THE PRACTICE known as “soil test-
ing,” including chemical analysis
and biological studies for characteriz-
ing soil fertility, has developed over
the past century. During the past 15
vears, interest has increased greatly
and soil testing laboratories and serv-
ices have become established and ac-
cepted. This has gone hand-in-hand
with educational programs promoting
more effective use of fertilizers and
lime by farmers. lmproved analytical
techniques and equipment have in-
creased the precision of determining
small quantities of elements and make
soil testing possible in routine labora-
tories.

The history of testing soils and the
underlying principles have been ex-
cellently discussed by Bear (I) and
Peech (10) and will be only briefly
mentioned here. Nor will biological
methods of evaluating soil fertility be
considered. It is the purpose of this
paper to discuss the chemical methods
in use today in this country and,
briefly, the principles upon which
these methods are based. While it is
recognized that one of the very im-
portant aspects of a soil testing pro-
gram is interpretation and recommen-
dation once the soil test values are ob-
tained, no attempt will be made to go
into the various approaches used in
establishing correlations between soil
tests and crop requirements for nu-
trients.

Analvses commonly conducted in
soil testing laboratories include pH or
lime requirement, and phosphorus,
potassium, calcium, and magnesium in
the so-called “available” state. Some
laboratories include determinations of
organic matter, nitrogen in various
forms, and certain of the trace ele-
ments.

Soil Acidity

Acidity, the first test used routinely,
is still the property most widely deter-
mined. Instruments, involving the
use of the glass electrode, have made
pH a simple and precise measurement.

The pH value for a particular soil
is not a fixed factor, but depends on
the soil-solution ratio used in its deter-
mination; and even with a fixed ratio
will fluctuate with season, stirring, and
other factors, as discussed in detail by
Reed and Cummings (12). In gen-
eral, a narrow ratio of soil to water
(1:2 or less) is used for providing an
accepted figure for the pH value of
the soil at any given time.

Mineral Element Determinations

Early analyses of soils for total
content of elements did not indicate
needs for fertilizer or lime. Attempts
were made to get some measure of

While well-developed laboratory equipment makes pH determination precise,
simple color tests are used in the field for general indications

the rate at which these elements
moved into solution, or became
“available.” Hence, the major prob-
lem has been to devise extracting solu-
tions and methods to measure avail-
ability with perhaps secondary em-
phasis on determining the elements
once they are in solution.

Early work in England was based
on attempts to simulate the action of
acids secreted by root hairs which it
was assumed had a dissolving effect
on the soil particles. This use of weak
solutions of citric, oxalic, and other
organic acids later lost popularity in
the U. S. In retrospect, some of the
data obtained, although empirical, did
show relationship with known crop-
producing powers and fertilizer needs
of the soils and were well advanced
for their time.

Later strong acids came into use to
dissolve the zeolite minerals, believed
to be the chief source of the available
mineral elements in soils. For some
years constant boiling hydrochloric
acid (Specific gravity 1.113) was
used. An “official” method of the
AOAC based on its use was shown to
have little foundation.

At one time, considerable effort was
devoted to obtaining and analyzing
“natural soil solutions,” as a method
of characterizing soil fertility. Some

very fundamental information was pro-
duced, but the results did not serve
their purpose in fertility characteriza-
tion. Analysis of the filtrate from a
soil suspension containing little or no
soluble electrolytes will not give the
true ionic composition of the natural
soil solution.

It becomes obvious that (1) there
were difficulties associated with soil
solutions and (2) total analysis or
strong acid extractions failed to meas-
ure adequately the available supply of
a nutrient, Hence, agricultural chem-
ists have used empirical methods to ex-
tract from the total supply of a nutri-
ent a fraction that is proportional to
that part which the plant can utilize
during its growing period. In the
case of cations such as potassium, cal-
cium, and magnesium, this has often
involved the determination of all or a
part of the “exchangeable” cation. In
the case of phosphorus, weak acid
or salt extractions are generally used.

Determining Exchangeable Cations

Since Thomas Way of England re-
ported his discovery of the phenome-
non of base exchange in soils, chem-
ists have used this property as a basis
for characterizing soil fertility.

The “cation capacity” is defined as
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Tissue tests do not measure quantitatively, but often are valuable guides in

diagnosing deficiency symptoms.
very high phosphate, and low potash

the sum of all the exchangeable cations
and is usually expressed in milliequiv-
alents per 100 grams of soil. Total
exchangeable bases refer to the sum
of the metal cations (such as potas-
sium, calcium, magnesium) plus am-
monium, but exclusive of hydrogen,
and the percentage base saturation is
the percentage of the exchange capac-
ity which is made up by the exchange-
able bases.

Determining the exchangeable cat-
ions involves replacement with a con-
centrated salt solution or a dilute acid
or the use of electrodialysis. The proc-
ess of cation exchange is rapid, re-
versible, and stoichiometric.

The value for the exchangeable cal-
cium, magnesium, or potassium is
often used as a measure of the amount
of that element “available” for crop
use. The values for exchangeable hy-
drogen, exchange capacity, and per-
centage base saturation are used along
with the pH value and some knowl-
edge of the predominant type of soil
colloid to arrive at the lime require-
ments of a soil.

Exchangeable calcium is a very use-
ful value in acid soils containing no
free calcium carbonate. It includes a
large part of the total reserve supply
of this element and is a good measure

Deficient plant at right shows very high nitrate,

of the amount of calcium readily avail-
able for plant use. In soils containing
free calcium carbonate, exchangeable
calcium is difficult to determine ac-
curately, but in such soils this is of
little concern because calcium seldom
needs to be added as a nutrient or to
correct acidity.

In mineral soils, only a small frac-
tion of the total magnesium is ex-
changeable, contrasting with the cal-
cium situation. Some salt solutions
and acids, as well as electrodialysis,
used for determining exchangeable
magnesium may remove appreciable
amounts of the nonexchangeable. This
may not be serious in estimating avail-
able magnesium as some nonexchange-
able forms undoubtedly are used by
plants. But the method is empirical.
The measurement of “available” mag-
nesium is often considered less accur-
ate than that of other elements, par-
tially because of errors inherent in its
definition. Field and greenhouse cor-
relation data on it are scarce and the
average routine soil testing labora-
tory has difficulty in determination of
small amounts of magnesium.

Potassium is an element determined
much more frequently than calcium
or magnesium, vet interpretations of
available potassium are not without
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difficulties. It is not uncommon for a
mineral soil to contain as much as 2%
total potassium, yet respond profitably
to potash applications. Most soil po-
tassium occurs in silicate forms that
break down too slowly to release
potassium in amounts necessary for
growing crops. So while exchange-
able potassium is often taken as the
best means available of estimating
available potassium, it is recognized
that conversion from nonexchange-
able forms to exchangeable is con-
stantly taking place and that soils dif-
fer in their ability to replenish ex-
changeable potash. Methods of meas-
uring release of the nonexchange-
able form have been proposed (13, 14),
but have not been adopted for routine
use.

Soils Can Fix Potassium

The reverse of this process of re-
lease is also to be considered, since
soils have the ability to fix in nonex-
changeable forms appreciable amounts
of applied potassium. Wetting and
drying of soils has been shown to in-
fluence this. In many soil laboratories,
especially those dealing with soils con-
taining certain types of colloid frac-
tions, the degree to which the soil is
dried will markedly affect the level of
available potassium. Complete air-
drving of soils prior to analysis is
often practiced, but recent data indi-
cate that with some soils this practice
may result in increasing the apparent
level of available potassium so that the
results are higher than those worked
out in the correlation studies with crop
vields. Itis possible that drying under
conditions of controlled humidity may
be necessary for obtaining values that
can be repeated.

These three elements, calcium, mag-
nesium, and potassium, constitute
those cations most frequently deter-
mined in soil testing laboratories.
Generally these laboratories do not
use long and detailed procedures for
determining the actual amount of the
exchangeable cation, but employ em-
pirical methods designed to estimate
a proportional amount of the cation
in an exchangeable state. Narrow
ratios of soil to extractant are used,
short periods of contact by shaking,
and relatively rapid methods of deter-
mining the element in the extract. In
common use as extractants today are
hydrochloric acid (0.025 to 0.7 N)
and acetic acid (buffered with sodium
acetate change). Some laboratories
use simple salt solutions rather than
acids. In using any of these extract-
ants intended to remove a fraction of
the exchangeable cation, it should be
pointed out that the fraction of a par-
ticular cation removed is not always



fixed, but depends on the nature of
the complementary cation and of the
soil colloid itself. These factors have
been pointed out by Mehlich and
Reed (7).

The fact that a fixed fraction of an
exchangeable cation is not removed
by these extractants is not necessarily
an objection to their use, for in the
presence of the growing plant, some-
thing of the same situation exists and
it is with plant growth and response
that these methods are standardized.

Determining Readily Soluble
Phosphorus

Phosphorus exists in the soil in both
inorganic and organic compounds.
The inorganic compounds include the
calcium phosphates and the iron and
aluminum phosphates. There are a
number of different compounds of
these elements with phosphorus, some
of which are readily available for
plant growth and some that are ex-
tremely insoluble. Phosphorus is also
held in the soil or fixed by the silicate
clays. This is often referred to as
“sorbed” phosphate since under cer-
tain conditions some of the phosphorus
thus held is subject to replacement by
other anions and may be plant avail-
able.

Phosphorus occurs in the soil in
many organic phosphorus compounds
and this fraction may comprise more
than half of the total soil phosphorus.
Some of these compounds are avail-
able to plants while others are not.
The compounds are quite complex and

much remains to be done to under-
stand them completely,

It has long been realized that total
phosphorus in the soil is of little value
in predicting phosphorus response or
estimating phosphorus needs of a
plant, since much of the soil phos-
phorus exists in relatively insoluble
forms in the soil. While no method
has been developed that will predict
accurately the exact amount of phos-
phorus fertilizer to which a given crop
will respond, there have been devel-
oped empirical laboratory methods
that help greatly in assessing the level
of available phosphorus in the soil.
When standardized against known
crop response, these methods are very
useful in fertilizer recommendations.

Water, either alone or in equilibrium
with known partial pressures of car-
bon dioxide, has been used. Ordi-
narily the values for phosphorus ex-
tracted by water alone are too low for
accurate measurement and the range
of values is too narrow for satisfac-
tory standardization. On the other
hand, water charged with CO, has
been in use for some years as an ex-
tractant for soils of the West that are
often alkaline and frequently calcar-
eous. The nature of this solvent ac-
tion has been discussed by Olsen et al
(9).

For many vears dilute acids (hydro-
chlorie, nitric, sulfuric, or citric acid)
have been used for extracting soil
phosphorus, more frequently with
acid soils of the humid regions. Neu-
tral salt solutions of monovalent cat-
ions extract about the same amount

Samples are received and prepared for testing in N, C, state laboratory at Raleigh
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of phosphorus from the soil as does
water. On the other hand, alkaline
salt solutions generally dissolve larger
amounts of soil phosphorus from both
acid and calcareous soils. Solutions of
potassium carbonate have been sug-
gested with the recommendation that
this is satisfactory for both acid and
alkaline soils. However, the amounts
of phosphorus removed from acid soils
by potassium carbonate are usually
considered greater than the amount
available to plants.

In many laboratories strongly buf-
fered acidic salt solutions are used in
routine soil testing. An example is
sodium acetate adjusted at pH 4.8 (8)
or 5.0 (5). The theory behind their
use is that a highly buffered solution
would prevent any change of solvent
action after prolonged contact with
the soil, even if it contains some small
to moderate amount of free carbonate.
These solutions give clear extracts,
and the extract can be used for deter-
mining cations also, thus providing @
single extract for many available plant
nutrients.

Most dilute mineral acids do not
extract any appreciable amount of the
so-called sorbed phosphate—that por-
tion which is a part of the colloid
make-up and which is removed by
replacement with another anion. At
least a portion of phosphorus so held
is considered plant available. It
may be determined by replacement
with a solution such as ammonium
fluoride, sodium arsenate, sodium hy-
droxide, and certain organic acids like
citric.

Today the method outlined by Bray
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Llarge numbers of samples often are
handled at one time with simple equip-
ment in routine testing laboratories

(2) is widely used for determining
available phosphorus in soils, and in-
volves an extractant combining dilute
hydrochloric acid and ammonium

fluoride. It is designed to remove
from the soil a proportionate amount
of the easily soluble and the replace-
able phosphorus. A large amount of
data, establishing standardization with
field response to many crops has made
this method particularly useful in the
North Central States.

Recently a method for extracting
soil phosphorus with 0.5 molar solu-
tion of sodium bicarbonate at pH 8.5
has been proposed (9). The extrac-
tion mechanism is based on the in-
creased solubility of calcium phos-
phate as a result of lowering the cal-
cium ion activity in solutions. Also
the sodium bicarbonate extracts about
one half of the amount of phosphorus
on the surface of soil particles, which
readily exchanges with phosphorus-32
in the soil solution. The method has
been evaluated by use of 212 soil
samples from greenhouse and 95 sam-
ples from field experiments. An ex-
cellent relationship has been estab-
lished between the levels of available
phosphorus determined by this method
and the expected crop response to
phosphorus.

Nitrogen and Organic
Matter Determination

Much of the soil nitrogen useful to
plants comes from decomposition of

organic matter, a process influenced
by many factors. Estimatjon of the
nitrogen-supplying power of the soil
and the need for additions of soluble
nitrogen are, therefore, among the
most difficult to approach through
laboratory means. Over the years soil
chemists have attempted this through
measurements of total nitrogen,
soluble nitrates and ammonia, and de-
terminations of the amount of total
organic matter or a fraction of it. It
can readily be seen that measurements
of total nitrogen would be of little
value in predicting nitrogen needs for
a particular crop. Nitrate and am-
monia nitrogen determinations are
also of limited use because of the
rapid movement and removal of these
constituents and rapid fluctuation
from time to time.

Values for total organic matter in
the soil mean little in the average soil
testing laboratory because of its in-
definite composition.

The value obtained is useful in (1)
estimating roughly the nitrogen-sup-
plying power of the soil by assump-
tions as to the proportion of the nitro-
gen which will become available each
vear; (2) helping to arrive at the lime
needs, especially if exchange capacity
has not been determined; and (3)
more fully characterizing the soil if

Test kits, used for both tissue and soil testing, have been effective in farm demonstrations, shown earlier, to convey

the practicalities of soil testing
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the person making the recommenda-
tions has not seen the soil, but merely
has the soil test data.

Within the past few years, ad-
vances have been made in rapid meth-
ods designed to predict the nitrogen-
supplying power of the soil through-
out the growing season. lowa’s soil
testing laboratory now includes a pro-
cedure (4) that involves incubation
of the soil sample at fixed temperature
and moisture conditions. Nitrate pro-
duction during this period is meas-
ured, and interpretations in terms of
plant needs are based on relationship
established through field experiments.
A different type of test developed in
Wisconsin, (I5) is also designed to
measure the amount of nitrogen in
the soil that will become available for
crop growth during the season. It
involves soil digestion with potassium
permanganate and sodium carbonate.
Ammonia is distilled off and measured.
This is termed the “organic soil nitro-
gen that is available,” and with this
value, directions are given for calculat-
ing nitrogen amounts to be added for
crops.

Determination of Trace Elements

Most soil testing laboratories do not
include routine tests for trace elements,
such as boron, manganese, copper,
zine, and molybdenum. From time to
time methods have been outlined for
these determinations, but field stand-
ardization in most areas is not avail-
able and there are few data in this
country that establish correlations be-
tween the value for these determina-
tions in a wide variety of soils and
needs.

Manganese determinations, when
made, are based on estimates of either
the exchangeable manganese or the
“easily reducible” manganese oxides
when the exchangeable manganese is
low. Exchangeable manganese may
be obtained by extracting with am-
monium acetate and this value may be
useful for diagnosing manganese toxic-
ity in acid or poorly aerated soils. If
the ammonium acetate contains hydro-
quinone as a reducing agent, the value
is termed “easily reducible” manga-
nese, and this value has been sug-
gested for diagnosing manganese de-
ficiency. Sowme rapid methods extract
manganese with sodium acetate at
pH 4.8 (11), and the value is an em-
pirical one that includes manganese
in various forms. Its value depends
on standardization with field or green-
house tests.

Zinc and copper occur in very small
amounts in soils and determining these
elements with precision is difficult in
most routine laboratories. Camp (3)
and Wear and Sommer (16) have

presented data showing correlations
between incidence of deficiency of
these elements and the amounts ex-
tracted from soils by salt solutions
and dilute acids. The possibilities of
the zinc test, in particular, should be
investigated further,

Boron in the available state in soils
can be measured fairly reliably by
determining the water-soluble boron.
In Berger and Truog’s method, soil in
suspension with hot water is refluxed
for five minutes. While this test ap-
pears to be quite satisfactory, very
few routine laboratories make any test
for boron. Recommendations for its
use on crops are generally based on
the nature of the crop itself and the
soil association rather than on soil
test.

Discussion

For any chemical test to be helpful
in predicting fertilizer and lime needs,
one would expect the extracting solu-
tion used in the test to simulate plant
roots in their ability to obtain, from
the soil, the nutrients required for
good plant growth. This is, of course,
difficult because this ability varies
among plants and even within a plant
as the growing season progresses.

As has been mentioned, early chem-
ists approached the subject from the
standpoint of determining what con-
stituted the soil solution. Some at-
tempted to define the true solution,
others to measure those cations and
anions absorbed on the colloid frac-
tion. In soils containing small amounts
of soluble salts this distinction becomes
difficult to make and is vague. If plant
uptake of a nutrient depends on the
chemical activity of that constituent,
then direct measurement of the ionic
activities in the soil, at optimum mois-
ture levels, would appear to offer
promise for characterizing the soil with
regard to this element. Thus potas-
sium ion activity or calcium ion activ-
ity might be determined as we deter-
mine hydrogen ion activity with the
glass electrode. Development of suit-
able electrodes has been a problem,
but Marshall and his coworkers (6)
have explored this possibility and are
contributing greatly to the funda-
mental information along this line.
Recently Woodruff (17) discussed the
free energy approach to the problem
of cationic exchange.

Meanwhile, though empirical, the
methods in use today are recognized
as very useful tools for characterizing
soil fertilitv and assist greatly in esti-
mating needs for fertilizer and lime.
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pH meter is prcbably instrument most widely used in soil laboratory. This model, the
Beckman H-2, tests 25 ml. soil with enough water to make a thin mud. Electrode is placed
in sample and reading made after 15 to 20 seconds

A STAFF REPOR

Test kits such as these from Sudbury Laboratory and
Edwards Laboratory are useful in an impressive range of
tests. Accompanying instructions often are prepared with
aid of state experiment station specialists
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Soil tester using wheatstone bridge
principle uses a filtered soil ex-
tract to indicate total soluble salt
content of a soil sample. Model
shown is by Industrial Instruments, Inc.

Upper right, flame photometer makes
possible large numbers of analyses for
fertilizer elements in a short period with
high accuracy. Model shown is Perkin-
Elmer. Right, junior spectrophotometer is
used very widely in soils laboratories of the
country. Coleman Instruments, producer of
this model, reports 50 in use in a single state

Equipment and information for soil testing are
being made better and easier to use. From the
farmer to the research man instruments that were
mysteries a generation ago are coming into com-
mon use.

Kits with chemicals and simple equipment, ac-
companied by clearly and soundly written man-
uals, are made useful to operators with rudimen-
tary knowledge of chemistry.

County soil testing laboratories have been
aided appreciably by the development of easily
used instruments such as electronic pH meters.
Small model spectrophotometers have found their
way into county laboratories in large numbers.

At the state experiment station and university
level, research laboratories depend on high pre-
cision and accuracy and use flame photometers
and spectrophotometers as well as wheatstone
bridges, potentiometers, and radioisotope equip-
ment.

One of more complex instruments used in plant nutrient and soils re-
search is flame spectrophotometer. Beckman model, shown here, rap-
idly determines traces of elemznts such as copper, iron, and manganese
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