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Preface
This wheat special report is a guide that outlines the procedures used for measuring many factors in
small grains research. The actual observations taken, however, will depend on the objectives of the
work in question.
To assist with assessing the relevance of an observation, a small discussion, where applicable, is
presented under each section outlining the advantages or application of that particular observation. In
addition, the reader is referred to the key references that are included in each section to help with
interpretation or application of the data collected.
The authors and editor have endeavored to produce this guide free of error. However, they would
welcome suggestions for improvement and / or correction.

Mark Bell
R.A. Fischer
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1 Soil Sampling
1.1 Sampling depth and number of samples
Table 1 gives general guidelines for the number and depth of samples that can be taken for different
types of studies. Table 2 shows the relative variability associated with some major soil properties. Factors
with greater variability would require more sampling to have the same level of precision as a factor with
less variability. Clearly, adequate sampling is important because variation decreases as the number of
samples increases (Figure 1).
The required number of samples to have a known level of precision can be estimated statistically from
the degree of variation found in a field (See Peterson and Calvin 1986).

Table 1. Depth of sampling and number of sub-samples/sampling unit recommended for
determination of various soil characteristics (Adapted from Ward et al.).
Characteristic

Depth of
.ampllng (cm)

Number
of.ample.-

Soil water

0-100b

8

Soil fertility

0-20
>20

6

0-20
>20

6

Surface structure
(e.g., bulk density)
a
b

15-20

15-20

Sample number represents totals across replications.
Rooting depth should be determined to know adequate sampling depth, which typically could be 100 em, but
may be more or less.

Table 2. Relative spatial variability of some major soil chemical and physical properties.
From M. Bell (unpublished data) and Landon (1984).
Relative variability

Property

Low

pH
Bulk density
Water saturation (%)
Soil organic matter
Cation exchange capacity
Total N Ca. Mg. K

Medium

Texture, Moisture content at field capacity and permanent wilting point
Infiltration rate, P

High

Saturated hydraulic conductivity
Electrical conductivity

N0 3 -, NH 4 +

1

Comments:
The results of a soil analysis are of use only if the soil sample is truly representative. The amount of time
and effort that should be invested in sampling depends on the objective of the study and the resources
available. In general, the number and depth of samples depends on:
The expected rooting depth of the crop. The bulk of the roots in cereal crops is concentrated in the
top soil layers. Therefore soils are often sampled from 0-20 cm for nutrients, but to 100 cm or more
for water.
The element being studied. Mobile nutrients such as nitrogen may require sampling to the I-m
depth, whereas elements such as phosphorus, which are essentially immobile, are concentrated in
the surface layer of the soil.
The tillage system. Under zero-tillage, banding of phosphorus necessitates increased sampling.
The variation across the plot or field to be studied. The aim of sampling is to identify uniform
sampling units-See Section 1.2.

1.2 Sampling patterns and amount of sample
In collecting a soil sample, sampling units (Le., areas of soil that are relatively uniform) should be
identified. Changes in slope and soil color, depth and texture, plus differences in the growth of
present or past crops may give an indication of differences in soil properties and thus help identify
sampling units.
Sampling can be conducted with either a shovel (spade), a soil (bucket) auger, or a soil corer (of about 2050 mm diameter). Soil corers are generally the quickest and most accurate for sampling to different
depths. A shovel, which is quite adequate, but much more time consuming, requires care that a
representative sample of the profile is taken (with shovels, there will be a tendency to sample more soil

% of original
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Figure 1. Variation in percent of original soil variation versus number of
subsamples per composite sample. From Hauser (1985).
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from the top of the shovel cut). Samples within a sampling unit are normally bulked, mixed thoroughly,
and then a subsample of the bulk is used for analysis. Table 3 shows the amount of soil needed for a
number of common soil analyses.
Surface residue (see Section 4.13) is usually not included in the soil sample, but may be collected and
analyzed separately.

Random and stratified random sampling:
Once the number of sampling units is determined, then the desired number of samples (see Table 1) are
collected from within each sampling unit. Samples are collected at random, often collected by following
a "W" shape pattern through the field.
At times, stratified sampling is also used; this entails dividing the field into portions or sampling units
that are considered more uniform. These stratified units can then be sampled and analyzed separately.
Alternatively, a proportionate number of samples relative to the sampling unit area can be collected (i.e.,
if one sampling unit is twice as large as another, then the final bulk sample should contain twice as
much soil from the larger sampling unit).

Grid (or systematic) sampling:
With more tools now available for analyzing soil trends in space (e.g., Geostatistics), systematic
sampling has gained in popularity (see Warrick et al. 1986). In systematic sampling, samples are
generally collected at regular distances from each other in both dimensions so that final results can
readily be mapped on a grid.
1.3 Sample preparation
For pH, texture, or nutrient analyses, the samples are usually air-dried and sieved to less than 2 mm;
breaking up clods by hand when they reach an intermediate moisture content facilitates final sieving.
Recent developments suggest that even samples to be analyzed for nitrates and ammonium can be airdried (if done quickly); a fan blowing over the samples speeds up the drying process. The samples
should not be ground finer than 2 mm as this disrupts texture and may release elements otherwise not
available. The soil not passing a 2-mm sieve is defined as gravel and should be weighed before
discarding, so that the percent gravel by weight can be calculated.

2 Soil Classification
Many taxonomy systems have been used over the years. In more recent times, the 'U.s. Soil Taxonomy'
(USDA 1975), combining both soil and climate characteristics, has gained in popularity. The system of
classification starts with 11 orders (Table 4) and gradually expands on the classification increasing in
detail through suborders, great groups, subgroups, and families, to series.
A useful guide for field classification according to U.s. Soil Taxonomy is available (see Soil Survey Staff
1990)-copies can be obtained by writing to SMSS Program Leader, Soil Conservation Service,
U.S. Department of Agriculture, P.O. Box 2890. Washington, D.C. 20013, USA.
To help with the numerous soil terms used in taxonomy, a glossary of soil terms (Soil Sci. Soc. Am. 1987)
can be purchased from the Soil Science Society of America, 677 South Segoe Rd., Madison, Wisconsin,
53711, USA.
3

Table 3. Soil sample size required for and generalized critical values associated with common
analytical methods used.
Characteristic

Methodl
Extractant

Sample
size

Critical value8

Reference

Chemical
pH

H20 or CaCI2

5g

5.5-7.0

McLean (1982)

Organic
matter (%)

WalkleyBlack

0.5-3 gb

Depends on
environment

Nelson and
Sommers (1982)

Electrical
conductivity (S/m)

H20 (1 :5)

10 9

4

Rhoades (1982a)

Exchangeable acidity
(H + AI) (cmoljkg)

KCI

10 g

Exchangeable AI

KCI

10 9

60%

Thomas (1982)

Cation exchange
capacity (cmoljkg)

Ba(CI)2

2g

5 (very low)

Rhoades (1982b)

Total N

Kjeldahl

0.3-2g C

Depends on
environment

Bremner and
Mulvaney (1982)

P

Bray or
NaHC0 3

19
5g

15
5

Olsen and
Sommers (1982)

Ca (cmoljkg)

(NHJOAc

10 9

2

Thomas (1982)

K (cmoljkg)

(NHJOAc

10 9

0.2

Thomas (1982)

Mg (cmoljkg)

(NHJOAc

10 9

0.5

Thomas (1982)

Na (cmoljkg)

(NHJOAc

10 9

15 %

Thomas (1982)

S (I norganic)

Ca(H 2POJ2· H20

5g

Cu (ppm)

DTPA

10 9

2.5-4.5

Fe (ppm)

DTPA

10 9

2.0

Mn (ppm)

DTPA

10 9

Zn (ppm)

DTPA

10 9

Mo (ppm)

Thomas (1982)

Tabatabai (1982)
Lindsay and
Norvell (1978)

0.5-1.0

-NH 4 oxalate

0.04-0.2

Kubota and Cary (1982)

0.1-0.7

Bingham (1982)

B (ppm)

Hot H 20

20 9

Physical
Texture (%)

Pipet

10-80 9

Gee and Bauder (1986)

Water content (gig)

Gravimetric

1-100 9

Gardner (1986)

Bulk density (glcm:Jd

Core method

75 -100 mm

a

b

c
d

1.1-1.4

Blake and Hartge (1986)

pH, Bulk density - normal range specified. Exchangeable AI (as % of CEq, Electrical Conductivity - values above
which plant growth adversely affected. Na (as % of Cation exchange capacity) - value above which soil structure
adversely affected. Others - values below which a response is likely. Caution is required in interpreting data. See
Landon (1984) for more detail.
Need a soil sample with 20-40 mg C. Example: 2 g of soil with 2% soil organic matter has approximately 1.4%
or 28 mg C.
Need a soil sample with approximately 1 mg N. Due to the relatively stable C:N ratios in soils (usually about 12:1),2 g
soil with 2% soil organic matter has approximately 2.3 mg N.
In sampling bulk density, the sample height should be> diameter.
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3 Soil Chemical and Physical Analyses
3.1 Laboratory analysis
Detailed chemical analytical methodologies are beyond the scope of this publication. However, Table 3
shows the methods often used for determining a number of soil properties. The publication by Page et al.
(1982) is recommended for details on the laboratory analytical methodologies.
3.2 Field analysis
A number of portable test kits are available for field analysis of samples. As a minimum, however, a
researcher should consider buying a soil pH test kit. The Hellige-Truogg pH test kit is particularly useful
and easy to use, relying on the color reaction of a powder applied to the soil sample surface.
3.3 Interpretation
Table 3 shows some critical values for a number of soil properties. It is stressed, however, that caution is
needed in interpreting these values. Landon (1984) is a good reference for interpretation of soil analyses.

4 Field Observations
4.1 Slope or gradient and slope length
Slope is calculated as the change in height divided by the horizontal length of the slope. Thus, a slope
with a fall of 5 m in 10 m has a slope of (5/10)*100 = 50% (Note that a slope of 1 in 1 or 45° has a 100%
slope). The slope meter, shown in Figure 2, can be used to measure approximate slope directly. Another
approximate method is to simply measure a short horizontal distance and the vertical fall within that
distance as shown in Figure 3.

Slope length is the length of land (measured in meters) between any natural or man-made barriers.

Table 4. The 11 U.S. Soil taxonomy orders and their general characteristics.Order

Characteristics

Alfisol

Argillic horizon (Le., clay accumulation), > 35% base saturation

Andisol

High extractable AI (Allophane present)

Aridisol

Mineral soil with an aridic moisture regime

Entisol

lIIuvial, no distinct subsurface diagnostic horizons within 100 cm of the surface

Histosol

Organic soils (> 29% organic matter) usually has peat or muck

Inceptisol

Mineral soil where minerals have been altered or removed. Young soils

Mollisol

High organic matter, > 50% base saturation

Oxisol

Oxic horizon (containing 1:1 clays and sesquioxides) «16 meq/1 00 g clay)

Spodosol

Soils with layer showing accumulation of iron and organic matter

Ultisol

Argillic horizon, < 35% base saturation

Vertisol

Cracking clays, > 35% clay, > 50% 2:1 minerals in the clay fraction

a

The above is a very general (and somewhat imprecise) description of the different soil orders. See Soil Survey Staff
(1990) for greater detail of the classification scheme.

5

Slope gauge
Point 1
Hang weight on a string
from this point.

Point 3
Place sighting
pin here.

Point 2
Place sighting
pin here.

1

1

Figure 2. Slope meter. Read percent slope directly on the scale. At the point where string rests on
scale, the number indicates percent of slope.

_2-.--.....m

A
0.5 m

=> slope = 0.5/2 * 100 = 25%

Figure 3. Simple method for estimating slope with a rope or tape; measure a short horizontal
distance and the vertical fall within that distance.
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Information gained:
The length of slope in association with the slope per se is important in determining the amount of
erosion. The importance of slope and slope length is demonstrated through the use of the Universal Soil
Loss Equation (USLE) (Wisch meier 1976, Renard and Foster 1983).
The expected erosion hazard can be used to give a land capability classification (Table 5). Table 6 shows
the critical slope for soils differing in erodibility (see Section 4.2). Values for the slope steepness factor 5
and length factor L used in the USLE for estimating the erosion hazard are shown in Table 7. (For more
on erosion see "Information gained" in Section 4.4).

Table 5. U.S. Soil Conservation Service Land Capability Classification based on erosion hazard.
From lIaco (1985).
Class

Suitability for arable cultivation

I
II
III
IV

No risk, only good management necessary
Some risk, moderate conservation practices necessary
Considerable risk, intensive conservation practices necessary
Great risk, best for perennial vegetation and infrequent cultivation
Suitability for pasture, hayland, woodland and wildlife

V
VI
VII
VIII

No restriction
Moderate restriction in use required
Severe restriction in use required
Suitable only for wildlife and recreation

Table 6. The critical slope inclination (Sk) and soil erodibility factor (K) for soils of different
erodibility. From zachar (1982).
Soil grade

Erodibility of soil

Sk (%)

K

Very High
High
Moderate
Low
Very Low_

<5
10
15
20
25

1.00
0.75
0.50
0.25
0.10

I
II
III
IV
V

Table 7. Values of the slope steepness factor (S) and the slope length factor (L). From Renard
and Foster (1983).
Slope
(%)

S

2
0.18

3
0.26

4
0.35

5
0.45

6
0.57

10
1.17

15
2.21

20
3.57

30
7.28

40
1.35

50
1.52

60
1.66

80
1.91

350
3.99

400
4.27

450
4.52

500
4.77

Slope length
(m)
L

5
0.48

10
0.68

15
0.82

20
0.95

30
1.17
Slope length

(m)
L

100
2.13

150
2.61

200
3.02

250
3.38

300
3.69
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4.2 Soil erodibility
Soil erodibility (i.e., the susceptibility of the soil to erosion) depends on soil structural stability, which in
turn depends on soil texture and organic matter. The soil erodibility factor (K) used in the USLE can be
estimated from the algorithm (Littleboy et al. 1989):

K= [0.2+0.3exp(-0.0256SAN(1-SIL/IOO» J[SILI (CLA +SIL) ]o.3(l.0-(0.25C I (C+exp(3.72-2.95C»] [1.0(0.7SNI I (SNI+exp(-5.51+22.9SNI»)], where: SAN, SIL, CLA, and C are sand, silt, clay, and organic
carbon (%), and SNI = (I-SAN /l00).

Infonnation gained:
Table 6 shows some examples of the soil erodibility factor (K) used in the universal soil loss equation for
different classes of soil erodibility. (For more on erosion see "Information gained" in Section 4.4).
4.3 Run-off
Run-off is the amount of water that runs off the surface of a soil and arises due to either a rate of rainfall
or irrigation that exceeds the rate of water infiltration into the soil.

Run-off can be measured on a plot basis by first placing some form of barrier (soil, wood or metal
sheeting) around the top and sides of a plot to prevent run-on. At the base (lowest end) of the plot the
water is channeled into a collection device; generally a drum set into the ground. In this way, both water
and eroded soil is collected. The size of the drum required will depend on calculations based on
expected infiltration (Table 8) and rainfall intensity.
For example, if a 4O-mm storm lasts 2 hours, then infiltration for a sandy loam will be about 2 x 15 = 30
mm (taken from Table 8). The difference implies 10 mm of runoff or 10 x 1()4 L/ha (1 mm = 104 L/ha).
One method to collect run-off is to place a drum such that all flow passes through the drum. Ten holes
can then be placed to allow nine of the holes to run free, while the tenth runs into a second drum. Thus
1/10 of the flow will be collected in the second drum. The holes must be exactly horizontal for equal
outflow, which means the method is problematic in cracking soils. The second drum has 10 holes and
the procedure can be further repeated depending on the expected run-off. The total run-off is calculated
from the equation:

Table 8. Typical infiltration rates for soils. From lIaco (1985).
Soli
Flne-textu red
Clay
Clay loam

Infiltration rate (em/h)
0.25-0.6
0.6-0.8

Medium-textured
Silt loam to loam

0.8-1.2

Moderately coarse-textured
Sandy loam

1.2-1.8

Coarse-textured
Loamy sand
Sand

1.8-2.5
>2.5+

8

lk (10(n-1)" Vol n), where n is the number of the collection tanks and

Vol n = the volume of water

collected in the nth drum.
Run-off can also be measured using a more sophisticated collection tank and water stage recorder as
shown by Peterson and Bubenzer (1986). Flumes or weirs can also be used to measure water flow (see
Kincaid 1986).

lnfonnation gained:
Run-off is a critical factor in soil water balance and in determining the potential extent of erosion in a
field. Its latter application is demonstrated through the use of the U5LE (see "Information gained" in
Section 4.4.).
4.4 Erosion
Soil erosion can be estimated visually, or by the stake, core, soil catchment, or buried-barrel methods. If
erosion is measurable by the first two methods, then it is highly likely that erosion is a serious problem.
Each of the methods are outlined below. (For more details on methods, see Zachar 1982 or Landon 1984).

Stake method:
The stake method involves driving one or more wooden or metal stakes of suitable length (say 1 m) into
the ground in the soil areas of interest. The length of stake left above ground level should be accurately
measured and recorded. Periodically, the length of exposed stake should be measured; measuring on the
downhill side. Care must be taken that the stake is solidly placed such that wind or animals can not
displace the stake. In addition, check that natural soil movement (e.g., swelling or shrinking of soils)
does not displace the stake and thus be erroneously mistaken as erosion.
A modification of the stake method is to place two reference stakes perpendicular to the expected
direction of water flow. At the time of measurement, a reference line (e.g., taut fishing line) is run
between the reference stakes and the vertical soil-string height is measured at equidistant points
across the plot.

Core method:
For the core method, a hollow tube is driven into the soil ensuring that the soil in the middle of the tube
is not compacted and remains at the same height as the soil on the outside of the tube. The tube is then
covered. The soil in the middle of the tube then acts as a reference point for soil loss outside of the tube.

Soil catchment method:
This is the most accurate method of measuring erosion, as the above methods only estimate depth of soil
erosion at a point. The soil catchment method involves directing all the run-off from defined catchment
areas (where a catchment area can be a single experimental plot) through a single outlet and then
collecting and measuring all or a fraction of the run-off (see Zachar 1982).
Soil in the run-off sample can be estimated by stirring the suspension well, taking a subsample of known
volume, and accurately measuring the sample weight. As water weighs 1 g/ml, the soil in the run-off
sample can be easily estimated.
Example: For a sample volume of 1 L: Soil weight (g) = [(fotal sample weight (g» - 1000]/0.6226
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The buried-barrel method:
Erosion can also be estimated as outlined in Section 4.3.

Information gained:
Erosion results in losses of nutrients and organic matter. Although rates of soil formation vary widely,
the soiIloss tolerance (Le., where the rate of soiIloss equals the rate of soil formation) is generally very
low being of the order of 750 kg/ha/yr (Zachar 1982). Such a soil loss tolerance rate equates to the
annual loss of only 0.0625 mm soil depth/ha (assuming a bulk density of 1.2 g/cm 3). Clearly, such low
rates of loss will not be measurable by the stake and core methods. In addition, where rill erosion is
important, the soil catchment and buried barrels give better indications of soil loss.
The factors affecting erosion are slope and slope length, rainfall intensity (erosivity), soil erodibility, crop
management, and erosion control practices.
Soil erosion tends to be greater in soils that lack structural stability of surface soil-such stability
depends on texture, sodium saturation of the cation exchange, and the presence of cementing agents that
assist aggregate stability (e.g., sesquioxides, and soil organic matter). Generally, soils high in sand and
silt have poor structure, whereas high clay content tends to promote better structure.
Soil lost by water erosion can be estimated by a number of means. One of the original methods was the
Universal Soil Loss Equation, namely:
A = R'" K'" L'" S'" C'" P, where A = soil lost by erosion (in units of 2000 Ibs/acre = 2240 kg/ha), R
= precipitation factor (dependent on rainfall intensity), K = soil factor (See Table 6), L = slope length
factor (see Table 7), S = slope gradient factor (see Table 7), C = cropping factor, and P = conservation
factor.
4.5 Texture
Soil texture (or particle size distribution) refers to the relative amount of sand, silt, and clay in a soil.
Texture in the laboratory is the most accurate method of determination. Firstly, the organic matter must
be destroyed and all aggregates dispersed (see Gee and Bauder 1986). The breakdown by textural class is:
Clay <2 J,Lm, Silt 2-20 J,Lm, and Sand 21-2000 J,Lm.
Texture can also be estimated by feel in the field (Figures 4 and 5).

Information gained:
Soil texture is relatively easy to measure or estimate and extremely important due to the effects of texture
on soil physical (Table 9) and chemical (Table 10) properties. From the soil physical properties, a general
soil rating can be calculated (Figure 6). For example, a soil with a bulk density of 1.30 g/ cm3 and a field
capacity and permanent wilting point of 40 and 19% (by volume, respectively) has an inert volume of
[(1.30/2.65)*100] + 19 = 68% at the wilting point (2.65 g/cm 3 is used as a measure of the particle density
of soil). Available moisture = 40-19 = 21 % (by volume). Thus, the soil is classified as type III or medium.

4.6 Earthworm activity (Reference: Sarrantonio 1991)
A direct count of earthworms can be made by digging a hole to a depth of 30 em (note that worms are
generally only found in moist soil). The soil should be placed in a bucket. The hole should be dug
quickly to avoid movement of the earthworms away from the study zone. The earthworms are counted

10

Classification In the field
A simple manual texture test is shown below.
Explanation:
• A ball about 2.5 em diameter is formed from approximately 1 tablespoon of fine earth.
• Water is slowly dripped onto the soil until it approaches the sticky point, Le., the point at which the soil
just starts to stick to the hand.
• The extent to which the moist soil can be shaped by hand is indicative of its texture.

Textural class:
(A) Sand - Soil remains loose and single-grained; can only be heaped into a pyramid.
(B) Loamy sand - The soil contains sufficient silt and clay to become somewhat cohesive: can be
shaped into a ball that easily falls apart.
(C) Silt loam - Same as for loamy sand but can be shaped by rolling into a short, thick cylinder.
(0) Loam - About equal sand, silt, and clay means the soil can be rolled into a cylinder about 15 cm long
that breaks when bent.
(E) Clay loam - As for loam, although soil can be bent into a U, but no further, without being broken.
(F) Light clay - Soil can be bent into a circle that shows cracks.
(G) Heavy clay - Soil can be bent into a circle without showing cracks.

A,.,_,

J

~

..

St-'

C

~) G:::::)

....---

2.5 em

-

D (,.

• ..
15cm

F

(i~~v\ E

U \l

00

G

Figure 4. Field method for evaluation of soil texture by feel. From lIaco (1985).

Table 9. Average soil physical characteristics (range in parentheses). From lIaco (1985).
Textural
class

Bulk
density
(g/cm3 )

Total pore
space
(vol,%)

FC/
TPS·
(%)

Field
capacity
(vol,%)

Wilting
point
(vol,%)

PWP/
FCb
(%)

Available
moisture
(vol%)

Air
capacity at
FC (vol,%)

.Sandy

1.65
(1.55-1.80)

38
(32-42)

40

15
(10-20)

7
(4-10)

47

8
(6-10)

23

Sandy
loam

1.50
(1.40-1.60)

43
(40-47)

48

21
(15-27)

9
(6-12)

43

12
(9-15)

22

Loam

1.40
(1 .35-1 .50)

47
(43-49)

65

31
(25-36)

14
(11-17)

45

17
(14-20)

16

Clay
loam

1.35
(1 .30-1 .40)

49
(47-51)

73

36
(31-51)

17
(15-20)

47

19
(16-22)

13

Silty
clay

1.30
(1 .25-1 .35)

51
(49-53)

80

40
(35-46)

19
(17-23)

45

21
(18-23)

11

Clay

1.25
(1 .20-1.30)

53
(51-55)

83

44
(39-49)

21
(19-24)

48

23
(20-25)

9

a
b

FCfTPS =Field capacity (by volume) * 100 ~otal pore space (by volume).
PWP/FC =Permanent wilting point (by volume)* 100/field capacity (by volume).
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directly. Worms can be forced to the bottom by removing the superficial layer of soil every few minutes;
this facilitates counting.
Nondestructive sampling can be achieved by forcing the earthworms to come to the surface. To do this,
an area of approximately 0.25 m 2 can be marked off and an irritant or electric charge applied to the area.

• Chemical irritant: A solution of 100 g of detergent in 8 L of water often works satisfactorily. As not all
detergents irritate worms, different detergents may need to be tested. The worms down to a distance
of about 20 cm should come to the surface in 5 to 10 minutes. As many detergents contain
phosphorus, care should be taken in the subsequent effect of the detergent on plant growth.

• Electric charge: Metal rods should be placed
in moist soil to a depth of approximately 30
cm placed approximately 50 cm apart. A
charge from a low voltage battery
(e.g., 12-volt car battery) is then applied.

Place approximately 25 g soil in palm. Add
water dropwise and knead the soil to break
down all aggregates. Soil is at the proper
consistency when plastic and moldaJble. like
moist putty.

Add dry soil
to soal< up
water

YES

•

YES

e
SAND

NO

YES
Place ball of soil between thumb and forefinger gently
pushing the soil with the thumb, squeezing rt upward
into a ribbon. Form a ribbon of uniform lt1ickness and
width. Allow the ribbon to emerge and extend over the
forefinger. breaking from rts own weight.

NO

YES

_ _ _~... Does soil make a m&dium ribbon
2 5-5 cm long before breaking?

NO

YES
Excessively wet a small pir'(;h in palm and rub with forefinger

Figure 5. Field method for evaluation of soil texture by feel. From Thein (1979).
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YES

Table 10. Textural classes, average cation exchange capacity (CEC), and nutrient reserves.
From Landon (1984).
Type

Approximate CEC at pH 7 (cmolc!kg)·

Nutrient reserves

Sand

0-1

Very Poor

Silt

1-2

Poor

Clay
Illite
Kaolinite
Montmorillonite
Vermiculite

15-40
<10
80-100
100

Potassium
Poor
Generally rich in Mg, K, Fe, etc.
Generally rich in Mg, K, Fe etc.

Soil organic matter

200

Important source of N, P, S and various
micronutrients

a

Care should be taken in interpreting the CEC figures due to pH dependent charge. (cmoljkg =meq/100g)

i/l/J

/l/J/$:o/I
Available moisture

I
II

III
IV
V
Examples

Very poor
Poor
Medium
Good
Very good

+ Class III to IV
@ Class III

Air capacity

Figure 6. Soil physical rating based on available soil moisture (% volume), air capacity
(% volume of air filled pore space at field capacity), and physically inert volume (% volume of
soil solids + % volume moisture held at permanent wilting point). From lIaco (1985).
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Alternatively, the number of casts in specified quadrats can be measured to estimate earthworm activity.
However, this is at best an estimate as not all earthworms leave casts (Sarrantonio 1991).

Information gained:
Earthworms are generally considered to have a beneficial effect on soil structure (see Section 4.11),
are important in the decomposition of crop residues, and can greatly improve water infiltration due to
the presence of continuous channels. A change to reduced tillage often results in an increase in
earthworm activity.
4.7 Soil depth and profile description
Soil depth iders to the depth of soil from the surface to the various natural or man-made contrasts or
barriers tn",t may occur. It is most important, however, in terms of its effect on rooting volume, and thus
potential nutrient and water availability. The major abrupt change found in many soil types is that from
the A (topsoil) to B (subsoil) horizons, often characterized by a change in texture and / or color.
Soil depth is measured by first dividing the field into uniform areas (e.g., depth will probably be
different on a slope versus the flat; plant growth or differences in soil color and / or texture may give an
indication of uniform areas) and digging at least two holes in each area to about 1 m, or until any
restriction layer is encountered. While digging, the presence or absence of roots should be noted. As
digging holes is time-consuming, it is often possible to measure soil depth quite easily by using an auger
or a soil corer. The samples should be taken in increments (e.g., 10- or IS-cm intervals) and laid out on
the soil or other flat surface (a plastic pipe cut in half lengthwise with distance marked is quite useful).
This allows visual assessment of color or texture (see Section 4.5) change through the profile. The depth
at which changes occur should then be measured and noted. Field kits for measuring pH are useful for
rapidly determining any changes in pH through the soil profile. Although a plow pan cannot be seen by
augering; it may be detected visually in a shallow pit, or detected by changes in Bulk density (see section
4.8) or soil penetrability (see section 4.9).
For accurate soil color determination, a Munsells color chart can be used.

Information gained:
If no restriction layer is encountered above 1.0 m, then this indicates that soil depth is adequate. Root
growth should be carefully observed as the absence of roots may indicate either a physical (e.g., hard
pan) or a chemical (e.g., acid soil) barrier. Soil profile can be easily described in terms of texture (see
Section 4.5), bulk density (see Section 4.8), and porosity (see Section 4.10), essential in determining the
relevance of a given site for research.

4.8 Bulk density and compact layers
Bulk density (BD) is usually measured when the soil is moderately wet (often about field capacity) and is
the measure of the equivalent dry weight of soil per volume sampled (expressed as g/ em 3).
Measurement at times is also made at wilting point. A number of different apparati can be used to collect
the sample. The easiest to use is a normal soil corer; however, extreme care is required to ensure that the
sample is not compacted during sampling and / or that soil is not lost from the bottom as the sample is
extracted. The latter can, in part, be overcome by sampling for example to 20 cm, extracting the sample
and using only the upper 15 cm. Alternately, a special apparatus (Figure 7) designed specifically for
measuring BD can be used. The number of recommended samples is shown in Table 1.
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The most precise method for measuring BD involves the coated clod method. This entails collecting
undisturbed clods, drying and coating the clods with wax, and then establishing the volume displaced in
liquid by the clod (Blake and Hartge 1982).
In soils that crack (Le., shrink and swell), the bulk density changes substantially with moisture. In such
soils, the bulk density is difficult to measure when either very wet or very dry. Anderson and Ingram
(1989) outline the following: The minimum bulk density occurs in such soils when they are fully wet. By
assuming a particle density of 2.65 g/ cm 3 and an air content when field saturated of 3% by volume
(Shaw and Yule 1978), then BD is estimated as:
BD = 1/ (W max + 0.4046), where W max = gravimetric moisture at field saturation (expressed as a decimaland measured shortly after a heavy rain or irrigation). Saturation can also be estimated in the laboratory
as outlined in Section 4.10.

Information gained:
An estimate of BD is necessary for converting from a concentration on a soil weight to a land area basis.
(Example: Given a bulk density of 1.2 g/ cm 3, then in 1 ha there are 2,400,000 kg to a depth of 20 em.
Therefore,1 ppm equates to 2.4 kg/ha in the upper 20 em.) BD is also one of the primary indicators of
soil compaction and thus conditions for root growth (e.g., Taylor 1971). Table 9 shows values typical for
soils. Some care is required when interpreting BD through the profile and between soils, as a change in
BD may be more related to a change in texture (Table 9) than to compaction per se.
Although critical values for BD have been suggested (e.g., 1.75 g/ cm 3 for sands or 1.46 to 1.63 g/ cm 3 for
silts and clays can hinder root growth, de Geus 1973), soil strength as measured by penetrability (see
Section 4.9) may be more useful.
•

F

~W.i9hl for hammering sampler

9~'
. Rings inserted in sampler body
:"1,

\

+-Sampler body

"

'~+- Cutting tip

Figure 7. Special apparatus designed for sampling soils for measuring bulk density.
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4.9 Soil penetrability or mechanical impedance
Penetrability is often estimated by using penetrometers, where a cone penetrometer is pushed steadily
through the soil (Brad ford 1986). Care is required that interpretation or comparisons of penetrometer
readings are made across uniform conditions, as the penetration resistance is not only affected by bulk
density (Figure 8) and texture, but is greatly affected by moisture content (less pressure is required to
penetrate soil as soil moisture content increases). Therefore, a penetrometer should be used after an
irrigation or rainfall event that ensures a uniformly moist profile (close to field capacity) to the soil depth
of interest.

lnfonnation gained:
Soil penetrability measures the ease with which the penetrometer can pass through the soil; thus the
scientist attempts to relate penetrability to the development of plant roots and to soil physical properties
such as changes in bulk density, which can arise due to plow pan formation or a switch from cultivation
to zero tillage. Penetration can also be used as an estimate of changes in soil structure (Bradford 1986).
4.10 Porosity
Porosity is air space in the soil, and total porosity is air space at zero moisture. As total porosity increases
bulk density (see Section 4.8) decreases. Total porosity (by volume) can be estimated from bulk density
(BD g/cm 3 ) via the equation:

(2.65

g 1cm 3

Total porosity % = (I-BD/2.65) x 100.
is an adequate estimate of particle density for most soils.)

Usually, however, the pore size distribution (PSD) is of greater interest than total porosity. For example,
a clay has greater total porosity than a sand, but drains more slowly due to a greater number of smaller
pores. The PSD is calculated from water retention curves using undisturbed core samples, which are
saturated before being subjected to different suction pressures as outlined by Danielson and Sutherland
(1986). If equipment is not available to do a full curve, then estimates of field capacity (FC) (see Section
5.7) and permanent wilting point (PWP) (see Section 5.8) give two points on the curve.
8
7

2

o S 3
0li

1.5
1

.

1 .4

1/31.2 1.3 6e(\~\\'j
'-1/~,sv.
su\\I.
7J
~o

to's-,%)/"

16

91 C11'3)

~

'I')

Figure 8. Effect of bulk density and soil water suction on cone index resistance
for a Tarai loam. From Singh and Ghidyal (1977)-cited by Cassel (1982).
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Example: By using the above equation, total porosity can be calculated from BD. Then by subtracting the
moisture by volume at FC and PWP, the porosity at three different moisture levels is obtained.
Moisture (data from Table 9)
held at:
PWP
FC
(% Volume)
Sand
Clay

7
21

BD
g/cm 3

15
44

Total solid Total pore
volume (%) volume (%)

1.65
1.25

62.3
47.2

37.7
52.8

Air-filled
porosity (%) at:
PWP
FC
30.7
31.8

22.7
8.8

Notice that the air-filled pore space at PWP is very similar for the two soils, but very different at FC

Information gained:
The distribution of pores determines the amount of free drainage, air space, and water retention.
Generally, a volume ratio of 1:1:1 solids:moisture:air is considered ideal for soils (llaco 1985). A loam
with a BD of 1.4 g/cm 3, at FC (31 % by volume) will have a solid:moisture:air ratio of 3.25:2:1.
Table 11 shows the relationship between pF (the negative logarithm of soil moist -~ tension) and pore
diameter and the general relationships for root growth and pore sizes. Porosity along with pore
continuity controls moisture conductivity of soil.

Table 11. Pore dimensions, their origin and significance, and relationship to soli water. From
Hamblin (1987).
Average pore
diameter (JJm)

5011 water
potential

Origin

Significance

0.003

Separation distance between
clay platelets

Smallest pores; contain structural
or bound water

0.1

Spaces between clay 'domains'
or packages

Equivalent to permanent
wilting point

1-2

Pores within stable micro-aggregates

'Storage' pores capable of penetration
by hyphae and bacteria

5-10

Pores within stable microaggregates

Size of root hairs and higher
order lateral roots

30

Pores between single-grain,
close packed sand or between
micro-aggreagates

'Field capacity', Le., retains
water against gravity for
24 hours

100-1000

Created by roots and macro-fauna,
pressure and tension cracks

Transmission pores for rapid
transport of water

10,000100,000

Primary shrinkage cracks in clay soils,
fracture planes from tillage, fissures

Transmission pores for very rapid
draining of water from clay soil surfaces

8

=

-1.5 MPa
-15 bars pF 4.188

-0.01 Mpa
-10 kPa
-0.1 bars pF 2.0

pF -Iog(h), where h (cm) is the height of a water column that would rise from the water table against the force of
gravity; h is related to pore diameter (d) by the relationship: h O.3/d

=
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Note that by the time FC is reached, all pores greater than approximately 30 J.Lm have drained.
Management (e.g., tillage) will have little effect on pores below this size (Hill et al. 1985) and thus will
have little effect on moisture retention (although, infiltration may be affected).
Table 9 gives an indication of the relative proportion of pore space at FC and PWP for soils of different
textures.

4.11 Structure and aggregate stability

Structure:
Soil structure refers to the organization and characteristics of natural soil aggregates (often called 'peds').
Structure is defined visually based on three criteria: grade, size, and type of ped. Grade refers to the
distinctiveness and durability of the aggregates, size is self explanatory, while type refers to the shape
and arrangement of the peds (Ilaco 1985). A simple methodology for evaluating soil structure is shown
in Figure 9.
Due to the difficulty in measuring soil structure (e.g., plot disruption), alternate methods are desirable.
Penetrability (see Section 4.9) can be used a measure of soil structure.

Aggregate stability:
Stability of the aggregates can be assessed under wet and dry sieving (See Kemper and Rosenau 1986).
If specialized equipment is not available, a somewhat cruder method of wet sieving involves taking an
undisturbed soil sample of about 200 g of air-dried soil and weighing exactly (Sarrontonio 1991). Sieves
of 2 mm (lO-mesh) and 5 mm (4-mesh) can be constructed from hardware cloth or metal screening. The
screens can be fixed to the bottom of wooden frames 25 cm x 25 cm of 5 cm depth. The two frames must
be the same size and fit on top of each other without leaving gaps. The 5-mm tray is placed on top of the
2-mm tray. Strap the trays together in a manner that allows them to be subsequently separated. Pour the
soil sample gently onto the 5-mm tray and gently shake the dry sample until soil ceases to fall through
the mesh. The two, still strapped together, are then lowered slowly into a large container of water and
left immersed for about 5 seconds, before slowly removing and allowing to drain. Replace the water if it
becomes muddy. Repeat this process four times. After the final dunking, the trays are separated and the
soil remaining on each sieve is transferred to a labeled container, indicating the sieve size from which the
sample comes. Rocks and nonsoil debris are removed, air-dried, and weighed. The sieved samples are
then air-dried and weighed~ The percent water stable aggregates (WSA) for each sieve size are calculated
as, for example:

Percent WSA > 5 mm

(g soil held by 5 mm sieve)'" 100/ (X - g rock and nonsoil), where X = the total weight of the original
air-dry sample.

lnfonnation gained:
Structure is strongly dependent on soil texture and tillage (Unger et al. 1982) and can be greatly
enhanced by increasing organic matter levels. Changes in structure greatly influence the pore size
distribution (and thus bulk density) of a soil and thus root penetration can be affected. As a measure of
soil productivity, structure is actually better than texture, but is not often assessed due to the difficulty of
measurement and interpretation.
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A: Degree of development
1. Take a soil sod and break it open using hand pressure, exposing a nalural cleavage
plane. Observe the number of distintictive peds and the degree of ped separation.
2. Disturb the soil more and observe the proportion of whole and broken aggregates,
and unaggregated malerial.

t

•

Is there any
observable
aggregation?

YES

Are there few distinguishable peds initially,
and when disturbed a
mixture of a few entire
peds, many broken peds
and much unaggregated
malerial?
YES

Structureless

•

NO

t

YES

Weakly developed

B: Form

Arethe peds evident but
not prominent in~ially
andwhen disturbed a
mixture of many entire
peds, some broken peds,
andlittIe unaggregated
maier'iaI?

•
NO

t

Are there many prominent
peds weakly adhering to
one another, and when
disturbed mainly entire
peds, few broken peds,
and little or no
unaggregated malerial?

t

YES

Moderately developed

Strongly developed

Isolate and observe an individual ped representative of the dominant form

Is it rectangular in form
with length approx.
> 2 times width?

•
NO

•

Is it cube~ike in form
or makes up part of
a cube?

NO

t

YESt

YES

Prismlike

Blocklike

Does the prism have
a rounded 'cap' or
top?

Does the block have
sharp, angular edges
thai interlock tightly
and flat faces thai fit
close together?

YEst

NOt

YES

Columnar

Prismatic

Blocky

t

Is it flattened and
layered in form?

YES

t

Platelike

NO

•
NO

Is the form generally
rounded?

YES

t

Spheroidal

Do the shapes look
porous like a
breadcrumb?

t

t

Nutty
Sub-Angular

Platy

YES

t t

Crumb

NO

Granular

.. .-a:
,.....

't . •

~

.,J: ••

•

c:

••••

Size
<10 mm very fine
10-20 mm fine
20-SO mm medium
SO-I 00 mm coarse
>100 mm very coarse

<5 mm very fine
5-10 mm fine
10-20 mm medium
20-SO mm coarse
>SO mm very coarse

<1 mm very thin
1-2 mm thin
2-5 mm medium
5-10 mm thick
> t 0 mm very thick

<1 mm very fine
1-2 mmfine
2-5 mm medium
5-10 mm coarse
>10 mm very coarse

Figure 9. Flow diagram for the assessment of soil structure. From Climo (1982).
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Aggregate stability is related to the ability of the soil to maintain porosity when subject to mechanical
action of raindrops or tillage. If soil tilth improves, then the number of aggregates in the 2-5 mm range
increases (Sa rron tonio 1991).
4.12 Crusting
Crusting is the sealing of the soil surface due to soil particles filling the coarser pores in the soil surface.
Measurement of crusting is more by presence or absence.

Assessment of the importance of crusting on crop emergence is best made shortly after germination,
when seedlings are dug up and checked for the presence of long yellow leaves that are bent and are
having obvious problems in emerging.
A pocket penetrometer can be used to assess the resistance of a surface crust (Bradford 1986).
Crusting can also be assessed by measuring infiltration rates (see Section 5.10). Infiltration will be
reduced, often substantially, as surface pores are blocked.

Infonnation gained:
Crusting: a) forms a physical barrier to the emergence of the young seedlings, b) reduces gaseous
exchange between the soil and atmosphere, and c) substantially reduces the rate of water infiltration,
thus increasing the risk of run-off and erosion. Therefore, crusting can affect the crop during
germination, emergence, and crop growth. Crusting is more common on soils high in silt and in soils
with low organic matter (Russell 1973). Although many people think soils high in clay should have more
problems of crusting, this is not so, as the clay tends to bind together in colloids that resist slaking (i.e.,
the breaking up of the colloid). The principle cause of crusting is through the impact of raindrop or
irrigation droplets. Factors that also contribute to the problem include high levels of Na, and lor
inappropriate land preparation (generally excessive-pulverization). Surface residues, by intercepting
rain or irrigation droplets, can reduce crusting.
The strength of the crust decreases with increasing soil moisture. As a consequence, where irrigation is
available and serious crusting occurs, irrigation may be applied to help seedlings emerge.
4.13 Surface residue
Collect and bulk the straw or surface organic matter found within five random samples (or two per
replicate) of at least 1.0 m 2• Dry the material in an oven (70°C) and weigh. Convert g/m 2 to t/ha
(g Im 2 /lOO = t/ha).

When a researcher has some experience, residue cover can also be estimated visually (Figure 10).

Infonnation gained:
One of the main problems with estimating residue is the variation. Residue amount can be used for an
assessment of soil cover and thus both potential evaporation reduction and erosion control (Table 12).
Assuming uniform distribution, approximately 4 t of wheat straw are required to give 100% ground
cover (Roth et al. 1988). Straw will also be a potential source of disease for infection of subsequent crops
and may immobilize N during the decomposition process.
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Figure 10. Estimation by eye of the quantity of stubble present. Note: Each panel depicts
50 x 50 em of flattened wheat stubble. From Felton et al. (1987).
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5 Soil Moisture
Soil moisture can be expressed as percent by weight or volume, as depth of water or as soil water
potential. It can be measured directly (see Section 5.2), indirectly (see Section 5.4) or estimated by feel
(see Section 5.1) or by water budgeting (see Section 5.1).
Soil moisture measurements should be taken from within the "effective" plot (i.e., leaving adequate
border to avoid edge effects).

Information gained:
Soil moisture values are usually used to assess irrigation requirements and/or the occurrence of stress.
As a very general rule, if 50% of the water available to the plant in the soil profile has been used then the
plant will begin to suffer water stress; Robins et al. (1976) state that stress begins in wheat when 75-80%
of available moisture is used. This general rule does, however, have to be applied in association with
knowledge of root distribution in the profile. Therefore, it is, in fact, better to define the profile
throughout the season according to the known or expected distribution of roots (i.e., roots may be at 1.2
mat anthesis, but only at 30 cm during tillering; thus the amount of water available to the plant will be
quite different).
5.1 Estimating soil moisture
Soil moisture can be estimated by feel (Table 13) or by using estimates of evapotranspiration using
climatic data as shown by Doorenbos and Pruitt (1984) and Doorenbos and Kassam (1979). The simplest
calculation to estimate the evapotranspiration of a crop (ETcrop ) is:

(ETcrop in mm) = kc" ETo' where kc is the crop coefficient (dependent on crop and crop stage of
development; Table 14), and ETo is the product of the evaporation (E in mm) from a Class A pan
evaporation tank and the pan coefficient (Kp-dependent on environmental conditions, Table 15).
5.2 Direct soil water measurement
The number of samples recommended to accurately estimate moisture is shown in Table 1.

Use a shovel, auger or soil corer to sample the soil to depth of interest. Take samples towards the center
of the plot away from the borders. Soil profiles are often divided into different depths (e.g., 0-10,10-20,
20-40,40-60 cm). The soil snould be placed in a can (of known weight) that is immediately sealed. The
can with the moist soil should be weighed as soon as possible, the lid removed and the sample placed in
Table 12. Residue required for different soil types to decrease erosion. From
Wingate-Hill and Marston (1980).
Amount of flattened stubble required (tlha)
Wheat stubble

Sorghum stubble

Loamy sand
Silt
Clay

0.90
1.50
2.00

2.80
4.30
5.40

Loamy sand
Silt
Clay

0.90
1.60
2.10

2.60
4.80
6.20

Erosion type

Soli type

Water

Wind
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an oven to dry at 105°C. Alternatively, soil can be collected in plastic bags, which are subsequently
emptied into or subsampled into moisture cans: often, however, moisture condenses on the inside walls
of the plastic bag-such moisture must be returned to the soil sample by kneading the bag thoroughly
before soil removal. After sufficient time to dry (generally 24 hours if the oven has a fan), the can and
dry soil should be reweighed. If there are doubts about the sample being dry, the sample should be
placed back in the oven and reweighed the next day. If sample weight does not change, then the sample
is oven dry.
Calculate soil water by weight as:
Percent soil moisture by weight = Gravimetric moisture content

= SM w % =

Weight (can + wet soil) - Weight (can + dry soil) ... 100
Weight (can + dry soil) - Weight (can)
Moisture in soil (g)'" IOO/Soil dry weight (g)
Table 13. Guide for estimating soil moisture depletion. From lIaco (1985).
Feel and appearance of soil and moisture deficiency in cm water per m of soil
Soil moisture
deficiency

0%
field
capacity

0-25%

25-50%

Coarse texture

Moderately
coarse texture

Medium texture

Fine and very
fine texture

Upon squeezing,
no free water
appears on soil
but wet outline
of ball is left
on hand.

Upon squeezing,
no free water
appears on soil
but wet outline
of ball is left
on hand

Upon squeezing,
no free water
appears on soil
but wet outline
of ball is left
on hand

Upon squeezing,
no free water
appears on soil
but wet outline
of ball is left
on hand

0.0

0.0

0.0

0.0

Tends to stick
together slightly,
sometimes forms
a very weak ball
under pressure

Farms weak ball,
breaks easily
will not slick

Forms a ball,
is very pliable
slicks readily
if relatively
high in clay

Easily ribbons
out between
fingers, has
slick feeling

0.0-1.7

0.0-3.5

0.0-4.0

0.0-5.0

Appears to be
dry, will not
form a ball
with pressure

Tends to ball
under pressure
but seldom
holds together

Forms a ball
ribbons out
between thumb
and forefinger-

1.7-4.0

3.5-7.0

Forms a somewhat plastic ball,
will sometimes
slick slightly
with pressure

5.0-10.0

4.0-8.0
50-75%

75-100%
(100% =
Permanent
wilting
point)

Appears to be
dry, will not
form a ball
with pressure

Appears to be
dry, will not form
a ball under
pressure

Somewhat crumbly
but holds together
under pressure

Somewhat pliable
will ball under
pressure

4.0-7.0

7.0-10.0

8.0-12.0

10.0-16.0

Dry, loose
single grained
flows through
fingers

Dry, loose
flows through
fingers

Powdery, dry sometimes slightly crusted
but easily broken
down into powdery
condition

Hard, baked
cracked sometimes
has loose crumbs
on surface

7.0-8.0

10.0-12.0

12.0-16.0

16.0-20.0
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5.3 Soil moisture conversions
Convert soil moisture by weight (SM w %) to soil moisture by volume (SM y %) by multiplying by the bulk
density (g / cm 3 ) (See Section 4.8), i.e.,

SM y % == SMw % x bulk density
(Example: 32 == 24" 1.5)

Table 14. Crop coefficients (Kc) for cereals for different stages of crop growth and
climatic conditions. From Doorenbos and Pruitt (1984).
Relative Humidity
> 70%

0-5
Crop
All

3
4

3
4

a

5-8

Crop stage
1

Maize

Wind speed (m/sec)
5-8
0-5

8

2
Barley/Oats!
Wheat

< 20%

(Dependent on interval between rainfall and
ETa - See Figure 11)
1.05
0.25

1.1
0.25

1.15
0.2

1.2
0.2

1.05
0.55

1.1
0.55

1.15
0.6

1.2
0.6

1 == Emergence; 2 == Elongation; 3 == Mid-season; 4 == Maturity.

Table 15. Pan coefficients (Kp) for class A pan placed in a short, green cropped
area. From Doorenbos and Pruitt (1984).
Relative humidity (%)
Windward side distance
of green crop (m)

Low
< 40

Medium
40-70

High
> 70

Light
< 175

1
10
100
1000

0.55
0.65
0.7
0.75

35
0.75
0.8
0.85

0.75
0.85
0.85
0.85

Moderate
175-425

1
10
100
1000

0.5
0.6
0.65
0.7

0.6
0.7
0.75
0.8

0.65
0.75
0.8
0.8

Strong
425-700

1
10
100
1000

0.45
0.55
0.6
0.65

0.5
0.6
0.65
0.7

0.6
0.65
0.7
0.75

Very strong
>700

1
10
100
1000

0.4
0.45
0.5
0.55

0.45
0.55
0.6
0.6

0.5
0.6
0.65
0.65

Wind (km/day)
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Soil moisture by volume can be converted to depth of moisture in the soil profile by multiplying SM v by
the depth of the soil profile sampled i.e.,
Depth of soil moisture (mm) = SM v % x soil profile depth sampled (mm)
(Example: 256 mm = 32" 80 cm)
Remember that not all this moisture will be available to plants even if the roots reach 80 cm.

Information gained:
Soil moisture by depth is required for most water budgets (e.g., given 120 mm of available water in the
soil and an evapotranspiration rate of 5 mm / day, then 50% of moisture is used in (60/5) = 12 days. Time
to stress or needed irrigation can then be estimated).
5.4 Indirect measurement of soil water
Soil moisture can be measured indirectly by a range of means (e.g., tensiometers, gypsum blocks, time
domain reflectrometry (TOR) or neutron probes). Tensiometers are best used in wetter conditions
(range 0 to 0.8 bars, FC is approximately -0.1 bars), while gypsum blocks function best in the range of
from -1 to -10 bars. All the indirect methods require calibration by taking simultaneous direct
measurements on appropriate occasions (e.g., when the soil profile is at its wettest and driest). The
number of samples recommended to accurately estimate moisture is shown in Table 1. Take samples
from within the plot, away from borders.

TOR is quick but somewhat expensive and can have problems in soils when there are major contrasts of
moisture through the soil profile.
5.5 Water potential
Psychrometry gives a direct measure of water potential in the range of from -1 to -50 bars (for details, see
Hanks and Ashcroft 1982 or Rawlins and Campbell 1982). Thermocouple psychrometry infers the water
potential of the liquid phase from the vapor phase in equilibrium with it. The major difficulty is that
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Figure 11. Average Kc value for initial crop development stage (stages 1 and 2) as related to level
of ET0 and frequency of irrigation and/or significant rain. From Doorenbos and Pruitt (1984).
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vapor pressure changes very little in soils across the range of moisture at which plants grow. For
example, at the permanent wilting point, the relative humidity in the soil gas phase is still about 99%
(Rawlins and Campbell 1982).
The filter paper method is a simple and inexpensive method of measuring water potential indirectly
(Figure 12). It relies on the insertion of precalibrated filter papers (usually Whatmans #54 paper) into soil
samples in moisture cans, which are subsequently sealed and held in a temperature stable room for 4
days or more. After this equilibration period, the paper is removed, rapidly brushed free of soil (for
example using a camel hair brush), and quickly weighed, as the first step to determining its gravimetric
water content, which in the absorption phase is uniquely related to water potential, which will be the
same as that of the soil. Water content may also be determined on the soil sample after removal of the
filter paper, thereby giving both its potential and water content.
Alternatively, three filter papers can be used. Two papers are stapled together on one edge. One edge of
the other paper is folded, and this paper inserted between the other two; thus being protected from
contact with the soil. The papers are then allowed to equilibrate with the soil sample. The middle paper
can then be removed and is thus relatively free of adhering soil particles (P. Wall, pers. comm.).

Information gained:
Water potential refers to the chemical energy status of the water relative to that of free water. It consists
of various parts, namely:
'Ptotal

'Pm

=

= 'Pm + 'Po + 'II p + 'II z' where:

matric potential (attraction of water to soil),

'Po

= Osmotic potential (attraction of water and salts),

'Pp

Pressure potential, and
= Gravitational potential (due to force of gravity).

'Pz

=

·····
····
····
····
····
····
··

....
....
....
....
....
....
...

Filter paper

1-.J=============:::::E~=f-Brass cylinder

Soil

Paper towel

t=================~~

Filter paper sheet
Polyethylene

Figure 12. Diagram of apparatus for measuring soil water potential using
the filter paper technique. From AI-Khafaf and Hanks (1974).
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Both 'JIm and 'JIo are negative. Of these, matric potential ('JIm) dominates in soil. Osmotic potential changes
by approximately 0.32 bars per unit (S mol) increase in electrical conductivity, while the increase due to
gravity is of the order of 0.1 bar per 1 m rise. The potential determines the flow of water as water moves
along a gradient from high to lower water potential. Table 11 shows the water potential value in bars
used to estimate field capacity and permanent wilting point.
5.6 Measuring field capacity
Field capacity is a rather imprecise term that refers to the upper drained water holding capacity of a soil;
the major problem is to determine at what stage drainage has ceased (as drainage tends to be a
continuing process).
Field capacity (FC) is best estimated in the field, but estimates can also be made in the laboratory or from
soil texture (Table 9). In the laboratory, soil samples of preferably undisturbed cores (or soils sieved to <2
mm) are saturated and then placed in pressure plates at a suction equivalent to 0.01 MPa. After 48 hours,
water content is determined (for more details, see Cassel and Nielsen 1986).
In the field, FC is estimated by constructing soil embankments (of about 5-10 cm height) around a small
area (say 1-2 m 2) to form a reservoir (do not disturb the soil surface within the 'walled' area). Water is
added to the enclosed area to ensure that the soil is saturated throughout the profile (see Table 9 to
calculate how much water is approximately required to saturate soils of different texture; use total pore
space and depth. For example, to wet a completely dry sandy soil ±38 cm/m water is needed. In one m 3,
this is equivalent to 380 L, if the soil is completely dry. However, due to the pOSSibility of lateral
movement of added moisture more water should be added).
After wetting, the area is covered by an impermeable cover (e.g., a plastic sheet) to prevent evaporation
and/or water inflow (e.g., from rainfall). The soil is then allowed to drain for 2-7 days depending on soil
texture and drainage. The heavier the soil, the more time required for drainage. Soil samples are taken
with time (e.g., daily) from under the plastic and FC is determined as the moisture content when the rate
of change is relatively small. Moisture content is determined as set out in Section 5.2. The soil water
profile thus determined is also called the d rained upper limit.
Alternatively, soil can be covered by plastic in the field after a thorough irrigation or after continuous
rain. Similar to above, the soil is allowed to drain and soil samples are taken to measure moisture as
outlined above.
5.7 Estimating field capacity from bulk density and saturation
Field capacity can also be estimated from bulk density (BD) and porosity. Assuming that the soil
particles have a density of 2.65 g / cm 3 then:
(1-BD/2.65) x 100. = total porosity
= (approximately) saturation volume.
Table 9 (column 4) shows the approximate percent conversion that can be used to convert total porosity
for different textured soils to give an estimate of field capacity.
Alternate to estimation from BD, saturation can be roughly estimated by taking a soil sample of known
volume (sieved soil can be used) and adding known quantities of water until the slurry sample will slide
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off the mixing plastic spatula. Care should be taken that the sample volume does not change. Note:
About 3% air remains when a water-soil slurry is made to estimate water in the soil at saturation.
5.8 Permanent wilting point
Permanent wilting point (PWP) is the level of soil moisture at which a plant will not recover from
wilting if placed in a humid chamber (Soil Sci. Soc. Am. 1987). PWP is a very inaccurate measurement, as
the PWP varies somewhat between crops. The lower limit of soil moisture (see Section 5.9) is, in many
instances, now being used in preference to PWP.
Permanent wilting point can be reasonably estimated from texture and FC (Table 9). Alternately, PWP
can be estimated in the glasshouse or laboratory.
In the laboratory, sieved soil samples «2 mm) are placed in a pressure membrane apparatus and
subjected to a suction pressure equivalent to -1.5 MPa (see Klute 1986b).
PWP can be measured by growing sunflowers in pots with the soil in a greenhouse (see Furr and Reeve
1945). Wax or plastic beads are placed over the surface to prevent soil evaporation, when the plants have
at least two leaves, and the third leaves are emerging. The plants are allowed to grow until they wilt. A
practical way to assess if PWP has been reached is to place, in the afternoon, a plastic bag over both the
pot and a bowl of water. If in the morning, the plant is still wilted, then PWP has been reached (P. Wall,
pers. comm.).
5.9 Lower limit of soil moisture
The lower limit of soil moisture is usually determined after the root system has reached its maximum
extent, i.e., at or after flowering (Actual moisture content is determined by methods outlined in Sections
5.1-5.4). Well grown crops are allowed to dry the soil profile to the fullest extent possible. Usually, this is
achieved by withholding irrigation, waiting for occasions when there is no rain in the latter half of the
crop cycle (or by protecting the crop, or a portion thereof from rain and run-on). Sampling the soil
moisture distribution after such drying, e.g., at physiological maturity, reveals the full extent to which
the crop can dry the soil (note that air drying of soil while the crop still covers the ground is likely to be
small and confined to the top few centimeters).
Information gained:
This empirical measure is proving to be especially useful in understanding and modelling crop growth
and soil water deficits (see Ritchie 1981). It integrates the effect of root density and soil texture down the
profile. Therefore, however, it can be soil- and crop-specific and to a lesser extent stage of developmentspecific.
The difference between the drained upper limit (or field capacity) and lower limit is often defined as the
available water holding capacity (AWC) and a useful index of crop stress is the available water in the
profile as a fraction of the AWC-defined as a fraction or percentage of the available water. Many
physiological processes are affected once this falls below 0.5 to 0.4. Usually, available water ranges from
100-200 mm (see Table 9), but it should be remembered that this water is only fully available when the
root system has completely explored the soil to the stated depth (Gregory et al. 1984).
Figure 13 shows that available moisture as estimated using FC and PWP is somewhat greater than that as
estimated by using the lower limit of soil moisture.
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5.10 Infiltration
Soil infiltration rate is the rate at which water enters the soil (cm/hr or mm/hr). It can refer to water
entering from free or ponded water or from a water source under slight tension, which better simulates
infiltration under rain. In a dry soil, it starts at a maximum and declines in a logarithmic manner until it
generally reaches a low constant value (defined as the saturated hydraulic conductivity). The most
common means of measuring infiltration is to use a set of double rings (see Bouwer 1986). The
concentric rings (of 20 and 30 cm diameter, and 10 to 20 cm height) are placed (with minimal
disturbance) to about 5 cm depth in the ground filled with water and the rate of infiltration is measured
by recording over time the change in water level. When placing the water in the rings, care is required to
not cause excessive disturbance of the soil surface and thus change the infiltration characteristics of the
surface. This process can be facilitated by feeding the water slowly in through a tube and running the
water onto a small disk or plastic sheet.

A newer system that is emerging to overcome the problems associated with lateral flow is the
measurement of infiltration while irrigation is underway. The equipment shown in Figure 14 is used to
measure infiltration as follows (Wallender, pers. comm.).
The systems are simple, and involve seven basic steps:
• Water arrives at a point (X) in the field.
• The infiltrometers are pressed into the already wet soil (being wet facilitates placement of the
equipment).
• The point gauge is set to the level of water inside the container.
• Starting time (To) is noted, and rubber bungs (#15 are placed in holes).
• 300-500 ml of water are added and the new water height is noted.
• Measure time for water level to fall to the point gauge.
• Infiltration is measured as change in water height (mm)/time required to fall to original
point on the gauge.
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Figure 13. Soil moisture versus depth comparing field capacity (wettest),
permanent wilting point (-1.5 MPa), and lower limit of moisture (driest).
From Mason and Fischer (1986).
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Infiltration can also be measured by a sprinkler infiltrometer (see Peterson and Bubenzer 1986). This
method attempts to simulate through the use of a sprinkle irrigation system, the effect of rainfalL It is
useful for areas receiving the bulk of its moisture from rainfall. The system has the advantage in that
both infiltration and run-off can be measured under different intensities of simulated rainfalL

Information gained:
Infiltration can be a useful guide as to the probability of run-off given a certain rainfall intensity. For a
given soil, it can be used as a measure of soil structure and compaction. For example, although BD is
generally higher in zero-till soils compared to conventional till soils, the infiltration is usually higher due
to the presence of continuous pores open to the soil surface, surface residue and better soil structure
(Roth et al. 1988). While Table 8 shows typical infiltration rates for soils, Table 16 shows the generalized
definition for a range of infiltration rates.

Table 16. Ponded infiltration into saturated soil surface categories and irrigation suitabilities.
From Landon (1984).
Class

Infiltration rate (em/h)

1

< 0.1

2
3

0.1-0.5
0.5-2.0
2.0-6.0
6.0-12.5
12.5-25.0
> 25.0

4

5
6
7

Category

Suitability for surfaee Irrigation

Very slow
Slow
Moderately slow
Moderate
Moderately rapid
Rapid
Very rapid

Unsuitable except for paddy rice
Marginal
Suitable
Suitable
Marginal (Infiltration too rapid)
Suitable only under special conditions
Use overhead sprinklers

6 General Field Evaluation
Appendix 2 shows a sheet that can be used to evaluate a site for a surveyor for assessing how
representative a site is for research. This sheet combines many of the observations listed above.
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Figure 14. Devices used for measuring infiltration rates in
moist soil being irrigated (Wallender, pers. comm.).
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Appendix 1. Table of useful field conversions and units.
To convert Column 1
Into Column 2,
multiply by

Column 1
Slunlt

0.621
1.094
1.0
3.94 X 10-2
3.94 x 10-'

kilometer, km (1 ()3 m)
meter, m
micrometer, J.lm (10-6 m)
millimter, mm (10- 3 m)
cm (10-2 m)

2.47
247
2.47 X 10-4
10.76

hectare, ha
square kilometer, km 2
square meter, m2
square meter, m2

6.10 x 104
2.84 X 10-2
0.265
0.220
9.73 x 10-3
35.3

cubic meter, m3
liter, L (10- 3 m3 )
liter, L (10-3 m3 )
liter, L (10- 3 m3 )
cubic meter, m3
cubic meter, m3

2.205
10-2
1.1 x 10-3
1.102
9.843 x 10-4

kilogram, kg
kilogram, kg
kilogram, kg
megagram, Mg (ton)
kilogram, kg

To convert Column 2
Into Column 1,
multiply by

Column 2
non-51 unit
Length
mile,mi
yard, yd
micron, J.I
inch, in
inch, in
Area
acre
acre
acre
square foot,

1.609
0.914
1.0
25.4
2.54

ft2

Volume
cubic inch, in3
bushel, bu
gallon (US)
gallon (imperial)
acre-inch
cubic foot, ft3
Mass
pound.lb
quintal, q
ton (2000 Ib), ton
ton (2000 Ib), ton
ton (2240 Ib)

0.399
2.24

Yield and rate
pound/acre, Ib acre-'
kilogram/hectare, kg ha-'
kilogram/hectare, kg ha-'
busheVacre, 60 Ib
kilogram/hectare, kg ha-'
busheVacre, 561b
gallon/acre
liter/hectare, L ha-'
pound/acre, Ib acre-'
megagram/hectare, Mg ha-'
ton (2000 Ib) per acre
me~agram/hectare, Mg ha-'
ton acre-'
ton (2240 Ib) per acre
megagram/hectare, Mg ha-'
meter/second, m s-'
mile/hour

9.90
10
1.45 x 10-4

Pressure
megapascal, MPa (106 Pa)
atmosphere
megapascal, MPa (106 Pa)
bar
pound/square inch, Ib in-2
pascal, Pa

1.00 (K-273)
(9/5 0c) + 32

Kelvin, oK
Celcius,oC

0.893
1.49 x 10-2
1.59 x 10-2
0.107
893
0.446

Temperature
Celcius,oC
Fahrenheit, of
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0.405
4.05 x 10-3
4.05 x 1()3
9.29 x 10-2

1.64 x 10-5
35.24
3.78
4.546
102.8
2.83 x 10.2

0.454
1()2
907
0.907
1.016 x 1()3

1.12
67.19
62.71
9.35
1.12 x 10-3
2.24
2.51
0.447

0.101
0.1
6.90 x 1()3

1.00 (OC + 273)
5/9 (OF - 32)

Appendix 1. Continued
To convert Column 1
Into Column 2,
mUltiply by:

Column 1
51 unit

Column 2
non-51 unit

10

Electrical conductivity
siemenlmeter, S m-'
millimho per centimeter,
mmho cm-'

9.73 X 10-3
9.81 xl 0- 3

Water measurements
cubic meter, m3
acre-inches, acre-in
cubic meter/hour, m3 h"
cubic feeVsecond, ft3 s-'
cubic meter/hour, m3 h-'
U.S. gallon/minute, gal min"

4.40

0.1
1

Concentrations
centimoleJkilogram, cmolckg-', milliequivalents/1 00 grams,
ion exchange capacity
meq 100g-'
gram/kilogram, g kg-'
percent, %
megagram/cubic meter,
gram/cubic centimeter
Mg m,3
g cm- 3
parts per million, ppm
milligram/kilogram, mg kg-'

To convert Column 2
Into Column 1
multiply by:

0.1

102.8
101.9
0.227

10
1

Appendix 2. Sheet for general field evaluation.
Location:

Date:

Farmer:
Objective of study:
[1 Survey
[ 1Site evaluation for potential trial
[1Trial site evaluation
Depth of soli

[] Deep
> 90 em

Topography
landscape position

[] Upland

[] Terrace

[] Hillside
or slope

Probability of run-on

[] Low

[] Medium

[] High

Steepness
of slope

[] Nearly
level
<2%

[] Gently
sloping
3-8%

[] Very Low
<0.6 t/ha
<20%

Surface residues
(Figure 10)
ground cover

Potential erosion hazard [] Low
Gravel or
stones

[ ] Moderately deep
60-90 em

[] Plain
or flat

[] Moderately
sloping
9-15%

[] Strongly
sloping
16-25%

[] Steep

[] Low
0.6-1.2 t/ha
20-30%

[] Medium
1.2-2.5 t/ha
30-55%

[] Med-High
2.5-3.5 t/ha
55-70%

[] High
>3.5 t/ha
>70%

[] Medium

[] High

< 15% by volume
[] Poor
Cloddy

[] Moderate
Affects farming operations
16-35%

[]
Powdery

[] Adequate

Texture by feel:
(Figures 4 and 5)

[] Extreme
Prevents tillage
> 36%
[] Good
Fine tilth

_

Implied soli characteristics from texture (Table 9):

A. Bulk density

_ _ _ _ _ _ (g/cm 3l

B. Solid volume

_ _ _ _ _ _ (% by volume

C. Field capacity

_ _ _ _ _ _ (% by volume)

D. Wilting point

_ _ _ _ _ _ (% by volume)

E. Available moisture
[ ] Good
> 20

[ ] Very shallow
< 30 em

[] Slope
bottom

[] None to few

Seedbed
quality

[ ] Shallow
30-60 em

=(bulk density/2.65) * 100)

- - - -__(% by volume)
[ ] Medium
[ ] Poor
10-20
< 10

F. Solid: moisture:air
rating at FC
(optimum 1:1 :1)

[B:C: (1 OO-B-C)]

G. Soil physical classification:
(Figure 6)
H. Infiltration rate (Table 8): __ cm/hr)

[] Rapid
> 6.0
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[ ] Medium
0.5-6.0

[] Slow
<0.5

>26%

Appendix 2. Continued
I. Infiltration category (Table 16):
J. Expected drainage:

[] Good

[] Medium

[] Poor

K. Expected fertility (Table 10)

[] Good

I] Medium

[] Poor

[ ] Good

[] Medium

[] Poor

General field rating
Major site problem(s):

Site Is representative of the study zone:

[] Yes

[] No

Potential site for experimentation on:
[] Varieties (including: plant density, date of
planting etc.)
[] Pest control (disease, insect, weeds)
[] Tillage
I] Fertility
[] Other
Specify:

_

Appendix 3. Selected references on soil measurement.
General
lIaco, BV. 1985. Agricultural compendium for rural development in the tropics and subtropics. Second edition.
Elsevier. 738 pp.
Landon, J.R. 1984. Booker tropical soils manual. Booker Agriculture International Ltd., Longman,
Harrow England.
Russell, E.W. 1973. Soil conditions and plant growth. 10 th edition. Longman (Publ.). 849 pp.
Sanchez, P.A. 1975. Properties and management of soils in the Tropics. J. Wiley & Sons. 618 pp.
Soil Sci. Soc. Am. 1987. Glossary of soil science terms. July, 1987 revision. Soil Sci. Soc. Am., Madison, WI.

Methodology
Anderson, J.M., and H.S.l.lngram. 1989. Tropical soil biology and fertility: A handbook of methods.
CAB International. 171 pp.
Klute, A, ed. 1986. Methods of soil analysis. Part 1. Physical and mineralogical methods. Second Edition.
No.9 (Part 1) in the Agronomy series. ASA, SSSA Madison. 1188 pp.
Page, A.L., R.H. Miller, and DR Keeney, eds. 1982. Methods of soil analysis. Part 2. Chemical and microbial
properties. Amer. Soc. Agron. NO.9 (Part 2) in the Agronomy Series. ASA, SSSA. Madison. 1159 pp.

Soil Classification
Soil Survey Staff. 1990. Keys to soil taxonomy, 4th edition. SMSS Technical Monograph NO.6. Blacksburg,
Virginia. 422 pp.
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Wheat Special Report No.1. Burnett, P.A, J. Robinson, B. Skovmand, A. MujeebKazi, and G.P. Hettel. 1991. Russian Wheat Aphid Research at CIMMYT: Current Status
and Future Goals. 27 pages.
Wheat Special Report No.2. He Zhonghu and Chen Tianyou. 1991. Wheat and Wheat
Breeding in China. 14 pages.
Wheat Special Report No.3. Meisner, CA. 1992. Impact of Crop Management
Research in Bangladesh: Implications of CIMMYT's Involvement Since 1983. 15 pages.
Wheat Special Report No.4. Skovmand, B. 1994. Wheat Cultivar Abbreviations. Paper
and diskette versions. In press.
Wheat Special Report No.5. Rajaram, S., and M. van GinkeI. 1993 (rev.). A Guide to
the CIMMYT Bread Wheat Section. 52 pages.
Wheat Special Report No.6. Meisner, C.A, E. Acevedo, D. Flores, K. Sayre, I. OrtizMonasterio, and D. Byerlee. 1992. Wheat Production and Grower Practices in the Yaqui
Valley, Sonora, Mexico. 75 pages.
Wheat Special Report No. 7a. Fuentes-Davila, G. and G.P. Hettel, eds. 1992. Update on
Kamal Bunt Research in Mexico. 38 pages.
Reporte Especial de Trigo No. 7b. Fuentes-Davila, G., y G.P. Hettel, eels. 1992. Estado
actual de la investigacion sobre el carbon parcial en Mexico. 41 pages.
Wheat Special Report No.8. Fox, P.N., and G.P. Hettel, eds. 1992. Management and
Use ofInternational Trial Data for Improving Breeding Efficiency. 100 pages.
Wheat Special Report No.9. Rajaram, S., E.E. Saari, and G.P. Hettel, eels. 1992. Durum
Wheats: Challenges and Opportunities. 190 pages.
Wheat Special Report No. 10. Rees, D., K. Sayre, E. Acevedo, T. Nava Sanchez, Z. Lu,
E. Zeiger, and A. Limon. 1993. Canopy Temperatures of Wheat: Relationship with Yield
and Potential as a Technique for Early Generation Selection. 32 pages.
Wheat Special Report No. 11. Mann, C.E., and B. Rerkasem, eds. 1992. Boron
deficiency in Wheat. 132 pages.
Wheat Special Report No. 12. Acevedo, E. 1992. Developing the Yield Potential of
Irrigated Bread Wheat: Basis for Physiological Research at CIMMYT. 18 pages.
Wheat Special Report No. 13. Morgunov, AI. 1992. Wheat Breeding in the Former
USSR. 34 pages.
Wheat Special Report No. 14. Reynolds, M., E. Acevedo, O.A.A. Ageeb, S. Ahmed,
L.J.C.B. Carvalho, M. Balata, RA. Fischer, E. Ghanem, R.R. Hanchinal, C.E. Mann, L.
Okuyama, L.B. Olegbemi, G. Ortiz-Ferrara, M.A Razzaque, and J.P. Tandon. 1992.
Results of the 1st International Heat Stress Genotype Experiment. 19 pages.

39

Wheat Special Report No. 15. Bertschinger, L. 1993. Research on BYD Viruses: A
Brief State of the Art of CIMMYT's Program on BYD and Its Future Research
Guidelines. In press.
Wheat Special Report No. 16. Acevedo, E., and G.P. Hettel, eds. A Guide to the
CIMMYT Wheat Crop Management & Physiology Subprogram. 161 pages.
Wheat Special Report No. 17. Huerta, J., and A.P. Roelfs. 1993. The Virulence
Analysis of Wheat Leaf and Stem Rust on a Worldwide Basis. In press.
Wheat Special Report No. 18. Bell, M.A., and R.A. Fischer. 1993. Guide to Soil
Measurements for Agronomic and Physiological Research in Small Grain Cereals. 40
pages.
Wheat Special Report No. 19. Woolston, J.E. 1993. Wheat, Barley, and Triticale
Cultivars: A List of Publications in Which National Cereal Breeders Have Noted the
Cooperation or Gennplasm They Received from CIMMYT. 68 pages
Wheat Special Report No. 20. Balota, M., I. Amani, M.P. Reynolds, and E. Acevedo.
1993. An Evaluation of Membrane Thermostability and Canopy Temperature Depression
as Screening Traits for Heat Tolerance in Wheat. 26 pages.
Reporte &pecial de Trigo No. 21a. Moreno, J.I., y L. Gilchrist S. 1993. La rona 0 tiz6n
la espicga del trigo. In press.
Wheat Special Report No. 21b. Moreno, J.I., and L. Gilchrist S. 1993. Fusarium head
blight of wheat. In press.
Wheat Special Report No. 22. Stefany, P. 1993. Vernalization Requirement and
Response to Day Length in Guiding Development in Wheat. 39 pages.
Wheat Special Report No. 23a (short version). Dhillon, S.S., and I. Ortiz-Monasterio
R. 1993. Effects of Date of Sowing on the Yield and Yield Components of Spring Wheat
and Their Relationships with Solar Radiation and Temperature at Ludhiana (Punjab),
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