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Comparison of ammonia losses
under various conditions after organic fertilization

Comparaison des pertes par volatilisation sous différentes conditions
lors d’épandages de fertilisants organiques.
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Abstract

Farm effluents are applied to land to supply plant mineral nutrients requirements.
Ammonia volatilization decreases their N fertilizing value. Experiments were carried
out using three wind tunnels where soil and environmental conditions can easily be
controlled. Seven experiments were conducted to characterize the influence of the
soil surface conditions on volatilization. Four of them were devoted to soil
cultivation, before, during and after spreading. We focussed on the effect of the
proportion of slurry really incorporated into the soil. In three other experiments, the
effect of the soil surface temperature was studied. It was thus shown how
measurements using wind tunnels help understanding the agricultural techniques
and environmental conditions influence on ammonia volatilization.

Keywords: Ammonia volatilization, Wind tunnel, Slurry, Sewage sludge, Surface
management

Résumé

Les effluents d’élevage sont épandus au sol afin de fournir les besoins nutritifs
indispensables aux plantes. La volatilisation de l’ammoniac diminue ainsi ce
pouvoir fertilisant. Des essais ont été effectués à l’aide d’un système de trois
tunnels de ventilation. Sept expérimentations ont été menées afin de préciser
l’influence des conditions à l’interface sol-surface sur la volatilisation. Quatre essais
portaient sur les sols cultivés, avant, pendant et après épandage. Nous nous
sommes intéressés à l’effet de la proportion de lisier réellement incorporé au sol.
Dans les trois autres essais, l’effet de la température à la surface du sol a été
étudiée. Il a été démontré que les mesures utilisant les tunnels de ventilation
peuvent aider à comprendre l’effet des techniques culturales sur le processus de
volatilisation

Mots-clés : volatilisation ammoniac, tunnel de ventilation, lisier, boues, gestion des
déchets par épandage.
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1. Introduction

Farm effluents have high nitrogen and phosphorus fertilizing value, and their
application to land contributes to plant nutrition. However ammonia volatilization
after spreading decreases their N fertilizing value. It varies greatly with soil and
climatic conditions, and effluent characteristics (Jarvis and Pain, 1990). For
slurries, it ranges from 0 to 100% of applied ammoniacal N. It is then difficult to
predict the need for further fertilization.

All data agree and show that ammonia volatilization highly depends on
meteorological conditions, and especially on temperature and wind. Spring and
summer emissions are higher than autumn and winter emissions (Lauer et al.,
1976); it can even be zero in January and 99% in August. This is mainly due to the
effect of temperature on ammonia. The relationship between air temperature and
ammonia volatilization magnitude was often characterized in literature (Sommer et
al., 1991). However ammonia volatilization does not directly depend on air
temperature, but on soil surface temperature itself.

The experiments carried out in this study were designed to provide information
about the magnitude and pattern of the effects of soil surface temperature and
management, on ammonia volatilization. We tried to partly reproduce agricultural
techniques used for soil cultivation before or after slurry application, in order to
evaluate loss reduction magnitude as a function of the depth of soil work and the
more or less complete incorporation of slurry.

2. Materials and methods

The wind tunnel system has been described in detail by Lockyer (1984). It
comprises two parts: (i) an inverted U-shaped tunnel made of transparent
polycarbonate which covers the 1 m2 experimental plot (0.5 x 2 m), and (ii) a
circular steel duct containing an electrically powered fan. Modifications suggested
by Loubet et al. (1999a and b) were taken into account.

Eight one-week period measurements were carried out at the INRA experimental
site of Grignon (France, near Paris), from June to October 1995 and in October
1996. Ammonia volatilization after slurry spreading on bare soil, with or without soil
surface plowing, was monitored by using three wind tunnels. The soil was a silty
clay, with pH 8, clay content 23.7%, CEC 18.1 meq (100 g soil)-1 and bulk density
(0-10 cm) 1.27 t m-3. Some properties of the slurries, together with the application
characteristics are given in Table 1.
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Slurries Agricultural techniques
dairy cattle slurry spreading of 80 m3 ha-1

pH Dry
Matter

(%)

NH4
+-N

content
(g kg-1)

NH4
+-N

applied
(kg ha-1)

Day and
time (UT)

of application
Exp. 1 6.1 6.4 1.110   89 07/06/95, 09h30
Exp. 2 6.5 7.1 1.284 103 26/06/95, 13h15
Exp. 3 5.6 6.1 0.640   51 11/07/95, 09h45
Exp. 4 6.2 6.2 0.999   80 27/09/95, 16h00
Exp. 5 6.5 6.8 1.537 123 16/10/95, 10h45
Exp. 6 7.8 6.2 1.273 102 10/08/95, 13h40
Exp. 7 6.7 5.0 21/08/96, 16h15
Exp. 8 6.3 7.9 08/10/96, 10h00

Table 1
Description of site and materials

The ammonia volatilization from the area covered by the tunnel was calculated by
multiplying the volume of air flowing through each tunnel by the difference between
the ammonia concentrations of air entering and leaving the tunnel. Ammonia
concentrations were determined at the entrance of the tunnel (one sample) and in
the steel duct using a sampling system with 19 holes on three branches disposed
perpendicular to the air flow, by trapping the ammonia in 50 ml of aqueous acid
(0.5 g l-1 NaHSO4, 2H2O). The air flow rate (4.5 l min-1) was checked by a
flowmeter (Gallus 2000, Schlumberger, Reims, France). Ammonia was determined
by conductimetric analysis (detector of Amanda, ECN, The Netherlands). Wind
speed in the tunnels over the experimental plot was constant in all experiments
(1.75 m s-1), and measured in an open vein using hot wire anemometers
(8450/60/70, TSI Incorporated, Aachen, Germany).

Incident solar radiation flux densities at the soil surface in the tunnels and outside
1 m above the soil surface were measured with pyranometers (CM6, Kipp and
Zonen, Delft, Netherlands). Air relative humidity was measured at the entry of the
steel duct with a hygrometer (HMP35A, Vaisala, Helsinki, Finland). Air temperature
at 25 cm, soil surface temperature and soil temperature at 2 cm depth were
measured using 2, 6 and 4 iron-constantan thermocouples. Micrometeorological
data were recorded every 5 s and averaged over 15 min intervals with dataloggers
(CR10, Campbell Scientific, Shepshed, UK).

For each of the eight experiments, ammonia volatilization was compared with only
one factor differing between each wind tunnel.

Experiments 1 to 5 investigated the effect of slurry incorporation in the soil. Soil
management was chosen in order to meet agricultural practices. Direct injection of
slurry in the soil or harrowing after slurry application was observed as bringing all
the slurry at a specific depth in the soil. Field observations showed that plowing or
incorporating slurry in the soil using a rotavator led to mix it more or less
homogeneously with the soil. The least homogeneous mixing is comparable to
bringing only part of the slurry deeper in the soil, and letting a fraction of the slurry
at the surface, not incorporated.
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Proportions of the
surface of the

slurry incorporated

Depth of
ploughing

Cultivation
before

application

Mixing slurry
with
Soil

Exp. 1     0,   50, 100% 12 cm no No
Exp. 2   25,   50,   75% 12 cm no No
Exp. 3     0,   50, 100% 6 cm yes Yes
Exp. 4     0,   50, 100% 6 cm yes Yes
Exp. 5   25,   50,   75% 6 cm yes Yes

Table 2
Soil surface management experiments

Two depths of plowing were used. In Exp. 1 and 2 slurry was either applied at the
soil surface with no cultivation before application, or, for the fraction incorporated,
soil was dug out up to the incorporation depth, slurry was applied in the bottom of
the hole, and the soil was thereafter brought over the slurry. In Exp. 3 to 5 soil was
cultivated before application for the fraction with slurry applied at the soil surface;
for the fraction incorporated, soil was dug out up to the incorporation depth, soil
and slurry were mixed together, and brought again into the hole. For the others,
slurry was just applied at the surface (Table 2). The treatment with half of the slurry
incorporated was a common treatment between Exp. 1 and 2, and between Exp. 3,
4 and 5, and is referred to as the reference treatment thereafter.

Exp. 6 to 8 investigated the effect of soil surface temperature on volatilization.
Different surface and sub-surface soil temperatures were obtained using two
techniques (Table 3): surface temperature was either reduced by using two kinds
of sunshades which reduced solar radiation in the tunnels or increased by heating
the soil with electric resistances.

Cultivation
Before application

Mixing slurry
with soil

Sunshades Heating
resistances

Exp. 6 No no X
Exp. 7 yes no X x
Exp. 8 - yes x

Table 3
Soil surface temperature experiments
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3. Results and discussion

3.1. Soil surface management

The ammonia emission pattern is presented in Figure 1 for Exp. 4 and 5.

Figure 1
Ammonia volatilization (rate) following surface application of slurry to bare soil
for different proportions of slurry incorporated: a) in Exp. 4 for 0% (broken line),

50% (thick line) and 100% (thin line) and in Exp. 5 for 25% (broken line),
50% (thick line) and 75% (thin line).

Agronomic and environmental conditions (Table 1 and 2) and thus the total
cumulative losses (Table 4) differed greatly between experiments. Results were
thus normalized and presented as the ratio of the losses measured for the different
treatments to the losses of the half incorporated treatment (reference) in the
corresponding experiment (Table 4).

All the experiments evidenced that slurry incorporation reduced significantly
ammonia volatilization, whatever the technique used: either bringing a fraction of
the slurry or all the slurry at a specific depth in the soil (Exp. 1 and 2), or mixing
part of the slurry or all the slurry with the soil (Exp. 3, 4 and 5) over a smaller depth.
The losses were greater in every experiments for surface application than for total
or partial incorporation. These results are consistent with results for total
incorporation quoted in the literature.

Cumulative loss rate for the 50% Proportions of slurry incorporated reference
incorporated treatment

(of NH4
+-N applied)

0% 25% 50% 75% 100%

Exp.1
Exp.2
Exp.3
Exp.4
Exp.5

3.3
28.0
54.7
18.6
17.3

430 %
-

138 %
192 %

-

-
-
-
-

147 %

100 %
100 %
100 %
100 %
100 %

-
50 %

-
-

60 %

133 %
-

66 %
68 %

-

Table 4
Ratio of the emission rates 140 hours after spreading of the different treatments

to the emission rate of the 50% incorporated treatment
of the corresponding experiment on soil surface management
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Considering the fraction that was incorporated, the volatilization was all the more
reduced than the incorporation was large. In the first experiment only, ammonia
losses were greater for the whole slurry incorporated, than for the slurry half
incorporated. But the accuracy of the measurement (Van derweerden et al., 1996)
was less than the difference between both treatments because of the very small
losses measured (3.3 and 4.4% NH4

+-N applied, resp.): they were thus not
significantly different. Losses with no incorporation in Exp. 3 (138%) were smaller
than losses of the 50% incorporated treatment in Exp. 4 (192%). This is due to the
fact that the magnitude of the reduction in ammonia volatilization not only depends
on the type of soil surface management, but also on the climatic conditions and
slurry characteristics, which differed from one experiment to the other. This was all
the more comprehensive in this case, that the total cumulative losses greatly
differed between both experiments. This may also explain why losses were greater
for the 100% slurry incorporated in Exp. 3 and 4, than for slurry 75% incorporated
in Exp. 5, although the cumulative losses for the 50% incorporated treatments were
nearly the same for both experiments. These results show how the comparison of
different incorporation proportions between experiments is difficult.

However, before extrapolating these kind of results to real agricultural techniques,
all incorporations techniques commonly used should be more thoroughly
investigated and characterized following this way. This characterization will be
achieved by intensive observations in the field after soil surface management.

3.2. Soil surface temperature

Figure 2
Variations in soil surface temperature obtained in Exp. 7,

using either a sunshade (broken line) or a heating resistance (thin line)
compared to the reference treatment (thick line).
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Figure 3
Ammonia volatilization in Exp. 7 for different soil surface temperatures ;

cooled (broken line), or heated (thin line) compared to the reference
treatment (thick line).

Reducing solar radiation in the tunnel using two kinds of sunshades reduced
significantly soil surface temperature but only during the day. The greater
difference was observed near midday, where soil surface temperature differences
reached 15°C on a sunny day. Heating the soil with an electric resistance
increased temperatures all the day long of more than 1.5°C in one or 3°C in the
other compared to the standard treatment, in Exp. 8. An example of surface
temperature variations obtained by sunshade or heating resistance is given in
Figure 2. It must be noticed that the energy and water budgets of the soil surface
were changed together with the temperature variations, in two different ways,
according to the differing effects of both techniques used.

Results of Exp. 7, combining the two techniques used to control and modify soil
surface and subsurface temperatures are shown in Figure 3. Results of the three
experiments are summarized in table 5. They are presented in comparison to the
reference treatment (no heating, no shading).

In Exp. 7, emissions for the soil heated by using resistances were higher than
emissions for the unheated reference soil. This is in accordance with all the results
found in the literature showing a strong positive relationship between air
temperature and volatilization (Beauchamp et al., 1982; Sommer et al., 1991; Moal
et al., 1995). But emissions for the soil cooled by using a sunshade were also
greater than the reference, all along the volatilization event. All the other
experiments also showed that increasing the soil surface temperature led to
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decreasing ammonia emissions (table 5). These results are in opposition to what
was expected: it is namely known that increasing temperatures induce increasing
ammonia gas concentration in the soil gas phase, for a given ammoniacal N
content of the soil (Beutier and Renon, 1978).

Reference:
Average Tsurf (°C)
N cumulative loss
(kg NH4

+-N ha-1)

Difference
to the reference

Tsurf (°C)
N loss (%)

Exp. 6
   Tsurf
   N loss

27.5°C
34.4

- 6.3°C
+ 104%

- 2.3°C
+   60%

Exp. 7
   Tsurf
   N loss

21.3°C
28.5

- 1.0°C
+     5%

+ 0.9°C
+     8%

Exp. 8
   Tsurf
   N loss

13.5°C
21.7

+ 0.9°C
-     3%

+ 2.6°C
-   19%

Table 5
Differences in the emission rates 118 hours after spreading between

the different treatments and the reference treatment
(where Tsurf is the soil surface temperature)

But other mechanisms directly implied in ammonia volatilization depend on soil
temperature, like ammoniacal N transfer in the soil, adsorption to the solid phase of
the soil, or soil surface drying due to evaporation, etc. And soil temperature also
affects other processes reducing or enhancing ammoniacal N availability in the soil
such as nitrification and assimilation of the ammoniacal N by micro-organisms,
mineralization of organic N into ammoniacal N, etc. The interactive influence of
temperature on these mechanisms may explain the unexpected results found here.
The way surface and soil temperature act on all these mechanisms and processes
should be further investigated, together with ammonia volatilization itself. This
shows that such experiments have their own limitations, and need appropriate
interpretation. For example, more intensive measurements in the soil and
atmosphere should be performed, during all the volatilization event.

4. Conclusion

4.1. These data illustrated how complex a process ammonia volatilization is, and
how difficult it is to separate the effect of each factor on the whole process or on
each mechanism implied. They also showed that it is however necessary to
separate these various specific effects. For further investigations, it would be
advised to get rid of the agronomic and environmental factors also affecting
volatilization but not of interest in the particular studies undertaken. Therefore
measurements should be performed with the same slurry, under the same
conditions: either in buildings were meteorological conditions can be controlled, or
using a greater number of tunnels.
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4.2. A greater number of data obtained with wind tunnel would help understanding
the way agricultural techniques and environmental conditions influence ammonia
volatilization process for research and practical purposes. Further experiments on
soil surface temperature, on soil surface management, and also on soil surface
initial water content, on air humidity, etc. are to be conducted, in order to clearly
elucidate their effect on each mechanism implied in ammonia volatilization.

4.3. A mechanistic model would be necessary to objectively compare and interpret
results from different experiments. It would be helpful to better understand the
different ways one factor acts on ammonia volatilization and decompose
interactions between factors.

4.4. Data from this kind of controlled experiments could be used to calibrate and
validate a mechanistic model of ammonia volatilization. They would be particularly
useful to check whether the model responds correctly to a change in external
conditions. This could be this model which could be used in return to better
understand and analyze differences between experiments.
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