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Abstract: The EU ban on conventional barren cages for laying hens from 2012 has improved
many aspects of laying hen welfare. The new housing systems allow for the expression of
highly-motivated behaviors. However, the systems available for intensive large-scale egg
production (e.g., aviaries, floor housing systems, furnished cages) may cause other welfare
challenges. We have reviewed the literature regarding the health, behavior, production
characteristics, and welfare of laying hens when exposed to ammonia in their housing
environment. Concentrations of ammonia gas are commonly high in aviaries and floor
housing systems in which manure is not regularly removed, whereas they are usually lower
in furnished cages. High levels are found during the cold season when ventilation flow is
often reduced. Ammonia is a pungent gas, and behavioral studies indicate chickens are
averse to the gas. High concentrations of gaseous ammonia can have adverse health effects
and, when very high, even influence production performance. The most profound effects
seen are the occurrence of lesions in the respiratory tract and keratoconjunctivitis. There
is also evidence that high ammonia concentrations predispose poultry to respiratory disease
and secondary infections. We conclude that there are animal welfare challenges related to

high ammonia levels, and that immediate actions are needed. Development of improved
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systems and management routines for manure removal and ventilation will be important for
the reduction of ammonia levels and hence will contribute to safeguarding hen welfare.
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1. Introduction

The EU ban on conventional cages from 2012 (EU council directive 1999/74/EC) has improved the
welfare of laying hens. The use of furnished cages allows for the expression of behaviors such as
perching, nesting, and dust bathing, whilst loose housing systems additionally allow for activities such
as walking, wing flapping, and foraging. The systems available for intensive large-scale egg production
(e.g., aviaries, floor housing, and furnished cages) may, however, have side-effects that cause other
welfare problems [1]. In two review articles in this special issue on poultry welfare, we discuss the
effects of air quality in the housing systems available after the ban on conventional barren cages. Effects
on health, behavior, and production performance in laying hens, with emphasis on dust [2] and ammonia
(reported here), are reviewed. When relevant information is lacking or scarce for laying hens, references
from studies in other poultry species (e.g., broilers and turkeys) are included in the review.

2. Ammonia in Poultry Houses

Ammonia is an invisible, water-soluble alkaline gas that is recognized as one of the most prominent
contaminants in buildings housing laying hens [3]. It can normally be detected by humans at a
concentration of 10 ppm because of its pungent smell and irritating effect on the eyes and the mucous
membranes of the upper respiratory system [4]. After prolonged or frequent exposure, humans may
develop a chronic sinusitis which desensitizes them to the smell of ammonia, thus causing an inability

to detect ammonia before it reaches much higher concentrations [5,6].
3. Source

Most ammonia originates from the decomposition of the nitrogen-containing excretion from the
kidneys and the gut of the bird [7]. Nitrogen is excreted as uric acid (80%), ammonia (10%), and
urea (5%). Once excreted, uric acid and urea are readily converted to ammonia by a series of microbial
enzymes present in the manure and by microbial degradation. Water (or moisture) is needed for the
growth of microorganisms and functioning of enzymes to convert uric acid to urea. Bacillus pasteurii is

one of the primary uricolytic bacteria that facilitate ammonia production in the litter [8,9].
4. Factors Affecting Ammonia Levels in Poultry Houses

The type of manure management system clearly affects ammonia emission. Concentrations of
ammonia are generally higher in all types of housing systems with manure composting inside the house.
The accumulation of manure is common practice in loose housing systems with litter, although some
modern aviaries remove manure regularly by using belts or scrapers. In bedded-floor housing, slats may

collect manure under feeding and resting areas whereas other houses have a pit below where fans dry
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the manure. Table 1 shows a comparison of results from a number of studies measuring ammonia in
different housing systems for laying hens. It can be seen that caged systems, both traditional cages
and furnished cages, usually have lower concentrations of ammonia compared to floor systems and
aviaries. For comparison, the ranges of ammonia concentration for deep litter broiler houses in the UK
were reported to be 20-52 ppm in the winter and 12-25 in the summer [10]. A recent study comparing
different housing systems on the same farm reported relatively low ammonia levels also in the alternative
systems, although significantly higher levels in aviaries compared to furnished cages (averaging 6.7 ppm
and 2.8 ppm, respectively, see Table 1) [11]. Nevertheless, the ammonia concentrations can, on some
occasions, be very high. A Swedish study of 18 randomly-selected laying hen flocks in floor systems
revealed that most houses exceeded 25 ppm ammonia, and in some cases went up to 80 ppm [12].
In a Norwegian case study with one furnished cage system, one aviary, and one floor system, marked
differences were noted in the winter [13]: in the system with furnished cages, an average ammonia level
of 4 ppm was registered. Concentrations in the aviary system were much higher, reaching 40 ppm on
cold days. In the deep-litter floor system, where manure also was stored inside the house, ammonia
levels were on average 85 ppm with peak daily average exceeding 100 ppm [14].

In general, several factors affect the ammonia content of the air in poultry houses. These factors
include litter type, bird activity, stocking density, manure handling, frequency of manure removal,
ventilation rate, and the pH, humidity, and surface area of the stored manure [6,9,11,12]. Diurnal
variations have been reported, and one study showed that ammonia levels rose during the time of day
when the hens (housed in an aviary system) were active on the litter floor [11]. This indicates that the
birds’ activities on the litter, often having a high manure content, may play a role in ammonia levels
in poultry houses. However, access to litter does not necessarily affect ammonia levels, as Madelin
and Wathes [15] found no differences in the concentrations of gaseous ammonia between houses where
broilers were raised on litter or on netting floors with manure depositing below the netting.

Ambient temperature outside, as well as inside, the poultry houses, may have profound effects on
ammonia levels. Zhao et al. [11] reported an inverse relationship between outdoor temperature and
ammonia concentrations in the hen houses, probably due to indirect effect of the ventilation, which
increases with increasing outdoor temperature. The authors suggested that the reduced ventilation rate
in cold weather combined with humid air resulting in greater moisture content in the litter, giving
better conditions for bacterial decomposition of uric acid to ammonia. Indeed, Scandinavian studies
show that the ammonia concentration may increase dramatically in the winter months [12,13]. This
is most likely as a result of ventilation being decreased in order to avoid extra heating costs in colder
climates, which indicates that increased humidity due to condensation may also play a role [13]. In
more moderate temperature zones, such as in the Mediterranean area, the seasonal variation may be less
pronounced [16]. Additionally, high indoor temperature in combination with moist litter may lead to
increased ammonia levels [7,14]. Miles et al. [17] found that ammonia levels at 40.6 °C were up to
seven times greater than at 18.3 °C. Anderson et al. [18] noted that, when the litter moisture content rose

above 25%, ammonia was present at detectable levels if the temperature was above 16 °C.
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Table 1. A comparison of results from a selection of studies measuring ammonia in different

housing systems for laying hens.

. Season and/or Ammonia
Study System Manure Handling K
Duration (ppm)
Reuvekamp and van Niekerk, . .
Floor Litter (no removal) December—April 15.2
1996 [19]
Conventional cage Deep pit Summer and winter 13.5
Wathes et al., 1997 [10] . . .
Aviary Litter Summer and winter 12.3
Groot Koerk d 5 ti
r(.).o oerkamp ar Aviary Litter and removal by manure belt consect .1ve 5-30
Bleijenberg, 1998 [7] 3-week periods
Furnished cage Removal by manure belt over 3.5 years 1-2
Tauson and Holm, 2001 [20]
Floor Removal by manure belt over 3.5 years 5-40
Liang et al., 2005 [21] Convent?onal cage Daily removal .by rr.lanure belt 1 year 2.8-5.4
Conventional cage No removal (high rise system) 1 year 35.9-44.8
. Aviary Litter and weekly removal by belt January—April 32-38
Nimmermark, 2009 [13] . .
Furnished cage Removal every 5 days by belt January—April 2.5-5.2
Furnished cage Weekly removal by belt Two years 04-4.2
Hinz er al., 2010 [22] Av?ary Litter an(.l weekly removal by belt Two years 2.2-18.5
Aviary Litter (no removal) Two years 9.2-47.4
Floor Litter (no removal) Two years 1.9-33.6
Conventional cage Open manure storage One year 5.37
Costa et al., 2012 [23] Conventional cage Removal by belt One year 4.95
Aviary Litter and removal by belt One year 3.85
Conventional Cage Twice weekly by belt 27 months 4.0
Zhao et al., 2015 [11] Furnished cage Twice weekly by belt 27 months 2.8
Aviary Litter and twice weekly by belt 27 months 6.7
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5. Consequences for Birds
5.1. Health

The water solubility of ammonia allows for it to be absorbed in dust particles and litter as well
as in mucous membranes [24,25]. This is evidenced by the harmful effects of high concentrations of
ammonia on various mucous membranes and on skin in contact with manure. In general, it can be stated
that ammonia is toxic to animal cells [24]. Ammonia concentrations above 25 ppm may have adverse
effects on the health and production of poultry, the main clinical symptom being keratoconjunctivitis
(i.e., inflammation of the cornea and conjunctiva of the eye) [26-29]. Marthedal [28] reports that young
animals are more sensitive to ammonia than mature animals. However, the most profound effects of
high concentrations of gaseous ammonia are seen in the respiratory system. Inhalation of gaseous
ammonia, aerosols containing NHj3 dissolved in water, or ammonia bound to dust particles allow for
Dalhamn [30]

proposed that ammonia could impair the mucous flow and ciliary action in the trachea of rats. This

close contact with the epithelia of the respiratory system, thereby causing lesions.

has also been demonstrated in poultry, and experiments have shown ammonia to have significant
effects on the respiratory tract at concentrations of 25 ppm. These effects include the loss of tracheal
cilia and histopathological changes to the tracheal epithelium in chickens [31] and turkeys [32-34].
Oyetunde et al. [35] demonstrated that very high levels of ammonia (100 ppm) can cause deciliation of
the epithelium of the upper portion of the trachea in broiler chickens. However, such high levels are not
often seen in egg production facilities. The loss of tracheal cilia results in a decrease in the effectiveness
of the mechanical defense mechanism of the respiratory system. The same investigators found that this
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damage is further perpetuated by an increased mucous secretion. In the same experimental study in
which broiler chickens were exposed to 100 ppm ammonia, macroscopic and microscopic lesions in air
sacs were observed as early as 12 h post-exposure [35].

The resultant damage to the bird’s ability to withstand infections has been verified by a number of
researchers. Anderson et al. [18] demonstrated that poultry exposed to 20 ppm ammonia exhibited an
increased susceptibility to Newcastle disease. Higher concentrations of ammonia (60-70 ppm) seem to
predispose broiler chickens to respiratory disease and secondary infections [36], whilst animals exposed
to lower concentrations can be expected to experience more severe damage to the respiratory tract upon
challenge by infectious agents [37]. Turkeys exposed to 10 to 40 ppm ammonia and then challenged with
E. coli had greater amounts of the bacteria in their lungs compared to animals that were not exposed [34].
Even the reaction to live vaccines against infectious bronchitis (IB) and Newcastle disease (ND), seems
to be more severe—resulting in the atrophy of the bursa Fabricius [36,37]. Exposure to ammonia may
also increase the severity of coccidiosis, whilst long time exposure can result in changes to the spleen,
kidneys and adrenal glands [38].

5.2. Behavior

It has been demonstrated that, when given the choice of selecting compartments with 0, 10, 20, 30,
and 40 ppm ammonia, laying hens chose the fresh air [39]. Broiler chickens, when given a free choice
between 4, 11, 20, and 37 ppm atmospheric ammonia over a period of 16 days, avoided the two higher
concentrations [40]. These results indicate that the birds experience ammonia as aversive. Both layers
and broilers, when given the opportunity, will avoid ammonia in concentrations that are commonly found
in poultry houses. Bullis ef al. [29] reported that in broiler chickens where ammonia was suspected to
have caused keratoconjunctivitis, birds were observed huddling in groups, rubbing their eyes against

their wings and keeping their eyes closed and showing signs of hypersensitivity to light.
5.3. Production

Egg quality may be adversely affected by high ammonia levels as measured by reduced albumen
height, elevated albumen pH, and albumen condensation [41]. Another stated effect of high
concentrations (100 ppm) is that hens come later into lay and produce fewer but larger eggs [42]. This
is believed to be due to a decrease in the rate and depth of respiration causing a change in the blood pH
as the effect was also dependent upon temperature—the higher the temperature the shorter the time of
exposure necessary to see effects (7-10 weeks at 2—18 °C, respectively). The same authors demonstrated
that the effects of ammonia exposure on pullets early in their life may have a lasting effect on them as
laying hens. An exposure to 78 ppm ammonia during the growing period caused an increase in the
time it took for the hens to reach 50% production and also a reduction in the number of egg-producing
days. Exposure to ammonia levels of 200 ppm for 17 days was demonstrated to cause a significant
decrease in egg production with the hens exhibiting a reduced feed intake and a loss of weight [43,44].
Furthermore, ammonia at levels of 50 ppm over seven to eight weeks resulted in decreased appetite
which, in turn, resulted in a reduced efficiency of food utilization and subsequently lower body weights
in broilers [45,46].
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6. Discussion

Many aspects of laying hen behavior, health, production, and welfare in aviaries, floor housing
systems and furnished cages are extensively reviewed by EFSA [1]. The alternative systems are clearly
superior to barren battery cages regarding the hens’ freedom of movement, including their fulfillment of
several strongly motivated species specific behaviors like nesting, perching, dust bathing, and scratching.
This is especially true for loose housing systems. Also, the lower stocking density in loose housing
compared to cage systems may result in cooler temperatures in summer, which would have a positive
impact on hen welfare. Some of the systems give outdoor access to birds (e.g., organic and free range).
This allows hens to perform natural behaviors in fresh air and also has a positive effect on indoor air
quality by reducing indoor stocking density. Although EFSA did address challenges with the aerial
environment, in general, less attention has been paid to potential welfare problems related to the air
quality in the housing systems that are commercially available after the ban of barren cages. In two
articles we have reviewed the available literature on potential welfare challenges related to air quality in
laying hens with respect to dust [2] and ammonia (reported here).

This review has documented that high ammonia levels sometimes are found in alternative housing
systems for laying hens. Although other types of poultry and livestock housing often have more
pronounced problems with ammonia levels, we hope that the animal welfare improvements with
regards to behavioral and spatial factors do not make us complacent with regards to factors affecting
animal health. Fresh air is preferred by birds, and they show behavioral responses indicative of
discomfort, which clearly indicates that they experience a high level of atmospheric ammonia as aversive.
Furthermore, detriments to health further stress the negative effects of high concentrations of ammonia
on laying hen welfare. The duration of exposure to unpleasant experiences is of importance to welfare.
It is therefore necessary to consider that laying hens have a longer life span than e.g., broilers and turkey,
further emphasizing the importance of keeping ammonia levels at a low concentration throughout the
laying hens’ life.

A limited number of studies indicate that furnished cages may be more favorable regarding air quality
than aviaries and floor housing systems. Since the source of ammonia is the manure, it is obvious
that novel systems for litter removal and improved management routines need to be developed and
implemented. In hen houses where high concentrations of ammonia are found, the manure is commonly
stored inside the building. There is no doubt that ammonia concentrations would be lower if most of the
bird droppings could be kept away from the litter area and removed from the building on a daily basis,
and such systems should be prioritized in new technological developments. A transition to hen house
systems with manure belts underneath the enriched cages and floorages in aviaries, with daily manure
removal will improve air quality [47—49] and is welcomed. Additionally, for the litter area, systems
enabling replacement of litter on a regular basis should be implemented.

A reduced ventilation rate during the cold season, to maintain a suitable indoor temperature, combined
with manure being stored inside the hen house, is the main cause of ammonia sometimes reaching very
high levels. The development of energy-efficient heating systems allowing for appropriate ventilation
rates bringing down ammonia levels even during the winter season should, therefore, be encouraged.
Heating systems and heating costs, respectively, should be accepted by the farmer to be standard

investment and running expenses. The drying rate of the manure is important to reduce ammonia
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emission, since enzymatic and microbial degradation of uric acid/urea to ammonia are dependent on
moisture. Minimum emission from manure can be achieved if a dry matter content of 60% is reached
within 50 h after excretion of the feces [50]. Poorly-managed drinkers cause water loss and spillage and
represent challenges for keeping the litter dry. Furthermore, more knowledge regarding absorbent litter
materials and litter management procedures that help keep the manure dry would also help to reduce
the production of ammonia. There are also additives to spray on or mix with litter which may act to
reduce ammonia emissions [48,51,52]. Even dietary manipulations may reduce ammonia emissions
from manure [52].

The fact that there is a large variation of ammonia levels reported from alternative commercial
hen houses shows the high potential for improvement. Systematic studies on the success factors are
welcomed, and an integrated approach with close cooperation between experts in technology and biology
(e.g., veterinarians, feed experts and ethologists) would help to find optimal solutions.

The findings of Oyetunde et al. [35] show that there may be a substantial synergism between various
components that reduce air quality, and a clear synergy between ammonia and dust, impairing pulmonary
function, has been reported in poultry workers [53]. However, studies of the synergistic effects of dust
and ammonia on laying hen health are, in general, lacking.

It should also be noted that levels of aerial contaminants observed in poultry and other livestock
facilities are often several times higher than the accepted levels for human exposure at the workplace.
Exposure concentrations for humans associated with significant pulmonary function decrements were
reported to be 12 ppm for ammonia [54]. According to European regulations (COMMISSION
DIRECTIVE 2000/39/EC, Council Directive 98/24/EC) occupational exposure limit values are set to
20 ppm and 14 mg/m’® of ammonia for 8 h exposure. In France, the limit is 10 ppm or 7 mg/m?® of
ammonia. The occupational exposure limit (OEL) value for 8 h work in Norway is 25 ppm. These
exposure limits were exceeded in the multilevel and floor housing systems, although the concentrations
were occasionally below the OEL in the multilevel system [13]. Thus, measures ensuring a better
environment for the laying hens will therefore also be beneficial for their caretaker. In situations where
the air quality is particularly poor, it becomes less pleasant for the caretakers to be among the birds. They
spend less time in the henhouse which, in turn, makes it less likely that any health and welfare problems
in the flock are detected at an early stage. Furthermore, birds may become more fearful of humans due

to less contact, affecting both welfare and production negatively [55,56].
7. Conclusions

The two literature reviews on dust and ammonia, respectively, indicate that alternative housing
systems for laying hens may pose a challenge with regard to dust and ammonia concentrations. The
increased activity of the hens successfully achieved in these systems, is unfortunately exaggerating the
problem. In order to safeguard the intended welfare benefits of the recent ban on barren cages, both
immediate and long-term actions are needed to contribute to the reduction of air pollutants by other
measures. Important solutions to reduce ammonia levels involve development and implementation of
optimal systems for manure removal and for ventilation, which may be of particular importance under
cold climatic conditions in e.g., the Nordic countries. Close collaboration between experts within fields
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of technology and biology should be encouraged to develop good technical solutions and management

procedures that reduce ammonia concentrations and other pollutants.

Acknowledgments

The authors would like to thank the anonymous reviewers for valuable comments and suggestions.

Author Contributions

All authors have contributed to research and writing of the manuscript.

Conflicts of Interest

The authors declare no conflict of interest.

References

10.

11.

European Food Safety Authority. Opinion of the Scientific Panel on Animal Health and Welfare
(AHAW) on a Request from the Commission Related to the Welfare Aspects of Various Systems of
Keeping Laying Hens; European Food Safety Authority: Parma, Italy, 2005.

David, B.; Moe, R.; Michel, V.; Lund, V.; Mejdell, C. Air quality in alternative housing systems
may have an impact on laying hen welfare. Part [—Dust. Animals 2015, 5, 495-511. [CrossRef]
Wathes, C.M.; Jones, C.D.; Webster, A.J. Ventilation, air hygiene and animal health. Ver. Rec.
1983, 113, 554-559. [PubMed]

Brautbar, N. Ammonia exposure: A common cause for sinusitis. A case report and review of
the literature. Toxicol. Ind. Health 1998, 14, 891-895. [PubMed]

Laciak, J.; Modzelewski, Z.; Kotkowska, A.; Hajduk, K. Effects of small nitrogen compound
concentrations on the upper respiratory tract. Med. Pracy 1977, 28, 427-432. [PubMed]

Snyder, M.C.; Leopold, D.A.; Chiu, B.C.; von Essen, S.G.; Liebentritt, N. The relationship between
agricultural environments and olfactory dysfunction. J. Agric. Saf. Health 2003, 9, 211-219.
[CrossRef] [PubMed]

Groot Koerkamp, P.W.; Bleijenberg, R. Effect of type of aviary, manure and litter handling on the
emission kinetics of ammonia from layer houses. Br. Poult. Sci. 1998, 39, 379-392. [CrossRef]
[PubMed]

Schefferle, H.E. The decomposition of uric acid in built up poultry litter. J. Appl. Bacteriol. 1965,
28, 412-420. [CrossRef] [PubMed]

Tasistro, A.S.; Ritz, C.W.; Kissel, D.E. Ammonia emissions from broiler litter: Response to
bedding materials and acidifiers. Br. Poult. Sci. 2007, 48, 399—405. [CrossRef] [PubMed]

Wathes, C.M.; Holden, M.R.; Sneath, R.W.; White, R.P.; Phillips, V.R. Concentrations and emission
rates of aerial ammonia, nitrous oxide, methane, carbon dioxide, dust and endotoxin in UK broiler
and layer houses. Br. Poult. Sci. 1997, 38, 14-28. [CrossRef] [PubMed]

Zhao, Y.; Shepherd, T.A.; Li, H.; Xin, H. Environmental assessment of three egg production
systems—Part I: Monitoring system and indoor air quality. Poult. Sci. 2015, 94, 518-533.
[CrossRef] [PubMed]


http://dx.doi.org/10.3390/ani5030368
http://www.ncbi.nlm.nih.gov/pubmed/6670178
http://www.ncbi.nlm.nih.gov/pubmed/9891918
http://www.ncbi.nlm.nih.gov/pubmed/607091
http://dx.doi.org/10.13031/2013.13686
http://www.ncbi.nlm.nih.gov/pubmed/12970951
http://dx.doi.org/10.1080/00071669888935
http://www.ncbi.nlm.nih.gov/pubmed/9693819
http://dx.doi.org/10.1111/j.1365-2672.1965.tb02171.x
http://www.ncbi.nlm.nih.gov/pubmed/5852359
http://dx.doi.org/10.1080/00071660701473865
http://www.ncbi.nlm.nih.gov/pubmed/17701493
http://dx.doi.org/10.1080/00071669708417936
http://www.ncbi.nlm.nih.gov/pubmed/9088609
http://dx.doi.org/10.3382/ps/peu076
http://www.ncbi.nlm.nih.gov/pubmed/25737567

Animals 2015, 5 894

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Von Wachenfelt, E.; Odén, K.; Gunnarsson, S. Vdrphons i lagbeliggningssystem; Swedish
University of Agricultural Sciences, Department of Agricultural Biosystems and Technology:
Alnarp, Sweden, 2002; pp. 1-78. (In Swedish)

Nimmermark, S.; Lund, V.; Gustafsson, G.; Eduard, W. Ammonia, dust and bacteria in
welfare-oriented systems for laying hens. Ann. Agric. Environ. Med. 2009, 16, 103-113.
[PubMed]

Nimmermark, S.; Gustafsson, G. Influence of Temperature, Humidity and Ventilation Rate on
the Release of Odor and Ammonia in a Floor Housing System for Laying Hens; International
Commission of Agricultural Engineering: Liege, Belgium, 2005.

Madelin, T.M.; Wathes, C.M. Air hygiene in a broiler house: Comparison of deep litter with raised
netting floors. Br. Poult. Sci. 1989, 30, 23-37. [CrossRef] [PubMed]

Calvet, S.; Cambra-Lopez, M.; Estelles, F.; Torres, A.G. Characterization of gas emissions from a
mediterranean broiler farm. Poult. Sci. 2011, 90, 534-542. [CrossRef] [PubMed]

Miles, D.M.; Rowe, D.E.; Cathcart, T.C. High litter moisture content suppresses litter ammonia
volatilization. Poult. Sci. 2011, 90, 1397-1405. [CrossRef] [PubMed]

Anderson, D.P.; Beard, C.W.; Hanson, R.P. The adverse effects of ammonia on chickens including
resistence to infection with Newcastle disease virus. Avian Res. 1964, 8, 369-379. [CrossRef]
Reuvekamp, B.F.J.; van Niekerk, T.G.C.M. Ammoniakemissie bij Scharrelhennen: Traditioneel en
Geperforeerde Schijnvloer; Praktijkonderzoek Pluimveehouderij “Het Spelderholt”: Wageningen,
The Netherlands, 1996. (In Dutch)

Tauson, R.; Holm, K.E. First Furnished Small Group Cages in Evaluation Program on Commercial
Farms in Sweden. In Proceedings of the 6th European Symposium on Poultry Welfare,
Zollikofen, Switzerland, 1-4 September 2001; pp. 26-32.

Liang, Y.; Xin, H.; Li, H.; Wheeler, E.F.; Zajaczkowski, J.L.; Topper, P.A.; Gates, R.S.;
Casey, K.D.; Behrends, B.B.; Burnham, D.J.; ef al. Ammonia emissions from U.S. Laying hen
houses in lowa and Pennsylvania. Trans. ASAE 2008, 48, 1927-1941.

Hinz, T.; Winter, T.; Linke, S. Luftfremde stoffe in und aus verschiedenen haltungssystemen fiir
legehennen—Teil 1: Ammoniak. Landbauforschung 2010, 60, 139—150. (In German)

Costa, A.; Ferrari, S.; Guarino, M. Yearly emission factors of ammonia and particulate matter from
three laying-hen housing systems. Anim. Prod. Sci. 2012, 52, 1089-1098. [CrossRef]

Visek, W.J. Some aspects of ammonia toxicity in animal cells. J. Dairy Sci. 1968, 51, 286-295.
[CrossRef]

Visek, W.J. Ammonia: Its effects on biological systems, metabolic hormones, and reproduction.
J. Dairy Sci. 1984, 67, 481-498. [CrossRef]

Olanrewaju, H.A.; Miller, W.W.; Maslin, W.R.; Thaxton, J.P.; Dozier, W.A., 3rd; Purswell, J.;
Branton, S.L. Interactive effects of ammonia and light intensity on ocular, fear and leg health in
broiler chickens. Int. J. Poult. Sci. 2007, 6, 762-769.

Miles, D.M.; Miller, W.W.; Branton, S.L.; Maslin, W.R.; Lott, B.D. Ocular responses to ammonia
in broiler chickens. Avian Dis. 2006, 50, 45-49. [CrossRef] [PubMed]

Marthedal, H.E. Keratoconjunctivitis. In Fjerkraesygdomme; DSR Forlag: Copenhagen, Denmark,
1980; pp. 156-159. (In Danish)


http://www.ncbi.nlm.nih.gov/pubmed/19630203
http://dx.doi.org/10.1080/00071668908417122
http://www.ncbi.nlm.nih.gov/pubmed/2743174
http://dx.doi.org/10.3382/ps.2010-01037
http://www.ncbi.nlm.nih.gov/pubmed/21325223
http://dx.doi.org/10.3382/ps.2010-01114
http://www.ncbi.nlm.nih.gov/pubmed/21673154
http://dx.doi.org/10.2307/1587967
http://dx.doi.org/10.1071/AN11352
http://dx.doi.org/10.3168/jds.S0022-0302(68)86976-0
http://dx.doi.org/10.3168/jds.S0022-0302(84)81331-4
http://dx.doi.org/10.1637/7386-052405R.1
http://www.ncbi.nlm.nih.gov/pubmed/16617980

Animals 2015, 5 895

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Bullis, K.L.; Snoeyenbos, G.H.; Roekel, H.V. A keratoconjunctivitis in chickens. Poult. Sci. 1950,
29, 386—389. [CrossRef]

Dalhamn, T. Mucous flow and ciliary activity in the trachea of healthy rats and rats exposed to
respiratory irritant gases (SO,, H3;N, HCHO): A functional and morphologic (light microscopic
and electron microscopic) study, with special reference to technique. Acta Physiol. Scand. Suppl.
1956, 36, 1-161. [PubMed]

Anderson, D.P.; Beard, C.W.; Hanson, R.P. Influence of poultry house dust, ammonia, and carbon
dioxide on the resistance of chickens to Newcastle disease virus. Avian Dis. 1966, 10, 177-188.
[CrossRef] [PubMed]

Anderson, D.P.; Wolfe, R.R.; Cherms, F.L.; Roper, W.E. Influence of dust and ammonia on the
development of air sac lesions in turkeys. Am. J. Vet. Res. 1968, 29, 1049-1058. [PubMed]
Nagaraja, K.V.; Emery, D.A.; Jordan, K.A.; Newman, J.A.; Pomeroy, B.S. Scanning electron
microscopic studies of adverse effects of ammonia on tracheal tissues of turkeys. Am. J. Vet. Res.
1983, 44, 1530-1536. [PubMed]

Nagaraja, K.V.; Emery, D.A.; Jordan, K.A.; Sivanandan, V.; Newman, J.A.; Pomeroy, B.S. Effect of
ammonia on the quantitative clearance of escherichia coli from lungs, air sacs, and livers of turkeys
aerosol vaccinated against Escherichia coli. Am. J. Vet. Res. 1984, 45, 392-395. [PubMed]
Oyetunde, O.0.; Thomson, R.G.; Carlson, H.C. Aerosol exposure of ammonia, dust and
Escherichia coli in broiler chickens. Can. Vet. J. 1978, 19, 187-193. [PubMed]

Valentine, H. A study of the effect of different ventilation rates on the ammonia concentrations in
the atmosphere of broiler houses. Br. Poult. Sci. 1964, 5, 149-159. [CrossRef]

Quarles, C.L.; Kling, H.F. Evaluation of ammonia and infectious bronchitis vaccination stress on
broiler performance and carcase quality. Poult. Sci. 1974, 53, 1592-1596. [CrossRef]

Quarles, C.L.; Caveny, D.D. Effect of air contaminants on performance and quality of broilers.
Poult. Sci. 1979, 58, 543-548. [CrossRef]

Wathes, C.A.; Jones, J.B.; Kristensen, H.H.; Jones, E.K.M.; Webster, A.J. Aversion of pigs and
domestic fowl to atmospheric ammonia. Trans. ASAE 2002, 45, 1605-1610. [CrossRef]

Jones, E.K.M.; Wathes, C.A.; Webster, A.J.F. Avoidance of atmospheric ammonia by domestic
fowl and the effect of early experience. Appl. Anim. Behav. Sci. 2005, 90, 293-308. [CrossRef]
Xin, H.; Gates, R.S.; Green, A.R.; Mitloehner, F.M.; Moore, P.A., Jr.; Wathes, C.M. Environmental
impacts and sustainability of egg production systems. Poult. Sci. 2011, 90, 263-277. [CrossRef]
[PubMed]

Charles, D.R.; Payne, C.G. The influence of graded levels of atmospheric ammonia on chickens.
II. Effects on the performance of laying hens. Br. Poult. Sci. 1966, 7, 189—198. [PubMed]
Deaton, J.W.; Reece, EN.; Lott, B.D. Effect of atmospheric ammonia on laying hen performance.
Poult. Sci. 1982, 61, 1815-1817. [CrossRef] [PubMed]

Deaton, J.W.; Reece, EN.; Lott, B.D. Effect of atmospheric ammonia on pullets at point of lay.
Poult. Sci. 1984, 63, 384-385. [CrossRef] [PubMed]

Caveny, D.D.; Quarles, C.L.; Greathouse, G.A. Atmospheric ammonia and broiler cockerel
performance. Poult. Sci. 1981, 60, 513-516. [CrossRef]


http://dx.doi.org/10.3382/ps.0290386
http://www.ncbi.nlm.nih.gov/pubmed/13326492
http://dx.doi.org/10.2307/1588348
http://www.ncbi.nlm.nih.gov/pubmed/5963856
http://www.ncbi.nlm.nih.gov/pubmed/5646004
http://www.ncbi.nlm.nih.gov/pubmed/6625303
http://www.ncbi.nlm.nih.gov/pubmed/6370056
http://www.ncbi.nlm.nih.gov/pubmed/359119
http://dx.doi.org/10.1080/00071666408415526
http://dx.doi.org/10.3382/ps.0531592
http://dx.doi.org/10.3382/ps.0580543
http://dx.doi.org/10.13031/2013.11067
http://dx.doi.org/10.1016/j.applanim.2004.08.009
http://dx.doi.org/10.3382/ps.2010-00877
http://www.ncbi.nlm.nih.gov/pubmed/21177468
http://www.ncbi.nlm.nih.gov/pubmed/6007527
http://dx.doi.org/10.3382/ps.0611815
http://www.ncbi.nlm.nih.gov/pubmed/7134135
http://dx.doi.org/10.3382/ps.0630384
http://www.ncbi.nlm.nih.gov/pubmed/6709574
http://dx.doi.org/10.3382/ps.0600513

Animals 2015, 5 896

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Kling, H.E.; Quarles, C.L. Effect of atmospheric ammonia and the stress of infectious bronchitis
vaccination on leghorn males. Poult. Sci. 1974, 53, 1161-1167. [CrossRef] [PubMed]

Green, A.R.; Wesley, I.; Trampel, D.W.; Xin, H. Air quality and bird health status in three types of
commercial egg layer houses. J. Appl. Poult. Res. 2009, 18, 605-621. [CrossRef]

Li, H.; Xin, H.; Liang, Y.; Burns, R.T. Reduction of ammonia emissions from stored laying hen
manure through topical application of zeolite, Al + Clear, ferix-3, or poultry litter treatment.
J. Appl. Poult. Res. 2008, 17,421-431. [CrossRef]

Li, S.; Li, H.; Xin, H.; Burns, R. Particulate matter concentrations and emissions of a high-rise
layer house in lowa. Trans. ASABE 2011, 54, 1093—-1101. [CrossRef]

Groot Koerkamp, P.W.G. Review on emissions of ammonia from housing systems for laying hens
in relation to sources, processes, building design and manure handling. J. Agric. Eng. Res. 1994,
59, 73-87. [CrossRef]

Redding, M.R. Bentonite can decrease ammonia volatilisation losses from poultry litter: Laboratory
studies. Anim. Prod. Sci. 2013, 53, 1115-1118. [CrossRef]

Brou&ek, J.; Cermdk, B. Emission of harmful gases from poultry farms and possibilities of their
reduction. Ekologia 20185, 34, 89—-100. [CrossRef]

Donham, K.J.; Cumro, D.; Reynolds, S. Synergistic effects of dust and ammonia on the
occupational health effects of poultry production workers. J. Agromed. 2002, 8, 57-76. [CrossRef]
[PubMed]

Donham, K.J.; Cumro, D.; Reynolds, S.J.; Merchant, J.A. Dose-response relationships between
occupational aerosol exposures and cross-shift declines of lung function in poultry workers:
Recommendations for exposure limits. J. Occup. Environ. Med. 2000, 42, 260-269. [CrossRef]
[PubMed]

Barnett, J.L.; Hemsworth, PH.; Newman, E.A. Fear of humans and its relationships with
productivity in laying hens at commercial farms. Br. Poult. Sci. 1992, 33, 699-710. [CrossRef]
[PubMed]

Barnett, J.L.; Hemsworth, P.H.; Hennessy, D.P.; McCallum, T.H.; Newman, E.A. The effects of
modifying the amount of human contact on behavioural, physiological and production responses of
laying hens. Appl. Anim. Behav. Sci. 1994, 41, 87-100. [CrossRef]

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3382/ps.0531161
http://www.ncbi.nlm.nih.gov/pubmed/4841703
http://dx.doi.org/10.3382/japr.2007-00086
http://dx.doi.org/10.3382/japr.2007-00076
http://dx.doi.org/10.13031/2013.37101
http://dx.doi.org/10.1006/jaer.1994.1065
http://dx.doi.org/10.1071/AN12367
http://dx.doi.org/10.1515/eko-2015-0010
http://dx.doi.org/10.1300/J096v08n02_09
http://www.ncbi.nlm.nih.gov/pubmed/12853272
http://dx.doi.org/10.1097/00043764-200003000-00006
http://www.ncbi.nlm.nih.gov/pubmed/10738705
http://dx.doi.org/10.1080/00071669208417510
http://www.ncbi.nlm.nih.gov/pubmed/1393665
http://dx.doi.org/10.1016/0168-1591(94)90054-X

	1. Introduction
	2. Ammonia in Poultry Houses
	3. Source
	4. Factors Affecting Ammonia Levels in Poultry Houses
	5. Consequences for Birds
	5.1. Health
	5.2. Behavior
	5.3. Production

	6. Discussion
	7. Conclusions

