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The variability of soil pH, texture and organic matter was studied with the prospects of varying application rate of
lime by precision farming techniques. Soil pH varied greatly across the uniformly managed field at the farm of
University of Newcastle, England. Soil samples were taken on a regular grid of 20m x 40m using differential
Global Positioning System (DGPS). The spatial analysis showed that the range was large, resulting in maps
having a uniform pH. The large areas of uniform pH would allow differential application of liming material. A
uniform application of lime, based on an average pH for the entire field was shown to be less effective than
spatially targeted applications. Only 9% of the field was at the mean pH 5.9 (±0.1), which would be limed using
the conventional approach, required no liming. 35 % of the total area required >0.5 tlha more than the
recommended rate and 56% require <0.5 tlha less. The results suggest that variable application should become
common practice to increase the agronomic and environmental efficiency.
Key words: Precision agriculture, GPS, GIS, Soil pH, Organic matter, Soil texture, Variable rate liming

INTRODUCTION

Concern over the agricultural and environmental
implications of soil acidification has developed as
agricultural soils in UK have become increasingly acid
in recent years. In very acid soils, such as pH 4, most
crops fail to grow. Liming of acid mineral soils when
the pH falls to around 5.5, is required to prevent
phytotoxic levels of aluminium (Lierop, 1990). Crops,
however, differ in their tolerance to soil acidity. Some
arable crops such as potatoes, rye and ryegrass may
grow satisfactorily at pH values as low as 5.5. Oats,
wheat and oilseed rape grow well at pH 6.0, however,
barley, beans, peas and sugar beet need pH 6.5 to
grow satisfactorily [Ministry of Agriculture, Fisheries
and Food (MAFF), 1973). Current recoi .vnendatlons
by ADAS (MAFF, 1984a) for soil pH are 6.5 and 6.0 for
arable and grassland systems, respectively.

The amount of lime required to change pH by a given
amount depends on soil cation exchange capacity,
which in turn is 'dependent on the soil texture and
organic matter content. pH indicates only intensity of
acidity present in soils but not the amount of lime
needed to change pH. A coarse-textured soil
containing little organic matter (OM) and low Cation
Exchange Capacity, requires less lime per unit of pH
change, while a fine-textured soil having the same pH
and containing a high OM will need larger amounts of
lime to affect the pH by the same amount. Although a
chemical test for lime requirement exists, it is normal
practice to estimate the lime requirement based on
texture and pH from a standard table (Archer, 1985).

In spite of the spatial variation in soil acidity, texture,
OM and crop productivity, the typical lime application is
at a uniform rate of CaC03 across large spatially
variable regions (Edmeades et aI., 1985). Often no soil
testing is conducted to evaluate soil acidity, but when
testing is conducted, it is often based upon the average
analysis of a small number of soil cores (not more than
25 soil cores per area) from "uniform" areas (MAFF,
1994). Using the mean to formulate a lime
recommendation may result in over- or under-liming of
large parts of the field, decreased efficiency in use of
lime resources, and increased potential for induced
deficiency or toxicity of some trace elements Borgelt et
al. (1994) have shown substantial variation in pH and
texture within a field, leading to considerable variation
in optimum lime recommendation. A prescription lime
application approach is needed to consider spatial
variation in soil type and organic matter to avoid
limitations of the whole field approach

In this paper the variation in soil pH and texture across
the field under investigation have been examined and
the lime requirement calculated on a conventional and
on a variable rate basis. From the difference we have
calculated the error in application that results from
conventional method of liming, and have estimated the
likely impact on crop production.

MATERIALS AND METHODS

Intensive soil samples were taken from 8.2 ha field at
Welton field, Nafferton farm, University of Newcastle
Upon Tyne, UK (54059' N, 1054' W; NZ 091641). Soil
samples were spaced on approximately a 20 m x 40 m
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grid to provide relatively uniform coverage over the
entire area. The exact locations of soil samples were
determined using Differential Global Positioning
System (DGPS). Soil pH was measured in a 1:2.5 soil:
water ratio using a glass electrode (MAFF, 1984b). The
pipette method was used to assess the particle size
distribution (Moody et al., 1959). Organic carbon
percentage measured using LECO 125 carbon-sulfur
determinator. The organic matter contents (M%) were
calculated through rnultrplication of the organic carbon
(C%) using equation M = 0.35 + 1.80 C (Raney, 1969).

Methods for calculating lime requirement

Conventional method. The conventional lime
requirement (LR) method adopted by ADAS (MAFF,
1985), which uses a 'reference' table (Appendix, Table
A-1) where recommendations are made on the basis of
soil pH and textural group, was used.

Variable rate method. Soil pH measured values were
interpolated into a 20m x 20 m grid using the 'fault'
procedure in Unimap (UNIRAS, 1989). The grid also
ensured that the best set of values for pH are available
for each square, and allowed different lime requirement
approaches to be calculated using spreadsheet and
further analysed using MINITAB. Lime requirement
calculated for each cell was based on pH only.

The variable lime application maps are presented as
20 m x 20 m square blocks at increments of 2 t CaC03
per hectare for practical reasons. As the lime
applicator will operate in parallel lines, a gridded
system of 20 m x 20 m squares is more practicable
than contours. Lime requirement error maps were
produced based on disagreement between variable
rate and conventional methods and the likely impact on
future crop production was estimated.

RESULTS

The pH variability, as measured by CV, was relatively
small compared to other soil chemical parameters.
Results still varied from very acid to neutral (4.55 and
7.30) (Table 1). The range of influence for soil pH
shows spatial dependence within the field (Table 2).
The map of soil pH (Fig. 1) illustrate the location of
areas which need liming, or which have a sufficiently
high pH for liming to be unnecessary. The pattern of
pH between years is visibly similar and original values
are strongly correlated (r = 0.919"'). There was a
substantial variation in the sand content across the
field and the distribution was positively skewed (Table
1). The range of influence for silt and clay was 100 m
and for sand 80 m, which reflects spatial variability in
each and indicates that mapping is justified (Table 2).
Low sand contents were located in the South East (SE)

a.nd North West (NW) corners of the field (Fig. 1). High
Silt contents are located in NE corner of the field (Fig
1). The area with low clay contents is located in the NE
corner and high clay contents were found in the SE
corner of the field (Fig. 1). The correlation between
clay and sand was highly significant but negative and
correlation between silt and sand was also negative,
and significant but less strong (Table 3).
The CV of organic matter was large (Table 1),
indicating considerable variability in soil organic matter
across the field and distribution is strongly skewed by a
small number of high values. The soil organic matter
content was strongly correlated between years (r =
0.899*"). The semi-variance attains its maximum at a
range of 80 m (Table 2). OM content was close to the
mean across the greater part of the field (Fig 2), but
there were areas above 8% in the eastern part.

Lime requirement

Conventional Method. Using the mean value of pH
together with mean textural class of sandy clay loam,
the lime requirement is 6.4 tons CaC03 per hectare.
This resulted in a total lime requirement of 43.8 tons of
CaC03 (Table 4) to raise pH to 5.9.

Variable rate liming. Only 9% of the field was at the
mean pH 5.9 (±0.1), and 9% of the area which would
be limed within using the conventional approach,
required no liming (Table 4). 35 % of the total area
required >0.5 tlha more than the recommended rate
and 56% require <0.5 tlha less (Fig. 3). The total lime
requirement using this system was - 5% greater than
conventional system (Table 4 and Fig. 2).

DISCUSSION

Soil Texture, Soil pH, OM and Liming

Although there is considerable variation in soil texture
within Welton field (Table 1), all the field was in one
textural class. Despite the low clay content and
correspondingly higher sand in the eastern part of the
field, OM content was high compared to other parts of
the field which have more clay. This is related to the
consistent wetness of this part of the field and is similar
to the results of Mohamed (1997). Sandy areas have a
smaller lime requirement (MAFF, 1985) and may
therefore be overlimed, but in this case the increased
OM will compensate for the coarse texture by
increasing buffering capacity. However, at very large
OM contents the optimal pH is lower (MAFF, 1985).
Hence there may be a serious risk of overliming-
induced micronutrient deficiency in these sandy,
organic rich areas.
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Table 1. Univariate statistics of soil pH, OM, clay, sand and silt

Soil Variable
Mean Min-Max SO CV(%) Skewness
1966 1997 1996 1997 1996 1997 1996 1997 1996 1997

pH 5.90 5.90 4.74-7.30 4.55-7.01 0.76 0.51 12.9 8.78 0.54 -0005

Organic matter (%) 5.20 5.29 4.15-10.7 3.95-12.1 1.13 1.51 21.7 28.5 2.95 3.03

Clay (%) 26.2 - 19.6-30.5 - 2.88 - 11.0 - - -OA9
Sand(%) 49.8 - 45.7-55A - 2AO - 4.82 - - OA7

Silt (%) 24.0 - 19.3-30.3 - 2A9 - 10A - - 0.66

Sand, silt and clay only measured in 1996.

Table 1-A. General lime recommendations for 1986 (t ha"]

Sands Li<ht Med +Clav Orqanic Pty + Peats
pH A G A G A G A G A G
6.5 0 0 0 0 0 0
6A 2 0 2 0 2 0
6.3 2 0 3 0 3 0
6.2 3 0 4 0 4 0 0
6.1 4 0 4 0 5 0 3
6.0 4 2 5 0 6 0 4
5.9 5 2 6 2 6 2 5
5.8 5 2 6 2 7 2 6 0
5.7 6 3 7 3 8 3 7 0 5
5.6 7 3 8 3 9 4 8 2 6
5.5 7 4 8 4 10 4 9 3 8
5A 8 4 9 4 10 5 10 4 10
5.3 8 5 10 5 11 5 11 5 11 0
5.2 9 5 11 5 12 6 12 5 13 4
5.1 10 5 11 6 13 7 13 5 14 5
5.0 10 6 12 6 14 7 14 7 16 6
4.9 11 6 12 7 14 7 15 7 18 7
4.8 11 7 13 7 15 7 16 7 19 7
4.7 12 7 14 7 16 7 17 7 21 7
4.6 13 7 15 7 17 7 18 7 22 7

4.5 13 7 15 7 18 7 19 7 24 7

4A 14 7 16 7 18 7 20 7 26 7

4.3 14 7 17 7 19 7 21 7 27 7

4.2 15 7 18 7 20 7 22 7 29 7

4.1 16 7 18 7 21 7 23 7 30 7

4.0 16 7 19 7 22 7 24 7 32 7

Notes
1. Arable LR based on 20 cm soil; Grassland LR based on 15 cm soil
2. No maximum LR for arable; maximum surface application for grass 7 t ha'
3. Separate LR may be needed for reseeds below pH 5.0

Soil groups
Sands
Light
Medium + Clay
Organic
Peaty + Peats
Source: MAFF 1985

All sands and loamy sands
All sandy loams, sandy silt loam, silt loam
All clay loams and clays
10-25% organic matter
> 25% organic matte
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Table 2. Summary of parameters for semivariograms of soil pH, OM, clay, sand and silt.

Sill Range (m) Nugget Nugget-to-Sill ratio
Soil Variable

1996 1997 1996 1997 1996 1997 1996 1997

pH 0.26 0.58 80 80 0.21 0.35 0.80 0.60

Organic matter (%) 1.10 0.63 80 80 0.70 0.42 0.63 0.66
Clay (%) 8.13 - 100 - 5.70 - 0.70 -
Sand (%) 5.64 - 80 - 4.50 - 0.80 -
Silt (%) 6.09 - 100 - 4.20 - 0.69 -

Table 3. Correlation matrix of yields, soil pH, OM, clay, sand and silt for 1995/96 and 1996/97

Year Soil property Yield pH %OM Clay Sand
pH 0.118NS

%OM -0.027 NS 0.089 NS

1996 Clay 0.544"* 0.245 NS 0.224 NS

Sand _0.196NS -0.150 NS -0.316** -0.567***

Silt -0.440** -0.138 NS 0.045 NS -0.609*** -0.307*

pH 0.003 NS

%OM 0.065 NS 0.025 NS

1997 Clay 0.520*** 0.309* 0.193 NS

Sand -0.144 NS -0.231 NS -0302** -
Silt -0.462** -0.134 NS 0.067 NS - -

***Significant @ 5%probability value

Conventional and variable rate liming
Lime requirement calculated according to ADAS
recommendations using pH and soil texture class
(Table A-1) indicates that there are substantial areas of
error in lime application rates if average values are
used (Fig. 2). The effect of over or underliming of large
areas would be decreased efficiency in use of lime
resources, increased potential for induced deficiency or
toxicity, and a risk that the conventional method may
reduce crop performance. Unless an accurate map of
soil pH, texture and OM are available, however, such
information can not be used.
Edmeades et al. (1985) and Logan and Floate (1985)
linked buffering capacity to the change in pH and
suggested that lime requirement should be related
directly to pH, clay and OM. MAFF (1985) suggested
changes in ADAS lime recommendation for mineral
soils to be calculated on the basis of soil pH and
texture alone but surprisingly differences between
textural groups were very small (Table A 1). In similar
situations to this one i.e. only one textural class within
field, then pH only can be used as a cheaper, easier
and quicker approach for determination of reasonable
and acceptable lime requirement (Borgelt et al. 1994),
but may ignore large variations in buffering capacity
within the field.

While inadequate liming can restrict crop performance,
overliming should equally be avoided, particularly on
sandy and peat soils, as it can induce deficiencies of
trace elements such as manganese and boron (MAFF,
1994). Soils which contain little clay or contain a large
amount of organic matter have small reserves of
micronutrients, and therefore tend to have an
increased risk of micronutrient deficiency (MAFF,
1984a); the recommended pH for liming organic or
peaty soils in Britain for arable crops is therefore
reduced to 6.2 and 5.8 respectively (MAFF, 1984b)

Bailey (1990) have tested the MAFF model against one
based on soil incubation with liming material, and
found excellent correlation. They noted, in fact, that
OM was more important as determinant of lime
requirement than was clay content; this may have been
because of correlation (r = 0.34*) [n = 35] between clay
and OM in their samples. The samples used here did
not exhibit a significant correlation (Table 5) and hence
the outcome may be different. As OM is known to
obscure the exchange sites in clay (Brown and Mahler,
1987), it may not be surprising that MAFF have
included such a wide range of clay content in their '
medium + clay' group (18-100%). More precision in
measuring OM may be required if lime is to be applied
more precisely and lime-induced micronutrient
deficiencies are to be avoided on coarse textured SOils
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Table 4. Amount of Lime required (tonnes CaC03) in Welton Field (6.84 ha) based on Conventional' and
Variable rate liming.

pH Area (ha) Variable rate Variable rate Conventional
Difference (t)liming (tlha) Requirement (t) Requirement (t)

6.5 0.64 0 0.0 4.1 4.1
6.4 0.24 2.4 0.6 1.5 1.0
6.3 0.2 3.2 0.6 1.3 0.6
6.2 0.52 4 2.1 3.3 1.2
6.1 0.2 4.8 1.0 1.3 0.3
6.0 0.6 5.6 3.4 3.8 0.5
5.9 0.6 6.4 3.8 3.8 0.0
5.8 0.96 7.2 6.9 6.1 -0.8
5.7 0.72 8 5.8 4.6 -1.2
5.6 0.6 8.8 5.3 3.8 -1.4
5.4 0.56 9.6 5.4 3.6 -1.8
5.3 0.48 10.4 5.0 3.1 -1.9
5.2 0.24 11.2 2.7 1.5 -1.2
5.1 0.16 12 1.9 1.0 -0.9
5.0 0.04 12.8 0.5 0.3 -0.3
4.9 0.04 14.4 0.6 0.3 -0.3
4.8 0.04 15.2 0.6 0.3 -0.4

Conventional Requirement = 6.4 t CaC03/ha
Total variable lime requirement = 46.1 tonne
Total conventional requirement = 43.8 tonne

MAFF (1985) have given a formula for lime
requirement (L, tlha) in terms of target pH (T), present
pH (P) and lime factor (F, tlha):

T = P + LlF
The lime factor for clay loam is 8 tlha. Applying this
formula to Welton field indicates that, with a uniform
lime application, 80 % of the area will not reach pH 6.5
and 7 % will exceed pH 7 (Table 5).

Table 5. Percentage of total area achieving various pH's
after liming using the conventional method

Achieved pH Area (ha) % of total area
>7 0.44 7
6.4 to 7 5.48 80
<6.4 0.20 13

This equation is, however, likely to overestimate the
effect of lime at high pH values and underestimate its
effect at low pH, as the buffer curve is non linear
(Magdoff and Bartlett, 1985). After liming based on the
conventional method only a small part of the field Will
be below pH 6 but it is expected that the pH of other
areas will decrease, falling below pH 6 within half the
time for the average of the field to fall to pH 6. All of
these areas will then be below the recommended
minimum pH for barley (MAFF, 1973).

•

In view of the large variation in current pH in Welton
field we would expect a large range after liming with a
uniform rate and there may be parts which remain too
low or become too high: already 9% was ~6.5 before
liming. Soils that have values below about 5.5 may
contain levels of exchangeable AI and Mn which are
toxic to wheat (Hoyt and Nyborg, 1971). This toxicity is
likely to be a limiting factor to crop growth (Foy, 1984).
Such variations in pH may also affect grain yield by
changing the availability of nutrients such as
ammonium, phosphorus and potassium (Ferguson et
al., 1984; Mengel, 1985; Fageria, 1994). Edwards and
Wright (1991) observed substantial yield reductions for
oilseed rape and grass/clover mixtures at soil pH below
5.5.
Although total lime usage with variable rate liming is
similar to the conventional method, applications are
targeted to locations "where needed". Reduction of
inefficiency by avoiding over-application, and
potentially increasing yields by correcting underlimed
areas could increase benefits from the lime
applic'ation. Quantifying these benefits was difficult
because of interaction and variation of acidity response
with crop type (MAFF, 1973), texture and other factors
such as potassium fertilisation and rainfall (Borgelt et
al., 1994) which make quantification of benefits more
complicated.

5



Zaman, Shiel & Schumann

CONCLUSION
The work reported here demonstrated that variable
rate liming is more efficient than the conventional
method in delivering appropriate lime application within
single fields which have spatially varying soil pH,
texture and OM and will avoid over and underliming. It
will improve efficiency of farming by potentially
increasing yields and reducing environmental pollution.
If pH varies over the wide range noted in this study, no
better efficiency or yield may result from more accurate
application of N, P and K. In this study lime
requirement based on different texture classes was not
calculated because there is only one texture class in
this field. The organic matter was also ignored in
calculating the lime requirement because it did not vary
greatly across the field.
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Figure 1: Contour maps of soil pH (top left), sand (top right), silt (bottom left) and clay (bottom right)
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