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NOTE TO READERS OF THE CRITERIA DOCUMENTS 

Every effort is made to present information in the 
criteria documents as accurately as possible. In the interest 
of all users of the environmental health criteria documents, 
readers are kindly requested to communicate any errors that 
may have occurred to the Manager of the International 
Programme on Chemical Safety, World Health Organization, 
Geneva, Switzerland, in order that they may be included in 
corrigenda, which will appear in subsequent volumes. 

* 	* 	* 

A data profile and information on the various limits set 
by countries can be obtained from the International Register 
of Potentially Toxic Chemicals, Palais des Nations, 1211 
Geneva 10, Switzerland (Telephone No. 988400 - 985850). 

Concentrations in this document are expressed in the terms 
used in original references. 

1 mmol is equivalent to 14 tag ammonia-nitrogen/litre 
17 mg NH3/litre 
18 mg N0 4-1-/litre 

I tag ammonia-nitrogen is equivalent to 1.21 mg NH3 
1.29 mg NI4+ 

in air, 1 mg/mt  is equal to about 1.42 ppm, depending on 
the temperature and pressure. 



- 10 - 

ENVIRONMENTAL HEALTH CRITERIA FOR AMMONIA 

Tollowing the recommendations of the United Nations 
Conference on the Human Environment held in Stockholm in 1972, 
and in response to a number of resolutions of the World Health 
Assembly and a recommendation of the Governing Council of the 
United NOtions Environment Programme, a programme on the 
integrated assessment of the health effects of environmental 
pollution was initiated in 1973. The programme, known as the 
WHO Environmental Health Criteria Programme, has been 
implemented with the support of the Environment Fund of the 
United Nations Environment Programme. In 1980, the 
Environmental Health Criteria Programme was incorporated into 
the International Programme on Chemical Safety (Ip(7,S), a joint 
venture of the United Nations Environment Programme, the 
International Labour Organisotion, and the World Health 
Organization. The Programme is responsible for the 
publication of a series of criteria documents, 

A WHO Task Group on Environmental Health Criteria for 
Ammonia was held in Geneva on 8-13 July, 1985. Dr E.M. Smith 
opened the meeting on behalf of the Director-General. The 
Task Group reviewed and revised the draft criteria document 
and made an evaluation of the health risks of exposure to 
ammonia. 

The original draft of this document was prepared by THE 
UNITED STATES ENVIRONMENTAL PRDTECTICN AGEMr.Y ENVTRDNMFNTAL 
CRITERIA AND ASSESSMENT OFFICE under the direction of DR J.F. 
STARA. Additional contributions were made by DR J.R. JACESON, 
PROFESSOR D. RANDALL, and DR R.V. THURSTON. 

The efforts of these contributors and of all who helped in 
the preparation and finalization of the document are grate-
fully acknowledged. 

Partial financial support for the publication of this 
criteria document was kindl.y provided by the United States 
Department of Health and Human Services, through a contract 
from the National Institute of Environmental 14ealtli Sciences, 
Research Triangle Park, North Carolina, USA - a WHO 
Collaborating Centre for Environmental Health Effects. 



- 11 - 

1. SUMMARY 

1.1 

Ammonia (NH3) is a colourless acrid-smelling gas at 
ambient temperature and pressure. It can be stored and 
transported as a liquid at a pressure of 10 atm at 25 C. 

Ammonia dissolves readily in water where it forms, and is 
in equilibrium with, ammanium ions (NH4+). The sum of 
ammonia and ammoniuju concentrations is termed "total ammonia" 
and, because of the slightly different relative molecular 
masses, may be expressed as "total anitnonia-nitrogen 
(NH3-N)". In most waters, NH4+ predominates, but 
increases in pH or temperature or decreases in ionic strength 
may materially increase levels of non-ionized ammonia. 

Ammonia will adsorb on various solids. At concentrations 
of between 16 and 27% by volume, it can form explosive mix-
tures with air. Catalytic oxygenation is an important 
reaction in the manufacture of nitric acid. Ammonia dissolves 
in dilute acids to form ionized ammonium salts, which are 
similar in solubility to alkali metal salts, and can he 
crystallized. Some of these salts are found in nature. 
Heating solutions or crystals of the salts yields gaseous 
ammonia. Ammonia forms chloramines in water containing 
hypochlorous acid. 

There are difficulties in sampling media for the deter-
mination of ammonia, and in preventing contamination and 
losses before analysis. A variety of analytical techniques 
are available; many have interactions. For measurements, the 
flourescent derivatization technique has advantages. 

1.2 Sources in the Environment 

Ammonia is present in the environment as a result of 
natural processes and industrial activity, including certain 
types of intensive farming. Atmospheric ammonia is volat-
ilized from the earth's surface in quantities of about 10 8  
tonnes/year, mostly from natural biological activity. Indus-
trial activity may cause local and regional elevations in 
emission and atmospheric concentrations. Surface waters 
receive ammonia from point sources, such as effluent from 
sewage treatment and industrial plants, in quantities 

-  estimated in the USA to he about half a million torines 
annually. Much more significant quantities arise from non-
point sources, such as atmospheric deposition, the breakdown 
of vegetation and animal wastes, applied artificial ferti-
lizers and urban runoff, and these are significant, even in 
industrial areas. 
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1.3 Environmental Transport Distribution, and Transformation 

Ammonia in the environment is a part of the nitrogen 
cycle. It volatilizes into the atmosphere where it may undergo 
a variety of reactions. Photolytic reactions destroy some of 
the ammonia and reactions with sulfur dioxide or ozone produce 
aerosols, most importantly of ammonium sulfate or nitrate, 
which return to the artlYs surface as wet or dry deposition. 
In surface waters, ammonium may undergo microbiological nitri-
fication, which yields hydrogen and utilizes oxygen so that, 
in certain systems, acidification and oxygen depletion may 
result. In one study, one-third of the acidifying effect of 
precipitation was attributed to ammonium deposition. Ammonia 
may he assimilated by aquatic plants as a nitrogen source or 
transferred to sediments or volatilized. In soil, major 
sources of ammonia are the aerobic degradation of organic 
matter and the application and atmospheric deposition of 
synthetic fertilizers. The ammoniuni cation is adsorbed on 
positively charged clay particles and is relatively immobile. 
Most ammonium undergoes nitrification; the nitrate ion is 
mobile and is removed by leaching, plant root uptake, or 
denitrificatior. 

1.4 Environmental Levels arid Human Exposure 

Atmospheric concentrations vary according to underlying 
land usage. Urban concentrations are typically in the range 
of 5 - 25 pg/rn 3  and rural concentrations, 2 - 6 pg/rn 3 . 

Areas with Intensive manure production or use may produce 
croacentrations of 100 - 200 pg/rn 3 . Particulate ammonium 
cOncentratiOns above oceans, remote from land, have been found 
to be 10 - 115 np/rn 3 . In most situations, atmospheric 
particulate ainmonium concentrations are comparable to gaseous 
ammonia concentrations. 

Surface waters contain concentrations of total ammonia 
that very both regionally and seasonally. 	In the U1A, most 
surface waters contain less than 0.18 ng/litre, though those 
near large metropolitan areas may contain 0.5 ng/litr-e, as 
total ammonia. 	In hydrologically isolated acidified small 
lakes, concentrations may reach 3 mg Nl-14+-N/litre, and 
values near intensive farms of 12 ag NH 4+-N/litre have been 
recorded. Ground water usually contains low concentrations of 
ammonia, because of ammonium adsorption and/or nitrification; 
this, and the conversion of ammonia to chloramines on chlorin- 	- 
ation, results in low levels of ammonia in most treated 
drinking-water. 

Ammonia in soil is largely fixed; that in qolution is in 
dynamic equilibrium with nitrate and is not directly available 
to plants. Ammonia occurs in unprocessed foods, but ammonium 



salts are added to processed foods. Acceptable Daily Intakes 
(ADIs'), where specified, relate to the anion. Cigarette 
smoking and certain medicines may contribute to intake, in 
some cases, but the intake from all sources is small in 
comparison with endogenous intestinal ammonia production. 

Occupational exposure to low levels of ammonia is common, 
but, in certain occupations, work-place concentrations may 
exceed 100 mg/rn 3 . At such levels, the daily ammonia intake 
is small in relation to endogenous production, but it is 
significant, since inhaled ammonia enters the systemic 
circulation. 

1.5 Kinetics and Metabolism 

1.5.1 	Uptake and abpion 

At low concentrations, inhaled ammonia dissolves in the 
mucous fluid lining the upper respiratory tract and little 
reaches the lower airways. Initial retention is about 80% in 
both the dog and man, but, in man, it falls to less than 30% 
in less than 27 miii. In rats, increases in blood-ammonia were 
measured following short-term exposure to ammonia at 
220 rng/m 3  but not at 23 mglm 3 . 	The increases were less 
marked with longer exposure. Calculated blood-ammonia 
increases with exposure to air containing 18 mg/rn 3  are about 
10% of fasting levels. 

Ammonia is formed in the human intestinal tract by the 
biological degradation of nitrogenous matter, including 
secreted urea, in quantities of about 4 p/day. nearly all of 
this is absorbed (mainly passively) and is metabolized in the 
liver on first passage, so that only small amounts reach the 
systemic circulation. 

1.5.2 	Distribution 

Ammonia is normally present in all tissues constituting a 
metabolic pooi. Its distribution is pl  dependent, since NH3 
diffuses more easily than NH4+. Oral administration of 
ainmonium chloride to healthy male and female volunteers at 9 
mg/kg body weight produced transient increases in blood-
ammonia in about half of the subjects. Patients with 
cirrhosis showed a greater and more prolonged increase over a 
higher baseline. This confirms substantial first pass 
metabolism in the liver. 

	

Administration of 	15N-lahelled aminoniun compounds to 
experimental animals indicated that the initial distribution 
of 13N depended on the route of adminitration and that, 
after parenteral administration, more was distributed to 
organs other than the liver. 
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1.5.3 	Metabolic transformation 

Ammonia is taken up by glutamic acid in many tissues, and 
this will take part in a variety of transamioation and other 
reactions, the nitrogen being incorporated in non-esental 
amino acids. In the liver, ammonia is used in the synthesis 
of protein by the Erebs-Henseleit cycle. 

1.5.4 	Excretion and turnover 

The principal means of ammonia excretion varies between 
phyla. Mammals excrete urea and secrete ammonium in the 
kidney tubules as a means of hydrogen ion excretion. Faecal 
and respiratory excretion are insignificant. Exhaled air may 
contain volatilized ammonia from the reicrofloral degradation 
of salivary urea. In man, on a 70 g protein/day diet, 70% of 
administered ammonium ' 5N is lost in a week; on a 20 g pro-
tein/day diet, 35% is lost. 

1.5.5 	Plant metabolism of ammonia 

Ammonia is toxic in plants and cannot he excreted. It is 
detoxified by combination with carbon skeletons, and so excess 
ammonia may strain carbohydrate metabolism. Some plants have 
special means of handling ammonia, enabling them to tolerate 
it or use it preferentially. 

1.6 Effects on Aquatic Organisms 

Concentrations of ammonia that are toxic for aquatic 
animals are generally expressed as non-ionized ammonia 
(NH3), because, in the environment, NH3 and not the 
ammonium ion 	(N1-14 +) has been demonstrated 	to be the 
principal toxic form of ammonia. 

Concentrations of ammonia, acutely toxic for fish, can 
cause loss of equilibrium, hyperexcitahility, increased 
breathing, cardiac Output, and oxygen uptake, and, in extreme 
cases, convulsions, coma, and death. At lower concentrations, 
ammonia produces many effects in fish including a reduction in 
egg hatching success, a reduction in growth rate and morpho-
logical development, and pathological changes in the tisSue of 
the gills, liver, and kidney. 

Several factors have been shown to modify acute ammonia 
toxicity in fresh water. Some factors alter the concentration 
of NH3 in the water by affecting the aqueous ammonia equil-
ibritint, while other factors affect the toxicity of Ni13 
itself, either ameliorating or exacerbating its effects. 
Factors that have been shown to affect ammonia toxicity 
include dissolved oxygen concentration, temperature, pH, 
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previous acclimatization to ammonia, fluctuating or inter- 
inittent exposures, carbon dioxide concentration, salinity, and 
the presence of other toxic substances. The best studied of 

- 	these is ph; the acute toxicity of NH3 has been shown to 
increase as pH decreases. 	Data on temperature effects on 
acute N143 toxicity are limited and variable, but there are 
indications that NH 3  toxicity is greater at low (< 10 C) 

temperatures. 
Data concerning concentrations of NH3 that are toxic for 

fresh-water phytoplankton and vascular plants, 	although 

limited, 	indicate 	that 	fresh-water 	plant 	species 	are 

appreciably more tolerant to NH3 than invertebrates or fish. 

Fresh-water organisms 

Mean 48- and 96-h LC50 values reported for fresh-water 
invertebrates and fish ranged from 1.10 to 22.8 mg NH 3 /litre 
for invertebrate species, and from 0.56 to 2.48 mg/litre for 
fish species. Mean 96-h LC50 values ranged from 0.56 to 
2.37 mg NH3/litre for salsionid fish and from 0.76 to 2.48 
mg/litre for non-salmonids. In terms of LC50, Percidse and 
Salmonidae are considered to be the most sensitive families 
and walleye and rainbow trout are the most sensitive species 
within these families. 

For fresh-water organisms, the families most sensitive in 
terms of chronic toxicity are Salmonidae and Catostomidae, 
pink salmon and white sucker being the most sensitive species 
within these families. Limited chronic toxicity data for 
invertebrates, mostly cladocerans and one insect species, 
indicate that they are generally more tolerant than fish, 
although the fingernail clam appears to be as sensitive as 
salnomids. 

Salt-water organisms 

Available acute and chronic ammonia toxicity data for 
salt-water organisms are very limited. Mean T,C50 values for 
marine invertebrate species range from 0.94 to 18.3 mg 
N113/litre and, for marine fish species, from 0.32 to 1.31 
mg/litre. The prawn, Macrobrachium rosenbergii, appears to he 
the most sensitive invertebrate species tested, and the red 
drum, the most sensitive fish species. 

1.7 Effects on Experimental Animals and In Vitro Test Sstems 

1.7.1 	Single exposures 

There have been many estimates of inhalational toxicity in 
which the theoretical relationship between concentration, 
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duration of exposure, and lethality has been observed. 
Typical results are LC50 values in rats ranging from 31 612 
mg/rn 3  for a 10-min exposure to 11 620 mg/rn 3  for a 60-mm 
exposure. The corresponding value for a 2-h exposure was 7600 
mg/rn, Bxposed mice exhibited avoidance behaviour at 
concentrations above 350 mg/rn 3, and ciliary activity was 
arreated above this level in in vitro studies on rabbit 
tracheal epithelium. Other effects of exposure include 
bradypnoea and bradycardia, changes in various serum-enzyme 
levels, and histological changes in the lung. At high 
concentrations, convulsions occurred. 

There have been a number of studies on the oral toxicity 
of various aminonium salts, some of which have been complicated 
by the acidity or alkalinity of the preparations used. Median 
lethal doses for ammonium sulfamate or sulfate were in the 
range 3 - 4.5 g/kg body weight in both rats and mice. 
Anmonium chloride causes substantial acidosis and has been 
reported to produce pulmonary oederna by a different mechanism 
by gavage, but not by intraperitoneal injection. There is 
also evidence that ammonium ions exert a direct effect on the 
appetite by their effect on prepyriform cortical areas. 
Ammoflium chloride, even after administration for periods of a 
few days, produces hypertrophy of the kidney, but the extent 
to which this results from acidosis, S Solute load, or a 
direct effect of the ammonium ion is not clear. Diet and the 
clinical condition of the liver are important modulators of 
ammonia toxicity, and it has been shown that the administra-
tion of ornithine, aspartic acid, or adenosine triphosphate 
(ATP) exerts a protective effect against ammonia toxicity. 

No £nformation is available regarding systemic toxicity 
from single dermal exposures to ammonia or ammonium compounds. 

Symptoms after intravenous injection of ammonium salts are 
characterized by immediate hyperventilation and clonic convul-
sions, followed by either fatal tonic extensor convulsion or 
the Onset of coma, in which tonic convulsions and death can 
occur at any time. After 30 - 45 mm, surviving animals 
recover rapidly and completely. After injection, neurological 
symptoms commenced when the blood-ammonia concentration 
doubled above basal values. Brain-ammonia levels did not 
increase until blood levels reached 20 times basal values; at 
this stage, brain levels suddenly increased to about 100 rig 

ammonia-nitrogen/kg wet weight. However, immediate increases 
in brain-ammonia after intravenous injection have also been 
observed, and it has been suggested that there is no critical 
blood-ammonia concentration for diffusion of ammonia through 
the blood-brain barrier. Some workers have demonstrated the 
induction of ventricular fibrillation of the heart following 
injections of arnmonirim salts. 
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1.7.2 	Short-term exposures 

Ninety-day inhalation exposures of rats to 127 mg/m s  and 
262 mg/rn 3  did not produce any, or only minimal, changes. 
Continuous exposure to 455 mg/rn 3  was fatal for 50 out of 51 
rats by the 69th day of exposure. Similar results were 
obtained in guinea-pigs. The principal pathological findings 
were eye irritation, corneal opacities, and diffuse lung 
inflammation. Similar results have been published by a number 
of authors. Concentration-dependent increases in suscept-
ibility to infection duriog ammonia exposure have been 
reported. Blood-ammonia levels increased with inhalational 
exposure to increasing concentrations of ammonia above 
70 mg/ms, for periods of I - 7 days. 

Studies on the effects of ingestion of ammonium chloride 
(10 g/litre drinking-water - about I g/kg body weight per day) 
and ammoniuju sulfamate (5 g/kg body weight per day for 6 days 
per week) did not show any significant toxic effects. Cyclical 
administration of various anunonium salts, at moderate doses, 
for 3 weeks out of 4 affected the reproductive system of 
virgin female rabbits. Ammonium salts have been given as a 
dietary supplement to animals on diets deficient in non-
essential amino acids, with resultant increases in weight 
gain. Anmionium salts can prevent and reduce the weight loss 
associated with 10% and 20% reduction of the crude protein 
content of the diet of pigs. 

There is no information regarding the systemic effects of 
short-term dermal exposure. 

1.7.3 	Skin and eye irritation: sensitization 

There is little information on animals to complement the 
extensive human experience. In rabbits, ammonia has been 
shown to penetrate the cornea rapidly and to cause corneal 
burns. Amtnonium peraulfate is a recognized skin sensitizer in 
nan. No data on sensitization potential in animal models are 
available. 

1.7.4 	Long-term exposure 

Inhalation exposure studies did not extend beyond 130 
days. A 130-day study demonstrated congestion of paren-
chymatous organs at 18 weeks, but not at 12 weeks, in 
guinea-pigs exposed to about 119 rng/m 3  for 6 h/day, 5 
days/week. Long-term studies have not been carried out 
according to modern protocols, and observed effects have 
mainly been related to changes in acid-base ba1nce. 
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1 • 7.5 	1ar. Y2ii 1 Ci ty,and toenicitv 

There have not been any formal studies based on modern 
protocols, but studies have been undertaken to investigate the 
effects of ammonia in hen-houses on the egg-laying performance 
of intensively reared poultry. No systematic conclusions could 
be drawn. 

1.7.6 	Mutagenicity 

Ammonium sulfate has been reported non-mutagenic in Sal-
rnonella and Saccharomjces test systems, but mutagenic in E. 
coil at toxic levels and may affect mutagenic resnonses to 
other agents. Various workers have described effects on oros-
ophila, which were minimal or achieved only at toxic levels. 
There is no evidence that ammonis is mutagenic in mammals. 

1.7.7 	Carcinogenicity 

There is no evidence that ammonia is carcinogenic, though 
it can produce inflammatory lesions of the colon and cellular 
proliferation, which could increase susceptibility to malig-
nant change. There was no evidence that ammonia was respon-
sible for the increased incidence of tumours with increased 
dietary protein intake. Ammonia did not either cause tumours 
Or increase the spontaneous incidence of tumoiirs in life-time 
studies on mice. 

1 .7 .8 

Although there are a number of hypotheses, there is no 
established mechanism for the toxicity of ammonia or ammonium 
salts. 

1.8 Effects on Man 

1.8.1 	Organoleptic effects 

Amnonia can he tasted in water at levels above about 35 
mg/litre. Odour thresliolds have been variously reported 
according to the definition used and technique of measurement. 
Most people can identify ammonia in air at about 35 mg/rn' 
and can detect it at about one-tenth of this level. 

1.8.2 	Clinical, controlled human studies and accidental 
e x pos ore 

Exposure to ammonia in air at a concentration of 280 
mg/rn 3 	produced 	throat 	irritation; 	1200 	mg/rn' 	produced 
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cough; 1700 mg/rn 3  was life-threatening, and more than 3500 
mg/rn 3  caused a high mortality. Respiratory symptoms were 
usually reversible, but chronic bronchitis has been reported 
to develop. Volunteers exposed by oro-nasal mask experienced 
irritation and increased minute volumes. Retention of inspired 
ammonia decreased progressively to about 24% after about 19 
min of exposure. The blood chemistry remained normal. Respir-
atory indices were insignificantly altered at Concentrations 
up to 98 mg/tn 3  (which was tolerable). Other studies have 
dmontrated a high incidence of symptoms at this level. Irri-
tation occurred at 35 mg/rn 3 , which was neither discomforting 
nor painful. Industrial exposure at 88 mg/rn 3  was described 
as "definitely irritating". 

Ingestion of ammonia solutions has produced caustic burns 
of the upper gastrointestinal tract. Ingestion of ammoniurn 
chloride produces metabolic acidosis and diuresis and is 
administered for these effects. 

1.8.3 	Endogenous ammonia 

Ammonia plays a key role in nitrogen metabolism, and its 
level in the body may be increased as a result, either of in-
born errors of metabolism, or, as a result of impaired liver 
function. The role of hyperanimonaemia in causing the enceph-
alopathy associated with the latter is not completely clear, 
but there is sufficient evidence to indicate a significant 
contribution. 

1.9 Evaluation of the Health Risks for Nn and Effects on the 
Environment 

Atmospheric exposure of the general population is toxIco-
logically insignificant. Occupational exposure can give rise 
to symptoms, particularly in occupations exposed to decaying 
organic matter. Accidental exposure to ammonia in any of its 
forms produces irritant or caustic effects. 

Exposure to ammonia in the water supply and food is 
insignificant in comparison with the nitrogen intake through 
the diet which becomes available as metabolic ammonia. 

The most significant effects of ammonia are in the aquatic 
and terrestrial environments where, as a result of urbaniza-
tion, industry, and farming and as a result of deposition to 
sensitive environments, significant toxic effects of ammonia 
may arise. 

1.10 Conclusions 

Ammonia does not present a direct threat to man except as 
a result of accidental exposure, particularly in industry. 
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Farm animals may be adversely affected when reared intensively 
in closed conditions. Localized effects of point-source 
emissions of ammonia and of deposition in sensitive environ-
ments is a cause of concern. 
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2. PROPERTIES AND AlALYTICAL METHODS 

2.1 Physical and Chemical Properties of Ammonia 
and Ammonium Compounds 

2.1.1 	Caseous and anhydrous liquid  

Ammonia (NH3) is a colourless gas at atmospheric 
pressure, which is lighter than air and possesses a strong 
penetrating odour. Some of the relevant physical properties 
of ammonia are summarized in Table I. 

The vapour pressure of ammonia gas over pure arntnonia 
liquid can be calculated using the equation (NRC, 1979): 

log10P = 9.95028 - 0.003863T - 1473.17/T, 

where P = partial pressure in nun Hg, and T = temperature at K. 

Ammonia may be liquefied under pressure at about 10 atm 
and is stored and transported in this state. 

2.1.2 	Aqueoussolutiona 

Ammonia dissolves readily in water where it ionizes to 
form the ammonium ion. 

	

NH3 + 1120 	NH4-'- + 0H 

The solubility of ammonia in water is influenced by the 
atmospheric pressure, 	temperature, 	and by dissolved or 
suspended materials. Solubility values at moderate 
concentrations and temperatures can he obtained from the 
graphic (Sherwood, 1925) and tabular (Perry et al., 1963) 
compilations, and from empirical formulae (Jones, 1913). 

The total ammonia content of water is the sum of non-
ionized (NH3) and ionized (NH,4 +) species. Ammonia is 
readily soluble in aqueous systems (Table 1) and, at the pH of 
most biological systems 1  exists predominantly in the ionized 
form. At low concentrations, the molarity of total dissolved 
ammonia is given by (Drewes & Hales, 1980): 

[NH3] + [NH4+1 = H[NH3( gas )] + KbH[N 113( gas )], 

where [NH3( 55 )] is the molar concentration of gas-phase 
ammonia 1  Kb is the dissociation constant given by: 

[NH4+] [0H 

Kb = -- r•--r----- = 1.77410 	(at 25CC) 
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Table 1. Physital properties of ammonia! 

Properties 	 Values 

Boiling point at one atm -33.42 	C 

Melting point -77.74 	C 

Density (liquid) 	at 	-33.35 	C and 	S 	atm 0.6813 gm/cm 2  

Density (gas) 0.7714 	g/Iitre 

Viscosity at -33 	C 0.254 centjmoise 

Viscosity at 20 	C 9.82110' 	pnise 

Reracrive Index at 25 	C 1.325 

Dielectric constant at 25 	C 16.9 

SurSace tension at 11 	C 23.35 dyn/co 

Specific conductance at -38 	0 1.97 	l0 	cmr. 

Thermal conductivity at 12 	C 5.5110 	gcal/cn 

Vapour pressure at 25 	C 10 atm 

Critical 	temperature 132.45 	C 

Critical pressure 112.3 atm 

Critical density 0.2362 	g/cimm' 

Slubi1ity in Water, 	101 kPa 

at 	0 	C 895 g/litre 
20 	C 529 g!litre 
40 	C 316 g/litre 
60 	C 168 g/litre 

! From: Jones (1973) and Windh1z et al. , ed. (1976). 

and H is a Henry's law constant given by (NRC, 1979); 

log10H = 1477.8/T - 1.6937 

The pK 	for the ammonia/ammonium equilibrium 	can be -- 
calculated at all temperatures, T(K), between 0 and 50 C 
(273 < T <323) by the equation (Emerson et ml., 1975): 

Km = [N113} [H/[NH4+, 
pK= 0.09018 + 2729.92/T 
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Theoretically, the fraction (f) of total ammonia that is non-
ionized depends on both water temperature and pl-1, according to 
the preceding and the following equations (Emerson at al., 
1975) 

f = 1/[10 (pKa_pH) 

Thus, in water at 0 C and a pl-i of 6, less than 0.01% of the 
total ammonia present is in the non-ionized form, whereas, at 
30 'C and a pH of 10, 89% of total ammonia is non-ionized. 

The above relationship holds in most fresh waters. How-
ever, the concentration of non - ionized ammonia will be lower 
at the higher ionic strengths of very hard fresh waters or 
saline waters. Using the appropriate activity coefficients, 
in sea water of ionic strength = 0.7, the above relationship 
can be restated as follows (API, 1981): 

f = 1/[10 (pKa pH + 0.221) 
+ 1] 

At 25 'C, the pKa  can be calculated to be 9.24, from the 
equation of Emerson et al. (1975). Therefore, at pH 8, and at 
a temperature of 25 C, the above equation shows that 3.31% of 
the total ammonia in sea water exists in the non-ionized form. 
The corresponding value in fresh water can be calculated to he 
5.38%. Thus, at this pH and temperature, sea water with an 
ionic strength of 0.7 would contain 627 as much non-ionized 
ammonia as fresh water. 

2.1.3 	Chemical reactions 

Gaseous ammonia is readily adsorbed on certain solids. 
The adsorption characteristics of ammonia on metal surfaces 
are important in its synthesis and other catalytic reactions 
(Cribb, 1964). 	Because of the adsorption of ammonia on 
charcoal, 	acid-impregnated charcoal masks are used for 
protection against ammonia gas. 

Ammonia can form explosive mixtures with air at atmos-
pheric temperature and pressure, if present in concentrations 
of 16 - 27% by volume. The products of combustion are mainly 
nitrogen and water, but small traces of animonium nitrate 
(NHNO3) and nitrogen dioxide (NO 2 ) are also formed. 

Another important reaction involving the oxidation of 
ammonia is its catalytic oxidation to nitric oxide (NO) and 
nitrous oxide (N20) (Miles, 1961; Matasa & Matasa, 1968). 
This reaction is an important step in the manufacture of 
nitric acid. 

Under normal atmospheric conditions, ammonia does not 
undergo any primary photochemical reactions at wavelengths 
greater than 290 on. 
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When exposed to radicals or other photochemically excited 
species, ammonia undergoes secondary decomposirion 

NH3 + 0H 	NH2 + H20 

NH3 +0 + NH2+ 0H 

Some of these reactions may be important in the balance of 
atmospheric nitrogen. 

Ammonia also undergoes decomposition to nitrogen and 
hydrogen, when exposed to an electric discharge (Jones, 1973). 
It reacts with sulfur dioxide gas to form ammoniurn sulfate in 
the atmosphere (Kushnir et al., 1970). 

Aqueous ammonia can take part in substitution reactions 
with organic halide, sulfonate, hydroxyl, and nitro compounds, 
and, in the presence of metallic catalysts, it is used to 
produce amino acids from keto acids. 	Ammonia reacts with 
hypochiorous acid (Hod) to form monochloramine, dichioramine, 
or nitrogen trichloride (Morris, 1967; Lietzke, 1978). 	The 
formation of these N-chtoramines depends on the pl-i, the 
relative concentrations of hypochlorous acid and NH3, the 
reaction time, and the temperature. 	When pH values are 
greater than 8, and when the molar ratio of HOC1 to NH3 is 
1;1 or less, the monochioramine predominates. 	At higher 
C12:NH3 ratios or, at lower pH values, dichloramine and 
trichioramine are formed. These, and various organic chlor- 	- 
amines, are produced during the chlorination of water con- 
taining NH3 or organic amines. 	The presence of these 
chloramines may contribute to the taste and odour of drinking-
water, and to various associated health problems (Morris, 
1978). 

2.1.4 	Ammonium compounds 

Ammonium compounds comprise a large number of salts, many 
of which are of industrial importance; ammonium chloride, 
ammonium nitrate, and amrnonium sulfate are produced on a large 
scale. With the exception of metal complexes, the ammonium 
salts are very similar in solubility to the salts of the 
alkali metals, but differ in that they are completely volat-
ilized on heating or ashing. 

Aimsonium salts undergo slight hydrolysis in aqueous 
solution. Most dissociate at elevated temperatures to give 
ammonia and the protonated anion. The physical and chemical 
properties of ammonium compounds of environmental importance 
are discussed below, and some of their physical properties are 
summarized in Table 2. 
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Ammonium chloride tNH4CII occurs naturally in volcanic 
crevices as a sublimation product. When it sublimes, the 
vapour is completely dissociated into hydrogen chloride and 
ammonia. Like other ammonium salts of strong acids, the 
chloride hydrolyses in aqueous solution to lower the ph of the 
solution. The solid tends to lose ammonia during storage. 
Aqueous solutions of ammonium chloride have a notable tendency 
to attack ferrous metal and other metals and alloys, partic-
ularly copper, bronze, and brass. Ammonium chloride can be 
oxidized to nitrosyl chloride and chlorine by strong oxidizing 
agents, such as nitric acid. 

Apinonium nitrate [NH4NO3I does not occur in nature. 
It is soluble in water and liquid ammonia and slightly soluble 
in absolute ethyl alcohol, methanol, and acetone. Although 
ainmaoium salts of strong acids generally tend to lose ammonia 
during storage, animoniulr nitrate can be considered a very 
stable salt. It undergoes decomposition at elevated tecper-
atures or under extreme shock, as in commercial explosives. 
Ammonium nitrate acts as an oxidizing agent in many reactions, 
and, in aqueous solution, it is reduced by various metals. 
Solutions of ammonium nitrate attack metals, particularly 
copper and its alloys. 

Ammonium sulfate [(N114)2S041 	is 	found naturally in 
volcanic craterS. It is soluble in water and insoluble in 
alcohol and acetone. The melting point of ammonium sulfate is 
230 'C. On boating in an open system, the compound begins to 
decompose at 100 'C, yielding ammonium bisulfate (NH411SO4) 
that has a melting point of 146.9 C. 

Ainmoniuni acetate [CH3COON1-141 	is a deliquescent mat- 
erial that is highly soluble in cold water and in alcohol. 
Solubility does not increase greatly with increasing temper-
ature, at least up to 25 'C. In aqueous solution at atmos-
pheric pressures, ammonium acetate readily loses ammonia, 
especially in alkaline conditions. 

Ammonium 	carbonate 	[(Nfl4) 2C031 	and 	ammonluip 	bj- 
carbonate [Nl-1 41-1CO 3 ] have long been known because of their 
occurrence in association with animal wastes. Ammonium 

bicarbonate is the more readily formed and the more stable. 
It decomposes below its melting point (35 'C), dissociating 
into ammonia, carbon dioxide, and water. Aminoniom bicarbonate 
reacts with, and dissolves, calcium sulfate scale. Amninnium 
carbonate decomposes on exposure to air with the loss of 
ammonia and carbon dioxide, becoming white and powdery and 
converting into ammonium bicarbonate. Ammonium carbonate 
volatilizes at about 60 'C. It dissolves slowly in water at 
20 C, but decomposes in hot water. 
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2.2 Samplinand Analytical Methods 

2.2.1 	Air and watersamples  

Measurement of ammonia levels in air is difficult. Atmos-
pheric levels are low, and samples can be contaminated by 
emissions from man; thus, the analyst should remain remote 
from the sampling device. In addition, air samples are 
bubbled through acid media to forts an aqueous solution of 
ammonia, predominately in its ionic form. The extraction of 
ammonia is variable and both gaseous ammonia and that con-
tained in aerosols will be extracted. In some instsnces 
filters are used to remove aerosols from the gas stream so 
that only ammonia gas is sampled. There are, however, some 
problems with aerosol filters as they may interact with 
gaseous ammonia when the aerosol is collected on the filter 
(NRC 1979). 

Air samples collected by liquid impinger yield aqueous 
solutions. Fabric filters used for collecting aerosols may be 
extracted with water for analysis. Cenerally, air and water 
samples are analysed using similar techniques, which are 
summarized in Table 3. 

Various methods for preventing interference can be used, 
but distillation at pH 9.5 is often carried out. Care must be 
taken with water samples to prevent oxidation, volatilization, 
or microbiological assimilation of ammonia. Thus, samp1e 
should be acidified and refrigerated in sealed containers (and 
may be treated with reagents) and analysed within 24 tt (APHA, 
1976; NRC, 1979 US EPA, 1979b; ASTM, 1980; API, 1981; 
Analytical Quality Control (Harmonised Monitoring) Committee, 
1982). 

2.2.2 	Soil samples 

Soil samples are usually collected by the grab method. To 
inhibit microb

-ial --activity during transport and storage, 
reagents (e.g., mercury (H) chloride) can be added to the 
soil (NRC, 1979). Rapid drying at 55 'C, then sealing the 
samples in air-tight containers is a more satisfactory method 
of preservation for ammonium determination (NRC, 1979), but 
even this may not prevent erroneous results, and samples 
should be analysed soon after sample collection (NRC, 1979). 
Analytical methods for the determination of ammonia and 
ammonium in soils have been reviewed by NRC (1979). 

2.2.3 	Blood and tissue samples 

The various techniques used for the determination of 
ammonia in blood and tissues ultimately incorporate the 
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MDM 

ammonia detection methods described in Table 3, but with 
various conditions, 	such as distillation, 	aeration, 	and 
diffusion to minimize interference (NRC, 1979). Because of 
the higher protein concentration in tissues, determination of 
ammonia is subject to greater glutamine-caused error than in 
body fluids (NRC, 1979). 
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3. SOURCES OF HUMAN AND ENVIRONMENTAL EXPOSURE 

Ammonia is present in the environment as a result of 
natural processes and through the industrial activities of 
man. It is generally accepted that, of the ammonia present in 
the atmosphere, 99% is produced by natural biological proc-
esses. Ammonia is continually released throughout the bio-
sphere by the breakdown or decomposition of organic waSte 
matter. Thus, any natural or industrial process that 
concentrates and makes nitrogen-containing organic matter 
available for decomposition represents a potential source of 
high local concentrations of ammonia in water, air, and soil. 
Industrially-produced ammonia, from non-biological nitrogeo, 
also represents an environmental source, by release through 
agricultural fertilization and industrial emissions. Coal 
gasification or liquefaction may provide a major local source 
of ammonia. The natural occurrence of ammonia compounds is 
indicated in Section 2.1.4. 

3.1 Production and Use 

Ammonia is one of the most widely-used industrial 
chemicals. It is ranked fourth in production volume in the 
IJSA after sulfuric acid, lIme, and oxygen (Chemical and 
Engineering News, 1980). Total production of ammonia-nitrogen 
in the USA increased from 5.8 x 106  tonnes in 1964 to 11.5 x 
10 tonnes in 1974 (Keyes, 1975), and had further increased 
to 17.6 x 106  tonnes by 1979 (Chemical and Engineering News, 
1980). The demand in the USA for the production of ammonia is 
projected to reach 25 x 106  tonnes by 1990 (Nai, 1977). 

Ammonia is mainly produced industrially by the Haher-Boach 
process in which nitrogen and hydrogen are combined under high 
pressure in the presence of a catalyst (Harding, 1959; Matasa 
& Matasa, 1968). Prior to the Haber-Bosch process, ammonia 
was produced by the hydrolysis of cyananides or cyanides. A 
smaller scale method for ammonia production is regeneration 
from ammonium salts by heating with a base. Alkaline earth 
metal oxides and hydroxides have been used with the naturally-
occurring ammonium chloride. 

Most of the ammonia produced in the USA is consumed as 
fertilizers (80%), fibres and plastics (10%), and explosives 
(5%) (Chemical and Engineering News, 1980). It is also used 
in the production of animal feed (1.5%), pulp and paper 

- 	(0.6%), and rubber (0.5%) (Keyes, 1975) and in a variety of 
other chemical production processes. 	Ammonia and aumionium 
compounds are used as cleaning fluids, scale-removing agents, 
and in food as leavening agents, stabilizers, and for 
flavouring purposes. A survey by the US Food and Drug 
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Administration (US FDA) indicated that about 6000 tonnes of 
aminonium compounds were used in food in 1970 (FASEB, 1974) 
comprising ammonium bicarbonate, 317 tonnes; arnmonium carbo-
nate, 24 tonnes; ammonium hydroxide, 535 tonnes; monobasic 
animonium phosphate, 52 tonnes; dibasic ammoniurn phosphate, 434 
tonnes; and ammonium su1fte, 1468 tonnes. Information for 
ammoniusa chloride was not available. The use of anmionium 
compounds in food nearly doubled during the period 1960-70. 

3.2 Sources Releasing Ammonia into the Air 

Ammonia is released into the atmosphere by agricultural, 
waste-disposal, and industrial activities. Ammonia global 
release has been estimated at 113 - 244 x 106  tonnes 
ammonia-nitrogen/year (S5der1und & Sverisson, 1976). In the 
USA, industrial emissions from ammonia and fertilizer 
production (anhydrous ammonia, aqueous ammonia, aminoniurn 
nitrate, arnmonium phosphates, urea), from petroleum 
refineries, coke ovens, and sodium carbonate manufacture, and 
loss of anhydrous ammonia during distribution, handling, and 
application have been estimated to be approximately 328 x 
lQ tonnes, annually (NRC, 1979; US EPA, 1981). 	This figure 
does not 	include volatilization of ammonia after soil 
applications of nitrogen fertilizer, which may amount to 5 - 
10% of the ammonia and urea fertilizer applied. These losses 
were estimated to comprise another 285 x 10' tionnes, 
annually (US EPA, 1981). 

Combustion processes release ammonia as a by-product in 
amounts that are dependent on the substance being burned and 
the conditions of combustion. Assuming that 2% of the 
municipal wastes generated in the USA are incinerated, about 
0.8 x 10' tonnes of ammonia would be emitted annually from 
this source. On the other hand, fossil fuel combustion in the 
USA is estimated to release 783 x 10' tonnes/ysar (US EPA, 
1981). 

On the basis of the number of cattle in the USA and an 
average excretion of 31 kg urea per animal per year, it has 
been estimated that 3400 x 10' tonnes/year of ammonia are 
produced by cattle in the USA (API, 1981). Simclar 
calculations made in the Netherlands on the basis of the 
manure production of cattle, pigs, and poultry give a figure 
of 114 x lO tonnes/year (Buysman, 1984). Estintes of 
atmospheric emissions from the Netherlands and the USA are 
shown in Table 4. 

it must be emphasized that substantial uncertainties are 
associated with these estimates, which are given for rough 
comparison only. Ammonia from sources that cannot he 
quantified includes that which volatilizes from livestock 
wastes or polluted water, and emissions from the combustion of 
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lable 4. istirnated atmospheric ewssions of arntsonia is the USA 
and the NeLherlands 

Source 	 Annual etejanjon (10 5  rosnes NH3) 
the 

animal manure 	 3400 	 114 (1) 

fertiljser volatilication 	285 	 6.1 - 10.6 

industrial activities 	1111 	 7.6 

other sources 	 0.8 	 0.5 

A 	From: US EPA (1961). 
From Buysnan (1984). 

wood. These sources most be considered in perspective with 
natural sources, especially the microbial fixation of nitrogen 
and the mineralization of nitrogenous organic matter. Fmis-
sions from these natural sources far outweigh those from man-
made sources, on a global scale; however, man-made sources can 
result in locally elevated atmospheric concentrations. 

The very high contribution to ammonia emission from animal 
manure production in the Netherlands is remarkable. More than 
807 of the annually emitted ammonia results from the produc-
tion of manure on intensive livestock farms and its use as an 
agricultural fertilizer, in all areas with intensive live-
stock farming, ammonia emission from animal manure production 
contributes 90 - 99% to the total NH3 emission. The number 
of poultry and pigs used in livestock farms increased 3 - 5 
times between 1950 and 1980, and it can be expected that the 
ammonia emission from animal manure production has increased 
similarly. In only a few areas does most of the emitted 
ammonia result from industrial activities, such as the pro-
duction of coke and fertilizers, and the combustion of fnssil 
fuel. 

In Denmark, Belgium, and some parts of the Federal 
Republic of Germany and France, animal manure production 
contributes significantly to atmospheric emissions of NH 3  

(Buysman et al., 1985). 

3.3 Sources Discharging Ammonia into Water 

Ammonia is released into the aquatic environment from a 
variety of man-made point source discharges and from natural 
and man-made non-point sources. 

3 



3.3.1 	Point sources of ammonia 

Major man-made point sources discharging ammonia into 
surface waters include sewage treatment plants, and plants 
producing fertilizers, steel, petroleum, leather, inorganic 
chemicals, non-ferrous metals, and ferroalloys, and meat 
processing plants. Amounts of ammonia discharged annually by 
these industries in the USA were estimated to be nearly 5.6 x 
10 tonnes (API, 1981) (Table 5). These estimates show that 
the industries examined contribute < 5% of the total ammonia 
discharged into surface waters while publicly owned sewage 
treatment plants (POTWa) contribute > 95% of the total. It 
is important to note that the POTW figure is based on an 
estimated actual discharge, while several of the industrial 
figures are based on Best Practicable Control Technology (BPT) 
guidelines and other industrial data. 

An estimate of ammonia discharge by sewage treatment 
plants was based on an average ammonia concentration of 15 
mg/litre in secondary treatment waste waters (Metcalf & Eddy, 
Inc., 1972) and a total discharge of 104 billion litres per 
day. However, some sewage treatment plants discharge waste 
waters containing much higher ammonia concentrations. Using 
data from Mearns (1981), the US EPA (1981) estimated that the 
mean effluent concentration of ammonia from 5 major PUTWa in 
southern California was 107 mg NH 3-N/litre (130 rag 

NH3/litre). 
The iron and steel industries release ammonia, as a by-

product of the conversion of coal to coke, and during blast 
furnace operations. The source estimate in Table 5 is based 
on proposed EPT effluent control limits and steel production 
data. 

The estimated ammonia contribution from the fertilizer 
industry was based on 1978 production figures for ammonia, 
ammoniuln nitrate, urea solutions, and urea solids, and on BPT 
guideline limits. This contribution may he underestimated 
because relatively few of these producers meet EPT limits and 
because production is increasing (S EPA, 1981). 

The estimated contribution of ammonia for all other 
industry groups in Table 5, except the meat processing and 
leather industries, was based on production figures and BPT 
guideline limits. The effluents of the meat processing and 
leather industries were reported to contain about 40 and 
100 mg NR3/litre, respectively (API, 1981). 

3.3.2 	Non-point sources of ammonia 

Non-point sources of ammonia for surface waters are not as 
easy to quantify as point sources. Non-point sources include 
releases not discharged by a discrete conveyance. They are 
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Table 5. EstimateS of aquatic emissions of amrnnrtia.9 from 
point snurces in the USA 

Point source 	 Estimated contribution 
(tonns NH3—N/year) 

fec.'age treatment p1nts (POTWs) 

Steel industry 

Fertilizer industry 

Petroleum industry 

Heat processing industry 

Leather industry 

Iloorganic chemicals industry 

Non—ferrous metals manufacturing 

Ferroalloy manufacturing industry 

535 922.311 

12 95l.O.S 

595S.9 

2826. Ii. 
or 2767.2. 

1099. 5b 

687. l2 

99 .82 

o 9C 

o. 

Total 	559 542.7 tonnes/yest 

! Adapted from API (1981). 
Estimated contribution based on reported or estimated actual discharge 
ConcentratiOns. 

i. Estimated contribution bascd on production data and SPT guidelines, not 

actual discharges. 

variable, discontinuous, diffuse, and differ according to 
specific land use. 	They may be the result of runoff from 
urban, agricultural, silvicultural, or mined lands. 	Urban 
runoff may sometimes be considered a point source, as it is 
frequently collected and discharged from drainage systems. 
Several hydrological models are available to predict runoff 
and estimate pollutant loading, but there is still difficulty 
with this subject. Major non-point sources of ammonia for 
surface waters include fertilizer runoff, animal feedlots, 
animal wastes spread on the soil, urban runoff, and precipi-
tat ion. 

The ammonia content of urban runoff is variable, depend-
ing, in part, on specific land use. In a study of urban 
runoff, the amount of ammonia present varied with the seasons 
of the year. Ammonia concentrations ranged from 0.18 mg 
N/litre in the autumn to 1.4 mg N/litre in the early spring 
(Kluesener & Lee, 1974). In another study, Struzewski (1971) 
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reported that ammonia-nitrogen in urban storm water ranged 
from 0.1 to 2.5 rug/litre. 

The ammonia content of rural runoff originates from nat-
ural and ruan-ruade sources, including wastes from wildlife and 
livestock, decaying vegetation, fertilizer applications, mat-
erial originally present in the soil, and precipitation. Esti-
mating total rural runoff quantities and ammonia concentra-
tion5 is extremely complex and no overall estimates are avail-
able. Loehr (1974) reported that the ammoniuin-nitrogen con-
centrations in the drainage from 4 forested watersheds ranged 
from 0.03 to 0.08 mg/litre. The ammonium-nitrogen concentra-
tions were 8 - 14% of the nitrate-nitrogen concentrations. 

Precipitation is also a significant non-point source of 
anmonia. Concentrations may vary locally, reflecting local 
atmospheric sources. The average concentration in rainfall at 
one rural location on Long Island, New York (0.18 rug 
N113-N/litre) was less than half those at 2 other Long Island 
sites closer to the New York urban area (0.43 and 0.459 rug 
NH3-N/litre) (Frizzola & Baier, 1975). Among collection 
sites throughout Wisconsin, ammonia levels in urban rain 
samples differed little from those in rural samples not taken 
near barnyards (range, 0 - 3 rug N1-13-N/litre); however, 
values for locations near barnyards were 4 - 5 times higher 
(range 0 - 13 rug NH3-N/litre) indicating contamination from 
locally-generated atmospheric ammonia (Roeft et al., 1972). 

Similar tendencies have been observed in the Netherlands, 
though the absolute data are much higher. In agricultural 
areas with dense livestock farming, ammonia levels ranging 
from 2.9 rug NH4-i--N/litre near slurry manured croplands to 
5.4 mg NH4+-N/litre at a distance of 100 rn from a poultry 
farm have been found. In relatively unaffected areas along the 
northern coast, the average value was 1.2 rug 1fl1 4-i--N/litre, 
because of the relatively high background levels of atmos-
pheric ammonia. The average concentration in wet deposition 
was 2.4 rag N114+-N/litre (Schuurkes, in press). 

Watershed studies from pristine forests (Fisher et al., 
1968), rural wood and pasture lands (Taylor et al., 1971), and 
heavily fertilized crop lands (Schumn & Burwell, 1974) have 
all shown that rainfall nitrogen, including ammonia-nitrogen, 
accounts for a substantial proportion (50 - 1007) of nitrogen 
in surface runoff. 

3 .3.3 

Little information is available for the accurate compar-
ison of point and non-point sources of ammonia for surface 
waters. In one study, Wilkin & Flemal (1980) examined 3 
Illinois river basins to dtermne the relative sources of 
various pollution loadings (by mass balance accounting) and 
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the possible extent of water quality improvement by control-
ling various types of sources. The three river basins, showed 
differences in point sources, patterns of land use (which 
influences non-point sources), and ammonia-nitrogen coricen-
trations. The east DuPage basin (42% industrial and urban) 
contained 4.73 mg N113-N/litre, the upper Sangamon basin (19% 
urban and industrial), 2.51 NH3 -N/litre, and the west DuPage 
basin (2% urban and ndustria1), 0.22 rag NH 3-N/litre. The 
fraction of ammonia-nitrogen load from undefined (non-point) 
sources in the heavily-industrialised east branch DuPage was 
only 0.54 compared with 0.84 in the rural upper Sangamon. The 
authors concluded that much of the pollution loading appeared 
to be related to undefined sources and that further restric-
tions on point-source contributions might not result in 
improved water quality. 

These 	data 	indicate 	that, 	although 	point 	sources 

contribute a large fraction of ammonia loading to surface 
waters, the contribution of undefined non-point sources is 
also significant. 
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4. ENVIRONMENTAL TRANSPORT, DISTRIBUTION, AND TRANSFORMATION 

Ammonia in the environment is a part of the total biotic 
and abiotic nitrogen balance as represented by the nitrogen 
cycle. The processes of the nitrogen cycle consist of nitro-
gen fixation, assimilation, aminonification, nitrification, and 
denitrification. Nitrogen fixation and ammonification are 
microbially-mediated processes that produce ammonium ions from 
nitrogen gas and organic nitrogen. Assimilation is the uptake 
and incorporation of inorganic nitrogen into organic molecules 
by microbes and plants. Nitrification is the microbial oxi-
dation of the ammonium ion to nitrite (No2 - ) and nitrate 
(NO3). Denitrffiction converts nitrate to nitrogen gas 
or nitrous oxide. 

4.1 Uptake and Transformation in Atmosphere 

Ammonia enters the atmosphere as a result of both natural 
and artificial processes on the Earth's surface; there is no 
known photochemical reaction by which ammonia could be pro-
duced in the atmosphere (NRc, 1979). Atmospheric ammonia 
undergoes four main types of reaction, namely aqueous-phase 
reactions, thermal reactions, photochemical reactions, and 
heterogeneous reactions. 

In the aqueous-phase reactions, oxidation of aqueous 
sulfur dioxide in the presence of ammonia results in the 
formation of atmospheric amrnonium sulfate aerosols. This 
process is favoured by high humidity, high ammonia concentra-
tions, and low temperatures (NRC, 1979). 

Thermal reactions involving anhydrous ammonia and sulfur 
dioxide may, via heteromolecular nucleation, also result in 
the formation of ammonjurn sulfate aerosols. Thermal reactions 
of ammonia with ozone result in the formation of ammonium 
nitrate, but the importance of this mechanism in the produc-
tion of atmospheric ammonium nitrate aerosols is not known 
(NRC, 1979). 

Photolytic degradation and reaction with photolytically 
produced hydroxyl radicals ( •oH) in the troposphere are 
major pathways for the removal of atmospheric ammonia. While 
there is limited information on the relative importance of 
these different reactions, it has been suggested that one-half 
of the atmospheric ammonia may be destroyed by the reaction - 
with hydroxyl radicals, with the balance being destroyed by 
reaction with soot particles or by deposition (wet and dry) as 
particulate ammoniurn (NRC, 1979). 

In addition to the formation of ammonium sulfate and 
nitrate, various ammonium surface complexes may be formed by 
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the heterogeneous reaction of atmospheric ammonia with nitric 
oxide-soot surfaces in the atmosphere (NRC, 1979). While 
these heterogeneous reactions are significant in combustion 
reactions, their importance in the atmosphere at much lower 
concentrations of both ammonia and soot particles, is not 
known (NRC, 1979). 

Comparison of the findings of Robinson & Robbins (1971) 
and S6der1und & Svensson (1976) on global nitrogen balances 
for ammonia reveals differences and it is difficult to 
evaluate which is the more accurate. 

4.2 

Most of the ammonia entering the atmosphere will be trans-
ported hack to the earth by both wet and dry deposition. Wet 
deposition includes rainfall, anow, hail, fog, and dew, while 
dry deposition mainly concerns gaseous ammonia. In the 
Netherlands, a comparison has been made between the total 
emission and total deposition of ammonia- and ammonium-
nitrogen. Almost 95% of the emitted ammonia (119 x 10 
tonnes/year) is deposited back on the surface (van Aalst, 
1984). In this way, ammonia contributes 60 - 90% of the 
nitrogen loading of water and soil, with nitrogen oxides 
making up the other part. 

4.2.1 	Wet and dry deposition 

A part of the ammonia in the atmosphere is removed by 
washout and rainout. Amnmonium sulfate aerosols are produced 
by aqueous-phase reactions. Thus, wet deposition of ammonia 
can be estimated by measuring ammonium concentrations in pre-
cipitation. Annual average concentrations in wet deposition 
at locations in 21 European countries vary from 0.12 to 
1.74 mg NH+-NJ1itre (Fuhrer, 1985). In the Netherlands, 
the mean annual concentration for the period 1978-82 was 
2.4 mg N114+-N/litre, corresponding to a wet deposition of 
12.2 kg/ha per year. The wet deposition in Norway ranges from 
1.3 kg/ha per year in the centre of the country to 8.6 kg/ha 
per year in the south (calculated from Overrein et al., 1980). 
In the United Kingdom, it varies between 3.2 and 6.0 kg/ha per 
year (calculated from Warren Spring Laboratory, 1982). 

A comparison has been made of the amounts of dry and wet 
deposition of ammonia and ammonium per area in the Nether-
lands. The data are summarized in Table 6. 

Wet deposition plays only a minor part (1/3) in the total 
deposition of NH3  and NH4+. 	On average, 28.4 kg NH3 + 
NH4+-N is deposited per ha per year. 	However, in rural 



Table 6. Dry and vet deposition of NH3 + NH4 per ha per year 
in the NetherlandsA 

mOI/ha per year 	kg/ha per year 

dry deposition 	1150 	16.2 

wet deposition 	790 	12.2 

Total 	 1940 	28.4 

Frost; Van Aalst (1984). 

areas with dense livestock farming, values may reach up to 
50 - 100 kg per year. 

4.2.2 	Contribution to acid rain 

Although ammonia is a base and thus increases the p11 of 
rain water, it contributes to the acidifying action of 
deposition. In particular, the conversion of anmionium to 
nitrate appears to be important in the acidification of soil 
and water in carbonate-poor environments (Roelofs, in press; 
Schuurkes in press). This potentially acidifying action has 
been implicated in the acid rain problem in the Netherlands. 
On average, NH3 contributeg about 32% of the total depo-
sition of potentially acidifying substances (Table 7). 

Table 7. Average deposition of acid and acidifying substances 
(acid eq.,Iha per year) in the Netherlandd 

802 	N0 	NH 3  

Total deposicion 	2750 	1310 	1940 
(46%) 	(22%) 	(321) 

! 	Frost: The Netherlands Ministry of HOu;ing, Physical Planning, 

and Envirorinent (1984). 

4.3 Transformation in Surface Water 

Nitrificatton is important in preventing the persistence 
or accumulation of high ammonia levels in waters receiving 
sewage effluent or runoff. The overall reaction is: 

N114+ + 202 ---- 2H4  + NO3 - + 020 
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It occurs in two steps 	involving primarily two bacterial 
genera, and forming nitrile as an intermediate. 

NH4+ 	Ntrosomonas 	NO2 

NO2 	Nitrobacter 	NO3 

The process depends on many factors, including the amount of 
dissolved oxygen, temperature, pH, the microbial population, 
and the nitrogen forms present. Nitrification is an oxygen-
consuming process, requiring 2 moles of 02 per mole of 
NH4+ consumed and yielding hydrogen ion (NRC, 1979). Nitri 
fication may thus lead to a depletion of dissolved oxygen and 
acidification, which may, in turn, inhibit microbiological 
nitrification (Knowles et al., 1965; Schuorkes et al., 1985). 

Anthonisen et al. (1976) reported that, at high levels of 
total ammonia and a high pH, the resulting concentrations of 
free ammonia were toxic to both nitrifying forms, but espec-
ially to nitrobacters, occasionally leading to the accumu-
lation of nitrite. Other authors (Kholdebarin & Oertli, 1977) 
have reported that high pH alone, in the absence of ammonia, 
can inhibit nitrite oxidation. At high nitrite levels, form-
ation of free nitrous acid caused inhibition of nitrosomonad 
bacteria, resulting in the persistence of both ammonia and 
nitrite. However, inhibitory conditions and persistence of 
reduced forms are usually transient (Anthonisen et 51., 1976), 
and reports of high nitrite levels are rare (Ecological 
Analysts, Inc., 1981). 

Other mechanisms also act to remove ammonia from natural 
waters. Ammonia is assimilated by aquatic algae and macro-
phytes for use as a nitrogen source. Ammonia in water may be 
transferred to sediments by adsorption on particulates, or to 
the atmosphere by volatilization at the air-water interface. 
Both processes have been described as having measurable 
effects on ammonia levels in water; however, the relative 
significance of each will vary according to specific environ-
mental conditions (API, 1981). 

4.4 Uptake and Transformation in Soils 

Ammonia levels in soils are a function of the balance 
between natural and man-made activities. As a result of 
aerobic degradation processes, ammonia is the first inorganic 
nitrogenous compound to be released from organic matter 
together with amines, which are rapidly converted to ammonia 
(Powers et al., 1977). Other important sources of ammonia in 
soil are fertilizers (primarily anhydrous ammonia, ammonium 
nitrate, and urea, which is rapidly converted to ammonia), wet 
and dry deposition, and animal wastes. 
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The ammonium cation is relatively immobile in soils, 
because it is adsorbed on the negatively charged clay colloids 
present in all soils (Wallingford, 1977). Ammonia may be lost 
from soils by volatilization, especially after the application 
of ammonia fertilizers (Walsh, 1977), sewage, or manures, and 
by uptake of ammonium ions into root systems. However, the 
most likely fate of ammoniuls ions in soils is conversion to 
nitrate by nitrification. Nitrate is, in turn, lost from 
soils by: leaching, which occurs readily, since it is repulsed 
by the clay particles; denitritication, which occurs rapidly 
within a few days or weeks in warm, moist soils; and by uptake 
by the plant root system. 
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5. ENVIRONMENTAL LEVELS AND HUMAN EXPOSURE 

- 	 5.1 Environmental Levels 

5.1.1 	Atmospheric levels 

Ammonia is present in the atmosphere in very low 000cerI 

tratlons, which vary with underlying land use. in most situ-
ations, urban atmospheres contain more than non-urban, but 
certain rural areas, for example, those characterized by 
intensive animal husbandry or use of organic manure, have 
atmospheric ammonia levels that exceed urban values. Atmos-
pheric ammonia levels also show a seasonal variation, the 
highest levels being attained during the winter and the lowest 
during the summer months. In urban areas, the ammonia levels 
may increase substantially during pollution episodes. However, 
they do not show any circadian patterns. 

Urban and non-urban atmospheric levels of ammonia at some 
locations around the world are shown in Tables 8 and 9. It 
can be seen that ammonia levels of 4 - 5 pg/rn 3  and 
20 pg/rn 3  are typical of non-urban and urban sites, 
respectively. Levels of particulate NH4+ ions in the 
atmosphere above the main oceans (Atlantic, Pacific, Indian, 
and Antartic) have been studied; in the southern hemisphere, 
remote from terrestrial sources, the NH4+ concentrations 
were found to be between 10 and 115 ng/m 3 . The authors 
concluded that the oceans are a source of ammonia for the 
atmosphere (Servant & Delaporte, 1983). 

Atmospheric levels of particulate ammonium at some non-
urban and urban locations around the world are shown in Table 
10. It can be seen that concentrations of 1 pg/rn 3  and 4 - 
5 pg/rn 3  are typical for non-urban and urban sites, 
respectively. 

5.1.2 	Levels in water 

The concentration of ammonia in surface waters varies 
regionally and seasonally. Wolaver (1972) studied US 
ceoiogical Survey data for total ammonia and reported average 
concentrations of < 0.18 mg/litre in most surface waters, 
and around 0.5 mg/litre in waters near large metropolitan 
areas. Analysis of data from the Water Quality Control 
Information (STORET) System for the years 1972-77 (US EPA, 
1979a) showed that, although total ammonia-nitrogen concen-
trations in surface waters in the USA tended to be slightly 
lower during summer months than during winter months, the 
percentage of areas in which non-ionized ammonia concentra-
tions occasionally exceeded 0.02 mg/litre increased from 111% 
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Table S. Urban and industrial atsiospheric levels of ammonia 
in a few global locations 

Location 	 Year 	Concentration 	 Reference 
(pg/ms) 

Germany, Federal Republic of 

Fraokfurt-aui-Main 	pre-1963 	$ - 20 	 Georgii (1963) 

Italy 

Cagliari 	 - 	37 - 280 	 Spinazzola et al. 
(highest conc. 	(1966) 
in the vicinity 
of port) 

Japan 

Tokyo - up to 210 (down- TMRI (1971) 
Wind from two najor 
pharmaceutics I 
plants) 

Tokyo 1969 4.8 - 25.8 Okita & KaCasori 
(1971) 

Tsurnga up to 6.8 FEPCC (1972) 

Netherlands 

Bilthovon 1983 5 Van AsieL 	(1954) 

Delft 1979-81 4.4 Van Aslst 	(1954) 

USA 

Seattle 	Washington 1975 0.8 	- 	77.0 Farber & Rossino 
(1975) 

St. 	Louis, 	Missouri 1972-73 up 	to 	17.5 Breeding at s. 	(1976) 

Five urban sites - 3 - 	60 1-lidy 	(1974) 
in California (average 	20.0) 

China-Corona area 1975 up to 315 Pitta 	S GrOsj.an 
California (vicinity of (1976) 

dairy 	farms) 

USSR 

Environment of 1957 190 Baifutdinov 	(1966) 
netallurgical plant 

Wstl1er1in - up to 97 IImmntZSCh 	S Laiiaann 
(average 	17.6) (1970) 

- 	Adapted 	from; 	NBC 	(1979. Industrial 	ictivities 	include 	mntenslvC 
farming activities. 
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Table 9. Non-urban atimospheric levels of anmonia in a 
few global locations. 

Location 	 Year 	Concentration 	 Reference 
(Jm') 

liarwell, England 	1969 	up to 5.1 	1-lealy et ml. (1970) 
(typical level 
0.85 - 1.7) 

Maritime stations 	pre-1963 	2 - 5 	Georgili (1963) 
(North Sea, Italian 
coast, and Hawaii) 

Rural and Tnountaitt 	pre-1963 	5 - 8 	Georgii (1963) 
locations in Switzer- 
land and the Federal 
Rpublic of Germany 

Non-urban locations 	- 	 4 - 5 	Robinson S Bobbins 
(1968); McKay (1969) 

Rural sites in USA 	1971 	1.4 - 4.2 	Breeding et al. (1973) 

Boulder, Colorado, 	1975 	2.0 - 3.1 	Axelred & Greenberg 
USA 	 (1976) 

American tropic 	1967-68 	3.5 - 21.7 	Ledge et al. (1974) 
(average 10.5) 

Non-urban sites in 	1972 	4.6 - 9.7 	1-lidy (1974) 
California, USA 

Adapted froun NRC (1979). 

during winter to 23% during summer these percentages were 
higher when waters had elevated pH values. 

In the Netherlands, enhanced amisonium levels are also 
present in waters that are not influenced by surface run-off. 
In particular, in hydrologically isolated acidified small 
lakes, concentrations may reach up to 3 mg NH4+-Nllitre. In 
rural areas with high atmospheric ammonia levels, the loading 
of these small lakes with airborne ammonia substances appears 
to be responsible. The highest measured value near intensive 
pig and poultry farms was 12 ing NH4+-Nllitre (Leuven & 
SchuurkeS, 1984). 

There are few data on the concentrations of ammonia in 
drinking-water. This is possibly because of the conversion of 
most of the available ammonia to N-chloramines (mono-, di-, 
and tri-chloramines) during the chlorination of drinking-water 
(Morris, 1978), which reduces ammonia concentrations to levels 
below analytical detectability. The presence of these 
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Table 10. Urban and non-urban atmoapheric levels of particulate 
ammonium in some global locations! 

Location 	 Year 	Concentration 	 Reference 
(/m) 

Non-urban: 

England 
Harwell 	 - 3 - 4 Healy 	(19741 
(troposphere) 	1971-73 1.3 Reitar at al. 	(1976) 

Germany, Federal 
Republic of 
Bavaria 	 - 1.0 Georgii 6 huller 
(loier troposphere) (1974) 

USA 
28 non-urban sites 	1968 0 - 1.2 US EPA (197:) 
Point Arguello, 	- 0.36 Hidy 	(1974) 
California 
Caldatone, 	 - 0.76 Hidy (1974) 
California 

Urban: 

Belgium 
Uherit 1972 1.3 - 	33.0 flemuyuck 	at 	al. 	(1976) 

(severe pollu- 
tion episode) 

Japan 
Nagoya 1973-74 2.7 	- 4.2 Kadovaki (1976) 

No thor 1 and a 
Delft 1979-81 4.6 Van Aalt 	(1984) 
Tersohelling 1982 2.7 Van talst 	(1984 
Houtakker 1983 19 Van Aalst 	(1984) 

Swed en 
Rao - 2.2 	- 	7.2 	(aSro- Brosset 	at 	al. 	(1975) 

aol originating 
from England) 

United )(j3gdom 
Tees River Valley 1967 up to 33.0 Eggelton 	(199) 

(severe pollu- 
tion episode) 

USA 
Urban areas 1968 0 - 	15.1 US EPA (1972 
Five cities 1970-72 0 - 	21 Lee & Goransori 	(1976) 
Tuscon, 	Arizona 1973-74 0 - 	6.5 Keesee 	at 	al. 	(1975) 
Los Angeles, 1969-70 2.8 	- 	3.4 Gordon & Bryan (1973) 
California 
15 urban sites in - average 5.3 Hidy 	(1974) 
California 
Riverside, 1975 up to 30.1 Crosjean et 	al. 	(1976) 
California (average 	7.6) 

2. Adapted from: NRC (1979). 
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N-chloraraines may contribute to the taste, odour, and also the 
potential health problems of drinking-water. 

Ground water is frequently used as drinking-water, without 
prior chlorination. Ammonia levels in ground water are 
usually low because the adsorption of the ammonium ion on clay 
minerals, or its bacterial oxidation to nitrate, limit its 
mobility in soil (Feth, 1966; Liebhardt et al., 1979). How-
ever, nitrogen fertilizers, livestock wastes, or septic tanks 
may contribute significant amounts of ammonia to shallow 
ground waters, especially those underlying poorly-drained 
soils (Gilliam et al., 1974; Rajagopal, 1978). In domestic 
tap water from Michigan wells averaging 20 m in depth, mean 
levels of ammonia-nitrogen were between 0.04 and 0.18 
mg/litre; the highest reported single value was 0.57 mg/litre 
from a well 12.5 in in depth (l?.ajagopal, 1978). 

In wells drilled for research purposes and not supplying 
drinking-water, levels of ammonia-nitrogen in shallow 0 m) 
wells beneath wood and crop land usually averaged less than 
2 rug/litre (Gilliarn et al., 1974). Levels in shallow (3 - 
6 m) ground water beneath plots spread with poultry manure 
varied typically between 1 and 15 mg NH3-N/litre (Liebhardt 
et al., 1979); those in ground water beneath 29 feedlot 
averaged 4.5 mg NH3-N/litre and ranged up to 38 mg/litre 
(Stewart et al., 1967). Levels in hot springs and other 
ground waters have been reported to reach > 1000 mg 

* 	N113-N/litre (Feth, 1966). 
The ammonia levels present in the runoff of receiving 

surface waters have been measured in various studje. Kluesner 
& Lee (1974) found that levels ranged from approximately 0.23 
mg ammonia/litre in the autumn to 1.8 mg ammonia/litre in the 
early spring in the urban runoff of Madison, Wisconsin. 
Struzewski (1971) reported that ammonia levels in urban storm 
water ranged from 0.1 to 3.2 mg/litre. 

Only limited data are available on nitrogen pools in the 
ocean. Sderlund & Svensson (1976) used values of 5 pg 
NH3-N/litre for deep areas and 50 Pg  NH3 -Nllitre for 
near-shore areas and estimated an ammonia inventory of approx-
imately 9 x 10 i.g/litre in coastal upwelling systems. 

Interstitial water in sediments rich in organic matter 
contain higher concentrations of ammonia. Sholkovitz (1973) 
reported values of 1.4 - 23.8 pg ammonia/litre in the inter-
stitial waters of the Santa Barbara Basin. The interstitial 
water of the Long Island Sound, 2 km off shore, contained con-
centrations ranging from 11.2 to 42 pg  ammonia/litre (Gold -
haber & Kaplan, 1974). 
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5.1.3 	Levels in soil 

The quantity of ammonia bound to clay in soil has not been 
estimated. The ammonia present in soil is in dynamic equili-
brium with nitrate and other substrates of the nitrogen cycle 
and is difficult to measure as its concentratfon is in con-
stant flux (NRC, 1979). 

	

5.1.4 	Food 

There is very little ammonia in unprocessed food and in 
drinking-water derived from deep ground-water or chlorinated 
sources. Various salts of ammonia are added to foods (Annex 
I). 

	

5.1.5 	Other products 

Ammonium chloride is a common ingredient in expectorant 
cough mixtures and is a component of tobacco smoke (about 40 
hg/cigarette) (Sloan & Merle, 1974). 

5.2 General Population Exposure 

Exposure via inhalation and ingestion must be compared to 
the endogenous production of ammonia in the intestinal tract, 
which is of the order of several grams per day (section 
7.1.2). The relative importance of the different sources is 
indicated in Table 11. 

	

5.2.1 	Inhalation 

Assuming ammonia and ammonium concentrations in non -urban 
and urban air are 2 and 6 tg/m 3  and 24 and 25 pg/m i , 
respectively, and that the amount of air breathed per day by 
an individual is 20 m 3 , the intake of total ammonia through 
inhalation can be calculated to be 0.1 - 0.5 mg/day; the 
amounts exhaled are considerably higher. 

The average amount of ammonia inhaled from the smoking of 
one cigarette is approximately 42 g  (Sloan & Hone, 1974), 
Assuming an individual smokes 20 cigarettes per day, the 
inhalation of ammonia through cigarette smoking would be 0.8 
mg/day. 

	

5.2.2 	Ingestion from water and food 

Most drinking-water in the USA is chlorinated, which 
effectively eliminates ammonia. However, assuming the direct 
consumption of 2 litres per day of untreated surface water, at 
an average total ammonia concentration of 0.18 mg/litre 
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Table U. Intake of ammonia from different sources 

Source 	 mg/day 

Endogenous 	 4000 

Exogenous 

Ingestion (food and drink) 	 --18 

Inhalation 	 C 1- 

Cigarette saoing (23/day) 	 C I 

(Wolaver, 1972), the average bursar' uptake from this source 

would be 0.36 mg per day. 
Although ammonia is a negligible natural constitutent of 

food, it is formed in the intestine by deamination of the 
amino groups of food proteins. In addition, ammonium com-
pounds are added in small amounts (<0.01 - 20 g/kg) to 
various foods as stabilizers, leavening agents, fLavourings, 
and for other purposes (FASEB, 1974). Information concerning 
the usual concentrations of ammonium salt additives in foods 
and the estimated total quantities of these compounds ngd for 
this purpose in the USA in 1970 has been used to estimate the 
average daily intake of 6 ammonium salt additives (FASEB, 
1974). The estimates for ammonium bicarbonate, carbonate, 
hydroxide, monobasic phosphate, dibsic phosphate, and sulfate 
were 42, 0.3, 7, < 0.1, 6, and 20 mg, respectively. No 
estimate was available for airmioniurn chloride. On this basis, 
the average daily ammonia intake from these compounds has been 
calculated to he 18 mg. 

5.2.3 	Dermal exoosure 

Very few data are svailabla concerning levels of dernial 

exposure to ammonia or ammoniusi compounds. Dermal exposure of 
human beings mainly occurs through the use of household clean-
ing products, accidental spillage, or under occupational 
conditions. 

.3 Occupational Exposure 

Exposure to ammonia or ammonium compounds can occur in 
certain occupations involving their production, transporta-
tion, and use in agricultural and farm settings, during fert-
ilizer application, or as a result of animal waste decompo-
sit ion. 

4 

4 
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It is estimated that about half a mIllion workers in the 
USA, in a wide variety of occupations, have potential exposure 
to ammonia (NIOSH, 1974). 

Ammonia is generated as a by-product in a wide variety of 
industrial activities, and work-place atmospheric concentra-
tions are given in Table 12. Municipal waste incineration and 
gas-fired industrial Incinerators generate concentrations of 
20 and 0.4 mg/rn 3 , respectively (NRC, 1979) and shipboard and 
quayside levels for natural gas tankers may be about 30 
mg/rn 3  (Avot et al., 1977). levels in intensive Livestock-
rearing buildings are frequently reported to be up to 30 
mg/rn 3  (Poliak, 1981) or more (Anderson et al., 1964h; 
Taiganides 8 White, 1969; Marschang & Petre, 1971). Ammonia 
levels in dairy farms and cattle-fattening facilities in 
Romania have been reported to range from 0.7 mg/rn 3  to 
140 mg/rn 3  (Marchang & Cralniceanu, 1971; Marschang & Petre, 
1971). 

Maximum daily intake from work-place concentrations such 
as these would normally be less than 300 mg/day and this may 
be compared with endogenous production (Table 11). 

Occupational exposure limits for some countries in the 
world are shown in Table 13. 

5.4 Exposure of Farm Animals 

Farm animals are exposed to ammonia through feed contain-
ing urea or various ammonium salts and to atmospheric ammonia 
due to bacterial decomposition and volatilization of ammonia 
from animal wastes. 

5.4.1 	Oral exposure 

Non-protein nitrogen additives 

Urea and various ammoniurn salts have been used for several 
years as oon-protein nl.trogeo sources in ruminant nutrition. 
it is used much more widely for this purpose than the amaionium 
compounds. Urea is hydrolysed to ammonia and carbon dioxide 
by the ruminal bacteria and, therefore, represents a source of 
ammonia exposure. The ammonia released is used by the ruminal 
microorganisms to synthesize microbial protein, which is then 
digested in the small intestine of the ruminant and used as a 
source of dietary amino acids. 

Refeeding of livestock wastes 

Results of studies on the refeeding of livestock wastes 
(Bhattacharya & Taylor, 1975; Arndt at al., 1979; Smith & 
Wheeler, 1979) have indicated that manure could be of 
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Table 12. Ammonia levels in soste industrial processes.f 

Operation 	 Level 
— 	 (mg/rn 3 ) 

Machinery manufacturing 10.5 

(cleaning) 

Diaro-reproducing machine 5.6 

Mildev-proofing 87.5 

Electroplating 38.5 

Galvaniziog 	ammonium chloride 7 - 55.6 
flux 

Blueprint machine 7 - 31.5 

Printing machine 0.7 	- 31.5 

Etching 25.2 

Refrigeration equipment 6.3 - 25.9 

Cementing insoles 5.6 - 19.8 

Chemical mixing 42 305 

Fabric impregnating ND 

t From: NIO5H (1914). 

ND 	Not detectable. 

nutritive value, salvaging some nutrients ordinarily lost 
(Yeck et al., 1975). The non-protein nitrogen (e.g., urea, 
uric acid) present in livestock wastes is available to 
ruminants buse of microbial conversion in the rumen. 
Wastes are of limited value for monogastrics such as swine. 

5.4.2 	inhalation exposure 

(a) Ruminants 

Marschang & Crainiceanu (1971) measured the ammonia 

concentrations in air (sampled at nose level of animals) in 
calf stables at 4 dairy farms in Roniania. The ammonia levels 
ranged from 0.7 to 140 mg/m i  (1 - 200 ppm). Most of the 
observed values greatly exceeded the permissible upper limit 
of 18.2 mg/mi (26 ppm). In a second study, Marschang & 
Petre (1971) measured the ammonia concentrations in the air of 
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Table 13. Occupational exposure limits (ng/m 5 ). 

Country 	Ammonia 	Ammonia chloride 	knmoojum_solfarcate 

	

A 	3 	A 	B 	A 	B 

Australia 	18 	10 	10 

Belgium 	18 	10 	10 

Czechoslovakia 	40 	80 

Finland 	18 

German DemOcratic 	20 	10 
Repubi it 

Germany, Federal 	35 	10 	15 
Republic of 

Hungary 	20 

Italy 	20 	 10 

Japan 	18 

Netherlands 	18 	10 	10 

Poland 	20 

Rumania 	20 	30 	5 	10 	10 	15 

Sweden 	18 	36 

Switzt1and 	18 	6 	10 

USA (NIOSII/OSHA) 	35 	 15 
(ACGIH) 	18 	27 	10 	20 	10 	20 

USSR 	20 	 10 

Yugoslavia 	35 	 15 

	

Council of Europe 18 	 15 

From 1L0 (1970). 
Column A represents average values. 
Column B is higher quoted limits, which may variCusl.y be ce1liel 
values, short—term exposure limits, etc. 

Note: 	Occupational exposure levels and limits are derived in different 
ways, possibly using different data, and expressed and applied in 
accordance with national practices. These aspects should be 
taken into account when making comparisons. 
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3 cattle-fattening facilities in Romania in which the animals 
were being fed in total confinement; the capacities of the 3 
operations were 3000, 3000, and 4900 animals. The ammonia 
concentration ranged from 2 to 1400 mg/n' (3 to 200 ppm). 
In general, the ammonia content was below the admissible upper 
limit during the summer months but exceeded it during the 
winter months, when extremely high concentrations were 
observed. These high concentrations were primarily due to the 
blocking of the ventilation system, in order to maintain 
necessary stall temperatures. The highest value (1400 
mg/n') was measured when the cleaning mechanism of the 
manure canals malfunctioned. 

Swine 

The increased use of confined housing for swine has caused 
concern about the purity of the air within the buildings and 
its effects on swine growth. Bacterial decomposition of 
excreta collected and stored beneath slotted floors in 
enclosed buildings produces a number of gases, including 
ammonia, carbon dioxide, hydrogen sulfide, and methane 
(Curtis, 1972). Miner & 1-lazen (1969) reported a range of 
ammonia concentrations of 4.2 - 24.5 mg/rn' (6 - 35 ppm) 
datermined 30 cm above the floor level in a swine-rearing 
facility. Levels in solid-floor confinement units were 
normally found to he < 35 mg/rn 3  (< 50 ppm), but they 
could be higher during cold months, when ventilation was at a 
minimum, particularly when the floor was heated (Taiganides & 
White, 1969). 	The norms] ammonia concentration in the air 
above slotted floors was reported to be 	7 mg/rn' (lo 
ppm), but this was increased by a factor of 5 - 10 by stirring 
the stored manure, 

Poultry 

Poultry are usually exposed to ammonia, together with 
hydrogen sulfide, carbon dioxide, and methane, in the air of 
poultry houses. These compounds result from bacterial action 
on poultry wastes (Ringer, 1971). Tn cold climates, proper 
ventilation rates cannot be maintained in many poultry houses, 
and gas production in the manure may build up to toxic levels. 
Ammonia has been found at concentrations exceeding 35 mg/n' 
(50 ppm) in modern poultry houses, and at up to 140 mg/n' 
(200 ppm) in poorly-ventilated poultry houses (Anderson et 
al., 1964b; Valentine, 1964). The toxic effects in pou]try 
can be prevented through proper management practices (Lillie, 
1970). 



6. EFFECTS ON ORGANISMS IN THE ENVIRONMENT 

6.1 Microorganisms 

Many microorganisms are able to use ammonia as a nitrogen 
source for cellular nutrition. Nitrifying organisms derive 
energy from the oxidation of ammonia to nitrate. High levels 
of ammonia and high pH, which may occur, for example, in waste 
waters or fertilized fields, may inhibit nitrification and 
cause persistance or accumulation of ammonia and/or nitrite. 
Improper maintenance of conditions in waste treatment 
processes may result in ammonia overloading and inhibition of 
the nitrification process, with consequent ammonia and/or 
nitrite pollution of receiving surface waters. Other soil 
microorganisms may also be inhibited; fungi reportedly are 
more sensitive than bacteria. However, these inhibitory 
effects are temporary. Aqueous and gaseous ammonia have been 
used to control microbial growth in stored fruits, hay, and 
grains. Ammonia treatment has proved more effective against 
fungal than against bacterial spoilage of fond. 

The bacterial species Escherichia coli and Bacillus 
gubtjljs were found to be sensitive to ammonitim chloride 

i5(Deal et al. 1975); exposure to 1100 mg NB3/litre 
killed 90% of an E. coli population in 78 mm. B. subtilis, 
an aerobic, spore-forming bacterium, was destroyed in less 
than 2 h in a solution of 620 mg NH3/litre. Anthonisen et 
al, (1976) and Neufeld at al. (1980) studied NH 3  inhibition 
of the bacterium Nitrosomonas (which converts amrnonium to 
nitrite) and the bacterium Nitrobacter (which converts nitrite 
to nitrate). The nitrificaT,n process was inhibited by NH3 
at a concentration of 10 mg/litre (Neufeld et al., 1980). 
Concentrations that inhibited Nitrosomonas (10 - 150 mg/litre) 
were greater than those that inhibited Nitrobacter (0.1 - 
1.0 mg/litre), and NH3, not NH4+, was reported to be the 
inhibiting chemical species (Anthonisen et al. 1976). 
Acclimatization of the nitrifying bacteria to NH3, temper-
ature, and the number of active nitrifying organisms are 
factors that may affect the inhibitory concentrations of NH3 
in a nitrification system. 

Langowska & Moskal (1974) investigated the inhibitory 
effects of NH3  on bacteria during 24-h exposure periods. 
Ainmonifying and denitrifying bacteria were most resistant to 
NH3; proteolytic and nitrifying bacteria were the most sen- 
sitive. 	Concentrations of up to 170 mg NH3/litre did not 
adversely affect denitrifying and arrnnonifying bacteria; a con-
centration of 220 mg/litre caused a reduction in metabolic 
processes. Proteolytic bacteria were unaffected at concentra-
tions of 0.8 mg NH3/litre, but were affected at 13 - 25 
mg/litre. 
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Jones & Hood (1980) cooducted studies on 2 species of 
Nitrosomonas isolated from 2 wetland environments, one estu-
anne and the other fresh water. At 30 o r and pH 8.0, the 
estuanine isolate showed peak ammonium oxidation activity at 
18 ing NH3/litre; activity gradually declined to 30% of rho 
peak at 80 ing NH 3 /litre. However, the fresh-water isolate 
was not inhibited by ammonia concentrations of up to 80 mg 
N113/litre. 

Application of anhydrous ammonia to soil may strongly 
affect soil microorganisms; however, the effect has been 
attributed more to alterations in pH than to ammonia toxicity 
per Se. Henis & Chet (1967) found that ammonia reduced eden-
otial germinability of the fungus Sclerotium rolfsii only when 
the soil p14 rose to 9.8 or higher. Acco;'dfn_g-to MUller & Cruhn 
(1969), fungi were more sensitive than bacteria to ammonia ap-
plication, the fungi disappearing at pH values above 8. At pIT 
8.38, bacterial numbers initially decreased but then increased 
above control levels, 7 days after application, with an 
increased number of protein-decomposing and nitrifying forms. 

Ammonia has been used to control microbial growth in food 
and cattle feed. The growth of mould (Penicilliuni digitatum) 
or fresh fruit was inhibited by 70 - 300 nig ammonia/Tn 
the air, either applied directly or in the form of ammonia-
releasing compounds (Eckert et al., 1963; Eckert, 1967). 
Anhydrous ammonia has also been used to prevent spoilage in 
high-moisture hay (Lechtenherg et al., 1977; Wilkinson at al., 
1978; Butterworth, 1979) and cattle feed derived from corn 
leaves and stalks (Johanning at al., 1978). Ammonium 
hydroxide and amnioniuni isobutyrate were shown to control the 
growth of mould in stored corn (Tlothast et al., 1973, 1975a,b; 
Rempel, 1975; Pep1inki at al., 1978). Periodic addition of 
ammonia to stored corn, to a total of 30.4 g/kg, prevented the 
growth of mould, but was not fully effective as a bactericide 
(Peplinski et al., 1978). 

6.2. Plants 

Ammonia may affect vegetation directly by acting on plant 
structure and function, and, indirectly, via its influence on 
soil condition after being deposited. The effects of NT-13 
are shown in Fig. 1, 

6.2.1 

It is well recognised that nitrogen plays an important 
role in both plant metabolism and growth. The principal 
nitrogen sources are ammonium and nitrate ions. Ammonia is 
used primarily by the root system, but uptake of non-ionized 
ammonia or ammoniun salts by the leaves also occurs. Ammonia 
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is a nitrogen source for the synthesis of proteins. This use 
of ammonia in the synthesis of organic molecules can he 
regarded as a process for storing a valuable nutrient, but is 
also an important detoxifying mechanism. As ammonia is toxic n  
its uptake in large quantities can place a severe strain on 
the carbohydrate metabolism. Since carbohydrates are used in 
the synthesis of amino acids and amides, carbohydrate avail-
ability is an important factor in ammonia metabolism. 

Manifestations of ammonia toxicity can be traced to 
several metabolic disturbances. Roth photosynthetic and 
respiratory pathways are affected adversely by ammonia. There 
is a direct relationship httwn ammonia concentration and 
respiratory metabolism, including oxygen uptake, glycolvsis, 
and the tricarhoxylic ar-id cycle (Matsomoto et ml., 1976). 
Aisimonium ions may restrict photosynthesis through the 
uncoupling of rioncyclic photnphosphorylation in isolated 
chioroplasts (Gibes & Cab, 1959; Losada & Arnon, 1963), 
though the mechanism of action is not known (Losada et al., 
1973). It is well documented that uncoupling leads to an 
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increase in reducing power in the cell. There is evidence 
that I - 3 mmol aminonium inhibits respiration in plants 
(Wedding & Vines, 1959; VineS & Wedding. 1960). It is 
suspected that similar or identical inhibition occurs in 
ammoniura toxicity in animals. The site of toxicity is thought 
to be in the electron-transport system; specifically, at the 
oxidation of 8ADH to NAD. This may have a mechanism similar 
to the interference by ammonium ion with electron transfer in 
the photosynthetic reaction. 

High atmospheric levels may have direct toxic effects. 
Plant growth is inhibited by a decrease in the carbohydrate 
production as a consequence of inhibition of photosynthesis 
(hosada & Amen, 1963). Ammonium increasee the permeability 
of the cell membrane causing plasmolysis and necrosis. 
Furthermore, the flexibility of cells may be decreased, which 
results in an increased sensitivity to frost. Hxcess ammonia 
can be detoxified as long as amino acids are converted in the 
presence of carbohydrates (Fig. 1) (Van der Eerden, 1982). 

Most data on the Loxc exposure of plants to ammonia have 
been derived from controlled fumigation studies. Such experi-
ments have provided the following relative susceptibilities to 
ammonia: leaves > stems, fungi, and bacteria C seeds, 
sclerotia, and animals (McCallan & Setterstrom, 1940). 

An exposure of 175 mg/m i  (250 ppm) for 4 min produced 
50% foliar necrosis in tomatoes, whereas the same foliar 
injury was only produced in buckwheat and tobacco with expo-
sure to 700 mg/mr  (1000 ppm) for 5 and 8 rain, respectively 
(Thornton & Setterstrotn, 1940). Zimmerman (1949) reported 
that tumigation with ammonia at 28 mg/rn 3  (40 ppm) for 60 rain 
njured tomato, sunflower, and coleus completely, and a con-

centration of 2,1 mg/m 3  (3 ppm) severely injured mustard 
(Benedict & green, 1955). Other plant parts are more resis-
tant to ammonia injury than the foliage. Thornton & Setter-
strom (1940) found 50% injury in tomato stems after exposure 
to 700 mg/rn 3  (1000 ppm) for 60 rain. Barton (1940) observed 
that moist spring rye seeds were killed in a 4-h exposure to 
700 mg ammonia/rn 3  (100 ppm), whereas moist radish seeds were 
still viable after 16 h. Exposure to a concentration of 175 
mg / m r (250 ppm) for 16 h reduced germination of rye seeds by 
half, but had no effect on radish seeds. 

Foliar injury is the most common toxic effect of anhydrous 
ammonia on vegetation (Linzon, 1971). In broad-leaved woody 
plants exposed to high concentrations of ammonia, the injury 
begins as large, dark green water-soaked areas 00 leaves, 
which darken into black or brownish-gray bifacial necrotic 
lesions, widely distributed over the leaf surface. In lightly 
injured leaves, these symptoms occur mainly on the upper 
surface. Conifer foliage injured by ammonia exposure darkens 
to shades of gray-brown, purple, or black. The entire 
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needle is usually affected. 	Abscission of severely damaged 
leaves is often seen in broad-leaved and conifer species. On 
trees or shrubs with crowded leaves, injury may be confined to 
particular sections of the leaf. Occasionally, the foliage of 
woody species turns a variety of colours, mimicking autumn 
colours. Symptoms of injury in herbaceous plants are more 
variable, ranging from irregular, bleached, bifacial, necrotic 
lesions to dark upper-surface discolouration (Treshow, 1970). 
Grasses and cereal grains develop tan to reddish-brown 
marginal or interveinal necrosis, and broad-leaved weeds show 
red-brown to dark-brown upper surface discolouration on 
terminal or marginal portions of the leaf (Benedict & BreOn, 
1955). Coleus leaves lose their brilliant colour after expo-
sure to ammonia and appear green (Zimmerman, 1949). Injury to 
flowers by ammonia is rarely seen in the field, but the devel-
opment of small necrotic spots on azalea flowers has been 
reported following ammonia exposure (Treshow, 1970). 

Although parts of plants, other than the foliage, are less 
susceptible to the injurious effects of ammonia (McCallan & 
Setterstrom, 1940), injury to apples, peaches, and other 
fruits and vegetables, accidentally exposed during cold 
storage, has been reported (Ramsey, 1953). Apparently, 
ammonia entered the fruit and turned red-pigmented tissues 
black, or brown, and yellow tissues, dark-brown. Immediately 
on exposure to ammonia, the outer skins of red onions became 
greenish-black, and the skin of yellow and brown onions became 
dark brown. These colour changes were usually permanent. 
Fumigation of fruit with ammonia also caused overall darkening 
of the skin. Peaches and apples showed such symptoms at 140 
aig/m 3  (200 ppm) and 210 mg/rn 3  (300 ppm), respectively 
(Brennan et al., 1962). These symptoms of injury were similar 
to those seen on fruits injured by the accidental release of 
ammonia. 

In studies in the Netherlands, several vegetables and 
trees showed leaf damage by necrosis, growth reduction, and 
increased frost senstivity at concentrations of 75 pg/rn 3  
(annual average), 600 pg/rn 3  (during 24 h), and 10 000 
j/m 3  (during 1 h) (Van der Eerden, 1982). The sensi-
tivity of pine trees to exposure to ammonia differed between 
species (den Boer & Bastiaens, 1984). A survey is given in 
Table 14. 	Airborne ammonium sulfate deposits damaged the 
needles of pine trees. 	Owing to the enhanced uptake of 
ammonium, the excretion of potassium, magnesium, and calcium 
increases, often resulting in potassium and/or magnesium 
deficiency, which may lead to premature shedding of needles 
(Roelofs et al., 1985). 

Effects of ammonia on the root system have generally been 
studied by exposing the roots to different aqueous ammonium 
solutions. 
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Table 14. Relative sensitivity of some pine trees to NH3 

- 	High sensitivity 	Moderate sensitivity 	Low sensitivity 

Picee abies 	PitSa omarika 	Pinus g(yestri-s 
Picea sitchensis 	Pinus nigra var. 	Pious nigra nigra 
Taxus 	claritimS 	Tsuga cnadenis 
pressus leylandii 	Taxue baccata 	Taus media 

Pseutsuga nencissi 	I_Euo var. maghus 

Frau: den Boer & Bastiaeos (1984). 

Exposure of tomato seedlings to ammonium solutions as the 
sole nitrogen source showed reduced growth. The root system 
was sparsely branched and discoloured and the stem was easily 
bruised. 	There was considerable wilting of leaves, which 
developed marginal necrosis (Pierpont & Minotti, 	1977). 
Earlier, Maynard & 	barker (1969), using cucumber (C. 
stivus), bean (P. vu1aris), and pea (Pisumsativu 1..) in 
sand culture, demonstrated that ammonium toxicity was 
generally characterized by an immediate reduction in growth 
rate, wilting, marginal necrosis, interveinal chiorosis of 
terminal leaves and, finally, death of the entire plant. 
However )  these symptoms did not occur in the ammonium medium 
with added calcium carbonate (CaCO3) (Maynard & Barker, 
1969; Piarpont & Minottl, 1977). Several studies have shown 
that an increase in the ammoniuin concentration is more 
deleterious to root than to shoot growth (Bennett et al. 
1964; Haynes & Gob, 1977). Warncke & Barber (1973) observed 
that the ratio of root dry weight to shoot dry weight 
decreased significantly with increasing concentrations of 
nitrogen, but was not affected by the aminonium-tonitrate 
ratio. The roots appeared darker and less branched. The 
authors attributed the observed decrease in root production to 
greater acidity around the roots of ammonium-fed plants 
(Klesim, 1967; Warncke & Barber, 1973). 

In the Netherlands, field observations and experiments 
have shown effects of ammonia and ammonium on pine forests, 
and heathiand vegetation (Heil & Diemont, 1983; Van Breemen & 
Jordens, 1983; den Hoer & Bastiaens, 1984; Roelofs, in press; 
Schuurkes, in press). In the United Kingdom, ombrotrophic 
mires (upland bogs deriving water only from rain) are affected 
by eutrophication (Lee, 1985). Forest ecosystems in the 
Federal Republic of Germany may also suffer from ammonia 
exposure (Hunger, 1978; Ulrich, 1983). Although only little 
information is available for other countries, it is expected 
that similar effects may OCCUr in Belgium, Denmark, and the 
northwestern part of France, where high ammonia emissions 
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occur as a consequence of the production of animal manure 
(P.uysman et al., 1985). 

The condition of forests may deteriorate as a consequence 
of direct exposure to ammonia. Pine trees in areas near 
intensive livestock farms are particularly affected (Hunger, 
1978; Janasen, 1982). In the Netherlands, there is a clear 
correlation between ammonia emission and forest condition (Van 
Aalst, 1984). The damage observed is the result of both 
direct and indirect effects, and it is often difficult to 
distinguish between the two. 

Field observations and experiments have shown deleterious 
effects on pine trees, nainely 

- 	decreased vitality (growth reduction and necrosis); 

- 	higher susceptibility to fungal diseases and attack 
by insects; and 

- 	increased 	sensitivity 	to 	meteorological 	stress 
factors, e.g., hard frost. 

Most of these phenomena can he explained in terms of disturbed 
nutrient budgets in trees. Enhanced ammonium sulfate uptake 
results in the excretion of essential nutrients, such as 
potassium and magnesium, by the needles, and the uptake of 
these ions by the root system is inhibited as a result of 
ammonium accumulation and cation leaching in soils (den Beer & 
Bastiaens, 1984; Roelofs, in press). Increased ammonium 
uptake ultimately leads to enhanced nitrogen levels in the 
leaves of beech (Nihigard, 1970) and pine tress (Roelofs et 
al., 1985). 

More attention is being paid to the role of ammonium in 
the forest diebsck in Europe (Nihlgard, 1985). 

Heather Communities on poorly buffered, slightly acidic, 
and nutrient-poor heathland soils are also disturbed as a 
result of the deposition of airborne ammonia compounds, the 
number of plant species declining in acidified and nitrogen-
enriched heathland soils. A succession from heather-dominated 
to grass-dominated heathlands has been observed (Neil & 
Diemont, 1983; Roelofs, in press). The same effects can be 
expected in other western European countries where similar 
plant communities are present. 

6.2.2 	gtic2iants 

In the aquatic environment, nitrogen plays an important 
role in determining the composition of phytoplankton and 
vascular plant communities; in some cases, it can act as a 
limiting factor in primary production. Ammonia is important 
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in nitrogen metabolism, because it functions as a nitrogen 
source in the synthesis of amino acids. 

Most species can use either ammonium or nitrate as the 
-  sole nitrogen source, though, when both forms are available, 

ammonium is used first. Uptake takes place through both roots 
and leaves. The relative importance of ammonium as a nutrient 
depends on the absolute concentration and the ratio of 
ammonium to nitrate. Assimilation of aimnonium is less expen -
sive in terms of energy than nitrate, because the first 
metabolic step in which nitrate is reduced is not needed. 
Although ammonia is an important nutrient, it appears to be 
toxic at higher concentrations. Its uptake in large quanti-
ties may put a severe strain on the carbohydrate metabolism of 
the species, because carbon skeletons are used for detoxifica- 
tion (Bidwell, 1974). 	Increasing ammonia levels within the 
cell inhibit the utilization of nitrate. 	Ammonia solutions 
seem to be more toxic at high than at low ph, indicating that 
toxicity is probably due primarily to NH3 rather than to 
NH4+. 

Surface waters that are poorly buffered, nutrient poor, 

and hydrologically dependent on rainfall and/or snow melt are 
most sensitive to ammonia. Deposition of ammonia and other 
nitrogen compounds may contribute significantly to the 
nitrogen enrichment of susceptible waters. Ombrotrophic mire 
plant communities can be altered by this atmospheric pollutant 
(Lee, 1985). 	In these Sphagnum-dominated wetlands, seed 
plants become more dominant. 	In small, poorly buffered and 
nutrient-poor clear water lakes, both water composition and 
macrophyte composition are altered. Atmospheric ammonia 
deposition plays a major role in the acidification and 
nitrogen enrichment of surface waters in the Netherlands 
(Schourkes, in press). Typical plant species belonging to the 
Littorellion alliance disappear from acidified waters. These 
species may be supressed by the luxuriant growth of Sphagnum 

species and Juncushulbosus. Ammonium enrichment enables the 
last two species to form extremely high biomasses (Roelofs et 
al., 1984; Schuurkes, in press; Schuurkes et al., 1985). It 
should be noted that these changes in the plant community also 
influence the structure of the animal population. 

6.2.3 	Fresh-water plants 

Experimental data concerning the toxicity of ammonia for 
fresh-water phytoplankton are limited. Przytocka-Jusiak 
(1976) reported the effects of ammonia on the growth of 
Chlore11avuris. A 50% inhibition was seen in 5 days of 
exposure to a concentration of 2.4 mg N113/litre; complete 
growth inhibition occurred in 5 days at 5.5 mg/litre. The 
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NH3 concentration resulting in 50% survival of C. vulgaris 
after 5 days was found to be 9.8 mg/litre. A C. vuaris 
strain in which the tolerance to elevated ammonia concentra-
tions was enhanced by prolonged incubation of the alga in 
ammoniurs carbonate solutions was isolated by Przytocka-Jusiak 
et al. (1977). C. vulgaris was reported to grow well in 
solutions containing 4.4 mg NH3/litre, but growth was 
inhibited at 7.4 mg/litre (Matusiak, 1976). Tolerance to 
elevated concentrations of NH3 seemed to show a slight 
increase, when other forms of nitrogen were available to the 
alga, rather than when ammonia was the only form of nitrogen 
in the medium. Bretthauer (1978) found that a concentration 
(assuming p1-1 6.5 and 30 °c) of 0.6 rug NH3/litre killed 
Ochromonassociabilis, and that, at 0.3 mg/litre, development 
of the population was reduced. Concentrations of 0.06 to 
0.15 mg N1-13/litre had an insignificant effect on growth, and 
concentrations of 0.015 to 0.03 mg/litre enhanced growth. 

Ammonia at concentrations exceeding 2.5 mg NII3ilitre 
inhibited photosynthesis and growth in the algal species 
Scenedesmue obliquus and inhibited photosynthesis in the algae 
Chlorel1aprenoidos,ytisnidu1ans, and Plectonerna 
boryanum (Abelovich & Azov, 1976). Mosier (1978) reported 
that NH3 concentrations causing a 50% reduction in oxygen 
production by the green alga Chiorella ellipsoidea and blue-

green alga Anabaena subclindrica were 16.0 x 10' and 
251.0 x 10 .ig NH3-N/cell, respectively. 

The rate of photosynthesis in the blue-green alga 
P. boyaraun was stimulated by NH4-f, but inhibited by NH3 
(Solomonson 1969); the magnitude of these effects was depen-
dent on the sodium-potassium composition of the suspension 
media. Inhibition of photosynthesis by NH3 was associated 
with a conversion of inorganic polyphosphate, stored in the 
cells, to orthophosphate. 

Champ et al. (1973) treated a small natural water pond 
with ammonia to achieve a mean concentration of 25.6 rug 
NH3/litre. A diverse population of dinoflagellates, 
diatoms, desmids, and blue-green algae was present before 
ammonia treatment. Twenty-four hours after treatment, the 
mean number of phytoplankton cells/litre was reduced by 84%. 
By the end of 2 weeks (3.6 rug N113/litre), the original 
concentration of cells had been reduced by 95%. 

Some research has been carried out to investigate the 
possible use of ammonia as an aquatic herbicide. Champ et al. 
(1973) reported virtually complete eradication of rooted 
aquatic vegetation (water shield, Brasenia schreberi, and 
American lotus, Nelumbo sp.). The NI-I3 concentration was 
25.6 mg/litre 24 h aTer ammonia addition, and 3.6 mg/litre, 2 
weeks later. The use of high concentrations of ammonia to 
eradicate aquatic vegetation has been described by 
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Ramachandran & Ramaprabhu (1976) and Ramachandran et al. 
(1975). 

In experiments with Potamogetonlucens, Litav & Lehrer 
(1978) observed that ammonia caused appreciable injury to 
detached branches. Ponnionia inhibition of the growth of 
Eurasian watermilfoil (Llio jimspJatum) affected both 
the length and weight of roots and shoots (Stanley, 1974). 

Crube (1973) found that Slum erectum was slightly injured 
at 15 mg Nl-13--N/litre, and completely eradicated at 35 
mgllitre after a 10—week exposure. Callitriche sp. showed 
slight injury at 5 mg N113—N/litre, and the lethal dose was 
between 10 and 15 mg/litre. Injury was estimated from the 
amount of black colouring and the death of leaves. Roelots et 
al. (1984) reported that exposure of the isobid Littorella 
uniflora to 50 4no1 NH4+/ljtre for 10 weeks resulted in 
excreE[n of an equivalent amount of potassium, which may lead 
to discolouration and starvation. 

Changes in the vegetation in 2 rivers subject to increased 
pollution from agricultural fertilizers, urban sewage, and 
industrial wastes, were studied by Litav & Agami (1976), who 
attributed the changes in the composition of the plant species 
primarily to a combination of ammonia and detergents. Agami 
et al. (1976) transplanted 7 species of "clean water" macro 
phytes to various sections of a river, and found that ammonia 
affected only yaeacaerulea. 

6.2.4 

A concentration of 0.24 mg Nl13/litre retarded the growth 
of most of 10 species of benthic diatoms cultured for 10 days 
by Admiraal (1977). 	Pinter & Provasoli (1963) found that 
Cocco1ithu5huxlj was the most sensitive, and 	 gyrans  
and 	oinonas sp. the most tolerant to ammonium sulfate with 
intermediate tolerance exhibited by 	acosphaera sp. and 

Shilo & Shilo (1953, 1955) reported that the euryhaline 
alga Ernneurn Earvumfl was effectively controlled by applica-
tions of amnmonium sulfate, which exerted a lytic effect that 
decreased with increasing p1-i, indicating that NH3  and not 
N114+ is responsible for the lytic activity of ammonium 
sulfate on P. Earvum.  It was reported by Byerrum & Benson 
(1975) that added ammonium ion at concentrations found to 
stimulate the photosynthetic rate also caused the alga 

hidiniurncarterae to release up to 60% of fixed 1 CO2 
to the medium. 

Natarajan (1970) 	found 	that 	the 	concentrations 	of 
fertilizer plant effluent that were toxic for natural 
phytoplankton (predominantly diatoms) ranged between 1.1 and 
11 nig NI-l3Ilitre. 	Thomas et al. 	(1980) concluded that 
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increased ammonium concentrations found near sewage outlets 
would not be inhibiting to phytoplankton in the vicinity. 
Provasoli & McLaughlin (1963) reported that amnionium sulfate 
was toxic for some marine dinoflagellates, but only at concen-
trations far exceeding those in sea water. 

6.3 Aquatic Invertebrates 

The toxicity of ammonia has been less extensively studied 
in invertebrates than in fish. Most of the available 
invertebrate data consistS of studies on arthropods primarily 
crustaceans and insects. Many of these studies are Laboratory 
teats in which test animals were exposed to known concentra-
tions of a toxic agent for specified periods of time. Results 
may be expressed as a median lethal concentration (LC50) for 
a given time period (e.g., 48-h LC5 0 ) or, occasionally, as 
an effective concentration (EC), that is, the concentration at 
which the test animal is completely immobilized, though it 
might still be respiring (e.g., 48-h EC). Another method of 
reporting test results is as the estimated time required to 
kill 50% of a test population(LT50) at a given concentra 
tion of toxin (e.g., LT50 = 250 mm). 

6.3. 1 

The acute toxicity of ammonia for Daphnia magna has been 
studied by Parkhurst et at. (1979, 1981) and Reinhold & 
Pescitelli (1982) with reported 48-h LC50s values of 2.08 
and 4.94 ing N11 3/litre. DeGraeve et al. (1980) reported a 
similar 48-h LC50  value for Dania.Eu1icaria  of 1.16 mg 
HH3/litre. A threshold toxicity value for D. rngna of 2.4 - 
3.6 mg NH3 /1itre lake water was reported by Anderson (1948). 
Threshold concentration was taken as the highest concentration 
that would just fail to immobilize the test animals, under 
conditions of prolonged exposure (Anderson, 1948). A minimum 
lethal concentration of 0.55 mg NH3/litre was reported for 
D. magna by Malacea (1966), and a 24-h LC50 value of 1.50 mg 
NH 3/litre was reported by Cyre & 0l&h (1980) for Noina 
rectirostris. 

Buikema et al. 	(1974) 	reported 	an SC50 	for NH3 
toxicity in the rotifer, Philodinaacuticornis, to he 2.9 - 
9.1 mg N113/litre (calculated using reported pH values of 
7.4 - 7.9). Tests of ammonia toxicity for the flatworm, 
Dendrocoelumlacteum (ProcotLafluviatilis), and a tubificid 
worm (Tubifex tubifex) gave LC50 values of 1.4 and 2.7 mg 
NH3/Iitr ectiVTy (Stammer, 1953). 

Thurston et at. (1984a) conducted 25 flow-through toxicity 
tests with 3 mayfly, 2 storiefly, 1 caddisfly, and 1 isopod 
species; all teats were conducted with water of similar 
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chemical composition. The 96-h LC50 values ranged from 1.8 
to 5.9 mg NH3/litre. The results also indicated that a 96-h 
test is not long enough to determine the acutely lethal 
effects of ammonia on the species tested, because an asymp-
totic LC50 was not always obtained within 96 h. Percentage 
survival data were reported for some mayfly, stonefly, and 
caddisfly tests in which LC50 values were not obtained; 
there was 60 - 100% survival at test concentrations ranging 
from 1.5 to 7.5 aig NH3/litre. 	Gall (1980) tested NH4C1 
with E2hemerella sp. (near excrucians). 	Organisms were 
exposed to ammonia for 24 h, followed by 72 h in ammonia-free 
water; mortality observations were made at the end of the 
overall 96-h period. An EC50 value of 4.7 mg N1-1311itre 
was obtained. Hazel et al. (1979) reported a LC 50  value of 
8.0 mg NH 3/litre for the beetle Stenelmissexlineata. 

No deaths occurred in ammonia toxicity teats conducted on 
scud, Gaintsaruslacustris, or P. magna ,  using dilution water 
from a river, after a 96-h exposure to 0.08 mg NH3llitre. 
In a second test, using river water buffered with sodium 
bicarbonate, 13% mortality occurred with scud at the several 
concentrations tested, including the highest and lowest of 
0.77 and 0.12 ag N}13/litre, respectively; 7 and 13 
mortality occurred with D. magna at the same concentrations 
(Miller at al., 1981). 

Five fresh-water mussel species, Amblemapp1j, 
Anodontaimbecij, Corbiculamanilensis, ias 
tarnjjensis, and Toxolasma texaserisis, were exposed for 165 h 
to a concentration of 0.32 ing N1-I37Titre; T. texaensis was 
most tolerant to ammonia, and .licata was most sensitive 
(Home & McIntosh, 1979). During the tests, the more tolerant 
species generally had their shells tightly shut, whereas the 
least tolerant species continued siphoning or had their 
mantles exposed. In 2 studies, acute exposure of the fresh-
water crayfish, Orconectesnais, to ammonium chloride gave 
LC50 values of 3.15 and 3.82 mg NH3/litre, respectively 
(Evans, 1979; Hazel et al., 1979). 

6.3.2  

Few studies have been conducted on the long-term exposure 
of fresh-water invertebrates to ammonia. In a long-term test 
conducted by Reinbold & Pescitelli (1982a), reproduction and 
growth of D. n1ana were affected at a concentration of 1.6 aig 
NH3 / litre. 

Two tests lasting 42 days were conducted by Anderson et 
al. (1978) on the effects of ammonium chloride on the finger -
nail clam, Musculium transversum. Significant mortality (67 
and 727) occurred in both tests at a concentration of 0.7 mg 
N113/litre. In one of the studies, significant reduction in 



growth was observed after 14 days of exposure to 0.41 mg 
NH3/1itre. Sparks & Sandusky (1981) reported that finger-
nail clams exposed to 0.23 and 0.63 rug NH3/litre showed 36 
and 23% mortality, respectively, in 4 weeks; after 6 weeks, 
there was 47% mortality at 0.073 rug NH3/litre, and 83% 
mortality at 0.23 and 0.63 mg NH 3/litre. After 6 weeks 
there was no growth in any test chamber (concentrations of 
0.036 rug N113/litre and higher), other than in the controls. 

Two partial tests, lasting 24 and 30 days, respectively, 
were conducted by Thurston et al. (1984a) on the stonefly 
pteronarcella badia. Adult stonefly emergence was delayed 
with increasing ammonia concentration, and little or no emer-
gence occurred at concentrations exceeding 3.4 rug NH3/litre. 
There was no significant relationship between the food con-
sumption rates of nymphs and concentrations up to 6.9 rug 
NH3/litre. LC50 values for 24- and 30-day exposures were 
1.45 and 4.57 rug NH3/litre, respectively. 

The effects of ammonia on the ciliary beating rate of clam 
gills were investigated by Anderson et al. (1978). Concentra-
tions of 0.036 - 0.11 rug NH3/litre caused a reduction in the 
ciliary beating rate of fingernail clams; the effects ranged 
from a 50% reduction in beating rate to complete inhibition. 
Adult clams (> 5 mm) were more sensitive than luveniles 
(< -5 mm); adults were also slightly more sensitive than the 
unionid mussel, IL13j.t.Lo cornianata, and the Asiatic clam, C. 
manilensis.. Shaw (1960) investigated the effects of armoonium 
chloride on sodium influx in the fresh-water crayfish, Astcus 

Ammonia produced an inhibition of sodium infix; a 
concentration of 18 erg N1-14-'-/litre reduced the influx to 
about 20% of its normal value, and influx reduction was 
related to increasing ammonia concentration. This effect was 
attributed to NH4+ ions and not to any toxic effect exerted 
on the transporting cells by non-ionized ammonia. NH4 -i- did 
not affect chloride influx nor the rate of sodium loss. 

Ammonia was added to a stream at a 24-h average concentra-
tion of 1.4 rug N}13/litre, and a 24-h drift net sampling was 
conducted (Liechti & Huggins, 1980). No change in diel drift 
pattern was observed, but there was an increase in the magni-
tude of drift, a shift in the kinds of organisms present, and 
changes in benthic standing crop estimates; this ammonia con-
centration was non-lethal. 

6.3.3 	Salt-water invertebrates; acute and chronic toxic ity  

Data on the acute toxicity of ammonia for salt-water 
invertebrate species are very limited. A 96-h LC50 value of 
1.5 rag NH3/litre has been reported for the copepod, Nitocra 
spinipes (Linden et al., 1979). Lethal effects of ammoniuirr 
chloride on the quahog clam, Mercenaria rriercenaria, and 
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eastern oyster, Crassostreavirinica, were studied by Kpifano 
& Srna (1975). There were no observed differences in 
susceptibility between juveniles and adults of the 2 species. 
Armstrong et al. (1978) conducted acute toxicity tests (6 

- 	days) on aremonium chloride using prawn larvae, Nacrobrachium 
rosenhj. 	LC50 values were highly ph-dependent. 	The 
acute toxicity of ammonium chloride for penaeid shrimp was 
reported as a 48-1h composite LC0 value of 	1.6 mg 
N}13/litre for 7 species pooled, 	including the resident 
species Penaeus setiferus (Wickins, 1976). The acute toxicity 
of aninlonium chloride for the caridean prawn, N. rosenbergii, 
was reported (Wickin, 1976) as LT 	values of 1700 - 56050 
min at concentrations of 1.74 - 3.41 eg NH3Jlitre. From the 
data of hail et al. (1978), 48-h LC 50  values of 0.34 - 0.51 
were estimated for grass shrimp, Palaemonetesaio.  Catedral 
at al. (1977a,b) investigated the effects of ammonium chloride 
on the survival and growth of Penasus rnonodon; larvae had a 
lower tolerance to ammonia compared with post-larvae. Brown 
(1974) reported a time to 507 mortality of 106 min for the 
remertine worm, Cerebratulus fuscus, at a concentration of 
2.3 mg N113/litre. 

gffects of aminonium chloride solutions on the American 
lobster, Homarus americanus, were studied by Delistraty et al. 
(1977). Their studies were performed on fourth-stage larvae, 
which was considered to he the most sensitive life stage. A 
96-h LC50 value of 2.2 mg NH3/litre and an incipient 
LC50  value of 1.7 zig Nl-1 3 /litre were reported. A 'safe' 
concentration of 0.17 zig NO 3 /litre was tentatively recom-
mended. 

The sublethal toxicity of animonium chloride for the 9uahog 
clam and eastern oyster was studied by Epifano & Srna (1975) 
who measured the effect of a 20-h exposure to ammonia on the 
rate of removal of the alga, Isochrsis8albana, from suspen-
sion (clearing rate) by the clams and oysterS. Concentrations 
of 0.06 - 0.2 mg NH3/litre affected removal; no differences 
were observed between juveniles and adults. The effect of 
ammonia on the ciliary beating rate of the mussel, Mytilus 
edulis, was studied by Anderson et al. (1978). Concentrations 
of 0.097 - 0.12 mg 14113/litre resulted in a reduction in the 
ciliary beating rate ranging from 50% to complete inhibition. 

Exposure of unfertilized sea urchin, techinuspictus, 
eggs to ammonium chloride resulted in stimulation of the 
initial rate of protein synthesis, an event that normally 
follows fertilization (Winkler & Grainger, 1978). Exposure of 
unfertilized eggs of Strongi(Icentrotuspupurpatus, L, 
pictus, and Strongyiocentrotusdrobachierisis to amnionium 
chloride (Johnson et al., 1976; Paul et al., 1976) caused 
"fertilization acid" to be released more rapidly and in 
greater amounts than after insemination. Activation of unfer- 
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tilized L. pictus eggs by ammonium chloride exposure was also 
evidenced by an increase in intracellular pH (Steinhardt & 
Nazia, 1973; Shen & Steinhardt, 1978). Ammonia treatment has 
also been reported to activate phosphorylation of thymidine - 
and synthesis of histones in unfertilized eggs of the sea 
urchin, S. purpuratus, (Nishiok, 1976). Premature chromosome 
condensation was induced by ammonia treatment of eggs of L. 
pictus and Spuratus (Epel et ml., 1974; Wilt & Mazia, 
1974; Krystal & Poccia, 1979). Treatment of S. purpuratus and 
S. drobachiensis fertilized eggs with ammonia resulted in an 
absence of the normal uptake of calcium following insemina-
tion. However, calcium uptake was not inhibited when ammonia 
treatment preceded insemination (Paul & Johnston, 1978). 

The polychetous annelid, Nereis succinea, the channelled 
whelk, Busy con , cana1iculaturn, and the brackish-water clam, 
Rarigiacuneata, were exposed to concentrations of 0.85, 0.37, 
and 0.27 -mg NH3/litre and the ammonia excretion measured 
(Mangum et al., 1978). ExCretion was inhibited by non-lethal 
concentrations of ammonia, and the authors concluded that 
ammonia crosses the excretory epitheliun in the ionized form, 
and that the process is linked to the activity of the 
Na++l(4. 

ATPases. When blue crabs, Callinectes sapidus, 
were moved from water of 28 parts per thousand salinity to 
water of 5 parts per thousand, a doubling of the ammonia 
excretion rate, occurred; addition of excess ammoniurn chloride 
to the low-salinity water inhibited ammonia excretion and 
decreased net acid output (Mangum et al. , 1976). The effect 
of gaseous NH3 on haemoglobin from the blood of the common 
marine bloodworm, G1ceradibrachiata, was examined by Sousa 
et al. (1977) in an attempt to determine whether there was 
competition between NH3 and oxygen in binding to hatmo-
globin; such an N11 3 /0 2  relationship was not found. 

6.4 Fish 

Ammonia is highly toxic for fish, and, because of its 
occurrence at high concentrations in some water systems, it 
can present a major pollution problem. It enters aquatic 
environments from several sources, including sewage effluent, 
deposition of human wastes without treatment, industrial 
discharges, and runoff from animal culture and agricultural 
operations. It is also a metabolic waste product of fish and, 
therefore, can he a problem in facilities involved with 
intensive fish culture. 

Elevated ainrennium ion (NH4+) concentrations within the  
bodies of fish, as with other vertebrates, cause convulsions 
and death. The concentration of non-ionized ammonia (N113) 
in the environment of the fish is important, because ammonia 
is transferred between the water and fish largely in this 



form. Thus, while NH3 is the more toxic chemical species in 
the water, within the fish, toxicity is related to the NH4 
concentration. 

Research by Chipman (1934), Wuhrman et al. (1947), Wuhrmari 
& Woker (1948), and Tabata (1962) implicated NH3 as the 
ammonia species in water that is mainly toxic for fish, and 
reported that NH4+ was non-toxic or considerably less toxic. 
More recent research by Robinson-Wilson & Seim (1975), Arm-
strong at al. (1978), and Thurston et al. (1981c) has demon-
strated that the role of water pH in the toxicity of ammonia 
for fish is more than the regulation of the NH3/NH4+ 
equilibrium. NH3 is considerably more toxic in water when 
pH values are lower than 7 - 9, and there is some evidence 
that the toxicity of NH3 is also increased above this range. 
Temperature and dissolved oxygen and the ionic composition of 
the background water all play a role in the toxicity of NH3 
for some fish. 

In a comprehensive analysis of the data, it was concluded 
that a number of fish species that are phylogenetically 
similar are also similar in their sensitivity to the toxicity 
of ammonia, and that many of the factors that affect the 
toxicity of ammonia similarly affect all the species that have 
been studied (us EPA, 1985). 

It was formerly considered that fish of the family 
Salmonidae were among the most sensitive to the effects of 
many pollutants, whereas other fish species, which have 
evolved in warm-w5ter, low oxygen, or more turbid aquatic 
environments, may be less sensitive to many naturally occuring 
pollutants, such as ammonia. However, other fish species, 
including some that are frequently referred to as "warm water" 
fishes, are of comparable sensitivity (US EPA, 1985). In the 
"resident-species" approach for establishing water quality 
criteria for a toxic agent in a given water body, the toler-
ance of selected fish and invertebrate species, naturally 
resident in the water body, is used. It must be borne in mind 
that, if these selected species are less sensitive than other 
species in different water bodies, the standards may be inap-
propriate for other water bodies. 

Because of variation among different background test water 
conditions in different laboratories, as well as differences 
in the genetic pools of the same species, results of a single 
test on a given species may not be as meaningful as composite 
results from several tests conducted at different laboratories. 

Much of the evidence on ammonia toxicity is empirical, so, 
for a more complete understanding of the biological actions of 
this chemical, the results of toxicity tests must be 
integrated with a knowledge of ammonia metabolism in fish. 
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6.4.1 	Ammonia metabolism in fish 

6.4.1.1 Ammonia production and utilization 

The major pathway for the production of ammonia in fish, 
as in other vertebrates, is through the transamination of 
various amino acids (Forster & Goldstein, 1969; Watts & Watts, 
1974). The primary site for ammonia production is probably 
the liver (Pequin & Serfaty, 1963), but the necessary enzymes 
have also been located in the kidneys, gills, and skeletal 
muscle tissue (Goldstein & Forster, 1961; NcBean et al., 1966; 
Walton & Cowey, 1977). Ammonia is also produced by the deam-
ination of adenylates in fish muscle (Driedzic & Hochachka, 
1976). The quantitative importance of muscle ammoniogenesis 
in total ammonia excretion depends on the level of activity of 
the animal, and increases with increasing workload (Suyama et 
al., 1960; Fraser et al., 1966; Driedzic & Hochachka, 1976). 

Ammonia toxicity can be ameliorated by the formation of 
less toxic compounds, namely glutamine and urea. Levi et sl. 
(1974) recorded high levels of glutamine in the brain of 
goldfish, Carrasiusauratus, and found that brain-glutamine 
levels increased with ambient ammonia concentrations. Webb & 
Brown (1976) found high glutamine synthetase (EC 6.3.1.2) 
activity in the brains of tcleosts and elasmobranchs, and this 
may be important in protecting the brain from sudden surges in 
ammonia concentration. Walton & Covey (1977) were able to 
detect glutaminase activity in the gills of rainbow trout, but 
were unable to measure any in vivo utilization of glutamine by 
the gills. 

Ammonia can be converted, through carbamyl phosphate, to 
urea either via purines (uricolysis) or via the ornithine 
cycle. The enzymes required for uricolysis have been found in 
most fish studied (Forster & Goldstein, 1969; Watts & Watts, 
1974), but Florkin & Duchateau (1943) were unable to detect 
any activity of uricolytic enzymes in the cycostome, 

The ratio of urea production via the ornithine 
cycle to production via uricolysis is about 100 to 1 in 
elasmobrancha and dipnoi, whereas in teleosts most of the urea 
is formed via uricolysis (Gregory, 1977). 

6.4.1.2 Ammonia excretion 

The gills are the major site of ammonia excretion in fish, 
but smaller quantities of ammonia may also be eliminated by 
the kidneys (Edwards & Condorelli., 1928; Grollman, 1929; 
Fromm, 1963; Maetz, 1972) and skin (Morii et at., 1978). 
Although the majority of branchial ammonia excretion 
represents clearance from the blood, gill metabolism may 
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contribute between 20% (Payan & Natty, 1975) and 5 	87 

(Cameron & Heisler, 1983) of the net ammonia excretion. 
The excretion of ammonia by fish is variable, depending on 

the state of the animal, the environmental conditions, and the 
species. Ammonia excretion tripled in sockeye salmon, 
0ncorhXhusnerka, following daily feeding (Brett & Zala, 
1975but remained low and unchanging during starvation (Brett 
& Zala, 1975; Guerin-Ancey, 1976a). In fresh-water fish, 
ammonia excretion increases in response to exercise (Sukumaran 
& Kutty, 1977; Holeton et al., 1983), long-term acid exposure 
(McDonald & Wood, 1981; Llltsch et al., 1981), hypercapnia 
(Claiborne & Heisler, 1984), and NH4CI infusion (Uillaby & 
Randall, 1979). In contrast, increased levels of environ-
mental ammonia (Guerin-Ancey, 1976b) and short-term exposure 
to acid or alkaline water (Wright & Wood, 1985) cause a de-
crease in ammonia excretion. It is not known if these changes 
in excretion reflect change in the rate of ammonia production 
or in the ammonia content of the body. The ammonia content of 
fish is likely to be the equivalent of the ammonia excreted in 
about 2 h, most of the ammonia being in the tissues with a 
lower pIT, such as muscle. Blood levels are around 0.2 to 
0.3 mmol, but muscle at a lower pH may contain levels of up to 
I mmol; thus, a 1-kg fish may contain about 0.5 to 0.7 mmol of 
ammonia and have an excretion rate of shout 0.3 mmol/h. There 
is increased ammonia production in muscle during exercise 
(Driedzic & 1-Iochachka, 1976). Ammonia excretion by the spiny 
dogfish, Squalus acanthias, in sea water is unaffected by 
temperature change, exercise, hyperoxia, hypercapnia, or the 
infusion of either 1-101 or Nal;CO3 or anything that induces 
acid-base stress (Heisler, 1984). This is surprising, because 
many of these changes affect pH and therefore would be 
expected to alter the ammonia content of body compartments and 
consequently ammonia excretion. 

There is an elevation in blood-ammonia during starvation 
(Morili et al,, 1978; 1-lillahy & Randall, 1979), even though 
ammonia excretion does not change (Brett & Zala, 1975). Blood--
ammonia concentrations also rise with increases in both temp--
eralure (Fauconneau & Luquet, 1979) and ammonia concentrations 
in the water (Tronm & Gillette, 1968; Thurston et al., 1984b). 
Exposure of fish to either air (Gordon, 1970) or increased 
ammonia levels in water (?rormi, 1970; Cuerin-Ancey, 1976b), 
raises blood--ammonia levels and reduces ammonia excretion; 
this is associated with a rise in urea productioo in many, but 
not all fish. Unlike the authors of the above studies, 
Buckley St al. (1979) did not find any change in blood-total 
ammonia when coho salmon, Oncorhynchuskisutch, were exposed 
to elevated ammonia levels in the environment. However, a 
significant rise in plasma-sodium, indicating some coupling 
between sodium uptake and ammonia excretion, was observed. 
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The study of ammonia movement is complicated by the fact 
that, with present analytical techniques, it is impossible to 
distinguish between the transfer of a molecule of NH3 plus a 
H+ ion from the transfer of an NH4+ ion. Thus, only 
indirect evidence can be obtained regarding the relative gas 
and ion movements across the gill epithelium. 

Three possible mechanisms of ammonia excretion have 
received the most 	attention; 	passive 	NH3 	flux, 	ionic 
exchange of Nl+ for Na+,  and passive NH4+ flux. There 
seems to be little doubt that a significant pathway for 
branchial ammonia excretion is by the passive diffusion of 
NH3 down its partial pressure gradient. Changes in the 
NH3 partial pressure gradient are positively correlated with 
changes in net ammonia excretion in the channel catfish, 
Ictalurus punctatus, (Kormanik & Cameron, 1981), and rainbow 
trout (Cameron & Heisler, 1983; Wright & Wood, 1985). Ammonia 
entry into the fish has also been shown to be dependent on the 
NH3 gradient (Wuhrmann et al., 1947; Wuhrmann & Woker, 1948; 
Fromm & Gillette, 1968). 

The excretion of NH4-1- is strongly coupled with the 
movement of other ions. Many studies have attempted to link 
the transepithelial exchange of Na uptake to N114+ 
efflux. Although there is considerable indirect evidence for 
the presence of a coupled ionic exchange mechanism under 
certain conditions (Maetz & Garcfa-Ponieu, 1964; Maetz, 1973; 
Payan & Naetz, 1973; Evans, 1977, 1980; Payan, 1978; Girard & 
Payan, 1980; Wright & Wood, 1985), the ubiquity and stoichio-
metry of this exchange remain controversial. While N a + 

influx can be monitored with isotopes, it is difficult to 
determine NH4+ efflux. Investigators have attempted to 
quantify the relationship between N a+ uptake and N114+ 
excretion by manipulating Na+  levels in the environmental 
water, by pharmaceutical inhibition of the Na influx 
mechanism, or by loading the fish with ammonia. 

In goldfish (Maetz, 1973), and in irrigated rainbow trout 
gills (Kirschner et al., 1973), Na 	influx was best cor- 
related with the sum of H 	and NH4+ ion efflux. 	The 
possibility of a Na uptake carrier coupled to either NH4+ 
or H+  appears likely in other fish as well (Kerstetter et 
al., 1970; Payan & Maetz, 1973; Evans, 1977). 	Tn perfused 
heads of trout, Na 	uptake was tightly coupled with NH4* 
efflux (Payan et al., 1975; Payan, 1978). 	Wright & Wood 
(1985) demonstrated that, in intact trout, the rate of ion 
exchange was influenced by external water pH, increasing from 
no exchange at pH 4 to maximal rates at p11 8. The relation-
ship between Na+  and N114+ was one-to-one at a pH of less 
than 8. However, Payan et at. (1975) and Wright & Wood (1985) 
found that the majority of the ammonia was eliminated by 
gaseous diffusion, and only when NH3 was subtracted from 
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total ammonia efflux was the NH4+/Na+  exchange evident. 

In common carp, Cyprinuscaj (de Vooys, 1968), and little 
skate, Rajaerinacea (Evans et al., 1979), ammonia excretion 
was unaffected by a reduction in environmental Na levels. 
Cameron & Heisler (1983) found that, under resting conditions, 
diffusive movement of NH3 could account for ammonia excre-
tion in trout, but when the ammonia gradient was reversed and 
directed inwards, an NH4+/Na+  exchange could counter-
balance the diffusive uptake of 8113 from the water. If this 
hypothesis is correct, then it would explain the unchanging 
blood-ammonia levels and increased Na+  levels in cohn salmon 
exposed to elevated concentrations of ammonia in the water 
(Buckley et al., 1979). 

The Na/NH4+ (H) exchange is probably located on 
the epithelial apical membrane. 	Either acid conditions or 
amiloride in the water inhibits Na 	influx across the gills 
and both these conditions result in a reduction in ammonia 
excretion (Wright & Wood, 1985). 

The ammoniuni ion can displace potassium in many membrane 
processes in, for example, the giant axon of squid, Loligo 
pealei (Binstock & Lecar, 1969), and this is the probable 
reason that elevated ammonia causes convulsions in so many 
vertebrates. In various aquatic animals, it is possible that 
N1-14+ can substitute for potassium in oubain-sensitive 
sodium/potassium exchange (Payan et al., 1975; Towle & Taylor, 
1976; Towle et al., 1976; Mallery, 1979 Girard & Psyan, 
1980). 	8114+ ions will substitute for 1< 	ions across the 
epithelial basolateral border (Richards & Fromm, 1970; 
Shuttleworth & Freeman, 1974; Karnky et al., 1976), but the 
importance to net ammonia transfer in fresh-water fish is 
unknown. 

The passive movement of 8114+ down its electrochemical 
gradient may also contribute to net ammonia excretion 
(Claiborne et al., 1982; Goldstein et al., 1982). Lipid 
membranes are relatively impermeable to cations (Jacobs, 1940) 
and, because respiratory epithelial cells of fresh-water 
fishes are joined by tight junctions (Girard & Payan, 1980), 
it appears unlikely that 11114+ diffusion is of quantitative 
importance (Kormanik & Cameron, 1981). Indeed, Wright & Wood 
(1985) tound a negative correlation between ammonia excretion 
and the NH4+ concentration gradient in rainbow trout exposed 
to 5 different water pH regimes. Although it appears that 
8114+ diffusion may be of minor importance, sim1taneous 
measurements of the electrical and chemical gradient have not 

been made and are necessary before conclusions can he drawn. 
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6.4.2 	Fish acute toxicity 

The acute toxicity of ammonia for rainbow trout has been 
studied by many investigators, with reported 96-h LC50 
values ranging from 0.16 to 1.1 mg N113/litre. Thuraton & 
Russo (1983) conducted 71 toxicity tests on rainbow trout 
ranging in size from sac fry (< 0.1 g) to 4-year-old adults 
(2.6 kg), in water of uniform chemical composition. LC5 0  
values ranged from 0.16 to 1.1 ing NH 3/litre for 96-h expo -
sures. Fish susceptibility to NH3 decreased with increasing 
weight over the range 0.06 - 2.0 g, but gradually increased 
above that weight range. LC50 values for 12- and 35-day 
exposures did not differ greatly from 96-h values. No 
statistically significant differences in results were observed 
when different ammoniurn salts [NH4CI, NH4HCO3 
(NH4)2HPO4, 	(NH4)2s041 	were 	used. 	Grindley 	(1946) 
also reported that there were no appreciable differences in 
toxicity 	between 	toxic 	solutions 	of 	NH4CI 	and 
(NR4)2SO4 in rainbow trout tests. However, Calamari et 
al, (1977, 1981) reported that embryos and fingerlings were 
less sensitive than the other life stages studied. LC50 
values (96-h) ranging from 0.16 to 1.02 rag NH3/litre for 
rainbow trout exposed to ammonia were reported by Calamari et 
al. (1977, 1981), Broderius & Smith (1979), Ilolt & Malcolm 
(1979), DeCraeve et al. (1980), and Reinhold & Pescitelli 
(l982b). 

Although acute toxicity studies with salmonids have mainly 
been conducted on rainbow trout, some data are available for a 
few other salmonid species. Thurston et al. (1978) investi-
gated the toxicity of ammonia for cutthroat trout, Salmo 
clarki, and reported 96-h LC50 values of 0.52 - 0.80 rag 
NH 3TiTtre. Thurston & Russo (1981) reported a 96-h LC 50  
value of 0.76 rag NH3/litre 	for golden 	trout, 	Salmo 
aguabonita. Brown trout, Salmotrutta, were exposed to 
0.15 mg NH3/litre for 18 h, resulting in a 36% mortality; 
when returned to ammonia-free water, the test fish recovered 
after 24 h (Taylor, 1973). No mortality occurred during the 
96-h exposure at 0.090 rag NH3/litre, although fish would not 
feed. Exposure to 0.8 rag NH 3 /litre was not acutely toxic 
for brown trout according to Woker & Wuhrmann (1950). however, 
Thurston & Meyn (1984) reported 96-h LC50 values of 0.60 - 
0.70 mg NU3/litre, and Miller et al. (1981) reported a 96-li 
LC5 0  value of 0.47 rag NH3/litre for brown trout using test 
dilution river water. Brook trout, Salvelinus fontinalis, 
showed distress within 1.75 h at a concentration of 3.25 rag 
Nl-13/litre and within 2.5 h at 5.5 mg/litre (Phillips, 1950). 
Thurston & Meyn (1984) reported 96-h LC50 values of 0.96 - 
1.05 rag NH 3/litre for brook trout, 0.40 - 0.48 mg 
NH3 /litre for chinook salmon, 0ncorh'nchustsha.wtscha, and 
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0.14 - 0.47 tag NH3/litre for mountain whitefish, 
williamsoni. 	Toxicity 	tests 	with 	(N}14 ) 2 SO4 	on 	pink 
salmon, 0ncorjynchus gorbuscha, at different early stages of 
development (Rice & Baily, 1980) showed that late alevins near 
swim-up stage were the most sensitive (96-h LC50 = 0.083 rig 
NH/1itre), and eyed embryos were the most tolerant, surv-
iving 96 h at > 1.5 mg NH3/litre. Buckley (1978) reported 
a 96-h LC50  value of 0.55 mg NH./litre for fingerling coho 
salmon, Onco kisutch, an5 Herbert & Shurben (1965) 
reported a 24-h LC50 value of 0.28 rig N113/litre for 
Atlantic salmon, Salmo_salar. 

There are acute toxicity data for ammonia in a variety of 
non-salmonid fish species. Thurston et al. (1983) studied the 
toxicity of ammonia for fathead minnows, Fimephales prornelas, 
ranging from 0.1 to 2.3 g in weight and found that 96-h LC50 
values in 29 tests ranged from 0.75 to 3.4 rig NH 3/litre; 
toxicity was not dependent on the test fish size or source. 
LC50 values ranging from 0.73 to 2.35 mg Nh3llitre for 
fathead minnows were also reported by Sparks (1975), DeGraeve 
et al. (1980), Reinbold & Pescitelli (1982b), Swigert & Spade 
(1983). LC50 values for white sucker, Catostomus commersoni, 
exposed to ammonium chloride solutions 
Pescitelli 1982c) were 1.40 and 1.35 mg/litre NH3, though a 
somewhat lower 96-h LC50 of 0.79 tag N1-1 3/litre was deter-
mined by Swigbert & Spacie (1983). Thurston & Meyn (1984) 

-  reported 96-h LC50 values of 0.67 - 0.82 mg NH3/litre for 
the mountain sucker, Caststomu1jnchus. 

Reported LC50 values for 96-h exposures of bluegill, 
Lepomismacrochirus, ranged from 0.26 to 4.60 rig N113 /litre 
(Emery & Welch, 1969; Lubinski et al., 1974; Roseboorn & 
Richey, 1977; Reinbold & Pescitelli, 1982b; Swigert & Spacie, 
1983). LC50 values (96-h) of 0.7 - 1.8 mg NH3/litre for 
smallmouth bass, Micro_pterus dolomieui, and 1.0 - 1.7 tug 
NH3/litre for largemouth bass, Micropterus salntoides, were 
reported by Broderius et al. (in press) and Roseboom & Richey 
(1977), respectively. Sparks (1975) reported 48-h LC5 
values for bluegill of 2.30 rig NH 3/litre, and for channe 
catfish of 2.92 rig Nl-1 3/litre. For goldfish, Carassius 
auratus, Dowden & Bennett (1965) reported a 24-h LC5 0  of 7.2 
rig N113/litre, and Chiprian (1934) reported lethal threshold 
values of 0.97 - 3.8 rig NH3 /litre. Turnbull et al. (1954) 
reported a 48-h LC 50  for bluegill to be within the range 
0.024 - 0.093 mg NH3/litre; during the exposure, they 
observed that the fish exhibited a lack of ability to avoid 
objects. 

Reported 96-h LC50 values for channel catfish, Ictalurus 
punctatus, ranged from 1.5 to 4.2 mg NH3/litre (Colt 6 
Tchobanogloua, 1976; Roseboom & Richey, 1977; Reinhold & 
Pescitelli, 1982d; Swigert & Spacie, 1983). Vaughn & Sirico 
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(1977) reported a 48-h LC50 for channel catfish of 1.24 - 
1.96 mg NH3/litre, and Knepp & Arkin (1973) reported 1-week 
LC50  values of 0.97 - 2.0 mg NH 3 /litre. 	The results of 
studies on bluegill, channel catfish, and largemouth bass .-.... 

(Roseboom & Richey, 1977) showed that bluegill susceptibility 
was dependent on fish weight, fish weighing 0.07 g being 
slightly more sensitive than those weighing either 0.22 or 
0.65 g; size had little effect on the susceptibility of 
channel catfish or bass. 

Hazel et al. (1979) reported 96-h LC50 values of 0.90 
and 1.07 mg NH 3/litre for the orangethroat darter, 
Etheostoma spectabile, and red shiner, Notropis lutrensis. 
Largemouth bass, channel catfish, and bluegill were also 
exposed for 96 h to a concentration of 0.21 mg NH3/litre 
resulting in zero mortality for bluegill and channel catfish 
and one death (6%) among the largemouth bass tested. A 96-h 
LC50 value for walleye, Stizostedionvitreum, of 0.85 
mg/litre NH3  was reported by Reinhold & Pescitelli (1982a). 

LC50 values ranging from 2.4 to 3.2 mg NH3/litre for 
(NH4 ) 2 c03 , NH4C1, NH4 C 2 Hk3O2 , and NH40H, in 
96-h exposures of mosquitofish, Gaiabusiaaffinis, in waters 
with suspended solids ranging from < 25 to 1400 mg/litre 
were reported by Wallen et al. (1957). Susceptibility of 
mosquito fish to ammonia was studied by Hemens (1966) who 
reported a 17-b LC50 of 1.3 rig NH3/litre; he also observed 
that male fish were more susceptible than females. Rubin & 
Elmaraghy (1976, 1977) tested guppy, Poeciliareticulata, fry 
and reported 96-h LC50 values averaThj 1__.50 mg iI7iitre; 
mature guppy males were more tolerant, with 100% survival for 
96 h at concentrations of 0.17 - 1.58 mg NH3/litre. LC50 
values (96-h) of 0.15 and 0.20 mg NH3/litre at pl-1 6.0, and 
of 0.52 and 2.13 rig NH3/litre at pH 8.0, were reported by 
Stevenson (1977) for white perch, Moroneamericana. LC 0  
values (96-h) of 1.20 and 1.62 rig NH37itre for spotfin 
shiner, Notr02is  spi l oE terus-, were reported by Rosage et al. 
(1979), and of 1.20 mg NH3/litre for golden shiner, 
Noternionuscoleucas, by Baird et aI. (1979). 	Swigert & 
Spade (1983) reported 96-h LC50  values of 0.72 rig 
N}1/litre for golden shiner, 1.35 mg NH 3/litre for spotfin 
shiner, 1.25 mg NR 3/litre for steelcolour shiner, pis 
whiplei, and 1.72 mg NH 3 /litre for stoneroller, Campostoma 
a noma 1 urn. 

Jude (1973), Reinbold & Pescitelli (1982a), and McCormick 
et al. (1984) reported 96-h LC50 values ranging from 0.6 to 
2.1 mg NH 3/litre for green sunfish, omiscyane11us. In 
studies on the pumpkinseed sunfish, by Jude 
(1973) and Thurston (1981), 96-h LC50 values ranged from 
0.14 to 0.86 mg NH 3/litre. Mottled sculpin, Cottusbairdi, 
were tested by Thurston & Russo (1981), yielding a 96-h 
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value of 1.39 nig N113/litre. 	An asymptotic (6-day) LC50 of 
0.44 mg NH3/litre was determined for rudd, Scardinius 
erythroptha lmus (Ball, 1967). 

Rao et al. (1975) reported a 96-h LC50 value for the 
common carp, Cy prinus - car in, of 1.1 mg NH 3/litre. Carp 
exposed to 0.24 mg NH 3  litre exhibited no adverse effects in 
18 h (Vámos 1963). However, exposure to 0.67 nig NH 3 /litre 
caused gasping and equilibrium disturbance within 18 mm, 
frenetic swimming activity at 25 rain, then sinking to the tank 
bottom after 60 mm; after 75 rain, the fish were placed in 
ammonia-free water and all revived. Kempinska (1968) reported 
a lethal concentration of 7.5 mg NH3/litre for carp. Studies 
on the acute exposure of bitterling, Rhodeussericeus, and 
carp to ammonium sulfate revealed minimum lethal concentra-
tions of 0.76 rag NH3/litre for bitterling and 1.6 mg 
NH3/litre for carp (Mslacea, 1966). Nehring (1963) reported 
survival times for carp at concentrations of 9.7 and 2.1 rag 
NH3/litre of 2.4 and 6.0 h, respectively. The survival time 
for tench, Tinca tines, was reported to be 20 - 24 h at 2.5 rag 
NH3/litre by Danecker (1964). In a 24-h exposure of creek 
chub, Sernotilusatromaculatus, to ammonium hydroxide solution, 
the "critical range" below which all test fish lived and above 
which all died was reported to be 0.26 - 1.2 rag N1-T3/1itre 
(Gillette et al., 1952). 

In static exposures lasting 9 - 26 h, with a gradual 
increase in NH3 content, mortalities occurred in oscar, 
Astronutusocellatus, at 0.50 mg NH /litre (4%) to 1.8 

00 mg/litre (1%) (Magalhaes Bastos, 1954L Tests on Oscar of 
two different sizes showed no difference in susceptibility, in 
relation to size. A 72-h LC50 value of 2.85 rag NH3/litre 
was reported by Redner & Stickney (1979) for blue tilapia, 

6.4.2.1 Salt-water fish 

Very few acute toxicity data are available for salt-water 
fish species. Holland et al. (1960) reported the critical 
level for chinook salmon, 0ncorhnchus tshawtscha, to be 
between 0.04 and 0.11 rag N113Tlitre and for coho salmon to be 
0.134 rag NH3/litre. A static test with coho salmon provided 
a 48-h LC 0  value of 0.50 mg NH3/1itre (Katz & Pierro, 
1967). Atlantic salmon smelts and yearling rainbow trout 
exposed for 24 h in 50 and 75% saltwater solutions exhibited 
similar sensitivities to ammonia (United Kingdom Ministry of 
Technology, 1963). Holt & Arnold (1983) reported a 96-h 
LC50 value of 0.47 mg NH3/litre for red drum, Sciaenops 
ocellatus. LC50  values (96-h) of 1.2 - 2.4 rag NJTTtre 
were reported by Venkataramiak et al. (1981) for striped 
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mullet, 	cahalus, and 0.69 mg N113/litre for planehead 
file fish, Monacanthush±idu5. 

6.4.3 	Factors_affecting acute toxic it1 	 - 

A number of factors can affect the toxicity of ammonia for 
aquatic organisms. These include the effects of pH, temper-
ature, dissolved oxygen concentration, previous acclimatiza-
tion to ammonia, fluctuating or intermittent exposures, carbon 
dioxide concentration, salinity, and the presence of other 
toxicants. Almost all studies of factors affecting ammonia 
toxicity have been carried Out using only acute exposures. 

6.4.3.1 

The toxicity for fish of aqueous solutions of ammonia and 
ammonium compounds has been attributed to the non-ionized 
(undissociated) ammonia present in the solution. The earliest 
reported thorough study of the pH dependence of ammonia 
toxicity was that of Chipman (1934), who concluded from 
studies on goldfish, amphipods, and cladocerans that ammonia 
toxicity was a function of pH and therefore of the concen-
tration of undissociated ammonia in the solution. Downing & 
Herkens (1955) tested rainbow trout at different concentra-
tions of ammonia at both pH 7 and pH 8. The results were 
consistent when ammonia concentration was expressed as NH3 . 
Tabata (1962) conducted 24-h testS on the toxicity of ammonia 
for Da2hnia (species not specified) and guppy at different pH 
values and calculated the relative toxicity of NH3/NH4+ to 
be 48 for Daphnia and 190 for guppy (i.e. , N113 is 190 times 
more toxic than NH4+). 

More recently, Robinson-Wilson & Seim (1975) studied the 
toxicity of ammoniuni chloride for juvenile coho salmon in 
flow-through bioassays within the pH range 7.0 - 8.5; the 
reported 96-h LC50for NH3 was approximately 60% less at 
pH 7.0 than at pH 8.5. The toxicity of ammonium chloride for 
larvae of prawn, Macrobrachiumrosenbersj, was studied by 
Armstrong et al. (1978) in 6-day tests within the pH  range 
6.8 - 8.3 with test solutions being renewed every 24 h. The 
96-h LC50 for NH3 at pH 6.83 was approximately 70% less 
than that at pH 8.34. It was concluded that the toxicity of 
ammonia was not due solely to the NH3 molecule and that in 
solutions of different pH, but equal NH3 concentrations, 
survival was greatly reduced as NH 4+ levels increased. 
Tomasso et al. (1980) studied the toxicity of ammonia (NH3) 
for channel catfish at p11 values of 7, 8, and 9 and reported 
that 24-h LC50 values were significantly higher at pH 8 than 
at pH 7 or pH 9. 
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Thurston et si. (1981c) tested the toxicity of ammonia for 
rainbow trout and fathead minnows in 96-h flow-through teats 
at different pH levels within the range 6.5 - 9.0. Results 
showed that the toxicity of ammonia, in terms of NIT3, 
increased at lower pI-1 values, and could also increase at 
higher p1-I values. It was concluded that NH44- exerts some 
measure of toxicity, and/or that increased 11+ ConceCtration 
increases the toxicity of NH3. Acute (96-h) exposures of 
green sunfish and smallmouth bass at 4 different pH levels 
over the range 6.5 - 8.7 showed that, for both species, NH3 
toxicity increased markedly with a decrease in pH, with LC5 
values at the lowest pH tested (6.6 for sunfish, 6.5 for bass 
being 3.6 (sunfish) and 2.6 (bass) times smaller than those at 
the highest pI-1 (8.7) tested (McCormick et al., 1984; Broderius 
et al., in press). 

It is concluded that NH3 is more toxic for fish at lower 
pH values than within the pl-1  range 7 - 9; the toxicity of 
NH3 may increase again above this range. 

6.4.3.2 Temperature 

Information 	in 	the 	literature 	on 	the 	effects 	of 
temperature on ammonia toxicity is varied. The concentration 
of NH3 increases with increasing temperature. Several 
researchers have reported an effect of temperature on the 
toxicity of the non-ionized ammonia species, independent of 
the effect of temperature on the aqueous ammonia equilibrium. 

McCay & Vars (1931) reported that it took three times as 
long for the brown bullhead, lctaltirus nebulosus, to succumb 
to the toxicity of ammonia in water at 10 - 13 '0 than at 
26 'C. The pH of the tested water was not reported but with 
the probable range tested (p11 7 - 8), the percent N113 at the 
higher test temperature would have been approximately three 
times that at the mean lower temperature. The toxicity of 
ainmonium chloride for goldfish, bluntnose minnow, Pirnephales 
notatus, and the straw-coloured minnow or river shiner, 
Notropi blennius, was reported (Powers, 1920) to he greater 
at high temperatures than at low, but no consideration was 
given to the increase in the relative concentration of NI-1 
as the temperature increased. Herbert (1962) suggested that 
the effects of temperature on the susceptibility of rainbow 
trout to NH3 toxicity was only slightly, if at all, affected 
by temperature change. In studies on striped bass, I1orone 

saxtilis, and stickleback, Casterosteiis aculeatus, Hazel et 
al. (1971) found a slight difference in toxicity between 15' 
and 23 ° C in fresh water, with both fish species being slightly 
more resistant at the lower temperature. 

However, there are other studies in whI-ch the toxicity of 
NH3 decreased with increasing temperature over the ranges 
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studied. 	The toxicity of NH3 for rainbow trout has been 
reported to be much higher at 5 'C than at 18 'C (United 
Kingdom Ministry of Technology, 1968). Brown (196'8) reported 
that the 48-h LC50 for rainbow trout increased with increase 
in temperature over the range 3 C - 18 ° c; the reported in-
crease in tolerance between ' -12 'C - '18 'C was con- 
siderably less than that between '-3 'C - -12 'C. A 
relationship between temperature and 96-h LC 50  was reported 
for rainbow trout over the temperature range 12 C - 19 C 

with ammonia toxicity decreasing with increasing temperature 
(Thurston & Russo, 1983). 

Thurston et al. (1983) reported that the acute toxicity of 
NH3 for fathead minnows decreased with a rise in temperature 
over the range 12 C - 22 C. Bluegill and fathead minnow 
were tested at low and high temperatures of 4.0 'C - 4.6 'C 
and 23.9 'C - 25.2 'C, respectively, and rainbow trout were 
tested at 3 'C and 14 'C (Reinbold & Pescitelli, 1982b). All 
three species were more sensitive to NH3 at the low 
temperatures, with toxicity being 1.5 - 5 times higher in the 
colder water. Bluegill appeared to be the most sensitive of 
the three species to the effects of low temperature on ammonia 
toxicity. Colt & Tchobanoglous (1976) reported that the 
toxicity of NH3 for channel catfish decreased with increas-
ing temperature over the range 22 'C - 30 'C. LC50 values 
for bluegill, channel catfish, and largenouth bass at 28 'C - 
30 'C were approximately twice those at 22 'C (Roseboorn & 
Richey, 1977). An effluent containing ammonia as the prin-
cipal toxic component showed a marked decrease in toxicity for 
channel catfish over the temperature range 4.6 'C - 21.3 'C 
(Cary, 1976). 

Lloyd & Orr (1969) investigated the effects of temperature 
(range 10 - 20 'C) on urine flow rates in rainbow trout 
exposed to 0.30 nig N1-13/litre, and did not find any apparent 
temperature effect on the total diuretic response of the fish, 
though the relative increase in urine production was less at 
higher temperatures. From a study of the behavioural response 
of bluegill to gradients of armnoiiium chloride, it was hypo-
thesized that low temperatures increased the sensitivity of 
the bluegill and interfered with the ability, either to detect 
ammonia after a certain period of exposure, or, to compensate 
behaviourally for physiological stress caused by ammonia 
gradients (Lubinski, 1979; Lubiriski at al., 1980). 

The European Inland Fisheries Advisory Coimiiiasion (1970) 
has stated that, at temperatures below 5 'C, the toxic effects 
of non-ionized ammonia may be greater than at above 5 'C, 
though the basis for this is not clearly documented. The 
evidence that temperature, independent of its role in the 
aqueous ammonia equilibrium, affects the toxicity of NH 3  for 



fish argues for further consideration of the temperature/ 

ammonia toxicity relationship. 

6.4.3.3 Salinity 

Herbert & Shurben (1965) reported that the reSistance of 
yearling rainbow trout to ammonilim chloride increased with 
increasing salinity up to levels of 30 - 40% sea water; above 
this level, resistance appeared to decrease. Fingerling cohn 
salmon were tested at salinity levels of 20 - 30 parts per 
thousand (57 - 86% salt water), and it was found that the 
toxicity of an ammonia-ainmooium waste increased as salinity 
increased (Katz & Pierro, 1967). These findings are in 
agreement, at the levels tested, with those of Herbert & 
Shurben (1965). Atlantic salmon were exposed to amnonium 
chloride solutiots for 24 h under both fresh-water and 30% 
salt-water conditions; LCSOvalues were 0.15 and 0.3 rig 
NH3 /litre, respectively, in the 2 different waters 
(Alabaster et al., 1979). Harader & Allen (1983) reported 
that the resistance to ammonia of chinook salmon parr 
increased by about 500%, as salinity increased to almost 30% 
sea water, but declined as salinity increased beyond that. 

There is a slight decrease in the NH3 fraction of total 
ammonia as ionic strength increases in dilute saline 
solutions, but the relative changes in NH3 toxicity, as 
salinity increases, are more directly attributable to changes 

in the rate of exchange of NH 3  and NH4 + across the fish 
gill membranes. 

6.4.3.4 Dissolved oxygen 

A decrease in dissolved oxygen concentration in the water 
can increase ammonia toxicity. There is a reduction in fish 
blood oxygencarrying capacity following ammonia exposure 
(Tlrockway. 1950; flanecker, 1964; Reichenhack-Klinke, 1967; 
thrting, 1969a,b; Waluga & Flis, 1971). Hypoxia would further 
exacerbate problems of oxygen delivery and could lead to the 
early demise of the fish. 

V9mos & Tandi (1967) observed deaths of carp in ponds at 
ammonia concentrations lower than would normally be lethal, 
and attributed this to periodic low concentrations of oxygen. 
On the basis of research in warm-water (20 'C - 22 'C) fish 
ponds, Selesi & Vdmos (1976) projected a "lethal line", 
relating acute ammonia toxicity and dissolved oxygen, below 
which carp died. The line ran between 0.2 rig NH3/litre at 5 
rig dissolved oxygen/litre and 1.2 rig NI-13/litre at 10 nig 
dissolved oxygen/litre. Thurston et al. (1983) compared the 
acute toxicity of ammonia for fathead minnows at reduced and 
normal dissolved oxygen concentrations; seven 96-h tests were 
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conducted within the range 2.6 - 4.9 mg dissolved oxygen/ 
litre, and 3 between 8.7 and 8.9 mg/litre. There was a slight 
positive trend between 96-h LC50 values and dissolved 
oxygen, though it was not shown to be statistically 
significant. Atlantic salmon smolts were tested in both fresh 
water and 302 salt water at 9.6 - 9.5 and 3.5 - 3.1 mg 
dissolved oxygen/litre. The reported 24-h LC50 values at 
the higher oxygen concentrations were about twice those at the 
lower (Alabaster et at., 1979). 

Several studies have been reported on rainbow trout. 
Allan (1955) reported that below 0.12 mg NH3/litre and at 
about 30% oxygen saturation, the median survival time was 
greater than 24 h, but at the same concentratjoo with oxygen 
saturation below 30%, the median survival time was lees than 
24 h. In studies by Downing & Merkens (1955), fingerling 
rainbow trout were tested at 3 different concentrations of 
NH3 at 5 different levels of dissolved oxygen. In tests 
lasting up to 17 h, decreasing the oxygen level from 8.5 to 
1.5 mg/litre shortened the period of survival at all ammonia 
concentrations, and a decrease in gurvival time produced by a 
given decrease in oxygen was greatest at the lowest 
concentration of NH3. Merkens & Downing (1957), in tests 
lasting up to 13 days, also reported that the effects of low 
concentrations of dissolved oxygen on the survival of rainbow 
trout were more pronounced at low concentrations of NH3. 
Ammonia (NH3) was found to be up to 2.5 times more toxic 
when the dissolved oxygen concentration was reduced from 100 
to about 40% saturation (Lloyd, 1961). It was reported by 
Danecker (1964) that the toxicity of ammonia increased rapidly 
when the oxygen concentration decreased below two-thirds of 
the saturation value. Thurston et al. (1981b) conducted 15, 
96-h acute toxicity tests on rainbow trout over the dissolved 
oxygen range 2.6 - 8.6 mg/litre. A positive linear correla-
tion between 96-h LC50 and dissolved oxygen was reported 
over the entire range tested 

When rainbow trout were treated in a channel receiving 
sewage discharge containing 0.05 - 0.06 mg NH3/litre, it was 
found that, at 25 - 35% dissolved oxygen saturation, more than 
5D/ of the fish died within 24 h, compared with 50% mortality 
of test fish in the laboratory, at 15% dissolved oxygen 
saturation (Herbert, 1956). The difference was attributed to 
unfavourable water conditions below the sewage outflow, 
including ammonia, which increased the sensitivity of the fish 
to the lack of oxygen. 

6.4.3.5 Carbon dioxide 

An increase in carbon dioxide (CO2) concentrations up to 
30 mg/litre decreased total ammonia toxicity (Alabaster & 



83 

Herbert, 1954; Allan et al., 1958). 	Carbon dioxide causes a 
decrease in pH, thereby decreasing the proportion of non-
ionized ammonia in solution. However, Lloyd & Herbert (1960) 
found that, though total ammonia toxicity was reduced at 
elevated CO2 levels, the inverse was true when considering 
non-ionized ammonia alone; more NH was required in low 
CO2, high p1-1 waLer to exert the toxic effect seen in fish in 
high CO, low pH water. The explanation presented by Lloyd 
& Herbert (1960) for the decreased toxicity of NH3 in low 
CO2 water was that CO2 excretion across the gills would 
reduce the pl-I and, therefore, the NH 3  concentration, in 

water flowing over the gills. A basic flaw in this hypothesis 
has been discussed by Broderius et al. (1977). Carbon dioxide 
will only form protons very slowly in water at the tested 
temperature. The uncatalysed CO2 hydration reaction has a 
half-time of seconds or even ann (e.g.., at pH 8; 25 seconds at 
25 C; 300 seconds at 0 C) (Kern 1960), and water does not 
remain in the opercular cavity for more than a few secnnds, 
and at the surface of a gill lamella for about 0.5 - 1 second 
(Randall, 1970; Cameron, 1979). Thus, the liberation of C0 7  
across the gills will have little, if any, effect on water ph 
or NH3 levels and the NH3 gradient across the gills 
between water and blood. 

6.4.3.6 Prior acclimatization to ammonia 

The question of whether fishes can acquire an increased 
tolerance to ammonia by acclimatiaation to low ammonia 
concentrations is an important one. If fish were able to 
develop such tolerance, they might be able to survive what 
would otherwise be lethal ammonia concentrations. 

Observations by McCay & Vars (1931) indicated that brown 
bullheads subjected to several successive exposures to 
ammonia, alternating with recovery in fresh water, did not 
acquire tolerance. However, a number of research workers have 
reported that previous exposure of fish to low concentrations 
of ammonia increases their resistance to lethal concentra-
tions. Vámos (1963) reported that carp exposed to 0.67 or 
0.52 mg NH3/litre for 75 mm, then transferred to fresh 
water for 12 h, followed by a solution containing 0.7 mg 
NH3/litre, exhibited symptoms of ammonia toxicity in 60 - 85 
mm, whereas control fish, exposed initially to 0.7 mg/litre 
NH3, developed symptoms within 20 miii. Blue tilapia 
acclimatized for 35 days to 0.52 - 0.64 tag N11 3 /litre 
subsequently survived 48 h at 4.1 mg/litre, compared with the 
48-h value for unacclimatized fish of 2.9 mg/litre (Redner & 
Stickney, 1979). Nalacea (1968) studied the effects on 
bitterling of acclimatization to ammonium sulfate solutions. 
A group of 10 fish was held in an acclimatization solution of 
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0.26 mg N113/litre for 94 h, after which the fish were 
exposed to a 5.1 mg NI-1 3 /litre solution for 240 mm. A 
control group of 10 bitterling received identical treatment, 
except that the acclimatization aquarium did not contain added 
(NH4)2S0. The ratio of the mean survival times of 
"adapted °  to "unadapted" fish was 1:13, indicating a slightly 
higher ammonia tolerance for the adapted fish. 

Schulze -Wiehenbrauck (1976) subjected 2 groups of rainbow 
trout (mean weights 56 g and 110 g) that had been held for at 
least 3 weeks at sublethal ammonia concentrations, to lethal 
ammonia concentrations. In the study on the llO-g fish, the 
acclimatization concentrations were 0.007, 0.131, and 0.167 mg 
NH3/ljtre. The fish were then subjected for 8.5 h to con-
centrations of 0.45, 0.42 and 0.47 ag NH 3/litre, respect-
ively. Fish from the 2 higher sublethal concentrations showed 
100% survival after 8.5 h in the 0.42 and 0.47 mg NH3/litre 
solutions, whereas fish from the 0.007 mg NH 3/litre concen-
tration showed only 50% survival in 0.45 mg NH3/litre. In 
the Study on the Sô-g fish, the acclimatization concentrations 
were 0.004 mg N113/litre and 0.159 mg NI-13/litre; these fish 
were placed for 10.25 h in NH 3  concentrations of 0.515 and 
0.523 mg/litre, respectively. There was 100% survival in the 
acclimatized fish, and 85% survival in the fish acclimatized 
to 0.004 mg/litre. The results of these studies showed an 
increase in resistance of trout to high ammonia levels after 
prior exposure to sublethal ammonia levels. 

Alabaster er al. (1979) determined 24-h LC 50  values of 
NH 3  for Atlantic salmon smolts under reduced dissolved 
oxygen test conditions. Fish acclimatized to ammonia before 
oxygen reduction had LC50 values 387 and 79% higher than 
fish without prior ammonia acclimatization. 

In studies by Brown et al. (1969), rainbow trout were 
tested by moving back and forth between tanks in which the 
ammonia concentrations were 0.5 and 2.5 times a previously 
determined 48-h LC50 value. If fish were transferred on an 
hourly basis, the median period of survival for the 
fluctuating exposure was reported to be the same as that for 
constant exposure (> 700 mm). When the fish were 
transferred at 2-h intervals, the median survival time for the 
fluctuating exposure was reported to be less (370 mm), 
indicating that the toxic effects from exposure to the 
fluctuating concentrations of ammonia were greater than those 
from exposure to the constant concentration. Thurston et al. 
(1981a) conducted acute toxicity tests in which rainbow trout 
and cutthroat trout were exposed to short-term cyclical 
fluctuations of ammonia. Companion tests were conducted in 
which test fish were subjected to ammonia at constant 
concentrations. The LC50 values for both average and peak 
concentrations of ammonia for the fluctuating concentration 
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tests were compared with the LC50 values for the constant 
concentration tests. Comparison of total exposures showed 
that fish were more tolerant to constant, than to fluctuating 
concentrations of ammonia. Fish subjected to fluctuating 
concentrations of ammonia at levels below those acutely toxic 
were better able to withstand subsequent exposure to high 
fluctuating concentrations than unacclimatized fish. There is 
reasonable evidence that fish with a history of prior exposure 
to sublethal concentrations of ammonia are better able to 
withstand an acutely lethal concentration for a period of 
hours and possibly days. Limited data on fluctuating expo-
sures indicate that fish are more susceptible to fluctuating 
than to constant exposure with the same average NH3 concen-
t rations. 

6.4.4 	Fish chronic toxici 

"Full-chronic" tests cover the entire life cycle of the 
test animal, beginning at a given stage of development of one 
generation (frequently as the fertilized egg) and continuing 
through to this sane stage in the next generation. Common 
end-points for measuring toxicity are survival, growth, and 
reproductive success, though recent research on ammonia 
toxicity for fish has demonstrated the desirability of also 
conducting histological examinations. 

"Partial-chronic' tests on fish most frequently cover a 
period of 30 days or longer, from the egg incubation stage to 
the free-swimming stage; for many toxins it has been demon-
strated that these stiages are the most sensitive. However, in 
the case of ammonia it has been demonstrated that older, 
mature rainbow trout, Salmoirdneri, are potentially as 
susceptible to the effects of ammonia as newly-hatched larvae. 

Long-term ammonia exposure of fishes, including complete 
life-cycle tests on rainbow trout and fathead minnows with 
several end-points, including effects on spawning and egg 
incubation, growth, survival and tissues, have been studied. 
The effects of prolonged exposure to ammonia (op to 61 days) 
on the early life stages of of pink salmon were studied by 
Rice & Bailey (1990). Three series of exposures were carried 
out, beginning at selected times after hatching. These were 
for 21 days prior to completion of yolk absorption, for 40 
days up to 21 days before yolk absorption, and for 61 days up 
to yolk absorption. All test fish were sampled for size when 
the controls had completed yolk absorption. Test concentra-
tions ranged from zero up to 0.004 mg NH3/litre. For fry at 
the highest concentration of 0.004 mg NH3/litre, significant 
decreases in weight were observed in all 3 exposed groups. At 
a concentration of 0.0024 trig NH3/1itre, the groups of fry 
exposed for 40 and 61 days were significantly smaller, whereas 
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a concentration of 0.0012 mg/litre had no significant effect 
on growth. Effects were consistently more marked for the 
61-day-exposed fish. 

In a 3-generation, 5-year laboratory study, rainbow trout 
exposed for 5 months to concentrations of ammonia ranging from 
0.01 to 0.07 mg NH3/litre, spawned of their own volition. 
There was no correlation between ammonia concentration and 
numbers of egg lots spawned, total numbers of eggs produced, 
or numbers of eggs subsequently hatched. Parental fish were 
exposed for 11 months, the first filial generation () for 
4 years, and the second filial generation (F 2) for 5 months. 
Pathological lesions were observed in both parental and F1 
fish, when ammonia concentrations reached and exceeded 0.04 mg 
NH3/litre. Measurements of blood-ammonia concentrations in 
4-year-old F 1  fish showed an increase when test water 
concentrations reached or exceeded 0.04 mg NtI/litre. The 
F 1  fish exposed for 52 months from day of hatching showed no 
relationship between growth and concentration at 10, 15, 21, 

and 52 months (Thurston et al., 1984b). 
Surkhalter & Kaya (1977) tested ammonia at concentrations 

ranging from 0.06 to 0.45 mg/litre on fertilized eggs and the 
resultant sac fry of rainbow trout. Eggs were incubated at 
12 C for 25 days in one test and at 10 C for 33 days in 
another; fry were maintained for 42 days. No concentration 
response was seen in egg mortality or incubation time in 
either test. Retardation in early growth and development 
occurred at 0.06 mg NH3/Iitre, the lowest concentration 
tested. Fish exposed to 0.12 mg NH 3 /litre required 1 week 
longer than the controls to achieve a free-swimming state; 
fish at 0.34 and 0.45 rig NH3/litre did not achieve a free- 
swimming state during a 42-day test period. 	A 21-day L050 
value of 0.30 mg N1' 3/1itre was obtained. 	For sac fry 
exposed for 42 days after hatching, hypertrophy of secondary 
gill lainellae epithelium occurred at 0.23 mg NH3/litre, and 
karyolysis and karyorrhexis in the secondary gill lamellac 
were observed after 28 days at 0.34 mg NH3!litre and higher. 

Calamari et al. (1977, 1981) exposed rainbow trout to 
aumionium chloride solutions for 71 days, beginning 1 day after 
fertilization and ending when fry had been feeding for 30 
days. A 72-day LC50 of 0.056 mg NH3/litre was calculated; 
23% mortality occurred at a concentration of 0.025 mg/litre. 
Examination of 986 rainbow trout embryos at the hatching stage 
after exposure to concentrations of 0.010 - 0.193 mg 
NH3/litre for 24 days showed an increase in gross 
malformations with increasing ammonia concentration. The 
deformities observed were various degrees of curvature from 
the median body axis, and various kinds of malformations in 
the head region with a number of cases of double heads. At 
the highest concentration tested, 0.193 mg NH3/litre, 60% of 
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the observed fjh were malformed. Microscopic examination, at 
hatching, of 128 larvae from the same exposure showed abnor-
malities of the epidermis and pronephros, which were cor-
related with ammonia concentrations. The epidermis was 
thickened with an irregular arrangement of the various layers 
of cells and an increase in the number and dimensions of 
mucous cells. The pronephros showed widespread vacuolization 
of the tubule cells, together with a thickening of the wall. 
Increasing abnormalities were observed after exposure to 
concentrations exceeding 0.025 mg N}13/litre for the epi -
dermis and 0.063 mg/litre for the pronephros. 

Four 4-week-old rainbow trout fry were exposed for 30 days 
to concentrations of ammonia (reported graphically) ranging 
from 0.06 to 0.31 mg NH3/1itre. Growth rate at 
-0.06 mg Nl-{3 /litre was comparable with that of controls, 
but, above 	0.10 mg NH3/litre, growth rate decreased, in 
correlation with increased NH3 concentration. 	Survival at 
0.32 mg NH3/litre was 70% of that of the controls (Hroderius 
& Smith, 1979). Schulze-Wiehenbrauck (1976) tested juvenile 
rainbow trout of different sizes, for periods of time ranging 
from 2 to 7 weeks, and at ammonia concentrations ranging from 
0.012 to 0.17 mg/litre. He concluded that a concentration of 
0.05 mg NH3/litre caused a slight decrease in growth during 
the first 14-day interval in non-acclimatized fish, but that 
the decrease was completely compensated for in the next growth 
interval. Exposure to 0.13 mg NH3/litre (apparently for 3 
or 4 weeks) did not affect growth, food consumption, or food 
conversion. 

Young rainbow trout were reared in 3 concentrations of 
ammonia (averaging 0.006, 0.012, and 0.017 mg/litre) for a 
period of 1 year. 	At 4 months, there was no significant 
difference in fish growth at the 3 concentrations. 	At 11 
months, there was a difference with the fish at 0.012 and 
0.017 mg NH3/litre, which weighed 9% and 38% less, 
respectively, than the fish at 0.006 mg Nfl 3 jlitre. Micro-
scopic examination of tissues from fish exposed to the highest 
concentration, examined at 6, 9, and 12 months, showed severe 
pathological changes in gill and liver tissues. Gills showed 
extenSive proliferation of the epitheliuni, which resulted in 
severe fusion of gill lamellae preventing normal respiration. 
Livers showed reduced glycogen storage and scattered areas of 
dead cells; these became more extensive with increase in 
exposure time (Smith, 1972; Smith & Piper, 1975). 

Rainbow trout were exposed for 3 months to concentrations 
of 0.069, 0.14, and 0.28 mg NH3/litre. The cumulative 
mortality of a control group (0.005 mg NH3llitre) was 
2%; cumulative mortality at 0.069 and 0.14 mg/litre was 
5%, and that at 0.28 mg/litre was 15% (United King-

don Ministry of Technology, 1968). ReichenbachKlinke (1967) 
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performed a series of 1-week tests on 260 fish of 9 species 
(including rainbow trout, goldfish, northern pike, Esox 
lucius, carp, and tench) at concentrations of 0.1 - 0.4 1118 
NH3/litre. Swelling of, and diminution of the number of, 
red blood cells, inflammation, and hyperplasta were observed. 
irreversible blood damage occurred in rainbow trout fry at 
concentrations shove 0.27 mg NF{3/litre. Low NH3 
concentrations also inhibited the growth of young trout and 
lessened their resistance to disease. 

In rainbow trout exposed to 0.30 to 0.36 mg N113/1itre, 
81% mortality occurred over the 36-day duration of the test, 
with most deaths occurring between days 14 and 21. Micro-
scopic examination of the gills revealed some thickening of 
the lamellar epithelium and an increased mucous production. 
The most characteristic feature was a large proportion of 
swollen, rounded secondary lamellas in which the pillar syStem 
was broken - down and the epithelium enclosed a disorganized 
mass of pillar cells and erythrocytes. Gill hyperplasia was 
not a characteristic observation (Smart, 1976). 

In rainbow trout exposed to < 0.0005 or 0.005 mg 
N113/litre for 8 weeks, examination of the gill lamellae of 
fish from the lower concentration showed them to be long and 
slender with no significant pathology. Fish exposed to 
0.005 ing NH3/litre had shorter and thicker gill lamellae 
with bulbous ends, and some consolidation of lameilae was 
noticed. Many filaments showed a definite hyperplasia of the 
epithelial layer, evidenced by an increase in the number of 
cell nuclei (Fromm, 1970). 

Thurston et al. (1978) studied the toxicity of ammonia for 
cutthroat trout fry in tests that lasted up to 36 days. 
Results of duplicate tests on l-g fish showed 29- and 36-day 
LC50 values of 0.56 mg NH3/litre. Duplicate tests on 3-g 
fish provided 29-day LC 50  values of 0.37 and 0.34 mg 
N113/litre, slightly less than those of the l-g fish. The 
heart, gastrointestinal tract, and thymus of cutthroat trout 
fry exposed to 0.34 mg NH3/litre for 29 days were comparable 
with those of control fish, but the gills and kidneys showed 
degenerative changes. The gills showed hypertrophy of 
epithelium, some necrosis of epithelial cells, and separation 
of epithelium due to oedema. The kidneys had mild hydropic 
degeneration and accumulation of hyaline droplets in the renal 
tubular epitheliwn. Reduced vacuolation was observed in 
livers. 

Samylin (1969) studied the effects of ammoniuni carbonate 
on the early stages of development of Atlantic salmon. The 
first set of studies at 13 'C, lasted 53 days and was 
conducted within the range 0.001 to > 6.6 mg N113/litre 
beginning with the 'formed embryo" stage. Accelerated 
hatching 	was 	observed 	with 	increasing 	(NH4)2CO3 
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concentrations, but concentrations of > 0.16 mg N1-13/litre 
were lethal for emerging larvae within 12 - 36 h. Because 
(N114)ZCO3 was used as the toxin, the pH in the test 
aquaria increased from 6.7 to 7.6 with increasing NH 3  
concentration. 	Growth inhibItion was observed at 0.07 tag 
N1-13 /litre. 	Tissue changes were observed in eyes, brains, 
fins, and blood of Atlantic salmon embryos and larvae exposed 
to concentrations ranging from 0.16 to > 6.6 mg NH3/litre, 
with more marked changes at higher ammonia concentrations. 
The effects observed Included erosion of membranes of the eyes 
and shedding of the crystalline lens, dilatation of blood 
vessels in the liver and brain, accumulation of blood in the 

occipital region and in the intestines. Reaction to light and 
mechanical stimulation gradually disappeared with increased 
ammonia concentration, and the heart rate slowed. Morpho-
logical differences in development between experimental and 
control larvae were observed from the tenth day of exposure, 
including a lag in yolk resorption, decrease in growth of the 
skin fold, and contraction of skin pigment cells causing the 
skin colour to become paler than it was after hatching. At 
concentrations up to 0.07 mg NH3/litre, no significant 
morphological differences were observed. 

A second series of studies, at 16.5 'C, was carried out in 
the 0.001 - 0.32 tag N113/litre concentration range, beginning 
with larval salmon (Samylin 1969). Concentrations of > 0.21 

- mg/litre were lethal and caused weight loss in fry; 0.001 - 
0.09 tag N1-13/litre caused a decrease in weight gain, though 
there were no differences in feeding activity, behaviour, or 
development at these concentrations compared with controls. 
Dissolved oxygen concentrations in this second series of 
studies dropped as low as 3.5 mg/litre. 

Burrows (1964) tested fingerling chinook salmon for 6 
weeks in outdoor water channels into which ammortium hydroxide 
was introduced. Two studies were conducted, one at 6.1 cC and 
the other at 13.9 'C, both at p1-1  7.8. 	The fish were then 
maintained in fresh water for an additional 3 weeks. 	A 
recalculation of the reported non-ionized ammonia concentra-
tions, based on more recent aqueous ammonia equilibrium 
tables, shows that the concentrations at 6,1 'C were 0.003 - 
0.006 tag ?1143/litre and, at 13.9 'C, were 0.005 - 0.011 tag 
N1-13/litre. At both temperatures, and at all ammonia 
concentrations, some fish showed excessive proliferation and 
clubbing of the gill filaments. The proliferation was 
progressive for the first 4 weeks, after which no measurable 
increase was observed. After 3 weeks in fresh water, 
examination of fish exposed at 6.1 'C indicated that recovery 
from the extensive proliferation had not taken place. In the 
study on larger fish at 13.9 'C a marked recovery from 
hyperplasia was noted after the 3 weeks in fresh water. In 
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the first study, the proliferated areas had consolidated; in 
the second, they had not. It was postulated that continuous 
ammonia exposure is a precursor of bacterial gill disease. 

Duplicate groups (90 fish each) of hatchery-reared coho 
salmon were exposed for 91 days to "river-water" solutions of 
ammonium chloride at concentrations of 0.019 - 0.33 mg 
NH3/litre. Control groups were reared at 0.002 mg/litre. 
Haemoglobin content and haematocrit readings were slightly, 
but significantly, reduced in fish exposed to the highest 
concentration tested, and there was also a greater percentage 
of immature erythrocytes. Blood-ammonia and -urea coricentra-
tions were not significantly different after 91 days, regard-
less of the concentration of ammonia to which the fish were 
exposed (Buckley et al., 1979). Rankin (1979) exposed embryos 
of sockeye salmon, Oncorhynchusnerka, to ammonia from 
fertilization to hatching. Total embryo lethality occurred at 
concentrations of 0.49 - 4.9 mg NH3/litre. The times 
required to achieve 50% mortality at these concentrations were 
40 - 26 days. Mortality of the embryos exposed to 0.12 mg 
NH3/litre was 30%, and time to 50% mortality was 66 days. 

Two full life-cycle ammonia toxicity tests, each lasting 
approximately 1 year, were conducted on fathead minnows 
(Thurston et al., in press). These tests began with newly 
hatched fry and were continued through their growth, matur-
ation and spawning stages; progeny were exposed from hatching 
through growth to 60 days of age. While no statistically-
significant differences were observed in survival, growth, egg 
production, and egg viability, at concentrations up to 0.4 mg 
NH3/litre, effects were seen at 0.4 mg NH3/litre. 

Tissues from fathead minnows subjected to prolonged (up to 
304 days) ammonia exposure were examined (Smith, 1984). 
Growths, some massive, were observed on the heads of several 
fish exposed to concentrations of 1.25 or 2.17 mg NH3/litre, 
and swollen darkened areas were observed on the heads of sev-
eral fish exposed to 0.639 - 1.07 mg NH3/litre. Thurston at 
al. (in press) also reported lesions at concentrations below 
those at which other effects were observed. Brain lesions 
were common at concentrations of 0.21 mg N113/litre and 
higher. Grossly and histologically, the severity of the 
lesions, which varied from mild to severe, was positively cor-
related with ammonia concentration. The lesions appeared to 
be of a cell type originating from the meninx primativa cover-
ing the brain. The hyperplastic tissue often completely sur-
rounded the brain but was not observed around the spinal cord. 

An early life-stage test initiated at the blastula stage 
of embryogeneais and extending through 39 days post-hatching 
was conducted on green sunfish (McCormick et al., 1984). 
Retardation of growth was found in green sunfish exposed from 
embryo through juvenile life stages to concentrations of 
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0.489 mg NH3/litre or more, but not at 0.219 mg N113/litre. 
In a long-term test on green sunfish, Jude (1973) reported 
that, at levels higher than 0.17 mg NH3/litre, mean fish 
weight increased less rapidly than that of the controls on the 
4 days following the introduction of ammonia. Thereafter, fish 
exposed to 0.26 and 0.35 mg NH3/litre grew at an increasing 
rate, while fish exposed to 0.68 and 0.64 mg NH3/litre 
remained the same for 12 days before increases in growth 
occurred. 

Four simultaneous early life-stage ammonia tests with 
smailmouth bass were carried out at 4 different pH levels, 
ranging from 6.6 to 8.7, in order to examine the effect of pH 
on chronic ammonia toxicity. Exposure to ammonium chloride 
solutions began on 2- to 3-day old embryos and lasted for 32 
days. The end-point observed was growth, and ammonia was 
found to have a greater effect on growth at lower pH levels 
than at high. Concentrations found to retard growth ranged 
from 0.056 mg/litre at pH 6.60, to 0.865 mg/litre at pH 8.68 
(Broderius et al., in press). 

In early life-stage tests (29 .- 31 days 	exposure) on 
channel catfish and white sucker, no significant effects on 
percent hatch or larval survival were observed for channel 
catfish exposed to ammonium chloride at concentrations as high 
as 0.583 mg N1-13/litre and for white sucker at concentrations 
as high as 0.239 mg NH3llitre. Significant retardation of 
growth, however, occurred in channel catfish at concentrations 
of 0.392 mg N113/litre or more and in white sucker at 0.070 
mg N113/litre and higher. A delay in time to swim-up stage 
was also observed for both species at elevated (0.06 - 0.07 
mg/litre) ammonia concentrations (Reinbold & Pescitelli, 
1982a). 

In cultured channel catfish fingerlings, exposed for 
periods of approximately 1 month to concentrations of 0.01 - 
0.16 mg N1i3/litre, growth at 0.01 and 0.07 mg N113/litre 
was not significantly different from that of control fish, but 
growth retardation at 0.15 and 0.16 rig NH3/litre was 
statistically significant (Robinette, 1976). Colt (1978) and 
Colt & Tchobanoglous (1978) reported retardation of growth of 
juvenile channel catfish during a 31-day period of exposure to 
concentrations ranging from 0.058 to 1.2mg HH3/litre. 
Growth rate was reduced by 50% at 0,63 mg NH 3/litre, and no 
growth occurred at 1.2 rig 1*13/litre. 

6.5 Wild and Domesticated Animals 

6.5.1 	Wildlife 

Although ammonia has been known to be toxic for nearly a 
century (Hahn et al., 1983), studies describing the toxico- 
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logical effects of ammonia on wildlife are very limited. 
Normally, atmospheric ammonia does not appear to be a problem 
for wild animals, but concentrations of ammonia could reach 
harmful levels in accidents during transport near forests and 	_ 
remote areas. NRC (1979) has reported 2 types of observations 
in relation to this topic: (a) the use of anhydrous ammonia to 
exterminate wild birds and mice in farm buildings; and (b) the 
tolerance of bats to atmospheric ammonia. 

The use of anhydrous ammonia has been recommended for 
exterminating wild birds and mice from farm buildings by flay 
et al. (1965). The technique is simple, economical, and does 
not leave any harmful residue. 	The farm buildings, after 
removal of the livestock, were sealed and treated with 
anhydrous ammonia at 16D0 mg/rn 3  (2285 ppm) for 7 min and 
then reopened. 	Ammonia fumes were fatal for Lite wild 
inhabitants, particularly for wild birds. Within 0.5 h, dead 
starlings, sparrows, pigeons, and mice were removed from the 
barns. Farm animals were allowed to enter the hains within 
1 h of their reopening. According to laboratory studies, the 
mouse appears to be more sensitive than other animal species 
such as the rat, rabbit, and guinea-pig. 	When mire were 
exposed for 10 min to ammonia at 6140 - 9060 mg/rn 3  (8770 - 
12 940 ppm) , death with convulsion began after 5 min of 
exposure, and over 507 of the mice died before the study was 
completed. The surviving animals appeared to recover rapidly, 
but another 47 died between the 6th and 10th days after 	-_... 
exposure (Underwriters Laboratories, 1933). 

Large colonies of Guano bats (Taridabrasi1i 
frequently inhabit caves or other areas, producing large 
amounts of guano, which, on bacterial decomposition, results 
in a very high concentration of ammonia in the atmosphere. 
Although high ammonia concentrations, together with high 
relative humidity in caves, discoloured the pelage of bats 
(Eads et al., 1955; Constantine, 1958; Mitchell, 1964), no 
other adverse physiological effects were observed in these 
mammals. This apparent adaptation to inhaled ammonia prompted 
laboratory studies relating to the physiological mechanisms 
involved in ammonia tolerance in different species of bats 
(Mitchell, 1963; Studier, 1966; Studier et al., 1967). 

California leaf-nosed bate (Macrotus californicus) can 
tolerate exposure to 2100 mg/rn 3  (3000 ppm) for up to 9 It 
(Mitchell, 1963). 

Ammonia toxicity at lethal doses was manifested by 
corrosion of the skin and mucous membranes, pulmonary oedema, 
and distinct visceral damage. The blood-non-protein nitrogen 
in the exposed bats was significantly elevated without any 
increase in urinary-urea or -ammonia. 

Studier et al. (1967) studied the effects of increasing 
concentrations of atmospheric ammonia on ammonia tolerance and 
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metabolic rates in rats, mice, and 3 species of bat. Rats, 
mice, and 2 species of bat ti_cifi and Etesicus 
fuscus) tended to show increased oxygen utilization, when 
exposed to increased ammonia levels. However, the guano bat 
(Tadarida brasiliensis) exhibited a large decrease in oxygen 
utilization with increasing ammonia concentration (i.e., 74% 
depression) when exposed to air containing 4900 mg/rn 3  (7000 
ppm) of gaseous ammonia. Earlier, Studier (1966) had shown 
that 35% of gaseous ammonia filtered through the mucous 
linings in the respiratory passage in guano bats, when they 
were exposed to 2100 mg/m 3  (3000 ppm) of ammonia. There was 
no change in their normal blood p1-I during exposures to high 
ammonia concentrations. The animals, however, exhaled 
measurable amounts of ammonia when transferred to normal air. 

6.5.2 	Domesticated animals 

6.5.2.1 Oral 	psure 

(a) Ruminants 

The use of urea as a partial source of nitrogen in 
ruminant nutrition is limited by its toxicity, which results 
from its metabolism to ammonia. 

The toxic effects of urea in ruminants are related to a 
high ammonia content in the blood. Urea itself is not as 
toxic as the ammonia, which is rapidly released in the rumen 
by the action of bacterial urease (EC 3.5.1.5) on ingested 
urea (Bloomfield at al., 1960). The absorption of this excess 
ammonia has been shown to depend on the pH of the ruminal 
contents. 

Hogan (1961) examined the effects of pH on the absorption 
of ammonia from the rumen in sheep. When an anmionia-
containing buffer at pH 6.5 was placed in the rumen, absorp-
tion increased with the concentration gradient. At a pH of 
4.5, however, the concentration of ammonia in the rurnen did 
not affect the absorption across the epithelium. The net loss 
of ammonia-nitrogen from the rumen at pH 6.5 was more than 3 
times the loss at a pH of 4.5. 

Additional support for the effect of pH on ammonia 
absorption across the ruminal epithelium in sheep has been 
presented by Bloomfield et al., (1962). As the pH of the 
rujuinal contents increased from 6.21 to 6.45, no ammonia was 
absorbed; however, as the pH increased to 7.59, the absorption 
rate was 16 simol/litre per h. One sheep with a ruminal ph of 
7.7 died of ammonia toxicity within 30 mm. These data 
support the hypothesis that the non-ionized ammonia, which 
increases at higher pI-I,  penetrates the lipid layers of the 
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ruminal epithelium more effectively than the charged ammonium 
ion (Coombe et al., 1960). 

Toxic signs become apparent as the blood-ammonia-nitrogen 
increases to 10 mg/litre; tetanic spasms occur between 10 and 
20 mg/litre and are followed by death (Repp at al., 1955; 
MeBarron & Mclnnes, 1968; Kirkpatrick et al., 1972, 1973; Webb 
et al., 1972). Wilson et al. (1968a) attributed the cause of 
death to the cardiotoxic effects of ammonia produced from the 
urea. However, Singer & McCarty (1971) observed that only one 
sheep died of ventricular fibrillation and the remainder of 
respiratory failure. More recently, Edjtehadi et al. (1978) 
reported the arrest of respiration, and not cardiovascular 
collapse, as the cause of death in sheep. 

Certain aspects of the blood chemistry have been described 
for sheep with urea poisoning (Kirkpatrick et al., 1973; 
Edjtehadi at al., 1978). In general, during the initial 
stages of urea toxicosis, an alkalosis is induced, followed by 
SyStemic acjdosis due to hyperventilation prior to death 
(%djtehadi eL al., 1978). In addition to increases in blond-
ammonia and blood-urea levels, there is a marked increase in 
the blood-glucose level, with no change in ketone concentra- 
tions in the body (Singer & McCarty, 1971). 	The following 
changes have been recorded at death 	red-cell count and 
haernoglobin concentration increased by 7.9%; white-cell count 
decreased by 27.5%; and packed-cell volume increased by 
11.4%. Mean corpuscular volume, mean corpuscular haemoglobin, 
and mean corpuscular haemoglohin concentration were not sub-
stantially changed (Kirkpatrick et al., 1973). 

Pathological effects of ammonia toxicity in sheep have 
been described by Singer & McCarty (1971). The changes were 
similar when sheep received intraruminal injections of 
an,sionium chloride, ammonium sulfate, or a mixture of anmoniuri 
cliloride, carbonate, phosphate, and sulfate. General passive 
hyperaernia and numerous petechial and ecchyinotic haemorrhages 
in the musculature, heart, thymus, and lungs were found. The 
lungs were distended and severely congested. On microscopic 
examination, the pulmonary lesions included severe hyperaemia, 
haemorrhage, alveolar oedema, and alveolar emphysema. In the 
thynius, there was degeneration and necrosis of Hassall's 
corpuscles and centrilohular haemorrhages. Lesions in kidneys 
included severe generalized cloudy swellings and multiple foci 
of early coagulative necrosis of the proximal convoluted 
tubules, general hyperaemia of the glomerular tufts, and 
degeneration of the glomerular tuft cells. 

In Marschang & Crainiceanu's (1971) study on the effects 
of ammonia in the air of calf stables, ammonia concentrations 
reportedly ranged from 0.7 to 140 mg/rn 3  (1 - 200 ppm). 
During these periods of high ammonia concentration, high 
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mortality rates were observed among the calves. The authors 
suggested that the high ammonia content weakened the resis-
tance of the animals and thus created conditions for the 
development of secondary infections. 	Deaths were mainly 
caused by respiratory diseases. 	Autopsy indicated various 
types of change in the lungs, chiefly inflammation. 

Air-ammonia concentrations in 3 cattle-fattening facil-
ities in Rornania were measured by Marschang & Petre (1971), 
who found concentrations ranging from 2 to 1400 mg/rn 3  (3 
2000 ppm). Morbidity (mainly from respiratory disease) and 
mortality rates increased with ammonia concentrations in the 
stalls and decreased as some of the toxic gas levels decreased 
to admissible concentrations. The authors suggested that 
ammonia is the most important environmental factor in pro-
ducing disease in cattle-fattening stalls. They did not refer 
to the growth rate of the cattle; however, in an additional 
report, Marschang (1972) observed a marked decrease in the 
growth rate of fattening cattle, when the ammonia content of 
the stable was high. 

(b) Nonogastric animals 

Monogastric animals are considered relatively tolerant to 
dietary urea, since they lack the large amounts of bacterial 
lirease present in the rumen of ruminants. Horses may fre-
qttently consume cattle rations that contain urea or other 
non-protein-nitrogen sources. 

1-lintz et al. (1970) found that the urease activity in the 
caecal fluid from ponies was 17 - 25% of that reported for 
bovine rusien fluid. They subjected 8 ponies to oral doses of 
urea at 3.3 - 3.6 g/kg body weight, to study the toxic effects 
of urea overdosage. Seven of the ponies died of ammonia tox-
icity, 3 - 12 h after treatment. Clinical signs of toxicosls 
were characteristic of severe central nervous system derange-
ment. These signs were similar to those previously reported 
for ruminants, with the exception of head pressing against a 
fixed object prior to loss of coordination. No significant 
gross lesions were observed on necropsy. Blood-ammonia in- 
creased linearly until death. Blood-a-keto-glutarate de-
creased initially, reached minimal values at about 30 join and 
then increased to 3 times the zero time value. Blood-glucose 
remained constant for the first 2.5 h and then increased to 
about 3 times the initial value. Blood-pyruvate decreased dur-
ing the first 3.5 h and then increased to 10 times the initial 
value s. 
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6.5.2.2 Inhalation exposure 

Swine 

The acute inhalation effects of ammonia in swine are given 
in Table 15. 

Poultry 

As discussed previously, poultry are exposed to ammonia in 
the atmosphere of poultry houses; this ammonia is released 
from the action of bacteria on poultry wastes. The toxic 
effects of this exposure are primarily seen in the eyes and 
respiratory tract. 

An idiopathic ocular disorder in young chicks, designated 
keratoconjunctivitis, was first described by Bullis et al. 
(1950), who attributed it to environmental factors in the 
rearing facilities. 

Anderson et al. (1964a) reported that chickens exposed 
continuously to ammonia at 14 mg/m e  (20 ppm) showed some 
signs of discomfort, including rubbing of the eyes, slight 
iachrymation, anorexia, and, later, weight loss. Chickens 
exposed to ammonia at 14 mg/rn 3  for as little as 72 h were 
more susceptible to aerosol infection with Newcastle disease 
virus. Gross and microscopic damage to the respiratory tract 
could be detected after 6 weeks of continuous exposure to - 
ammonia at 14 mg/m 3. Valentine (1964) reported tracheitis 
in chicks exposed to ammonia at 42 - 49 mg/rn 3  (60 - 70 ppm). 
The breathing of the birds was audible as moist rales with 
bubbling sounds. At post-mortem examination, some of the 
birds had slight congestion of the lungs with excess mucous in 
the respiratory tract. The mucous membranes of the trachea 
were much thicker than in the control birds, and there was 
leukocytic infiltration of the tissue. It was suggested that 
this tracheitis may predispose the affected birds to respir-
atory diseases with the added risks of secondary infections. 

Charles & Payne (1966a) reported that exposure to atmos-
pheric ammonia at 70 mg/m 3  (100 ppm) caused a reduction in 
carbon dioxide production and depth of respiration and a 7 - 
247 decrease in the respiration rate of laying hens. The 
authors also observed that broilers reared to 25 days of age 
in atmospheres containing high concentrations of ammonia con-
umed less food and grew more slowly than unexposed chickens. 

Pullets reared in high-ammonia atmospheres matured up to 2 
weeks later than pullets reared in ammonia-free atmospheres. 

Airsacculitis, one of many respiratory diseases in 
poultry, has been associated with high ammonia concentrations 
in poultry houses (Ernst, 1968). High concentrations of dust 
were also noted during periods of winter confinement, when 
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high ammonia concentrations were observed. The incidence and 
severity of air-sac lesions in turkeys increased signficantly 
with high concentrations of dust (0.6 - 1.0 mg/rn 3  or 21 - 35 
mg/rn 3 ) in the atmosphere. Flocks with a high rate (47%) or 
a low rate (2%) of infection with Mycoplasmameleridis were 
similarly affected. No significant interaction between dust 
and ammonia concentrations (up to 21 mg/rn 3  or 30 ppm) with 
regard to effects on the development of air-sac lesions was 
found. i'ortality rate and feed conversion were not signifi-
cantly affected by exposure to dust and ammonia. There was 
considerable loss of cilia from the epithelium of the tracheal 
lumen and an increase in mucous-secreting goblet cells in 
turkeys exposed to high concentrationS of dust and ammonia. 
Areas of consolidation and inflammation were frequently 
observed in the lungs of these turkeys. The air-sac lesions 
ranged from mild (lymphocytic infiltration) to severe (masses 
of gaseous material). 

Airsacculitis has also been experimentally induced in 
chickens exposed to atmospheric ammonia and the stress of 
infectious bronchitis vaccination (Kling & Quarles, 1974). 
Eighty Leghorn male chicks were maintained in 12 controlled-
environment chambers. Ammonia at 0, 17.5, or 35 mg/rn 3  (0, 
25, or 50 ppm) was introduced into the chamher from the 4th 
to 8th weeks of age. An infectious bronchitis vaccination was 
administered to all chicks at 5 weeks of age. Body weights 
and feed efficiencies were determined at 4, 6, and 8 weeks. 
At 4, 5, 6, and 8 weeks, lung and bursae of Fabricius weights, 
haeinatocrits, and air-sac scores were determined. Body weights 
and feed efficiencies were significantly reduced in the 
ammonia chambers. The bursae of Fabricius in the ammonia-
stressed chickens were significantly larger than those of 
controls at 5 weeks of age and significantly smaller at 8 
weeks of age. Chickens grown in ammoniated environments had 
significantly larger lungs at 8 weeks. Haematocrits were not 
significantly different among treatments. Total air-sac 
scores were significantly higher in the ammonia-stressed 
chickens at 8 weeks. The results indicated that chickens were 
stressed by the ammonia at 17.5 or 35 mg/rn 3 , and by the 
infective bronchitis vaccination. In a similar study (Quarlee 
& Kling, 1974), exposure of broiler chicks to 17.5 or 35 
mg/rn 3  (25 or 50 ppm) from the 4th to the 6th week resulted 
in the observation of severe airsacculitis at 6 and 8 weeks of 
age. During the test, airborne bacterial counts were 
significantly higher in chambers with ammonia than in control 
chambers. 

Charles & Payne (1966b) studied the effects of graded 
concentrations of atmospheric ammonia on the performance of 
laying hens. At 18 'C, ammonia at 73.5 mg/rn 3  (105 ppm) 
significantly reduced egg production, after 10 weeks of 
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exposure. 	No effects were observed on egg quality. 	Food 
intake was reduced and Weight gain was lower. No recovery in 
egg production occurred when the treated groups were 
maintained for an additional 12 weeks in an ammonia-free 
atmosphere. Similar results were observed at 25 'C, under the 
same conditions. Earlier work had indicated that egg quality 
could be affected by ammonia exposure (Cotterill & Nordskog, 
1954). Freshly-laid eggs were exposed to various 
concentrations of ammonia in a desiccator for 14 h at room 
temperature and then moved to normal atmosphere for another 32 
h at 50 'C, before examination. There was evidence of 
absorption of ammonia into the eggs and significant impairment 
of interior egg quality, as measured by Ilaugh units, pi-!, and 
transmission of light. The authors suggested that the quality 
of eggs left all day in hen houses containing high 
concentrations of ammonia might be adversely affected. 
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7. KINETICS AND METABOLISM 

Ammonia, a by-product of protein and nucleic acid 
metabolism and a minor component of the diet, is in a state of 
flux in the body, though it is present in low steady-state 
concentrations in body fluids. In animals, metabolically-
produced ammonia is conjugated and excreted. Toxicity will 
only occur if these conjugation and excretion mechanisms are 
defective, or if they are overwhelmed by excessive exposure. 

7.1 Absorption 

7.1.1 	Respiratory tract 

Egle (1973) studied the retention, over a short period of 
time, of inhaled ammonia in air at concentrations in the range 
150 - 500 mg/rn 3  (214 - 714 ppm), in mongrel dogs of both 
sexes (7 - 37 per study). Retention was not materially 
affected by respiratory rate, tidal volume, or concentration. 
Retention by the whole respiratory tract averaged 78%, but the 
complexity of the dynamics of this retention is illustrated by 
the fact that when respiration was via an endotracheal tube, 

- limiting exposure to the lower respiratory tract, and when 
the upper respiratory tract (muzzle to tracheal bifurcation) 
was perfused tidally, the retention was 78% in each case. 
However, unidirectional perfusion of the upper respiratory 
tract with ammonia in air produced a higher mean retention of 
89%. 

Schaerdel et al. (1983) exposed 4 groups of rats, 8 per 
group, to average ammonia concentrations of Il, 23, 220, or 
826 mg/rn 3  (15, 32, 310, or 1157 ppm) for 24 h. 	Ammonia in 
blood was measured at 0, 8, 12, and 24 h. 	At the 2 lowest 
concentrations, there was no increase in blood-ammonia. 
However, after 8 h at 220 and 826 mg/rn 3 , significant 
increases of 0.192 and 0.244 mniol (3.26 and 4.18 mg/litre) 
were noted. After 12 and 24 h, the increases were not so 
marked, indicating an increase in ammonia metabolism. 

In a study by Silverman et al. (1949), 7 male volunteers 
were exposed to 350 mg/m i  (500 ppm) for 30 silo. Initial 
ammonia retention was not reported for all subjects, but, in 

one instance, was around 75%. Retention decreased progres-
sively until at equilibrium it was 23% (range 4 - 30%); 
equilibrium was reached in 10 - 27 mm. Some irritation was 
noted in the nose and throat, leading to the suggestion that 
ammonia at this concentration was primarily absorbed by the 
upper respiratory tract. Levels of blood-urea-nitrogen (BUN), 
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non-protein 	nitrogen, 	urinary-urea, 	and 	urinary-ammonia 
remained normal. 

In another study (Kustov, 1967), exposure of human 
volunteers to ammonia for a longer duration (14 mg/rn 3 	- 

(20 ppm) for 8 h) was accompanied by a statistically-
significant increase in BUN from 23.9 to 30 mg%. 

An early study was conducted by Landahl & Herrmsnn (1950) 
on the retention of gases by the human nose and lung. At 
ammonia concentrations of between 40 and 350 mg/rn 3  (57 and 
500 ppm) and a mean minute volume of 6 - 7 litre/mm, for 
short durations (< 2 mn), they found that approximately 
92% ± 2% was retained in the respiratory system (i.e., 
mouth, lungs, etc.) in 2 male volunteers, tested 4 times. 
Differences in concentrations of ammonia did not affect 
retention values. In a separate study, about 83% was retained 
in the nssopharnyx at a flow rate of 18 litre/mm, but only 
63 - 71% was retained when the flow rate was tripled. These 
data are consistent with, though somewhat higher than, those 
reported by Egle (1973) for exposure in dogs. 

It should be noted that experimental animals kept in cages 
may be exposed to relatively high concentrations of ammonia, 
even exceeding 100 mg/m 3 , due to the degradation of urea in 
urine and faeces (Flynn, 1968; Schaerdel et al., 1983). 

Because ammonia is very water soluble, and thus absorbed 
by the mucous coating in the upper respiratory tract, the 
lungs are protected from the effects of exposure to low -, 
concentrations of ammonia (Haggard, 1924; Boyd et al., 1944). 
At the levels of ammonia associated with ambient air (i.e., 
1 - 200 pg/rn 3 ), very little, if any, is absorbed through 
the lungs. 

If a person breathes an ammonia concentration in air of 
18 mg/m 3  (a common occupational exposure limit) at 1 m 3/h 
end, if all the ammonia is retained, then 18/60 = 0.3 mg 
ammonia/min would require to be cleared by hepatic blood flow 
(say 1 litre/mm). The rise in systemic blood-ammonia would be 
calculated at 0.3 mg/litre or 0.018 mmol. If the more 
realistic assumption of 30% retention were used, the corres-
ponding increase in blood-ammonia concentration would be 
0.09 mg/litre, about pmol. An arterial fasting ammonia 
concentration of 1.05 mg/litre has been reported in healthy 
subjects (Conu, 1972), so the calculated rise is only 10% over 
fasting levels. 

7.1.2 	Castroiritestinal tract 

Ammonia is a trace compound in foods. 	Ammonia that is 
absorbed from the intestinal tract arises primat - ily from the 
bacterial degradation in the intestine of amino and nucleic 
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acids from ingested food, endogenous epithelial debris, and 
mucosal cell luminal secretions, or from the hydrolysis of 
urea diffusing from the systemic circulation into the intes-
tinal tract. The estimated ammonia production from various 
substrates in the human intestines ranges from 10 mg/day in 
the duodenum to 3080 mg/day in the colon and faecal contents. 
Nearly all the ammonia formed is absorbed (about 99E or 
4000 mg). In healthy individuals, absorbed ammonia is mainly 
catabolized rapidly in the liver to urea; therefore, rela-
tively small amounts reach the systemic circulation after 
absorption from the gastrointestinal tract as a consequence of 
this "first pass effect" (Suminerskill & Wolpert, 1970). 

Castell & Moore (1971) have ahown that ammonia uptake from 
the human colon, the major site of ammonia production, 
increases with increased pH of the luminal contents. A 
similar effect of pH has been shown for the absorption of 
ammonia from the rumen of sheep (Hogan, 1961; Bloomfield St 
al., 1962). Since an increase in pH increases the proportion 
of non—ionized ammonia, the authors concluded that simple non-
ionic diffusion was responsible for the majority of ammonia 
transport. Evidence also exists for the active transport of 
the ammonium ion from the intestinal tract. Castell 6 Moore 
(1971) showed that ammonia transport by the human colon, 
though greatly diminished, still occurred when the luminal piE 
was reduced to 5, at which value non—ionized ammonia would he 
virtually absent. Mossberg & Ross (1967) and Nossberg (1967) 
studied the absorption of ammonia from isolated intestinal 
loops of the golden hamster and found that the ileal movement 
of ammonia against a concentration gradient was inhibited by 
cyanide, dinitrophenol, and anasrobiosig. This suggested that 
an energy—dependent transport system was operable in the 
ileum, where ammonia was absorbed preferentially, but not in 
the jejunum. 

Membrane transport of the ammonium ion by the human 
erythrocyte has been demonstrated (Post & Jolly, 1957). 

7.1.3 

Ammonia is highly mobile in all tissues and the ammonium 
inn readily penetrates the corneal epithelium. Within 5 
seconds, traces are present in the anterior chamber of the eye 
(Siegrist, 1920). However, systemic and intra—ocular absorp-
tion by these routes are not quantitatively important. 

7.2 Distribution 

The ammonia normally present in all tissues in the body 
constitutes a dynamic pool throughout which absorbed ammonia 
is distributed. The distribution of total ammonia between 
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body compartments is strongly influenced by pH. The non 
ionized NH3 is freely diffusible, whereas NH4+ is less 
diffusible and relatively confined in compartments. The lower 
the pH of a compartment, the greater its total ammonia content 
(NRC, 1979). 

The fate of absorbed ammonia molecules has been studied in 
man, by measurement of blood constituents, and, in experi-
mental animals, by following the distribution of ' 3N after 
the administration of "NH3 and compounds. 

7.2,1 	Human studies 

In human beings, inhalation of ammonia (350 nig/mr;  500 
ppm) for 30 ruin did not have any effect on blood-nitrogen 
levels (Silverman et al., 1949). In another study, exposure 
of human subjects to 14 mg ammonia/rn 3  (20 ppm), for a 
duration of S h, revealed a statistically significant increase 
in BUN (from 23.9 to 30 mg%) (Kustov, 1967). However, this is 
unlikely to have represented the metabolic conversion of 
absorbed ammonia, since the increase was far greater than 
could have been accounted for by the quantity of ammonia 
inhaled. 

Administration of 9 rug NH4C1/kg body weight, orally, to 
20 healthy adult male and female volunteers caused a transient 
increase in ammonia concentrations in arterial blood in 
approximately half of the subjects. Concentrations peaked 
(mean, 1.4 mg N113/litre) at 15 min and returned to fasting 
levels (mean, 1.05 rug NH3/litre) by 30 mm. However, in 50 
male patients with cirrhosis of the liver, blood-ammonia 
levels increased from already elevated fasting levels (mean, 
1.56 tag NH3/litre) to much higher peak concentrations (mean, 
3.7 rug NH3/litre) at 15 mm, followed by a slow decrease 
reflecting impaired hepatic urea synthesis. Blood-ammonia 
levels, before and after administration of ammonium chloride, 
were significantly higher among cirrhotic patients with 
portacaval anastomoses than among patients lacking such shunts 
(Cnnn, 1972). 

7.2.2 	Animal studies 

The distribution, as well as the metabolic fate of 
ammonia, depends on the route of administration. 	After 
intestinal absorption, ammonium inns are primarily transformed 
by the liver to urea, and subsequently excreted in the urine. 
In contrast, intravenously-administered ainmanium salts are 
more available as non-essential nitrogen for protein synthesis 
(Furst et al., 1969). 	However, some orally administered 
ammonia, has been found to be incorporated into tissue 
proteins. Incorporation of 15N was higher in serum globulins 
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than in albumin after intravenous dosing with 15N-ammonium 
salts, but this order was reversed after oral administration 
(Furst et al., 1970). The amount incorporated into protein by 
this route was greater when protein intake was restricted 
(Richards et al., 1968). 

Duda & Handler (1958) analysed the tissue of rats, 15 miii 
after an intravenous injection of iN_arnn1onium lactate, and 
found that its major metabolites, glutarnine, and urea, were 
quickly distributed throughout the body. The highest levels 
of labelled urea (in inoles 'NIg tissue) were found in 
the kidney (0.0217) and liver (0.0159), while lesser amounts 
were found in the heart (0.0086), spleen (0.0067), brain 
(0.0029), testes (0.0027), and carcass (0.0070). The highest 
levels of labelled glutamine ( imoles 15N/g tissue) were 
found in the heart (0.086) and liver (0.055) and lesser 
amounts (0.005 to 0.032) in the brain, spleen, carcass, 
kidney, and testes. 

Vitti et al. (1964) examined the distribution of 15N 
from airimonium citrate, administered by different routes, into 
the proteins of various tissues of hypophysectomized rats. 
The liver, kidney, and spleen contained greater concentrations 
of ' SN incorporated into proteins than heart or muscle 
fractions during 72 h following intragastric, intraperitoneal, 
and subcutaneous administration of 1 SN-ammonium citrate. 
After the firat 6 h, during which the intragastric route gave 
higher values, the quantity of ' 5N incorporated into liver-
protein was not substantially affected by the route of admini-
stration. In most of the other tissues studied, however, 'N 
incorporation tended to be least by the intragastric route, 
followed, in increasing order, by the intraperitoneal and sub-
cutaneous routes. By the last route, more labelled ammonia 
was apparently made available to the widely distributed 
glutamine-synthetase (EC 6.3.1.2) system (section 7.4.3). 

7.3 Metabolic Transformation 

Most organisms have mechanisms for conjugating ammonia 
into non-toxic compounds for excretion. Terrestrial mammals 
synthesize urea, which requires the concerted action of 
several enzymes of the Krebs-Henseleit (urea) cycle. One of 
these enzymes, glutamine synthetase (EC 6.3.1.2), was present 
in the brains of all vertebrate species examined. Clutamine 
aynthetase was also present at significant levels in the liver 

- 	in all organisms examined (Brown et al., 1957). 
Exogenous ammonia, administered intravenously as an 

ammonium compound, is metabolized to glutamine as the major 
early product (Duda & Handler, 1958). The ammonia fixed in 
glutamine may eventually end up in amino acids, purines, 
pyrimidines, or other nitrogen-containing compounds. Ingested 
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aunnonium chloride or endogenous ammonia is absorbed into the 
portal vein and converted in the liver to urea (Furst et al., 
1969; Goodman & Gilman, 1970; Pitts, 1971). 

Results of studies on the metabolic fate of dietary 
annuonium citrate (Foster et al., 1939) and intravenously-
administered ammonium lactate (Duda & Handler, 1958) in rats 
showed that urea synthesis represented a nearly constant 
fraction of the administered ammonia over a large concentra-
tion range. Besides glutamine and urea, labelled nitrogen 
also appeared in creatine, glycine, alanine, proline, histi-
dine, arginine, glutamic acid, and aspartic acid. Vitti et 
al. (1964) examined the incorporation of ' 5N from ammonium 
citrate into proteins of liver, heart, kidney, spleen, and 
muscle fractions of untreated and growth hormone-treated, 
hypophysectomized rats, and found differences in the metabolic 
fate, depending on the route of administration. Subcutaneous 
injection facilitated the labelling of amide nitrogen, 
indicating extensive disposition via glutarnirie synthesis. 	In 
contrast, intragastric or intraperitoneal administration 
resulted in the labelling of arginine, glutamic acid, and 
other alpha-amino acids of the liver. Arnide-nitrogen was 
labelled to a much lesser extent than by the subcutaneous 
route. The tissue distribution of the label also differed 
according to the route of entry (section 7.2.2). 

7.4 Reaction with Body Components 

Ammonia-nitrogen is central in nitrogen metabolism and 
therefore becomes incorporated in all proteins and nitrogen-
containing components in the course of metabolic turnover. 
Ammonia does not react with body components in the manner of 
alkylating agents or compounds that modify haemoglobin. 

7.5 Elimination and Excretion 

7.5.1 	Expired air 

Ammonia may be excreted through expired air. Hunt (1977) 
reported human expired air levels of ammonia of between 105 
and 2219 	1g/m; Larson (1977) reported values of between 
196 and 1162 .g/m 3 , during mouth breathing. 	These values 

are higher than those expected from equilibration with plasma-
and lung-parenchyma-ammonia levels (28 - 49 ig/m 3 ). This 
is most likely due to the synthesis of ammonia from Salivary 
urea by oral microflora (Biswas & Kleinbert, 1971). Measurable 
amounts of free ammonia were also found in air expired by dogs 
given ammonium acetate intravenously (Robin et sI,, 1959), and 
normal dogs and human beings with hepatic-induced ammonia 
toxicity (Jacques et al . , 1957, 1959). Bloomfield et al 
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(1962) reported the presence of free ammonia in expired air 
from sheep during experimentally-induced urea toxicity. 
Normal levels of ammonia in the expired air of the rat have 
been reported to range from 7 to 247.1 pg/rn 3 , with a mean 
of 54.6 igJm 3  in nose-breathing animals and 23.8 - 520.8 
ig/m 3, with a mean of 200.2 i./m 3  in tracheal-
cannulated animals (Barrow & Steinhagen, 1980). The presence 
of ammonia in the expired air of human beings and experimental 
animals suggests that reaction products may be formed with a 
variety of airborne chemicals, thereby altering their toxicity. 

7.5.2 	Urine and faeces 

Free ammonia is excreted by ammonotelic organisms (e.g., 
fish), uric acid by uricotelic animals (e.g., birds), and urea 
by ureotelic animals (e.g., mammals). 	Mammals may also 
secrete ammonia directly into the urine. 	Glutaminase (EC 
3.5.1.2) catalyses the release of ammonia in the kidney 
tubular epitheliusi, where it serves as an acceptor of H+  and 
regulates the acid-base balance (Van Slyke et al., 1943; White 
et ml., 1973). In acidosi, the renal concentration of gluta-
minase increases over several days, paralleling the increased 
excretion of ammonium ions (Davies & Yudkin, 1952; Muntwyler 
e.t al., 1956; Kamin & Handler, 1957); two-thirds of the 
urinary-ammonia is contributed by this pathway (Van Slyke et 
al., 1943), and approximately one-third by protein metabolism 
and ammonia clearance from the plasma by the kidney. 

Oral and intravenous administration of ammonium lactate to 
healthy human volunteers produced different patterns of 
excretion, reflecting the effective harrier of the liver in 
preventing ingested ammonia from gaining access to peripheral 
circulation by converting most of the ammonia load to urea. 
Urinary-ammonia excretion was increased 8-fold and urea 
excretion was reduced by one-half after intravenous injection, 
as opposed to oral administration (Gay et al., 1969), probably 
due to the anaholisni involved in the "first pass" effect after 
oral administration. 

Less than 1% of the 4 g total ammonia produced in the 
human intestinal tract, per day, is excreted in the faeces 
(Suaimerskill & Wolpert, 1970). 

7.6 Retention and Turnover 

Some nitrogen derived from absorbed ammonia is incor-
porated in amino acids and proteins. The rate of ammonia-
derived nitrogen turnover is rapid, but depends on the 
nutritional state. Thus, when NH4Cl had been 
administered orally to healthy male volunteers, for one week, 
707. ''N was excreted by those no a 70-g protein/day diet, 
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while only about 357 15N was excreted by those on 20 g 
protein/day (Richards et al., 1968, 1975). 

7.7 Uptake and Metabolism in Plants 

Ammonia is used by many plants and preferentially by a 
few. however, ammonia is toxic, and its uptake in large 
quantities may put a severe strain on the carbohydrate 
metabolism of the plant in the provision of carbon skeletons 
for its detoxification. The absorption of ammonium usually is 
coupled with the exchange of catioos as H + . Ammonia-
nitrogen functions as a nitrogen source for the synthesis of 
amino acids, which are incorporated in proteins. Plants that 
are able to absorb it in large amounts include many acid 
plants, such as Rumex, which are able to detoxify ammonia by 
forming ammonium salts of organic acids. "Amide plants", such 
as beet, spinach, and squash, are able to form large amounts 
of the amides, glutamine, and asparagine and can withstand 
quite high concentrations of aaimonium salts by detoxifying the 
ammonia. Certain plants, such as rice, which live in water-
logged anaerobic soils, require NH3  or reduced organic 
nitrogen fertilizer, alone. 



- 109 - 

8. EFFECTS ON EXPERIMENTAL ANIMALS AND IN VITRO TEST SYSTEMS 

8.1 Single Exposures 

8.1.1 	Inhalation exposure 

LC5Q studies and studies to determine the threshold for 
irritating effects on the respiratory system for the rat and 
mouse are summarized in Tables 16 and 17, respectively. 

Tb1e 1E. Lethal c000entralions (1 -h exposure) of alm500(a for 
rats and tnice- 

Measured 	SpecieS 
concentration 

Mortality 
ratio. 

Mean 	etght gain 
of survvors at 
14 	days 	(g) 

4347 	 rat 0/10 3.5 
5474 	 rat 8/10 - 

6888 	 rat 9/20 - 

controls 	rat 21.4 

2520 	 mouSe 0/10 -0.2 
3185 	 mouse 3110 -0.7 
4034 	 mouse 9/10 - 

controls 	mouse - 1.6 

Adapt5d frost; Mactwen 4 Vernot (1972). 
Number dead/number exposed. 

S. 	Not enough survivors for comparson. 

The acute lethal dose of ammonia by inhalation has been 
determined for both the rat and the mouse (MacEwen & Vernot, 
1972). The results are summarized in Table 16. Male CFE rats 
ranging in weight from 200 to 300 g and male CF1 nice weighing 
from 20 to 30 g (IcR derived) were exposed for 1 h to several 
concentrations of ammonia. Inhalation of ammonia gas produced 
immediate nasal and eye irritation followed by lboured 
breathing and gasping in all test groups. 	in addition, 
convulsions were seen in mice. 	Surviving rats necropsied 
after 14 days showed moderate mottling of the liver, regarded 
as probable fatty infiltration, at the 5474 and 6888 mg/rn 3  
(7820 and 9840 ppm) dose levels. Mice surviving the 2 highest 
dose levels of 3185 and 4004 mg/rn 3  (4550 and 5720 ppm) 
showed mild congesfion of the liver. Pathological lesions 
were not seen in rats exposed to 4347 mg/rn 3  (6210 ppm) or 
mice exposed to 2520 mg/rn 3  (3600 ppm). The calculated 1-h 
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Table 17. Single—dose inhalation studies (LC50) 

Species taposure time L050 Reference 
(nun) (mg/un') 

rat 120 7600 Alpatov (1964) 

rat 60 5137 MacEwen & Van-not 	(1972) 

rat 5 18 693 Prokop'eva at al. 	(1973) 

rat 15 12 	160 Prokopeva et at. 	(1973) 

rat 30 7035 Prokopeva at al. 	(1973) 

rat 60 7939 Prokop'eva at el. 	(1973) 

rat 10 31 	612 Appelman et al. 	(1982) 

rat 60 11 	620 Appelman at al. 	(1982) 

mouse 10 7160 Silver S HcGratr 	(1948) 

mouse 60 3386 MacEwen & Verruat 	(1972) 

mouse 60 2960 Kapeghisn at al. 	(1982) 

LC50  values for the rat and the mouse were 5137 and 3386 
Tag/rn "  ( 7338 and 4837 ppm), respectively. 

In another inh1otion study, an LC 0  value for the rat, 
with a 2-h exposure, was 7600 mg/rn 3  (10 860 ppm) (Alpatov, 
1964). In a further study, the threshold for acute effects 
(depression, then-i hyperactivity and convulsions) for a 2-h 
exposure was 85 mg/rn 3  (121 ppm) (Alpatov & Mikhailov, 1963). 

Kapeghian et al. (1982) reported an acute inhalation 
toxicity study on male ICR mice, in which the 1-h LC 50 with 
a 14-day observation period was calculated to be 2960 mg/rn 3  
(4230 ppm). 	Lungs of mice that died during exposure were 
diffusely haemorrhagic. 	Histology revealed acute vascular 
congestion and diffuse intra-alveolar haemorrhage. A mild to 
moderate degree of chronic focal pneumonitis was also seen. 
Focal atelectasig was evident in survivors sacrificed after 
the observation period. Liver damage was also seen in these 
mice. There was evidence of swelling and increased cyto-
plasmic granularity of hepatocytes at 2408 mg/m" (3440 ppm) 
and scattered foci of frank cellular necrosis at 2954 mg/rn" 
(4220 ppm). At 3402 rng/m" (4860 ppm), necrosis was 
increased. 	The liver lesions may have resulted from the 
compromised nutritional state of the mice. 	Follicular 

rO 



- Ill - 

hyperplasia in the spleen was also seen in surviving anisisis, 
but this was absent in animals that died during exposure. 

The acute LC50 in male and female Wistar rats was 31 612 
mg/rn 3  (40 300 ppm) for a 10-min exposure, 20 017 mg/rn' 
(28 595 ppm) for a 20-min exposure, 14 210 mg/rn' (20 300 
ppm) for a 40-rain exposure, and II 620 mg/rn' (16 600 ppm) 
for a 60-min exposure (Appelman et al., 1982). Survivors were 
observed for 14 days. Clinical signs of restlessness, eye 
irritation, nasal discharge, mouth breathing, and laboured 
respiration were seen during exposure. Cross necropsy revealed 
haemorrhagic lungs in animals that died during the study as 
well as in survivors. No histepathology was performed. 

Prokop'eva et al. (1973) reported that white rats exposed 
to high concentrations of ammonia (6000, 3000, 1000 mg/rn' or 
6814, 4307, 1436 ppm) for periods of 5, 15, 30, and 60 rain 
exhibited dyspnoaa, irritation of the respiratory tract and 
eyes, cyanosis of the extremities, and increased excitability. 
The LC50 values for inhalation exposures of 5 and 15 mm 
were 18 693 mg/rn' (26 704 ppm) and 12 160 mg/rn 3  (17 372 
ppm), respectively, while for 30 and 60 aiim, the values were 
7035 mg/rn' (10 050 ppm) and 7939 mg/rn' 	(11 342 ppm), 
respectively. 	Inhalation of ammonia at concentrations of 
3000, 1000, or 300 mg/rn' (4307, 1436, 431 ppm) resulted in a 
drop in static muscular tension, leukocytosis, prolongation of 
the latent reflex time, increase in total protein and blood 
sugar, increased oxygen consumption, and a rise in the level 
of residu1 nitrogen. No changes were observed in rats 
exposed to a concentration of ammonia of 100 mg/rn' (144 
ppm), for 5, 15, 30, and 60 miii. Animals exposed to high 
concentrations of ammonia (exact concentration not specified) 
developed pneumonia (Prokop'eva at al., 1973). 

When exposed to toxic levels of ammonia, within I mm, 
mice exhibited excitement, closing their eyes immediately and 
gasping (Silver & T4cCrath, 1948). Groups of 20 mice were 
exposed to ammonia gas for 10 rain at 9 concentrations ranging 
from 6100 to 9000 mg/rn' (8753 to 12 921 ppm). The median 
lethal concentration, calculated from the mortality at 10 
days, was 7060 ± 320 mg/rn' (10 152 ± 460 ppm). Most 
(93%) deaths occurred rapidly, due to convulsions after 5 Thin 
of exposure. Survivors usually recovered within 10 miii. 

The LC50 values for the rat and the mouse are summarized 
in Table 17. 

Dose-dependent ultrastructural changes in the terminal 
airways of mice exposed for 3 - 60 rain to ammonia (concentra-
tion unspecified) included oedema of the alveolar epithelium, 
development of intracapillary platelet thrombosis, increased 
secretions by the Clara cells, presumed to be phophol1pids, 
and an increase in the number of empty lamellar bodies in the 
large alveolar cells (Niden, 1968). 
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Twenty cats were anaesthetized and exposed to 700 mg/rn 5  
(1000 ppm) for 10 miri vie endotracheal tube and then observed 
for up to 35 days (Dodd & Gross, 1980). All cats had severe 
dyspnoea, anorexia, and dehydration, 24 h after exposure. . 
Several measures of pulmonary function were impaired. Gross 
pathology of the lungs showed various degrees of congestion, 
haemorrhage, oedema, interstitial emphysema, and collapse, all 
non-specific for any post-exposure day. Bronchopneumonia was 
common, 7 days after exposure. 

Barrow et al. (1978) exposed male Swiss-Webster mice to 
concentrations of ammonia ranging from 70 to 560 mg/rn 5  
(100 - 1000 ppm) for 30 mm. The average respiratory rate 
depression in 4 mice for each of 4 exposure levels was 
evaluated. The maximum depression in respiratory rate at each 
exposure level occurred within the first 2 mm. The concen-
tration expected to elicit a 50% decrease in respiratory rate 
(RD50) in mice, calculated by a regression equation for 
ammonia, was 212 mg/m 3  (303 ppm) with 95% confidence limits 
of 132 - 343 mg/rn 3  (188 - 490 ppm). Effects of ammonia 
exposure such as bradycardia and peripheral vasoconstriction 
accompanied respiratory rate depression at the RD5 0  and 
above. 

A concentration of 350 mg/rn 5  (500 ppm) was reported by 
Wood (1979) to be the level at which unrestrained mice did not 
consistently adopt avoidance measures on inhalation of 
ammonia. Both this author and Barrow et al. (1978) claimed to 
offer more sensitive end-points 	for assessing ammonia 
irritation. 	However, the no-observed-adverse-effect level 
reported by Wood (1979) was higher than the concentration 
determined by Barrow et al. (1978) to elicit 50% depression of 
respiratory rates in mice. 

Dalhamn & Sjoholm (1963) tested in vitro preparations of 
the tracheae of 8 rabbits. Arrested ciliary activity was 
observed after 5 min of exposure to ammonia at 350 - 
700 mg/rn 3  (500 - 1000 ppm). In in vivo studies on rabbits, 
Dalhamn (1963) showed that the level of ammonia entering the 
nasal cavity, necessary to cause small changes in the rate of 
tracheal ciliary beating, was 1400 mg/rn 3  (2000 ppm). This 
corresponds to a tracheal concentration of approximately 
70 mg/rn 3  (100 ppm). 

When anaesthetized male rabbits were exposed to 8 ammonia 
concentrations ranging from 700 to 14 000 mg/rn 3  (1000 - 
20 000 ppm) (Richard et al., 1978b), bradycardia appeared at 
1750 mg/rn 3  (2500 ppm). Hypertension, cardiac arrhythmia, 
macroscopic lung changes, and EEC abnormalities were also 
reported. Signs appeared more rapidly at higher concentra-
tions with the complete syndrome appearing at 3500 mg/rn 3  
(5000 ppm). 



- 113 - 

Mayan & Nerilan (1972) exposed 16 adult female New Zealand 
white rabbits to ammonia concentrations of 35 and 75 mg/nr a  
(50 and 100 rpm) for 2.5 h. The average decreases in respira-
tory rate, which were 34 and 32.72, respectively, were signi-
ficantl.y (P < 0.01) less than control values. There were no 
histopathological changes in lung, liver, spleen, or kidneys. 

Enzymatic alterations in rats following inhalation of low 
levels of ammonia have also been reported. At concentrations 
of approximately 20 - 121 rug/rn 3  (29 - 173 ppm), there was a 
decrease in the activities of liver succinic dehydrogenase (Er 
1.3.99.1), lactate dehydrogenase (Er 1.1.1.28), gtucose-6-
phosphate dehydrogenase (Er 1.1.1.49), and adenosine triphos 
phatase (Er 3.6.1.3). Liver acid phoaphatase (EC 3.1.3.2) 
activity was increased (Zioteva et ml., 1974). 

When 180 mice were exposed for 10 ruin to ammonia at 6139 - 
9058 mg/ru 3  (8770 - 12 940 ppm), death with convulsions began 
to occur S ruin after exposure. One hundred mice died during 
the exposure. The surviving animals (80) recovered rapidly; 
however, 7 died between the sixth and tenth days following 
exposure (NRC, 1979). 

8.1.2 	Oral exposure 

The effects of ammonis and its compounds are mainly of 2 
types. The first is the effect of ammonia itself. The second 

- is the effect of the anion bound to the ammonium ion. ArnmOr1un 
chloride, especially, will mainly exert its effects in the 
mammalian body due to the formation of hydrogen chloride. Most 
of the experimental work concerning the oral route of adrnini-
tration has centred on ammonium chloride, which has been used 
extensively in the study of metabolic acidosis. There have 
been few studies in which attempts have been made to identify 
the role of the arsmonium ion and ammonia in the effects 
(Table 18). 

Median lethal doses (LD505) of 4400 and 3100 mg/kg body 
weight have been reported for ommnnimmrn sulfarnate in the rat 
and the mouse, respectively. (Vinokurova & Mal'kova, 1963). 
A similar figure for the oral 1.050  in the rat of 4520 
(4070 - 5020) mg/kg was reported by Bukhovskaya et al. (1966). 

Frank (1948) reported a lethal dose for amrnonium sulfate of 
between 3000 and 4000 mg/kg body weight in the rat. 

8.1.2.1 Effects of metabolic acidosis induced by ammoniurn 
chloride 

The ingestion of smmonium chloride in doses of around 
500 - 1000 mg/kg body weight per day, for periods ranging from 
1 to 8 days, has induced metabolic acidosis in mice, guinea-
pigs, rats, rabbits, and dogs. However, Boyd & Seymour (1946) 
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did not report any toxic effects at doses of up to 1 g/kg body 
weight in rats, rabbits, guinea-pigs, and cats (50 animals per 
group). 

Clinical signs, depending on the severity of the acidosis, 
inc1ude 	a decrease in plasma- and urinary-pH; decreased 
appetite; decreased carbon dioxide-combining power; an 
increase in BUN and chlorides; an increase in plasma proteins; 
an increase in haeiriatocrit (haemoconcentration); increased 
gluconeogenesis; increased phosphoenolpyruvate carboxykinase 
(EC 4.1.1.49) activity; increased urinary animonium; increased 
urea, sodium, chloride, calcium, and titratable acid excre-
tion; an increase in malate and oxaloacetate concentrations in 
renal tissue; and decreased Concentrations of glutamine, 
glutamate, and e-ketoglutarate in the kidney. Pulmonary 
oedema, central nervous system dysfunction, and renal changes 
are reported to have occurred after ingestion of ammonium 
chloride. 

Susceptibility to ammonium chloride differs among species. 
For instance, pulmonary osdema is produced in cats, but not in 
rabbits; yet cats have been shown to be more resistant to oral 
poisoning by  ammonium chloride than other animals studied. 

Age is an important factor in the response of rats to oral 
doses of ammonium salts. Benyajati & Goldstein (1975) found 
that the administration of a single dose of S mniol ammonium 
chloride/kg body weight (267.5 mg/kg), by gavage, to 7- to 
12-day-old rats (39 animals) increased ammonia excretion by 
about 64%, within 4 h, compared to an increase of 155' in 20 
adult rats after similar treatment. 

8.1.2.2 Organ effects following oral administration 

(a) Lung and central nervous 	sten 

Toxic doses of ammonium salts induced acute pulmonary 
oedeina in rats, guinea-pigs, and cats, but not in rabbits 
given ammonium chloride (6% aqueous solution) intraperi-
toneally or by gavage, though the doses were sufficient to 
cause death. To induce similar effects in cats, a larger dose 
(unspecified) of ammoniuui chloride and a longer latency 
period (from 1 to 3 h) were required, indicating a greater 
resistance of this species to ammonium chloride (Koenig & 
Koenig, 1949). 

In a limited study to assess the role of the ammonium ion 
in producing pulmonary oedema, Koenig B Koenig (1949) admin-
istered, by gavage, to 5 different guinea-pigs, 6 ml of 20% 
ammonium nitrate; 7 ml of 6.4% amisonium acetate; 7 ml of 10% 
ammonium bromide; 7 ml of 6% arnmonium chloride; or 7 ml of 
7.4% ammonium sulfate, respectively. The last 4 solutions 
contained approximately equivalent concentrations of ammonium. 
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All 5 animals died of acute pulmonary oedema; the lungs of a 
control animal that had received water by gavage remained 
normal. The pulmonary osdema could not be attributed to the 
induced acidosis, since guinea-pigs and cats, made severely 
acidotic by gavage with sodium lactate or dilute hydrochloric 
acid, dd not show lung oedema (Koenig & Koenig, 1949). 

Progressive signs of ammonium poisoning caused by ammonium 
salts, given by gavage, indicative of both pulmonary and 
nervous system dysfunction, were reported in less than 30 mm 
in guinea-pigs and rats (Koenig & Koenig, 1949) including: 

a rapid increase in the rate and depth of respira- 
tion; 

weakness and difficulty in locomotion; 

hyperexcitability for tactile, auditory, and painful 
stimuli; and 

muscle fasciculations over most of the body followed 
by generalized tonic convulsions and then coma. 

The respiratory rate was greatly reduced but the depth of 
respiration increased and was accompanied by gasping and 
stridor. Histological changes occurred in both the lung and 
brain, while oedema, congestion, and haemorrhage were found 
principally in the lung (Koenig & Koenig, 1949; Cameron & 
Shiekh, 1951). 

The addition of ammonium chloride to rat feed resulted in 
reduced dietary consumption (Motyl & Oebski, 1977). The 
results of studies by Noda & Chikamori (1976) pointed to a 
direct effect of the ammonium ion on the brain area that 
regulates feeding. Rats with bilateral lesions in the 
prepyriforui cortical area of the brain consumed as much diet 
containing 3% ammonium chloride as basal diet. A unilateral 
injection of 10 mg/litre of 2% NH4C1/kg body weight into 
prepyriform cortical areas, in contrast to an injection into 
other areas of the brain, or an injection of sodium chloride, 
significantly reduced the food intake of 6 adult male Wistar 
rats. The results of these studies suggest that ainmonium ions 
directly influence appetite by their effects on prepyriform 
cortical areas. 

(b) Kidney 

Lotspeich (1965) reported that ingestion for 7 days of 
0.28 mol/litre (1.5%) ammonium chloride in water (ad Jib) 
produced renal hypertrophy with new cell formation and an 
enlargement of existing cells. Some animals from each of the 
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acidotic and control groups were subjected to unilateral 
nephrectomy. Highly significant increases in kidney wet 
weight, dry weight, and total nitrogen were observed in the 
acidotic group. Similar changes were produced by unilateral 
nephrectomy. In unilaterally nephrectomized rats made 
acidotic by the ingestion of ammoniurn chloride, the remaining 
kidney was larger than that seen in animals with unilateral 
nephrectomy without induced acidosis, suggesting an additive 
effect of unilateral nephrectomy and ammonium chloride intake. 

The relationship between the renal hypertrophy and the 
ammonium ion, acidosis, non-specific intake of nitrogen, or 
increased solute load was examined (Lotspeich, 1965). Isomolar 
(0.28 mol/litre) solutions of sodium chloride and amrnonium 
chloride produced renal hypertrophy. The increase due to 
sodium chloride was less marked (it Was noted that the sodium 
chloride group drank 3 or 4 times as much solution each day as 
the ammonium chloride group). Isomolsr (0.2 mol/litre) 
solutions of sodium bicarbonate and ammonium citrate did not 
induce renal hypertrophy. When 3 groups of 6 rats were given 
drinking-water containing 0.28 mol/litre sodium chloride, 0.28 
ammonium chloride, or a urea solution containing nitrogen 
equivalent to that in the 0.28 mol/litre ammonium chloride, 
for 7 days, only the ammonium chloride solution induced 
acidosis. The rats in both the sodium chloride and ammonium 
chloride groups had larger kidneys than the urea-drinking 
rats, though the kidneys of the sodium chloride-drinking rats 
were not as large as those of the ammonium chloride-drinking 
rats. Since renal hypertrephy was produced by solutions con-
taining the chloride ion, while aimnonium citrate and urea did 
not cause any hypertrophy, the evidence does not support the 
hypothesis that renal hypertrophy is due to the ammonium ion. 

Thompson & Halliburton (1966) also reported renal hyper-
trophy in rats that ingested 3% ammonium chloride in the diet 
for 6 days. The ingestion of ammoniuin citrate or sodium 
chloride in amounts that were equivalent to that of the 
ammonium chloride did not cause renal hypertrophy. 

Janickj (1970) examined the kidneys of rabbits that had 
been administered 16.2 g ammonium chloride, by gavage, over a 
period of 2 days and found the epithelium of the convoluted 
tubulea swollen, vacuolated, and completely filling the lumen; 
nuclei exhibited karyolysis. Findings were similar in 4 
rabbits administered 5 - 7 g ammonium chloride, by gavage, 
over a period of 3 - 7 days. 

However, hyperaemia of the renal cortex of rabbits was 
noted after the administration, by gavage, of single dosea of 
0.8 and 1 g ammonium carbonate/kg body weight (Yoshida et al., 
1957). As the carbonate ion does not have an acidifying 
effect, this suggests that the ammonium ion produces some 
effects on the kidney. 
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8.1.2.3 Influence of diet on the effects of ananoni 

In 6 mongrel dogs, blood-urea levels were increased by a 
higher level of protein intake (6 g protein/kg per day) 
(Bressani & Braham, 1977). Levels of ft3O mg BUN/litre were 
found 8 h after the daily feed. When the protein intake was 
low (4 mg protein/kg per day), BUN levels of 14 mg/litre were 
reported, 8 h after the daily feed. The frequency of protein 
intake did not affect the maximum value of blood-urea levels 
when the protein intake was low (4 mg protein/kg per day). 
This suggests that high levels of urea and ammonia in the 
blood might occur in animals that suffer from liver insuffi-
ciency and are fed high-protein diets. 

Kulasek et al. (1975) studied the effects of nitrogen in 
the diet on ammonia detoxification, using 210 rats and 6 diets 
containing 50, 150, and 700 g casein/kg (low-, optimal-, or 
high-protein diet, respectively), with or without the addition 
of ammonium chloride at 20 g/kg. After S or 9 days of feeding, 
the 1.050  from an intraperitoneal injection of a 2.7% 
solution of ammonium chloride was determined. The LU 50  
increased in proportion to the amount of nitrogen in the 
diet. The data suggest that higher doses of exogenous ammonia 
were tolerated by rats on protein-rich diets or diets con-
taining an amrnoniuiu salt as an additive. An adaptive capacity 
for ammonia detoxification was further demonstrated by Notyl & 
Debski (1977) in a study using rats fed low-protein diets with 
the addition of N114C1. The L1J50 values for the ip injec -
tion of 2.77 N114C1 were higher in animals fed low-protein 
diets supplemented with NH4C1 (Table 18). Stevens et al. 
(1975) raised weanling rats for 3 - 6 weeks on a protein-
deficient diet, subsequent challenge by a large, intraperi-
toneally-injected dose of ammonium chloride indicated that 
aevere protein deprivation increased vulnerability to ammonia 
poisoning compared with that of control groups not prefed 
protein-deficient diets. Thus, with the exception of animals 
suffering from liver dysfunction, animals on high-protein 
dtets seem able to tolerate a higher oral intake of an 

ammonium salt. 
A group of eight, 6- to 8-month-old cats, given a single 

meal of a complete amino acid diet without arginine, developed 
hyperammonaemia with elevated plasma levels of glucose and 
ammonia and showed clinical signs of ammonia toxicity within 
2 h. One cat died 4.5 h after ingesting only 8 g of the diet. 
Pive of the surviving cats given a single meal of complete 
amino acids, in which arginine was replaced with an equivalent 
amount of ornithine, did not show any unusual signs. This 
finding indicates that the cat is unable to synthesize 
ornithirie at the rate required by the urea cycle to dispose of 
ammonia from amino acid catabolism; however, the dietary 
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requirements for cats may differ from those of other adult 
animals, including human beings, because the cat has a much 
higher protein requirement, i.e., it requires approximately 
20% of dietary calories as protein, as opposed to only 4 - 8% 
required by the rat, dog, sheep, and man (Morris & Rogers, 
1978). 

The lethal effects of ammonia poisoning have been pre-
vented by the amino acids, ornithine and aspartic acid. To 
test whether this was mediated by a sparing action of adeno-
sine triphosphate (ATP) on ananonia metabolism, 20 dogs with 
chronic Eck's fistula were injected in the duodenum with 
ammonium acetate at 4,1 mmoljkg body weight (219.4 mg/kg). 
Half of the group was given 2 mg ATP/kg, 1 h prior to admini-
stration of the ammoniule acetate. In 9 of the 10 dogs, ATP 
prevented a rise in levels of ammonia in venous blood. Groasi 
et al. (1968) administered ATP (2 mg/kg) intravenously to 6 
dogs with chronic Eck's fistula and on high-protein diets. 
Within 1 h, high blood-ammonia levels returned to normal. In 
chronic liver disease, there may be insufficient ATP available 
for ammonia detoxification, resulting in hyperammonaemia. 

8.1.3 	Dermal exposure 

No data are available regarding any systemic effects of 
dermal exposure to ammonia or ammonium compounds. 

8.1.4 

The parenteral toxicity of ammonia and ammonium compounds 
has been studied extensively. Toxicity is influenced by the 
route of administration, e.g., with oral administration, there 
is the capacity for detoxification of exogenous ammonia by the 
1 iver. 

8.1.4.1 Lethality 

The intravenous 	(iv) 	and intraperitoneal 	(ip) LD50 
values for a number of ammonium compounds in various species 
are summarized in Table 19. The toxic syndrome was similar in 
all species studied. The signs, after iv injection, were 
characterized by immediate hyperventilation and clonic convul-
sions followed by either fatal tonic extensor convulsion or 
the onset of coma in 3 - 5 mm. The animals remained comatose 
for approximately 30 - 45 mm. At this stage, tonic convul-
sions and death can occur at any time, but animals that 
survive usually recover rapidly and completely (Warren, 1958; 
Warren & Schenker, 1964; Wilson et al., 1968a,h). After 
intraperitoneal injection, the signs did not appear until 15 
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20 min after administration (Creenstein et al., 1956; Wilson 
et al., 1968b). 

8.1.4.2 Central nervous system effects 

Navazio et al. (1961) observed that characteristic toxic 
signs were not observed in rats until the ammonia concentra-
Lion in the blood was double that of basal values (attained 
within 8 - 10 min of an ip injection of 601 mg ammonium 
acetate/kg body weight). 	No substantial increase in brain- 
ammonia was observed. 	However, when the blood-ammonia 
concentration reached more than 20 times the basal value, 
there was a sudden rise in the ammonia concentration in the 
brain, which reached a maximum of approximately 100 mg 
ammonia-nitrogen/kg (wet weight), between 10 and 26 min after 
injection. Muscular contractions with occasional tetanic 
spasms, and then coma occurred, when the concentration of 
ammonia in the brain reached approximately 50 mg/kg. Although 
the animals started to recover from the comatose state 
approximately 70 min after onset, blood- and brain-ammonia 
concentrations did not return to basal levels until 2 h after 
the injection of ammonium acetate. 

However, other authors observed an immediate increase in 
brain-ammonia after ip injection of ammonium acetate (Torda, 
1953; du Ruisseau et al., 1957; Salvatore Ot al., 1963). 
These authors found dtamatic increases in the brain-ammonia 
content, 2 - 5 min after the injection of ammonium acetate. 
Salvatore at al. (1963) suggested that there was no critical 
blood-ammonia concentration for diffusion through the blood-
brain barrier. 

Ammonia has been shown to be more highly toxic at elevated 
body temperature, whereas hypothermia affords marked protec -
tion (Schenker & Warren, 1962). The LD 50 values for 
ammonium chloride in the mouse, at various body temperatures, 
are shown in Table 19. The increased toxicity of ammonia at 
elevated body temperature was suggested to be due to a direct 
metabolic effect of hyperthermia on the brain, unrelated to 
dehydration or stress. 

8.1.4.3 Effects on the heart 

Intravenous LI)50  values for ammonium carbamate, ammonium 
carbonate, and ammonium bicarbonate have been determined in 
mice by Wilson et al. (1968a,b) (Table 19). The physiological 
effects of the injected ammonium compounds in dogs and sheep 
were also investigated. Electrocardiograms recorded during 
the toxic syndrome indicated that the animals died from 
ventricular fibrillation due to a direct effect of ammonia on 
the heart. These findings were in agreement with the effects 
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noted by Berl et al. (1962) during the iv infusion of ammonium 
chloride in cats when electrocardiograms were altered in a 
complex manner. However, Warren & Nathan (1958) were unable 
to demonstrate any cardiotoxic effects of the amrnoniun 
compounds in mice and concluded that the toxicity syndrome was 
due primarily to a cerebral effect and not a direct effect on 
cardiac or skeletal muscle. 

8.2 Short-Term Expsures 

8.2.1 	Inhalation exposure 

When 48 rats were continuously exposed to 127 rag 

ammonia/rn 3  (181 ppm) for 90 days, no abnormalities were 
found in organs or tissues. Inhalation of 262 mg ammonia/rn 3  
(374 ppm) for 90 days induced mild nasal irritation in about 
25% of 49 rats and a mild leukocytosis in 4 of the rats. 
Continuous exposure to 455 mg/rn 3  (650 ppm) resulted in the 
death of 50 out of 51 rats by the 65th day of exposure. All 
animals exhibited mild nasal discharge and laboured breathing. 
In a second study, rats, guinea-pigs, rabbits, and dogs were 
continuously exposed to 470 mg/n 3  (671 ppm) for 90 days. 
Thirteen out of 15 rats and 4 out of 15 guinea-pigs died. 
Marked eye irritation was noted in rabbits and dogs, with 
corneal opacities in about one-third of the rabbits. At 
autopsy, all test animals examined had more extensive focal or 
diffuse interstitial inflammatory processes in the lungs than 
t-1-, 	'r,ntro1s (Coon et al. . 1970). 

White rats were exposed to amnnionia, by inhalation, at 
concentrations of 100 and 30 mg/rn 3  (143 and 43 ppm) for 25 
or 60 mm, every 48 h, for a period of 3 months. Rats exposed 

to a concentration of 100 mg/rn 3  (143 ppm) showed only a mild 
leukocytosis, with no significant differences from the control 
group with regard to oxygen consumption, neuromuscular excita-
tion threshold, heart rate, blood-sugar, blood-residual 
nitrogen, and total serum-protein (Prokop'eva & Yushkov, 
1975). In another study by Alpatov & Mikhailov (1963), the 
threshold level for toxic effects in a 2-month exposure was 
40 mglm 3  (57 ppm). Histological changes were seen in the 
lungs of the animals exposed to a concentration of 100 mg /m i 

(143 ppm), including snail areas of interstitial pneumonia 
with signs of peribronchitis and perivasculitis. No changes 
were seen in other organs compared with those in the control 

group. 
Broderson et al. (1976) exposed Sherman and Fisher rats to 

ammonia from natural sources, at an average concentration of 

105 mg/rn 3  (150 ppm) for 75 days, and to purified ammonia at 
175 mg/in 3  (250 ppm) for 35 days. Histological changes in 
the olfactory and respiratory epithelia of the nasal cavity 
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were similar in all the exposed rats, showing increased thick- 
ness, pyknotic nuclei, and hyperplasia. 	The submucosa was 
oedernatous with marked dilation of small vessels. 	Lesions 
decreased posteriorly. 	 - 

Exposure to ammonia at concentrations of 17 - 75 mg/& 
(25 - 250 ppm) increased the infectious effects of Pasteurella 
muttocida in mice and Mycoplasrnanui]is in rats; this effect 
increased with the concentration of ammonia (Broderson et al., 
1976; Richard et si., 1978a). 

Richard et at. (1978a) selected a concentration of 350 
mg/rn 3  (500 ppm) for a study of effects of continuous expo-
sure to ammonia after noting that general toxic effects, 
particularly on growth rate, were not found at 175 - 
210 mg/rn 3  (250 - 300 ppm). Young male specific-pathogen-
free rats were age- and weight-matched with controls (27 per 
group) and exposed for up to 8 weeks. Nasal irritation began 
on the fourth day. After 3 weeks, exposed rats showed nasal 
irritation and inflammation of the upper respiratory tract, 
but no effects were observed on the bronchioles and alveoli. 
The number of pulmonary alveolar niacrophages was similar to 
that in the controls. After 8 weeks, none of these inflam-
matory lesions were present. 

In a study by Coon et al. (1970), 15 rats, 15 guinea-pigs. 
3 rabbits, 2 dogs, and 3 monkeys were exposed to an ammonia 
concentration of 155 mg/rn 3  (221 ppm) for S h/day, 5 days a 
week, for 6 weeks. Pathological effects were not observed in 
any of the species except for evidence of focal pneuinonitis in 
the lungs of one of the monkeys. Exposure to 770 mg/rn 3  
(1100 ppm) for the same duration induced mild to moderate eye 
irritation and laboured breathing in the rabbits and dogs at 
the beginning of exposure, but these signs disappeared by the 
second week and no other signs of irritation or toxicity were 
noted. Autopsy findings included non-specific inflammatory 
changes in the lungs of the rats and guinea-pigs. 

Male Sprague Dawley rats were studied to determine whether 
ammonia was absorbed through the lungs into the blood, and the 
subsequent effects on the blood pH, blood gases, and hepatic 
drug-metabolizing enzymes (Schaerdel et al., 1983). Rats were 
exposed to ammonia at 7 - 840 mg/rn 3  (10 - 1200 ppm) for 1, 
3, or 7 days, No significant changes were found in blood pH, 
pCO2, or in the histological appearance of the lungs or 
trachea. Liver microsoinal enzymes (ethyl-morphine-N-
demethylase and cytochrome P-450) showed only minor changes. 
Blood-ammonia levels increased in a linear fashion with 
increasing ammonia concentrations in air. A concentration of 
70 mg/rn 3  (100 ppm) or less produced only very small changes 
in blood-ammonia levels and had no measureable effects on any 
of the parameters studied. 
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8.2.2 	sur_e 

8.2.2.1  

Rats given aumionium salts, for periods ranging up to 90 
days, did not appear to sustain renal damage (Freedman & 
Season, 1961; Gupta et al., 1979). Twelve adult male Sprague 
Dawley rats were given animonium chloride in the drinking-water 
at 16 g/litre, for up to 3 weeks. Urinalysis did not reveal 
any evidence of renal injury, and no gross or histological 
"abnormalities" of the kidney were seen at autopsy (Freedman & 
Beeon, 1961). Glutaminase activity per kg of kidney 
1ncreased with duration of exposure; this is a physiological 
adaptation to acidosis. Another group of 10 rats, similarly 
treated and then given ammoniure chloride in the drinking-water 
at 10 g/litre, for an additional 2.5 months also did not show 
any gross or microscopic renal abnormalities. Assuming the 
rats weighed 250 g and consumed 25 ml of water per day, they 
could have ingested as much as 1.6 g/kg body weight per day 
while drinking the ammonium chloride at 16 g/litre and 
1.0 g/kg body weight per day while drinking a level of 10 
g/litre. However, actual intake may have been lower, because 
ammonium chloride is known to affect the appetite and may 
render the water less palatable. When arnrnonium chloride was 
given at 20 g/litre, food and water consumption were dras-
tically reduced. 

In Table 20, selected studies are presented on ammonium 
salts other than the chloride. In general, at low doses, no 
detrimental effects were observed when rats and pigs were 
exposed to the NH4 salts listed. 

In a 90-day study by Gupta at al. (1979) on rats, there 
was not any evidence of renal damage. Ammoniuin sulfamate 
(NH4sO3IiI-12) as a 100 g/litre solution was given orally 
at rates of 100, 250, or 5000 mg/kg body weight per day, 6 
days a week for 30, 60, or 90 days to adult female rats (ITRC 
colony-bred albino) and to weanling male and female rats 
(20/sex per age per dose level). Under certain conditions, 
the sulfamate ion is hydrolysed to bisulfate ion and ammonia; 
however, it is unclear whether, and to what extent, hydrolysis 
occurs in the rat intestine. Equivalent doses, listed in Table 
20, were calculated on the assumption that no hydrolysis 
occurs. The effects of the anion, slfamate and/or sulfate, on 
the action of ammonjum is a matter of conjecture. Ammoniuin 
aulfamate would be expected to produce metabolic acidosis on 
the basis of its structure, but this has not been verified ex-
perimentally. The general health of both treated and control 
rats was good, and there were no significant differences in 
mean body weights throughout the study, except for a slight 
depression in the highest-dose adult females at 60 and 90 days. 
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Food and water consumption were unaffected, except in the 
highest-dose weanhings of both sexes, which consumed less food 
and drank more water than control weanlings. Interim 
sacrifice of 6 animals/sex per dosage groop was performed for 
haematological and histological examination. There were no 
significant differences in haematological values (packed cell 
volume, haemoglobin concentration, total red cell Count, total 
and differential white cell count). Relative organ weights in 
all treated groups did not differ significantly from those in 
the controls. Histological examination of the kidney, liver, 
lung, stomach, heart, spleen, thyroid, adrenal, gonads, 
intestine, and lymph nodes did not reveal any abnormalities, 
except alight hepatic fatty degeneration in one adult female 
at 90 days. 

Treatment of virgin female rabbits with ammonium carbo-
nate, chloride, hydrophosphate, sulfate, or hydroxide at 0.1 - 
0.2 g/kg body weight, orally, on alternate days, for periods 
of 3 weeks separated by 1-week intervals of no treatment, was 
associated with enlargement of the ovaries, follicle matura-
tion, and formation of corpora luta (Fazekas, 1949). There 
was also enlargement of the uterus, hypertrophy of the teats, 
and Secretion of milk. 

Rabbits (10 - 80 per group) were given 0.1 - 0.2 g/kg body 
weight of an ammonium salt in 100 - 150 ml of drinking-water, 
twice daily. One hundred and sixty rabbits (96 female, 64 
male) received, twice daily, 50 - 80 ml of a 0.5% ammoniun 
hydroxide solution ( 135 - 210 mg/kg body weight), 	in 
gradually increasing dosea. 	The chemicals were gtven for 
periods of 3 weeks separated by 1-week intervals of no treat-
ment. In a related study, similar treatment of rabbits with 
ammonium chloride or ammonium sulfate resulted in fluctuations 
in serum-calcium and -phosphorus levels (Fazekas, 1954a). 

8.2.2.2 Effectsofammooiumasadieta_nitrgnsuiement 

Ammonia from ammonium salts can stimulate the growth of 
animals on diets deficient in non-essential amino acids or 
restricted in protein content. Weanling rats, given an 
artificial diet comprising essential amino acids, B vitamins, 
vitamin C, salts, and glucose for 21 days, grew poorly. Rats 
given a similar diet in which some of the glucose was replaced 
with 8.6% ainmonium acetate (equivalent to 15.7 g nitrogen/kg 
diet) showed a dramatically improved weight gain (Birnbaum et 
al., 1957). The food consumption/weight gain ratio (feed/gain 
ratio) was also improved in animals receiving the ammonium 
salt. 

Similar results were obtained with young male pigs given a 
more natural basal diet restricted in non-essential amino 
acids and containing the minimum requirement of essential 
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amino acids (Kagota et al., 1979). The crude protein level of 
this basal diet was 6.4%. Three pigs fed the basal diet 
supplemented with 3.75% diammonium citrate had a significantly 
greater weight gain and a slightly lower feed/gain ratio than 
4 pigs fed the basal diet (the diets were made isocaloric by 
adjusting carbohydrate). No significant differences in the 
packed cell volume or ammonia-nitrogen level of the blood or 
in total protein concentration of plasma were found between 
the 2 groups. Plasma- and urine-urea -nitrogen were increased 
in the pigs fed the diet supplemented with diammonium citrate. 
Autopsy of the pigs after 28 days on the basal or ammonicin 
citrate diets did not reveal any lesions or abnormalities or 
any differences in the percentage of carcass meat and fat. 
The average daily food intake for pigs receiving diammonium 
citrate was 1.44 kg, which corresponds to 54 g diammonium 
citrate per day. Using a body weight midway between the 
initial (22.5 kg) and final (36.7 kg) body weights, the mean 
intake of diammonium citrate can be estimated to be 1.82 g/kg 
body weight, per day, or 16.1 mEq NH4+/kg body weight, per 
day. 

Addition of ammonium salts to diets with a higher protein 
content (10% crude protein) did not produce significant 
changes in weight gain in rats or pigs (Clawson & Armstrong, 
1981). Similarly, no significant changes in weight gain 
occurred in pigs, when up to 10% of the nitrogen from crude 

- protein (diet = 16% crude protein) was replaced with nitrogen 
from ammonium salts (Wehrbmin at al., 1970). Replacement of 
207 of the dietary nitrogen with ainmonium salts slightly 
decreased body weight gain in the pigs; food consuuiptiion and 
BUN also decreased. The 207 replacement diet contained 1.54% 
diaiamonium phosphate and 2.07% diammonium citrate for a total 
of 3.61% ammooium salts and was fed for 81 days. The estimated 
mean intake was 0.70 g diammonium phosphate and 0.94 g diam-
nonium citrate/kg body weight per day, giving a total of 
18.9 mEq NH4+/kg body weight per day. 

8.2.3 	Dermal exposure 

There is no information regarding systemic toxicity from 
short-term dermal exposure to ammonia or ammonium compounds. 

8.3 Skin andIrritation; Sensitization 

Ammonia in the form of a gas, an anhydrouc liquid boiling 
at low temperatures, or an aqueous solution is a recognized 
skin and eye irritant. Most of the information is human 

clinical data and is described in section 9. 
Ammonia, partly because of its lipid solubility, pene-

trates the corneal membrane rapidly (NRC, 1979). 	In rabbits, 
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conjunctival oedema with ischaemia and segmentation of limbal 
vessels were noted within 30 loin. By 24 h, there was a reduc-
tion in the mucopolysaccharide contents of the corneal stroma, 
and extensive polyinorphonuclear infiltration and anterior lens 
opacities were apparent. Aqueous levels of glucose and ascor-
bate and intraocular pressure were depressed (NRC, 1979). In 
rabbits with corneal burns, neovascularization occurred after 
I week, but it was delayed in animals with corneal and limbal 
burns. Complications of severe hums included symblepharon, 
pannus, pseudopterygia, progressive or recurrent corneal 
ulcerations leading to perforations, permanent coroeal 
opacity, 	corneal 	staphyloma, 	persistent 	iritis, 	phthisi 
bulbi, secondary glaucoma, and dry eye (NRC, 1979). 

Ammonium persulfate is a recognized skin sensitizer for 
human beings. There are no data on its sensitization 
potential in animal models. 

8.4 Long-Term Exposures 

8.4.1 	Inhalation exposure 

Weatherby (1952) exposed 12 guinea-pigs to an ammooia 
concentration of about 119 mg/rn 1  (170 ppm). Chamber 
concentrations ranged from 98 to 140 mg/rn 3  (140 to 200 ppm) 
for 6 h/day, 5 days a week, for up to 18 weeks. There were no 
significant findings at autopsy in animals sacrificed after 6 
or 12 weeks of exposure. In animals sacrificed after 18 weeks 
of exposure, there was congestion of the liver, spleen, and 
kidneys, with early degenerative changes in the adrenal 
glands. 	Increased erythrocyte destruction was suggested by 
increased quantities of heesiosiderin in the spleen. 	In the 
proximal tubules of the kidneys, there was cloudy swelling of 
the epithelium and precipitated albumin in the lumen with some 
castS. The cells of the adrenal glands were swollen and the 
cytoplasm in some areas had lost its normal granular structure. 

Coon et al. (1970) conducted studies in which rats, 
guinea-pigs, rabbits, dogs, and monkeys were continuously 
exposed (24 h/day, 7 days per week) to ammonia. No signs of 
toxicity were seen in any species following continuous 
exposure to ammonia at a concentration of 40 mg/& (57 ppm) 
for 114 days, and gross and microscopic examination did not 
reveal any lung abnormalities. 

8.4.2 	Oral exposure 

The administration of ammonium carbonate, 	chloride, 
sulfate, hydrophosphate, acetate, lactate, or hydroxide to a 
total of 296 rabbits for 3 - 16 months resulted in enlargement 
of the parathyroids (Fazekas, 1954a). 	Administration of 
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sodium dihydrophosphate, sodium ammonium phosphate, calcium 
chloride, hydrochloric acid, acetate acid, or lactic acid gave 
similar results (Fazekas, 1954a). 

Rabbits given 0.1 g alnmonium hydroxide/kg body weight (as 
a 0.5 - 1.0% solution) by gavage, initially, on alternate days 
and then daily for up to 17 months, had enlarged adrenal 
glands (Fazekas, 1939). An initial fall in blood pressure of 
2.67 - 4.00 kPa (20 - 30 mmHg) was followed by a gradual rise 
to 1.33 - 4.00 kP (10 - 30 mm Hg) above the baseline, after 
several months of treatment. 

The results of studies on rats, rabbits, and dogs indicate 
that long-term administration of ammonium chloride can induce 
osteoporosis (Seegal, 1927; Bodansky et al., 1932; Jaffe et 
al., 1932a,b; Barzel & Jowsey, 1969; Barzel, 1975). During 
prolonged metabolic acidosis, the release of bone mineral by 
resorption is thought to provide additional buffering 
capacity, sparing bicarbonate. 

8.5 Reproduction, Embryotoxicity, and Teranicit1 

Charles & Payne (1966b) studied the effects of graded 
concentrations of atmospheric ammonia on the performance of 
laying hens. At 18 'C, ammonia at 73.5 mg/n1 (105 ppm) 
significantly reduced egg production, after 10 weeks of 
exposure. No effects were observed on egg quality. Food 

-  intake was reduced and weight gain was lower. No recovery in 
egg production occurred when the treated groups were main -
tained for an additional 12 weeks in an ammonia-free atmos-
phere. Similar results were observed at 28 'C, under the same 
conditions. Earlier work had indicated that egg quality could 
be affected by ammonia exposure (Cotterill & Nordskog, 1954). 
Freshly-laid eggs were exposed to various concentrations of 
ammonia in a desiccator for 14 h at room temperature and then 
moved to normal atmosphere for another 32 h at 50 C, before 
examination. There was evidence of absorption of ammonia into 
the eggs and significant impairment of interior egg quality, 
as measured by Haugh units, pH, and transmission of light. 

The interaction of ammonium chloride with other terato-
genic agents has been investigated in 2 studies. Goldman & 
Yakovac (1964) used ammonium chloride to investigate the role 
of metabolic acidosis in salicylate-induced teratogenesis in 
Sprague Dawley rats. Beginning on day 7 of gestation, rats 
received either 0.17 mat/litre (0.9%) ammonium chloride in the 
drinking-water, a single subcutaneous injection of salicylate, 
or both. Ammonium chloride alone inhibited fetal growth, but 
was not teratogenic. However, when administered with sali-
cylate, amnioniuni chloride significantly increased maternal and 
fetal mortality and the fetal anomaly rate (dorsal midline, 
ventral midline, and eye defects) compared with that due to 
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salicylate alone. These effects were attributed to acidosis 
and not to ammonia. However, it has been shown by Miller 
(1973) that the addition of 0.5% ammonium chloride to the 
5%-glucose drinking-water of fasting, pregnant CFW mice 
significantly reduced the incidence of fast-induced cleft 
palate in the progeny. 

8.6 Hutagenicit 

Ammonium sulfate was reported to be non-tnutagenic in the 
Salmonella and Saccharom ces systems (Litton Bionetics, Inc., 
1975). Demerec at al. 1951) tested ammonia for its ability 
to induce back-mutations from streptomycin dependence to 
non-dependence in Escherichiacoli and found it to be 
niutagenic, but only in treatments that left less than 2% 
survivors. Iwaoka et al. (1981a,b) showed that extraction of 
ingredients from fried hamburger and refrigerated biscuit 
products with ammonium hydroxide or ammonium sulfate increased 
the niutagenic activity in S. typhimurium TA98 and TAI538, 
compared with sodium sulfate extraction. This suggests that 
ammoniuni salts may, in some way, influence the mutagenic 
activity of some agents, or may themselves be responsible for 
false positive findings (Iwaoka et al., 1981a). However, it 
is also possible that ammonium salts extract niutagenic 
components from foods more efficiently. 

Lobaahov & Smirnov (1934) and Lobashov (1937) found 
aimnonia to have a mutagenic effect on Drosohila. Ammonia 
showed slight mutagenic activity in studies in which survival 
of Drosoila was lower than 2% after treatment. In studies 
by Auerbach & Robson (1947), when Drosophila was exposed to 
ammonia vapour in small glass containers, 0.5% sex-linked 
lethals were observed. 

It was reported by Rosenfeld (1932) that ammonia induced 
clumping of chromosomes, arrest spindle formation, and induce 
polyploidy in chick fibroblasts in vitro. 

There are no data to show that ammonia is mutagenic in 
mammals. 

8.7 

There is no evidence indicating that ammonia 	is 

carcinogenic. 
Gibson at al. (1971) observed that animals treated with 

ammonia developed inflammatory lesions of the colon. It has 
been suggested that cell proliferation may increase errors in 
DNA replication (Zimber, 1970; Zimber & Visek, 1972), activate 
oncogenic agents present in sub-threshold doses (Anderson at 
al., 1964), and even unmask latent changes in the genetic 
material caused by mutagenic agents (Visek et al., 1978). 
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In a study on male Sprague Dawley rats (Topping & Visek, 
1976), there was no evidence that ammonia increased the 
incidence of turnours with increased protein intake. Develop-
ment of lung tumours was observed in CFLP mice treated intra -
gastricolly with diethyl pyrocarbonate and ammonia, neither of 
which induces cancer independently in animals. However, this 
may have resulted from a carcinogenic substance, possibly 
urethane, formed in vivo from diethyl pyrocarbonate in the 
presence of ammonia (Uzvolgyi & Bojan, 1980). 

Life-long ingestion of ammonium hydroxide in the drinking-
water by Swiss and C3H mice did not produce any carcinogenic 
effects, and had no effect on the spontaneous development of 
adenocarcinoma of the breast in C3H females, a characteristic 
of this strain (Toth, 1972). 

Asirnonium chloride and ammonium tungatoantimonate and 
related compounds have been shown to have an inh1bitory effect 
on malignant cells (Phillips, 1970; Anghileri, 1975; Flaks & 
Clayson, 1975; Flaks et al. , 1973; Sof'ina et al., 1978). 

8.8 Factors modifying Effects 

8.8.1 	Synergistic effects 

Stevens et al. (1975) raised weanling rats for 3 - 6 weeks 
on a protein-deficient diet. Subsequent challenge by a large, 
intraperitoneally injected dose of ammonium chloride indicated 
that severe protein deprivation increases vulnerability to 
ammonia poisoning in comparison with control groups not prefed 
protein-deficient diets. 

Dalhamn (1963) employed a technique in rabbits in which an 
air pollutant mixture was drawn into the nostrils and out 
through a tracheal cannula. The effects of ammonia alone and 
ammonia mixed with (and presumably adsorbed on) carbon 
particles, on the beating rate of tracheal cilia was examined. 
Ammonia alone had to be administered at a high concentration 
(1400 mg/rn' or 2000 ppm) to produce a tracheal concentration 
of 70 mg/rn' (100 ppm). The reduction in beating rate was 
not substantially altered by the addition of carbon particles 
at 2 mg/n'. 

Simultaneous injection of ammonium salts and a fatty acid 
into rats or cats prpduced coma at lower plasma levels of 
ammonia and free fatty acids than a single injection of either 
compound (Zieve et al., 1974). 

Impaired handling of an ammonium load has been observed in 
animals with hepatic dysfunction. Elevated levels of ammonia 
or urea have been reported in dogs with experimentally-
bypassed livers (section 7.1.2). The importance of the kidney 
in detoxification of an ammonium load is apparent in the 
studies of Lotapeich (1965) (Section 8.1.2.2), where an 
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additive hypertrophic effect of arnmonium chloride and uni-
lateral nephrectomy was observed on the remaining kidney. 
Increased sensitivity to ammonia toxicity was found in young 
rats (Renyajati & Goldstein, 1975) and in rats that had been  
castrated, adrenalectomized, or thymectomized (Park et al., 
1975). 

8.8.2 	Antagonistic effects 

L-arginine and the related amino acids, ornithine and 
aspartic acid, substrates from urea synthesis, have been 
reported to exert a protective effect against acute ammonia 
poisoning in rats, dogs, and cats (Morris & Rogers, 1978; NRC, 
1979). 

ugh-protein diets exert an antagonistic effect on the 
toxicity of ammonium salts, unless liver dysfunction is 
present (section 7.1.2.4). In addition, an increase in toxic 
response has been observed with increase in age due to the 
adaptive response of glutaininase activity in rats to ammonia 
detoxication during acidosis. 

8.9 Mechanisms of Toxi c i ty  

Hypotheses proposed for the mechanism of ammonia toxicity 
include impaired decarboxylation of pyruvic acid (McKhann 6 
Tower, 1961), NADH depletion slowing down the generation of 	- 
ATP (Worcel & Erecinska, 1962), depletion of alpha-keto-
glutarate resulting in impairment of the Krebs cycle (Beasman 
& Bessman, 1955; Fazekas et al., 1956; Warren & Schenker, 
1964); depletion of ATP due to glutamine formation by the 
glutamine synthetase (EC 6.3.1.2) system (Warren & Schenker, 
1964; Nakazawa & Quastel, 1968), stimulation of membrane 
ATPase 	(EC 	3.6.1.8) 	producing 	increased 	nerve 	cell 
excitability and activity (Hawkins at al., 1973), and 
depletion of ATP causing a decrease in cerebral acetyl-
choline (Braganca et al., 1953; Ulshafer, 1958). 
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9. EFFECTS ON MAN 

9.1 Org.no1eptic Aspects 

9.1.1 	Taste 

Campbell et al. (1958) determined the taste threshold 
concentration for ammonia in redistilled water with 21 - 22 
subjects in 'difference tests of the triangle type". At 
ammonia concentrations of 26, 52, and 105 mg/litre, the 
percentages of correct identifications were 61.9, 71.4, and 
85.7, respectively. 

Defining the threshold concentration as the level at which 
correct identification is 501 greater than that expected by 
chance, the taste threshold of ammonia was determined to be 
around 35 mg/litre. However, this definition of the threshold 
concentration seems to be somewhat arbitrary and McBride & 
Laing (1979) have reported significant positional bias in 
using the triangle test to determine taste thresholds. 
Furthermore, the triangle test is not intended to mimic 
environmental exposures in which the taste thresholds could be 
substantially higher. It seems reasonable to conclude only 
that the palatability of water is not likely to be signifi-
cantly affected by total ammonia levels of < 35 mg/litre (as 
NH3), but will be affected at higher levels. 

9.1.2 	Odour 

Odour thresholds reported in the literature may vary 
according to the definition of odour response, mode of 
presentation of the stimulus, chemical purity of the agent 
used, and the number of subjects and trials in the study. The 
detection threshold for ammonia, defined as the concentration 
that produces the first detectable difference in odour over 
background, was reported to be 37 mg/mi (DallaValle & 
Dudley, 1939) . This reference, though often cited, gives no 
information on the study design from which this number was 
derived. 

The considerable variability in threshold data prompted 
work by Leonardos et sI. (1969), who used a standardized 
procedure to determine recognition thresholds rather than 
detection thresholds for 53 chemicals. The odour threshold 
was defined as the first concentration at which all four panel 
nembers (trained odour analysts) were able to recognize the 
characteristic odour of the chemical. The panel tested only 
one chemical per day. Concentrations examined were multiples 
by 10 of 0.7, 1.47, and 3.3 mg/m s  (1, 2.1, and 4.6 ppm). 
The recognition threshold for the odour of ammonia was 32.6 
mg/mi (46.8 ppm). 
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The results of several other studies suggest that human 
beings can detect ammonia at much lower levels. Stephens 
(1971) reported 2.7 mg/rn 3  (3.9 ppm) as the lowest concentra-
tion producing an odour response, when a contaminated air 
stream and a reference stream were compared by sniffing 
(number of subjects was not reported). A report by Saifutdinov 
(1966), of an olfactory threshold of 0.55 - 0.50 mg/rn 3  for 
the most sensitive of 22 subjects, did not include sufficient 
detail to evaluate this excessively low estimate. Carpenter 
et al. (1948) stated that " a group of 8 persons found that 
the least odour they could detect on entering a room 
containing various concentrations" was 0.7 mg/rn 3  (I ppm) 
ammonia. Again, no other details were given. 

The best estimates of the thresholds at which ammonia can 
be expected to be detected by taste and odour are 35 mg/litre 
(as NH3) and 35 mg/rn 3, respectively. Sensitive individuals 
may detect concentrations an order of magnitude lower. 

9.2 Clinical and Controlled Human Studies 

9.2.1 	Inhalation exposure 

The severe effects resulting from acute expeaure to 
ammonia have been described in case reports of accidents 
involving groups of people or individuals. There are no data 
on actual levels of ammonia in air during such accidents, but 
estimates have been made (ahagi et al., 1959; Takahashi et 
al., 1984; NRC, 1979). 

Exposure to an ammonia concentration of 280 mg/rn 3  
(400 ppm) has been reported to produce immediate throat 
irritation; 1200 mg/rn 3  (1700 ppm) to produce cough; 
1700 mg/rn 3  (2400 ppm) to be life—threatening, and 3500 - 
7000 mg/rn 3  (500 - 10 000 ppm) to cause a high mortality rate 
(Patty, 1963; Helmers et al., 1971). 

A burning sensation in the eyes, nose, and throat, as well 
as respiratory distress accompanied by lachrymation, coughing, 
and an increase in respiratory rate are some of the irritant 
effects of ammonia (Caplin, 1941). Chest X—rays are generally 
normal in such mild cases (Watson, 1973; Close et al., 1980). 
More severe respiratory effects include laryngeal and 
pulmonary oedema and bronchopneumOnia (Slot, 1938; Caplin, 
1941; Levy et al., 1964; Taplin et al., 1976; Flury et al., 
1983). The signs and symptoms are generally reversible, but 
chronic bronchitis and bronchiectasis have been reported 
(Slot, 1938; Sugiyama et al., 1968; Taplin et al., 1976; Close 
et al., 1980). 

In cases with a lethal outcome, the cause of death has 
been severe lung damage and secondary cardiovascular effects 

(Slot, 1938; Mulder & van der ZaIm, 1967). 
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There have also been some studies on volunteers exposed to 
ammonia under laboratory conditions. Some of these studies 
are summarized in Table 21. 

- 	Silverman et al. (1949) reported on 7 human volunteers 
exposed to a concentration of 300 mg/rn 3  (500 ppm) ammonia 
for 30 'sin using an oral-nasal mask. All 7 experienced upper 
respiratory irritation, which lasted up to 24 h in 2 of the 
volunteers. Two subjects experienced marked lachrymation, in 
spite of the exposure being by oro-nasal mask. The average 
respiratory minute volume increased markedly compared with 
control values, and in the 5 subjects in which minute-by-
minute expired volumes were measured, there was a marked 
cyclical variation in minute volume with a period of 4 - 
7 'sin. No coughing was noted. 

After exposure, respiratory minute volumes fell to levels 
below the pre-'-exposure rate, but returned to pre-exposure 
values within 5 min of exposure. Ammonia retention decreased 
progressively until an equilibrium of 24% retention (ranging 
from 4 to 30%) was reached at approximately 19 mm (range 10 - 
27 'sin). The indices of nitrogen metabolism (BUN, NPN, urine-
urea, and urine-ammonia) remained normal. The carbon dioxide 
combining power did not change. 

Verbeck (1977) 	assessed respiratory 	function in 16 
volunteers following exposure to 35, 56, 77, and 98 rng 
ammonia/rn 3  (50, 80, 110, and 140 ppm) for 0.5, 1, and 2 h. 
The respiratory variables of vital capacity (VC), forced 
expiratory volume (FEy), and forced inspiratory volume (F1'J), 
measured before and after exposure, did not decrease by more 
than 10%. Subjctiv variables, including smell, taste, 
irritation of the eyes, nose, or throat, urge to cough, 
headache, and general discomfort were monitored every 15 mm 
and ranked by 8 experts and 8 non-experts (students) on a 
ca1e from 0 to 5. Subjective responses were ranked higher by 
the non-experts. A concentration of 77 mg/rn' (110 ppm) was 
tolerated for 2 h, but at 98 mg/ni' (140 ppm), all the 
subjects left the chamber because the exposure was intolerable. 

Respiratory responses to ammonia during exercise were 
examined by Cole et al. (1977). Eighteen males, aged 18 - 39 
years, had 2 periods of exercise in 3 consecutive half-day 
sessions. Mean exposure levels were 71, 144, 106, and 235 
rng/m' (101, 206, 151, and 336 ppm). Ventilation minute vol-
ume and total volume decreased, and mean respiratory frequency 
increased at exposure levels > 106 mg/ni' (151 ppm). 

In a study by MacEwen at al. (1970), 6 volunteers were 
exposed to ammonia concentrations of 21 and 35 mg/rn 3  (30 and 
50 ppm) for 10 mm. The irritation was rated subjectively on 
a scale of 0 - 4. At 35 mg/rn 3  (50 ppm), irritation was 
rated as "moderate" by 4 of the volunteers, while I individual 
reported no detectable irritation. None of the vnlunteer 
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found the irritation at 35 mg/rn 3  (50 ppm) to be "discom-
forting t1  or "painful". 

The irritation threshold for ammonia was examined in 10 
human volunteers by Industrial Bio-Test Laboratories, Inc. 
(1973). The subjects were exposed to 4 different concentra-
tions of 22, 35, 50, and 94 mg/rn' (32, 50, 72, and 134 ppm) 
For 5 olin. The frequency of positive findings for the 10 
subjects was as follows; at 22 mg/rn 3 , 1 subject complained 
of dryness of the nose; at 35 mg/rn', 2 subjects experienced 
dryness of the nose; at 50 mg/rn 3 , 3 subjects had eye irrita-
tion, 2 had nasal irritation, and 3 had throat irritation; at 
94 mg/ms, 5 subjects demonstrated signs of lachryrnation, 5 
had eye irritation, 7 had nasal irritation, 8 had throat 
irritation, and 1 complained of chest irritation. 

A controlled study on human volunteers was conducted by 
Ferguson at al. (1977) to evaluate the responses to inhaled 
ammonia at concentrations of 17.5, 35, and 70 mg/rn 3  (25, 50, 
and 100 ppm). Six adults, not acclimatized to ammonia expo-
sure, were divided into 3 groups, which were exposed for 2 - 
6 h each day, 5 days per week, for 6 weeks. One pair of 
subjects was exposed only to 35 mg ammonia/rn 3  for 6-h 
periods throughout the test. Subjects were examined daily for 
irritation of the eyes, nose, or throat, and periodically for 
pulse rate, respiration rate, pulmonary function (forced vital 
capacity (FVC) and forced expiratory volume in 1 second 
(FEy1)), blood pressure, neurological responses, and inter-
ference in task-performance ability. A statistical analysis 
of the results demonstrated that the only significant change 
among the vital functions measured was on increase in forced 
expiratory volume in 1 second (FEW1) with increasing ammonia 
concentration. In addition, the rate of mild eye, nose, or 
throat irritations over the last 3 weeks of the test was 
significantly less than during the first 2- weeks. This 
indicated that an acclimatization process had occurred, with 
increased tolerance to the irritant effects of ammonia 
developing with increasing time of exposure. Overall, the 
ammonia exposure produced 2 incidents of mild irritation (78 
ohservations made) at 17.5 mg/m' (25 ppm), 22 incidents (198 
observations made) at 35 ing/m 3  (50 ppm), and ii incidents 
(84 observations made) at 70 mg/ni3 no ppm). Among control 
subjects, 4 irritation incidents were recorded during 45 
observations. When ammonia concentrations exceeded 105 
mg/rn 3 	(150 ppm), 	all 	subjects 	experienced 	lachrymation 
accompanied by dryness of the nose and throat. 

In an inhalation study, the threshold for effects on 
respiration, skin electric potential, and the electroenceph-
alogram was found to he 22 mg/ri 3  (31 ppm) (Alpatov 
Mikhailov, 1963; Alpatov, 1964). 
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Reports from industries with ammonia exposure indicate 
that irritative effects have appeared over a wide range of 
ammonia concentrations (E1cins, 1950; Vigliani & Zurlo, 1955; 
Mangold, 1971). A concentration of 88 mg/rn 3  was called 
"definitely irritating" (Elkin, 1950), and "barely notice-
able' eye irritation was reported at 3 rng/m 3  (Nangold, 1971). 

Giguz (1968), in a study involving 140 subjects exposed to 
ammonia and nitrogen oxides, at concentrations not exceeding 
the "maximum permissible concentration" (20 mg/m 3), 3 h per 
day during 2 - 3 years of vocational training, demonstrated 
increased incidences of upper respiratory tract disease, 
compared with those in a control group of tinexposed subjects. 

9.2.2 	Oral exposure 

9.2.2.1 Effects of acute oral exposure 

Cases of the ingestion of large doses of ammonia have been 
reported. When solutions of ammonia were ingested orally, a 
tissue—destructive caustic effect was noted for concentrated 
solutions, owing to their high pH. A solution of ammonia at a 
concentration of 100 g/litre, for example, has a pl-1 of 12.5. 

Oesophageal burns were reported in 25 cases of accidental 
ammonia ingestion (Hawkins at al., 1980). One child suffered 
a mild burn. Four adults had mild burns limited to the mucosa 
and nine adults had oesophageal burns that were moderate or 
more severe in nature. One adult female suffered from a 
complication of airway obstruction from supraglottic oedema. 
Oesophageal stricture from the ingestion of ammonia (Ion 
g/litre) was reported by Vancura et al. (1980) (Table 19). 

A fatal Outcome after ingestion of a solution containing 
24 g ammonia/litre was reported by Klendshoj & Rejent (1966). 
Autopsy showed haemorrhagic inflammatory changes in the 
oesophagus, stomach, and small intestine. 

There are many reports on the effects of ammonium 
chloride, but since acidosis is caused by the chloride, such 
studies have little relevance for evaluating ammonia toxicity. 

There are no data on acute effects of ingestion of 
anmonium compounds, other than the chloride. 

9 .2.3 	Endogenoush)peramnonaemia 

9.2.3.1 Inborn errors of metabolism 

These affect the uptake of ammonia rather than its rate of 
production. 

Congenital deficiency of carbamyl phosphate syrthetase I 
(EC 6.3.4.1.6), and, to a lesser extent, of other enzymes of 
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the ornithine cycle, and several other metabolic disorders may 
lead to hyperammonasmia and various abnormal urinary con-
stitutents. Hyperammonaernia may be lethal in new-born 
infants, may cause severe symptoms in infancy, or may cause 
chronic remittent symptoms in older children or adults (1-Isia, 
1974). 

Clinical features in neonates may resemble those of 
hepatic coma and may be precipitated by protein-rich milk 
feeds. In older children, episodic vomiting, neurological 
disorders (including seizures) or coma are precipitated by 
high-protein foods. 

9.2.3.2 Hepatic features 

Varied and complex functions of the liver may fail 
progressively in chronic liver disease or rapidly in acute 
disorders. The syndromes differ in the extent to which portal 
blood from the intestine is shunted into the systemic venous 
circulation either by cirrhotic changes in hepatic vascular 
resistance or by surgical procedures to correct portal hyper-
tension resulting from it. 

In either case, a syndrome is recognised that comprises a 
spectrum of neurological features from irritability via inap-
propriate behaviour, tremors, hyper-reflexia and generalised 
muscular rigidity, to delirium, stupor, convulsions and coma. 

There is disagreement regarding the extent to which this 
syndrome is an expression of ammonia toxicity. On the one 
hand, over 907 of persons with the disorder have elevated 
levels of ammonia in the blood or cerebrospinal fluid; the 
condition may be induced in those with marginal liver function 
by the administration of ammonium salts or an intestinal 
liaemorrhage (which leads to intestinal ammonia production 
greater than that from an equivalent amount of meat) and the 
condition may be treated by reducing intestinal ammonia 
production, by the administration of antibiotics to eliminate 
ammonia-producing flora. On the other hand, there is an 
imperfect correlation between the clinical state and the 
blood-ammonia level and the condition may occur in the 
presence of normal blood-ammonia levels. 

It is unlikely that the syndrome resulting from the 
failure of an organ as complicated as the liver should he 
explicable in terms of a single metabolic component, but the  
similarity between hepatic failure and certain expressions of 
congenital hyperammonsemias suggests an important role of 
ammonia toxicity in the pathogenesis of the syndrome. 
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10. EVALUATION OF HUMAN l-IEALTh RISKS ANO EFFECTS ON 
THE ENVIRONMENT 

10.1 Atmospheric Exposure and Effects 

10.1.1 	General population exposure 

Background levels of ammonia in community air are low in 
comparison with levels that have been established as safe in 
occupational settings, but there is considerable variabilty 
according to the type of land use. In general, levels in areas 
with intensive livestock husbandry or high rates of manure 
application are in the range of 100 - 200 .t.Im', levels in 
urban areas range from approximately 5 to 40 pgJm, while 
those in rural areas, without intensive manure production or 
use, range up to 10 hg/rn 3 . This is in contrast to odour 
thresholds of the order 10 000 g/m 3, thresholds for 
irritation of the order 20 000 - 50 000 pg/rn 3 , and the 
estimated LC for man of 5000 - 10 000 tng/n1 3. The LC50 
estimation for the rat was 7 600 000 1g/m 3 , for a 2-h 
exposure. In an occupational setting, workers did not 
voluntarily use respiratory protective devices at concentra-
tions below about 500 000 pglm 3 . General ambient atmos-
pheric levels are therefore of no concern in respect of 
discomfort or acute toxicity. 

Ammonia is not mutagenic and long-term studies on both 
laboratory and farm animals have not shown any pathological 
effects at levels below 35 000 pg/rn 3 . Long-term toxic 
effects are unlikely, even at levels much higher than ambient 
levels, both generally and in the neighbourhood of ammonia-
emitting systems. There is a lack of evidence regarding 
recent trends in global atmospheric ammonia concentrations. 

10. 1.2 	0ccational exposure 

Occupational problems are predominantly those of acci-
dental exposure. 

Though for certain groups in, for example, agriculture, 
the chemical industry, waste disposal and transport, occupa-
tional exposure levels may he very much higher than general, 
there is historical evidence that, even at levels signifi-
cantly in excess of current occupational exposure limits, 
there was a low prevalence of adverse health effects. 

The distribution kinetics of absorbed atmospheric ammonia 
suggest that the rise in blood-ammonia at a typical occupa-
tional exposure limit will be within the normal range of 
variatiOn. 
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Thus, there is both historical and theoretical evidence 
that most recommended exposure limits are acceptable. 

10.2 ExEo sureThWaterand Food 

Ammonia will have a toxic effect only if intake exceeds 
the capacity of mammals to detoxify ammonia. Unfortunately, 
there are no data permitting the evaluation of this capacity 
in healthy human beings or other terrestrial mammals. In 
addition, there is some evidence that the mode of intake may 
be a factor in the capacity of individuals to detoxify 
ammonia. Parenteral administration of ammonia results in 
patterns of metabolism and elimination that are markedly 
different from those seen in oral administration. Thus, the 
considerable body of data on the parenteral toxicity of 
ammonia is not of direct relevance to criteria for oral 
exposure. Similarly, because of the different kinetic 
patterns between oral and inhalation exposure to ammonia, as 
well as the highly irritant effects of ammonia on the lung, 
the available inhalation data on ammonia are not applicable to 
the estimation of an acceptable daily intake (Aol) for 
ingestion. However, it would be possible to define a clearly 
undesirable level of oral exposure to total ammonia (NH3 and 
NH4+) as well as a level that is clearly tolerable. The 
range between these 2 levels would exceed the range within 
which an AOl could be established. 

The amount of excess ammonia (i.e., over and above the 
amount normally produced in the body) that can be safely 
ingested and assimilated is difficult to define. In short-
term (28 - 90 days) studies carried out on rats and pigs, no 
adverse effects were reported at higher levels of ammonia 
intake (75 - 545 mg NH3/kg body weight per day) in the form 
of sulfamate, phosphate, citrate, or chloride. 

The effects attributed directly to elevated ammonium ion 
levels are acute pulmonary oedema and central nervous system 
(CNS) toxicity, depression of appetite due to a direct effect 
of the ammonium ion on the brain, and promotion of growth via 
the use of ammonium salts as a source of non-essential nitro-
gen under certain circumstances. 

Some effects (such as renal growth and demineralization of 
bone) arising from the administration of ammonium chloride 
seem to be secondary effects of acidosis. 

Surveys of total ammonia (NH3 + NH4+) concentrations 
in surface waters indicate an average of < 0,18 mg/litre in 
most areas, and 0.5 mg/litre in waters near large metropolitan 
areas (Wolaver, 1972; US EPA, 1979a). Levels in ground water 
are usually low, since ammonia is generally immobile in soil. 
Ammonia is practically absent when drinking-water is chlor-
inated. 



Ammonia is a negligible natural constituent of food, but 
ainmonium compounds are added in small amounts (c 0.001 - 
3.2%) to various foods as stabilizers, leavening agents, 
flavourings, or for other purposes. The daily human intake 	dft 
from these sources is estimated to be IS mg as NH3- 

10.3 Ocular and Dermalpure 

Ammonia in aqueous solution or in contact with body fluids 
is alkaline and causes burns or inflammation of eyes or skin. 
The ocular irritation commonly experienced at atmospheric 
ammonia concentrations of >20 mg/n 3  (MacEwen et al., 
1970; Keplinger et al., 1973; Verberk, 1977) is readily 
reversible when exposure ceases, and may also be reduced by 
acclimatization (Ferguson et al., 1977). 

Serious ocular damage normally occurs, only with a direct 
blast or splash Contact with anhydrous or aqueous ammonia 
(Grant, 1974). Skin damage is reported to occur at concentra-
tions of 7000 mg/rn 3  (NRC, 1979). 

10.4 Accidental Exposure 

High gaseous ammonia concentrations may be encountered 
locally, both in domestic and work-place environments, as a 
result of gaseous emissions and/or spillages of concentrated 
solutions, and respiratory (and skin and eye) injury may 
result. On a larger scale, spillage from stock or transport 
tanks or refrigeration plant of concentrated ammonia liquor or 
anhydrous ammonia would constitute a severe environmental 
insult and would cause serious injury to the people, animals, 
and plants in the vicinity. Because of its low density and 
short biopersistence, major spillages would be expected to 
disperse rapidly and not to persist in the environment:. 

10.5 Evaluation of Risks for the Environment 

Environments that receive more ammonia than can be used 
may be acidified and nitrogen-enriched. As a consequence of 
these physical-chemical changes, the structure and functioning 
of the ecosystem will be disturbed. 

Ammonia plays an important role in the metabolism of all 
organisms as a nutrient at low concentrations, but becomes 
toxic at higher concentrations. For example, microorganisms 
both as5imilate and generate ammonia as a part of natural 
nutrient cycling processes. High levels of ammonia may 
inhibit growth or survival of microbial organisms, including, 
at higher levels, nitrifying organisms. 
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10.5.1 	The aquatic environment 

Ammonia concentrations in the aquatic environment are 
variable, reflecting the proximity and nature of sources 
(section 4). 

Where there are large numbers of people and animals in 
relation to the volume of surface waters and drainage flow, 
the load of nitrogen added to surface waters from sewage and 
industrial effluent is the predominant source and may lead to 
ammonia concentrations that constitute a significant local 
and/or regional environmental problem. 

Otherwise, ammonia deposition contributes a major input. 
In surface waters that are poorly buffered, poor in nutrients, 
and hydrologically dependent on rainfall and/or snow melt, 
this may result in acidification and nitrogen enrichment 
resulting in marked changes in plant community structure with 
concommitant changes in the animal population structure. 

The toxic effects on aquatic organisms are attributed to 
non-ionized ammonia (NH3) rather than to ainmoflium ion 
levels. This is because non-ionized ammonia easily penetrates 
biological membranes, whereas ammonium ions require special-
ized transport processes. 

There are similarities between the modes of the acute 
toxic action of ammonia in mammals and in fish: in the latter, 
however, environmental conditions (such as pH, ionic compo-
sition and concentration, temperature, and oxygen avail-
ability), which are more variable in water than in air, have a 
marked modulating effect. 

Aquatic animals have a limited ability to detoxify ammonia 
and, therefore, the body load is dependent on ammonia concen-
trations in the water. Except in open oceans, exposure to 
environmental levels produces many chronic effects (including 
reduced growth, decreased survival, impaired reproduction) and 
may increase susceptibility to disease and also cause histo-
pathological changes. 

High levels of ammonia in aquatic systems are also toxic 
for plants. The detoxification of excessive ammonia places a 
severe strain on the carbohydrate metabolism of the plant 
which subsequently results in foliar injury, and growth 
effects, and thus may modify plant community composition. 

Where the dominant species, he it fish or plant, is also 
sensitive to ammonia the effects on the whole ecosystem will 
be marked. 

	

10.5.2 	The terrestrial environment 

The most common effect of exposure of plants to atmos-
pheric ammonia is foliar injury. Prolonged exposure to high 
ambient concentrations of about 75 ig/mg, such as occur 

10 
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in the vicinity of intensive livestock farms, adversely 
affects more susceptible species such as pine trees. The 
observed damage is the result of both direct and indirect 
effects due to, changes in soil, and secondarily, to increased 
susceptibility to disease and meteorological stress. 

The data on ammonia toxicity for wildlife are very 
limited. There is no evidence that wild-life populations, in 
general, are at risk from ammonia, but, there may be secondary 
effects associated with changes in plant communities. Certain 
species of bats are able to withstand the very high ammonia 
levels found in caves where they live. 

13.6 Conclusions 

The major groups of organisms at risk from elevated 
ammonia levels are aquatic animals and terrestrial plants. 
There appears to be little danger for terrestrial animals, 
including man, except from acute accidental exposure. 

10.6.1 	Generalulation 

There are no data suggesting that present environmental 
levels of ammonia are hazardous for the general population. 
Only high-level accidental exposures from domestic sources and 
transportation and storage accidents pose an occasional acute 1461 
health hazard. 

10.6.2 	Sub-popu1ationsatsecia1risk 

Groups likely to exhibit ammonia toxicity include those 
with hepatic or renal impairment, though, even in these cases, 
levels of exogenous ammonia are insignificant in comparison 
with endogeneous levels, so that, in the absence of any 
environmental exposure, such persons would still be affected. 
The mechanism is different in the two cases. Hepatic impair-
ment limits the conversion of ammonia to urea, and renal 
failure, by increasing urea concentrations and its intestinal 
secretion, leads to increased endogeneous intestinal ammonia 
production. 

There have been few studies on the chronic effects of 
ammonia inhalation. It can be speculated that subpopulations 
that have been found to be hyperreactive to other respiratory 
irritants (e.g., sulfur dioxide, particulates, ozone) may also 
be hyperreactive to ammonia. These subpopulations may include 
children, elderly persons with pre-existing cardiorespiratory 
symptoms, individuals with asthma or bronchitis, and those 
engaged in vigorous physical exercise (Calabrese, 1978). How-
ever, there is also some indication that previous exposure to 
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low levels of ammonia may cause inurement to its effects 
(Ferguson et al., 1977). 

10.6.3 	0ccutional exposure 

Accidental exposures are the predominant problem (Section 
10.1.1.3). Otherwise, occupational exposure can be controlled 
by the application of most current occupational exposure 
limits and proper industrial hygiene. 

10.6.4 	Farm animals 

Farm animals may be at risk, because of continous exposure 
under confined housing conditions resulting in high atmos-
plieric levels of ammonia within the confinement areas; this 
applies particularly to cattle, swine, and poultry. Available 
reported data provide a range of measured exposure levels of 
from 2 to 1400 mg/rn 3. In winter months in colder climates, 
most of the measured concentrations exceeded the admissible 
upper limit of 35 mg/n 3  (50 ppm). 

10.6.5 	Environment 

Environments with a low buffer capacity and poor in 
nutrients are susceptible to acidification and nitrogen 
enrichment by elevated ammonia loading; prolonged high 
ammonia-loading results in changes in both the structure and 
function of plant and animal communities. Levels of 
atmospheric ammonia necessary for the onset of these changes 
have not been established; however, changes in the structure 
of these communities have been observed where ammonia levels 
in the atmosphere were possibly up to 100 pg/rn 3 . 

Plants use ammonia as a nutrient, but high levels can he 
toxic. Terrestrial plants show a susceptibility to reduced 
growth and reduced vitality, when exposed to levels as mm as 
75 i.g N113/m 3  in the atmosphere. 

Aquatic animals have a low capacity to detoxify ammonia. 
Acute effects on some fish have been demonstrated in labora-
tories at concentrations as low as 0.1 mg N113/litre and 
chronic effects at concentrations as low as 0.02 mg 

N113/litre. Thus, as ammonia levels in some waters are often 
similar to those shown to cause chronic effects in some fish, 
it would appear that these animals are at risk. Aquatic 
invertebrates are, in general, less sensitive to elevated 
ammonia levels in water. 

Aquatic animals are at risk because of increases in 
amrnOnis concentrations in Water systems, whereas some plant 
communities appear to be at risk from elevations in atmos-
pheric ammonia loading. 



11. RECOMMENDATIONS 

11.1 Research Needs 

Long-term monitoring of ammonia and other pollutants 
in water systems with different aquatic ecosystems. 

Studies of the long-term effects of ammonia on ter -
restrial vegetation. 

Studies of the global nitrogen balance to identify 
long-term trends. 

Ecotoxicological studies to elucidate environmental 
effects. 

Epidemiological studies in relation to ammonia expo-
sure in order to make better hygiene recommendations. 

Long-term experimental animal studies to establish a 
no-observed-adverse-effect level of exposure. 

Studies on the role of ammonia in modifying physical 
and chemical conditions of soil and water systems. 

More data are needed to assess accurately the rela-
tive contributions of various point and non-point 
sources of ammonia for surface waters. 

Research into methods and their application directed 
towards reducing emissions from point sources. 

Additional acute toxicity teats with salt-water fish 
and invertebrate species. 

Life-cycle and early-life-stage tests with represent-
ative fresh-water and salt-water organisms from dif-
ferent families, with investigation of pH effects on 
chronic toxicity. 

Fluctuating or intermittent exposure tests under a 
variety of exposure patterns on additional species. 

Moth acute and long-term tests at cold-water tempera-
ture s. 

Studies on the effects of dissolved and suspended 
solids on acute and chronic toxicity. 
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More histopathological and histochemical research 
with fish which would provide a rapid means of 
identifying and quantifying sublethal ammonia effects. 

In fish, the relative concentration limits for both 
acclimatization and subsequent acute response need 
better definition and a more complete explanation. 
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ANNEX II: TREATMENT OF EXCESSIVE EXPOSURE TO AMMONIA 

Anunonia (gas and liquid) is an extremely irritant chemical 
affecting the skin, eyes, and the respiratory tracts. Ammonia 
gas can produce burning of the eyes, laclirymation, and severe 
eye damage. When inhaled it can produce coughing, laryngitis, 
bronchitis, chest pains, and severe respiratory problems. 
Contact with liquid ammonia can result in severe eye and skin 
burns due both to its irritant properties and chilling effect. 

Those working with ammonia should be trained in its safe 
use including the dangers of improper handling, the use of 
protective equipment, and the avoidance of unnecessary inhala-
tion of the gas and direct contact with liquid ammonia. After 
handling liquid ammonia, the hands should be washed thoroughly 
before eating or smoking. 

The provision of protective clothing and equipment is not 
an adequate substitute for safe working conditions. However, 
where exposure cannot he adequately controlled, workers should 
be provided with suitable impervious clothing, boots and 
gloves, and, depending on the severity of the conditions, a 
face shield or safety goggles and a mask or self contained 
breathing apparatus. In places where very high gaseous ammonia 
concentrations are expected, complete gas suits should be used. 

Emergency showers and eye wash or water sprays should be 
provided in all areas where ammonia is handled and where 
leaks, spills or splashes may occur. Clothes contaminated 
with ammonia should be discarded immediately and not worn 
again until thoroughly cleansed. 

First aid 

If excessive exposure has occurred first aid treatment 
should be promptly initiated and medical advice obtained as 
soon as possible. 

Ammonia in the e ye  

Ammonia in the eye may cause severe injury and must be 
treated immediately by irrigation for at least 15 min with 
flowing water or sterile buffered eye irrigation solution. 

Arnonia on the skin_(liquid or liquor) 

Drench the affected area with water and remove 
contaminated clothing and footwear. Wash the affected area 
continuously for 5 - 10 min or until pain ceases. 
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estion(liqrliuor) 

If the patient is conscious large quantities of water may 
be given to dilute the chemical in the stomach. No attempt 
should be made to induce vomiting. 

Inhalation ofsIvapour 

Remove from exposure, secure airway and place in 
semiprone recovery position if unconscious. 	Give 
artificial respiration if not breathing. 

If heartbeat is absent give external cardiac massage. 

If there is cyanosis (blueness of lips) or air-hunger 
administer oxygen by facemask. 

A conscious patient may be given water to drink. 

Further treatment 

the eyes 

Corneal damage is probable. Use local anaesthetics and 
cycloplegics to enable thorough irrigation and examination. 
If the cornea is damaged, administer topical antibiotics. 
Refer to a specialist centre. 

Ammonia on the skin 

Treat as a chemical burn. Liquid ammonia may produce deep 
burns that may require grafting. Refer deep or extensive 
burns to a specialist centre. 

1. 	Ammonia is irritant to the respiratory tract causing: 

bronchial oedema 	spasm, and hypersecretion 
resulting in chest tightness, wheere, and cough, 
which may progress to severe dyspnoea; and 

lower 	airway 	inflammation 	with 	exudative 
pulmonary 	oedems 	and 	impaired 	gaseous 
diffusion. Symptoms may be delsyed 24 h or 
more. Resolution may be by fibrosis producing a 
restrictive defect. 
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Treat hypoxia with oxygen, ventilation, and bronchial 
lavage, as appropriate. 

Consider administration of steroids by multiple 	- 
metered doses of topical aerosol, by inhalation, 
and/or by injection. Early prophylactic use may be 
indicated. 

Administer 	bronchodilators 	by 	jnha1ation 	or 
injection, 	as 	indicated. 	Maintain 	with 	oral 
treatment 

Keep under medical surveillance for at least 48 h. 
Treat symptomatically. 

Observe for secondary respiratory infection and treat 
as necessary. 


