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to estimate the acidifying effect of fertilizers applied to agricultural soils
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The acidifying effect of fertilizers applied to agricultural soils can be estimated from their chemical
composition and a quantification of the nitrogen cycle in the agricultural system under consideration. In
The Netherlands, the acidifying effect of fertilizers is estimated from an ionic-balance equation,
referred to as the Pierre-Sluijsmans equation. This equation estimates the amounts of lime required to
neutralize the acidifying effect of fertilizers applied to agricultural soils. In the present paper this
ionic-balance equation is derived from chemical considerations and its theoretical background is
discussed. Particular attention is paid to the acidifying effect of the nitrogen component of fertilizers

applied to agricultural soils.

Introduction

In natural soils acidification occurs as a result of
physical, chemical and biological processes. For
example, dissolution and dissociation of CO, in
rainwater, adsorption of H® and leaching of
cations from soils, uptake of cations by plants,
and nitrification of ammonium may all contribute
to acidification of the soil [9].

In agricultural soils, acidification may also
occur as a result of fertilization. The nitrification
of fertilizer-applied ammonium-nitrogen results
in the production of protons in the soil, whereas
the leaching of fertilizer-derived anions from the
soil further adds to the accumulation of protons
in the rooting zone of the soil. Nitrogen fertiliz-
ers applied to agricultural soils would have their
maximum acidifying effect if the added am-
monium-nitrogen would all be nitrified, and all
nitrate-nitrogen would subsequently be leached
from the rooting zone of the soil, with cations
other than protons as co-ions. Under field condi-

tions, however, not all ammonium-nitrogen is
nitrified, and nitrate-nitrogen may be involved in
processes other than leaching, such as uptake by
crops, mineralization/immobilization turnover,
or denitrification. In some of these processes
protons are consumed and therefore only part of
the fertilizer-applied nitrogen would have an
actual acidifying effect.

In The Netherlands, an ionic balance equation
is used to estimate the effect of a fertilizer on the
acid-neutralizing capacity (‘lime status’) of a fer-
tilized soil relative to an unfertilized soil. This
ionic-balance equation was originally proposed
by Pierre [4,5,6] and further developed and
extensively tested under Dutch conditions by
Sluijsmans [7, 8]. Therefore, in The Netherlands,
this equation is commonly referred to as the
‘Pierre-Sluijsmans’ equation [2], a convention
that will be followed in the present treatment.

Although the Pierre-Sluijsmans equation is
widely used in The Netherlands [1], it seems that
its theoretical background has not been discussed
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in the literature. Recently there has been a
renewed interest in the Pierre-Sluijsmans equa-
tion, as it may also be applied to estimating the
acidifying effect of atmospheric deposition on
agricultural as well as forest soils [3]. The objec-
tive of this paper is to present a derivation of the
Pierre-Sluijsmans equation, as given by Sluijs-
mans [8], and to discuss its theoretical back-
ground. This may foster its proper use in es-
timating the acidifying effects of fertilizers as
well as atmospheric deposition in soils in The
Netherlands.

Theory

The amount of lime that is needed to neutralize
the acidifying effect of fertilizers applied to the
soil may be estimated from the Pierre-Sluijsmans
equation [8}:

E=-1.0Ca0 - 1.4 MgO — 0.6K,0
—0.9Na,O + 0.4 P,0,
+0.780, + 0.8 Cl + nN (1)

where E denotes the effect of 100 kg of fertilizer
on the lime requirement of the soil (kg CaO per
100 kg of fertilizer) and the components of the
fertilizers are expressed as percentages (w/w).
The coefficient n (dimensionless) is a measure
for the acidifying effect of the nitrogen contained
in the fertilizers. Values for n are theoretically in
the range of 0 to 2. Equation (1) has first been
reported by Pierre [4, 5, 6], who used experimen-
tally determined values for n, without explicitly
relating these values to the nitrogen flows in the
soil-crop systems studied. Sluijsmans [8] ex-
plained the coefficient n in terms of the nitrogen
dynamics in agricultural soils and showed how
changes in the ionic balance upon nitrogen up-
take affect the acidifying effect of the fertilizers
involved.

Equation (1) may be written in the alternative
form:

E = 3'[an] — X/[cat] + a2[N] 2)

where square brackets denote amounts of ionic

1

charge [kmol_ha™' yr "), and where:

3/[an] = [Cl” + H,PO; +SO> ] 3
and:

3'[cat] = [Na" + K" + Ca®" + Mg*"] (4)
and:

3[N]=[NO; +NH;] (5)

The coefficient « {dimensionless) is a measure
for the acidifying effect of the nitrogen in the
fertilizers; its values are in the range of 0 to 1.
Hydrogen ions are not included in the sum of the
cations (eq. 4), because any H' present in the
fertilizers will be included in the estimate for the
acidifying effect (eq. 2), as it is assumed that the
excess anionic charge is neutralized by an equiv-
alent amount of hydrogen ions. Any excess posi-
tive charge is assumed to be neutralized by
HCO; (or OH") ions.

Reference state and fertilizer application

The objective of equation (2) is to estimate the
acidifying effect of fertilizers, relative to a refer-
ence state in which no nitrogen is added to the
soil. In the reference state, mineral nitrogen may
be derived from atmospheric deposition of nitro-
gen compounds, from fixation of atmospheric N,
by microorganisms in the soil, or from net miner-
alization of nitrogen contained in crop residues,
roots, microbial biomass or organic matter. As-
suming that all ammonium-nitrogen in the soil is
nitrified during the growing season and that the
NO,-N in the soil in the reference state N7) is
either taken up by the crop (N?), denitrified
(N?) or leached down to below the rooting zone
(N?), it follows that in the reference state:

[Ny + NG+ N1 = [N(] (6)
Dividing both sides of equation (6) by [N?]
yields:

f24+£+1 =1 (7)
amounts of

where  the nitrate-nitrogen



(kmol_ha™' yr™') involved in crop uptake, de-
nitrification and leaching, are expressed as frac-
tions of the initial amount of NO;-N in the
reference soil. In order to estimate the acidifying
effect of the nitrate-nitrogen in a reference soil,
a coefficient «’ may be defined according to:

a’=alf + alfy + alf] (8)
where the coefficients a’, a) and ) are mea-
sures for the acidifying effect of the nitrate frac-
tions involved. The acidifying effect of the NO,-
N in a reference soil is thus given by a’[N?]
(kmol_ha™" yr ).

When fertilizer nitrogen is applied to a soil,
the amount of soil mineral-nitrogen increases. In
the present treatment it is assumed that all ap-
plied nitrogen (N;) mixes thoroughly with the
initial soil mineral nitrogen (N?) and that all
added ammonium-nitrogen is nitrified in the soil.
Furthermore, it is assumed that no net immobili-
zation of fertilizer nitrogen occurs.

The added nitrate-nitrogen in the mineral-
nitrogen pool of the soil can thus either be taken
up by the crop (AN,), be denitrified (AN,), or be
leached down to below the rooting depth of the
crop (AN,), where:

[AN,]=[N, - N;] (%a)
[AN ] =[N, - Ng] (9b)
[AN,] =[N, - N{] (%)

and where [N, ], [Ny] and [N, ] refer to the total
amounts of nitrate-nitrogen (kmol ha™' yr™")
involved in these fluxes in the fertilized soil.
Assuming that no added nitrate-nitrogen is
stored in the mineral-nitrogen pool of the soil, it
follows that:

[AN, + AN, + AN, | = [N{] (10)

Dividing both sides of equation (10) by [N/], it
follows that:

£Hf, =1 (11)

where the amounts of fertilizer-derived nitrate-
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nitrogen that are involved in crop uptake, de-
nitrification and leaching, are expressed as frac-
tions of the amount of fertilizer nitrogen applied
to the soil. The coefficient a in equation (2) is
now defined as:

a=a/f +af;+ of; (12)

where the coefficients «,, a4 and «, are measures
for the acidifying effect of each of the nitrogen
fractions involved. The acidifying effect of the
added nitrogen thus equals «[N,] (kmol, ha™*
yr '), whereas the acidifying effect of all fertiliz-
ers applied is obtained form equations (2) and
(12). Equation (2) thus estimates the additional
acidifying effect of fertilizers added to the soil,
relative to a reference state in which no fertiliz-
ers are applied.

Derivation of the Pierre-Sluijsmans equation

The Pierre-Sluijsmans equation (eq. 2) can be
derived from the ionic balance of the fertilizers
applied, and a quantification of the nitrogen
fluxes and rates of uptake in soil-crop systems.

From the condition of electroneutrality it fol-
lows that the chemical composition of fertilizers
should satisfy the equality:

2[an] = 3{cat] (13)
or:

3/'[an] + [NO,] = 2'[cat] + [H] + [NH,] (14)
where ionic charge numbers have been omitted
for ease of notation and where %’'[an] refers to
all anions other than NO; (cf. eq. 3) and Z/'[cat]

refers to all cations other than H" and NH; (cf
eq. 4). Equation (14) can be written as:

3'[an] — X'[cat] + [NO,] — [NH,]=[H] (15)

Now assume that all ammonium-nitrogen is
nitrified according to:

NH; +20,—2H" + NO; + H,0

If so, the cationic charge associated with NH; is
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transformed into an amount of anionic charge
equivalent to [NH,]yo;, associated with NO;,
and an amount of cationic charge equivalent to
2[NH, ]y, associated with H”. Hence:

[NH,] = 2[NH, |, - [NH, Inos (16)

where the subscripts denote the chemical forms
(H', NO;) into which the initially present com-
pound (NH,) is transformed. From equations
(15) and (16) it follows that, if all ammonium-
nitrogen is nitrified:

3/[an] — X'[cat] + [NO,] + [NH,]xos
= [H] + 2[NH4]H (17)

or:

3'[an] — 3/[cat] + [NO; + NH, ]yo,
=[H +2NH,]4 (18)

where [NO, + NH, ]y, denotes the amount of
anionic charge associated with nitrate-nitrogen,
both initially present and formed upon nitrifica-
tion, and [H+2NH,], denotes the amount of
cationic charge associated with hydrogen ions.
The left-hand side of equation (18) is equal to
equation (2) for a =1.

Now assume that all nitrate-nitrogen disap-
pears from the rooting zone of the soil, either by
net uptake (f,), denitrification (f;) or leaching
(f,). The disappearance of all nitrate-nitrogen is
associated with the disappearance of an equiva-
lent amount of cationic charge, either from H™
or other cations.

When nitrate ions are taken up, equivalent
amounts of OH™ or HCO; ions are excreted by
the roots. However, because of the flow of ni-
trate ions into the plant roots, cations accumu-
late at the root surface. This may result in an
excess uptake of cations, that is, an amount in
excess of the amount of cations taken up when
no additional nitrogen is applied. The coefficient
a, in equation (12) refers to the fraction of the
nitrogen uptake that is associated with the excess
uptake of cations, relative to a reference state in
which no additional nitrogen is applied. If all
additional nitrate-nitrogen taken up is compen-
stated by an equivalent increase in the amount of

cations taken up (other than H™), it follows that
a, =1, and the fertilizer-applied nitrogen would
have a maximum acidifying effect. If all addition-
al nitrate-nitrogen taken up is compensated by
an equivalent excretion of OH™ (or HCO; ) ions
by the roots, it follows that a, =0, and the
fertilizer-applied nitrogen would have no acidify-
ing effect at all.

The uptake of nitrate-nitrogen in fertilized
plots may thus be represented by:

[NOJ]+ (1 a,)[H']+ a,[cat”]
— H,0 + net plant uptake

where «, is the fraction of the nitrate-nitrogen
taken up, associated with an equivalent uptake
of cations, and cat” denotes a univalent cation.
For cations with higher charge numbers, the
cationic charge involved in plant uptake may be
written as: [n”'cat"’], where n is the charge
number. Electroneutrality requires that:

f,[NO; + NH,]yo5 = £,(1 — a,)[NO; + NH, ]
+ fu au[NO3 + NH4]cat (19)

where f, is the fraction of the fertilizer-derived
nitrate-nitrogen involved in the net uptake by
Crops.

Denitrification may be represented by:

NO; +H'—>0.5N, +0.5H,0+2.50

The coefficient o, equals zero, because denitrifi-
cation leads to an equivalent decrease in the
amount of H in the soil solution. Hence, from
the condition of electroneutrality:

f4[NO; + NH, ] o5 = £4[NO; + NH, ], (20)

where f, is the fraction of the fertilizer-derived
nitrate-nitrogen involved in denitrification.
Leaching of nitrate-nitrogen can be represented
by:

[NO; ]+ a,[cat"] + (1 — &,)[H " ]— leaching
The coefficient «, is assumed to be close to 1,

because when NO; is leached an approximately
equivalent amount of cations, other than HY, is



leached as co-ions. Electroneutrality requires:

£,[NO; + NH, |05 =1, ;[NO, + NH,],,
+1,(1 - a))[NO; +NH, ]y (21)

where f, is the fraction of the fertilizer-derived
nitrate-nitrogen involved in leaching.

Hence, with equations (11) and (12), and
ay =0, it follows from equations (19)—(21):

[NO; + NH,]yos = (1 — @)[NO,; + NH, ]

+ a[NO, + NH,] (22)

cat
That is, if all nitrate-nitrogen disappears from
the rooting zone of the soil, the amount of
anionic charge associated with nitrate-nitrogen,
[NO; +NH,]yo;, reduces to zero, whereas
3'[cat] decreases to {3'[cat] — a[NO, +
NH,]...} and the amount of protonic charge
decreases to {[H+NH,],; —(1- a)[NO, +
NH, |, }. Hence, equation (18) becomes:

3'[an] — 2'[cat] + a[NO, + NH,]_.,
=[H+2NH,],; — (1 — a)[NO, + NH, ],
(23)

The left-hand side of equation (23) equals the
Pierre-Sluijsmans equation (eq. 2). The right-
hand side of equation (23) denotes that the
amount of cationic charge associated with hydro-
gen ions, is equal to the sum of the amount of
protonic charge initially present, [H], plus the
amount of protonic charge formed upon nitrifica-
tion of ammonium-nitrogen, [2NH, ], minus the
amount of protonic charge ‘consumed’ upon
plant uptake, leaching or denitrification of ni-
trate-nitrogen, (1 — «)[NO; + NH,],.

The coefficient a,

To estimate the value of the coefficient «,, ionic
balances of the crops have to made up, both in
fertilized and in unfertilized (reference) plots.
Assuming that no ammonium-nitrogen is taken
up, the amount of cations (kmol_ha ' yr ')
taken up by the crop is:

Slcat] =3[K" +Na" +Mg>" +Ca’"] (24
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where H' is not taken into consideration. The
amount of anions (kmol, ha™" yr ') taken up is:

3 ![an] = 3[H,PO; +SO;” +Cl7] (25)

where [NO;] is not included in 3/ [an]. Equa-
tions (24) and (25) refer to the total amount of
nutrients taken up by the crop and not to the
nutrients present as ions in the plant tissue. An
excess amount of bases, EB (kmol_ha ' yr™'), is
defined as:

EB =3 /[cat] — 3/ [an] (26)

If equivalent amounts of cations and anions are
taken up by the crop and all nitrogen in the soil
is present as nitrate-nitrogen, it follows from
equations (24)—(26) that EB = [NO, |. In gener-
al, however, part of the nitrate-nitrogen taken
up results in a net excretion of OH™ ions by the
roots, such that EB <[NO;].

The magnitude of the excess amount of bases
depends on the additional amount of nitrate-
nitrogen that is taken up by the crop, relative to
the reference state, in which no additional nitro-
gen is applied to the soil. The excess amount of
bases and the amount of nitrate-nitrogen taken
up by the crop in the reference state are denoted
by EB’ and N, respectively. In the reference
state a coefficient ! is defined according to:

a, = (EB’/[N;]) 27

If nitrate-nitrogen is added to the system, the
amount of nitrate-nitrogen taken up by the crop
increases and so does the excess amount of
bases. The increase in EB, relative to the refer-
ence state, is given by:

AEB =EB — EB’ (28)
The coefficient «, is now defined as:
a, = (AEB/[AN_]) (29)

where [AN,] is given by equation (9a). From
equations (27)—(29) it follows that:

EB = (o, — a,)[N.] + a,[N,] (30)

Hence, the coefficient «, can be determined by
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regression of EB on [N ], at increasing levels of
nitrogen applied.

Approximate estimation procedure

The notions of ‘reference soil’ and ‘fertilized soil’
may not be very practical from an experimental
point of view, as unfertilized agricultural soils
are quite rare under Dutch conditions. Hence, it
may be difficult to obtain reliable estimates of
the coefficients involved, in particular .

Assuming that all fertilizer-applied am-
monium-nitrogen is nitrified, and with ¢, = 0 and
a, =1, it follows that the Pierre-Sluijsmans
equation may be written as:

E =%'[an] — 3/[cat] + AEB + [AN| ] (31)

Assuming that in the reference state the amounts
of nitrate-nitrogen are very small relative to
those in fertilized soils, that is, if:

[N;T<[N{] (32)
it follows that equation (31) reduces to:
E =3%'[an] — 3/[cat] + EB + [N|] (33)

Hence, the acidifying effect of fertilizers can be
estimated from the ionic balance of the fertilizers
applied, the excess amount of bases taken up by
the crop in fertilized plots and the amount of
nitrate-nitrogen leached from fertilized soils. If
the initial amount of nitrate-nitrogen in the ref-
erence state would not be negligible, equation
(33) would tend to overestimate the acidifying
effect of the fertilizers applied.

Discussion

In the derivation of the Pierre-Sluijsmans equa-
tion it is assumed that all added ammonium-
nitrogen is nitrified in the soil, and that no net
immobilization of fertilizer-nitrogen occurs, that
is, the rate of immobilization of applied mineral-
nitrogen is assumed to be equal to the rate of
mineralization.

The assumption that all ammonium-nitrogen is
nitrified in the soil, would be quite reasonable

for agricultural soils, which are limed regularly
(near-neutral pH), during the spring and summer
periods, when temperature and moisture condi-
tions are favourable for nitrification. During the
winter period, or at high moisture contents, nitri-
fication will be slowed down. During such
periods, however, plant uptake would also be
slowed down. In addition, most of the am-
monium-nitrogen will be adsorbed in the soil,
and thus be less available to the crop than ni-
trate-nitrogen. Therefore, unless crops would
take up ammonium ions selectively, the presence
of ammonium-nitrogen in the soil may be consid-
ered a temporary storage of mineral nitrogen,
most of which is eventually transformed into
nitrate-nitrogen.

The assumption that the rate of immobiliza-
tion of nitrogen equals the rate of mineralization
would apply to ‘stable’ soil and crop conditions:
not during a single growing season, but averaged
over a number of growing seasons or a series of
crop rotations. Changes in the cropping system
or in soil or crop management may result in
temporary net immobilization or net mineraliza-
tion, during one or more growing seasons. How-
ever, in the course of time, if soil and crop
conditions stabilize, equilibrium would be
reached between mineralization and immobili-
zation.

Under equilibrium conditions, it may be as-
sumed that N is relatively small, as most mineral
nitrogen in the soil is derived from fertilizer
application or atmospheric deposition of nitro-
gen. Mineral nitrogen derived from mineraliza-
tion of roots and crop residues during a particu-
lar season is largely due to fertilizer application
in previous seasons, and thus considered fertil-
izer-derived nitrogen. Only in soils where net
mineralization of soil organic-nitrogen would
occur over a longer period of time, such as in
certain organic (peat) soils upon the lowering of
the groundwater table, would N? add signifi-
cantly to the mineral nitrogen in the soil.

In agricultural soils the pH is maintained at
near-neutral values through the application of
lime. Therefore, low pH-values are unlikely to
occur in the topsoil. Under such conditions, the
coefficient a; may be assumed to be close to 1,
because when NOj is leached, an approximately
equivalent amount of cations, other than HY, is



leached as co-ions. Only at very low pH-values,
not normally encountered in the rooting zone of
agricultural soils, would the leaching of H" be-
come significant.

The coefficient «, is taken equal to zero. This
assumes that denitrification occurs in the topsoil,
within the rooting zone of the crop. If denitrifica-
tion occurs below the rooting zone, the nitrate-
nitrogen is assumed to be leached, that is, the
acidifying effect in the rooting zone of the soil is
assumed to be at maximum (o, = 1). In general,
denitrification is not considered to be a major
loss mechanism of nitrate-nitrogen in arable
soils, but it might be significant in pasture soils,
in particular under conditions of water-logging or
in the presence of a shallow water table.

Finally, it should be noted that the Pierre-
Sluijsmans equation only estimates the acidifying
effect of fertilizers and not the total acidification
that may occur in soils, e.g. through the net
mineralization and nitrification of organic-nitro-
gen compounds, oxidation reactions, etc. Also it
should be emphasized that this equation does not
add to the understanding of the nitrogen trans-
formations or other processes that may occur in
soils or soil-crop systems. On the contrary, an
understanding and quantification of these pro-
cesses is a necessary prerequisite for the applica-
tion of this equation.

The Pierre-Sluijsmans equation does allow,
however, to estimate the actual acidifying effect
of fertilizers on agricultural soils, and may thus
help to maintain proper pH-values in agricultural
soils in The Netherlands.
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