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ABSTRACT

It is postulated that stabilized ammonium fertilizers improve fertilizer-N utilization by crops, leading thus to higher
yields with the same fertilizer rate, especially on sandy soils. However, it must be taken into consideration that in
clayey soil at least a part of the NH, ions may be fixed by 2:1 clay minerals, thus delaying the effect of the N fertil-
izer. Because NH, and K* have similar size and valence properties and therefore compete for the same non-ex-
changeable sites of 2:1 clay minerals, we investigated the influence of time and K* application rate on both fixation
and release of NH,. Fixation of NH, ions was higher when K* was applied after NH,, while the influence of the K*
application rate was less pronounced. Mobilization of non-exchangeable NH, was retarded when K* was applied
at the high rate after NH,. At the first harvest yield formation of ryegrass was neither influenced by the amount
as well as the application time of K*, because plant available N was not growth limiting, while yield of the second
harvest was significantly higher with the low K* application rate after NH,. After the second harvest the blocking
effect of K* on the release of non-exchangeable NH, was attenuated and the highest yields of the third cut were
reached in the treatments with the high K* application rate after NH,. Total dry matter yield was highest when K*
was applied at the low rate after NH,. Our results show that K* governs fixation and release of non-exchangeable
NH,, which should be taken into consideration when applying ammonium containing N fertilizers like ammonium
sulfate, ammonium sulfate nitrate and ENTEC. Thus K* can affect N availability when N is applied as NH, in both
the short and long term.
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From all plant nutrients N deserves the highest
attention. While too low rates may depress the
profit, too high rates may result in nitrate leaching
(Mengel et al. 2006). According to Peltonen-Sainio
and Peltonen (1994) under favourable conditions
N application alone in spring may be sufficient to
promote plant growth, but may result in insufficient
N availability during grain filling. For this reason
the splitting of the nitrogen application rate is
recommended for an efficient use of fertilizer-N
(Lépez-Bellido et al. 2012). Nevertheless in the last
years an increasing diffuse nitrate loading of surface
water and groundwater has emerged as a major
problem in many agricultural areas of the world,
resulting in contamination of drinking water re-
sources (Sebilo et al. 2013). An option to minimize

nitrate leaching is the use of ammonium-containing
N fertilizers. However, in soils ammonium may be
converted into mobile nitrate ions within a short
period of time. Therefore nitrification inhibitors
stabilized N fertilizers, for example, ammonium
sulphate nitrate with the nitrification inhibitor
3,4-dimethylpyrazol phosphate (DMPP), were
introduced (Di and Cameron 2002, Benckiser et
al. 2013). Controlling the microbiological process
of nitrification, nitrate losses could be reduced by
increasing the assimilated N by plants (Subbarao
et al. 2006).

In America and Asia ammonium-based fertilizers
have been increasingly used (Prud*homme 2005).
However, their recovery efficiency could be influ-
enced by fixation and release of NH, by 2:1 clay
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minerals. In soils with a high ammonium fixation
capacity, at least a part of the NH, supplied as ferti-
lizer may be bound in clay mineral interlayers (Tang
etal. 2008). The share of added NH, fixed depends
on the NH, fixation capacity of the soil (Scherer
1993). Kowalenko (1978) reported that 59% of 152 kg
N/ha added as (NH,),SO, were fixed. In the case
of NH, stabilized fertilizers the process of NH,
fixation may be prolonged and the share of fixed
NH, is assumed to be even higher.

NH, fixation by clay mineral interlayers also
depends on the K* status of the soil. If the K*
concentration of the soil solution is high or in-
creased by K fertilizer application, it can be ex-
pected that the interlayer space is also saturated
with K* (Scherer 1982), resulting in a decreased
NH, fixation. Otherwise K* may impede the release
of NH, ions, which may be due to the blocking
effect of K* ions (Nieder et al. 2011). Therefore,
when applying NH stabilized fertilizers interac-
tions between NH, and K* ions should be taken
into consideration.

However, no attempts have been made to con-
solidate the fragmented information on the effects
of K* on fixation and release of NH, ions. For this
reason the specific objectives of this study were to
determine the influence of point of time and amount
of K* application on the fixation of NH, stabilized
and conventional NH," containing N fertilizer, as
well as on yield and N uptake of ryegrass.

MATERIAL AND METHODS

The subsoil (30-75 c¢cm) from a Luvisol derived
from loess with a clay content of 23.9% and ex-
pandable illite as the main clay mineral was chosen
for the experiment. The initial content of non-
exchangeable NH,-N was 115 mg/kg and plant
available K 133 mg/kg soil. Fourteen treatments
(each with four replications) were established
(Table 1). Nitrogen (250 mg/kg soil) was applied
as: sodium nitrate (NaNO,), ammonium sulfate
(AS), ENTEC 26 (ammonium sulfate nitrate +
3,4-dimethylpyrazol phosphate) and ammonium
sulfate nitrate (ASN). K was applied as K,SO, in
two application rates (K1 — 250 mg/kg soil, referred
to low K; K2 — 500 mg/kg soil, referred to high K).
After thoroughly mixing N and K, respectively, into
the soil (< 4 mm) the water content was adjusted
to 60% of the maximum water holding capacity
with deionized water and pre-incubated for 7 days.
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Afterwards the soil samples were dried at 40°C
in an oven, passed through a 4 mm sieve and N
and K incorporated into the soil in reversed order
(Table 1). In the following incubation period soil
samples were stored again for 7 days after adjusting
the maximum water holding capacity of 60%. The
temperature during pre-incubation and incuba-
tion ranged between 20°C and 25°C. NaNO, was
supplied together with K.

The bottom of the experimental pots were filled
with 6 kg soil supplied with 0.4 g P as Ca(H,PO,),
-H,0 and 0.4 g Mg as 4.06 g MgSO, - 7 H,O as
basal fertilizers, followed by 3 kg pretreated soil
(referred as topsoil) according to Table 1.

After planting of ryegrass (Lolium multiflorum
cv. Adriana) the soil water content was adjusted
to 60% of the maximum water holding capacity
and controlled daily to replenish water loss with
deionized water. Ryegrass was cut three times,
dried in an oven at 105°C and dry-matter yield
determined. After grinding total N was analyzed
using the Dumas combustion method.

After each harvest soil samples were taken from
the topsoil with an auger (three cores per pot). The
samples from each pot were pooled, air dried and
passed through a 1 mm sieve. Non-exchangeable
NH, -N was analyzed according to Beuters and

Table 1. Treatments

Treatment N form Preincubation  Incubation

N K N K
1 NaNoO, - - + K1
2 NaNO, - _ . X2
3 AS - K1 + _
4 AS - K2 + _
5 ENTEC26 - K1 + _
6 ENTEC26 - K2 + _
’ ANS - Kl 4 _
8 ANS - K2 + -
’ AS + - - K1
0 AS + - - K2
11 ENTEC 26 + _ _ K1
12 ENTEC 26 + _ _ K2
13 ANS + - - K1
14 ANS + - - K2

NaNO, - sodium nitrate; AS — ammonium sulfate;
ENTEC 26 — ammonium sulfate nitrate + 3,4-dimethyl-
pyrazol phosphate; ASN — ammonium sulfate nitrate;
K1 - 250 mg/kg soil; K2 — 500 mg/kg soil
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Scherer (2012). After pretreating the soil sample
with KOBr solution and drying at 60°C for 20 h
non-exchangeable NH, -N was determined with an
elemental analyzer with a thermal conductivity detec-
tor. Plant available K* was measured after extraction
with 0.1 mol/L calcium acetate + 0.1 mol/L calcium
lactate + 0.3 mol/L acetic acid with a soil:extract
ratio of 1:20 after shaking for 2 h (Schuller 1969).
Statistical analysis. Multivariate analysis (ANOVA)
was performed using the SPSS 20 software package
(Chicago, USA). Means were compared at signifi-
cance level of P = 0.05 by the Tukey’s test. Standard
deviation values are depicted in the graphs as bars.

RESULTS

At the first harvest the influence of the kind of
N fertilizer as well as the application time and
amount of applied K* on yield of ryegrass was
negligible (Figure 1a). At the second harvest the
influence of the N form and amount of K* applied
was also marginal, when K* was applied before N.
However, comparing the treatments K* after N,
yields were significantly higher with K1 (Figure 1b).
At the third harvest the influence of the amount of
K applied on yield formation was again negligible
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when K* was applied before N, while when K* was
applied after N, in contradiction to the second
harvest, yield was highest in the treatments with
K2 (Figure 1c).

N uptake of the first harvest was on the same
level when K* was applied at the low K* applica-
tion rate before or after N. When K* was applied
after N, K2 resulted in a significant decreased N
uptake. N uptake was significantly lowest with
N as AS (Figure 2a). Independent of the N form
N uptake of the second harvest was mostly sig-
nificantly lower when K* was applied before N as
compared to K* after N. As compared to the first
harvest the influence of the amount of applied
K* on N uptake decreased when K* was applied
after N (Figure 2b). At the third harvest N uptake
was significantly highest when K2 was applied
after N. Between these treatments N uptake was
significantly highest with AS (Figure 2c).

Before the start of the experiment the soil contained
115 mg non-exchangeable NH,-N/kg (Figure 3a)
and was not influenced by the application of
NaNO,, but increased after the incorporation of
the ammonium containing fertilizers. The increase
was lower in the treatments when K* was applied
before. However, the influence of the different
ammonium containing fertilizers as well as the
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Figure 1. Dry matter (DM) yield of the first (a), second
(b) and third harvest of ryegrass (c). Different letters
indicate significant differences (P < 0.05) among the
treatments. K rate: K1 — 250 mg/kg soil; K2 — 500 mg/kg
soil; N form: NaNO3 — sodium nitrate; AS — ammonium
sulfate; ENTEC 26 — ammonium sulfate nitrate + 3,4-di-
methylpyrazol phosphate; ASN — ammonium sulfate
nitrate; time of K application: simultan, before and after
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Figure 3. Contents of non-exchangeable NH;—N after soil incubation (a) and after the first (b), second (c) and

third harvest (d) of ryegrass. Different letters indicate significant differences (P < 0.05) among the treatments.

K rate: K1 — 250 mg/kg soil; K2 — 500 mg/kg soil; N form: NaNO, — sodium nitrate; AS — ammonium sulfate;

ENTEC 26 — ammonium sulfate nitrate + 3,4-dimethylpyrazol phosphate; ASN — ammonium sulfate nitrate; time

of K application: simultan, before and after
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highest in the case of (NH,),SO,. Between the
start of the experiment and the first harvest the
content of non-exchangeable NH, -N increased in
both NaNO3 treatments, while in most of the other
treatments non-exchangeable NH, -N was mobi-
lized. Until the first harvest mobilization was high-
est when ASN was applied before K* (Figure 3b).
After the first harvest until to the second harvest
the influence of time and amount of K* applica-
tion on NH, mobilization was negligible, when
K* was applied before N, except in the treatment
when K* was applied after ASN at the high rate.
In the treatments when K* was applied after N,
mobilization of non-exchangeable NH,-N was
significantly lower at the high K* application rate
(Figure 3c). After the second harvest the influence
of the K* application rate on the content of non-
exchangeable NH -N was negligible when K* was
applied before N. However, the high K* application
rate after NH, resulted in a significantly higher
content of non-exchangeable NH, -N as compared
to the treatments with the low K* application rate
(Figure 3d).
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After treating the soil with N and K independ-
ent of the time of K* application the content of
plant available K* was always higher with the
high K* application rate. In the concomitant N
fertilizer treatment the content of plant available
K* was higher when K* was applied after NH
(Figure 4a). After the first harvest the content of
plant available K* was significantly highest in the
treatments with the high K* application rate after
NH, (Figure 4b) while after the second (Figure 4c)
and third harvest (Figure 4d) the content of plant
available K* was significantly higher with the high
K* application rate independent of the time of K*
application.

DISCUSSION

Frequently claimed advantages for the use of N
fertilizers stabilized with nitrification inhibitors
are yield increases (Wozniak et al. 1997). However,
according to Pasda et al. (2001) the yield-increasing
effect of DMPP, having a duration time between 6
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Figure 4. Plant available K after soil incubation (a) and after the first (b), second (c) and third harvest (d) of
ryegrass. Different letters indicate significant differences (P < 0.05) among the treatments. K rate: K1 — 250 mg/kg
soil; K2 — 500 mg/kg soil; N form: NaNO, — sodium nitrate; AS — ammonium sulfate; ENTEC 26 — ammonium
sulfate nitrate + 3,4-dimethylpyrazol phosphate; ASN — ammonium sulfate nitrate; time of K application: simul-

tan, before and after
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to 8 weeks (Villar and Guillaumes 2010), is stronger
the lighter the soil. When applying ammonium
stabilized N fertilizers to heavy soils it must be
recognized that at least a part of the NH, ions
may be fixed by clay minerals, decreasing the
momentary N availability for plants. Using a soil
with a high fixation capacity we found that almost
all of the ammonium applied with AS was fixed
by clay minerals during the incubation of the soil,
when N was applied before K*. As compared with
AS, fixation of NH, was lowest with ASN, while
ENTEC 26 was ranging in between. Because Pasda
etal. (2001) found that at 20°C, nitrification of ASN
was completed within 7 to 21 days, as compared
to 40 days with DMPP, we assume that the lowest
fixation in our experiment was caused by a partial
nitrification of non-stabilized ammonium of ASN
during the incubation period of the soil.

As a result of competition for fixation sites
(Beauchamp 1982) applying K* before NH, con-
taining N fertilizers resulted in a decreased NH,
fixation, with a mean decrease of about 20%. This is
in accordance with the results of Bartlett and Simpson
(1967) showing that K* pre-addition depressed NH
fixation by occupying interlayer positions of 2:1 clay
minerals. As expected after applying NaNO, the in-
crease of non-exchangeable NH, -N was negligible.
However, after the first harvest a steep increase of
this N fraction was observed, assuming that the
NH, ions are derived from mineralization of soil
organic matter (Tang et al. 2008).

As expected independent of the time of K* appli-
cation the content of plant available K* was higher
with the high K* application rate. However, the
time of K* application was of prime importance
resulting in higher contents of plant available K*
when K* was applied after NH,, because as a result
of competition for the same fixation sites less in-
terlayer space was available for K* (Scherer 1982).

Steffens and Sparks (1997) described the kinet-
ics of mobilization of non-exchangeable NH,-N
from clay minerals by the Elovich model. Whether
non-exchangeable NH,-N can be released de-
pends on the concentration gradient of NH, in
the interlayers and soil solution (Tang et al. 2008).
However, Nommik (1957) suggested that also K*
should be introduced into the equilibrium equation.
Therefore the influence of K* becomes of practi-
cal importance (Axley and Legg 1960, Skarpa and
Hlusek 2012). When the content of plant available
K* is high as in our treatments K* after NH4+, it
may be assumed that also the edge positions of
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the clay minerals are occupied by K*, hindering
the diffusion of NH, ions out of the interlayers.
Indeed after the second and third harvest, the
content of non-exchangeable NH,-N was higher
in the treatments with the high K* application
rate after NH .

At the first harvest the influence of the amount as
well as the application time of K* on yield forma-
tion was negligible, because plant available N was
not growth limiting. However, yield of the second
harvest was significantly highest with the low K*
application rate after NH,. We assume that in the
mean K* ions, mainly located at the edge position
of the clay mineral interlayers, were mobilized and
the blocking effect of K* diminished, favouring the
release of non-exchangeable NH, -N. With the high
K* application rate the release of non-exchangeable
NH, -N was still blocked and N uptake was sig-
nificantly lower, confirming that K* governs the
release of non-exchangeable NH,-N (Welch and
Scott 1960) and therefore yield formation. After
the second harvest the blocking effect of K* on the
release of non-exchangeable NH,;-N seems to be
overcome and highest yields of the third harvest
were now reached in the treatments with the high
K* application rate after NH,.

Calculating total yield (sum of three harvests)
there is evidence that the K* application rate has
no impact on the availability of non-exchangeable
NH,-N when K* is applied before ammonium
containing fertilizers. However, when K* was ap-
plied after ammonium containing fertilizers total
yield was significantly higher with K1. Although
continuous uptake of K* ions reduced the K* con-
centration and diminished the blocking effect
on the release of NHA;r (Nieder et al. 2011) the
K* concentration in the treatments with K2 was
still too high to overcome the blocking effect.
Therefore the statement of Pasda et al. (2001) that
N fertilizers combined with DMPP may improve
yields of agricultural crops and vegetables must
be observed in more details.

Besides yield formation total N uptake was signifi-
cantly lower with the high K* application rate after
ammonium-containing fertilizers. The depression of
N uptake at the first harvest could not be compen-
sated by the higher N uptake of the third harvest.
The mean total N uptake was lower by about 25%.
Therefore from a practical point of view N fertilizers
with a high share of ammonium should not be ap-
plied before potassium to soils with an appreciable
fixation capacity (Axley and Legg 1960).



Plant Soil Environ.

Vol. 60, 2014, No. 7: 325-331

Acknowledgements

The authors are much indebted to the Deutsche
Forschungsgemeinschaft (DFG), Project No. SCHE
312/23-1 (FOR 1320) and to Prof. Dr. Ulrich Koépke
as the initiator of the project.

REFERENCES

Axley J.H., Legg J.O. (1960): Ammonium fixation in soils and the
influence of potassium on nitrogen availability from nitrate and
ammonium sources. Soil Science, 90: 151-156.

Bartlett R.J., Simpson T.J. (1967): Interaction of ammonium and
potassium in a potassium-fixing soil. Soil Science Society of
America Journal, 31: 219-222.

Beauchamp E.G. (1982): Fixed ammonium and potassium release
from two soils. Communications in Soil Science and Plant
Analysis, 13: 927-943.

Benckiser G., Christ E., Herbert T., Weiske A., Blome J., Hardt M.
(2013): The nitrification inhibitor 3,4-dimethylpyrazolephos-
phate (DMPP) — quantification and effects on soil metabolism.
Plant and Soil, 37: 257-266.

Di H.J., Cameron K.C. (2002): The use of a nitrification inhibitor,
dicyandiamide (DCD), to decrease nitrate leaching and nitrous
oxide emissions in a simulated grazed and irrigated grassland.
Soil Use and Management, 18: 395-403.

Beuters P., Scherer H.W. (2012): Modification of the standard
method for determination of non-exchangeable NH,-N in soil.
Plant, Soil and Environment, 58: 557-560.

Kowalenko C.G. (1978): Nitrogen transformations and transport
over 17 months in field fallow microplots using ®N. Canadian
Journal of Soil Science, 58: 69-76.

Lépez-Bellido L., Munoz-Romero V., Benitez-Vega J., Fernandez-
Garcia P, Redondo R., Lopez-Bellido R.J. (2012): Wheat response
to nitrogen splitting applied to a Vertisol in different tillage systems
and cropping rotations under typical Mediterranean climatic
conditions. European Journal of Agronomy, 43: 24—32.

Mengel K., Hiitsch B., Kane Y. (2006): Nitrogen fertilizer application
rates on cereal crops according to available mineral and organic
soil nitrogen. European Journal of Agronomy, 24: 343-348.

Nieder R., Benbi D.K., Scherer H.W. (2011): Fixation and defixa-
tion of ammonium in soils: A review. Biology and Fertility of
Soils, 47: 1-14.

Nommik H. (1957): Fixation and defixation of ammonium in

soils. Acta Agriculturae Scandinavia, 7: 395-436.

Pasda G., Hihndel R., Zerulla W. (2001): Effect of fertilizers with
the new nitrification inhibitor DMPP (3,4-dimethylpyrazole
phosphate) on yield and quality of agricultural and horticultural
crops. Biology and Fertility of Soils, 34: 85-97.

Peltonen-Sainio P, Peltonen J. (1994): Progress since the 1930s in
breeding for yield, its components, and quality traits of spring
wheat in Finland. Plant Breeding, 113: 177-186.

Prud*homme M. (2005): Global nitrogen fertilizer supply and demand
outlook. Science in China. Series C, Life Sciences, 48: 818—826.

Scherer H.W. (1982): Fixed NH,-N in relation to EUF-extractable
K. Plant and Soil, 64: 67-71.

Scherer H.W. (1993): Dynamics and availability of the non-ex-
changeable NH,-N — A review. European Journal of Agronomy,
2:149-160.

Schiiller H. (1969): The CAL-method, a new method for the deter-
mination of the plant available phosphate in soils. Zeitschrift fir
Pflanzenernéhrung und Bodenkunde, 123: 48-63. (In German)

Sebilo M., Mayer B., Nicolardot B., Pinay G., Mariotti A. (2013):
Long-term fate of nitrate fertilizer in agricultural soils. Proceed-
ings of the National Academy of Science of the United States
of America, 110: 18185-18189.

Skarpa P., Hlugek J. (2012): Effect of years, fertilization and grow-
ing regions on the content and forms of potassium in soil.
Journal of Elementology, 17: 305-315.

Steffens D., Sparks D.L. (1997): Kinetics of nonexchangeable
ammonium release from soils. Soil Science Society American
Journal, 61: 455-462.

Subbarao G.V., Ito O., Sahrawat K.L., Berry W.L., Nakahara K.,
Ishikawa T., Watanabe T., Suenaga K., Rondon M., Rao I.M.
(2006): Scope and strategies for regulation of nitrification in
agricultural systems — Challenges and opportunities. Critical
Reviews in Plant Science, 25: 303—-335.

Tang V., Wang X.-Z., Zhao H.-T., Feng K. (2008): Effect of potas-
sium and C/N ratios on conversion of NH, " in soils. Pedosphere,
18: 539-544.

Villar J.M., Guillaumes E. (2010): Use of nitrification inhibitor DMPP
to improve nitrogen recovery in irrigated wheat on a calcareous
soil. Spanish Journal of Agricultural Research, 8: 1218-1230.

Welch L.E, Scott A.D. (1960): Nitrification of fixed ammonium in clay
minerals as affected by added potassium. Soil Science, 90: 79-85.

Wozniak H., Fuchs M., Michel H.J. (1997): N-stabilization —
Investigations about the use of nitrification inhibitors in ag-
ricultural crops. VDLUFA-Schriftenreihe Kongressband, 46:
807-810. (In German)

Received on March 10, 2014
Accepted on May 14, 2014

Corresponding author:

Prof. Dr. Heinrich W. Scherer, University of Bonn, Institute of Crop Science and Resource Conservation,

Department of Plant Nutrition, Karlrobert-Kreiten-Strafle 13, 53115 Bonn, Germany
phone: + 49 228 732 853, fax + 49 228 732 489, e-mail: h.scherer@uni-bonn.de

331



