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Abstract A soil column method was used to deter-
mine the effect of nitrification on leaching of nitrate
and ammonium from three acid subtropical soils after
application of ammonium bicarbonate. Three soils,
designated QF, GB and SU, derived from Quaternary
red earth, granite and tertiary red sandstone, were
collected from forest land, brush land and upland
field, ranged in nitrification potential and cation
exchange capacity. The results indicated that nitrate
leaching increased with the soil nitrification potential.
The soils with higher nitrification potential had a
higher nitrate peak concentration and required a shorter
time to reach it. In soils QF and GB with low cation
exchange capacity, and a low content of exchangeable
base cations, there were not sufficient base cations to
accompany the nitrate leached with the result that
ammonium and hydrogen ions were leached from the
soil, and pH changes occurred in different layers of the
soil column.
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Introduction

The leaching of nitrate from agricultural land (Stewart
et al. 1968; Ramos et al. 2002; Beaudoin et al. 2005)
and natural ecosystems (Sophie et al. 2002; Herrmann
et al. 2005) to groundwater supplies, and its effect on
human health has concerned environmentalists, policy
makers, medicos etc for several decades.

Nitrate leaching losses from different land-use
systems can be influenced by several soil chemical,
biological, physical, and hydrologic properties (Silva
et al. 2000; Di and Cameron 2002), and climatic
conditions (Di and Cameron 2002). Therefore, iden-
tifying sites that are prone to nitrate leaching is
necessary so that they can be regularly monitored and
appropriately managed. Up to now, several indicators
have been proposed, such as total nitrogen concen-
tration, carbon/nitrogen ratio, in situ nitrogen miner-
alization, and nitrification rate (Andersson et al. 2002;
Christ et al. 2002; Bengtsson et al. 2003; Chen and
Mulder 2007).

Nitrification, the biological conversion of ammoni-
um to nitrate is a key process in the nitrogen cycle,
influencing nitrogen losses through the production of
the highly mobile nitrate form (Carnol and Ineson
1999). There is, however, little information on the
effect of nitrification on leaching. Some reports
(Williard et al. 1997; Christ et al. 2002; Chen and
Mulder 2007) indicate that net nitrification potentials
might account for the difference in nitrate leaching
under field conditions. Nevertheless, nitrate leaching
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in the field is the resultant of the influence of climatic
conditions, plant uptake and other factors, thus the
differences in nitrate export cannot be attributed
solely to differences in nitrification until the effects
of variation in other factors are considered. In this
respect, laboratory experiments are more suitable than
field studies because there is more control of the
various factors which influence leaching.

Our objective is to determine the effect of soil
nitrification on nitrate leaching, and the accompa-
nying changes such as leaching of base cations, and
distribution of mineral nitrogen, which take place in
soil, so that methods can be designed for the
mitigation of nitrate leaching from agro- and natural
ecosystems.

Materials and methods

The effect of nitrification potential and nitrogen
addition on leaching of nitrogen from subtropical
soils was studied in soil columns in the laboratory.
The experiments were conducted with three soils with
different nitrification potential and three levels of
addition of ammonium bicarbonate (NH4HCO3).

Soils

The three soils used for this study were taken from the
0–20 cm soil layers in Yingtan, Jiangxi province,
China. This region has a typical subtropical monsoon
climate with an annual precipitation of 1,795 mm,
annual evaporation of 1,318 mm, and a mean annual
temperature of 17.6°C. The soils are Ultisols or
Oxisols (US Soil Taxonomy) developed from Quater-
nary red earth (Q), granite (G), or Tertiary red
sandstone (S) (Zhao et al. 1988). Currently the land

from which the soils were taken is covered by forest
(F), brush (B) or is used for upland crops (U). The
soils were air-dried and passed through a 2-mm sieve
before use. The nitrification potential of these three
soils had been determined previously (Zhao et al.
2007) are given in Table 1. The Quaternary forest soil
(QF) had a low nitrification potential, the granite brush
soil (GB) was intermediate and the upland sandstone
soil (SU) had a high nitrification potential. Nitrifica-
tion in the SU soil was greatly stimulated by the N
input, but addition of ammonium bicarbonate did not
greatly stimulate nitrification in GB and QF soils
(Table 1). Some other properties of the soils are given
in Table 1.

Leaching and transformations

The leaching and transformation of nitrogen was
carried out in columns constructed from polyvinyl
chloride (PVC) tubing. Each column had a diameter
of 5.0 cm, was 60 cm long, and had a porous baffle
fixed at the bottom. After the baffle was covered with
glass wool and quartz sand, each tube was filled with
a homogeneous mixture of soil (950 g oven-dry basis)
and quartz sand (475 g, ≤2 mm), to a height of
∼50 cm. The surface of the mixture was then covered
with 1 cm of quartz sand so that the soil surface
would not be disturbed during the addition of water.
Deionised water was added to the soil columns to
bring the moisture content to 65% water holding
capacity (WHC). All columns were incubated at 25°C
throughout the experiment.

After a preincubation of 7 days, three levels of
NH4HCO3, 0, 150, and 300 mg N kg soil−1

(designated N0, N1 and N2) were added evenly over
the surface with 100 ml deionised water, and the first
leaching was executed following a 1 h equilibrium.

Table 1 Selected physicochemical properties of the studied soils

Soil Np
a pH Total N

(mg g−1)
WHC
(g kg−1)

Clay (%) CECb (cmol kg−1) Exchangeable cation (mmol kg−1)

CK LC HC Ca2+ K+ Mg2+ Na+

QF 73 19 9 4.66 0.4 458 16.85 6.83 4.2 0.4 0.2 0.2
GB 84 50 38 4.80 2.1 601 14.15 11.98 5.0 2.1 0.6 0.6
SU 94 95 98 5.36 1.1 640 14.05 16.68 72.0 10.0 13.2 0.7

aNp is nitrification potential (NO3−N/(NO3−N+NH4−N)) % determined by 35-day incubation. CK means control; LC ammonium
bicarbonate at rate of 100 mg N kg−1 ; HC ammonium bicarbonate at rate of 250 mg N kg−1 .
bCEC is cation exchange capacity.
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Leachate (100 ml) was then collected from the bottom
of each tube by the control of negative pressure for
24 h. Additional leachings with 100 ml deionised
water were carried out during a 7 days interval.
Between leachings the tops of the PVC tubes were
covered with parafilm and the moisture content was
maintained at ∼65% WHC. At the end of the
experiment, subsamples were collected from the top
10 cm, the bottom 10 cm, and the remainder of the
column (middle layer).

The leachate was analyzed for pH, nitrate, ammo-
nium and base cations (Ca2+, K+, Mg2+, Na+), and the
soil subsamples were analyzed for pH, nitrate and
ammonium.

Analytical

The pH of soil subsamples was measured in a slurry
(1 soil/2.5 water) using standard combination refer-
ence electrodes and a pH meter. Nitrate and ammo-
nium in soils was extracted with 2.0 mol l−1 KCl
solution and determined colorimetrically on a contin-
uous flow analyzer (Skalar, Breda, Netherlands). The

pH, and nitrate and ammonium concentrations of the
leachate were determined as above, and the hydrogen
leached was calculated from the pH changes in the
leachate. Ca2+, K+, Mg2+, and Na+ in leachate were
determined by inductively coupled plasma spectros-
copy (IRIS Advantage, Thermo Electron, Boston,
MS).

Results

Leaching of nitrate and ammonium

In each treatment the nitrate concentration in the
leachate increased to a maximum and then declined
(Fig. 1). The lowest peak nitrate concentration
(∼77 mg N l−1) appeared in the leachate of the QF
soil and the highest peak concentration (∼280 mg
N l−1) occurred in the SU soil. The time of appearance
of the peak concentration also varied with soil type,
with the sequence being SU (∼21 days), GB
(∼55 days) and QF (∼85 days). The time of
appearance of the peak concentration seemed to be
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Fig. 1 Concentrations of
nitrate and ammonium in
leachates of soils QF, GB
and SU. The error bars
represent ±1 SD of the mean
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determined by the nitrification potential. Regardless
of the soil type, the peak nitrate concentration
occurred at the high level of nitrogen addition.

As far as ammonium concentrations are concerned,
the results differed with nitrogen input level and soil
type (Fig. 1). Very little ammonium was leached from
the N0 treatments of the QF and SU soils during the
period of the experiment. A little more ammonium
(∼10 mg N l−1) was leached from the N0 treatment of
the GB soil, but there was little variation in its
concentration during the initial 8 weeks period; the
concentration then decreased slowly to zero. For the
N1 and N2 input levels, the ammonium concentrations
in the leachates of the QF and GB soils changed in a
similar fashion to the nitrate concentrations. More
ammonium was leached from the N2 treatments than
the N1 treatments and the time of appearance of the
ammonium peak occurred earlier in the N2 treatments.
Very little ammonium was leached from the N1 and
N2 treatments of the SU soil.

Apart from soil SU where very little ammonium
was leached, the total amount of nitrate and ammo-
nium leached from the soil columns increased with
the level of nitrogen addition (Fig. 2).

The effect of soil type on the leaching of added
nitrogen was determined by subtracting the results for
the control soils (N0) from those for the treated soils
regardless of any priming effect of fertilizer. The
results (not shown directly) indicated that at a particular
nitrogen level more of the added nitrogen was leached
as nitrate from soil SU and least was leached as nitrate
from soil QF, in accord with the descending sequence
of nitrification potential (Table 1). On the other hand,
the maximum amount of added nitrogen leached as
ammonium occurred in soil GB and there was
essentially no added nitrogen leached as ammonium
from soil SU.

More than 50% of the nitrogen added to the GB
and SU soils was leached but only about one third of
the added nitrogen was leached from the QF soil. The
proportion leached decreased with increasing level of
nitrogen addition (Fig. 2). This may have been due to
increases in the magnitude of other loss processes,
such as denitrification, at the higher rate of addition.

Leaching of hydrogen ion

In the QF soil there was little change in the pH of the
leachate in the N0 treatment (∼7.2 to ∼6.7) over the

period of the experiment. In the N1 and N2 treatments
the pH of the leachate decreased sharply from ∼6.5 on
∼day 42 to a final value of ∼4.5 (Fig. 3). In soil GB at
all nitrogen input levels the leachate pH decreased
rapidly at about the same time as the nitrate concen-
tration increased (Figs. 1 and 3). In the N0 treatment
the pH decreased rapidly from ∼7.0 on day 56 to ∼4.0
on day 70. In treatments N1 and N2 the pH change
occurred earlier at ∼day 28. The decrease in pH
occurred slightly before the rapid change in nitrate
concentration. With the SU soil all treatments be-
haved similarly and there was little change in the pH
of the leachates.

The overall effect of nitrogen addition and leaching
on acidification can be assessed more readily by
considering the changes in hydrogen ion concentra-
tion [H+] (Table 2). More H+ was leached from the
GB soil than the QF and SU soils in all nitrogen
treatments. Addition of nitrogen increased the amount
of H+ leached in all soils, but the effect in the SU soil
was very small (0.2–0.7 μmol H+). In the GB soil
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significant H+ (16.4 μmol) was leached in the absence
of added nitrogen.

In the control soils there was little difference in pH
between the different layers of the columns at the end
of experiment (Fig. 4). The pH of the top 10 cm of
soil in columns GB and SU decreased with increasing
nitrogen level, but in column QF the pH of the top
layer increased with an increase in nitrogen addition.

In soils QF and GB the pH of the upper layer tended
to be higher, sometimes significantly, than that of
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Table 2 Leaching of hydrogen ions from soil as affected by
addition of ammonium bicarbonate

Soil type H+ (µmol)

N0 N1 N2

QF 0.3±0.0 41.3±12.8 23.2±3.9
GB 16.4±1.4 123.3±5.8 81.2±14.7
SU 0.2±0.1 0.4±0.1 0.7±0.3

Data are means ± SD of three replicate samples.
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deeper layers, whereas in soil SU, the pH of the upper
layer was lower than that of the deeper layers (Fig. 4).

Leaching of base cations

The cumulative amount of base cations leached from
the soils increased with the level of nitrogen addition
(Fig. 5). In line with the content of exchangeable base
cations in soil (Table 1), leaching from soil SU was
significantly greater than that from soil GB and QF at
the same nitrogen level. There was a strong positive
relationship between the amount of base cations and
nitrate leached (r2=0.74, P<0.01).

The leaching of Ca2+ was significantly greater than
that of the other three base cations (Table 3), probably
because of its higher exchangeable content in soil
(Table 1). Although the amount of Na+ leached was

low, the percentage of exchangeable Na+ lost was
greater than that for other cations. The level of
nitrogen addition had no significant effect on Na+

leaching from any soil.

Mineral N concentration in soil columns at the end
of incubation

After 112 days periodic leaching the columns that
received the greatest amount of NH4HCO3 retained
the most inorganic nitrogen (Fig. 6), although there
was no significant difference between nitrogen levels
for soil SU. Soil GB retained significantly more of the
added nitrogen as nitrate than the other two soils, and
soil QF retained significantly more of the added
nitrogen as ammonium. Overall soil QF retained more
of the added nitrogen in inorganic forms than the
other two soils.

The amounts of nitrate and ammonium remaining
in the soil column are presented in Fig. 7. The
amounts of nitrate remaining in the mid-layers were
higher significantly than those in the upper and
bottom layers in soils GB and SU. The differences
in the amounts of nitrate remaining in the different
layers were not significant in soil QF. On the other
hand, the amounts of ammonium remaining in the
upper layers were significantly greater than those in
the mid- and bottom layers in soil QF. For soil SU,
there was no significant difference between the
amounts of ammonium in the different layers.

The recovery of added nitrogen ranged from 61.9%
to 91.8% and decreased with increasing input of
nitrogen. The greatest recovery (91.7%) was obtained
in the N1 treatment with soil GB and the worst
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Table 3 Effect of soil type and addition of ammonium bicarbonate on the leaching of base cations (mmol)

Soil N level Ca2+ K+ Mg2+ Na+

QF N0 0.60 (15.7)a a 0.06 (16.8) a 0.12 (67.1) a 0.37 (102.7) a
N1 1.35 (35.1) b 0.13 (35.0) b 0.20 (109.5) b 0.41 (119.7) a
N2 1.38 (36.0) b 0.21 (54.2) c 0.20 (107.0) b 0.42 (116.2) a

GB N0 1.28 (27.9) a 0.40 (20.7) a 0.24 (44.3) a 0.38 (71.3) a
N1 1.79 (39.1) b 0.70 (36.4) b 0.35 (63.9) b 0.41 (79.0) a
N2 2.55 (55.5) c 0.89 (46.1) c 0.39 (70.8) b 0.43 (82.0) a

SU N0 1.56 (2.3) a 0.95 (10.3) a 0.45 (3.6) a 0.38 (63.3) a
N1 3.81 (6.0) b 1.58 (17.6) b 1.07 (9.1) b 0.53 (86.7) b
N2 5.57 (8.5) c 2.01 (22.1) c 1.53 (12.7) c 0.58 (94.9) b

aThe percentage loss of exchangeable base cations from soil is given in parentheses.

Different letters indicate significant difference at an error probability of P=0.05.
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recovery occurred in the N2 treatment of soil SU
(Table 4).

The low recoveries of added nitrogen as nitrate and
ammonium may have been due to immobilization of
ammonium, ammonia volatilization or denitrification.
In soil SU that had a higher pH and greater
nitrification capacity the possibility of loss by
ammonia volatilization and denitrification is greater
than that from the other two soils that have weaker
nitrification and a lower pH.

Discussion

The results given above show that nitrification
potential is an important factor influencing nitrate
leaching in soil. When the soil nitrification capacity
was low, as in soil QF, inorganic nitrogen in the soil
existed mainly as ammonium and was retained
strongly by the soil for ∼50 days. The pattern
obtained for the leaching of nitrate in Fig. 1 is similar
to that obtained for the oxidation of ammonium in soil
perfusion studies by Lees and Quastel (1946); there is
a lag phase, followed by a period of logarithmic
increase then a decline. The lag phase, (from ∼55 days
in soil QF, to ∼20 days with soil GB and <10 days for
soil SU), where microbial numbers are low and no
nitrate was leached, was related to the nitrification
potential (QF < GB < SU), as was the peak nitrate
concentration and the total amount of nitate leached
(Figs. 1 and 2).

Most soils in temperate regions, especially surface
soils, have low ammonium concentrations and a net
negative charge; consequently ammonium is usually
adsorbed onto the soil exchange sites and not leached
(Mengel 1985; Di and Cameron 2005). However,
leaching of ammonium can occur in sandy soils with
little or no cation exchange capacity, or when the
adsorption capacity of the soil is overloaded by addition
of large amounts of ammonium based fertilizer, when
ammonium deposition from the atmosphere is large,
or where nitrification is low due to unfavourable
environmental conditions (Haynes 1985, 1986a, b;
Deare et al. 1995; Wang and Bettany 1995; Li et al.
1997; Gundersen 1998; Wang and Zhang 2004;
Herrmann et al. 2005). In addition in soils with low
CEC, especially those with low content of exchange-
able base cations, there may not be sufficient base
cations to balance the charges on the nitrate leached,
with the result that ammonium, hydrogen or alumin-
ium ions would be leached to balance the charges
(Reuss and Johnson 1986; Edwards and Helvey 1991).
The results above (Fig. 2 and Table 3) showed that in
soil SU, which is enriched with exchangeable Ca2+

and Mg2+ (Table 1), the leached cations were mainly
base cations. However, in soils GB and QF, ammo-
nium was leached in addition to base cations because
there were insufficient base cations to leach and
balance the charges on the nitrate leached.

Hydrogen ion, from acid deposition, nitrification or
decomposition of organic matter will displace the
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exchangeable base cations and ammonium ions by
ion exchange (Sun et al. 2006). In this study, when
the nitrogen level increased from N0 to N1, hydrogen
ion leaching also increased, but when the nitrogen
level increased from N1 to N2, it decreased (Table 2).
When the nitrogen level increased from N0 to N1, the
total of leached base cations and ammonium ions was

not sufficient to balance the charges on the nitrate
leached. Consequently the leaching of hydrogen ions
increased. However, when the nitrogen level in-
creased from N1 to N2, the charges on the leached
base cations and ammonium ions were more than
sufficient to balance the charges on the leached
nitrate, with the result that leaching of hydrogen ions
was reduced.

Due to the higher mobility of nitrate in water, most
of the added nitrogen was leached from the soil
column in nitrate form. The nitrate not leached tended
to accumulate in the middle layer that is larger than
the top and bottom ones (Fig. 7). Because ammonium
ions are strongly adsorbed by soil, ammonium
concentrated mainly in upper layer and the amount
adsorbed increased with increasing nitrogen level
(Fig. 7). However, for soil SU, there was no
significant difference between the amounts of ammo-
nium adsorbed by the different soil layers. This
appears to be due to the high nitrification capacity
of this soil that resulted in the rapid transformation of
ammonium to nitrate.
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Table 4 Recovery of added nitrogen in leachate and soil (% of
added N)

Soil N level N leached N retained Recovery

QF N1 35.0±2.2 48.0±5.8 83.0±7.9
N2 30.7±8.0 49.5±0.2 80.2±3.4

GB N1 65.1±1.8 26.7±2.1 91.8±3.3
N2 56.7±6.5 17.6±3.4 74.3±6.8

SU N1 65.8±15.3 3.2±4.0 69.0±17.5
N2 55.4±11.2 6.5±0.2 61.9±8.0

Data are means ± SD of three replicate samples.
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Conclusions

The results show that soil nitrification is an important
factor controlling nitrate leaching. In soils with low
cation exchange capacity, and insufficient base cations
to accompany the nitrate leached, ammonium and
hydrogen ions may be leached from the soil to balance
the positive and negative charges.
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