 120 cm2 pots. How many grams per pot should you apply? 

(Values used in this calculation are shaded on the table)

0.08 + 0.40 = 0.48 g per pot of fertiliser.


Another example:

A scientist wants to apply 340 kg/ha of Urea to pots that are 420 cm2. How many g/pot should she apply?  Calculate from the table above. (HINT: you will need to break down the kg fertilizer/ha and pot sizes into smaller units so that you can use the table).

(Values used in this calculation are bolded)

300 kg/ha  for a 400 cm2 pot gives: 1.20 g/pot

400 kg/ha  for a 400 cm2 pot gives 1.6/10**:0.16 g/pot
300 kg/ha  for the remaining 20cm2 of the pot gives: 0.06 g/pot
400 kg/ha  for the remaining 20cm2 of the pot gives 0.08/10**:0.008 g/pot

= a total of 1.428 g/pot
(** Because the table has no figure for 40 kg/ha we improvise and take the figure for 400 kg/ha and divide it by 10 to get 40 kg/ha.)

So the answer is: She should apply 1.43 g urea/pot.

As urea is a soluble fertiliser, refer to the text for assistance with applying soluble fertilizers.

Germinating and planting the seed.

Extra effort at this stage can yield rich rewards in improved experimental precision.

	Seed samples including those from commercial suppliers commonly contain a considerable range of seed sizes, resulting in substantial variation in the growth rate of individual seedlings. 

Hence variability can be reduced by restricting the range of seed sizes actually used in the experiment.

	


Stratifying our batch of seed

With seeds that are smooth and approximately spherical in shape, stratification of a seed lot is easily achieved by passing the sample down through a series of laboratory sieves (coarsest on the top, finest on the bottom).  For your experiment, use only seed of the same class size.

Seeds that are not easily sorted by sieving can be sorted on an individual weight basis.  Although this may seem to be a big task, if you have access to a laboratory balance, a great many seeds can be sorted in 2 or 3 hours.  We suggest starting by weighing 100 individual seeds taken at random from the seed lot, and determining the frequency distribution of seed weight.  You will then be in a position to strike a balance between conserving your seed supply and reducing variation in seed weight.  Often, the mean seed weight ± 10 % is a satisfactory compromise.

If vegetative planting materials such as cuttings, plantlets, mini tubers or tissue culture plantlets are being used they should also be sorted by size and vigour. 

Surface-sterilising and imbibing the seeds

Seeds often carry, on their surface, spores of fungi that can over-run the germination trays and may inhibit early growth processes.  If the seed you plan to use has been treated with a fungicidal dust, no further protection should be required.  If it has not, and you are working with a species that is prone to fungal attack surface sterilisation with 0.5% w/v NaOCl for 5 minutes will usually solve the problem.  Seeds should be washed in several changes of distilled or deionised water after the sterilisation procedure. Not all species require seed surface sterilising. 

	Fresh household bleach contains up to 50 g/L (50% w/v (weight per volume)) sodium hypochlorite (NaOCl). This amount can decrease to about half of this by the manufacturers use by date. Check the concentration of NaOCl in % w/v of the bleach you are using and divide this amount by 0.5 to get the dilution needed for the bleach.

For example if the concentration of bleach is 50 g/L NaOCl you will need to make a 1 in 100 dilution by mixing 1 ml of bleach in 100 ml of water or a multiple of these amounts.


Germination of many species is hastened and made more uniform by imbibing the seeds in a well-aerated dilute solution of a calcium salt.  CaSO42H2O at 200 (M is often used.

	200 uM CaSO42H2O is a 200 micro molar solution of CaSO42H2O;

which is 200 x 10-6 moles of CaSO42H2O per litre of water

or 200 divided by 106 of CaSO42H2O per litre of water or 0.0002 moles of CaSO42H2O per litre of water.

To calculate this we need to know the molecular weight of CaSO42H2O, which

is 172.2.

We now multiply the number of moles needed per litre by the molecular weight of CaSO42H2O to determine the amount of CaSO42H2O required per litre.

= 172.2 x 0.0002 = 0.034 g of CaSO42H2O per litre to produce a 200uM solution.


However, since the oxygen requirement of germinating seeds is high, and the seeds may be damaged if starved of oxygen, this step should be carried out only if the solution can be aerated continuously.  An aquarium bubbler can be used for this purpose.  The optimum time required to imbibe seeds appears to vary substantially with species, but large seeded legumes (e.g. soybean) should not be imbibed for more than about 2 hours.  By contrast, maize can be allowed to imbibe overnight.  If the imbibing solution becomes discoloured, it should be drained off and replaced with fresh solution. Some legumes and others species with a hard testa which have a slow and uneven germination rate can be treated by using boiling water. Wrap the seeds in a cloth or other gauze material and dip this into boiling water for 3-5 seconds, remove the wrapped seeds and cool and place them in germinating containers as described below. Seeds can be scarified by rubbing on sandpaper, a file, concrete, grinding wheel or other abrasive surface - the choice of what you use will depend on what is available and the thickness of the seed coat. Care must be taken not to overdo it and damage the seed and embryo within the seed coat.

Researchers will have to put time and effort into learning about the species they are working with. This will take some simple experimentation. Remember to ask other researchers- they may have just the information you need, regarding how to get good germination in the species you are working with.

After imbibing, plant the seeds in moist soil or spread them out in shallow trays lined with blotting paper or paper towels moistened with a dilute calcium salt (CaSO42H2O at 200 (M), and covered with a loose-fitting lid to allow some gas exchange but restrict the rate of water loss.  With large seeds, e.g. maize or soybean, which tend to have a relatively small area of contact with the moistened paper relative to their volume, placing a second sheet of moistened blotting paper over the top of the seeds will be advantageous.  The trays should be kept out of sun and wind and checked daily, moistening the papers if necessary.  When most of the seeds are at radicle emergence is a good time to plant.

Always imbibe plenty of seeds. This means you can select seeds for planting that are all at the same stage of germination.

Planting

Place more than the required number of seeds or germinating seeds at roughly equal spacing on the moist surface of the soil and cover with air-dry soil that is previously weighed and set aside for the purpose.  With legumes, it may be necessary to pipette 1 ml of a suspension of the appropriate strain of Rhizobium or Bradyrizobium over each seed before covering with soil.  Under hot sunny conditions, it is advantageous to cover the pots with clean newspaper for a day or two until the first seedlings emerge.

Always plant more seeds per pot than you intend to keep, so that you can conduct a thinning harvest a few days after seedling emergence, thus further improving uniformity in the experiment.  For example, if your pots are of such a size that you plan to grow 3 maize plants in them, plant 6 germinated seeds and remove 3 after emergence.  In deciding which seedlings to remove, pay particular attention to any that are damaged or are smaller or larger than the average seedling.

It is not normally wise to grow just one plant per pot. Researchers tend to grow 3 or 4 plants in most of their pots- where a plant like maize is being grown.

With most soils, it will not be necessary to water until after seedling emergence, there will be sufficient capillary rise of moisture around the imbibed and sprouted seeds to ensure excellent establishment. Withholding additional water at planting will be particularly helpful for seedling emergence in soils that tend to disperse on wetting then form a crust.

Once the seedlings have emerged, the pots can be watered normally. For experiments where water is being monitored weigh the pots, and add additional water as necessary, to bring them up to field capacity if watering to weight i.e. to bring them up to the after-planting target weight as discussed on page 8
Laying out Pots in the Glasshouse

Glasshouse hygiene throughout your experiment is vital to achieving a good final result. 

Pests such as white fly may seem insignificant at first but if they’re not dealt with before you start your experiment they can ruin many hours of work.  It may be best to clean out the glasshouse, sweeping and scrubbing before spraying with insecticide to kill insects.

Talk with others using the glasshouse and make sure that the special requirements you may have are compatible with their experiments – current or planned.

“Look up, down and all around"- doors, shade, drafts, open vents, fans, large trees, and even other experiments can all affect the growth of your crop.  

Like all trials the treatments should be randomised within the glasshouse. The design of how you position the treatments in the glasshouse can vary, if the conditions within the glasshouse is uniform throughout a completely randomised design can be used.   If there is a likely gradient of light or temperature in the glasshouse use a randomised complete block design and lay out the blocks so that pots within a block receive conditions that are as uniform as possible.  Pots on the outside of a table are likely to grow differently to those toward the centre of a table or group of pots. Keep all plots in a replicate as uniform as possible. It is common practice to re-randomise the positions of the pots regularly (once or twice a week) during the experiment to try and minimise the above effects influencing the trial results. 
Plate 2 Pot layout in a randomised complete block Maize experiment- 2 levels of N and 4 balsa treatments.

	[image: image37.jpg]MAIZE 20_ _ N+/- x4 Balsa Treatments

Replicates
12345

M4 experiment

2
=
@
&
=
=]
H
@
@
Z.
=
&

- < D All these pots

belong to Rep 5
Likely gradient is left to right so

replicates are set up in blocks

Main Extraction Fan

Outside Door







Maintaining the Experiment

Watering

The experiment should be checked daily to make sure that the plants have adequate water. When the seedlings are small, it should not be necessary to water every day, but it is a wise precaution to test-weigh two or three pots just to be sure.  Later, when the plants are well grown, it will be necessary to bring the pots up to the correct weight each day, and towards harvest time, twice daily watering may be needed.  Application of a mulch of the polyethylene or polypropylene beads used in the manufacture of plastic buckets, and other moulded products, will reduce evaporation from the soil surface and hence reduce one source of water loss.  The beads should be weighed (typically about 100 g per pot) and the weight of beads taken into account when calculating the target weight for watering.

When the plants become large, their weight becomes a source of error in our water management, causing us to under-water (a healthy 3-weeks-old maize plant can have a fresh weight in excess of 30 g). This error can be overcome by correspondingly increasing the target weights for those treatments in which the plants have become large. This is particularly important when working in small pots and with soils that have a narrow available water range. Refer to page 6 for more detail on watering issues.

Radiation shields

In hot climates, potted soils can become much hotter than their counterparts in the field because of absorption of solar radiation through the sides of the pot.  This may lead to damaging root temperatures.  This problem can be partly solved by wrapping the pots inside radiation shields made of the aluminium foil, which acts as a heat barrier and reflects a lot of the sun’s heat.  Watering the glasshouse floor during the hottest part of the day also helps by reducing the amount of heat radiated from the floor.

Observations

During the daily observation of the pots, careful note should be taken of any deficiency or toxicity symptoms that may appear, and we should be on the lookout for infestations of damaging insects, or diseases which should be dealt with promptly. All information gathered should be noted in the trial notebook. 

Harvesting 

When the plants are harvested will depend on the nature of the experiment and could range from 2 weeks to 12 months or more. Record fresh and dry weights at harvest and any other data required.  Tops are normally cut off 1 cm above the soil surface. Roots can be separated from the soil by gently washing with water after being removed from the pot. Blot the roots dry with absorbent paper towel before obtaining fresh weights.

For further information on weighing and recording data refer to Doing Field Research – General.

Nutrient Omission Pot Trials

The information in this chapter is based on the work of C. Asher, N Grundon and N Menzies and others from Queensland University. More details on how to conduct omission trials can be found in their book – C. Asher, N Grundon and N Menzies (2002) “How to Unravel and Solve Soil Fertility Problems” ACIAR Monograph No. 83, ACIAR Canberra. 

Some theory

Basic concepts

To help you understand why and how nutrient omission pot trials are conducted the following gives some basic theory behind omission pot trials. 

Nutrient omission pot trials are conducted as they are a quick and cheep way of getting an 

1. indication of what nutrients are limiting in a soil and 

2. estimate of the amount of nutrients that will be needed to obtain optimum plant growth for subsequent field trials.

Nutrient omission (or missing element) pot trials are performed to identify what nutrients are potentially limiting to plant growth in a soil. When you start working with soil you probably will not know much about its nutritional status. Soil analysis will give an indication of the nutrient status of the soil. However, soil tests are based on chemical extraction methods and do not necessarily tell us how the plant will respond in the soil. Nutrient omission pot trials are a relatively simple, effective, cheep and quick method of determining what nutrients are potentially limiting to plants in a soil.  They are particularly useful where physical and financial resources are limited. Nutrient omission pot can be taken one step further to give an estimate of the optimum amounts of the limiting nutrients need to be added in the field to obtain optimum plant growth. The results of pot trials need to be verified through field trials. 

Plant growth is based on the “law of minimum” which means if several plant nutrient elements are present in amounts that will limit plant growth the amount of plant growth will be determined solely by the supply of the element present in the smallest amount relative to the plant requirement, increasing the supply of the other nutrient elements will have no effect on plant yield. This may be better understood using the analogy of water in a wooden barrel made with planks of unequal length.  In this analogy, the height of individual barrel planks represents the level of supply (relative to plant needs) of different factors, which are capable of influencing yield, whilst the level of water in the barrel represents the actual yield.

	If several nutrient elements are present in the soil in amounts that would be insufficient for maximum plant yield, the yield will be determined solely by the supply of the element present in smallest amount relative to the plant requirement, variation in the supply of other elements will have no effect on plant yield.


Figure 1 The "water barrel" analogy of relationships between crop yield and the supply of individual nutrients.
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The water barrel example shows that as long as nitrogen supply is limiting plant yield, there will be no benefit in supplying increased amounts of any other element (Refer A above).  However, once nitrogen has been supplied, another element or factor, in this example phosphorus, would then be the limiting element (Refer B above B).  Similarly, when phosphorus has been added, a further limitation to growth is likely to be imposed by the supply of a third element, in this example, the micronutrient zinc (Refer C above).  It is clear from this illustration that, although the soil is rather low in the three elements phosphorus, nitrogen, and zinc, there will be no value in adding phosphorus or zinc fertiliser until the nitrogen deficiency has been corrected.  Similarly there will be no benefit in adding zinc fertiliser until both nitrogen and phosphorus have been added to the system. All three elements have to be added before optimum plant growth can to be achieved. Note in Fig 1C phosphorus was over supplied and the excess will not result in any additional growth.

The law of the minimum has important implications for the design of experiments intended to identify the nutrient elements likely to limit plant yields in soil.  If we were to test the effect of adding each element singly to a soil, we would only detect a deficiency of the element that is limiting growth, which is the one present in least supply relative to plant needs.  This experimental design would not give us any information about other elements also present in amounts insufficient for maximum yield.  We need to study the effects of applying nutrient elements in various combinations if we are to discover all of the elements that are potentially limiting for plant growth in a particular soil.

There are two basic experimental designs that can be used - factorial designs, and omission or "missing element" designs.  Either design is capable of yielding the desired information.  However, the omission designs are simpler in concept, and probably work better than factorial designs on soils with severe, multiple nutrient limitations.

In nutrient omission trials, we take the yield of plants growing in a soil to which all essential elements have been added as the “all control”.  The other treatments are the same as the “all nutrient control” with one nutrient left out in turn. The yield of the treatments where a nutrient has been omitted is compared with that of the all control. If there is no difference between the all control and the omitted nutrient treatment, the omitted nutrient is not likely to be limiting to plant growth. If the growth is greater in the “all control” the omitted nutrient is limiting or potentially limiting to plant growth in the soil. If the yield of a treatment with a nutrient omitted is greater than the “all control” it is possible that the particular nutrient is at a level that is toxic to plant growth (at least with the addition of that nutrient in the all control) in the soil and further investigation will be required.   

Deciding on treatments 

When adding the nutrients we want to only add one nutrient at a time. To do this we mostly use chloride salts or sodium salts of the nutrients for omission trials.  Because you add chlorine and sodium you cannot test for chlorine 
deficiency. However, except in coconuts, chlorine deficiency is rarely encountered as a field problem.  Similarly, while the essentiality of sodium has been demonstrated for species with the C4 photosynthetic pathway, and CAM
 plants under certain conditions, deficiencies do not occur in the field.  The ability of some plants to partially substitute sodium for potassium may result in mild potassium deficiency being missed in omission trials.

With legumes and other species that usually rely on symbiotic nitrogen fixation, you do not include nitrogen in the "all" treatment; however, you should include cobalt, as cobalt is essential for biological nitrogen fixation.  Cobalt is not thought to be required for the growth of plants supplied with mineral nitrogen.  Nickel has been shown to be essential for barley, and it is likely that further research will extend essentiality to a wider range of species.  Hence, we recommend that you include nickel in the "all" treatment.

The application rate of nutrients to soil required to produce optimum plant growth depends to some degree on the plant type (species and cultivars) but mainly on how the added nutrients react with the soil. Some soils are strongly P-fixing (convert P into forms unavailable for plant uptake) especially soils that have high levels of iron and aluminium oxides. Some soils also have the ability to "fix" potassium in relatively unavailable forms. Because of this the amount of P or K needed to be added to obtain unrestricted plant growth can vary widely from soil to soil.

Knowledge of the chemical properties of the soils we are studying, particularly their phosphorus-fixing capacity, can be very useful in choosing nutrient levels for the "all" treatment.

Optimising the "all" treatment 

To ensure that the omission trial is successful it is worth taking some time and effort to optimise the "all" treatment for each soil you test. The “all” treatment should supply an adequate but not excessive supply of each of the elements essential for plant growth.  If the optimisation is not good, the trial may still give useful results, but some information may be lost.  For example if you supply a P deficient soil with only enough P to allow the test plants to grow to only 70% of their potential maximum, you would not be able to detect a deficiency of any other nutrient that would result in a yield reduction of less than 30%. If the soil also had a deficiency of potassium that reduced the yield by only 25% this deficiency would not be detected unless the “all” treatment was further optimised and a higher rate of P used.   

The “all” treatment should be optimised by 

1. Using soil chemical data (if any), our own experience, or the published experience of others working with similar soils to get a "best guess" for each element, and

2. Conducting a preliminary experiment in which the "best guess" mixture of nutrients is supplied at a range of levels of addition and the effects on the yield of the test plant measured.  
A suitable range of levels of the all treatment is 0 or no addition of nutrients, 0.5, 1, 2, 3 and 4 times the “best guess all” level. The "all" level to use in the full omission trial would be the lowest level of addition of all nutrients that gave maximum yield.  If the next-lowest treatment was very close to the maximum yield you could choose a level intermediate between these two treatments.
Examples of "all" treatments used
As a starting point, it is useful to know the rates of nutrient addition that have been used successfully by other researchers on a diverse range of soils.  Normal nutrient application rates for common soil types and some ranges that been used in different soils are given in the table below.
Table 7 Normal rates and ranges of nutrient addition used in the "All" treatment in pot experiments (kg element per ha).

	Element
	Normal rate of application of element (kg/ha)
	Range of application rates that has been used (kg/ha)
	Element
	Normal rate of application of element (kg/ha)
	Range of application rates that has been used kg/ha)

	N
	100
	100 – 200
	B
	2
	1- 6

	P
	30
	30 – 600
	Mn
	5
	5 – 18

	K
	80
	80 – 450
	Zn
	4
	4 – 12

	Ca
	35
	35 – 160
	Cu
	3
	3 – 9

	Mg
	30
	30 – 90
	Mo
	0.4
	0.15 –1.2

	S
	25
	25 – 400
	Ni
	0.1
	0.1 – 0.3

	Fe
	5
	5 – 15
	Co
	0.1
	


Note that the phosphorus rates used vary from the equivalent of 30 kg/ha for the sandy soil, which had very little capacity for phosphorus-fixing to 600 kg/ha for the strongly phosphorus-fixing volcanic ash soil.  The rates of application of other elements generally vary a lot less than those for phosphorus. For boron and the other micronutrients, the rates required will usually increase as from sandy to clay soils.

Doing the omission trial

What do you need?

Before you can set up an omission pot trial there are some basic things you need. They include:

1. At least 60 plastic flower pots that hold 1-2 kg of air-dry soil or 2-3 L plastic buckets. If these are not available other containers such as ice-cream containers or metal cans may be used.  

2. Polythene bag liners for pots and containers with drain hols or metal cans to prevent water loss and contamination respectively. 

3. Radiation shields for pots – enough aluminium foil or waterproof builders paper to cover the outside of all pots. 

4. Glasshouse or similar structure to provide protection from rain and wind. The structure must be transparent and should not absorb much sunlight. Polycarbonate has the best light transmission characteristics. Many glasshouses in the tropics have roofs that have deteriorated due do UV breakdown and algae and microorganism growth and become opaque and do not allow enough sunlight to be transmitted to conduct good omission trials. When plants are grown in low light intensities the light will become a more limiting factor to growth rather than a nutrient deficiency and nutrient deficiencies may not be detected. If a suitable glasshouse is not available a simple frame covered with clear plastic film will be adequate but will not last very long. 

5. Omission trials require large volumes of good quality purified water to make up the nutrient solutions and to water the pots during the experiment. Only deionised reverse-osmosis or distilled water should be used. Water can be stored polyethylene, polypropylene or fibreglass containers.

6. Analytical grade salts of all nutrients see for a list of salts required.

7. Weighing equipment – a balance capable of weighing to at least 0.01 g or preferably 0.001 g for preparing nutrient solutions and determining soil water field capacity and a balance for weighing soil into the pots and weighing the pots during routine watering in the glasshouse with an accuracy of 1-2g.

8. Glassware including measuring cylinders beakers etc for making up nutrient solutions, and 5 or 10 ml pipettes or syringes for adding nutrient solutions to soil.   

9. Drying oven for drying soil samples at 1050C and plant samples at 75-800C. Forced drought ovens are preferred and the oven must have enough volume to hold all the plant material from the trial, a minimum volume of about 0.75 m3 is probably needed.

Getting started

Soil 

Collect enough soil to enable you to adequately complete all the experiments you will need this includes the trials to optimise the “all” treatments, the omission and any required rate trials. Assuming you may need to do three rate trials you would normally need enough soil to fill about 144 pots (12 to optimise the all treatment, 60 for the omission trial and 24 for each of the 3 rate trial). To determine how much soil to collect in the field weigh the amount of soil required to fill a pot and multiply this by 144 and then double this value to allow for stones etc when sieving the soil and losses in weight when air-drying. See page 5 for more information on collecting soil for pot experiments.

Preparing nutrient stock solutions
Because of the small amounts of nutrients needed to be added to pots it is easier and more accurate to add the nutrient chemicals the soil in solution form, except from lime, which, if needed, is added as a dry powder.  A stock solution has to be made for each element to be added. In most omission experiments, this will mean adding 13 solutions to the soil for the "all nutrients" pots and 12 solutions to each of the other treatments pots. To avoid over wetting the soil the nutrients have to be added in small volumes, 5 ml/nutrient is usually a good volume to use.  However, if the addition of 60 or 65 ml (5 x 12 or 13) would make the soil too wet, (refer to how much water is required to water the pot to field capacity) the volume of each solution applied can be decreased and the concentrations increased correspondingly.  If there is a problem of excessive wetness of the soil it is most likely because the soil was not properly air-dried.

The method of calculating the weights of each salt needed to make up the stock solutions is given on page 14.

Table 8 shows the composition of a typical set of stock solutions, and results of some of the underlying calculations.

Table 8 Examples of nutrient application rates and the concentration of stock solutions required for a nutrient omission trial using pots with an exposed soil area of 133 cm2 (13.0 cm diameter), and an application volume to the soil of 5 ml for each stock solution. 
	Element
	Normal (suggested) nutrient application rate 

(kg/ha)
	Compound
	Rate of application of compound
	Concentration of compound in

stock solution 

(g/L)

	
	
	
	(kg/ha)
	(mg/pot)
	

	
	
	
	
	
	

	N
	100
	NH4NO3
	286
	380
	76.1

	P
	30
	NaH2PO4.2H2O
	173
	229
	49.8

	K
	80
	KCl
	161
	214
	42.8

	Ca
	35
	CaCl2
	98
	131
	26.1

	Mg
	30
	MgCl2.6H2O
	250
	332
	66.4

	S
	25
	Na2SO4
	111
	147
	29.5

	Fe
	5
	FeNaEDTA

	32.9
	43.7
	8.76

	B
	2
	H3BO3
	11.4
	15.0
	3.02

	Mn
	5
	MnCl2.4H2O
	16.35
	21.8
	4.35

	Zn
	4
	ZnCl2
	8.34
	11.0
	2.20

	Cu
	3
	CuCl2.2H2O
	8.04
	10.7
	2.13

	Mo
	0.4
	[NH4]6Mo7O24.4H2O
	5.15
	6.84
	1.37

	Ni
	0.1
	NiCl2.6H2O
	0.405
	0.50
	0.11

	Co
	0.1
	CoCl2.6H2O
	0.404
	0.50
	0.11


Choosing the test plant 

Choice of test plant is a matter of individual preference.  You may wish to use one of the species that are important in the agricultural system with which you are working.  However, sometimes this will not be convenient because of the size, growth rate, or some other characteristic of such species.  Hence we often find it convenient to use another plant species as our test plant.

The ideal test plant will be fast growing, have relatively small reserves of mineral nutrients in the planting material, seed or cuttings. As a general rule the smaller the seed or cutting the smaller the nutrient reserves. Coconuts for example are not suitable as they contain large reserves of nutrients and can grow for 1-1.5 or more years on their seed reserves. Species that exhibit little plant-to-plant variation when grown under uniform conditions are also preferred.  It is helpful also, if the species is tolerant or immune to seedling diseases such as damping-off, and has seeds that are easy to obtain and easy to germinate.  The legume, phasey bean (Macroptilium lathyroides), and maize (Zea mays) are good test plants, however different species and even cultivars may respond differently to soil nutrient levels.

Setting up a preliminary trial 

Weighing the soil into the pots

If plastic pot liners are being used, it is advisable to line the pots with them about two days before weighing out the soil, and leave the lined pots exposed to the sun so that any toxic volatile substances they contain will be released into the atmosphere.  

For the preliminary trial, we recommend using 12 pots of each soil.  This will allow testing the proposed "all" treatment at the originally intended level ("all" x 1), and at 5 other levels (x 0, x 0.5, x 2, x 3, and x 4). Two replications are suggested as the preliminary trial is designed to give an indication of what range of  “all treatments” to use and there is no need to statistically analyse the data. If the pH of the soil being examined is low (< 5.2-5.5) liming may be required and should be included in the preliminary trial as an “all + lime” treatment. The rate of lime to use can be calculated using the procedure given on page 13. 

Fill each pot with the required amount of soil (see page 5). In some cases it is easier to plant the seeds and germination may be more uniform if some of the soil is left out of the pot and the seed are placed on the surface and then covered with the remaining soil. If this technique is to be used reduce the amount of soil to be added to each pot by about 150-200 g. The exact amount will depend on the desired seed planting depth and the size of the pot and can be determined by removing soil to the desired depth from a filled pot and weighing the soil.

Calculating before planting and after planting target weights for pots 

As indicated in the section on  Watering  you will want to keep the soil as close as possible to field capacity. Refer to the information starting on page 6. 

Harvesting

Prior to harvesting measure the plant heights for each pot, which will be used to obtain a relationship between plant height and weight for adjusting the watering target weights for the omission experiment.

 Plants are harvested using normal harvesting procedures as described on page 25 and in Doing Field Research- General.


Results of the preliminary trial and their interpretation

Compare the yield means of the different “all” levels to determine the one that gave the highest yield. 

If the plants grow vigorously in the highest-yielding treatment, and are free of any visible symptoms of nutrient deficiency or toxicity, we would be justified in accepting that treatment as the new "all" treatment for our omission trials.  However, if growth was poor or the plants showed symptoms of a nutrient deficiency or toxicity in the highest-yielding treatment, the problem will need to be sorted out before moving on to set up an omission trial with that particular soil.

If you got poor growth investigate the following potential problems: 

	3. Lack of adequate light? This is often a problem with old greenhouses where growth of moulds or deterioration of the roofing material reduces light transmission.  

4. Excessive temperatures particularly soil, check temperatures in pot. 

5. Poor water management, could be either too much or too little - check pots when empting them.

6. Pest or disease problems - examine plants including roots for signs of pests or disease.

7. Poor nutrient balance in the "all", examine soil analysis and review the all treatment element application rates and calculations.


If visible symptoms are present, they will give an indication of the cause for the poor growth, tissue nutrient analysis may also help.  The cause of poor growth, whatever it is, needs to be corrected before proceeding any further or you could be wasting your time doing an omission trial.

Setting up and running the omission trial

Treatments and experimental design

To improve the sensitivity of the statistical analysis the "all" treatment should be replicated 8 times, and the individual omission treatments 4 times.  All the pots of the experiment will usually be placed on the same bench if there is enough room in the glasshouse, the position of the replicates and the pots within replicates being randomised. If separate benches have to be used the reps should be arranged in blocks one or two per bench.  Re-randomisation at weekly intervals is desirable to reduce any effects of position on the bench e.g. pots at the edges of the bench getting more sun than those in the middle. 

For a non-leguminous test plant, and a soil in which the pH measured in water is > 5.5, the following 14 treatments are recommended:

All nutrients added, -N, -P, -K, -Ca, -Mg, -S, -Fe, -B, -Mn, -Zn, -Cu, -Mo and –Ni as shown in Table 9.

For a leguminous test plant cobalt is included in the "all" treatment and nitrogen omitted. A -Co treatment would be added and the -N treatment deleted.  If you wished to check the effectiveness of symbiotic nitrogen fixation, you could include an additional "all + N" treatment.

For acidic soil with a pH (in water) less than 5.2, sufficient lime to raise the pH to 6.0 would be include in the "all" treatment, and an "all - lime" treatment added in place of the -Ca treatment. 

If the soil had an intermediate pH (i.e. between 5.2 and 5.5), the lime would not be include lime in the "all" treatment, and the -Ca treatment would be retained and an "all + lime" treatment added.

Table 9 Scheme for adding nutrient stock solutions to soil in an omission trial.  Stock solutions are identified by the nutrient element they are supplying.

	Treatment
	Stock solution

	
	N

	P
	K
	Ca
	Mg
	S
	Fe
	B
	Mn
	Zn
	Cu
	Mo
	Ni
	Co


	All
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5

	-N
	0
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5

	-P
	5
	0
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5

	-K
	5
	5
	0
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5

	-Ca

	5
	5
	5
	0
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5

	-Mg
	5
	5
	5
	5
	0
	5
	5
	5
	5
	5
	5
	5
	5
	5

	-S
	5
	5
	5
	5
	5
	0
	5
	5
	5
	5
	5
	5
	5
	5

	-Fe
	5
	5
	5
	5
	5
	5
	0
	5
	5
	5
	5
	5
	5
	5

	-B
	5
	5
	5
	5
	5
	5
	5
	0
	5
	5
	5
	5
	5
	5

	-Mn
	5
	5
	5
	5
	5
	5
	5
	5
	0
	5
	5
	5
	5
	5

	-Zn
	5
	5
	5
	5
	5
	5
	5
	5
	5
	0
	5
	5
	5
	5

	-Cu
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	0
	5
	5
	5

	-Mo
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	0
	5
	5

	-Ni
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	0
	5

	-Co
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	0


Adding nutrients and soil amendments

8. Empty the soil from the pots onto plastic sheets (80-100 cm square) and spread it out to a thickness of 2-3 cm with a ruler. It may be easier to do all the reps of one treatment at a time. 

9. If lime has to be added sprinkle the required amount evenly over the surface of the soil then mix by taking two opposite corners of the plastic and role them back and forward, repeat with the other two opposite corners. The soil is then spread out again ready for the nutrient addition.

10. The nutrient stock solutions are now added one at a time according to the treatments in Table 9.  The solutions are normally added in 5 ml this can be done using a pipette or using a disposable plastic syringe which are cheep and easy to obtain. To reduce the chance of contamination you should have one syringe or pipette for each stock solution make sure they are labelled to avoid confusion. Apply the stock solutions as evenly as possible over the surface of the soil. 

11. When the nutrients are applied the soil is to be toughly mixed as described above. 

12. Poor the soil back into the pot and settle the soil by tapping the pot on the bench three times from a height of about 10 cm. 

13. Level out the surface of the soil and water up to the before-planting-target weight (if some soil had been left out until planting it is best to water up to 85% of the target weight) by carefully applying distilled or deionised water to the surface of the soil. The quickest way to do this is on a balance of suitable capacity and slowly adding water until the target weight is obtained. Do not forget to allow for the weight of the pot and the plastic liner when calculating the target weight. 

14. If you are not going to plant straight away cover the soil by pulling the plastic bag liner from the side of the pot to cover the soil surface and seal it with a rubber band.    

Planting

Seeds or vegetative materials (cuttings, mini-tubers, or tissue culture plantlets etc) should be sorted for size and only a uniform size should be planted (see stratifying our batch of seed on page 21), treated with any fungicide, insecticide or inoculum if required and planted at the desired depth in the pot.  If soil has been left from the pot until planting put this on the seeds and spread it evenly over the surface. 

When planting, plant more seeds or plants than you require and thin them out the desired number soon after germination of the beginning of active growth. When thinning select for a uniform size by removing big and small plants as required. (See page 23).

Maintaining the experiment

Once the seeds have emerged or the plants start to grow water the pots to their target weight and check their weight every day and water as required. Early in the experiment the pots will only require watering 2 or 3 times a week. Towards the end of the experiment they may need to be watered at least every day and may be even two or more times a day as the plants grow and water use increases. An inert mulch such as plastic or styrofoam beads can be placed on the soil surface to reduce evaporation if required, but remember to add the weight to the watering target weight.  

As the plants grow their weight will increase and the pots will be under watered if this is not taken into account. One way around this is to increase the watering target weight by an amount that is related to the plant growth. Data obtained from the preliminary trial or any past pot trials can be used to relate plant height to weight. By plotting plant height against weight the weight of a plant in the trial can be estimated by reading the corresponding weight for its current height. This may require some extrapolation but it will give a rough enough estimate. The target weights for watering should be adjusted by adding this weight on a treatment-by-treatment basis and writing the new target weight on the pot.   

Remember if water becomes the limiting factor it will reduce the growth and will mask some of the effects due to nutrient shortages as the water will become limiting in the pots with the most growth first and slow their growth down allowing slower growing treatments to catch up.  

During the experiment keep a look out for any pest and disease problems and treat them as required. Keep notes of the appearance of the plants particularly any nutrient deficiency of toxicity symptoms. 

Harvesting

Depending on the test plant used and the growing conditions the experiment is usually ready for harvest 3-5 weeks after planting. Wait until there are well-defined growth differences before harvesting. 

Harvesting and drying should be done as described on page 25.  

Make up a data sheet to record all the relevant information prior to commencing the harvest.

Interpreting the results of the omission trial

The main objective of a nutrient omission trial is to determine the effect of omitting individual nutrient elements on the growth of the test plant compared to the “all” control’. We are not much interested in comparing the omission of one nutrient with another. Since the experimental design is unbalanced, having 8 replications for the "all" treatment and only 4 for each of the other treatments, the simplest method of analysis is to compare each treatment in turn with the "all" treatment.  Each sub-experiment is then analysed separately, using Student's t-test to determine the LSD between the “all” control and each individual treatment. 

For ease of interpretation the results of the treatments are normally expressed as a percentage of the “all” control. The “all” control is taken as 100%.

If the yield of a treatment is significantly lower than the “all” control this indicates that the nutrient element that was omitted in the treatment is limiting or potentially limiting in the soil. The element may only be potentially limiting because there is another nutrient that is more limiting to plant growth and the potentially limiting nutrient will only become limiting after an adequate supply of the more limiting element(s) is provided. 

The treatments that are not significantly different form the “all” control are unlikely to be limiting to plant growth even when all other limiting nutrients are supplied.   

Occasionally, it will be found that omission of an element causes a significant increase in yield above that in the "all" treatment. When this occurs, the most likely explanation is that the level of the particular element that we have chosen to include in the "all" treatment was too high - so high as to be toxic or could be present in the soil at toxic levels which should have been picked up by poor growth in the preliminary experiment. Such an error will have caused some loss of sensitivity in the experiment, and it is suggested that, if the difference between the "all" and this omission treatment is > 30%, the trial should be run again with a new "all" treatment supplying less of the element concerned. 

Pot rate trials

Once nutrients have been identified as being limiting or potentially limiting in a soil, pot rate trials are conducted to estimate the optimum rate of application. 

Conducting the rate trial in pots will also verify the results obtained in the omission trial. In omission trials all nutrients are added to the soil and in some cases it is the interaction of different nutrients that affect the yield by making one nutrient unavailable, which would not occur if the nutrient were not added. 

Rate trials should be conducted separately (in single element rate trials) for each nutrient identified to be limiting or potentially limiting. In single element rate trials the effects of other nutrient elements are removed by supplying all other limiting or potentially limiting nutrients as a basal application to all pots. However, it is not possible to examine interactions between nutrients using this approach. A number of rate trials can be conducted simultaneously if required.

The methodology for the rate trials are basically the same as for the omission trials except only the nutrients found to be deficient in the omission trials (excluding the element that the rate trial is examining) are added as basal applications to all pots. Use the same rate and salt as used for the “all” treatment of the omission trial unless there is a suspicion or evidence that this may need adjusting. For the element that the rate trial is being conducted it is best if the nutrient salt is changed to be the same as the fertiliser type that will be used in future field trials. This will give results that are more applicable to the field situation especially if the fertiliser is only partially soluble.    

For rate trials at least 6 rates should be used and unless there is another reason to do so a good starting point is 0, 0.25, 0.5, 1, 2 and 4 times the rate used in the all treatment in the omission experiment. If the fertiliser is relatively insoluble you will have to increase the rate accordingly.  

The yield results are plotted against the application rate and the rate needed for maximum yield determined. This rate should be used to design field trials to verify the findings in the field.

Appendices

Appendix 1 Atomic Weights of elements

	Element
	Symbol
	Atomic weight
	Element
	Symbol
	Atomic Weight

	Aluminium
	Al
	26.98
	Molybdenum
	Mo
	95.94

	Arsenic
	As
	74.92
	Nickel 
	Ni
	58.69

	Boron
	B
	10.81
	Nitrogen
	N
	14.01

	Bromine
	Br
	79.90
	Oxygen
	O
	16.0

	Cadmium
	Cd
	112.41
	Phosphorus
	P
	30.97

	Calcium
	Ca
	40.08
	Platinum
	Pt
	195.08

	Carbon
	C
	12.01
	Potassium
	K
	39.10

	Chlorine
	Cl
	35.45
	Radium
	Ra
	226

	Chromium
	Cr
	52.00
	Selenium
	Se
	78.96

	Cobalt
	Co
	58.93
	Silicon
	Si
	28.09

	Copper
	Cu
	63.55
	Silver
	Ag
	107.87

	Fluorine
	F
	19.00
	Sodium
	Na
	22.99

	Gold
	Au
	196.97
	Strontium
	Sr
	87.62

	Helium
	He
	4.00
	Sulphur
	S
	32.07

	Hydrogen
	H
	1.01
	Tin
	Sn
	118.71

	Iodine
	I
	126.90
	Titanium
	Ti
	47.87

	Iron
	Fe
	55.85
	Tungsten
	W
	183.84

	Lead
	Pb
	207.2
	Uranium
	U
	238.03

	Lithium
	Li
	6.94
	Zinc
	Zn
	65.39

	Magnesium
	Mg
	24.31
	
	
	

	Manganese
	Mn
	54.94
	
	
	

	Mercury
	Hg
	200.59
	
	
	


Appendix 2 Table of Random Numbers

8 2 0 3 1 4 5 8 2 1 7 2 7 3 8 5 5 2 9 0 6 3 1 6 4

0 8 7 3 3 1 9 7 5 2 5 7 6 9 8 0 3 6 2 5 1 2 7 5 2

2 3 3 8 6 1 4 2 4 0 2 6 1 8 9 5 2 6 9 8 3 4 0 1 0

4 7 5 5 6 3 0 7 7 1 9 1 6 1 7 4 1 7 1 3 7 9 3 3 7

1 9 3 9 5 3 4 9 5 5 2 7 5 8 0 3 4 8 8 1 2 7 5 3 4

2 8 7 8 1 4 1 4 9 4 2 4 1 5 2 9 4 6 2 1 5 2 8 1 9

8 4 8 5 1 3 9 6 6 0 7 2 1 9 0 2 0 6 7 0 6 0 1 3 0

0 3 8 8 4 7 5 1 5 1 7 3 4 5 2 0 7 4 7 9 6 6 7 7 4

3 5 3 1 9 3 7 4 9 5 0 2 0 1 4 6 2 5 4 5 8 5 0 9 2

3 4 5 9 5 2 7 9 8 9 0 5 5 8 5 1 7 7 3 5 5 4 7 7 2

4 1 5 3 0 9 1 3 7 2 5 8 7 7 1 3 6 3 9 7 8 7 9 1 7

7 2 9 5 6 7 8 5 4 5 3 4 5 4 1 9 8 6 7 5 7 9 3 1 8

5 9 2 8 9 8 6 4 4 1 5 3 7 7 0 8 0 2 5 6 0 6 1 2 0

1 3 3 3 9 0 5 2 8 7 4 0 9 0 3 7 3 1 7 9 4 5 5 2 8

4 6 0 1 0 8 6 2 1 0 0 5 0 3 1 5 4 9 0 3 7 4 7 0 1

7 7 0 6 6 3 2 8 8 5 8 9 5 6 4 0 5 9 1 8 0 5 4 9 4

3 3 8 5 7 5 7 4 3 4 5 7 9 6 9 5 0 7 7 6 6 8 8 5 9

9 1 7 1 3 6 9 2 9 1 9 4 2 3 3 0 8 1 8 7 7 6 4 7 2

6 2 2 8 0 9 4 5 3 7 2 5 4 6 6 5 6 6 5 0 4 6 5 6 8

1 7 5 9 0 0 2 0 5 6 5 8 5 1 9 5 3 3 7 4 0 5 8 2 4

0 3 9 6 9 4 7 3 5 7 0 6 5 4 7 1 1 8 5 3 2 8 0 9 8

3 0 8 2 8 1 4 4 1 6 7 6 6 9 9 9 7 5 8 9 6 4 5 9 0

9 4 9 1 2 2 0 1 3 2 4 6 7 9 1 8 8 2 9 8 3 2 6 2 9

7 2 5 1 4 4 9 6 5 2 8 5 5 1 0 8 2 6 2 0 6 9 2 2 3

9 9 2 5 7 4 3 1 2 3 6 4 1 5 2 4 0 4 2 2 8 7 1 8 2

2 0 9 1 8 9 4 4 6 1 4 8 6 7 9 2 5 0 6 9 3 3 0 1 2

6 5 2 6 1 2 1 7 7 1 4 7 8 1 4 2 7 3 7 4 0 0 1 2 9

1 2 9 9 6 4 2 5 3 2 7 4 3 2 3 3 8 5 3 3 6 5 5 3 2

3 2 8 3 7 9 6 0 4 8 6 0 5 4 1 1 4 9 0 5 0 9 4 4 1

0 9 3 4 1 1 9 5 8 3 2 4 6 7 3 4 4 9 2 3 7 2 5 7 8

6 7 5 3 4 2 1 5 5 0 1 2 4 7 5 5 2 6 8 7 8 2 8 0 3

9 6 0 1 3 0 5 3 6 6 2 9 6 0 3 4 7 6 1 1 9 1 6 5 3

4 6 9 9 6 7 8 5 8 1 2 9 2 6 2 4 4 9 0 5 5 4 5 2 0

9 7 7 1 9 2 6 5 6 3 3 6 3 6 8 3 9 9 8 7 7 2 7 9 7

7 5 3 3 3 3 7 3 7 6 7 3 9 1 1 2 3 9 0 9 5 9 6 5 7

2 8 1 3 1 3 4 2 1 0 3 1 2 3 2 0 2 3 9 7 7 5 0 6 9

6 0 9 4 8 8 5 5 3 7 9 0 0 0 0 1 9 2 0 6 1 5 8 4 2

3 5 9 0 7 7 0 1 8 1 2 9 3 4 6 9 2 8 9 8 9 8 6 5 5

4 4 8 1 1 7 4 4 7 4 4 4 1 6 5 9 3 6 5 9 8 3 2 4 3

6 3 9 7 0 6 2 5 3 3 2 6 0 5 1 2 4 3 7 1 0 7 8 2 1
To randomise any set of 10 items or less, begin at a random point on the table and follow either rows, columns or diagonals in either direction. Write down the numbers in the order they appear, disregarding those that are higher than then number being randomised and those that have appeared before in the series. If you wish to randomise more than 10 numbers, pairs of columns or rows can be combined to form two digit numbers and the same process followed as that described above (Little and Hills, 1978).






















� EMBED PBrush  ���








� Compounds like those with an asterix may have varying amounts of water attached.  


� Note Stock solution strength would be noted- in this case→ 5.22 g of KCl / 200 ml. Noting this in our diary allows for checking later, in case of strange results.


� Refer to � REF _Ref39260295 \h ���
Table 4�.


� Sometimes, ferric EDTA contains appreciable amounts of sulfate.  If this problem is encountered, you may need to prepare your own sulfur-free EDTA as described in Asher et al. (2002).





� Not normally included for legume test plants


� Only needed for legume test plants


� Depends on the soil pH and the addition of lime





�PAGE \# "'Page: '#'�'"  ��All plants require chlorine however sodium is unique


as a plant nutrient in the it is only required by C4 and CAM plants and not


C3 plants.





The amount of chlorine and sodium (for those plants requiring sodium) required for normal plant growth is very small approx 5ppm and there is always enough in the environment. In fact it is quite difficult to develop deficiencies as plants have to be grown in hydroponics and all the nutrient solutions have to be


purified to remove any contamination and very pure water has to be used.





With sodium there has been a few cases of a yield increase from the addition of sodium in the field for sugar beet and one or two other species but this does not appear to be a nutritional affect as the species that responded are C3 species and have not been shown to require sodium as a micronutrient. The situation with coconuts and chlorine may be similar.


Notes added by Mark Johnston- thanks.


�PAGE \# "'Page: '#'�'"  ��Crassulacean Acid Metabolism (CAM) vanilla (maybe all orchids- vanilla is an orchid)and pineapple are CAM plants.





CAM plants have the ability to take up CO2 in the dark


and store it in malic acid and then decarboxylate it and fix it through photosynthesis  during the light with their stomata closed, hence reducing water loss during dry conditions. In good conditions most CAM plants function as C3 ("normal photosynthesis") plants.
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