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Abstract: The reduction in the manure application rates through enrichment with mineral fertilizer
has the potential to reduce costs, decrease environmental pollution, and extend the manure benefits
to greater acreage. A pot experiment was carried out to assess ammonia emissions from dairy
manure amended with mineral fertilizers applied on wheat stubble. The treatments were: control
(no fertilization), urea (U), calcium ammonium nitrate (AN), dairy manure (MAN), urea + dairy
manure (UMAN), and calcium ammonium nitrate + dairy manure (ANMAN). A dynamic chamber
system was used to measure NH3 emissions during seven days after soil application. UMAN and
ANMAN treatments led to higher NH3 emissions than each isolated component. This might be
motivated by the manure pH. Thus, the enrichment of dairy manure with U or AN for application on
stubble-covered soil should not be recommended. Nevertheless, some manure pre-treatments, such
as acidification, or the use of other mineral fertilizers might improve such solution.
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1. Introduction

Mineral fertilizers are the major source of nitrogen (N) to crops [1,2]. However, manure
application contributes to the increase in soil organic matter and the addition of beneficial
microbes, besides also delivering nutrients to plants [3]. The transport costs within and
between farms and higher application rates needed relative to mineral fertilizers are some
of the limitations associated with manure application [4].

The mixture of manure and mineral fertilizer might be an alternative to decrease
manure application rates, enabling the coverage of more agricultural lands, improving
application efficiency, and reducing over-fertilization with phosphorus, as generally occurs
when using manure [5]. The chances of water contamination through manure runoff
following heavy precipitation or snow melting can be reduced by applying manure on
soil covered with crop residues [6]. However, livestock manure is the main contributor
to ammonia (NH3) emissions. The ammonia emitted from livestock manure and mineral
fertilizers constitutes an important loss of reactive nitrogen and represents a threat to
human health. Furthermore, the NH3-N carried to land or water may surpass the critical
nitrogen load of the ecosystems, causing eutrophication [7–9].

Despite the evident benefits of the joint application of manure and mineral fertilizer, it
is necessary to evaluate all potential impacts of this technique on the environment and crop
production. The present work aimed to assess the impact of urea and calcium ammonium nitrate
amendment to manure, right before application to stubble-covered soil, on ammonia emissions.
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2. Materials and Methods

The experiment was carried out for seven days in a greenhouse at Instituto Superior
de Agronomia, Lisbon, Portugal (coordinates 38◦42′29.786′′ N; 9◦11′6.18′′ W). The average
maximum and minimum temperatures in the greenhouse during the experimental period
were 26.4 ◦C and 10.6 ◦C. The manure used came from the storage tank of a typical
commercial dairy farm located in the Setubal region, Portugal.

The pots were filled with 2 kg of clay loam soil referenced as Vertic soil (texture
characteristics: 16.8% coarse sand, 33.7% fine sand, 20.9% silt, and 28.6% clay), covered by
wheat stubbles (300 g m−2). The treatments, with 3 replicates, conducted in a completely
randomized design, were unfertilized soil (control) and soil application of: urea (U), calcium
ammonium nitrate (AN), dairy manure (MAN), urea + dairy manure (UMAN), and calcium
ammonium nitrate + dairy manure (ANMAN). The manure, mineral fertilizers, and their
combinations were spread by hand on the stubbles at a rate of 0.5 g of total-nitrogen (Total-
N) per pot. For the organic–mineral combinations, the mixture was prepared right before
the application and each component contributed 50% of total-N. Soil moisture was initially
set up at 60% of soil water holding capacity, before fertilizer application, and then adjusted
only on the fourth day by water addition. The urea (U) used in this experiment contained
46% of total-N and the calcium ammonium nitrate (AN) contained 27% of total-N plus 4%
of CaO. The main soil and dairy cattle manure characteristics are shown in Table 1.

Table 1. Main soil and manure characteristics (mean of 3 replicates).

Parameters Soil Manure

Total Nitrogen (g kg−1) 1.70 11.5 **
NH4-Nitrogen (g kg−1) 0.01 3.86 **

pH (H2O) 7.1 7.40
Dry Matter * (%) - 28.50

* % of raw manure. ** Based on dry matter.

2.1. Ammonia Measurements

After the application of the fertilizers on the stubble, the ammonia emissions were
collected from each pot topped with a PVC chamber (0.035 m2 area), through a dynamic
chamber system, similar to the one described by [10], for 7 days. A constant airflow
(3 L min−1) was maintained inside the chambers, using a laboratory suction pump regulated
by a needle valve, and an acid trap containing 200 mL of H3PO4 (0.05 M), connected to
each chamber to collect the NH3 emitted. The acid solution in each acid trap was replaced
after 4, 8, and 12 h, in the first 24 h, twice a day in the second and third days, and then
every 24 h until day 7. At the end of each sampling period, the total ammoniacal N (TAN)
content in the solution of each acid trap was analyzed by automated segmented-flow
spectrophotometry [11]. Ammonia emission rates (E, mg N m−2 h−1) for each sampling
period were calculated according to Equation (1).

E =
TAN × V

S × t
(1)

where TAN is the total ammoniacal N concentration of the acid solution (in mg L−1), V is the
volume of acid solution (in L), S is the soil surface area (in m2), and t is the time interval of the
NH3 trapping (in h). Total NH3 emissions were also expressed as the sum of the amount of
NH3 emitted during each time interval and expressed as % of total nitrogen applied.

2.2. Statistical Analysis

Statistical analysis of ammonia emissions, using ANOVA, was undertaken with Statis-
tix 9. The least significant differences (LSD) were used to compare means with a probability
level of 5%, and normalization of the data was not required.
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3. Results

The cumulative ammonia emissions expressed in mg NH3-N per pot and as % of Total-
N applied are presented in Table 2. The highest cumulative amounts of volatilized ammonia
(p < 0.05) were registered when manure was amended with both mineral fertilizers.

Table 2. Cumulative ammonia emission expressed as mg NH3-N pot−1 and as a percentage of total
nitrogen applied (removed the control emission). For each parameter, in the same column, values
followed by different letters are significantly different based on the LSD test (mean of three replicates).

Cumulative NH3 Emission
mg NH3-N pot−1 % of Total-N Applied

UMAN 117.5 a 23.4 a

ANMAN 96.8 a 19.3 a

MAN 62.7 b 12.5 b

U 25.7 c 5.0 c

AN 5.9 cd 1.1 c

Control 0.51 d -

In MAN, 12.5% of total-N applied (~37% of TAN applied) was lost as ammonia.
Despite the relatively low total-N loss, this represents an amount significantly higher than
those observed in mineral fertilizers (U and AN), but less than N lost from UMAN (23.4%)
and ANMAN (19.3%).

The daily ammonia emission rates showed that the highest peak was reported in UMAN
followed by ANMAN. Daily rates from all fertilizers peaked on the first day and then
decreased to negligible levels after the fourth day, except U, which only reached the peak on
the third day (Figure 1a,b), and at the end of the seventh day. Albeit in a small amount, urea
still emitted more ammonia than the other treatments. All the treatments recorded another
slight peak after the complementary irrigation performed on the fourth day.
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Figure 1. NH3-N daily emission rates (mg pot−1 h−1). Error bars represent the standard error values
(mean of three replicates). (a) EmisScheme 2. NH3-N emission dynamics (percentage of the total
NH3-N emitted). (a) NH3-N emissions dynamics from UMAN, MAN, and ANMAN. (b) NH3-N
emissions dynamics from AN, U, and control.

The dynamics of emissions, presented as the percentage of NH3-N daily emission
rates related to the total NH3-N emissions (100%), are shown in Figure 2a,b. More than
80% of total NH3-N emissions from UMAN and ANMAN occurred in the two first days,
while MAN reached that mark only on the third day. Diversely, the ammonia emissions
from AN, U, and control were much less intense, highlighting urea that only reaches half of
its total NH3-N emission on the fourth day.
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Figure 2. NH3-N emission dynamics (percentage of the total NH3-N emitted). (a) NH3-N emissions
dynamics from UMAN, MAN, ANMAN. (b) NH3-N emissions dynamics from AN, U, Control.

4. Discussion

It is noteworthy that the joint application of manure and urea or manure and calcium
ammonium nitrate led to higher NH3-N emission than the sum of emissions from each of the
component separately (Table 2). UMAN emitted 1.87 and 4.47 times more NH3-N than MAN and
U, respectively. ANMAN emitted 1.54 and 16.4 times more than MAN and AN, respectively.

The NH3-N losses from manure were expected to be higher than from mineral fer-
tilizers [12] although, according to [13], losses of ammonia from solid manure applied
to the soil are not well understood as the emissions from slurry application. Thus, the
cumulative ammonia emission, as well as the N lost relative to the applied total-N, from
MAN is probably justified by its low NH4-N content and the susceptibility to the formation
of surface crust due to its high dry matter level [7,14].

The highest NH3-N emission from manure amended with mineral fertilizers might be
explained by the manure pH, which favored the dominance of ammonia over ammonium
as described by [15,16]. In addition, we can hypothesize that the highest and more intense
ammonia emissions (Figure 1a,b and Figure 2a,b) from UMAN might be determined firstly
by the contact of the urea with the urease from manure in a medium wetter than the
soil, favoring the conversion from urea to ammoniacal nitrogen, and thereafter the NH3
volatilization stimulated by the alkaline pH. The low ammonia emission from calcium
ammonium nitrate, which contains 50% of the nitrogen in nitric form, is in agreement
with data reported in other studies [8,17]. The N loss from U was below expectations,
even if in agreement with the values described by [18]. Thereby, NH3-N emission from
U was probably kept at a low level as, after dissolution, the fertilizer was protected from
airflow and solar radiation by the stubbles, as already observed by [19] after application
of pig slurry on stubble, these authors attributed the reduction in ammonia emission
to the protection provided by the stubble layer. Additionally, an initial lag phase was
observed in the NH3-N daily emission rates from U (Figure 1b), influencing its dynamics
(Figure 2b), probably due to the time needed to convert urea into ammonia, through the
urease enzyme [20,21]. Thus, assessment of ammonia emissions from urea applied to
stubble-covered soil should last for more than the seven days usually considered in studies
dealing with ammonia emissions from manure.

5. Conclusions

The application of dairy manure mixed with urea or calcium ammonium nitrate on stubble-
covered soil stimulates ammonia emissions relative to the isolated application of manure or
mineral fertilizer. Thus, the enrichment of dairy manure with U or AN for application on
stubble-covered soil should not be recommended. Furthermore, assessments of ammonia
emission from urea on crop residues should be conducted for more than seven days.
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This work contributes to a better understanding of the losses of ammonia from manure
and manure amended with mineral nitrogen fertilizers applied on the stubble. More studies
regarding raw manure/mineral fertilizer combinations and management strategies, as
acidification, that may reduce ammonia emissions from organic-mineral fertilizers are
required to allow efficient use of this fertilizing strategy in no-tillage agriculture.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/IECAG2021-10017/s1.

Author Contributions: Conceptualization, A.A.S. and D.F.; methodology, A.A.S. and D.F.; validation,
D.F.; formal analysis, A.A.S. and D.F.; investigation, A.A.S. and D.F.; resources, D.F.; data curation,
A.A.S.; writing—original draft preparation, A.A.S. and D.F.; writing—review and editing A.A.S.
and D.F.; visualization, A.A.S. and D.F.; supervision, D.F.; project administration, D.F.; and funding
acquisition, D.F. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by (1) the Project Nutri2Cycle: H2020-SFS-30-2017-“Transition
towards a more carbon and nutrient efficient agriculture in Europe”, funded from the European
Union, Program Horizon 2020 (Grant Agreement No 773682); (2) the Project CleanSlurry PTDC/ASP-
SOL/28769/2017, “Animal slurry hygienization for use in industrial horticulture” funded by Fundação
para a Ciência e Tecnologia (FCT), (3) LEAF (Linking Landscape, Environment, Agriculture and Food
Research Unit), funded by FCT (UID/AGR/04129/2020). This document reflects only the authors’ view
and the Union is not liable for any use that may be made of the information contained therein.

Institutional Review Board Statement: Not applicable.

Acknowledgments: The authors thank to Instituto Federal de Educação, Ciência e Tecnologia de São
Paulo for supporting the PhD course of the first author.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Roy, R.N.; Finck, A.; Blair, G.J.; Tandon, H.L.S. Plant Nutrition for Food Security—A Guide for Integrated Nutrient Management,

Fertilizer and Plant Nutrition Bulletin 16; FAO: Rome, Italy, 2006; p. 368.
2. Bouwman, L.; Goldewijk, K.K.; Van Der Hoek, K.W.; Beusen, A.H.W.; Van Vuuren, D.P.; Willems, J.; Rufino, M.C.; Stehfest, E.

Exploring global changes in nitrogen and phosphorus cycles in agriculture induced by livestock production over the 1900–2050
period. Proc. Natl. Acad. Sci. USA 2013, 110, 20882–20887. [CrossRef] [PubMed]

3. Ozlu, E.; Sandhu, S.S.; Kumar, S.; Arriaga, F.J. Soil health indicators impacted by long-term cattle manure and inorganic fertilizer
application in a corn-soybean rotation of South Dakota. Sci. Rep. 2019, 9, 11776. [CrossRef] [PubMed]

4. Fangueiro, D.; Alvarenga, P.; Fragoso, R. Horticulture and Orchards as New Markets for Manure Valorisation with Less
Environmental Impacts. Sustainability 2021, 13, 1436. [CrossRef]

5. McConnell, D.A.; Doody, D.G.; Elliott, C.T.; Matthews, D.I.; Ferris, C.P. Impact of slurry application method on phosphorus loss
in runoff from grassland soils during periods of high soil moisture content. Ir. J. Agric. Food Res. 2016, 55, 36–46. [CrossRef]

6. Iqbal, J.; Schmidit, A.M. Tips for Winter Manure Application; UNL: Lincoln, NE, USA, 2020; Available online: https://cropwatch.
unl.edu/2020/tips-winter-manure-application (accessed on 5 March 2021).

7. European Commission. Collection and Analysis of Data for the Control of Emissions from the Spreading of Manure. 2014.
Available online: https://ec.europa.eu/environment/air/pdf/Final%20Report.pdf (accessed on 4 March 2021).

8. Hassouna, M.; Eglin, T. Measuring Emissions from Livestock Farming: Greenhouse Gases, Ammonia and Nitrogen Oxides; INRA-ADEME
Edition: Paris, France, 2016; p. 220.

9. Sommer, S.G.; Webb, J.; Hutchings, N.D. New Emission Factors for Calculation of Ammonia Volatilization from European
Livestock Manure Management Systems. Front. Sustain. Food Syst. 2019, 101, 1–9. [CrossRef]

10. Fangueiro, D.; Pereira, J.L.S.; Fraga, I.; Surgy, S.; Vasconcelos, E.; Coutinho, J. Band application of acidified slurry as an alternative
to slurry injection in a Mediterranean double cropping system: Agronomic effect and gaseous emissions. Agric. Ecosyst. Environ.
2018, 267, 87–99. [CrossRef]

11. Houba, V.J.G.; Temminghoff, E.J.M.; Gaikhorst, G.A.; van Vark, W. Soil analysis procedures using 0.01 M calcium chloride as
extraction reagent . Commun. Soil Sci. Plant Anal. 2000, 31, 1299–1396. [CrossRef]

12. Bouwman, A.F.; Boumans, L.J.M.; Batjes, N.H. Estimation of global NH3 volatilization loss from synthetic fertilizers and animal
manure applied to arable lands and grasslands. Glob. Biogeochem. Cycles 2002, 16, 1–11. [CrossRef]

https://www.mdpi.com/article/10.3390/IECAG2021-10017/s1
https://www.mdpi.com/article/10.3390/IECAG2021-10017/s1
http://doi.org/10.1073/pnas.1012878108
http://www.ncbi.nlm.nih.gov/pubmed/21576477
http://doi.org/10.1038/s41598-019-48207-z
http://www.ncbi.nlm.nih.gov/pubmed/31409857
http://doi.org/10.3390/su13031436
http://doi.org/10.1515/ijafr-2016-0004
https://cropwatch.unl.edu/2020/tips-winter-manure-application
https://cropwatch.unl.edu/2020/tips-winter-manure-application
https://ec.europa.eu/environment/air/pdf/Final%20Report.pdf
http://doi.org/10.3389/fsufs.2019.00101
http://doi.org/10.1016/j.agee.2018.08.011
http://doi.org/10.1080/00103620009370514
http://doi.org/10.1029/2000GB001389


Biol. Life Sci. Forum 2021, 3, 19 6 of 6

13. Feilberg, A.; Sommer, S.G. Ammonia and Malodorous Gases: Sources and Abatement Technologies. In Animal Manure: Recycling,
Treatment and Management, 1st ed.; Sommer, S.G., Christensen, M.L., Schmidt, T., Jensen, L.S., Eds.; Wiley: West Sussex, UK, 2013;
pp. 153–176.

14. Sommer, S.G.; Génermont, S.; Cellier, P.; Hutchings, N.J.; Olesen, J.E.; Morvan, T. Processes controlling ammonia emission from
livestock slurry in the field. Eur. J. Agron. 2003, 19, 465–486. [CrossRef]

15. Fangueiro, D.; Hjorth, M.; Gioelli, F. Acidification of animal slurry—A review. J. Environ. Manag. 2015, 149, 46–56. [CrossRef]
16. Sigurdarson, J.J.; Svane, S.; Karring, H. The molecular processes of urea hydrolysis in relation to ammonia emissions from

agriculture. Rev. Environ. Sci. Biotechnol. 2018, 17, 241–258. [CrossRef]
17. Forrestal, P.J.; Harty, M.; Carolan, R.; Lanigan, G.J.; Watson, C.J.; Laughlin, R.J.; McNeill, G.; Chambers, B.J.; Richards, K.G.

Ammonia emissions from urea, stabilized urea and calcium ammonium nitrate: Insights into loss abatement in temperate
grassland. Soil Use Manag. 2016, 32, 92–100. [CrossRef]

18. UNECE. Guidance Document on Preventing and Abating Ammonia Emissions from Agricultural Source; UN: Geneva, Switzerland, 2014;
p. 100.

19. Gonzatto, R.; Carvalho Miola, E.C.; Doneda, A.; Pujol Barbosa, S.; Aita, C.; Giacomini, S.J. Volatilização de amônia e emissão
de óxido nitroso após aplicação de dejetos líquidos de suínos em solo cultivado com milho. Ciênc. Rural 2013, 43, 1590–1596.
[CrossRef]

20. Rochette, P.; Angers, D.A.; Chantigny, M.H.; MacDonald, J.D.; Gasser, M.O.; Bertrand, N. Reducing ammonia volatilization in a
no-till soil by incorporating urea and pig slurry in shallow bands. Nutr. Cycl. Agroecosyst. 2009, 84, 71–80. [CrossRef]

21. Pujol, S.B. Emissão de Amônia e Dinâmica do Nitrogênio no Solo com Parcelamento da Dose e Adição de Inibidor de Nitrificação
em Dejetos de Suínos. Doctoral Thesis, UFSM, Santa Maria, Brazil, 27 April 2012.

http://doi.org/10.1016/S1161-0301(03)00037-6
http://doi.org/10.1016/j.jenvman.2014.10.001
http://doi.org/10.1007/s11157-018-9466-1
http://doi.org/10.1111/sum.12232
http://doi.org/10.1590/S0103-84782013000900009
http://doi.org/10.1007/s10705-008-9227-6

	Introduction 
	Materials and Methods 
	Ammonia Measurements 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

