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NOTE TO READERS OF THE CRI TERI A DOCUMENTS

Every effort is made to present information in the criteria
docunents as accurately as possible. 1In the interest of all users
of the environnental health criteria docunents, readers are kindly
requested to comuni cate any errors that may have occurred to the
Manager of the International Programme on Chenical Safety, Wrld
Heal th Organi zati on, Geneva, Switzerland, in order that they nmay be
included in corrigenda, which will appear in subsequent vol unes.

A data profile and information on the various linmts set by
countries can be obtained fromthe International Register of
Potentially Toxic Chemicals, Palais des Nations, 1211 Geneva 10,
Swi tzerl and (Tel ephone No. 988400 - 985850).

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

1 mol is equivalent to 14 ng anmoni a-nitrogen/litre
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17 mg NHs/litre
18 mg NHs+/ litre

1 ng ammoni a-nitrogen is equivalent to 1.21 ng NHs
1.29 ng NHs+

In air, 1 ng/mis equal to about 1.42 ppm depending on the
tenperature and pressure.

ENVI RONMVENTAL HEALTH CRI TERI A FOR AMVONI A

Fol | owi ng the recomendations of the United Nations Conference
on the Human Environnment held in Stockholmin 1972, and in response
to a nunber of resolutions of the Wrld Health Assenbly and a
recomendati on of the Governing Council of the United Nations
Envi ronnment Programme, a programme on the integrated assessnment of
the health effects of environnental pollution was initiated in
1973. The programe, known as the WHO Environnmental Health
Criteria Progranmme, has been inplenented with the support of the
Envi ronment Fund of the United Nations Environment Programme. In
1980, the Environnmental Health Criteria Programme was incor porated
into the International Programme on Chem cal Safety (IPCS), a joint
venture of the United Nations Environnent Progranme, the
I nt ernati onal Labour Organisation, and the Wrld Health
Organi zation. The Programre is responsible for the publication of
a series of criteria docunments.

A VWHO Task Group on Environnmental Health Criteria for Amonia
was held in Geneva on 8-13 July, 1985. Dr EM Snmith opened the
neeting on behalf of the Director-General. The Task G oup revi ewed
and revised the draft criteria docunent and nmade an eval uation of
the health risks of exposure to ammoni a.

The original draft of this document was prepared by THE UN TED
STATES ENVI RONMENTAL PROTECTI ON AGENCY ENVI RONMENTAL CRI TERI A AND
ASSESSMENT OFFI CE under the direction of DR J.F. STARA  Additional
contributions were nade by DR J. R JACKSON, 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 docunent are gratefully
acknow edged.

Partial financial support for the publication of this criteria
docunent was kindly provided by the United States Departnent of
Heal th and Human Services, through a contract fromthe Nati onal
Institute of Environmental Health Sciences, Research Triangle Park,
North Carolina, USA - a WHO Col | aborating Centre for Environnental
Heal th Effects.

1. SUMVARY
1.1. Properties and Anal ytical Methods

Ammonia (NHz) is a colourless acrid-snelling gas at anbi ent
tenmperature and pressure. It can be stored and transported as a

[iquid at a pressure of 10 atmat 25 °C.

Ammoni a di ssolves readily in water where it fornms, and is in
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equilibriumw th, ammoniumions (NHs;+). The sum of ammoni a and
ammoni um concentrations is terned "total amoni a" and, because of
the slightly different relative nol ecul ar masses, may be expressed
as "total ammonia-nitrogen (NH:-N)". In nost waters, NH;+

predom nates, but increases in pH or tenperature or decreases in
ionic strength may materially increase | evels of non-ionized
amoni a.

Ammonia will adsorb on various solids. At concentrations of
between 16 and 27% by volume, it can form expl osive nmixtures with
air. Catalytic oxygenation is an inmportant reaction in the
manuf acture of nitric acid. Ammonia dissolves in dilute acids to
formionized ammoni um salts, which are sinmlar in solubility to
al kali metal salts, and can be crystallized. Sone of these salts
are found in nature. Heating solutions or crystals of the salts
yi el ds gaseous anmonia. Ammonia forms chloranines in water
cont ai ni ng hypochl orous aci d.

There are difficulties in sanpling nedia for the determ nation
of ammonia, and in preventing contam nation and | osses before
analysis. A variety of analytical techniques are avail able; many
have interactions. For measurenents, the flourescent
derivati zation techni que has advant ages.

1.2. Sources in the Environnent

Ammonia i s present in the environment as a result of natura
processes and industrial activity, including certain types of
intensive farmng. Atnospheric ammonia is volatilized fromthe
earth's surface in quantities of about 10% tonnes/year, nostly from
natural biological activity. Industrial activity nay cause |oca
and regional elevations in em ssion and at nospheric concentrations.
Surface waters recei ve amonia from point sources, such as effluent
fromsewage treatment and industrial plants, in quantities
estimated in the USA to be about half a nillion tonnes annually.
Much nore significant quantities arise from non-point sources, such
as at nospheric deposition, the breakdown of vegetation and ani nal
wastes, applied artificial fertilizers and urban runoff, and these
are significant, even in industrial areas.

1.3. Environmental Transport, Distribution, and Transfornmation

Ammonia in the environment is a part of the nitrogen cycle. It
volatilizes into the atnosphere where it may undergo a variety of
reactions. Photolytic reactions destroy sonme of the ammoni a and
reactions with sul fur dioxide or ozone produce aerosols, nost

importantly of ammoniumsulfate or nitrate, which return to the
earth's surface as wet or dry deposition. In surface waters
ammoni um may undergo mi crobi ol ogical nitrification, which yields
hydrogen and utilizes oxygen so that, in certain systens,

aci dification and oxygen depletion may result. |In one study, one-
third of the acidifying effect of precipitation was attributed to
ammoni um deposition. Ammonia nay be assimlated by aquatic plants
as a nitrogen source or transferred to sedinments or volatilized.
In soil, major sources of ammonia are the aerobi c degradation of
organic matter and the applicati on and at nospheric deposition of
synthetic fertilizers. The amonium cation is adsorbed on
positively charged clay particles and is relatively i mobile. Most
ammoni um undergoes nitrification; the nitrate ion is nobile and is
renoved by | eaching, plant root uptake, or denitrification

1.4. Environnental Levels and Human Exposure
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At nmospheric concentrations vary according to underlying | and
usage. Urban concentrations are typically in the range of 5 -

25 pg/ n? and rural concentrations, 2 - 6 pg/nt. Areas with

i ntensive manure production or use may produce concentrations of
100 - 200 upg/nt. Particul ate anmoni um concentrations above oceans,
remote fromland, have been found to be 10 - 115 ng/n¥. |n nost
situations, atnospheric particul ate amoni um concentrations are
conpar abl e to gaseous ammpni a concentrati ons.

Surface waters contain concentrations of total ammoni a that

vary both regionally and seasonally. |In the USA, nost surface
waters contain less than 0.18 ng/litre, though those near |arge
netropolitan areas may contain 0.5 ng/litre, as total anmonia. In
hydrol ogically isolated acidified snmall |akes, concentrations may

reach 3 mg NHy+-Nlitre, and val ues near intensive farns of 12 ny
NH;+- N litre have been recorded. G ound water usually contains | ow
concentrations of amoni a, because of ammoni um adsorption and/ or
nitrification; this, and the conversion of anmonia to chl orami nes
on chlorination, results in lowlevels of anmmpnia in nost treated
dri nki ng-wat er.

Ammonia in soil is largely fixed; that in solution is in
dynanmic equilibriumwith nitrate and is not directly available to
pl ants. Ammoni a occurs in unprocessed foods, but ammoniumsalts
are added to processed foods. Acceptable Daily Intakes (ADs),
where specified, relate to the anion. G garette snoking and
certain medicines may contribute to intake, in some cases, but the
intake fromall sources is snall in conparison w th endogenous
i ntestinal amroni a production

Cccupati onal exposure to |ow |l evel s of ammonia is conmon, but,
in certain occupations, work-place concentrations nmay exceed

100 mg/ . At such levels, the daily amonia intake is small in
relation to endogenous production, but it is significant, since
i nhal ed ammoni a enters the systemic circul ation

1.5. Kinetics and Metabolism

1.5.1. Uptake and absorption

At | ow concentrations, inhaled amoni a di ssolves in the nmucous
fluid lining the upper respiratory tract and little reaches the
| ower 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 mn.
In rats, increases in blood-ammonia were nmeasured foll ow ng short -
term exposure to anmonia at 220 ng/nt but not at 23 ng/n¥. The
increases were | ess nmarked with | onger exposure. Cal cul ated bl ood-
ammoni a i ncreases with exposure to air containing 18 ng/nt are
about 10% of fasting |evels.

Ammonia is formed in the human intestinal tract by the
bi ol ogi cal degradation of nitrogenous matter, including secreted
urea, in quantities of about 4 g/day. Nearly all of this is
absorbed (mainly passively) and is netabolized in the liver on
first passage, so that only small anmpbunts reach the systenic
circulation.

1.5.2. Distribution

Ammonia is normally present in all tissues constituting a
metabolic pool. |Its distribution is pH dependent, since NH;
di ffuses nore easily than NHy+. Oral adm nistration of amoni um
chloride to healthy male and fenal e volunteers at 9 ng/ kg body
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wei ght produced transient increases in blood-amonia in about half
of the subjects. Patients with cirrhosis showed a greater and nore
prol onged i ncrease over a higher baseline. This confirns
substantial first pass metabolismin the liver

Admi ni stration of °N-1abel | ed amoni um conpounds to
experinental animals indicated that the initial distribution of °N
depended on the route of adm nistration and that, after parentera
adnmini stration, nore was distributed to organs other than the
l'iver.

1.5.3. Metabolic transformation

Ammonia is taken up by glutamic acid in many tissues, and this
will take part in a variety of transam nation and ot her reactions,
the nitrogen being incorporated in non-essential amno acids. |In
the liver, ammonia is used in the synthesis of protein by the
Krebs- Hensel eit cycl e.

1.5.4. Excretion and turnover

The principal neans of ammobni a excretion varies between phyl a.
Mammal s excrete urea and secrete anmoniumin the kidney tubul es as
a neans of hydrogen ion excretion. Faecal and respiratory
excretion are insignificant. Exhaled air may contain volatilized
ammonia fromthe nicrofloral degradation of salivary urea. |n nman,
on a 70 g protein/day diet, 70% of adm nistered anmonium *N is
lost in a week; on a 20 g protein/day diet, 35%is |ost.

1.5.5. Plant netabolism of ambni a

Ammonia is toxic in plants and cannot be excreted. It is
detoxified by conbination with carbon skel etons, and so excess
ammoni a may strain carbohydrate netabolism Sone plants have
speci al nmeans of handling ammonia, enabling themto tolerate it or
use it preferentially.

1.6. Effects on Aquatic Organisns

Concentrations of amonia that are toxic for aquatic animals
are generally expressed as non-ionized ammoni a (NH), because, in
the environnent, NH; and not the ammoni umion (NH;+) has been
demonstrated to be the principal toxic formof anmonia.

Concentrations of ammonia, acutely toxic for fish, can cause
| oss of equilibrium hyperexcitability, increased breathing,
cardi ac output, and oxygen uptake, and, in extrene cases,
convul sions, coma, and death. At |ower concentrations, amonia
produces many effects in fish including a reduction in egg hatching
success, a reduction in growh rate and norphol ogi cal devel opnent,
and pat hol ogi cal changes in the tissue of the gills, liver, and
ki dney.

Several factors have been shown to nodi fy acute anmoni a
toxicity in fresh water. Sonme factors alter the concentration
of NHlsin the water by affecting the aqueous anmonia equilibrium
while other factors affect the toxicity of NHzitself, either
aneliorating or exacerbating its effects. Factors that have been
shown to affect ammonia toxicity include dissolved oxygen
concentration, tenperature, pH, previous acclinmatization to
amoni a, fluctuating or intermttent exposures, carbon dioxide
concentration, salinity, and the presence of other toxic
subst ances. The best studied of these is pH, the acute toxicity
of NH; has been shown to increase as pH decreases. Data on
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tenmperature effects on acute NHs toxicity are limted and
variable, but there are indications that NH;toxicity is greater
at low (< 10 °C) tenperatures.

Dat a concerni ng concentrations of NH;that are toxic for fresh-
wat er phytopl ankt on and vascul ar plants, although limted, indicate
that fresh-water plant species are appreciably nore tolerant to NHs
than invertebrates or fish

(a) Fresh-wat er organi sns

Mean 48- and 96-h LGCso val ues reported for fresh-water
invertebrates and fish ranged from1.10 to 22.8 ng NH/litre for
invertebrate species, and from0.56 to 2.48 ng/litre for fish
species. Mean 96-h LGsg val ues ranged fromO0.56 to 2.37 ngy
NH/ litre for salmonid fish and fromO0.76 to 2.48 ng/litre for non-
salmonids. In terns of LG, Percidae and Sal noni dae are
considered to be the nost sensitive fanmlies and wal |l eye and
rai nbow trout are the nost sensitive species within these famlies.

For fresh-water organisns, the famlies nost sensitive in terns
of chronic toxicity are Sal noni dae and Cat ost oni dae, pink sal non
and white sucker being the nost sensitive species within these
famlies. Limted chronic toxicity data for invertebrates, nostly
cl adocerans and one insect species, indicate that they are
generally nore tolerant than fish, although the fingernail clam
appears to be as sensitive as sal nonids.

(b) Sal t - wat er organi sns

Avai |l abl e acute and chronic ammonia toxicity data for salt-
wat er organisns are very limted. Mean LG values for marine
invertebrate species range fromO0.94 to 18.3 ng NH/litre and, for
mari ne fish species, from0.32 to 1.31 ng/litre. The prawn,

Macr obr achi um rosenbergii, appears to be the npbst sensitive
invertebrate species tested, and the red drum the nost sensitive
fish speci es.

1.7. Effects on Experinmental Animals and |In Vitro Test Systens

1.7.1. Single exposures

There have been many estimates of inhalational toxicity in
whi ch the theoretical relationship between concentration, duration
of exposure, and lethality has been observed. Typical results are
LCso values in rats ranging from31 612 ng/n? for a 10-m n exposure
to 11 620 ng/n’ for a 60-min exposure. The corresponding val ue for
a 2-h exposure was 7600 ng/n?. Exposed m ce exhibited avoi dance
behavi our at concentrations above 350 ng/n?, and ciliary activity
was arrested above this level in in vitro studies on rabbit
tracheal epithelium Oher effects of exposure include bradypnoea
and bradycardi a, changes in various serumenzyne |evels, and
hi st ol ogi cal changes in the lung. At high concentrations,
convul si ons occurr ed.

There have been a nunber of studies on the oral toxicity of
various ammoni um salts, sone of which have been conplicated by the
acidity or alkalinity of the preparations used. Median |etha
doses for ammoni um sul famate or sulfate were in the range 3 -

4.5 g/ kg body weight in both rats and mce. Anmonium chloride
causes substantial acidosis and has been reported to produce

pul nronary oederma by a different nmechani sm by gavage, but not by
intraperitoneal injection. There is also evidence that anmoni um
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ions exert a direct effect on the appetite by their effect on
prepyriformcortical areas. Ammonium chloride, even after

adm ni stration for periods of a few days, produces hypertrophy of
the kidney, but the extent to which this results fromacidosis, a
solute load, or a direct effect of the ammoniumion is not clear
Diet and the clinical condition of the liver are inportant

nodul ators of ammnia toxicity, and it has been shown that the
adm nistration of ornithine, aspartic acid, or adenosine

tri phosphate (ATP) exerts a protective effect agai nst ammoni a
toxicity.

No information is available regarding systenic toxicity from
singl e dermal exposures to ammoni a or ammoni um conpounds.

Synptons after intravenous injection of ammniumsalts are
characterized by i medi ate hyperventilation and cl onic convul sions,
followed by either fatal tonic extensor convul sion or the onset of
comg, in which tonic convul sions and death can occur at any tine.
After 30 - 45 min, surviving animals recover rapidly and
completely. After injection, neurol ogical synptons conmenced when
t he bl ood-anmmoni a concentration doubl ed above basal val ues. Brain-
ammni a | evel s did not increase until blood | evels reached 20 tines
basal values; at this stage, brain levels suddenly increased to
about 100 ng amoni a-nitrogen/ kg wet weight. However, imediate
i ncreases in brain-amonia after intravenous injection have al so
been observed, and it has been suggested that there is no critica
bl ood- anmoni a concentration for diffusion of ammonia through the
bl ood-brain barrier. Some workers have denonstrated the induction
of ventricular fibrillation of the heart foll owi ng injections of
ammoni um sal ts.

1.7.2. Short-term exposures

Ni nety-day inhal ati on exposures of rats to 127 ng/ n? and
262 ng/ n? did not produce any, or only nminimal, changes. Continuous
exposure to 455 ng/nt was fatal for 50 out of 51 rats by the 69th
day of exposure. Sinilar results were obtained in guinea-pigs.
The principal pathol ogical findings were eye irritation, cornea
opacities, and diffuse lung inflammtion. Simlar results have
been published by a nunber of authors. Concentration-dependent
i ncreases in susceptibility to infection during amoni a exposure
have been reported. Bl ood-anmonia |evels increased with
i nhal ati onal exposure to increasing concentrations of anmoni a above

70 ng/n?, for periods of 1 - 7 days.

Studies on the effects of ingestion of amoni um chloride
(10 g/litre drinking-water - about 1 g/kg body wei ght per day)
and amoni um sul famate (5 g/ kg body wei ght per day for 6 days
per week) did not show any significant toxic effects. Cyclica
adnmi ni stration of various amonium salts, at noderate doses, for 3
weeks out of 4 affected the reproductive systemof virgin fenale
rabbits. Ammonium salts have been given as a dietary supplenent to
animals on diets deficient in non-essential anmino acids, with
resultant increases in weight gain. Ammonium salts can prevent and
reduce the weight | oss associated with 10% and 20% reducti on of the
crude protein content of the diet of pigs.

There is no information regarding the system c effects of
short-term dernal exposure.

1.7.3. Skin and eye irritation; sensitization

There is little information on animals to conpl enent the
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ext ensi ve hunman experience. |n rabbits, amonia has been shown to
penetrate the cornea rapidly and to cause corneal burns. Ammoni um
persulfate is a recogni zed skin sensitizer in man. No data on
sensitization potential in animl nodels are avail abl e.

1.7.4. Long-term exposure

I nhal ati on exposure studies did not extend beyond 130 days. A
130-day study denonstrated congestion of parenchymatous organs at
18 weeks, but not at 12 weeks, in guinea-pigs exposed to about
119 g/ n? for 6 h/day, 5 days/week. Long-term studies have not
been carried out according to nodern protocols, and observed
effects have mainly been related to changes in acid-base bal ance.

1.7.5. Reproduction, enbryotoxicity, and teratogenicity

There have not been any fornal studies based on nodern
protocol s, but studies have been undertaken to investigate the
effects of ammonia in hen-houses on the egg-I|ayi ng performance of
intensively reared poultry. No systematic conclusions could be
dr awn.

1.7.6. Mitagenicity

Ammoni um sul fate has been reported non-nutagenic in Sal nonel |l a
and Saccharomyces test systens, but nutagenic in E. coli at toxic
| evel s and may affect nutagenic responses to other agents. Various
wor kers have described effects on Drosophila, which were m ninma
or achieved only at toxic levels. There is no evidence that anmoni a
is mutagenic in manmal s.

1.7.7. Carcinogenicity

There is no evidence that ammmonia is carcinogenic, though it
can produce inflanmatory | esions of the colon and cellul ar
proliferation, which could increase susceptibility to malignant
change. There was no evidence that ammonia was responsible for the
i ncreased incidence of tumours with increased dietary protein
i ntake. Ammonia did not either cause tumours or increase the
spont aneous i nci dence of tunours in life-tine studies on nice.

1.7.8. Mechanisns of toxicity

Al t hough there are a nunber of hypotheses, there is no
establ i shed nmechanismfor the toxicity of anmonia or ammoni um
salts.

1.8. Effects on Man

1.8.1. Oganoleptic effects

Amoni a can be tasted in water at |evels above about 35
ng/litre. Odour threshol ds have been variously reported according
to the definition used and techni que of neasurenent. Most people
can identify amonia in air at about 35 ng/n? and can detect it at
about one-tenth of this |evel

1.8.2. dinical, controlled hunman studies and acci dental exposure

Exposure to ammonia in air at a concentration of 280 ng/n?t
produced throat irritation; 1200 ng/n? produced cough; 1700 ny/ n?
was |ife-threatening, and nore than 3500 ng/ nt caused a high
nortality. Respiratory synptons were usually reversible, but
chronic bronchitis has been reported to devel op. Volunteers

Page 13 of 153



Ammonia (EHC 54, 1986)

exposed by oro-nasal mask experienced irritation and increased

m nute volumes. Retention of inspired anmoni a decreased
progressively to about 24% after about 19 min of exposure. The

bl ood chemi stry remained nornal. Respiratory indices were
insignificantly altered at concentrations up to 98 nmg/n? (which was
tolerable). Oher studies have denonstrated a high incidence of

synptons at this level. |Irritation occurred at 35 ng/nt, which was

nei ther disconforting nor painful. Industrial exposure at 88 ng/nt
was described as "definitely irritating”

I ngesti on of ammoni a sol uti ons has produced caustic burns of
the upper gastrointestinal tract. Ingestion of amoni um chloride
produces netabolic acidosis and diuresis and is admi nistered for
t hese effects.

1.8.3. Endogenous anmoni a

Ammoni a plays a key role in nitrogen netabolism and its |eve
in the body may be increased as a result, either of in-born errors
of metabolism or, as a result of inpaired liver function. The
rol e of hyperamopnaem a in causing the encephal opat hy associ at ed
with the latter is not conpletely clear, but there is sufficient
evi dence to indicate a significant contribution

1.9. Evaluation of the Health Ri sks for Man and Effects on the
Envi r onnent

At nospheri c exposure of the general population is toxicologically
insignificant. Qccupational exposure can give rise to synptons,
particularly in occupations exposed to decaying organic matter
Acci dental exposure to anmpnia in any of its forns produces
irritant or caustic effects.

Exposure to anmonia in the water supply and food is
insignificant in conparison with the nitrogen intake through the
di et whi ch becomes avail abl e as netabolic anmoni a.

The nost significant effects of ammonia are in the aquatic and
terrestrial environments where, as a result of urbanization
industry, and farmng and as a result of deposition to sensitive
environnments, significant toxic effects of ammonia nay ari se.

1.10. Concl usi ons
Ammoni a does not present a direct threat to man except as a
result of accidental exposure, particularly in industry. Farm
animal s may be adversely affected when reared intensively in closed
conditions. Localized effects of point-source em ssions of ammonia
and of deposition in sensitive environnents is a cause of concern
2. PROPERTI ES AND ANALYTI CAL METHODS
2.1. Physical and Chemi cal Properties of Amoni a and Ammoni um Conpounds

2.1.1. Gaseous and anhydrous |iquid ammoni a

Ammonia (NHs) is a colourless gas at atnospheric pressure,
which is lighter than air and possesses a strong penetrating odour
Sone of the relevant physical properties of amonia are summuari zed
in Table 1.

The vapour pressure of amoni a gas over pure ammonia |liquid can
be cal cul ated using the equation (NRC, 1979):
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| og10P = 9. 95028 - 0.003863T - 1473.17/T,
where P = partial pressure in mmHg, and T = tenperature at K

Ammoni a may be |iquefied under pressure at about 10 atmand is
stored and transported in this state.

2.1.2. Agueous sol utions

Ammoni a di ssolves readily in water where it ionizes to formthe
amoni um i on.

The solubility of ammonia in water is influenced by the
at nospheric pressure, tenperature, and by dissolved or suspended
materials. Solubility values at noderate concentrations and
tenperatures can be obtained fromthe graphic (Sherwood, 1925) and
tabular (Perry et al., 1963) conpilations, and fromenpirical
fornul ae (Jones, 1973).

The total ammonia content of water is the sum of non-ionized
(NH;) and ionized (NHy;+) species. Ammonia is readily soluble in
aqueous systens (Table 1) and, at the pH of nobst biol ogical
systens, exists predomnantly in the ionized form At |ow
concentrations, the molarity of total dissolved amonia is given by
(Drewes & Hal es, 1980):

[Nkb] + [NH4+] = H[ NHS(gas)] + KbH[ NH%(gas)]a

where [ NHygasy] is the nolar concentration of gas-phase anmmoni a,
Ky is the dissociation constant given by:

[N+ [OH]
Kp = --=-cmmmmmn- = 1.774 x 10°° (at 25°C)
[ NFs]

and His a Henry's |aw constant given by (NRC, 1979):

| ogioH = 1477.8/ T - 1.6937

Table 1. Physical properties of ammonia?

Properties Val ues
Boi l i ng point at one atm -33.42 °C
Mel ting point -77.74 °C

Density (liquid) at -33.35 °C and 1 atm 0.6818 gni cnf

Density (gas) 0.7714 gl/litre
Viscosity at -33 °C 0. 254 centi poi se
Viscosity at 20 °C 9.821 x 10° poi se
Refractive index at 25 °C 1.325

Di el ectric constant at 25 °C 16.9

Surface tension at 11 °C 23.38 dyn/cm
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Speci fic conductance at -38 °C 1.97 x 107 cm?
Thermal conductivity at 12 °C 5.51 x 10°° gcal / cm
Vapour pressure at 25 °C 10 atm

Critical tenperature 132.45 °C

Critical pressure 112. 3 atm

Critical density 0.2362 g/cn?

Solubility 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 Wndholz et al., ed. (1976).

The pK, for the ammoni a/ anmoni um equi li brium can be cal cul ated at
all tenperatures, T(K), between 0 and 50 °C (273 < T < 323) hy
the equation (Emerson et al., 1975):

Ka = [NHs] [HT/[NH+],
pKa = 0.09018 + 2729.92/ T

Theoretically, the fraction (f) of total amonia that is non-
i oni zed depends on both water tenperature and pH, according to the

preceding and the foll owi ng equations (Enmerson et al., 1975):

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

Thus, in water at 0 °C and a pH of 6, less than 0.01% of the total
anmoni a 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 nost fresh waters. However,
the concentration of non-ionized ammonia will be |lower at the
hi gher 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 foll ows
(API, 1981):

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

At 25 °C, the pK, can be calculated to be 9.24, fromthe
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 cal culated to be 5.38%
Thus, at this pH and tenperature, sea water with an ionic strength
of 0.7 would contain 62% as nmuch non-ioni zed ammoni a as fresh
wat er .

2.1.3. Chemcal reactions

Gaseous ammonia is readily adsorbed on certain solids. The

Page 16 of 153



Ammonia (EHC 54, 1986)

adsorption characteristics of anmonia on netal surfaces are
inmportant in its synthesis and other catalytic reactions (Cribb
1964). Because of the adsorption of ammonia on charcoal, acid-

i mpregnat ed charcoal nmasks are used for protection agai nst anmoni a
gas.

Amoni a can form expl osive nmixtures with air at atnospheric
tenmperature and pressure, if present in concentrations of 16 - 27%
by volune. The products of conbustion are mainly nitrogen and
water, but small traces of amoniumnitrate (NH;NOG;) and nitrogen
di oxi de (NO,) are also forned.

Anot her inportant reaction involving the oxidation of ammonia
isits catalytic oxidation to nitric oxide (NO and nitrous oxide
(NNO (Mles, 1961; Matasa & Matasa, 1968). This reaction is an
i nportant step in the manufacture of nitric acid.

Under nornal atnospheric conditions, amoni a does not undergo
any primary photochem cal reactions at wavel engths greater than
290 nm

When exposed to radicals or other photochem cally excited
speci es, ammoni a under goes secondary deconposition

NHg + -OH -> -NH + H,O
NH; + O -> -NHp + -CH

Sone of these reactions may be inmportant in the bal ance of
at nospheri c nitrogen

Ammoni a al so under goes deconposition to nitrogen and hydrogen
when exposed to an electric discharge (Jones, 1973). It reacts
with sul fur dioxide gas to formamoniumsulfate in the atnosphere
(Kushnir et al., 1970).

Aqueous ammoni a can take part in substitution reactions wth
organi ¢ halide, sulfonate, hydroxyl, and nitro conpounds, and, in
the presence of netallic catalysts, it is used to produce ani no
acids fromketo acids. Ammonia reacts with hypochl orous acid
(HOA) to form nonochl oram ne, dichloram ne, or nitrogen
trichloride (Mrris, 1967; Lietzke, 1978). The formation of these

N-chl oram nes depends on the pH, the relative concentrations of
hypochl orous acid and NH;, the reaction tinme, and the tenperature.
When pH val ues are greater than 8, and when the nolar ratio of HOO
to NH3is 1:1 or |less, the nmonochl orani ne predom nates. At hi gher
Cl Nk ratios or, at |ower pH values, dichloram ne and
trichloram ne are forned. These, and various organi c chl oram nes,
are produced during the chlorination of water containing NH; or
organi ¢ am nes. The presence of these chloram nes nmay contribute
to the taste and odour of drinking-water, and to various
associ ated health problems (Mrris, 1978).

2.1.4. Amoni um conpounds

Amoni um conpounds conprise a | arge nunber of salts, nany of
whi ch are of industrial inportance; anmonium chloride, amoni um
nitrate, and ammonium sul fate are produced on a large scale. Wth
the exception of nmetal conplexes, the amoniumsalts are very
simlar in solubility to the salts of the alkali netals, but differ
in that they are completely volatilized on heating or ashing.

Ammoni um salts undergo slight hydrolysis in aqueous sol ution
Most di ssociate at elevated tenperatures to give anmonia and the
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protonated ani on. The physical and chem cal properties of anmmoni um
conmpounds of environnmental inportance are di scussed bel ow, and sone
of their physical properties are sunmarized in Table 2.

Ammoni um chl oride [NH;C] occurs naturally in vol canic
crevices as a sublimation product. Wen it sublines, the
vapour is conpletely dissociated into hydrogen chloride and
amoni a. Li ke other ammoni um salts of strong acids, the
chl oride hydrol yses in aqueous solution to |ower the pH of the
solution. The solid tends to | ose ammoni a during storage. Aqueous
sol utions of amoni um chl ori de have a notable tendency to attack
ferrous netal and other netals and alloys, particularly copper

bronze, and brass. Ammoni um chloride can be oxidized to nitrosyl
chl oride and chlorine by strong oxidizing agents, such as nitric
aci d.

Ammoni um nitrate [ NH,NO;] does not occur in nature. It is
soluble in water and |liquid amonia and slightly soluble in
absol ute ethyl al cohol, nmethanol, and acetone. Although amoni um
salts of strong acids generally tend to | ose anmoni a during
storage, ammoniumnitrate can be considered a very stable salt. It
under goes deconposition at el evated tenperatures or under extremne
shock, as in commercial explosives. Ammoniumnitrate acts as an
oxi di zing agent in many reactions, and, in aqueous solution, it is
reduced by various nmetals. Solutions of ammoniumnitrate attack
metals, particularly copper and its all oys.

Ammoni um sul fate [ (NHy) 2SO;] is found naturally in vol canic
craters. It is soluble in water and insoluble in al cohol and
acetone. The nelting point of amoniumsulfate is 230 °C. On
heating in an open system the conpound begi ns to deconpose at
100 °C, yielding ammoni um bi sul fate (NH;HSO,) that has a nelting
poi nt of 146.9 °C

Amoni um acetate [ CHsCOONH;] is a deliquescent nmaterial that is
highly soluble in cold water and in alcohol. Solubility does not
increase greatly with increasing tenperature, at least up to 25 °C
I n agueous sol ution at atnospheric pressures, amobni um acetate
readily | oses ammoni a, especially in alkaline conditions.

Amoni um car bonat e [ (NH;) ,CO;] and ammoni um bi - car bonat e
[ NH;HCO;] have | ong been known because of their occurrence in
associ ation with animal wastes. Ammoni um bi carbonate is the nore
readily formed and the nore stable. It deconposes belowits
nelting point (35 °C), dissociating into anmoni a, carbon di oxi de,
and water. Ammoni um bi carbonate reacts with, and dissol ves,
calciumsul fate scale. Ammoni um carbonate deconposes on exposure
to air with the | oss of ammoni a and carbon di oxi de, beconing white
and powdery and converting into ammoni um bi carbonate. AmoDni um
carbonate volatilizes at about 60 °C. It dissolves slowy in water
at 20 °C, but deconposes in hot water.

2.2. Sanpling and Anal ytical Methods

2.2.1. Ar and water sanples

Measurenent of ammonia levels in air is difficult. Atnospheric
| evel s are | ow, and sanpl es can be contam nated by em ssions from
man; thus, the analyst should remain renote fromthe sanpling
device. In addition, air sanples are bubbled through acid nedia to
form an aqueous sol ution of ammonia, predonminately in its ionic
form The extraction of ammonia is variable and both gaseous
amoni a and that contained in aerosols will be extracted. In sone
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instances filters are used to renove aerosols fromthe gas stream

so that only ammonia gas is sanpl ed
probl ems with aeroso
amoni a when the aerosol

There are,
filters as they may interact wi th gaseous
is collected on the filter (NRC 1979).

however,

properties of sone ammoni um conpounds?

sone

Amoni um
nitrate

Ammoni um
sul fate

Tabl e 2. Physica

Property Anmroni um
chl ori de

Synonyns amoni um
chl ori de;
sal ammoni ac

Col our col ourl ess

Physi cal state cubic

(25 °C, 1 atn) crystals

Formul a NH,Cl

Rel ative 53. 49

mol ecul ar mass

Mel ting point
(°0

Boi | i ng poi nt
(°0

Density

Refracti ve
i ndex, ny%°

Solubility in
wat er
(g/litre)

340 sublines

520

1.527 (20 °Q)

1. 642

370 (20 °C)

anmoni um
nitrate
col ourl ess

rhombi ¢
crystals

NH;NO;

80. 04
169.6
> 210

deconposes

1.725 (25 °C)

1920 (20 °Q)

anmoni um
sul f at e;
mascagnite

col ourl ess

r hombi ¢
crystals

(NHy) 2SO

132. 14

230
deconposes

1. 769 (50 °C)

1.533

754 (20 °C)

Anmoni um Anmon
acet ate car bo
ammoni um ammon
acetate car bo
nonoh
white col ou
crystal s, cubi c
hygr oscopi c cryst
CH; COONH, ( NH;) 2C0;
77.08 114. 11
114 58
decom
deconposes
1.17 (20 °Q
1480 (4 °O 1000

Dean (1979) and Wast

(1979).

Air sanples collected by liquid inpinger yield aqueous

sol uti ons.

extracted with water for analysis.
sanpl es are anal ysed using simlar techniques,

in Table 3.

General l vy,

Fabric filters used for collecting aerosols may be

air and water
whi ch are sunmari zed

Various nethods for preventing interference can be used, but
distillation at pH 9.5 is often carried out.

with water sanples to prevent oxidation,

m crobi ol ogi cal assimilation of amuoni a.

Thus,

Care nust be

vol atilization, or
sanpl es shoul d be

t aken

acidified and refrigerated in sealed containers (and may be treated
with reagents) and analysed within 24 h (APHA, 1976; NRC, 1979; US

EPA, 1979b; ASTM 1980; API, 1981; Analytical Quality Contro
(Har noni sed Monitoring) Committee, 1982).
2.2.2. Soil sanples

Soil sanples are usually collected by the grab nethod. To
inhibit microbial activity during transport and storage, reagents
(e.g., nercury (Il1) chloride) can be added to the soil (NRC, 1979).

Rapid drying at 55 °C

then sealing the sanples in air-tight

containers is a nore satisfactory nmethod of preservation for
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ammoni um det erm nation (NRC, 1979), but even this may not prevent
erroneous results, and sanpl es shoul d be anal ysed soon after sanple
collection (NRC, 1979). Analytical methods for the determ nation
of ammoni a and amoni umin soils have been reviewed by NRC (1979).

2.2.3. Blood and tissue sanples

The various techniques used for the determ nation of ammonia in
bl ood and tissues ultimately incorporate the ammoni a detection
nmet hods described in Table 3, but with various conditions, such as
distillation, aeration, and diffusion to minimze interference
(NRC, 1979). Because of the higher protein concentration in
ti ssues, determ nation of ammonia is subject to greater gl utanine-
caused error than in body fluids (NRC, 1979).

Table 3. Ammoni a det ecti on net hods

Medi um Parti cul ar Met hod Principle Interferant:
application

Ar silo air NH; alkalinetric air is drawn through ot her acidic
sul furic acid until al kal i ne
br onophenol i ndicat or cont am nant

changes col our; vol unme
of air is inversely
proportional to
amoni a concentration

Wat er hi gh titrimetric NH; in water is distilled
concentrations off into distilled water
which is titrated with
acid to a nethyl red/
met hyl ene bl ue end- poi nt

Ar Nessl eri zati on NHs/ NH; i n dilute am nes, cyan
sul furic or boric acid al cohols, a
is reacted with al kal i ne ket ones, co

Wat er mercuric and potassium turbidity,

i odi de solution (Hg I, x chl ori ne
Kl ); absorbence at 440 nm

is conpared with a

standard curve; distil-

| ati on can preceed

anal ysi s
Air | ow i ndophenol NH; in solution is nonoal kyl an
concentrations reaction reacted with hypochlorite formal dehyd
and phenol (sl ow warm
reagents)
Wat er turbidity,
salt (sea w
Air nmeasur enent ammoni a nmeasur enent of ionization nmercury, vo
of tobacco el ectrode potential of NH; --> am nes
snoke (potentionetric) NHY,
Table 3. (contd.)
Medi um Particul ar Met hod Principle Interferant:

application
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Air conti nuous chemi | um nescent air is passed through
measur enent hi gh- and | owtenperature
catal ytic converters,
whi ch respectively
nmeasure NO, + NH; and
NQ; NH; i s obtained by
subtraction

Air t obacco gas chromat o- gas chromat ography with
snoke gr aphy thermal conductivity
det ect or

Air conti nuous WV spectro- NHz;(gas) exhibits severa

nmeasur enent phot onetry strong absorption bonds
bet ween 190 and 230 nm
absorption in 10 cm
quartz cells at 204.3 nm
has been used (nol ecul ar
extinction coefficient =
2790)

Air cont i nuous Fl uor escent 1- pht hal dehyde
measur enent derivati zation derivati zation
hi gh t echni que
sensitivity

3. SOURCES OF HUVAN AND ENVI RONMVENTAL EXPCOSURE

Ammonia is present in the environment as a result of natura
processes and through the industrial activities of man. It is
general ly accepted that, of the ammoni a present in the atnosphere,
99% i s produced by natural biological processes. Amonia is
continually rel eased throughout the biosphere by the breakdown or
deconposition of organic waste matter. Thus, any natural or
i ndustrial process that concentrates and nakes nitrogen-containing
organic matter avail able for deconposition represents a potenti al
source of high | ocal concentrations of amobnia in water, air, and
soil. Industrially-produced anmoni a, from non-biol ogical nitrogen
al so represents an environmental source, by rel ease through
agricultural fertilization and industrial em ssions. Coa
gasification or liquefaction may provide a najor |ocal source of
ammoni a. The natural occurrence of ammonia conpounds is indicated
in section 2.1.4.

3.1. Production and Use

Ammoni a is one of the nobst wi dely-used industrial chem cals.
It is ranked fourth in production volunme in the USA after sulfuric
acid, lime, and oxygen (Chemi cal and Engi neeri ng News, 1980).
Total production of ammonia-nitrogen in the USA increased from
5.8 x 10% tonnes in 1964 to 11.5 x 10° tonnes in 1974 (Keyes,
1975), and had further increased to 17.6 x 10° tonnes by 1979
(Chem cal and Engi neering News, 1980). The demand in the USA for
the production of amonia is projected to reach 25 x 10° tonnes by
1990 (Mai, 1977).

Ammonia is mainly produced industrially by the Haber-Bosch
process in which nitrogen and hydrogen are conbi ned under high
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pressure in the presence of a catalyst (Harding, 1959; Matasa &
Mat asa, 1968). Prior to the Haber-Bosch process, ammoni a was
produced by the hydrolysis of cyanam des or cyanides. A smaller
scal e nethod for amoni a production is regeneration from amoni um
salts by heating with a base. Al kaline earth netal oxides and
hydr oxi des have been used with the naturally-occurring amoni um
chl ori de.

Most of the anmonia produced in the USA is consunmed as
fertilizers (80%, fibres and plastics (10%, and expl osives (5%
(Chem cal and Engi neering News, 1980). It is also used in the
production of aninmal feed (1.5%, pulp and paper (0.6%, and rubber
(0.5% (Keyes, 1975) and in a variety of other chenical production
processes. Ammoni a and anmoni um conpounds are used as cl eaning
fluids, scal e-renoving agents, and in food as | eaveni ng agents,
stabilizers, and for flavouring purposes. A survey by the US Food
and Drug Administration (US FDA) indicated that about 6000 tonnes
of anmmoni um conpounds were used in food in 1970 (FASEB, 1974)
conpri si ng ammoni um bi carbonate, 317 tonnes; anmoni um car bonat e,
24 tonnes; anmmoni um hydroxi de, 535 tonnes; nmonobasi c anmoni um
phosphate, 52 tonnes; dibasic anmoni um phosphate, 434 tonnes; and
ammoni um sul fate, 1468 tonnes. Information for amoni um chl oride
was not available. The use of anmmoni um conpounds in food nearly
doubl ed during the period 1960 - 70.

3.2. Sources Releasing Amonia into the Air

Ammonia is released into the atnosphere by agricultural, waste-
di sposal, and industrial activities. Ammonia global rel ease has
been estimated at 113 - 244 x 10° tonnes ammoni a- ni t rogen/ year
(Soderl und & Svensson, 1976). 1In the USA, industrial emn ssions
fromanmmoni a and fertilizer production (anhydrous ammoni a, aqueous
anmoni a, ammoni um nitrate, ammoni um phosphates, urea), from
petrol eumrefineries, coke ovens, and sodi um carbonat e manufact ure,
and | oss of anhydrous anmoni a during distribution, handling, and
appl i cati on have been estinmated to be approximately 328 x 103
tonnes, annually (NRC, 1979; US EPA, 1981). This figure does not
i nclude volatilization of ammoni a after soil applications of
nitrogen fertilizer, which may amount to 5 - 10% of the amoni a and
urea fertilizer applied. These |losses were estimated to conprise

anot her 285 x 10° tonnes, annual ly (US EPA, 1981).

Conbusti on processes rel ease amonia as a by-product in anpunts
that are dependent on the substance bei ng burned and the conditions
of conbustion. Assum ng that 2% of the nunicipal wastes generated
in the USA are incinerated, about 0.8 x 10° tonnes of anmoni a woul d
be emtted annually fromthis source. On the other hand, fossi
fuel conbustion in the USA is estimated to rel ease 783 x 103
tonnes/year (US EPA, 1981).

On the basis of the nunber of cattle in the USA and an average
excretion of 31 kg urea per animal per year, it has been estimted
that 3400 x 10° tonnes/year of anmonia are produced by cattle in
the USA (API, 1981). Simlar calculations made in the Netherl ands
on the basis of the manure production of cattle, pigs, and poultry
give a figure of 114 x 103 tonnes/year (Buysman, 1984). Estinmates
of atnospheric em ssions fromthe Netherlands and the USA are shown
in Table 4.

It nust be enphasized that substantial uncertainties are
associated with these estimtes, which are given for rough
conparison only. Ammonia from sources that cannot be quantified
i ncl udes that which volatilizes fromlivestock wastes or poll uted
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wat er, and emissions fromthe conbustion of wood. These sources
nust be considered in perspective with natural sources, especially
the mcrobial fixation of nitrogen and the mineralization of

ni trogenous organic matter. Em ssions fromthese natural sources
far outweigh those from nman- nade sources, on a gl obal scal e;
however, man-nade sources can result in locally elevated

at nospheric concentrati ons.

Table 4. Estinmated atnospheric enissions of
ammonia in the USA and the Netherl ands

Sour ce Annual em ssion
(10° tonnes NHs)

ani mal manure 3400 114 (1)
fertilizer volatilization 285 6.1 - 10.6
industrial activities 1111 7.6

ot her sources 0.8 0.5
aFrom US EPA (1981).
P From  Buysman (1984).

The very high contribution to ammonia eni ssion from ani nal
manure production in the Netherlands is renarkable. Mre than 80%
of the annually enitted ammonia results fromthe production of
manure on intensive livestock farnms and its use as an agricultura
fertilizer. In all areas with intensive livestock farmi ng, anmonia
em ssion from ani nal manure production contributes 90 - 99%to the
total NH; enission. The nunber of poultry and pigs used in
l'ivestock farms increased 3 - 5 tinmes between 1950 and 1980, and it
can be expected that the ammoni a em ssion from ani mal nanure
production has increased simlarly. |In only a few areas does nost
of the emtted ammonia result fromindustrial activities, such as
the production of coke and fertilizers, and the conbustion of
fossil fuel.

In Denmark, Belgium and sonme parts of the Federal Republic of
Germany and France, ani nal manure production contributes
significantly to atnospheric em ssions of NH; (Buysnan et al.
1985).

3.3. Sources Discharging Amonia into Water
Ammonia is released into the aquatic environment froma variety
of man-made point source di scharges and from natural and nman- nade

non- poi nt sources.

3.3.1. Point sources of ammpni a

Maj or man- made poi nt sources di schargi ng anmonia i nto surface
wat ers include sewage treatnent plants, and plants producing
fertilizers, steel, petroleum |eather, inorganic chem cals,
non-ferrous nmetals, and ferroalloys, and neat processing plants.
Amount s of ammoni a di scharged annually by these industries in the
USA were estimated to be nearly 5.6 x 10° tonnes (APlI, 1981)
(Table 5). These estimtes show that the industries exam ned
contribute < 5% of the total anmonia discharged into surface
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waters while publicly owned sewage treatnent plants (POTWs)

contribute > 95% of the total. It is inportant to note that the
POTW figure is based on an estinmated actual discharge, while
several of the industrial figures are based on Best Practicable
Control Technol ogy (BPT) guidelines and other industrial data.

An estimate of ammoni a di scharge by sewage treatnent plants was
based on an average ammoni a concentration of 15 ng/litre in
secondary treatment waste waters (Metcalf & Eddy, Inc., 1972) and a
total discharge of 104 billion litres per day. However, sone
sewage treatnment plants discharge waste waters contai ni ng nuch
hi gher ammoni a concentrations. Using data from Mearns (1981), the
US EPA (1981) estimated that the mean effluent concentration of
ammonia from5 major POTW in southern California was 107 ng NHs-
Nlitre (130 ng NHs/litre)

The iron and steel industries release amonia, 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
BPT effluent control Iimts and steel production data.

The estimated ammonia contribution fromthe fertilizer industry
was based on 1978 production figures for amonia, anmoniumnitrate,
urea solutions, and urea solids, and on BPT guideline limts. This
contribution may be underestimated because relatively few of these
producers neet BPT limts and because production is increasing (US
EPA, 1981).

The estimated contribution of ammonia for all other industry
groups in Table 5, except the neat processing and | eather
i ndustries, was based on production figures and BPT gui deline
limts. The effluents of the nmeat processing and | eather
i ndustries were reported to contain about 40 and 100 ng NHs/litre,
respectively (AP, 1981).

3.3.2. Non-point sources of ammoni a

Non- poi nt sources of ammonia for surface waters are not as easy
to quantify as point sources. Non-point sources include rel eases
not di scharged by a discrete conveyance. They are variabl e,

di sconti nuous, diffuse, and differ according to specific |and use.
They may be the result of runoff from urban, agricultural
silvicultural, or mned lands. Urban runoff may sonetines be
considered a point source, as it is frequently collected and

di scharged from drai nage systens. Several hydrol ogical nodels are
avail able to predict runoff and estinmate pollutant |oading, but

there is still difficulty with this subject. Major non-point
sources of ammonia for surface waters include fertilizer runoff,
animal feedlots, aninmal wastes spread on the soil, urban runoff,

and precipitation.

Table 5. Estimtes of aquatic enissions of amonia® from
poi nt sources in the USA

Poi nt source Estimated contri bution
(tonnes NHz;- N year)

Sewage treatnent plants (POTW) 535 922, 3P
Steel industry 12 951.0¢

Fertilizer industry 5955. 9°¢
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Petrol eum i ndustry 2826. 1° or 2767.2°
Meat processing industry 1099. 3°

Leat her industry 687.1°

I norgani ¢ chenicals industry 99. 8¢

Non-ferrous netals manufacturing 0.9°¢

Ferroal | oy manufacturing industry 0.3°

Tot al 559 542.7 tonnes/year

a Addapted from APl (1981).

b Estimated contribution based on reported or estimated
actual discharge concentrations

°© Estimated contribution based on production data and BPT
gui del i nes, not actual discharges

The ammoni a content of urban runoff is variable, depending, in
part, on specific land use. |In a study of urban runoff, the anount
of anmoni a present varied with the seasons of the year. Ammonia
concentrations ranged fromO0.18 ng Nlitre in the autunm to 1.4 ng
Nlitre in the early spring (Kl uesener & Lee, 1974). |n another
study, Struzewski (1971) reported that ammoni a-nitrogen in urban
stormwater ranged fromO0.1 to 2.5 ng/litre.

The ammoni a content of rural runoff originates fromnatura
and nman-made sources, including wastes fromw ldlife and Iivestock
decayi ng vegetation, fertilizer applications, naterial originally
present in the soil, and precipitation. Estimating total rura
runof f quantities and anmmoni a concentrations is extremely conpl ex
and no overall estimates are available. Loehr (1974) reported
that the amoni um nitrogen concentrations in the drainage from4
forested wat ersheds ranged from0.03 to 0.08 ng/litre. The
amoni um ni trogen concentrations were 8 - 14%of the nitrate-
ni trogen concentrations.

Precipitation is also a significant non-point source of
amoni a. Concentrations may vary locally, reflecting |ocal
at nospheric sources. The average concentration in rainfall at one
rural | ocation on Long Island, New York (0.18 ng Nk-Nlitre) was

| ess than half those at 2 other Long Island sites closer to the New
York urban area (0.43 and 0.459 ng NHs-Nlitre) (Frizzola & Baier,
1975). Anmong collection sites throughout Wsconsin, amonia |evels
in urban rain sanples differed little fromthose in rural sanples
not taken near barnyards (range, 0 - 3 ng NHs-Nlitre); however,

val ues for |ocations near barnyards were 4 - 5 tines higher (range
0 - 3 ng Nls-Nlitre) indicating contanmination froml ocally-
gener at ed at nospheric ammoni a (Hoeft et al., 1972).

Sinmilar tendencies have been observed in the Netherl ands,
though the absolute data are nuch higher. |In agricultural areas
with dense livestock farm ng, ammonia levels ranging from2.9 ng
NH;+- N litre near slurry manured croplands to 5.4 ng NHy+ N litre
at a distance of 100 mfroma poultry farm have been found. In
relatively unaffected areas along the northern coast, the average
value was 1.2 ng NHy+ N litre, because of the relatively high
background | evel s of atnospheric ammonia. The average
concentration in wet deposition was 2.4 ng NHs+- N litre (Schuurkes,
in press).
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Wat er shed studies frompristine forests (Fisher et al., 1968),
rural wood and pasture lands (Taylor et al., 1971), and heavily
fertilized crop | ands (Schuman & Burwell, 1974) have all shown that

rainfall nitrogen, including ammoni a-nitrogen, accounts for a
substantial proportion (50 - 100% of nitrogen in surface runoff.

3.3.3. Conparison between point and non-poi nt sources

Little information is available for the accurate conparison of
poi nt and non-poi nt sources of amonia for surface waters. 1In one
study, WIlkin & Flemal (1980) examned 3 Illinois river basins to
determne the relative sources of various pollution |oadings (by
mass bal ance accounting) and the possible extent of water quality
i mprovenent by controlling various types of sources. The three
river basins, showed differences in point sources, patterns of |and
use (which influences non-point sources), and anmoni a-ni trogen
concentrations. The east DuPage basin (42% i ndustrial and urban)
contained 4.73 mg NH;-Nlitre, the upper Sanganon basin (19% urban
and industrial), 2.51 NHs-Nlitre, and the west DuPage basin (2%
urban and industrial), 0.22 ng NHs;-N/litre. The fraction of
ammoni a- nitrogen | oad from undefined (non-point) sources in the
heavil y-i ndustrialized east branch DuPage was only 0.54 conpared
with 0.84 in the rural upper Sanganon. The authors concl uded that
much of the pollution |oading appeared to be related to undefined
sources and that further restrictions on point-source contributions
m ght not result in inproved water quality.

These data indicate that, although point sources contribute a
| arge fraction of ammnia |oading to surface waters, the
contribution of undefined non-point sources is also significant.

4. ENVI RONMENTAL TRANSPORT, DI STRI BUTI ON, AND TRANSFORNMATI ON

Ammonia in the environment is a part of the total biotic and
abiotic nitrogen bal ance as represented by the nitrogen cycle. The
processes of the nitrogen cycle consist of nitrogen fixation
assimlation, amonification, nitrification, and denitrification
Ni trogen fixation and ammonification are mcrobially-nediated
processes that produce amoniumions fromnitrogen gas and organic
nitrogen. Assimlation is the uptake and incorporation of
i norganic nitrogen into organi c nol ecul es by nicrobes and pl ants.
Nitrification is the mcrobial oxidation of the anmoniumion to
nitrite (NGO) and nitrate (NO;). Denitrification converts
nitrate to nitrogen gas or nitrous oxide.

4.1. Uptake and Transformation in Atnosphere

Ammoni a enters the atnosphere as a result of both natural and
artificial processes on the Earth's surface; there is no known
phot ochemi cal reaction by which ammni a could be produced in the
at nosphere (NRC, 1979). Atnospheric ammoni a undergoes four main
types of reaction, nanely aqueous-phase reactions, therm
reactions, photochenical reactions, and heterogeneous reactions.

I n the aqueous-phase reactions, oxidation of aqueous sul fur
dioxide in the presence of ammnia results in the formation of
at nospheri c amoni um sul fate aerosols. This process is favoured by
hi gh humi dity, high anmoni a concentrations, and | ow tenperatures
(NRC, 1979).

Thermal reactions involving anhydrous amoni a and sul fur
di oxi de may, via heteronol ecul ar nucl eation, also result in the
formati on of ammoni um sul fate aerosols. Thernmal reactions of
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ammonia with ozone result in the formation of amoniumnitrate, but
the inportance of this mechanismin the production of atnospheric
amoni um nitrate aerosols is not known (NRC, 1979).

Phot ol yti c degradati on and reaction with photolytically
produced hydroxyl radicals (-OH) in the troposphere are najor
pat hways for the renoval of atnospheric anmonia. Wile there is
limted information on the relative inportance of these different
reactions, it has been suggested that one-half of the atnospheric
amoni a may be destroyed by the reaction with hydroxyl radicals,
with the bal ance being destroyed by reaction with soot particles or
by deposition (wet and dry) as particul ate anmoni um (NRC, 1979).

In addition to the formati on of ammoni um sulfate and nitrate,
various ammoni um surface conpl exes may be forned by the
het er ogeneous reaction of atnospheric amonia with nitric oxide-
soot surfaces in the atnosphere (NRC, 1979). Wile these
het er ogeneous reactions are significant in conbustion reactions,
their inportance in the atnosphere at much | ower concentrations of
bot h amoni a and soot particles, is not known (NRC, 1979).

Conparison of the findings of Robinson & Robbins (1971) and
Séder |l und & Svensson (1976) on gl obal nitrogen bal ances for ammonia
reveal s differences and it is difficult to evaluate which is the
nmore accur at e.

4.2. Transport to the Earth's Surface

Most of the anmmonia entering the atnosphere will be transported
back to the earth by both wet and dry deposition. Wt deposition
i ncludes rainfall, snow, hail, fog, and dew, while dry deposition
mai nl y concerns gaseous ammonia. |n the Netherlands, a conparison
has been nmade between the total emi ssion and total deposition of
amoni a- and amoni umnitrogen. Al nost 95% of the enitted ammoni a
(119 x 10% tonnes/year) is deposited back on the surface (van
Aal st, 1984). In this way, ammonia contributes 60 - 90% of the
ni trogen | oading of water and soil, with nitrogen oxides nmaking up
the ot her part.

4.2.1. Wt and dry deposition

A part of the ammonia in the atnosphere is renoved by washout
and rainout. Anmonium sul fate aerosols are produced by aqueous-
phase reactions. Thus, wet deposition of amonia can be estimated
by neasuring amoni um concentrations in precipitation. Annua
average concentrations in wet deposition at locations in 21
Eur opean countries vary from0.12 to 1.74 ng NHy+- N litre (Fuhrer,
1985). In the Netherlands, the nean annual concentration for the
period 1978 - 82 was 2.4 ng NHy;+-Nlitre, 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 fromWrren Spring Laboratory, 1982).

A conparison has been made of the anounts of dry and wet
deposition of ammoni a and ammoni um per area in the Netherlands.
The data are summarized in Table 6

Wet deposition plays only a minor part (1/3) in the total
deposition of NH; and NHy;+. On average, 28.4 kg NHz; + NHy+-N i s
deposited per ha per year. However, in rural areas with dense
livestock farm ng, values nmay reach up to 50 - 100 kg per year
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Table 6. Dry and wet deposition of NHz + NH,
per ha per year in the Netherl ands?

dry deposition 1150 16. 2
wet deposition 790 12.2
Tot al 1940 28. 4

4.2.2. Contribution to acid rain

Al t hough amonia is a base and thus increases the pH of rain
water, it contributes to the acidifying action of deposition. In
particul ar, the conversion of ammoniumto nitrate appears to be
important in the acidification of soil and water in carbonate-poor
envi ronments (Roel ofs, in press; Schuurkes, in press). This
potentially-acidifying action has been inplicated in the acid rain
problemin the Netherlands. On average, NH; contributes about 32%
of the total deposition of potentially-acidifying substances (Table
7).

Table 7. Average deposition of acid
and aci di fying substances (acid eq.,/ha

per year) in the Netherlands?

Total deposition 2750 1310 1940
(469 (22% (32%
@From The Netherlands Mnistry of
Housi ng, Physical Pl anning, and
Envi ronnent (1984).

4.3. Transformation in Surface Water

Nitrification is inportant in preventing the persistence or
accunul ation of high ammonia levels in waters receiving sewage
ef fluent or runoff. The overall reaction is:

NHi+ + SO, ---> 2H" + NGOy + H,O

It occurs in two steps, involving primarily two bacterial genera,
and formng nitrite as an internedi ate.

Ni t r osononas

The process depends on many factors, including the anount of

di ssol ved oxygen, tenperature, pH, the mcrobial population, and
the nitrogen forms present. Ntrification is an oxygen-consuni ng
process, requiring 2 noles of O per nole of NHy;+ consumed and

yi el di ng hydrogen ion (NRC, 1979). Nitrification my thus lead to
a depletion of dissolved oxygen and acidification, which may, in
turn, inhibit microbiological nitrification (Knowes et al., 1965;
Schuurkes et al., 1985).
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Ant honi sen et al. (1976) reported that, at high levels of
total ammonia and a high pH, the resulting concentrations of free
amoni a were toxic to both nitrifying forns, but especially to
ni trobacters, occasionally leading to the accurmulation of nitrite.

O her authors (Kholdebarin & Certli, 1977) have reported that high
pH al one, in the absence of ammonia, can inhibit nitrite oxidation
At high nitrite levels, formation of free nitrous acid caused

i nhibition of nitrosonmonad bacteria, resulting in the persistence
of both anmmonia and nitrite. However, inhibitory conditions and
persi stence of reduced forns are usually transient (Anthonisen et
al., 1976), and reports of high nitrite levels are rare (Ecol ogi cal
Anal ysts, Inc., 1981).

O her mechani sms al so act to renove ammonia from natura
waters. Amonia is assinilated by aquatic al gae and nacrophytes
for use as a nitrogen source. Ammpnia in water nay be transferred
to sedinments by adsorption on particul ates, or to the atnosphere by
volatilization at the air-water interface. Both processes have
been described as havi ng neasurabl e effects on amonia levels in
wat er; however, the relative significance of each will vary
according to specific environmental conditions (API, 1981).

4.4. Uptake and Transformation in Soils

Amonia levels in soils are a function of the bal ance between
natural and man-nade activities. As a result of aerobic
degradati on processes, amonia is the first inorganic nitrogenous
compound to be released fromorganic matter together with ani nes
which are rapidly converted to anmonia (Powers et al., 1977).

Q her inportant sources of anmonia in soil are fertilizers
(primarily anhydrous amonia, ammoniumnitrate, and urea, which is
rapidly converted to ammonia), wet and dry deposition, and ani nal
wast es.

The amonium cation is relatively immbile in soils, because
it is adsorbed on the negativel y-charged clay colloids present
inall soils (Wallingford, 1977). Ammonia may be | ost from
soils by volatilization, especially after the application of
amoni a fertilizers (Wal sh, 1977), sewage, or nanures, and by
upt ake of ammoniumions into root systenms. However, the nost
likely fate of ammoniumions in soils is conversion to nitrate by
nitrification. Ntrate is, in turn, lost fromsoils by: |[eaching,
whi ch occurs readily, since it is repulsed by the clay particles;
denitrification, which occurs rapidly within a few days or weeks in
warm noi st soils; and by uptake by the plant root system

5. ENVI RONVENTAL LEVELS AND HUVAN EXPOSURE
5.1. Environnental Levels

5.1.1. Atnospheric levels

Ammonia is present in the atnosphere in very | ow
concentrations, which vary with underlying | and use. |In nost
situations, urban atnospheres contain nore than non-urban, but
certain rural areas, for exanple, those characterized by intensive
ani mal husbandry or use of organic manure, have atnospheric amonia
| evel s that exceed urban val ues. Atnospheric ammonia |l evels also
show a seasonal variation, the highest |evels being attained during
the winter and the | owest during the sumer nonths. In urban
areas, the ammnia |l evels may increase substantially during
pol lution episodes. However, they do not show any circadian
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patterns.

Urban and non-urban at nospheric | evels of amonia at sone
| ocations around the world are shown in Tables 8 and 9. It can
be seen that anmonia levels of 4 - 5 pg/nt and 20 pg/n? are
typical of non-urban and urban sites, respectively. Levels of
particulate NHy+ ions in the atnosphere above the main oceans
(Atlantic, Pacific, Indian, and Antartic) have been studied; in the
sout hern hem sphere, rempte fromterrestrial sources, the NH+
concentrations were found to be between 10 and 115 ng/n¥. The
aut hors concl uded that the oceans are a source of ammonia for the
at nosphere (Servant & Del aporte, 1983).

At mospheric | evels of particul ate ammoni um at sone non-ur ban
and urban | ocations around the world are shown in Table 10. It can

be seen that concentrations of 1 pg/n?and 4 - 5 pg/nt are typica
for non-urban and urban sites, respectively.

5.1.2. Levels in water

The concentration of ammnia in surface waters varies
regionally and seasonally. Wl aver (1972) studied US Geol ogi ca
Survey data for total ammonia and reported average concentrations
of < 0.18 ng/litre in nost surface waters, and around 0.5 ng/litre
in waters near |arge netropolitan areas. Analysis of data fromthe
Water Quality Control Information (STORET) System for the years
1972 - 77 (US EPA, 1979a) showed that, although total anmoni a-
ni trogen concentrations in surface waters in the USA tended to be
slightly lower during summer nonths than during wi nter nonths, the
percentage of areas in which non-ionized anmoni a concentrations
occasionally exceeded 0.02 ng/litre increased from 11% duri ng
winter to 23%during sumer; these percentages were higher when
wat ers had el evated pH val ues.

Table 8. Urban and industrial atnospheric |evels of amonia in a
few gl obal |ocations?

Locati on Year Concentration Ref erence
(ug/ n?)

Ger many, Feder al

Republ i c of

Frankf urt-am Main pre-1963 8 - 20 Ceorgii (1963)

Italy

Cagliari - 37 - 280 Spi nazzol a et
('hi ghest conc. al . (1966)
inthe vicinity
of port)

Japan

Tokyo - up to 210 (down- TVRI (1971)
wind fromtw major
phar maceuti ca
pl ants)

Tokyo 1969 4.8 - 25.8 Kita &

Kananori (1971)

Tsur uga - up to 6.8 FEPCC (1972)

Net her | ands

Bi | t hoven 1983 5 Van Aal st

(1984)
Del ft 1979-81 4.4 Van Aal st
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(1984)
USA
Seattl e, Washington 1975 0.8 - 77.0 Far ber &
Rossano (1975)
St. Louis, Mssouri 1972-73 up to 17.5 Breedi ng et al
(1976)
Five urban sites - 3 - 60 H dy (1974)
in California (average 20.0)
Chi no- Cor ona area, 1975 up to 315 Pitts &
California (vicinity of Grosj ean (1976)
dairy farm
USSR
Envi ronment of 1967 190 Sai f ut di nov
netal | urgi cal plant (1966)
West Berlin - up to 97 Hant zsch &
(average 17.6) Lahmann (1970)

a Adapted from NRC (1979). Industrial activities include intensive
farmng activities.

Table 9. Non-urban atnospheric |levels of anmonia in a few gl oba
| ocati ons?

Locati on Year Concentration Ref er ence
(ug/ n?)

Harwel | , Engl and 1969 up to 5.1 Healy et al. (1970)
(typical level
0.85 - 1.7)

Maritinme stations pre-1963 2 - 5 CGeorgii (1963)

(North Sea, Italian
coast, and Hawai i)

Rural and nountain pre-1963 5 - 8 Ceorgii (1963)
| ocations in Switzerland
and the Federal Republic

of Gernmany

Non- urban | ocati ons - 4 - 5 Robi nson & Robbi ns
(1968); MKay (1969)

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

Boul der, Col orado, USA 1975 2.0 - 3.1 Axelrod & G eenberg
(1976)

American tropic 1967- 68 3.5 - 21.7 Lodge et al. (1974)

(average 10.5)
Non-urban sites in 1972 4.6 - 9.7 H dy (1974)

Cal i fornia, USA

& Adapted from NRC (1979).

In the Netherlands, enhanced amoni um |l evel s are al so present

in waters that are not influenced by surface run-off. In
particular, in hydrologically-isolated acidified small | akes,
concentrations may reach up to 3 ng NHg+ N litre. In rural areas

wi th high atmospheric amonia | evels, the | oading of these smal
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| akes with airborne anmoni a substances appears to be responsi bl e.
The hi ghest measured val ue near intensive pig and poultry farns was
12 mg NHy+-Nlitre (Leuven & Schuurkes, 1984).

There are few data on the concentrations of amonia in
drinking-water. This is possibly because of the conversion of nost
of the avail abl e ammonia to N-chl oram nes (nono-, di-, and tri-
chl oram nes) during the chlorination of drinking-water (Mrris,
1978), which reduces ammoni a concentrations to | evels bel ow
anal ytical detectability. The presence of these N-chloran nes may
contribute to the taste, odour, and also the potential health
probl ems of drinki ng-wat er

Tabl e 10. Urban and non-urban atnospheric levels of particul ate
ammoni um i n sone gl obal | ocations?

Locati on Year Concentration Reference
(ug/ n?)
Non- ur ban:
Engl and
Har wel | - 3-4 Healy (1974)
(troposphere) 1971-73 1.3 Reiter et al. (1976)
Ger many, Feder al
Republ i c of
Bavari a - 1.0 Ceorgii & Muller
(1 ower troposphere) (1974)
USA
28 non-urban sites 1968 0- 1.2 US EPA (1972)
Poi nt Arguel | o, - 0. 36 H dy (1974)
California
Col dst one, - 0.76 H dy (1974)
California
Ur ban:
Bel gi um
Ghent 1972 1.3 - 33.0 Demuynck et al
(severe (1976)
pol lution
epi sode)
Japan
Nagoya 1973-74 2.7 - 4.2 Kadowaki (1976)
Net her | ands
Del ft 1979-81 4.6 Van Aal st (1984)
Terschel i ng 1982 2.7 Van Aal st (1984
Hout akker 1983 19 Van Aal st (1984)
Sweden
Rao - 2.2 - 7.2 Brosset et al. (1975)
(aerosol

originating
from Engl and)
United Ki ngdom
Tees River Valley 1967 up to 33.0 Eggel ton (1969)
(severe
pol lution
epi sode)
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Table 10. (contd.)

Locati on Year Concentration Reference

(ug/ n?)
USA
Urban areas 1968 0 - 15.1 US EPA (1972)
Five cities 1970-72 0 - 21 Lee & Goranson (1976)
Tuscon, Arizona 1973-74 0 - 6.5 Keesee et al. (1975)
Los Angel es, 1969-70 2.8 - 3.4 CGordon & Bryan (1973)
California
15 urban sites in - average 5.3 H dy (1974)
California
Ri ver si de, 1975 up to 30.1 Grosjean et al
California (average 7.6) (1976)

a Adapted from NRC (1979).

Ground water is frequently used as drinking-water, wthout
prior chlorination. Amonia levels in ground water are usually | ow
because the adsorption of the ammoniumion on clay minerals, or its
bacterial oxidation to nitrate, limt its nobility in soil (Feth,
1966; Liebhardt et al., 1979). However, nitrogen fertilizers,
livestock wastes, or septic tanks may contribute significant
amounts of ammnia to shall ow ground waters, especially those
under | ying poorly-drained soils (Glliamet al., 1974; Rajagopal
1978). I n donestic tap water from M chigan wells averaging 20 min
dept h, nmean | evel s of ammoni a-nitrogen were between 0.04 and 0. 18
ng/litre; the highest reported single value was 0.57 ng/litre from
awll 12.5 min depth (Rajagopal, 1978).

In wells drilled for research purposes and not supplying
drinking-water, levels of ammonia-nitrogen in shallow (3 n) wells
beneat h wood and crop land usually averaged less than 2 ng/litre
(Glliamet al., 1974). Levels in shallow (3 - 6 m ground water
beneath plots spread with poultry manure varied typically between 1
and 15 ng NHs-N/ litre (Liebhardt et al., 1979); those in ground
wat er beneath 29 feedlots averaged 4.5 ng NH;-N litre and ranged up
to 38 ng/litre (Stewart et al., 1967). Levels in hot springs and
ot her ground waters have been reported to reach > 1000 ng NHs-
Nlitre (Feth, 1966).

The ammoni a | evels present in the runoff of receiving surface
wat ers have been neasured in various studies. Kl uesner & Lee
(1974) found that |evels ranged from approxi mately 0.23 ng
ammoni a/litre in the auturm to 1.8 ng anmonial/litre in the early
spring in the urban runoff of Madison, Wsconsin. Struzewski
(1971) reported that amonia | evels in urban stormwater ranged
from0.1to 3.2 ng/litre.

Only Iimted data are avail able on nitrogen pools in the ocean
Soderlund & Svensson (1976) used values of 5 pg NHs-Nlitre for
deep areas and 50 pg NHs-N'litre for near-shore areas and esti mated

an anmoni a i nventory of approximately 9 x 10% ug/litre in coasta
upwel I i ng systens.

Interstitial water in sedinments rich in organic matter contain
hi gher concentrations of ammonia. Shol kovitz (1973) reported
values of 1.4 - 23.8 pg ammonia/litre in the interstitial waters
of the Santa Barbara Basin. The interstitial water of the Long
I sland Sound, 2 km off shore, contained concentrations ranging
from1l.2 to 42 ug ammoni a/litre (CGol d-haber & Kaplan, 1974).

5.1.3. Levels in soi
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The quantity of ammonia bound to clay in soil has not been
estimated. The anmonia present in soil is in dynam c equilibrium
with nitrate and other substrates of the nitrogen cycle and is
difficult to measure as its concentration is in constant flux (NRC,
1979).

5.1.4. Food

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

5.1.5. Oher products

Ammoni um chl oride is a common ingredient in expectorant
cough m xtures and is a conponent of tobacco snoke (about
40 ug/cigarette) (Sloan & Morie, 1974).

5.2. Ceneral Popul ati on Exposure

Exposure via inhalation and ingestion nust be conpared to the
endogenous production of amonia in the intestinal tract, which is
of the order of several grans per day (section 7.1.2). The
relative inportance of the different sources is indicated in Table
11.

5.2.1. Inhalation

Assum ng amoni a and ammoni um concentrations in non-urban and
urban air are 2 and 6 pg/nt and 24 and 25 pg/n?¥, respectively, and
that the amount of air breathed per day by an individual is 20 n?,
the intake of total ammmoni a through inhalation can be calculated to
be 0.1 - 0.5 ng/day; the amounts exhal ed are consi derably higher

The average anmount of ammoni a inhaled fromthe snoking of one
cigarette is approximately 42 pug (Sloan & Mrie, 1974). Assunm ng
an individual snokes 20 cigarettes per day, the inhalation of
ammoni a through cigarette snoking would be 0.8 ng/day.

5.2.2. Ingestion fromwater and food

Most drinking-water in the USA is chlorinated, which
effectively elimnates amobni a. However, assuning the direct
consunption of 2 litres per day of untreated surface water, at an
average total anmonia concentration of 0.18 ng/litre (Wl aver
1972), the average human uptake fromthis source would be 0.36 ng
per day.

Tabl e 11. | nt ake of ammpni a from
di fferent sources

Sour ce ng/ day
Endogenous 4000
Exogenous

I ngestion (food and drink) .18
I nhal ati on <1

Cigarette snoking (20/day) <1

Page 34 of 153



Ammonia (EHC 54, 1986)

Al t hough ammonia is a negligible natural constitutent of food,
it is formed in the intestine by deanination of the ami no groups of
food proteins. In addition, amoni um conpounds are added in small
amounts (< 0.01 - 20 g/kg) to various foods as stabilizers,
| eaveni ng agents, flavourings, and for other purposes (FASEB
1974). Information concerning the usual concentrations of ammoni um
salt additives in foods and the estimated total quantities of these
compounds used 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 estinmates for ammoni um bi carbonate, carbonate,
hydr oxi de, nonobasi ¢ phosphate, di basic phosphate, and sul fate were
42, 0.3, 7, < 0.1, 6, and 20 ng, respectively. No estinate was
avai |l abl e for ammoni um chloride. On this basis, the average daily
amoni a i ntake fromthese conpounds has been cal cul ated to be

18 ny.

5.2.3. Dermal exposure

Very few data are avail able concerning | evels of dermal
exposure to amonia or ammoni um conpounds. Derrmal exposure of
human bei ngs nmainly occurs through the use of househol d cl eani ng
products, accidental spillage, or under occupational conditions.

5.3. Cccupational Exposure

Exposure to anmoni a or ammoni um conpounds can occur in certain
occupations involving their production, transportation, and use in
agricultural and farmsettings, during fertilizer application, or
as a result of animal waste deconposition

It is estimated that about half a mllion workers in the USA
in a wde variety of occupations, have potential exposure to
ammoni a (NI OSH, 1974).

Ammoni a i s generated as a by-product in a wi de variety of
industrial activities, and workpl ace at nospheric concentrations
are given in Table 12. Minicipal waste incineration and gas-fired
industrial incinerators generate concentrations of 20 and 0.4

my/ n¥, respectively (NRC, 1979) and shi pboard and quayside |evels

for natural gas tankers may be about 30 ng/n? (Avot et al., 1977).
Levels in intensive livestock-rearing buildings are frequently
reported to be up to 30 ng/nt (Poliak, 1981) or nore (Anderson et
al ., 1964b; Taiganides & Wite, 1969; Marschang & Petre, 1971).
Ammonia levels in dairy farns and cattle-fattening facilities in
Romani a have been reported to range fromO0.7 ng/n? to 140 ng/ n?
(Marchang & Craini ceanu, 1971; Marschang & Petre, 1971).

Maxi mum dai ly i ntake from work-pl ace concentrations such as
these would norrmally be | ess than 300 ng/day and this may be
conpared w th endogenous production (Table 11).

Cccupational exposure limts for sone countries in the world
are shown in Table 13.

5.4. Exposure of Farm Ani nal s

Farm ani mal s are exposed to ammoni a t hrough feed containing
urea or various ammoni um salts and to atnospheric amoni a due to
bacterial deconposition and volatilization of ammonia from ani na
wast es.

5.4.1. Oal exposure
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(a) Non-protein nitrogen additives
Urea and various anmoni um salts have been used for severa
years as non-protein nitrogen sources in rumnant nutrition. It is

used much nore widely for this purpose than the anmoni um conpounds.
Urea is hydrolysed to amoni a and carbon di oxi de by the rum na
bacteria and, therefore, represents a source of ammopni a exposure.
The ammoni a rel eased is used by the rum nal mcroorganisns to

synt hesi ze m crobial protein, which is then digested in the smal
intestine of the ruminant and used as a source of dietary am no

aci ds.

(b)

Results of studies on the refeeding of |ivestock wastes
(Bhattacharya & Taylor, 1975; Arndt et al., 1979; Smith & Weel er
1979) have indicated that nanure could be of nutritive val ue,
sal vagi ng sone nutrients ordinarily lost (Yeck et al., 1975). The
non-protein nitrogen (e.g., urea, uric acid) present in |ivestock
wastes is available to rum nants because of microbial conversion in

Ref eedi ng of |ivestock wastes

thg runen. Wastes are of linmited value for nonogastrics such as
SW ne.

Table 12. Ammonia levels in sone industrial processes?
Qeration  Llevel (ng/m)
Machinery manufacturing (cleaning)  10.5
Di azo-reproduci ng machi ne 5.6

M | dew proofing 87.5

El ectropl ati ng 38.5

Gal vani zi ng, amoni um chl oride fl ux 7 - 61.6

Bl uepri nt machi ne 7 - 31.5

Printing machine 0.7 - 31.5

Et chi ng 25. 2
Refrigeration equi prent 6.3 - 25.9
Cenenting insol es 5.6 - 19.6

Chem cal m xing 42 - 308

Fabric inpregnating ND

@From N OSH (1974).
ND = Not detectable.

5.4.2.

(a)

I nhal ati on exposure

Rum nant s

Mar schang & Craini ceanu (1971) neasured the anmmoni a

concentrations in air (sanpled at nose |eve
stables at 4 dairy farns in Ronania.

fromO0.7 to 140 ng/n? (1 - 200 ppm.

of animals) in calf
The amoni a | evel s ranged

Most of the observed val ues

greatly exceeded the permissible upper limt of 18.2 ng/n? (26
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ppn). In a second study, Marschang & Petre (1971) neasured the
ammoni a concentrations in the air of 3 cattle-fattening facilities
in Romania in which the animals were being fed in tota
confinement; the capacities of the 3 operations were 3000, 3000,
and 4900 animals. The ammoni a concentration ranged from2 to
1400 ng/n? (3 to 200 ppm). In general, the anmoni a content was
bel ow t he admi ssible upper linit during the sumer nonths but
exceeded it during the winter nonths, when extrenely high
concentrati ons were observed. These high concentrations were
primarily due to the blocking of the ventilation system in order
to maintain necessary stall temperatures. The highest val ue
(1400 ng/ nt) was measured when the cl eani ng mechani smof the
manur e canal s mal functi oned.

Tabl e 13. Cccupational exposure linmts (mg/nt)?@

Country Amoni a Anmoni um
Amonia chloride sulfamate
A B A B A B
Australia 18 10 10
Bel gi um 18 10 10
Czechosl ovaki a 40 80
Fi nl and 18
German Denocratic 20 10
Republ i c
Ger many, Feder al 35 10 15
Republ i c of
Hungary 20
ltaly 20 10
Japan 18
Net her | ands 18 10 10
Pol and 20
Romani a 20 30 5 10 10 15
Sweden 18 36
Swit zerl and 18 6 10
USA (NI OSH OSHA) 35 15
(ACdA H) 18 27 10 20 10 20
USSR 20 10
Yugosl avi a 35 15
Counci | of Europe 18 15

@From |LO (1970).

Col um A represents average val ues.

Colum B is higher quoted linits, which may
variously be ceiling values, short-term exposure
l[imts, etc.
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Not e: Cccupational exposure levels and limts are derived in
different ways, possibly using different data, and expressed
and applied in accordance with national practices. These
aspects shoul d be taken into account when naki ng conpari sons.

(b) Swi ne

The increased use of confined housing for swi ne has caused
concern about the purity of the air within the buildings and its
effects on swine growh. Bacterial deconposition of excreta
coll ected and stored beneath slotted floors in enclosed buil di ngs
produces a nunber of gases, including ammoni a, carbon di oxi de,
hydrogen sul fide, and nethane (Curtis, 1972). M ner & Hazen (1969)
reported a range of anmonia concentrations of 4.2 - 24.5 ng/nt
(6 - 35 ppn) determ ned 30 cm above the floor level in a sw ne-
rearing facility. Levels in solid-floor confinement units were
normal |y found to be < 35 ng/n? (< 50 ppn), but they could be
hi gher during cold nonths, when ventilation was at a ni ni mum
particularly when the floor was heated (Tai ganides & Wiite, 1969).
The normal ammoni a concentration in the air above slotted floors
was reported to be ~7 ng/n?(:lo ppn), but this was increased by a
factor of 5 - 10 by stirring the stored nanure.

(c) Poul try

Poultry are usually exposed to ammoni a, together with hydrogen
sul fide, carbon dioxide, and nethane, in the air of poultry houses.
These compounds result frombacterial action on poultry wastes
(Ringer, 1971). 1In cold clinmtes, proper ventilation rates cannot
be maintained in many poultry houses, and gas production in the
manure may build up to toxic levels. Amonia has been found at
concentrations exceeding 35 ng/n? (50 ppn) in nodern poultry
houses, and at up to 140 ng/n? (200 ppm) in poorly-ventil ated
poul try houses (Anderson et al., 1964b; Valentine, 1964). The
toxic effects in poultry can be prevented through proper managenent
practices (Lillie, 1970).

6. EFFECTS ON ORGANI SM5S | N THE ENVI RONMENT
6.1. M croorgani sns

Many m croorgani sns are able to use anmonia as a nitrogen
source for cellular nutrition. Nitrifying organisns derive energy
fromthe oxidation of ammonia to nitrate. H gh levels of amonia
and hi gh pH, which may occur, for exanple, in waste waters or
fertilized fields, may inhibit nitrification and cause persistance
or accumul ation of anmonia and/or nitrite. |nproper maintenance of
conditions in waste treatnent processes nmay result in amonia
overloading and inhibition of the nitrification process, with
consequent ammoni a and/or nitrite pollution of receiving surface
waters. O her soil mcroorgani sns may al so be inhibited; fung
reportedly are nore sensitive than bacteria. However, these
inhibitory effects are tenporary. Aqueous and gaseous ammoni a have
been used to control mcrobial growh in stored fruits, hay, and
grains. Ammonia treatnent has proved nore effective against funga
than agai nst bacterial spoilage of food.

The bacterial species Escherichia coli and Bacillus subtilis
were found to be sensitive to amoni um chloride (NH,C) (Deal et
al . 1975); exposure to 1100 ng NHs/litre killed 90% of an E. col
popul ation in 78 mn. B. subtilis, an aerobic, spore-forning
bacterium was destroyed in less than 2 h in a solution of 620 ny
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NHs/ litre. Anthonisen et al. (1976) and Neufeld et al. (1980)
studi ed NH; i nhibition of the bacterium N trosonbnas (which
converts ammoniumto nitrite) and the bacterium N trobacter (which
converts nitrite to nitrate). The nitrification process was
inhibited by NH; at a concentration of 10 ng/litre (Neufeld et al.
1980). Concentrations that inhibited N trosonmonas (10 - 150
ng/litre) were greater than those that inhibited N trobacter

(0.1 - 1.0 ng/litre), and NHz, not NH;+, was reported to be the

i nhi biting chemical species (Anthonisen et al. 1976).
Acclimatization of the nitrifying bacteria to NHs;, tenperature,

and the nunber of active nitrifying organisns are factors that may
affect the inhibitory concentrations of NHgin a nitrification
system

Langowska & Mdskal (1974) investigated the inhibitory effects
of NH; on bacteria during 24-h exposure periods. Anmonifying and
denitrifying bacteria were nost resistant to NH;; proteolytic and
nitrifying bacteria were the nbst sensitive. Concentrations of up
to 170 ng NHs/litre did not adversely affect denitrifying and
ammoni fyi ng bacteria; a concentration of 220 ng/litre caused a
reduction in netabolic processes. Proteolytic bacteria were
unaf fected at concentrations of 0.8 ng NHs/litre, but were affected
at 13 - 25 ng/litre

Jones & Hood (1980) conducted studies on 2 species of
Ni trosonpnas isolated from2 wetland environnents, one estuarine
and the other fresh water. At 30 °C and pH 8.0, the estuarine
i sol ate showed peak anmoni um oxi dation activity at 18 ng NHs/litre;
activity gradually declined to 30% of the peak at 80 ng NHs/litre.
However, the fresh-water isolate was not inhibited by amonia
concentrations of up to 80 ng NHg/litre.

Application of anhydrous amonia to soil nmay strongly affect
soi | mcroorgani sns; however, the effect has been attributed nore
to alterations in pHthan to ammonia toxicity per se. Henis & Chet
(1967) found that ammoni a reduced sclerotial germnability of the
fungus Sclerotiumrolfsii only when the soil pH rose to 9.8 or
hi gher. According to Miller & Gruhn (1969), fungi were nore
sensitive than bacteria to amoni a application, the fung
di sappearing at pH val ues above 8. At pH 8.38, bacterial nunbers
initially decreased but then increased above control |evels, 7 days
after application, with an increased number of protein-deconposing
and nitrifying formns.

Ammoni a has been used to control mcrobial growth in food and
cattle feed. The growth of nmould (Penicilliumdigitatum on fresh
fruit was inhibited by 70 - 300 ng ammonia/n? in the air, either
applied directly or in the formof anmoni a-rel easi ng conpounds
(Eckert et al., 1963; Eckert, 1967). Anhydrous anmmoni a has al so
been used to prevent spoil age in high-noisture hay (Lechtenberg et
al ., 1977; WIKkinson et al., 1978; Butterworth, 1979) and cattle
feed derived fromcorn | eaves and stal ks (Johanning et al., 1978).
Amoni um hydr oxi de and anmoni um i sobutyrate were shown to contro
the growmth of mould in stored corn (Bothast et al., 1973, 1975a, b;
Renpel, 1975; Peplinski et al., 1978). Periodic addition of
amonia to stored corn, to a total of 30.4 g/kg, prevented the
growt h of mould, but was not fully effective as a bactericide
(Peplinski et al., 1978).

6.2. Plants

Ammoni a may affect vegetation directly by acting on plant
structure and function, and, indirectly, via its influence on soi
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condition after being deposited. The effects of NHy are shown in
Fig. 1.

6.2.1. Terrestrial plants

It is well recognized that nitrogen plays an inportant role in
bot h plant metabolismand gromh. The principal nitrogen sources
are ammonium and nitrate ions. Amonia is used prinmarily by the
root system but uptake of non-ionized ammoni a or amoni um salts by
the | eaves al so occurs. Amopnia is a nitrogen source for the
synthesis of proteins. This use of ammobnia in the synthesis of
organi ¢ nol ecul es can be regarded as a process for storing a
val uabl e nutrient, but is also an inportant detoxifying mechani sm
As ammpnia is toxic, its uptake in large quantities can place a
severe strain on the carbohydrate netabolism Since carbohydrates
are used in the synthesis of am no acids and ami des, carbohydrate
availability is an inportant factor in amonia netabolism

Hllls
diffusion resistance around

i} leaf stomata
F
i |
A
E NHS _ HH{"

4P| insufficient carbohydrates | | sufficient carbohydrates

excess NHz /NH,+ detoxification of NHx
{production of amino
IEI acids and amides)
T disconnection saturation of
g of phosphorylation membrane lipids
O
L
I Y
g nitrogen
M nutrition
decreased carbohy— increased decreased
drate production permeability flexibility
growth necrosis frost growth
7| reduction sensitivity stimulation

Effects of NHz on plants. From: Van der Erden {1982).

Mani f estati ons of ammonia toxicity can be traced to severa
net abol i ¢ di sturbances. Both photosynthetic and respiratory
pat hways are affected adversely by anmonia. There is a direct
rel ati onshi p between amoni a concentration and respiratory
nmet abol i sm i ncl udi ng oxygen uptake, glycolysis, and the
tricarboxylic acid cycle (Matsunmoto et al., 1976). Anmoni umions
may restrict photosynthesis through the uncoupling of noncyclic
phot ophosphoryl ation in isolated chloroplasts (G bbs & Cal o, 1959
Losada & Arnon, 1963), though the nechani smof action is not known
(Losada et al., 1973). It is well docunmented that uncoupling |eads
to an increase in reducing power in the cell. There is evidence
that 1 - 3 nmol ammoniuminhibits respiration in plants (Wdding &
Vi nes, 1959; Vines & Wedding, 1960). It is suspected that sinilar
or identical inhibition occurs in anmmniumtoxicity in animals.
The site of toxicity is thought to be in the electron-transport
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system specifically, at the oxidation of NADH to NAD. This nmay
have a nechanismsimlar to the interference by amobniumion with
electron transfer in the photosynthetic reaction

H gh atnospheric | evels may have direct toxic effects. Plant
growh is inhibited by a decrease in the carbohydrate production as
a consequence of inhibition of photosynthesis (Losada & Arnon,
1963). Ammoniumincreases the perneability of the cell nenbrane
causi ng plasmol ysis and necrosis. Furthernore, the flexibility of
cells may be decreased, which results in an increased sensitivity
to frost. Excess anmonia can be detoxified as |long as ani no acids
are converted in the presence of carbohydrates (Fig. 1) (Van der
Eerden, 1982).

Most data on the toxic exposure of plants to amonia have been
derived fromcontrolled fum gati on studies. Such experinments have
provided the following relative susceptibilities to amoni a:
| eaves > stens, fungi, and bacteria < seeds, sclerotia, and
animals (McCallan & Setterstrom 1940).

An exposure of 175 mg/n? (250 ppn) for 4 min produced 50%
foliar necrosis in tomatoes, whereas the same foliar injury was
only produced in buckwheat and tobacco with exposure to 700 ng/n?
(1000 ppm for 5 and 8 nmin, respectively (Thornton & Setterstrom
1940). Zinmmerman (1949) reported that fumigation with anmoni a at
28 ngy/ n? (40 ppm) for 60 min injured tomato, sunflower, and col eus
conpletely, and a concentration of 2.1 nmg/n? (3 ppn) severely
i njured nustard (Benedict & Breen, 1955). Oher plant parts are
nore resistant to ammonia injury than the foliage. Thornton &
Setterstrom (1940) found 50%injury in tomato stens after exposure
to 700 ng/nt (1000 ppn) for 60 nmin. Barton (1940) observed that
noi st spring rye seeds were killed in a 4-h exposure to 700 ng
anmoni a/ nt (100 ppn), whereas noist radi sh seeds were still viable
after 16 h. Exposure to a concentration of 175 ng/n? (250 ppm) for
16 h reduced germination of rye seeds by half, but had no effect on
radi sh seeds.

Foliar injury is the nost comobn toxic effect of anhydrous
amoni a on vegetation (Linzon, 1971). In broad-|eaved woody pl ants
exposed to high concentrations of anmmonia, the injury begins as

| arge, dark green water-soaked areas on | eaves, which darken into
bl ack or browni sh-gray bifacial necrotic | esions, wdely
distributed over the leaf surface. In lightly injured |eaves,
these synptonms occur mainly on the upper surface. Conifer foliage
i njured by amoni a exposure darkens to shades of gray-brown,
purple, or black. The entire needle is usually affected.

Absci ssion of severely danmaged | eaves is often seen in broad-|eaved
and conifer species. On trees or shrubs with crowded | eaves,
injury may be confined to particular sections of the |eaf.
Qccasionally, the foliage of woody species turns a variety of
colours, mmncking autum colours. Synptons of injury in

her baceous plants are nore variable, ranging fromirregul ar

bl eached, bifacial, necrotic |l esions to dark upper-surface

di scol ouration (Treshow, 1970). G asses and cereal grains devel op
tan to reddi sh-brown margi nal or interveinal necrosis, and broad-

| eaved weeds show red-brown to dark-brown upper surface

di scol ouration on termnal or nmarginal portions of the |eaf

(Benedict & Breen, 1955). Coleus |eaves |lose their brilliant
col our after exposure to amonia and appear green (Zi mrernan,
1949). Injury to flowers by amonia is rarely seen in the field,

but the devel opnent of small necrotic spots on azalea flowers has
been reported foll owi ng ammoni a exposure (Treshow, 1970).
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Al t hough parts of plants, other than the foliage, are |ess
susceptible to the injurious effects of ammonia (MCallan &
Setterstrom 1940), injury to apples, peaches, and other fruits and
veget abl es, accidentally exposed during cold storage, has been
reported (Ranmsey, 1953). Apparently, ammonia entered the fruit and
turned red-pi gnmented tissues black, or brown, and yellow tissues,
dark-brown. Inmmediately on exposure to ammoni a, the outer skins of
red oni ons becane greenish-black, and the skin of yellow and brown
oni ons became dark brown. These col our changes were usually
permanent. Fumigation of fruit with amonia al so caused overal
darkening of the skin. Peaches and appl es showed such synptons at
140 ng/ nt (200 ppn) and 210 ng/ n? (300 ppn), respectively (Brennan
et al., 1962). These synptons of injury were sinmlar to those seen
on fruits injured by the accidental release of ammoni a.

In studies in the Netherlands, several vegetables and trees
showed | eaf danage by necrosis, growth reduction, and increased
frost senstivity at concentrations of 75 upg/nt (annual average),
600 pg/ n? (during 24 h), and 10 000 pg/n? (during 1 h) (Van der
Eerden, 1982). The sensitivity of pine trees to exposure to
amoni a di ffered between speci es (den Boer & Bastiaens, 1984). A
survey is given in Table 14. Airborne amoni um sul fate deposits
damaged the needl es of pine trees. Owing to the enhanced uptake of
amoni um the excretion of potassium nmagnesium and cal ci um
i ncreases, often resulting in potassium and/ or magnesi um
deficiency, which may | ead to premature sheddi ng of needles
(Roel ofs et al., 1985).

Ef fects of amonia on the root system have general |y been
studi ed by exposing the roots to different aqueous ammoni um
sol uti ons.

Table 14. Relative sensitivity of some pine trees to NH?®

Hi gh sensitivity Moderate sensitivity Low sensitivity
Pi cea abi es Pi cea onori ka Pi nus sylvestris
Pi cea sitchensis Pi nus nigra var. Pi nus nigra nigra
Taxus maritima Tsuga canadensi s
Cupressus leylandii Taxus baccata Taxus nedi a

Pseut suga nenzi esi i Pi nus mugo var. mughus

Exposure of tomato seedlings to ammoni um solutions as the sole
ni trogen source showed reduced growh. The root system was
sparsely branched and di scol oured and the stemwas easily bruised.
There was considerable wilting of |eaves, which devel oped margi na
necrosis (Pierpont & Mnotti, 1977). Earlier, Mynard & Barker
(1969), using cucunber (C sativus), bean (P. vulgaris), and pea

(PisumsativumL.) in sand culture, denonstrated that anmmoni um
toxicity was generally characterized by an i mediate reduction in
growh rate, wilting, marginal necrosis, interveinal chlorosis of
term nal |eaves and, finally, death of the entire plant. However,
these synptons did not occur in the anmoni um nedi umwith added
cal ci um carbonate (CaCQ;) (Maynard & Barker, 1969; Pierpont &
Mnotti, 1977). Several studies have shown that an increase in the
anmoni um concentration is nore deleterious to root than to shoot
growt h (Bennett et al., 1964; Haynes & CGoh, 1977). Warncke &

Bar ber (1973) observed that the ratio of root dry weight to shoot
dry wei ght decreased significantly with increasing concentrations
of nitrogen, but was not affected by the amoniumto-nitrate ratio.
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The roots appeared darker and | ess branched. The authors
attributed the observed decrease in root production to greater
acidity around the roots of ammoniumfed plants (Klemm 1967;
War ncke & Barber, 1973).

In the Netherlands, field observations and experinents have
shown effects of ammoni a and anmoni um on pine forests, and
heat hl and vegetation (Heil & Dienpont, 1983; Van Breenen & Jordens,
1983; den Boer & Bastiaens, 1984; Roelofs, in press; Schuurkes, in
press). In the United Kingdom onbrotrophic nmires (upland bogs
deriving water only fromrain) are affected by eutrophication (Lee,
1985). Forest ecosystens in the Federal Republic of Germany nay
al so suffer from ammoni a exposure (Hunger, 1978; Urich, 1983).

Al though only little information is available for other countries,
it is expected that simlar effects nay occur in Belgium Denmark

and the northwestern part of France, where high anmoni a eni ssions

occur as a consequence of the production of aninmal nanure (Buysnan
et al., 1985).

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

Fi el d observati ons and experinments have shown del et eri ous
effects on pine trees, nanely:

- decreased vitality (growh reduction and necrosis);

- hi gher susceptibility to fungal diseases and attack
by insects; and

- increased sensitivity to neteorol ogi cal stress
factors, e.g., hard frost.

Most of these phenonmena can be explained in terns of disturbed
nutrient budgets in trees. Enhanced amoni um sul fate uptake
results in the excretion of essential nutrients, such as potassium
and magnesi um by the needl es, and the uptake of these ions by the
root systemis inhibited as a result of amoni um accunul ati on and
cation leaching in soils (den Boer & Bastiaens, 1984; Roelofs, in
press). Increased amoni um uptake ultimately |eads to enhanced
nitrogen levels in the | eaves of beech (N hlgard, 1970) and pine
tress (Roelofs et al., 1985).

More attention is being paid to the role of ammoniumin the
forest dieback in Europe (N hlgard, 1985).

Heat her communities on poorly-buffered, slightly-acidic, and
nutrient-poor heathland soils are also disturbed as a result of the
deposition of airborne ammoni a conpounds, the nunber of plant
species declining in acidified and nitrogen-enriched heat hl and
soils. A succession from heather-doni nated to grass-dom nat ed
heat hl ands has been observed (Heil & Dienont, 1983; Roelofs, in
press). The sane effects can be expected in other western European
countries where simlar plant communities are present.

6.2.2. Aquatic plants

In the aquatic environment, nitrogen plays an inportant role in
determ ning the conposition of phytopl ankton and vascul ar pl ant
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conmunities; in sone cases, it can act as a linmting factor in
primary production. Amonia is inportant in nitrogen netabolism
because it functions as a nitrogen source in the synthesis of am no
aci ds.

Most species can use either ammoniumor nitrate as the sole
ni trogen source, though, when both forns are available, amoniumis
used first. Uptake takes place through both roots and | eaves. The
relative inportance of ammonium as a nutrient depends on the
absol ute concentration and the ratio of anmoniumto nitrate.
Assimlation of ammoniumis |ess expensive in terns of energy than
nitrate, because the first nmetabolic step in which nitrate is
reduced is not needed. Although ammonia is an inportant nutrient,
it appears to be toxic at higher concentrations. |Its uptake in
large quantities may put a severe strain on the carbohydrate
met abol i sm of the species, because carbon skel etons are used for
detoxification (Bidwell, 1974). Increasing amonia |levels within

the cell inhibit the utilization of nitrate. Amonia solutions
seemto be nore toxic at high than at |ow pH, indicating that
toxicity is probably due primarily to NH; rather than to NH;+.

Surface waters that are poorly buffered, nutrient poor, and
hydr ol ogi cal | y dependent on rainfall and/or snow nelt are nost
sensitive to ammonia. Deposition of anmoni a and ot her nitrogen
conmpounds nmay contribute significantly to the nitrogen enrichnent
of susceptible waters. Onbrotrophic mire plant comunities can be

altered by this atnospheric pollutant (Lee, 1985). In these
Sphagnum domi nat ed wet| ands, seed plants becone nore dominant. In
smal |, poorly-buffered and nutrient-poor clear water |akes, both

wat er conposition and nmacrophyte conposition are altered.

At nmospheri ¢ amoni a deposition plays a major role in the
acidification and nitrogen enrichnent of surface waters in the

Net herl ands (Schuurkes, in press). Typical plant species bel onging
to the Littorellion alliance disappear fromacidified waters.

These speci es may be supressed by the |uxuriant growth of Sphagnhum
speci es and Juncus bul bosus. Ammoni um enri chnment enabl es the | ast
two species to formextrenely high biomasses (Roel ofs 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 popul ation

6.2.3. Fresh-water plants

Experimental data concerning the toxicity of amonia for fresh-
wat er phytopl ankton are limted. Przytocka-Jusiak (1976) reported
the effects of anmonia on the growmh of Chlorella vulgaris. A 50%
inhibition was seen in 5 days of exposure to a concentration of
2.4 ng NHg/litre; conplete growth inhibition occurred in 5 days
at 5.5 ng/litre. The NH; concentration resulting in 50% surviva
of C wvulgaris after 5 days was found to be 9.8 ng/litre. A C

vul garis strain in which the tolerance to el evated amoni a
concentrati ons was enhanced by prol onged incubation of the alga in
ammoni um car bonat e sol uti ons was isol ated by Przytocka-Jusi ak et
al . (1977). C. vulgaris was reported to grow well in solutions
containing 4.4 mg NHs/litre, but growmh was inhibited at 7.4
ng/litre (Matusiak, 1976). Tolerance to el evated concentrations of
NH; seened to show a slight increase, when other forns of nitrogen
were available to the alga, rather than when anmonia was the only
formof nitrogen in the nedium Bretthauer (1978) found that a
concentration (assuming pH 6.5 and 30 °C) of 0.6 ng NH/litre
killed Ochrononas sociabilis, and that, at 0.3 ng/litre,
devel opnment of the popul ati on was reduced. Concentrations of 0.06
to 0.15 ng NH/litre had an insignificant effect on growh, and
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concentrations of 0.015 to 0.03 ng/litre enhanced grow h.

Amoni a at concentrations exceeding 2.5 ng NHg/litre inhibited
phot osynthesis and growth in the al gal species Scenedesnmus obliquus
and i nhi bited photosynthesis in the algae Chlorella pyrenoi dosa,

Anacystis nidulans, and Pl ectonema boryanum (Abel ovich & Azov,
1976). Mosier (1978) reported that NH; concentrations causing a
50% reduction in oxygen production by the green alga Chlorella

el li psoi dea and bl ue-green al ga Anabaena subcylindrica were

16.0 x 10°% and 251.0 x 108 pg NHs-N cel |, respectively.

The rate of photosynthesis in the blue-green alga P. boryanum
was stimul ated by NH;+, but inhibited by NH; (Sol onbnson 1969); the
magni t ude of these effects was dependent on the sodi um potassi um
conposition of the suspension nedia. Inhibition of photosynthesis
by NH; was associated with a conversion of inorganic pol yphosphate,
stored in the cells, to orthophosphate.

Chanp et al. (1973) treated a small natural water pond with
amoni a to achieve a nean concentration of 25.6 ng NHs/litre. A
di verse popul ati on of dinofl agell ates, diatons, desm ds, and bl ue-
green al gae was present before ammnia treatnment. Twenty-four
hours after treatnent, the nmean nunber of phytoplankton cells/litre
was reduced by 84% By the end of 2 weeks (3.6 ng NHy/litre), the
original concentration of cells had been reduced by 95%

Sone research has been carried out to investigate the possible

use of ammoni a as an aquatic herbicide. Chanp et al. (1973)
reported virtually compl ete eradication of rooted aquatic
vegetation (water shield, Brasenia schreberi, and American | otus,

Nel unbo sp.). The NH; concentration was 25.6 ng/litre 24 h after
amoni a addition, and 3.6 ng/litre, 2 weeks later. The use of high
concentrations of ammonia to eradicate aquatic vegetation has been
descri bed by Ramachandran & Ranmaprabhu (1976) and Ramachandran et
al. (1975).

In experiments with Potanpogeton |lucens, Litav & Lehrer (1978)
observed that ammoni a caused appreciable injury to detached
branches. Ammoni a inhibition of the growth of Eurasian
waterm | foil (Myriophyllumspicatun) affected both the I ength and
wei ght of roots and shoots (Stanley, 1974).

Grube (1973) found that Siumerectumwas slightly injured at
15 mg NH;-N'litre, and conpletely eradicated at 35 ng/litre after a
10- week exposure. Callitriche sp. showed slight injury at 5 ng
NHs-N litre, and the |ethal dose was between 10 and 15 ng/litre.
Injury was estimated fromthe amount of black col ouring and the
death of |eaves. Roelofs et al. (1984) reported that exposure of
the isoebid Littorella uniflora to 50 unol NHy+/litre for 10 weeks
resulted in excretion of an equival ent anount of potassium which
nmay | ead to discolouration and starvation

Changes in the vegetation in 2 rivers subject to increased
pollution fromagricultural fertilizers, urban sewage, and
i ndustrial wastes, were studied by Litav & Agam (1976), who
attributed the changes in the conposition of the plant species
primarily to a conbination of ammoni a and detergents. Agani et al
(1976) transplanted 7 species of "clean water" nmcrophytes to
various sections of a river, and found that anmonia affected only

Nynphaea caer ul ea.

6.2.4. Salt-water plants

A concentration of 0.24 ng NHs/litre retarded the growth of
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nost of 10 species of benthic diatons cultured for 10 days by
Adm raal (1977). Pinter & Provasoli (1963) found that Coccolithus

huxl eyi was the npbst sensitive, and Pavlova gyrans and Hynenononas
sp. the nost tolerant to anmonium sulfate with internediate tol erance

exhi bited by Syracosphaera sp. and COchrosphaera neapolitana.

Shilo & Shilo (1953, 1955) reported that the euryhaline al ga
Prymesi um parvum was effectively controlled by applications of
amoni um sul fate, which exerted a Iytic effect that decreased with
increasing pH, indicating that NH; and not NHy;+ is responsible for
the lytic activity of amonium sulfate on P. parvum It was
reported by Byerrum & Benson (1975) that added ammoni umion at
concentrations found to stinulate the photosynthetic rate al so
caused the alga Anmphidiniumcarterae to release up to 60% of fixed

4co, to the medium

Nat araj an (1970) found that the concentrations of fertilizer
plant effluent that were toxic for natural phytopl ankton
(predom nantly diatons) ranged between 1.1 and 11 ng NHs/litre.
Thomas et al. (1980) concluded that increased amoni um
concentrations found near sewage outlets would not be inhibiting to
phyt opl ankton in the vicinity. Provasoli & MLaughlin (1963)
reported that ammni um sul fate was toxic for sone narine
di nofl agel | ates, but only at concentrations far exceeding those in
sea wat er.

6.3. Aquatic Invertebrates

The toxicity of anmoni a has been | ess extensively studied in
invertebrates than in fish. Mst of the available invertebrate
data consists of studies on arthropods, primarily crustaceans and
insects. Many of these studies are laboratory tests in which test
ani mal s were exposed to known concentrations of a toxic agent for
specified periods of tinme. Results may be expressed as a nedi an
| ethal concentration (LGsg) for a given tine period (e.g., 48-h
LGCso) or, occasionally, as an effective concentration (EC), that
is, the concentration at which the test animal is conpletely
i mobi |i zed, though it might still be respiring (e.g., 48-h EC).
Anot her nethod of reporting test results is as the estimated tine
required to kill 50%of a test population (LTsg) at a given
concentration of toxin (e.g., LTso= 250 min).

6.3.1. Fresh-water invertebrates: acute toxicity

The acute toxicity of ammonia for Daphnia nagna has been
studi ed by Parkhurst et al. (1979, 1981) and Reinbold & Pescitelli
(1982a) with reported 48-h LGsps val ues of 2.08 and 4. 94 ny
NHy/litre. DeGraeve et al. (1980) reported a simlar 48-h LG
val ue for Daphnia pulicaria of 1.16 ng NHs/litre. A threshold
toxicity value for D. magna of 2.4 - 3.6 ng NH/litre | ake water
was reported by Anderson (1948). Threshold concentrati on was taken
as the highest concentration that would just fail to inmobilize the
test aninmals, under conditions of prolonged exposure (Anderson,
1948). A mnimum | ethal concentration of 0.55 ng NHy/litre was
reported for D. magna by Ml acea (1966), and a 24-h LGCs val ue of
1.50 mg NHs/litre was reported by Gyore & A ah (1980) for Mina
rectirostris.

Bui kema et al. (1974) reported an EGCso for NH;toxicity in the
rotifer, Philodina acuticornis, to be 2.9 - 9.1 ng NHs/litre
(cal cul ated using reported pH values of 7.4 - 7.9). Tests of
amonia toxicity for the flatworm Dendrocoel um | acteum (Procotyl a
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fluviatilis), and a tubificid worm (Tubifex tubifex) gave LG
values of 1.4 and 2.7 mg NHs/litre, respectively (Stanmer, 1953).

Thurston et al. (1984a) conducted 25 flowthrough toxicity
tests with 3 myfly, 2 stonefly, 1 caddisfly, and 1 isopod species;
all tests were conducted with water of simlar chemnical
conposition. The 96-h LGso values ranged from1.8 to 5.9 ng
NH3/ litre. The results also indicated that a 96-h test is not |ong
enough to determne the acutely |lethal effects of anmonia on the
speci es tested, because an asymptotic LCsp was not always obt ained
within 96 h. Percentage survival data were reported for sone
mayfly, stonefly, and caddisfly tests in which LCs val ues were not
obt ai ned; there was 60 - 100% survival at test concentrations
ranging from1l.5 to 7.5 ng NHs/litre. Gall (1980) tested NH,C
with Ephenerella sp. (near excrucians). Oganisns were exposed
to ammonia for 24 h, followed by 72 h in ammoni a-free water;
nortality observations were made at the end of the overall 96-h
period. An EGso value of 4.7 ng NHs/litre was obtai ned. Hazel et
al. (1979) reported a LGCso value of 8.0 ng NH/litre for the beetle

Stenel mi s sexlineata.

No deaths occurred in amopnia toxicity tests conducted on scud,
Ganmarus | acustris, or D. magna, using dilution water froma
river, after a 96-h exposure to 0.08 ng NHs/litre. 1In a second
test, using river water buffered with sodi um bi carbonate, 13%
nortality occurred with scud at the several concentrations tested,
i ncludi ng the highest and | owest of 0.77 and 0.12 ng NHs/litre,
respectively; 7 and 13% nortality occurred with D. nagna at the
sanme concentrations (Mller et al., 1981).

Five fresh-water nmussel species, Anblena p. plicata, Anodonta
imbecillis, Corbicula manilensis, Cyrtonaias tanpicoensis, and
Toxol asma texasensis, were exposed for 165 h to a concentration of

0.32 ng NHs/litre; T. texasensis was nost tolerant to ammonia, and
A. p. plicata was nost sensitive (Horne & Mclntosh, 1979). During
the tests, the nore tol erant species generally had their shells
tightly shut, whereas the |east tol erant species continued

si phoning or had their mantles exposed. 1In 2 studies, acute
exposure of the fresh-water crayfish, Oconectes nais, to amoni um
chl oride gave LGCso val ues of 3.15 and 3.82 ng NHs/litre,

respectively (Evans, 1979; Hazel et al., 1979).

6.3.2. Fresh-water invertebrates: chronic toxicity

Few st udi es have been conducted on the |ong-term exposure of
fresh-water invertebrates to ammonia. In a long-termtest
conducted by Reinbold & Pescitelli (1982a), reproduction and growth
of D. magna were affected at a concentration of 1.6 ng NH/litre.

Two tests lasting 42 days were conducted by Anderson et al.
(1978) on the effects of amonium chloride on the fingernail clam
Muscul i um transversum Significant nortality (67 and 72% occurred
in both tests at a concentration of 0.7 ng NHs/litre. 1In one of
the studies, significant reduction in growh was observed after 14
days of exposure to 0.41 ng NHg/litre. Sparks & Sandusky (1981)
reported that fingernail clans exposed to 0.23 and 0.63 ngy
NHs/ litre showed 36 and 23% nortality, respectively, in 4 weeks;
after 6 weeks, there was 47% nortality at 0.073 ng NH/litre, and
83% nnortality at 0.23 and 0.63 ng NHs/litre. After 6 weeks there
was no growth in any test chanber (concentrations of 0.036 ngy
NHs/ litre and higher), other than in the controls.

Two partial tests, lasting 24 and 30 days, respectively, were
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conducted by Thurston et al. (1984a) on the stonefly Pteronarcella
badia. Adult stonefly enmergence was del ayed with increasing
ammoni a concentration, and little or no energence occurred at
concentrations exceeding 3.4 ng NHs/litre. There was no significant
rel ati onship between the food consunption rates of nynphs and
concentrations up to 6.9 ng NHs/litre. LGCso values for 24- and
30-day exposures were 1.45 and 4.57 ng NHs/litre, respectively.

The effects of anmonia on the ciliary beating rate of clam
gills were investigated by Anderson et al. (1978). Concentrations
of 0.036 - 0.11 ng NHs/litre caused a reduction in the ciliary
beating rate of fingernail clans; the effects ranged froma 50%
reduction in beating rate to conplete inhibition. Adult clans (> 5
mr) were nore sensitive than juveniles (< -5 mMmj; adults were also
slightly nore sensitive than the unionid nussel, Eliptio

conpl anata, and the Asiatic clam C manilensis. Shaw (1960)

i nvestigated the effects of amoni um chloride on sodiuminflux in
the fresh-water crayfish, Astacus pallipes. Ammonia produced an

i nhi bition of sodiuminflux; a concentration of 18 ng NHy+/litre
reduced the influx to about 20% of its normal value, and influx
reduction was related to increasing amonia concentration. This
effect was attributed to NHs+ ions and not to any toxic effect
exerted on the transporting cells by non-ionized ammonia. NH;+ did
not affect chloride influx nor the rate of sodiuml oss.

Ammoni a was added to a streamat a 24-h average concentration
of 1.4 mg NHy/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 nagnitude of drift, a
shift in the kinds of organisnms present, and changes in benthic
standing crop estimates; this amonia concentration was non-| et hal

6.3.3. Salt-water invertebrates: acute and chronic toxicity

Data on the acute toxicity of ammnia for salt-water
i nvertebrate species are very limted. A 96-h LG5 value of 1.5 ng
NHs/ litre has been reported for the copepod, N tocra spinipes
(Li nden et al., 1979). Lethal effects of ammoni um chloride on the
quahog clam Mercenaria nercenaria, and eastern oyster
Crassostrea virginica, were studied by Epifano & Srna (1975).
There were no observed differences in susceptibility between

juveniles and adults of the 2 species. Arnstrong et al. (1978)
conducted acute toxicity tests (6 days) on ammoni um chlori de using
prawn | arvae, Macrobrachium rosenbergii. LGCs values were highly
pH dependent. The acute toxicity of anmmoni um chl oride for penaeid
shrinp was reported as a 48-h conposite LGCso value of 1.6 ng
NHs/ litre for 7 species pooled, including the resident species
Penaeus setiferus (Wckins, 1976). The acute toxicity of ammoni um
chloride for the caridean prawn, M rosenbergii, was reported
(Wckins, 1976) as LTso values of 1700 - 560 nmin at concentrations
of 1.74 - 3.41 mg NHy/litre. Fromthe data of Hall et al. (1978),
48-h LGso values of 0.34 - 0.53 were estimated for grass shrinp,
Pal aenpbnet es pugio. Catedral et al. (1977a,b) investigated the
ef fects of ammoni um chloride on the survival and growh of Penaeus
nonodon; |arvae had a | ower tolerance to anmoni a conpared with
post-larvae. Brown (1974) reported a tine to 50% nortality of
106 min for the nenertine worm Cerebratulus fuscus, at a
concentration of 2.3 mg NHs/litre.

Ef fects of amoni um chl oride solutions on the Anerican |obster
Homar us americanus, were studied by Delistraty et al. (1977).
Their studies were perforned on fourth-stage |arvae, which was
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considered to be the nost sensitive life stage. A 96-h LG5 val ue
of 2.2 mg NHy/litre and an incipient LG value of 1.7 ng NH/litre
were reported. A "safe" concentration of 0.17 ng NHs/litre was
tentatively recomended.

The subl ethal toxicity of amoni um chl oride for the quahog clam
and eastern oyster was studied by Epifano & Srna (1975) who
nmeasured the effect of a 20-h exposure to amonia on the rate of
renmoval of the alga, |sochrysis galbana, from suspension (clearing
rate) by the clanms and oysters. Concentrations of 0.06 - 0.2 ng
NHs/litre affected renpval ; no di fferences were observed between
juveniles and adults. The effect of amonia on the ciliary beating
rate of the nussel, Mtilus edulis, was studied by Anderson et al
(1978). Concentrations of 0.097 - 0.12 ng NHs/litre resulted in a
reduction in the ciliary beating rate ranging from50%to conplete
i nhi bition.

Exposure of unfertilized sea urchin, Lytechinus pictus, eggs to
ammoni um chloride resulted in stinmulation of the initial rate of
protein synthesis, an event that normally follows fertilization
(Wnkler & Grainger, 1978). Exposure of unfertilized eggs of

Strongyl ocentrotus purpurpatus, L. pictus, and Strongyl ocentrotus

drobachi ensi s to ammoni um chl ori de (Johnson et al., 1976; Paul et
al ., 1976) caused "fertilization acid" to be released nore rapidly
and in greater anpunts than after insem nation. Activation of
unfertilized L. pictus eggs by anmoni um chl ori de exposure was

al so evidenced by an increase in intracellular pH (Steinhardt &
Mazi a, 1973; Shen & Steinhardt, 1978). Amonia treatnent has al so
been reported to activate phosphorylation of thynidine and
synthesis of histones in unfertilized eggs of the sea urchin,

S. purpuratus, (N shioka, 1976). Premature chronosone
condensation was i nduced by amonia treatnment of eggs of L. pictus
and S. purpuratus (Epel et al., 1974; WIt & Mazia, 1974; Krysta
& Poccia, 1979). Treatnent of S. purpuratus and S. drobachiensis

fertilized eggs with amonia resulted in an absence of the nornmnal
upt ake of calciumfollow ng insem nati on. However, cal cium uptake
was not inhibited when anmoni a treatnment preceded insemnination
(Paul & Johnston, 1978).

The pol ychetous annelid, Nereis succinea, the channelled whelKk,
Busycon canal i cul atum and the bracki sh-water clam Rangia
cuneata, were exposed to concentrations of 0.85, 0.37, and 0.27 ng

NHs/ litre and the ammoni a excretion neasured (Mangumet al., 1978).
Excretion was inhibited by non-lethal concentrations of anmonia,
and the authors concluded that amonia crosses the excretory
epitheliumin the ionized form and that the process is linked to
the activity of the Na*+K" ATPases. Wen blue crabs, Callinectes
sapi dus, were noved fromwater of 28 parts per thousand salinity
to water of 5 parts per thousand, a doubling of the ammonia
excretion rate occurred; addition of excess amoni um chloride to
the lowsalinity water inhibited ammoni a excretion and decreased
net acid output (Mangumet al., 1976). The effect of gaseous NH;
on haenogl obin fromthe blood of the common mari ne bl codwor m

A ycera di brachiata, was exam ned by Sousa et al. (1977) in an
attenpt to determ ne whether there was conpetition between NH; and
oxygen in binding to haenogl obin; such an NH/ G, rel ati onshi p was
not found.

6.4. Fish
Ammonia is highly toxic for fish, and, because of its

occurrence at high concentrations in some water systens, it can
present a major pollution problem It enters aquatic environments
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fromseveral sources, including sewage effluent, deposition of
human wastes wi thout treatnent, industrial discharges, and runoff
fromaninmal culture and agricultural operations. It is also a

met abol i ¢ waste product of fish and, therefore, can be a problemin
facilities involved with intensive fish culture.

El evat ed ammoni umion (NH;+) concentrations within the bodies
of fish, as with other vertebrates, cause convul sions and death.
The concentration of non-ionized amonia (NH;) in the environnent
of the fish is inportant, because anmnia is transferred between
the water and fish largely in this form Thus, while NH;is the
nore toxic chemcal species in the water, within the fish, toxicity
is related to the NH; concentrati on

Research by Chi pman (1934), Wihrman et al. (1947), Whrnman &
Woker (1948), and Tabata (1962) inplicated NH; as the amoni a
species in water that is mainly toxic for fish, and reported that
NH;+ was non-toxic or considerably less toxic. More recent
research by Robi nson-WIlson & Seim (1975), Arnstrong et al. (1978),
and Thurston et al. (1981c) has denonstrated that the role of water
pH in the toxicity of amonia for fish is nore than the regul ation
of the NHs/ NH;+ equilibrium NHis considerably nore toxic in
wat er when pH values are lower than 7 - 9, and there is sone
evi dence that the toxicity of NH3is also increased above this
range. Tenperature and di ssol ved oxygen and the ionic conposition
of the background water all play a role in the toxicity of NH; for
sone fish.

In a conprehensive analysis of the data, it was concl uded that
a nunber of fish species that are phylogenetically simlar are al so
simlar in their sensitivity to the toxicity of ammonia, and that
many of the factors that affect the toxicity of amonia simlarly
affect all the species that have been studied (US EPA, 1985).

It was formerly considered that fish of the fanmily Sal noni dae
were anong the nost sensitive to the effects of nmany pollutants,
whereas other fish species, which have evolved in warmwater, |ow
oxygen, or nore turbid aquatic environnents, may be | ess sensitive
to many naturally-occuring pollutants, such as ammonia. However,
other fish species, including sone that are frequently referred to
as "warmwater" fishes, are of conparable sensitivity (US EPA,
1985). In the "resident-species" approach for establishing water
quality criteria for a toxic agent in a given water body, the
tol erance of selected fish and invertebrate species, naturally
resident in the water body, is used. It nust be borne in mnd
that, if these selected species are |less sensitive than other
species in different water bodies, the standards nay be
i nappropriate for other water bodies.

Because of variation anong 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
gi ven speci es may not be as neani ngful as conposite results from
several tests conducted at different |aboratories.

Much of the evidence on amonia toxicity is enpirical, so, for
a nore conpl ete understandi ng of the biological actions of this
chemical, the results of toxicity tests nust be integrated with a
know edge of ammonia netabolismin fish

6.4.1. Amonia netabolismin fish

6.4.1.1. Anmmonia production and utilization
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The nmaj or pathway for the production of amonia in fish, as in
ot her vertebrates, is through the transam nation of various am no
acids (Forster & Goldstein, 1969; Watts & Watts, 1974). The
primary site for ammoni a production is probably the liver (Pequin &
Serfaty, 1963), but the necessary enzynes have al so been located in
the kidneys, gills, and skeletal nuscle tissue (Goldstein &
Forster, 1961; MBean et al., 1966; Walton & Cowey, 1977). Ammopnia
is also produced by the deam nation of adenylates in fish nuscle
(Driedzic & Hochachka, 1976). The quantitative inportance of
muscl e anmoni ogenesis in total anmonia excretion depends on the
| evel of activity of the animal, and increases with increasing
wor kl oad (Suyama et al., 1960; Fraser et al., 1966; Driedzic &
Hochachka, 1976).

Ammoni a toxicity can be aneliorated by the formation of |ess
toxi ¢ conpounds, nanely glutam ne and urea. Levi et al. (1974)
recorded high levels of glutamne in the brain of goldfish

Carrasi us auratus, and found that brain-glutamne |evels increased
wi th anbi ent amoni a concentrations. Wbb & Brown (1976) found

hi gh gl utani ne synthetase (EC 6.3.1.2) activity in the brains of

tel eosts and el asmobranchs, and this nmay be inportant in protecting
the brain fromsudden surges in ammoni a concentration. Walton &
Cowey (1977) were able to detect glutam nase activity in the gills
of rainbow trout, but were unable to neasure any in vivo
utilization of glutamne by the gills.

Ammoni a can be converted, through carbanyl phosphate, to urea
either via purines (uricolysis) or via the ornithine cycle. The
enzynmes required for uricolysis have been found in nost fish
studied (Forster & Goldstein, 1969; Watts & Watts, 1974), but
Florkin & Duchateau (1943) were unable to detect any activity of
uricolytic enzynes in the cyclostonme, Lanpetra. The ratio of urea
production via the ornithine cycle to production via uricolysis is
about 100 to 1 in el asmobranchs and di pnoi, whereas in tel eosts
nost of the urea is forned via uricolysis (Gegory, 1977).

6.4.1.2. AmpDni a excretion

The gills are the major site of ammoni a excretion in fish, but
smal l er quantities of amonia may al so be elimnated by the kidneys
(Edwards & Condorelli, 1928; Gollmn, 1929; Fromm 1963; Maetz,
1972) and skin (Morii et al., 1978). Al though the mgjority of
branchi al amoni a excretion represents clearance fromthe bl ood,
gill nmetabolismmy contribute between 20% (Payan & Matty, 1975)
and 5 - 8% (Cameron & Heisler, 1983) of the net anmpni a excretion

The excretion of ammonia by fish is variable, depending on the
state of the animal, the environnental conditions, and the species.
Ammoni a excretion tripled in sockeye sal nobn, Oncorhynchus nerka,
following daily feeding (Brett & Zala, 1975) but remined | ow and
unchangi ng during starvation (Brett & Zala, 1975; Guerin-Ancey,
1976a). In fresh-water fish, anmmonia excretion increases in
response to exercise (Sukunmaran & Kutty, 1977; Holeton et al.
1983), long-termaci d exposure (MDonald & Wod, 1981; Utsch et
al ., 1981), hypercapnia (d aiborne & Heisler, 1984), and NHC
infusion (HIlaby & Randall, 1979). 1In contrast, increased |levels
of environnental ammonia (Querin-Ancey, 1976b) and short-term
exposure to acid or alkaline water (Wight & Wod, 1985) cause a
decrease in amonia excretion. It is not known if these changes in
excretion reflect change in the rate of ammoni a production or in
the ammoni a content of the body. The amonia content of fish is
likely to be the equival ent of the ammni a excreted in about 2 h
nost of the anmonia being in the tissues with a | ower pH, such as
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muscle. Blood |levels are around 0.2 to 0.3 mml, but mnuscle at a

| ower pH may contain levels of up to 1 mml; thus, a 1-kg fish may
contain about 0.5 to 0.7 nmol of ammonia and have an excretion rate
of about 0.3 mmwl/h. There is increased amoni a production in
nmuscl e during exercise (Driedzic & Hochachka, 1976). Anmonia
excretion by the spiny dogfish, Squalus acanthias, in sea water is
unaf fected by tenperature change, exercise, hyperoxia, hypercapnia,
or the infusion of either HO or NaHCO; or anything that induces

aci d-base stress (Heisler, 1984). This is surprising, because nmany
of these changes affect pH and therefore woul d be expected to alter
the amoni a content of body conpartnments and consequently anmmonia
excretion.

There is an elevation in bl ood-anmonia during starvation (Mrii
et al., 1978; HIlaby & Randall, 1979), even though anmmoni a
excretion does not change (Brett & Zala, 1975). Bl ood-ammoni a
concentrations also rise with increases in both tenperature
(Fauconneau & Luquet, 1979) and anmoni a concentrations in the water
(Froom & Gllette, 1968; Thurston et al., 1984b). Exposure of fish
to either air (Gordon, 1970) or increased anmmonia |evels in water
(Fromm 1970; CQuerin-Ancey, 1976b), raises bl ood-amonia |evels and
reduces ammoni a excretion; this is associated with a rise in urea
production in many, but not all fish. Unlike the authors of the
above studies, Buckley et al. (1979) did not find any change in
bl ood-total ammoni a when coho sal non, Oncorhynchus kisutch, were
exposed to el evated amonia | evels in the environment. However, a
significant rise in plasma-sodium indicating sone coupling between
sodi um upt ake and anmoni a excretion, was observed.

The study of ammoni a novenent is conplicated by the fact that,
with present analytical techniques, it is inpossible to distinguish
between the transfer of a nolecule of NH; plus a H ion fromthe
transfer of an NHy+ ion. Thus, only indirect evidence can be
obtai ned regarding the relative gas and i on novenents across the
gill epithelium

Three possi bl e mechani sms of anmoni a excreti on have received
the nost attention: passive NH; flux, ionic exchange of NHy+ for
Na*, and passive NH;+ flux. There seems to be little doubt that a
significant pathway for branchial ammonia excretion is by the
passi ve di ffusion of NH; down its partial pressure gradient.
Changes in the NH; partial pressure gradient are positively
correlated with changes in net ammoni a excretion in the channe
catfish, Ictalurus punctatus, (Kornmanik & Caneron, 1981), and
rai nbow trout (Canmeron & Heisler, 1983; Wight & Wod, 1985).
Ammoni a entry into the fish has al so been shown to be dependent on
the NH; gradi ent (Wihrmann et al., 1947; Wihrnmann & Woker, 1948;
Froom& Gllette, 1968).

The excretion of NHy+ is strongly coupled with the novenent
of other ions. Many studies have attenpted to link the
transepi thelial exchange of Na* uptake to NH;+ efflux. Although
there is considerable indirect evidence for the presence of a
coupl ed ioni c exchange mechani sm under certain conditions (Maetz &
Gar céa- Roneu, 1964; Maetz, 1973; Payan & Maetz, 1973; Evans, 1977,
1980; Payan, 1978; Grard & Payan, 1980; Wight & Wod, 1985), the
ubi quity and stoichionetry of this exchange renain controversial
While Na*influx can be nonitored with isotopes, it is difficult to
determ ne NHy+ ef flux. Investigators have attenpted to quantify
the rel ati onship between Na* upt ake and NH;+ excretion by
mani pul ating Na*levels in the environnental water, by
phar maceutical inhibition of the Na*influx mechanism or by
| oading the fish with ammoni a.
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In goldfish (Maetz, 1973), and in irrigated rainbowtrout gills
(Kirschner et al., 1973), Na"influx was best correlated with the
sum of H and NH;+ ion efflux. The possibility of a Na* uptake
carrier coupled to either NHy+ or H appears likely in other fish

as well (Kerstetter et al., 1970, Payan & Maetz, 1973; Evans,
1977). In perfused heads of trout, Na® uptake was tightly coupled
with NH;+ efflux (Payan et al., 1975; Payan, 1978). Wight & Wod
(1985) denobnstrated that, in intact trout, the rate of ion exchange
was i nfluenced by external water pH, increasing fromno exchange at
pH 4 to maximal rates at pH 8. The relationship between Na* and
NH;+ was one-to-one at a pH of less than 8. However, Payan et al
(1975) and Wight & Whod (1985) found that the majority of the
amoni a was el imnated by gaseous diffusion, and only when NH; was
subtracted fromtotal ammonia efflux was the NH;+/ Na® exchange
evident. In common carp, Cyprinus carpio (de Vooys, 1968), and
little skate, Raja erinacea (Evans et al., 1979), ammonia
excretion was unaffected by a reduction in environnmental Na*

| evel s. Cameron & Heisler (1983) found that, under resting

condi tions, diffusive novenent of NH; coul d account for ammpnia
excretion in trout, but when the ammonia gradi ent was reversed and
directed i nwards, an NH;+/ Na® exchange coul d counter-bal ance the

di ffusive uptake of NH; fromthe water. |If this hypothesis is
correct, then it would explain the unchangi ng bl ood-amoni a | evel s
and increased Na"levels in coho sal non exposed to el evated
concentrations of ammonia in the water (Buckley et al., 1979).

The Na*/ NHy+ (HY) exchange is probably | ocated on the
epithelial apical nmenbrane. Either acid conditions or aniloride in
the water inhibits Na®influx across the gills and both these
conditions result in a reduction in amonia excretion (Wight &
Wood, 1985).

The ammoni umion can displace potassiumin nany nenbrane
processes in, for exanple, the giant axon of squid, Loligo pealei
(Binstock & Lecar, 1969), and this is the probable reason that
el evat ed ammoni a causes convul sions in so many vertebrates. In
various aquatic animals, it is possible that NH;+ can substitute
for potassiumin oubain-sensitive sodi um potassi um exchange (Payan
et al., 1975; Tow e & Taylor, 1976; Towe et al., 1976; Mllery,
1979; Grard & Payan, 1980). NH;+ ions will substitute for K'ions
across the epithelial basol ateral border (Richards & Fromm 1970;
Shuttleworth & Freeman, 1974; Karnaky et al., 1976), but the
i mportance to net ammonia transfer in fresh-water fish is unknown.

The passive novenent of NH;+ down its el ectrochem cal gradient
may al so contribute to net amoni a excretion (O ai borne et al.
1982; Coldstein et al., 1982). Lipid nmenbranes are relatively
i nperneabl e to cations (Jacobs, 1940) and, because respiratory
epithelial cells of fresh-water fishes are joined by tight
junctions (Grard & Payan, 1980), it appears unlikely that NH+
diffusion is of quantitative inportance (Kornmani k & Canmeron, 1981).
| ndeed, Wight & Wbod (1985) found a negative correl ati on between
ammoni a excretion and the NHs;+ concentration gradient in rainbow
trout exposed to 5 different water pH regines. Although it appears
that NH;+ diffusion may be of mnor inportance, sinultaneous
nmeasurenments of the electrical and chenical gradient have not been
nade and are necessary before concl usions can be drawn.

6.4.2. Fish: acute toxicity
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The acute toxicity of ammonia for rai nbow trout has been
studied by many investigators, with reported 96-h LGCsy val ues
ranging fromO0.16 to 1.1 mg NHs/litre. Thurston & 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
uni form chemical conposition. LG values ranged fromO0.16 to
1.1 nmg NHs/litre for 96-h exposures. Fish susceptibility to NH;
decreased with increasing weight over the range 0.06 - 2.0 g, but
gradual |y i ncreased above that wei ght range. LGCso values for 12-
and 35-day exposures did not differ greatly from96-h values. No
statistically-significant differences in results were observed when
di fferent amoniumsalts [ NH;C, NH;HCO;, (NH) 2HPO,, (NHy) 2SO4]
were used. Gindley (1946) also reported that there were no
appreciable differences in toxicity between toxic solutions of
NH,C and (NHg) 2SO, in rai nbow trout tests. However, Calamari et
al . (1977, 1981) reported that enbryos and fingerlings were |ess
sensitive than the other life stages studied. LGsy values (96-h)
ranging fromO0.16 to 1.02 ng NHs/litre for rai nbow trout exposed to
amoni a were reported by Calamari et al. (1977, 1981), Broderius &
Smith (1979), Holt & Malcolm (1979), DeGraeve et al. (1980), and
Rei nbol d & Pescitelli (1982b).

Al t hough acute toxicity studies wth sal nonids have mainly been
conducted on rai nbow trout, sone data are available for a few other
sal noni d species. Thurston et al. (1978) investigated the
toxicity of ammonia for cutthroat trout, Salno clarki, and
reported 96-h LGCso values of 0.52 - 0.80 ng NHs/litre. Thurston &
Russo (1981) reported a 96-h LGCso value of 0.76 ng NHs/litre for
gol den trout, Salno aguabonita. Brown trout, Salnb trutta, were
exposed to 0.15 nmg NHs/litre for 18 h, resulting in a 36%
nortality; when returned to ammoni a-free water, the test fish
recovered after 24 h (Taylor, 1973). No nortality occurred during
the 96-h exposure at 0.090 ng NHs/litre, although fish would not
feed. Exposure to 0.8 ng NHs/litre was not acutely toxic for brown
trout according to Wker & Wihrmann (1950). However, Thurston &
Meyn (1984) reported 96-h LGy values of 0.60 - 0.70 ng NHg/litre,
and MIller et al. (1981) reported a 96-h LGCso val ue of 0.47 ny
NHs/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 ng NHg/litre and within 2.5 h at 5.5 ng/litre
(Phillips, 1950). Thurston & Meyn (1984) reported 96-h LGCsy val ues
of 0.96 - 1.05 mg NHs/litre for brook trout, 0.40 - 0.48 ny
NHs/ litre for chinook sal mon, Oncorhynchus tshawtscha, and 0.14 -
0.47 mg NHs/litre for nountain whitefish, Prosopiumwlliansoni.
Toxicity tests with (NH;) 2SO, on pink sal non, Oncorhynchus
gorbuscha, at different early stages of devel opnent (Rice & Baily,
1980) showed that |ate al evins near swimup stage were the nost
sensitive (96-h LGsp = 0.083 ng NH/litre), and eyed enbryos were
the nost tolerant, surviving 96 h at > 1.5 ng NHs/litre. Buckley
(1978) reported a 96-h LGCso value of 0.55 ng NHs/litre for
fingerling coho sal non, Oncorhynchus kisutch, and Herbert &
Shurben (1965) reported a 24-h LGso value of 0.28 ng NHs/litre for
Atlantic salnon, Salno salar.

There are acute toxicity data for ammonia in a variety of non-
sal monid fish species. Thurston et al. (1983) studied the toxicity
of ammoni a for fathead m nnows, Pinephales pronelas, ranging from
0.1to 2.3 g in wight and found that 96-h LCso values in 29 tests
ranged fromO0.75 to 3.4 ng NHo/litre; toxicity was not dependent on
the test fish size or source. LG values ranging fromO0.73 to
2.35 mg NHy/litre for fathead m nnows were al so reported by Sparks
(1975), DeGraeve et al. (1980), Reinbold & Pescitelli (1982b),
Swigert & Spacie (1983). LGso values for white sucker, Catostonus
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conmer soni, exposed to amoni um chl oride solutions for 96 h
(Reinbold & Pescitelli 1982c) were 1.40 and 1.35 ng/litre NHs,
though a sonewhat |ower 96-h LGCso of 0.79 ng NHs/litre was
determ ned by Swi ghert & Spacie (1983). Thurston & Meyn (1984)
reported 96-h LGCso values of 0.67 - 0.82 ng NHg/litre for the
nount ai n sucker, Caststonus platyrhynchus.

Reported LGso val ues for 96-h exposures of bluegill, Lepons
macrochirus, ranged fromO0.26 to 4.60 ng Ns/litre (Emery & Wl ch,
1969; Lubinski et al., 1974; Roseboom & Ri chey, 1977; Reinbold &
Pescitel i, 1982b; Swigert & Spacie, 1983). LGCs values (96-h) of
0.7 - 1.8 ng NHs/litre for smallnouth bass, M cropterus dolom eui,
and 1.0 - 1.7 ng NH/litre for |argenouth bass, M cropterus
sal noi des, were reported by Broderius et al. (in press) and
Roseboom & Ri chey (1977), respectively. Sparks (1975) reported
48-h LGso val ues for bluegill of 2.30 ng NHs/litre, and for channel
catfish of 2.92 ng NH/litre. For goldfish, Carassius auratus,
Dowden & Bennett (1965) reported a 24-h LGgof 7.2 ng NHs/litre,
and Chi pman (1934) reported | ethal threshold val ues of 0.97 -
3.8 ng NHg/litre. Turnbull et al. (1954) reported a 48-h LG5 for
bluegill to be within the range 0.024 - 0.093 ng NH/litre; during
the exposure, they observed that the fish exhibited a | ack of
ability to avoid objects.

Reported 96-h LGCso val ues for channel catfish, Ictalurus
punctatus, ranged from1.5to 4.2 ng NHy/litre (Colt &
Tchobanogl ous, 1976; Roseboom & Ri chey, 1977; Reinbold &
Pescitel i, 1982d; Swigert & Spacie, 1983). Vaughn & Sinto (1977)
reported a 48-h LGso for channel catfish of 1.24 - 1.96 ny
NHs/ litre, and Knepp & Arkin (1973) reported 1-week LGCso val ues of
0.97 - 2.0 ng NHg/litre. The results of studies on bluegill,
channel catfish, and | argenouth bass (Roseboom & Ri chey, 1977)
showed that bluegill susceptibility was dependent on fish weight,
fish weighing 0.07 g being slightly nore sensitive than those
wei ghing 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 LGCs val ues of 0.90 and
1.07 ng NHg/litre for the orangethroat darter, Etheostonma
spectabile, and red shiner, Notropis lutrensis. Largenouth bass,

channel catfish, and bluegill were also exposed for 96 h to a
concentration of 0.21 ng NHs/litre resulting in zero nortality for
bl uegi |l and channel catfish and one death (6% anong the

| argenpbut h bass tested. A 96-h LGso value for wall eye,
Stizostedion vitreum of 0.85 ng/litre NH; was reported by
Rei nbol d & Pescitelli (1982a).

LCso values ranging from2.4 to 3.2 ng NHg/litre for
(NHy) 2C0O;, NH, A, NH;GHO,, and NH;OH, in 96-h exposures of
nosquitofish, Ganbusia affinis, in waters with suspended solids
ranging from< 25 to 1400 ng/litre were reported by Wallen et al.
(1957). Susceptibility of mosquito fish to amonia was studi ed by
Henens (1966) who reported a 17-h LGsoof 1.3 ng NH/litre; he al so
observed that male fish were nore susceptible than females. Rubin
& El maraghy (1976, 1977) tested guppy, Poecilia reticulata, fry
and reported 96-h LGso val ues averaging 1.50 ng NH/litre; mature
guppy nmales were nore tolerant, with 100% survival for 96 h at
concentrations of 0.17 - 1.58 ng NHg/litre. LGCso val ues (96-h) of
0.15 and 0.20 ng NHs/litre at pH 6.0, and of 0.52 and 2.13 ngy
NHy/ litre at pH 8.0, were reported by Stevenson (1977) for white
perch, Morone anericana. LGso values (96-h) of 1.20 and 1.62 ngy
NH/ litre for spotfin shiner, Notropis spilopterus, were reported
by Rosage et al. (1979), and of 1.20 ng NHs/litre for gol den
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shi ner, Notem gonus crysol eucas, by Baird et al. (1979). Swi gert
& Spacie (1983) reported 96-h LCso values of 0.72 ng NH/litre for
gol den shiner, 1.35 ng NHg/litre for spotfin shiner, 1.25 ny

NHs/ litre for steelcol our shiner, Notropis whipplei, and 1.72 ng
NHs/ litre for stoneroller, Canpostona anonal um

Jude (1973), Reinbold & Pescitelli (1982a), and M:Corm ck et
al. (1984) reported 96-h LG values ranging fromO0.6 to 2.1 ng
NHs/ litre for green sunfish, Lepoms cyanellus. |In studies on the
punpki nseed sunfish, Lepom s gi bbosus, by Jude (1973) and Thurston
(1981), 96-h LGso values ranged fromO0.14 to 0.86 ng NHs/litre.
Mottled sculpin, Cottus bairdi, were tested by Thurston & Russo
(1981), yielding a 96-h LGy value of 1.39 ng NHg/litre. An
asynptotic (6-day) LGso of 0.44 ng NHs/litre was determ ned for
rudd, Scardinius erythropthalnus (Ball, 1967).

Rao et al. (1975) reported a 96-h LG5 val ue for the conmon
carp, Cyprinus carpio, of 1.1 ng NHy/litre. Carp exposed to
0.24 ng NHs/litre exhibited no adverse effects in 18 h (Vanos
1963). However, exposure to 0.67 ng NHs/litre caused gaspi ng and
equi libriumdisturbance within 18 min, frenetic swinmng activity
at 25 min, then sinking to the tank bottomafter 60 nin; after
75 min, the fish were placed in anmoni a-free water and all revived.
Kenpi nska (1968) reported a | ethal concentration of 7.5 ng
NHs/ litre for carp. Studies on the acute exposure of bitterling,
Rhodeus sericeus, and carp to anmoni um sul fate reveal ed mi ni num
| ethal concentrations of 0.76 ng NHs/litre for bitterling and
1.4 mg NHs/litre for carp (Mal acea, 1966). Nehring (1963) reported
survival tinmes for carp at concentrations of 9.7 and 2.1 ny
NHs/ litre of 2.4 and 6.0 h, respectively. The survival tinme for
tench, Tinca tinca, was reported to be 20 - 24 h at 2.5 ny
NHs/ litre by Danecker (1964). In a 24-h exposure of creek chub,
Senotil us atromacul atus, to amoni um hydroxi de sol ution, the
"“critical range" below which all test fish lived and above which
all died was reported to be 0.26 - 1.2 ng NHe/litre (Gllette et
al., 1952).

In static exposures lasting 9 - 24 h, with a gradual increase
in NH; content, nortalities occurred in oscar, Astronutus
ocel latus, at 0.50 ng NHg/litre (4% to 1.8 nmg/litre (100%
(Magal haes Bastos, 1954). Tests on oscar of two different sizes
showed no difference in susceptibility, inrelation to size. A
72-h LGsg value of 2.85 ng NHs/litre was reported by Redner &
Stickney (1979) for blue tilapia, Tilapia aurea.

6.4.2.1. Saltwater fish

Very few acute toxicity data are available for salt-water fish
species. Holland et al. (1960) reported the critical |evel for
chi nook sal non, Oncorhynchus tshawytscha, to be between 0.04 and
0.11 ng NHs/litre and for coho salnon to be 0.134 ng NHs/litre. A
static test with coho sal non provided a 48-h LGCso val ue of 0.50 ngy
NHy/ litre (Katz & Pierro, 1967). Atlantic salnmon snolts and
yearling rainbow trout exposed for 24 h in 50 and 75% sal t wat er
solutions exhibited simlar sensitivities to anmpbnia (United
Ki ngdom M ni stry of Technol ogy, 1963). Holt & Arnold (1983)
reported a 96-h LGso value of 0.47 ng NHs/litre for red drum
Sci aenops ocel latus. LGCso values (96-h) of 1.2 - 2.4 ng NH/litre

were reported by Venkataram ak et al. (1981) for striped mullet,
Mugi | caphalus, and 0.69 nmg NH/litre for planehead filefish,
Monacant hus hi spi dus.

6.4.3. Factors affecting acute toxicity
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A nunber of factors can affect the toxicity of ammonia for
aquatic organi sns. These include the effects of pH, tenperature,
di ssol ved oxygen concentration, previous acclimatization to
anmoni a, fluctuating or internittent exposures, carbon dioxide
concentration, salinity, and the presence of other toxicants.

Al nmost all studies of factors affecting ammonia toxicity have been
carried out using only acute exposures.

6.4.3.1. pH

The toxicity for fish of aqueous sol utions of amonia and
amoni um conpounds has been attributed to the non-ionized
(undi ssoci ated) ammoni a present in the solution. The earliest
reported thorough study of the pH dependence of ammonia toxicity
was that of Chipnman (1934), who concl uded from studi es on gol dfi sh,
anphi pods, and cl adocerans that anmmonia toxicity was a function of
pH and therefore of the concentration of undissociated amopnia in
the solution. Downing & Merkens (1955) tested rai nbow trout at
different concentrations of amonia at both pH 7 and pH 8. The
results were consi stent when ammoni a concentrati on was expressed as
NH;. Tabata (1962) conducted 24-h tests on the toxicity of ammonia
for Daphnia (species not specified) and guppy at different pH
val ues and calculated the relative toxicity of NHy/ NHs;+ to be 48
for Daphnia and 190 for guppy (i.e., NH;is 190 tines nore toxic
t han NH+) .

More recently, Robinson-WIson & Seim (1975) studied the
toxicity of ammonium chloride for juvenile coho salnmon in flow
t hrough bi oassays within the pHrange 7.0 - 8.5; the reported
96-h LGso for NH; was approximately 60%1less at pH 7.0 than at pH
8.5. The toxicity of ammoniumchloride for |arvae of prawn,

Macr obrachi um rosenbergii, was studied by Arnstrong et al. (1978)
in 6-day tests within the pHrange 6.8 - 8.3 with test solutions
bei ng renewed every 24 h. The 96-h LGy for NH at pH 6.83 was
approximately 70% | ess than that at pH 8.34. It was concl uded that
the toxicity of ammonia was not due solely to the NH; nol ecul e and
that in solutions of different pH, but equal NH; concentrations,
survival was greatly reduced as NH;+ | evel s increased. Tomasso et
al. (1980) studied the toxicity of ammonia (NH;) for channel
catfish at pH values of 7, 8, and 9 and reported that 24-h LG
val ues were significantly higher at pH 8 than at pH 7 or pH 9.

Thurston et al. (1981c) tested the toxicity of ammonia for
rai nbow trout and fathead m nnows in 96-h fl owthrough tests at
different pHlevels within the range 6.5 - 9.0. Results showed
that the toxicity of amonia, in ternms of NH;, increased at |ower
pH val ues, and could al so increase at higher pH values. It was
concl uded that NH;+ exerts some neasure of toxicity, and/or that
i ncreased H concentration increases the toxicity of NHs. Acute
(96-h) exposures of green sunfish and snall mouth bass at 4
different pH levels over the range 6.5 - 8.7 showed that, for both
species, NHztoxicity increased markedly with a decrease in pH
with LGso values at the |owest 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 pH (8.7) tested (McCormick et al., 1984; Broderius
et al., in press).

It is concluded that NHkis nore toxic for fish at | ower pH
val ues than within the pHrange 7 - 9; the toxicity of NH; may
i ncrease agai n above this range.

6.4.3.2. Tenperature
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Information in the literature on the effects of tenperature on
amoni a toxicity is varied. The concentration of NH;increases
with increasing tenperature. Several researchers have reported an
effect of tenperature on the toxicity of the non-ionized amoni a
speci es, independent of the effect of tenperature on the aqueous
ammoni a equi l i brium

McCay & Vars (1931) reported that it took three tines as |ong
for the brown bull head, |Ictalurus nebul osus, to succunb to the
toxicity of ammonia in water at 10 - 13 °Cthan at 26 °C. The pH
of the tested water was not reported but with the probable range
tested (pH 7 - 8), the percent NH; at the higher test tenperature
woul d have been approximately three tines that at the nean | ower
tenperature. The toxicity of ammonium chloride for gol dfish,
bl unt nose mi nnow, Pi mephal es notatus, and the straw col oured
m nnow or river shiner, Notropis blennius, was reported (Powers,
1920) to be greater at high tenperatures than at |ow, but no
consideration was given to the increase in the relative

concentration of NH; as the tenperature increased. Herbert (1962)
suggested that the effects of tenperature on the susceptibility of
rainbow trout to NHstoxicity was only slightly, if at all,

af fected by tenperature change. In studies on striped bass, Mrone
saxtilis, and stickleback, Gasterosteus acul eatus, Hazel et al.
(1971) found a slight difference in toxicity between 15° and 23 °C
in fresh water, with both fish species being slightly nore

resistant at the | ower tenperature.

However, there are other studies in which the toxicity of NHs
decreased with increasing tenmperature over the ranges studied. The
toxicity of NH; for rainbow trout has been reported to be much
higher at 5 °C than at 18 °C (United Kingdom M ni stry of
Technol ogy, 1968). Brown (1968) reported that the 48-h LGCso for
rai nbow trout increased with increase in tenperature over the range
3 °C- 18 °C, the reported increase in tol erance between .12 °C -
-18 °C was considerably |l ess than that between .3 °C - .12 °C. A
rel ati onshi p between tenperature and 96-h LGCso was reported for
rai nbow trout over the tenperature range 12 °C - 19 °C with amoni a
toxicity decreasing with increasing tenperature (Thurston & Russo,
1983).

Thurston et al. (1983) reported that the acute toxicity of NH;
for fathead minnows decreased with a rise in tenperature over the
range 12 °C - 22 °C. Bluegill and fathead m nnow were tested at
| ow and high tenperatures 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). Al three species were nore
sensitive to NH; at the low tenperatures, with toxicity being 1.5 -
5 tines higher in the colder water. Bluegill appeared to be the

nost sensitive of the three species to the effects of |ow
tenmperature on ammonia toxicity. Colt & Tchobanogl ous (1976)
reported that the toxicity of NH; for channel catfish decreased
with increasing temperature over the range 22 °C - 30 °C. LGy

val ues for bluegill, channel catfish, and | argenouth bass at 28 °C
- 30 °C were approxinmately twi ce those at 22 °C (Roseboom & Ri chey,
1977). An effluent containing amonia as the principal toxic
conponent showed a marked decrease in toxicity for channel catfish
over the tenperature range 4.6 °C - 21.3 °C (Cary, 1976).

Lloyd & Or (1969) investigated the effects of tenperature
(range 10 - 20 °C) on urine flowrates in rainbow trout exposed to
0.30 ng NHs/litre, and did not find any apparent tenperature effect
on the total diuretic response of the fish, though the relative
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increase in urine production was |ess at higher tenperatures. From

a study of the behavioural response of bluegill to gradients of
amoni um chl oride, it was hypothesized that |ow tenperatures
i ncreased the sensitivity of the bluegill and interfered with the

ability, either to detect anmonia after a certain period of
exposure, or, to conpensate behaviourally for physiological stress
caused by ammoni a gradi ents (Lubinski, 1979; Lubinski et al.

1980) .

The European |Inland Fisheries Advisory Conmi ssion (1970)
has stated that, at tenperatures below 5 °C, the toxic effects of
non-ioni zed anmoni a may be greater than at above 5 °C, though the
basis for this is not clearly docunented. The evidence that
tenperature, independent of its role in the aqueous anmoni a
equilibrium affects the toxicity of NH; for fish argues for
further consideration of the tenperature/amonia toxicity
rel ati onshi p.

6.4.3.3. Salinity

Herbert & Shurben (1965) reported that the resistance of
yearling rainbow trout to ammoni um chloride increased with
increasing salinity up to levels of 30 - 40% sea water; above this
| evel , resistance appeared to decrease. Fingerling coho sal non
were tested at salinity levels of 20 - 30 parts per thousand (57 -
86% salt water), and it was found that the toxicity of an ammoni a-
amoni um wast e i ncreased as salinity increased (Katz & Pierro,
1967). These findings are in agreenent, at the levels tested, with
those of Herbert & Shurben (1965). Atlantic sal nbon were exposed to
amoni um chl ori de solutions for 24 h under both fresh-water and 30%
salt-water conditions; LGCso values were 0.15 and 0.3 ng NHs/litre,
respectively, in the 2 different waters (Al abaster et al., 1979).
Harader & Allen (1983) reported that the resistance to amonia of
chi nook sal non parr increased by about 500% as salinity increased
to al nost 30% sea water, but declined as salinity increased beyond
t hat.

There is a slight decrease in the NH; fraction of total ammonia
as ionic strength increases in dilute saline solutions, but the
relative changes in NH3toxicity, as salinity increases, are nore
directly attributable to changes in the rate of exchange of NH; and
NH;+ across the fish gill nenbranes.

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
oxygen-carrying capacity foll owi ng ammoni a exposure (Brockway,
1950; Danecker, 1964; Rei chenback-Klinke, 1967; Korting, 1969a, b;
Wal uga & Flis, 1971). Hypoxia would further exacerbate problens of
oxygen delivery and could lead to the early denise of the fish

Vanos & Tasnadi (1967) observed deaths of carp in ponds at
amoni a concentrations | ower than would normally be lethal, and
attributed this to periodic | ow concentrations of oxygen. On the
basis of research in warmwater (20 °C - 22 °C) fish ponds, Seles
& Vanos (1976) projected a "lethal line", relating acute ammonia
toxicity and dissol ved oxygen, bel ow which carp died. The line ran
between 0.2 ng NH/litre at 5 ng dissol ved oxygen/litre and 1.2 ng
NH/ litre at 10 ng di ssol ved oxygen/litre. Thurston et al. (1983)
conpared the acute toxicity of ammonia for fathead nmi nnows at
reduced and normal dissol ved oxygen concentrations; seven 96-h
tests were conducted within the range 2.6 - 4.9 ng dissol ved
oxygen/ litre, and 3 between 8.7 and 8.9 ng/litre. There was a
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slight positive trend between 96-h LG5 val ues and di ssol ved

oxygen, though it was not shown to be statistically significant.
Atlantic salnmon snolts were tested in both fresh water and 30% salt
water at 9.6 - 9.5 and 3.5 - 3.1 ng dissolved oxygen/litre. The
reported 24-h LGCso val ues at the higher oxygen concentrations were
about twi ce those at the |ower (Al abaster et al., 1979).

Several studies have been reported on rainbow trout. Allan
(1955) reported that below 0.12 ng NHs/litre and at about 30%
oxygen saturation, the nmedian survival tinme was greater than 24 h
but at the same concentration with oxygen saturation bel ow 30% the
medi an survival tine was less than 24 h. In studies by Downing &
Mer kens (1955), fingerling rainbow trout were tested at 3 different
concentrations of NHzat 5 different |evels of dissolved oxygen
In tests lasting up to 17 h, decreasing the oxygen level from8.5
to 1.5 ng/litre shortened the period of survival at all ammonia
concentrations, and a decrease in survival time produced by a given
decrease in oxygen was greatest at the | owest concentration of NHs.
Mer kens & Downi ng (1957), in tests lasting up to 13 days, also
reported that the effects of | ow concentrations of dissolved oxygen
on the survival of rainbow trout were nore pronounced at | ow
concentrations of NH;. Ammonia (NH) was found to be up to 2.5
times nore toxic when the dissolved oxygen concentrati on was
reduced from 100 to about 40% saturation (Lloyd, 1961). It was
reported by Danecker (1964) that the toxicity of ammonia increased
rapi dly when the oxygen concentration decreased bel ow two-thirds of
the saturation value. Thurston et al. (1981b) conducted 15, 96-h
acute toxicity tests on rai nbow trout over the dissolved oxygen
range 2.6 - 8.6 ng/litre. A positive linear correlation between
96-h LGso and di ssol ved oxygen was reported over the entire range
t est ed.

When rai nbow trout were treated in a channel receiving sewage
di scharge containing 0.05 - 0.06 ng NHs/litre, it was found that,
at 25 - 35%di ssol ved oxygen saturation, nore than 50% of the fish
died within 24 h, conpared with 50% nortality of test fish in the
| aboratory, at 15% di ssol ved oxygen saturation (Herbert, 1956).
The difference was attributed to unfavourable water conditions
bel ow t he sewage outfl ow, including amonia, which increased the
sensitivity of the fish to the lack of oxygen

6.4.3.5. Carbon dioxide

An increase in carbon dioxide (C3) concentrations up to
30 ng/litre decreased total ammonia toxicity (Al abaster & Herbert,
1954; Allan et al., 1958). Carbon di oxi de causes a decrease in pH
t hereby decreasing the proportion of non-ionized anmonia in
solution. However, Lloyd & Herbert (1960) found that, though total
amoni a toxicity was reduced at el evated CO, | evel s, the inverse
was true when considering non-ionized ammoni a al one; nore NH; was
required in low CO, high pHwater to exert the toxic effect seen
in fish in high CO, low pH water. The explanation presented by
Ll oyd & Herbert (1960) for the decreased toxicity of NHzin [ ow CG,
wat er was that CO, excretion across the gills would reduce the pH
and, therefore, the NH3 concentration, in water flow ng over the

gills. A basic flawin this hypothesis has been di scussed by
Broderius et al. (1977). Carbon dioxide will only form protons
very slowy in water at the tested tenperature. The uncatal ysed
CO;, hydration reaction has a half-tinme of seconds or even mn
(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 nore

Page 60 of 153



Ammonia (EHC 54, 1986)

than a few seconds, and at the surface of a gill lanella for about
0.5 - 1 second (Randall, 1970; Cameron, 1979). Thus, the
liberation of CO, across the gills will have little, if any, effect

on water pH or NH; |l evel s and the NH; gradient across the gills
bet ween wat er and bl ood.

6.4.3.6. Prior acclimtization to ammpni a

The question of whether fishes can acquire an increased
tol erance to amoni a by acclimatization to | ow anmoni a
concentrations is an inportant one. |If fish were able to devel op
such tol erance, they mght be able to survive what woul d ot herw se
be | ethal anmmonia concentrations.

onservations by McCay & Vars (1931) indicated that brown
bul | heads subjected to several successive exposures to ammoni a,
alternating with recovery in fresh water, did not acquire
tol erance. However, a nunber of research workers have reported
that previous exposure of fish to | ow concentrations of ammonia
i ncreases their resistance to |lethal concentrations. Vanos (1963)
reported that carp exposed to 0.67 or 0.52 ng NHs/litre for 75 mn,
then transferred to fresh water for 12 h, followed by a solution
containing 0.7 nmg NHs/litre, exhibited synptonms of ammpnia toxicity
in 60 - 85 mn, whereas control fish, exposed initially to
0.7 ng/litre NH;, devel oped synptonms within 20 min. Blue tilapia
acclimatized for 35 days to 0.52 - 0.64 ng NHy/litre subsequently
survived 48 h at 4.1 ng/litre, conpared with the 48-h value for
unacclimatized fish of 2.9 ng/litre (Redner & Stickney, 1979).
Mal acea (1968) studied the effects on bitterling of acclimatization
to amoni um sul fate solutions. A group of 10 fish was held in an
acclimatization solution of 0.26 ng NHg/litre for 94 h, after which
the fish were exposed to a 5.1 ng NHs/litre solution for 240 mn.
A control group of 10 bitterling received identical treatnent,
except that the acclimatization aquariumdid not contain added
(NH) ,SO4. The ratio of the nean survival tines of "adapted" to
"unadapt ed" fish was 1:13, indicating a slightly higher amonia
tol erance for the adapted fish

Schul ze- W ehenbrauck (1976) subjected 2 groups of rainbow trout
(mean weights 56 g and 110 g) that had been held for at |least 3
weeks at subl et hal ammoni a concentrations, to | ethal ammonia
concentrations. 1In the study on the 110-g fish, the
acclimatization concentrations were 0.007, 0.131, and 0.167 ny
NHs/ litre. The fish were then subjected for 8.5 h to
concentrations of 0.45, 0.42 and 0.47 ng NHs/litre, respectively.
Fish fromthe 2 higher sublethal concentrations showed 100%
survival after 8.5 h in the 0.42 and 0.47 ng NHs/litre solutions,
whereas fish fromthe 0.007 ng NHs/litre concentrati on showed only
50% survival in 0.45 nmg NHy/litre. In the study on the 56-g fish

the acclimatization concentrations were 0.004 ng NHy/litre and
0.159 ng NHg/litre; these fish were placed for 10.25 h in NH;
concentrations of 0.515 and 0.523 ng/litre, respectively. There
was 100% survival in the acclimatized fish, and 85% survival in the
fish acclimatized to 0.004 ng/litre. The results of these studies
showed an increase in resistance of trout to high ammonia |evels
after prior exposure to sublethal amonia | evels.

Al abaster et al. (1979) determ ned 24-h LGCso val ues of NH; for
Atlantic sal non snolts under reduced dissol ved oxygen test
conditions. Fish acclimatized to anmmoni a before oxygen reduction
had LGsy val ues 38% and 79% hi gher than fish w thout prior anmonia
acclimatization.
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In studies by Brown et al. (1969), rainbow trout were tested by
nmovi ng back and forth between tanks in which the ammoni a
concentrations were 0.5 and 2.5 tinmes a previously determ ned 48-h
LGCso value. If fish were transferred on an hourly basis, the
nmedi an period of survival for the fluctuating exposure was reported
to be the same as that for constant exposure (> 700 min). Wen
the fish were transferred at 2-h intervals, the nedian surviva
time for the fluctuating exposure was reported to be | ess (370
mn), indicating that the toxic effects fromexposure to the
fluctuating concentrati ons of amobnia were greater than those from
exposure to the constant concentration. Thurston et al. (1981a)
conducted acute toxicity tests in which rai nbow trout and cutthroat
trout were exposed to short-termcyclical fluctuations of ammoni a.
Conpani on tests were conducted in which test fish were subjected to
ammoni a at constant concentrations. The LGy val ues for both
average and peak concentrations of anmonia for the fluctuating
concentration tests were conpared with the LG5 val ues for the
constant concentration tests. Comparison of total exposures showed
that fish were nore tolerant to constant, than to fluctuating
concentrations of ammonia. Fish subjected to fluctuating
concentrations of ammonia at |evels bel ow those acutely toxic were
better able to w thstand subsequent exposure to high fluctuating
concentrations than unacclimtized fish. There is reasonable
evidence that fish with a history of prior exposure to subletha
concentrations of ammonia are better able to withstand an acutely
| ethal concentration for a period of hours and possibly days.
Limted data on fluctuating exposures indicate that fish are nore
susceptible to fluctuating than to constant exposure with the sane
average NH; concentrations.

6.4.4. Fish: chronic toxicity

"Full -chronic" tests cover the entire life cycle of the test
ani mal, beginning at a given stage of devel opnment of one generation
(frequently as the fertilized egg) and continuing through to this
sanme stage in the next generation. Common end-points for neasuring
toxicity are survival, growth, and reproductive success, though
recent research on anmnia toxicity for fish has denonstrated the
desirability of also conducting histol ogi cal exam nations.

"Partial -chronic" tests on fish nost frequently cover a period
of 30 days or longer, fromthe egg incubation stage to the free-
swi mmi ng stage; for many toxins it has been denonstrated that
these stages are the nobst sensitive. However, in the case of
anmoni a it has been denopnstrated that ol der, mature rai nbow trout,

Sal no gairdneri, are potentially as susceptible to the effects of
amoni a as new y-hatched | arvae.

Long-term amoni a exposure of fishes, including conplete life-
cycle tests on rainbow trout and fathead ninnows w th several end-
points, including effects on spawni ng and egg i ncubati on, grow h,
survival and tissues, have been studied. The effects of prol onged
exposure to amonia (up to 61 days) on the early life stages of of
pi nk sal mon were studied by Rice & Bailey (1980). Three series of
exposures were carried out, beginning at selected tinmes after
hat ching. These were for 21 days prior to conpletion of yolk
absorption, for 40 days up to 21 days before yol k absorption, and
for 61 days up to yolk absorption. Al test fish were sanpled for
size when the controls had conpl eted yol k absorption. Test
concentrations ranged fromzero up to 0.004 ng NHs/litre. For fry
at the highest concentration of 0.004 ng NHs/litre, significant
decreases in weight were observed in all 3 exposed groups. At a
concentration of 0.0024 ng NHs/litre, the groups of fry exposed for
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40 and 61 days were significantly snmaller, whereas a concentration
of 0.0012 ng/litre had no significant effect on growth. Effects
were consistently nore marked for the 61-day-exposed fish

In a 3-generation, 5-year |aboratory study, rainbow trout
exposed for 5 nonths to concentrations of anmonia ranging from?O0.01
to 0.07 ng NHs/litre, spawned of their own volition. There was no
correl ati on between amoni a concentration and nunbers of egg lots
spawned, total nunbers of eggs produced, or nunbers of eggs
subsequently hatched. Parental fish were exposed for 11 nonths,
the first filial generation (F,) for 4 years, and the second fili al
generation (F;) for 5 nonths. Pathol ogical |esions were observed in
bot h parental and F; fish, when anmoni a concentrations reached and
exceeded 0.04 ng NHg/litre. Measurenments of bl ood-ammoni a
concentrations in 4-year-old F; fish showed an increase when test
wat er concentrations reached or exceeded 0.04 ng NHs/litre. The F;
fish exposed for 52 nonths from day of hatchi ng showed no
rel ati onship between growth and concentration at 10, 15, 21, and 52
nonths (Thurston et al., 1984b).

Burkhal ter & Kaya (1977) tested ammoni a at concentrations
ranging fromO0.06 to 0.45 ng/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 mai ntained for 42 days. No concentration response was seen in
egg nortality or incubation tine in either test. Retardation in
early growh and devel opnent occurred at 0.06 ng NHs/litre, the
| owest concentration tested. Fish exposed to 0.12 ng NHs/litre
required 1 week |longer than the controls to achieve a free-sw nm ng
state; fish at 0.34 and 0.45 ng NH/litre did not achieve a free-
swiming state during a 42-day test period. A 21-day LGCs val ue of
0.30 ng NHs/litre was obtained. For sac fry exposed for 42 days

after hatching, hypertrophy of secondary gill |anellae epithelium
occurred at 0.23 nmg NHg/litre, and karyolysis and karyorrhexis in
the secondary gill lanellae were observed after 28 days at 0.34 ny

NHz/ litre and higher.

Calamari et al. (1977, 1981) exposed rainbow trout to
amoni um chl ori de solutions for 71 days, beginning 1 day after
fertilization and ending when fry had been feeding for 30 days.

A 72-day LGso of 0.056 nmg NHs/litre was cal cul ated; 23%nortality
occurred at a concentration of 0.025 ng/litre. Exam nation of 986
rai nbow trout enmbryos at the hatching stage after exposure to
concentrations of 0.010 - 0.193 ng NH/litre for 24 days showed

an increase in gross nmalformations with increasing anmoni a
concentration. The defornities observed were various degrees

of curvature fromthe nedi an body axis, and various kinds of

mal formations in the head region with a nunber of cases of double
heads. At the highest concentration tested, 0.193 ng NH/litre,
60% of the observed fish were mal forned. M croscopic exam nation
at hatching, of 128 | arvae fromthe sane exposure showed
abnormalities of the epiderm s and pronephros, which were
correlated with anmoni a concentrations. The epiderm s was
thickened with an irregul ar arrangenent of the various |ayers of
cells and an increase in the nunber and di mensi ons of mucous cells.
The pronephros showed wi despread vacuolization of the tubule cells,
together with a thickening of the wall. |Increasing abnornalities
were observed after exposure to concentrations exceeding 0.025 ng
NHs/ litre for the epidermis and 0.063 ng/litre for the pronephros.

Four 4-week-old rainbow trout fry were exposed for 30 days to
concentrations of amonia (reported graphically) ranging from
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-0.06 to 0.31 ng NHg/litre. Gowth rate at .0.06 ng NHs/litre was
comparable with that of controls, but, above -0.10 ng NHs/litre,
growth rate decreased, in correlation with increased NH;
concentration. Survival at 0.32 ng NHy/litre was 70% of that of
the controls (Broderius & Smth, 1979). Schul ze- W ehenbr auck
(1976) tested juvenile rainbow trout of different sizes, for
periods of time ranging from2 to 7 weeks, and at anmoni a
concentrations ranging fromO0.012 to 0.17 ng/litre. He concluded
that a concentration of 0.05 ng NHs/litre caused a slight decrease
in growh during the first 14-day interval in non-acclimatized
fish, but that the decrease was conpletely conpensated for in the
next growth interval. Exposure to 0.13 ng NHy/litre (apparently
for 3 or 4 weeks) did not affect growh, food consunption, or food
conver si on.

Young rai nbow trout were reared in 3 concentrations of amoni a
(averaging 0.006, 0.012, and 0.017 ng/litre) for a period of 1
year. At 4 nonths, there was no significant difference in fish
grow h at the 3 concentrations. At 11 nonths, there was a
difference with the fish at 0.012 and 0.017 ng NHs/litre, which
wei ghed 9% and 38% | ess, respectively, than the fish at 0.006 ng
NH3/ litre. M croscopic examnation of tissues fromfish exposed to
the hi ghest concentration, examned at 6, 9, and 12 nonths, showed
severe pat hol ogi cal changes in gill and liver tissues. Glls
showed extensive proliferation of the epithelium which resulted in

severe fusion of gill lanellae preventing normal respiration

Li vers showed reduced gl ycogen storage and scattered areas of dead
cells; these becane nore extensive with increase in exposure tine
(Smith, 1972; Smith & Piper, 1975).

Rai nbow trout were exposed for 3 nonths to concentrati ons of
0.069, 0.14, and 0.28 ng NHs/litre. The cunulative nortality of a
control group (0.005 nmg NHs/litre) was 2% cunulative nortality at
0.069 and 0.14 ng/litre was 5% and that at 0.28 ng/litre was -15%
(United Kingdom M nistry of Technol ogy, 1968). Rei chenbach-Klinke
(1967) performed a series of 1-week tests on 240 fish of 9 species
(including rai nbow trout, goldfish, northern pike, Esox |ucius,
carp, and tench) at concentrations of 0.1 - 0.4 ng NHs/litre.
Swelling of, and dim nution of the nunber of, red blood cells,

i nfl ammati on, and hyperpl asi a were observed. Irreversible blood
damage occurred in rainbow trout fry at concentrations above
0.27 ng NHs/litre. Low NH; concentrations also inhibited the
growt h of young trout and | essened their resistance to disease.

In rai nbow trout exposed to 0.30 to 0.36 ng NHs/litre, 81%
nortality occurred over the 36-day duration of the test, with nost
deat hs occurring between days 14 and 21. M croscopic exam nation
of the gills reveal ed sone thickening of the lanellar epithelium
and an increased nucous production. The npbst characteristic
feature was a | arge proportion of swollen, rounded secondary
lanel lae in which the pillar systemwas broken down and the
epi thel i um encl osed a di sorgani zed nass of pillar cells and
erythrocytes. G I1 hyperplasia was not a characteristic
observation (Smart, 1976).

In rai nbow trout exposed to < 0.0005 or 0.005 mg NHs/litre for
8 weeks, exam nation of the gill lanellae of fish fromthe | ower
concentrati on showed themto be |ong and sl ender with no
significant pathology. Fish exposed to 0.005 ng NHs/litre had
shorter and thicker gill lanellae w th bul bous ends, and sone
consolidation of lanellae was noticed. Many filanents showed a
definite hyperplasia of the epithelial |ayer, evidenced by an
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i ncrease in the nunber of cell nuclei (Fromm 1970).

Thurston et al. (1978) studied the toxicity of anmmonia for
cutthroat trout fry in tests that lasted up to 36 days. Results of
duplicate tests on 1-g fish showed 29- and 36-day LGCso val ues of
0.56 ng NHs/litre. Duplicate tests on 3-g fish provided 29-day
LGCso values of 0.37 and 0.34 ng NHs/litre, slightly | ess than those
of the 1-g fish. The heart, gastrointestinal tract, and thymus of
cutthroat trout fry exposed to 0.34 ng NHy/litre for 29 days were
conparable with those of control fish, but the gills and ki dneys
showed degenerative changes. The gills showed hypertrophy of
epi thelium sone necrosis of epithelial cells, and separation of
epi thelium due to oedena. The ki dneys had m|ld hydropic
degeneration and accurul ati on of hyaline droplets in the rena
tubul ar epithelium Reduced vacuol ati on was observed in livers.

Sanylin (1969) studied the effects of ammoni um carbonate on the
early stages of devel opment of Atlantic salnon. The first set of
studies, at 13 °C, lasted 53 days and was conducted within the
range 0.001 to > 6.6 ng NHs/litre beginning with the "forned
enbryo” stage. Accel erated hatching was observed with increasing
(NH;) ,CO; concentrations, but concentrations of > 0.16 ng
NHs/ litre were lethal for energing larvae within 12 - 36 h.

Because (NH,),CO; was used as the toxin, the pHin the test aquaria
increased from6.7 to 7.6 with increasing NH; concentration. G owth
i nhi bition was observed at 0.07 ng NHs/litre. Tissue changes were
observed in eyes, brains, fins, and bl ood of Atlantic sal non
enbryos and | arvae exposed to concentrations ranging fromO0. 16

to > 6.6 ng NHo/litre, with nore marked changes at hi gher ammoni a
concentrations. The effects observed included erosion of nenbranes
of the eyes and shedding of the crystalline lens, dilatation of

bl ood vessels in the liver and brain, accumul ation of blood in the
occipital region and in the intestines. Reaction to |light and
nmechani cal stinulation gradually disappeared with increased amoni a
concentration, and the heart rate slowed. Mrphol ogica

differences in devel opnent between experinmental and control |arvae
were observed fromthe tenth day of exposure, including a lag in
yol k resorption, decrease in growth of the skin fold, and
contraction of skin pignment cells causing the skin colour to becone
paler than it was after hatching. At concentrations up to 0.07 ng
NH/ litre, no significant norphol ogical differences were observed

A second series of studies, at 16.5 °C, was carried out in
the 0.001 - 0.32 mg NHs/litre concentration range, begi nning
with larval salmon (Sanylin 1969). Concentrations of > 0.21
ng/litre were lethal and caused weight loss in fry; 0.001 -
0.09 ng NHs/litre caused a decrease in weight gain, though there
were no differences in feeding activity, behaviour, or devel opnent
at these concentrations conpared with controls. Dissolved oxygen
concentrations in this second series of studies dropped as | ow as
3.5 ng/litre.

Burrows (1964) tested fingerling chinook salnon for 6 weeks in
out door water channels into which ammoni um hydroxi de was
introduced. Two studies were conducted, one at 6.1 °C and the
other at 13.9 °C, both at pH 7.8. The fish were then maintained in
fresh water for an additional 3 weeks. A recalculation of the
reported non-ionized amoni a concentrations, based on nore recent
aqueous ammoni a equilibriumtables, shows that the concentrations
at 6.1 °C were 0.003 - 0.006 ng NHs/litre and, at 13.9 °C, were
0.005 - 0.011 ng NHg/litre. At both tenperatures, and at al
amoni a concentrations, sonme fish showed excessive proliferation
and clubbing of the gill filaments. The proliferation was
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progressive for the first 4 weeks, after which no neasurabl e

i ncrease was observed. After 3 weeks in fresh water, exam nation
of fish exposed at 6.1 °C indicated that recovery fromthe
extensive proliferation had not taken place. In the study on | arger
fish at 13.9 °C, a nmarked recovery from hyperpl asia was noted after
the 3 weeks in fresh water. In the first study, the proliferated
areas had consolidated; in the second, they had not. It was

postul ated that continuous anmoni a exposure is a precursor of
bacterial gill disease.

Duplicate groups (90 fish each) of hatchery-reared coho sal non
were exposed for 91 days to "river-water" solutions of anmoni um
chloride at concentrations of 0.019 - 0.33 ng NHs/litre. Control
groups were reared at 0.002 ng/litre. Haenogl obin content and
haemat ocrit readings were slightly, but significantly, reduced in
fish exposed to the highest concentration tested, and there was
al so a greater percentage of immture erythrocytes. Bl ood-anmmoni a
and -urea concentrations were not significantly different after 91
days, regardless of the concentration of amonia to which the fish
were exposed (Buckley et al., 1979). Rankin (1979) exposed enbryos

of sockeye sal nbn, Oncorhynchus nerka, to ammonia fromfertilization

to hatching. Total enbryo lethality occurred at concentrations of
0.49 - 4.9 ng NHg/litre. The tines required to achieve 50%
nortality at these concentrations were 40 - 26 days. Mortality of
the enbryos exposed to 0.12 ng NHs/litre was 30% and tine to 50%
nortality was 66 days.

Two full life-cycle amopnia toxicity tests, each lasting
approximately 1 year, were conducted on fathead m nnows (Thurston
et al., in press). These tests began with newy hatched fry and

were continued through their growth, maturation and spawni ng

st ages; progeny were exposed from hatching through growth to 60
days of age. Wile no statistically-significant differences were
observed in survival, growh, egg production, and egg viability, at
concentrations up to 0.4 ng NHg/litre, effects were seen at 0.4 ny
NHs/ litre.

Ti ssues from fathead m nnows subjected to prolonged (up to 304
days) ammoni a exposure were examined (Smith, 1984). G owths, sone
massi ve, were observed on the heads of several fish exposed to
concentrations of 1.25 or 2.17 ng NHs/litre, and swol |l en darkened
areas were observed on the heads of several fish exposed to 0.639 -
1.07 ng NHg/litre. Thurston et al. (in press) also reported
| esions at concentrations bel ow those at which other effects were
observed. Brain |esions were comon at concentrations of 0.21 ngy
NHs/ litre and higher. Gossly and histologically, the severity of
the lesions, which varied frommld to severe, was positively
correlated with anmoni a concentration. The |esions appeared to be
of a cell type originating fromthe nmeninx prinativa covering the
brain. The hyperplastic tissue often conpletely surrounded the
brain but was not observed around the spinal cord.

An early life-stage test initiated at the blastula stage of
enbryogenesi s and extendi ng through 39 days post-hat chi ng was
conducted on green sunfish (McCornmick et al., 1984). Retardation
of growth was found in green sunfish exposed from enbryo through
juvenile life stages to concentrations of 0.489 ng NH/litre or
nore, but not at 0.219 ng NHs/litre. In a long-termtest on green
sunfish, Jude (1973) reported that, at |evels higher than 0.17 ng
NHs/ litre, mean fish weight increased less rapidly than that of the
controls on the 4 days follow ng the introduction of ammoni a.
Thereafter, fish exposed to 0.26 and 0.35 ng NHy/litre grew at an
increasing rate, while fish exposed to 0.68 and 0.64 ng NHy/litre
remai ned the sane for 12 days before increases in growh occurred.
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Four sinmultaneous early |ife-stage amobnia tests with
smal | mouth bass were carried out at 4 different pH levels, ranging
from6.6 to 8.7, in order to exani ne the effect of pH on chronic
amoni a toxicity. Exposure to ammoni um chloride sol uti ons began on
2- to 3-day old enbryos and | asted for 32 days. The end- point
observed was growth, and amonia was found to have a greater effect
on growh at lower pH levels than at high. Concentrations found to
retard growth ranged fromO0.056 ng/litre at pH 6.60, to 0.865
ng/litre at pH 8.68 (Broderius et al., in press).

In early life-stage tests (29 - 31 days' exposure) on channe
catfish and white sucker, no significant effects on percent hatch
or larval survival were observed for channel catfish exposed to
amoni um chl oride at concentrations as high as 0.583 ng NHs/litre
and for white sucker at concentrations as high as 0.239 ng
NHy/ litre. Significant retardati on of growth, however, occurred in
channel catfish at concentrations of 0.392 ng NHg/litre or nore and
in white sucker at 0.070 ng NHs/litre and higher. A delay in time
to swmup stage was al so observed for both species at el evated
(0.06 - 0.07 ng/litre) ammonia concentrations (Reinbold &
Pescitelli, 1982a).

In cultured channel catfish fingerlings, exposed for periods
of approximately 1 nonth to concentrations of 0.01 - 0.16 ngy
NHs/ litre, growmh at 0.01 and 0.07 ng NHs/litre was not
significantly different fromthat of control fish, but growth
retardation at 0.15 and 0.16 ng NHy/litre was statistically
significant (Robinette, 1976). Colt (1978) and Colt &
Tchobanogl ous (1978) reported retardation of growh of juvenile
channel catfish during a 31-day period of exposure to
concentrations ranging fromO0.058 to 1.2 ng NHy/litre. G owh
rate was reduced by 50% at 0.63 ng NHy/litre, and no growh
occurred at 1.2 ng NHs/litre.

6.5. WId and Donesticated Aninals

6.5.1. Widlife

Al t hough ammoni a has been known to be toxic for nearly a
century (Hahn et al., 1983), studies describing the toxicol ogica
effects of ammonia on wildlife are very linmted. Normally,
at nospheri ¢ ammoni a does not appear to be a problemfor wild
ani mal s, but concentrations of amonia could reach harnful |evels
in accidents during transport near forests and renote areas. NRC
(1979) has reported 2 types of observations in relation to this
topic: (a) the use of anhydrous ammonia to externinate wild birds
and mce in farmbuildings; and (b) the tolerance of bats to
at nospheri ¢ ammoni a.

The use of anhydrous anmmoni a has been recomended for
exterminating wild birds and nmice fromfarm buil di ngs by Day et al
(1965). The technique is sinple, econonical, and does not | eave
any harnful residue. The farmbuildings, after renoval of the
livestock, were sealed and treated with anhydrous ammoni a at 1600
my/ nt (2285 ppm) for 7 min and then reopened. Ammonia fumes were
fatal for the wild inhabitants, particularly for wild birds.

Wthin 0.5 h, dead starlings, sparrows, pigeons, and mce were
renmoved fromthe barns. Farmanimals were allowed to enter the
barns within 1 h of their reopening. According to |aboratory
studi es, the nouse appears to be nore sensitive than other ani nal
species such as the rat, rabbit, and guinea-pig. When mice were

exposed for 10 nmin to amonia at 6140 - 9060 ng/nt (8770 - 12 940
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ppn), death with convul sion began after 5 nmin of exposure, and over
50% of the mce died before the study was conpl eted. The surviving
ani mal s appeared to recover rapidly, but another 4% di ed between
the 6th and 10th days after exposure (Underwiters Laboratories,
1933).

Large col onies of Guano bats (Tadarida brasiliensis) frequently
i nhabit caves or other areas, producing |arge anounts of guano,
whi ch, on bacterial deconposition, results in a very high
concentration of anmonia in the atnosphere. Although hi gh amonia
concentrations, together with high relative hunidity in caves,
di scol oured the pelage of bats (Eads et al., 1955; Constanti ne,
1958; Mtchell, 1964), no other adverse physiol ogical effects were
observed in these mammal s. This apparent adaptation to inhaled
amoni a pronpted | aboratory studies relating to the physiol ogica
mechani sns i nvol ved in ammoni a tol erance in different species of
bats (Mtchell, 1963; Studier, 1966; Studier et al., 1967).

California | eaf-nosed bats (Macrotus californicus) can

tol erate exposure to 2100 ng/ nt (3000 ppm) for up to 9 h (Mtchell
1963).

Ammoni a toxicity at |lethal doses was nmanifested by corrosion
of the skin and rmucous nenbranes, pul nonary oedenmm, and distinct
vi sceral danmage. The bl ood-non-protein nitrogen in the exposed
bats was significantly el evated without any increase in urinary-
urea or -anmoni a.

Studier et al. (1967) studied the effects of increasing
concentrations of atnospheric amonia on amoni a tol erance and
netabolic rates in rats, mce, and 3 species of bat. Rats, mce
and 2 species of bat (Motis lucifugus and Eptesicus fuscus)
tended to show i ncreased oxygen utilization, when exposed to
i ncreased ammoni a | evels. However, the guano bat (Tadarida

brasiliensis) exhibited a | arge decrease in oxygen utilization
wi th increasi ng ammoni a concentration (i.e., 74% depression) when
exposed to air containing 4900 ng/nt (7000 ppn) of gaseous ammoni a.
Earlier, Studier (1966) had shown that ~35% of gaseous anmmoni a
filtered through the mucous linings in the respiratory passage in
guano bats, when they were exposed to 2100 ng/nt (3000 ppn) of
amoni a. There was no change in their normal bl ood pH during
exposures to high ammoni a concentrations. The animals, however,
exhal ed nmeasurabl e anobunts of ammoni a when transferred to norma
air.

6.5.2. Donesticated ani mal s

6.5.2.1. Oral exposure
(a) Rum nant s

The use of urea as a partial source of nitrogen in rum nant
nutritionis limted by its toxicity, which results fromits
nmet abol i smto amoni a.

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

Hogan (1961) exani ned the effects of pH on the absorption of
amoni a fromthe rumen in sheep. Wen an amoni a- cont ai ni ng buffer
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at pH 6.5 was placed in the runen, absorption increased with the
concentration gradient. At a pH of 4.5, however, the concentration
of ammonia in the rumen did not affect the absorption across the
epithelium The net |oss of anmoni a-nitrogen fromthe runmen at pH
6.5 was more than 3 tines the |oss at a pH of 4.5.

Addi tional support for the effect of pH on ammoni a absorption
across the rum nal epitheliumin sheep has been presented by
Bloonfield et al., (1962). As the pH of the rum nal contents
increased from6.21 to 6.45, no ammoni a was absorbed; however, as
the pH increased to 7.59, the absorption rate was 16 nmol/litre per
h. One sheep with a rumnal pHof 7.7 died of amonia toxicity
within 30 min. These data support the hypothesis that the non-

i oni zed ammoni a, which increases at higher pH, penetrates the lipid
| ayers of the rum nal epitheliumnmnore effectively than the charged
ammoni um i on (Coonbe et al., 1960).

Toxi ¢ signs becone apparent as the bl ood-ammoni a-nitrogen
increases to 10 ng/litre; tetanic spasnms occur between 10 and
20 ng/litre and are foll owed by death (Repp et al., 1955; MBarron
& Mclnnes, 1968; Kirkpatrick et al., 1972, 1973; Wbb et al.
1972). Wlson et al. (1968a) attributed the cause of death to the
cardiotoxic effects of amoni a produced fromthe 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 cardi ovascul ar col | apse, as the cause of death
i n sheep.

Certain aspects of the blood chem stry have been described for
sheep with urea poisoning (Kirkpatrick et al., 1973; Edjtehadi et
al., 1978). In general, during the initial stages of urea
toxicosis, an alkalosis is induced, followed by systeni c acidosis
due to hyperventilation prior to death (Edjtehadi et al., 1978).
In addition to increases in bl ood-amonia and bl ood-urea |evels,
there is a marked increase in the bl ood-glucose level, with no

change in ketone concentrations in the body (Singer & McCarty,
1971). The followi ng changes have been recorded at death: red-
cell count and haenogl obin concentration increased by 7.9% white-
cell count decreased by 27.5% and packed-cell volune increased by
11.4% Mean corpuscul ar vol unme, mean corpuscul ar haenogl obi n, and
nmean corpuscul ar haenogl obi n concentration were not substantially
changed (Kirkpatrick et al., 1973).

Pat hol ogi cal effects of amonia toxicity in sheep have been
described by Singer & McCarty (1971). The changes were simlar
when sheep received intrarumi nal injections of amoni um chl ori de,
ammni um sul fate, or a m xture of ammoni um chl ori de, carbonate,
phosphate, and sulfate. General passive hyperaem a and nunerous
pet echi al and ecchynotic haenorrhages in the nuscul ature, heart,
thynus, and lungs were found. The lungs were di stended and
severely congested. On microscopi c exam nation, the pul nobnary
| esi ons included severe hyperaem a, haenorrhage, alveol ar oedens,
and al veol ar enphysena. In the thynus, there was degeneration and
necrosis of Hassall's corpuscles and centril obul ar haenorrhages.
Lesions in kidneys included severe generalized cl oudy swellings and
multiple foci of early coagul ative necrosis of the proxinm
convol uted tubul es, general hyperaenia of the glonmerular tufts, and
degeneration of the glonerular tuft cells.

In Marschang & Crainiceanu's (1971) study on the effects of
ammonia in the air of calf stables, amoni a concentrations

reportedly ranged from0.7 to 140 ng/n? (1 - 200 ppnm). During
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these periods of high amonia concentration, high nortality rates
wer e observed anong the cal ves. The authors suggested that the
hi gh ammoni a cont ent weakened the resistance of the aninals and
thus created conditions for the devel opnent of secondary
infections. Deaths were mainly caused by respiratory di seases.
Aut opsy indicated various types of change in the lungs, chiefly

i nfl ammati on.

Ai r-ammoni a concentrations in 3 cattle-fattening facilities in
Rormani a were measured by Marschang & Petre (1971), who found
concentrations ranging from2 to 1400 ng/nt (3 - 2000 ppmn).
Morbidity (mainly fromrespiratory disease) and nortality rates
i ncreased with ammoni a concentrations in the stalls and decreased
as sonme of the toxic gas |evels decreased to admi ssible
concentrations. The authors suggested that amonia is the nost
i mportant environmental factor in producing disease in cattle-
fattening stalls. They did not refer to the growh rate of the
cattle; however, in an additional report, Mirschang (1972) observed
a narked decrease in the growh rate of fattening cattle, when the
amoni a content of the stable was high

(b) Monogastric ani mal s

Monogastric animals are considered relatively tolerant to
dietary urea, since they lack the large anobunts of bacterial urease
present in the runen of rum nants. Horses may frequently consune
cattle rations that contain urea or other non-protein-nitrogen
sour ces.

Hntz et al. (1970) found that the urease activity in the
caecal fluid fromponies was 17 - 25% of that reported for bovine
rumen 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 amonia toxicity, 3 - 12 h
after treatnment. dCinical signs of toxicosis were characteristic
of severe central nervous system derangenent. These signs were
simlar to those previously reported for rum nants, with the
exception of head pressing against a fixed object prior to | oss of
coordi nation. No significant gross |esions were observed on
necropsy. Bl ood-ammonia increased linearly until death. Bl ood-
al pha-keto-glutarate decreased initially, reached mninal val ues
at about 30 min and then increased to 3 tines the zero tinme val ue.
Bl ood- gl ucose remai ned constant for the first 2.5 h and then
increased to about 3 tines the initial value. Bl ood-pyruvate
decreased during the first 3.5 h and then increased to 10 tines
the initial values.

6.5.2.2. Inhalation exposure
(a) Swi ne

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

(b) Poul try

As di scussed previously, poultry are exposed to ammonia in the
at nosphere of poultry houses; this ammonia is released fromthe
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
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facilities.

Anderson et al. (1964a) reported that chickens exposed
continuously to ammonia at 14 ng/ n® (20 ppm) showed sone signs
of disconfort, including rubbing of the eyes, slight |lachrymation
anorexia, and, later, weight |oss. Chickens exposed to anmoni a at
14 mg/ ¥ for as little as 72 h were nore susceptible to aeroso
infection with Newcastl e disease virus. &Goss and microscopic
damage to the respiratory tract could be detected after 6 weeks of
continuous exposure to ammonia at 14 mg/n¥. Val entine (1964)
reported tracheitis in chicks exposed to amonia at 42 - 49 ng/n?
(60 - 70 ppm. The breathing of the birds was audi bl e as noi st
rales with bubbling sounds. At post-nortem exani nation, some of
the birds had slight congestion of the lungs with excess mucous in
the respiratory tract. The nmucous nmenbranes of the trachea were
much thicker than in the control birds, and there was | eukocytic
infiltration of the tissue. 1t was suggested that this tracheitis
may predi spose the affected birds to respiratory diseases with the
added risks of secondary infections.

Charl es & Payne (1966a) reported that exposure to atnospheric
anmonia at 70 ng/ n? (100 ppn) caused a reduction in carbon dioxide
production and depth of respiration and a 7 - 24% decrease in the
respiration rate of |aying hens. The authors al so observed that
broilers reared to 28 days of age in atnospheres containing high
concentrations of ammonia consunmed | ess food and grew nore slowy
t han unexposed chickens. Pullets reared in high-amonia
at nospheres matured up to 2 weeks later than pullets reared in
amoni a-free at nospher es.

Airsacculitis, one of many respiratory diseases in poultry, has
been associated with high amonia concentrations in poultry houses
(Ernst, 1968). High concentrations of dust were also noted during
peri ods of w nter confinenent, when hi gh anmoni a concentrations
wer e observed. The incidence and severity of air-sac lesions in
turkeys increased signficantly with high concentrations of dust
(0.6 - 1.0 mg/n? or 21 - 35 ng/ ) in the atnosphere. Flocks with
a high rate (47% or alowrate (2% of infection with Mcoplasm

nel eagridis were simlarly affected. No significant interaction
bet ween dust and armmoni a concentrations (up to 21 ng/n? or 30 ppm
with regard to effects on the devel opnent of air-sac |esions was
found. Mrtality rate and feed conversion were not significantly
af fected by exposure to dust and ammonia. There was consi derabl e
loss of cilia fromthe epitheliumof the tracheal |unen and an

i ncrease in mucous-secreting goblet cells in turkeys exposed to
hi gh concentrations of dust and ammonia. Areas of consolidation
and inflammation were frequently observed in the |ungs of these
turkeys. The air-sac lesions ranged frommld (Iynphocytic
infiltration) to severe (masses of gaseous naterial).

Airsacculitis has al so been experinentally induced in chickens
exposed to atnospheric anmmoni a and the stress of infectious
bronchitis vaccination (Kling & Quarles, 1974). Eighty Leghorn
mal e chicks were maintained in 12 controll ed-environnent chanbers.
Amonia at 0, 17.5, or 35 nmg/nt (0, 25, or 50 ppn) was introduced
into the chanbers fromthe 4th to 8th weeks of age. An infectious
bronchitis vaccination was adm nistered 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
wei ghts, haematocrits, and air-sac scores were determ ned. Body
wei ghts and feed efficiencies were significantly reduced in the
ammoni a chanbers. The bursae of Fabricius in the amoni a-stressed
chi ckens were significantly larger than those of controls at 5
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weeks of age and significantly snmaller at 8 weeks of age. Chickens
grown in ammoni ated environnents had significantly larger lungs at
8 weeks. Haemmtocrits were not significantly different anong
treatments. Total air-sac scores were significantly higher in the
anmoni a- stressed chickens at 8 weeks. The results indicated that
chi ckens were stressed by the ammonia at 17.5 or 35 ng/n?, and by
the infective bronchitis vaccination. |In a simlar study (Quarles
& Kling, 1974), exposure of broiler chicks to 17.5 or 35 ng/n? (25
or 50 ppm} fromthe 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 chanbers
with amonia than in control chanbers

Tabl e 15. Acute inhalation effects of ammonia in sw ne

196 mg/ nt (280 ppm single frothing of the nouth and excessive
secretion; after 36 h, convul sions
occurred, and breathing was extrenely
short and irregular; the effects
ceased after a few h

7, 35, 70, or 105 mg/my® 5 weeks high concentrations (70 and 105 ng/ nt)

(10, 50, 100, or 150 ppm appeared to cause excessive nasal
| achrynmal , and nouth secretion after
3 - 4 days of exposure at 35 ng/nt,
the secretory rate was only slightly
hi gher than that in control aninals;
after 1 - 2 weeks of exposure, the
signs noted appeared to | essen
gradual l y; exam nation of respiratory
tract did not reveal any significant
gross- or mcroscopic differences
related to anmmoni a exposure

0, 35, 70, or 105 ng/n? 4 weeks decrease in pig growh was noted at

(0, 50, 100, or 105 ppm all concentrations; at 35 or 70 ng/nt,
pi gs converted feed to body wei ght
gain nore efficiently than either
controls or pigs exposed to 105 ny/ n¥;
an acute inflammatory reaction in the
tracheal epitheliumand a mld-to-
heavy exudate in the turbinate | unen
were observed at 70 and 105 ny/ n?,
only

0 and 70 ng/ nt (100 ppm 2 -6 conjunctival irritation after the

(1 - 7 weeks old) weeks first day which persisted for 1 week
0 + dust dust al one had no effect; histopatho-
(100 ppm + dust) | ogi cal changes were linited to the

nasal and tracheal epithelium there
was no evidence of structural danage
in the bronchial epitheliumor alveol

Charl es & Payne (1966b) studied the effects of graded
concentrations of atnobspheric ammoni a on the performance of |aying
hens. At 18 °C, amonia at 73.5 ng/nt (105 ppm significantly
reduced egg production, after 10 weeks of exposure. No effects
were observed on egg quality. Food intake was reduced and wei ght

St onb

Drum

Doi g
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gain was lower. No recovery in egg production occurred when the
treated groups were nmintained for an additional 12 weeks in an
amoni a-free atnosphere. Simlar results were observed at 28 °C,
under the sane conditions. Earlier work had indicated that egg
quality could be affected by anmoni a exposure (Cotterill &

Nor dskog, 1954). Freshly-laid eggs were exposed to various
concentrations of ammonia in a desiccator for 14 h at room
tenmperature and then noved to nornmal atnosphere for another 32 h at
50 °C, before exam nation. There was evidence of absorption of
anmmoni a into the eggs and significant inpairment of interior egg
quality, as measured by Haugh units, pH, and transm ssion of |ight.
The authors suggested that the quality of eggs left all day in hen
houses contai ning hi gh concentrations of anmoni a m ght be adversely
af f ect ed.

7. KINETICS AND METABCLI SM

Ammoni a, a by-product of protein and nucleic acid netabolism
and a mnor conmponent of the diet, is in a state of flux in the
body, though it is present in | ow steady-state concentrations in
body fluids. In animals, metabolically-produced amonia is
conjugated and excreted. Toxicity will only occur if these
conj ugation and excretion nechani sns are defective, or if they are
over whel med by excessive exposure.

7.1. Absorption

7.1.1. Respiratory tract

Egl e (1973) studied the retention, over a short period of tineg,
of inhaled ammonia in air at concentrations in the range 150 -
500 ng/ n? (214 - 714 ppm), in nongrel dogs of both sexes (7 - 37
per study). Retention was not materially affected by respiratory
rate, tidal volune, or concentration. Retention by the whole
respiratory tract averaged 78% but the conplexity of the dynamcs
of this retention is illustrated by the fact that when respiration
was via an endotracheal tube, linmting exposure to the | ower
respiratory tract, and when the upper respiratory tract (nuzzle 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 hi gher nean
retention of 89%

Schaerdel et al. (1983) exposed 4 groups of rats, 8 per group
to average ammoni a concentrations of 11, 23, 220, or 826 ny/nt
(15, 32, 310, or 1157 ppm) for 24 h. Ammonia in bl ood was neasured
at 0, 8, 12, and 24 h. At the 2 |owest concentrations, there was
no i ncrease in blood-anmmonia. However, after 8 h at 220 and
826 ng/ nt, significant increases of 0.192 and 0.244 mol (3.26 and
4.18 ng/litre) were noted. After 12 and 24 h, the increases were
not so marked, indicating an increase in anmmoni a netabolism

In a study by Silverman et al. (1949), 7 male volunteers were
exposed to 350 ng/n? (500 ppm) for 30 min. Initial anmonia
retention was not reported for all subjects, but, in one instance,
was around 75% Retention decreased progressively until at
equilibriumit was 23% (range 4 - 30%; equilibriumwas reached in
10 - 27 min. Sone irritation was noted in the nose and throat,
| eading to the suggestion that ammonia at this concentration was
primarily absorbed by the upper respiratory tract. Levels of
bl ood-urea-nitrogen (BUN), non-protein nitrogen, urinary-urea, and
urinary-ammoni a remai ned nornal .

I n anot her study (Kustov, 1967), exposure of human vol unteers
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to anmonia for a | onger duration (14 ng/n? (20 ppm) for 8 h) was
acconpani ed by a statistically-significant increase in BUN from
23.9 to 30 my%

An early study was conducted by Landahl & Herrmann (1950) on
the retention of gases by the human nose and lung. At ammoni a
concentrations of between 40 and 350 ng/n? (57 and 500 ppn) and a
mean mnute volunme of 6 - 7 litre/mn, for short durations (< 2
mn), they found that approximately 92% + 2% was retained in the
respiratory system (i.e., nouth, lungs, etc.) in 2 nale volunteers,
tested 4 tinmes. Differences in concentrations of ammonia di d not
affect retention values. |In a separate study, about 83% was
retained in the nasopharnyx at a flowrate of 18 litre/mn, but
only 63 - 71% was retained when the flowrate was tripled. These
data are consistent with, though sonewhat higher than, those
reported by Egle (1973) for exposure in dogs.

It should be noted that experinmental aninals kept in cages may
be exposed to relatively high concentrations of anmonia, even
exceedi ng 100 ng/nt, due to the degradation of urea in urine and
faeces (Flynn, 1968; Schaerdel et al., 1983).

Because amonia is very water soluble, and thus absorbed by the
nmucous coating in the upper respiratory tract, the lungs are
protected fromthe effects of exposure to | ow concentrations of
amoni a (Haggard, 1924; Boyd et al., 1944). At the levels of
anmoni a associated with ambient air (i.e., 1 - 200 pg/nt), very
little, if any, is absorbed through the Iungs.

I f a person breathes an ammoni a concentration in air of
18 ng/ n? (a common occupational exposure limit) at 1 nm¥/h and,
if all the ammmonia is retained, then 18/60 = 0.3 ng amonia/nin
woul d require to be cleared by hepatic blood flow (say 1
litre/mn). The rise in system c bl ood-amoni a woul d be cal cul at ed
at 0.3 ng/litre or 0.018 nml. |If the nmore realistic assunption of
30% retention were used, the corresponding increase in blood-
anmoni a concentration would be 0.09 ng/litre, about pnol. An
arterial fasting amoni a concentration of 1.05 ng/litre has been
reported in healthy subjects (Conn, 1972), so the calculated rise
is only 10% over fasting | evels.

7.1.2. Gastrointestinal tract

Ammonia is a trace conpound in foods. Ammonia that is absorbed
fromthe intestinal tract arises primarily fromthe bacteria
degradation in the intestine of am no and nucleic acids from
i ngested food, endogenous epithelial debris, and nmucosal cel
[ umi nal secretions, or fromthe hydrolysis of urea diffusing from
the systemic circulation into the intestinal tract. The estinated
amoni a production fromvarious substrates in the human intestines
ranges from 10 ng/day in the duodenumto 3080 ng/day in the col on
and faecal contents. Nearly all the ammnia fornmed is absorbed
(about 99% or 4000 ng). In healthy individuals, absorbed amoni a
is mainly catabolized rapidly in the liver to urea; therefore,
relatively small anpbunts reach the systemc circulation after
absorption fromthe gastrointestinal tract as a consequence of this
"first pass effect" (Sunmmerskill & Wl pert, 1970).

Castell & Moore (1971) have shown that ammoni a uptake fromthe
human col on, the major site of ammoni a production, increases with
i ncreased pH of the lumnal contents. A sinilar effect of pH has
been shown for the absorption of ammnia fromthe runmen of sheep
(Hogan, 1961; Bloonfield et al., 1962). Since an increase in pH
i ncreases the proportion of non-ionized anmoni a, the authors
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concl uded that sinple non-ionic diffusion was responsible for the
majority of ammonia transport. Evidence also exists for the active
transport of the ammoniumion fromthe intestinal tract. Castell &
Moore (1971) showed that anmonia transport by the human col on

t hough greatly dimnished, still occurred when the |uminal pH was
reduced to 5, at which val ue non-ionized anmonia would be virtually
absent. Mbdssberg & Ross (1967) and Mdssberg (1967) studied the
absorption of ammonia fromisolated intestinal |oops of the golden
hanster and found that the ileal novenment of ammoni a agai nst a
concentration gradient was inhibited by cyani de, dinitrophenol, and
anaerobi osis. This suggested that an energy-dependent transport
system was operable in the ileum where anmoni a was absor bed
preferentially, but not in the jejunum

Menbrane transport of the ammoniumion by the human erythrocyte
has been denonstrated (Post & Jolly, 1957).

7.1.3. Skin and eye

Ammonia is highly nmobile in all tissues and the amoniumion
readily penetrates the corneal epithelium Wthin 5 seconds,
traces are present in the anterior chanber of the eye (Siegrist,
1920). However, systenic and intra-ocul ar absorption by these
routes are not quantitatively inportant.

7.2. Distribution

The amonia normally present in all tissues in the body
constitutes a dynam c pool throughout which absorbed ammonia is
distributed. The distribution of total anmmoni a between body
conmpartments is strongly influenced by pH  The non-ionized NH;is
freely diffusible, whereas NHs;+ is less diffusible and relatively
confined in conpartnents. The |ower the pH of a conpartnent, the
greater its total ammnia content (NRC, 1979).

The fate of absorbed ammpni a nol ecul es has been studied i n man,
by measurenent of blood constituents, and, in experinental aninals,

by following the distribution of N after the administration of
15NH; and conpounds.

7.2.1. Human studies

I n human beings, inhalation of anmonia (350 ng/ n¥; 500 ppm) for
30 min did not have any effect on bl ood-nitrogen levels (Silvernman
et al., 1949). |In another study, exposure of hunman subjects to
14 ng ammoni a/ n? (20 ppm), for a duration of 8 h, revealed a
statistically-significant increase in BUN (from23.9 to 30 ng%
(Kustov, 1967). However, this is unlikely to have represented the

nmet abol i ¢ conversi on of absorbed ammoni a, since the increase was
far greater than could have been accounted for by the quantity of
ammoni a i nhal ed.

Admi ni stration of 9 ng NH,A / kg body weight, orally, to 20
heal thy adult nmale and feral e vol unteers caused a transient
increase in amoni a concentrations in arterial blood in
approximately half of the subjects. Concentrations peaked (nean,
1.4 mg NHg/litre) at 15 min and returned to fasting | evels (nean
1.05 ng NHg/litre) by 30 min. However, in 50 nale patients with
cirrhosis of the liver, blood-amonia |evels increased from al ready
el evated fasting levels (mean, 1.56 ng NHs/litre) to much higher
peak concentrations (mean, 3.7 nmg NHy/litre) at 15 mn, foll owed by
a sl ow decrease reflecting inpaired hepatic urea synthesis. Bl ood-
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ammoni a | evel s, before and after adm nistration of anmoni um
chloride, were significantly higher anong cirrhotic patients with
portacaval anastonpbses than among patients |acking such shunts
(Conn, 1972).

7.2.2. Animal studies

The distribution, as well as the netabolic fate of anmoni a,
depends on the route of administration. After intestina
absorption, ammoniumions are primarily transformed by the liver
to urea, and subsequently excreted in the urine. In contrast,

i ntravenousl y-adm ni stered amoni um salts are nore avail abl e as
non-essential nitrogen for protein synthesis (Furst et al., 1969).
However, some orally-adm nistered ammoni a, has been found to be

i ncorporated into tissue proteins. Incorporation of °N was hi gher
in serumglobulins than in albumin after intravenous dosing wth
5N-anmoni um sal ts, but this order was reversed after ora

adm nistration (Furst et al., 1970). The anount incorporated into
protein by this route was greater, when protein intake was
restricted (Richards et al., 1968).

Duda & Handl er (1958) anal ysed the tissue of rats, 15 mn after
an intravenous injection of ®N-ammoniumlactate, and found that
its major netabolites, glutam ne, and urea, were quickly
di stributed throughout the body. The highest |evels of |abelled
urea (in pnmoles N/ g tissue) were found in the kidney (0.0217) and
[iver (0.0159), while |lesser anounts were found in the heart
(0.0086), spleen (0.0067), brain (0.0029), testes (0.0027), and
carcass (0.0070). The highest levels of |abelled glutanine (unoles
N/ g tissue) were found in the heart (0.086) and |liver (0.055) and
| esser anpbunts (0.005 to 0.032) in the brain, spleen, carcass,
ki dney, and testes.

Vitti et al. (1964) exanined the distribution of °N from
amoniumcitrate, adm nistered by different routes, into the
proteins of various tissues of hypophysectom zed rats. The |iver
ki dney, and spl een contained greater concentrations of !°N
incorporated into proteins than heart or nuscle fractions during
72 h following intragastric, intraperitoneal, and subcutaneous
admini stration of ®N-ammoniumcitrate. After the first 6 h
during which the intragastric route gave hi gher val ues, the

quantity of N incorporated into liver-protein was not
substantially affected by the route of adnministration. In nost of
the other tissues studied, however, !°N incorporation tended to be
| east by the intragastric route, followed, in increasing order, by
the intraperitoneal and subcutaneous routes. By the l[ast route,
nore | abel |l ed ammoni a was apparently nmade available to the widely
di stributed gl utani ne-synthetase (EC 6.3.1.2) system (section
7.4.3).

7.3. Metabolic Transfornmation

Most organi sms have nechanisns for conjugating amonia into
non-toxi ¢ conmpounds for excretion. Terrestrial nmanmals synthesize
urea, which requires the concerted action of several enzynmes of the
Krebs-Hensel eit (urea) cycle. One of these enzymes, gl utanine
synthetase (EC 6.3.1.2), was present in the brains of all
vertebrate species exam ned. @ utanine synthetase was al so present
at significant levels in the liver in all organi sns exani ned (Brown
et al., 1957).

Exogenous ammoni a, admnini stered intravenously as an anmoni um
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conmpound, is nmetabolized to glutam ne as the major early product
(Duda & Handl er, 1958). The ammonia fixed in glutam ne may
eventually end up in am no acids, purines, pyrimdines, or other
ni t rogen-cont ai ni ng conpounds. | ngested anmoni um chl ori de or
endogenous anmonia i s absorbed into the portal vein and converted
inthe liver to urea (Furst et al., 1969; Goodnman & G | nan, 1970
Pitts, 1971).

Results of studies on the netabolic fate of dietary ammoni um
citrate (Foster et al., 1939) and intravenously-admni ni stered
amoni um | actate (Duda & Handl er, 1958) in rats showed that urea
synthesis represented a nearly constant fraction of the
adm ni stered amoni a over a |arge concentration range. Besides
glutam ne and urea, |abelled nitrogen also appeared in creatine,
gl ycine, al anine, proline, histidine, arginine, glutamc acid, and
aspartic acid. Vitti et al. (1964) exam ned the incorporation of
5N from anmmoniumcitrate into proteins of liver, heart, kidney,
spl een, and nuscle fractions of untreated and growth hornone-
treated, hypophysectom zed rats, and found differences in the
netabolic fate, depending on the route of adm nistration
Subcut aneous injection facilitated the | abelling of am de nitrogen
i ndi cati ng extensive disposition via glutanine synthesis. In
contrast, intragastric or intraperitoneal adm nistration resulted
in the labelling of arginine, glutanmc acid, and other al pha-am no
acids of the liver. Amide-nitrogen was labelled to a nuch | esser
extent than by the subcutaneous route. The tissue distribution of
the | abel also differed according to the route of entry (section
7.2.2).

7.4. Reaction with Body Conponents

Amoni a-nitrogen is central in nitrogen netabolism and
t heref ore becomes incorporated in all proteins and nitrogen-
contai ni ng conmponents in the course of nmetabolic turnover. Ammonia
does not react with body conponents in the nanner of al kylating
agents or conpounds that nodify haenogl obin.
7.5. Eimnation and Excretion

7.5.1. Expired air

Ammoni a may be excreted through expired air. Hunt (1977)
reported human expired air |evels of ammnia of between 105 and

2219 ug/ n¥; Larson (1977) reported val ues of between 196 and

1162 pg/ n?, during nouth breathing. These values are higher than
those expected fromequilibration with plasma- and | ung- parenchyna-
ammni a levels (28 - 49 ug/nt). This is nmost likely due to the
synthesis of ammonia fromsalivary urea by oral mcroflora (Biswas
& Kl ei nberg, 1971). Measurable amounts of free ammonia were al so
found in air expired by dogs given amoni um acetate intravenously
(Robin et al., 1959), and nornmal dogs and human beings wth
hepati c-i nduced ammonia toxicity (Jacquez et al., 1957, 1959).

Bl oonfield et al. (1962) reported the presence of free amonia in
expired air fromsheep during experinentally-induced urea toxicity.
Normal |evels of anmonia in the expired air of the rat have been
reported to range from7 to 247.1 pg/n?, with a mean of 54.6 pg/nt
in nose-breathing aninals and 23.8 - 520.8 pg/n?, with a nean of
200.2 upg/nt in tracheal -cannul ated ani mals (Barrow & Stei nhagen,
1980). The presence of amopnia in the expired air of human bei ngs
and experinental aninals suggests that reaction products nay be
formed with a variety of airborne chem cals, thereby altering their
toxicity.
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7.5.2. Uine and faeces

Free ammonia is excreted by anmonotelic organisns (e.g., fish),
uric acid by uricotelic animals (e.g., birds), and urea by
ureotelic animals (e.g., mamual s). Mamals nay al so secrete
ammonia directly into the urine. dutanminase (EC 3.5.1.2)
catal yses the rel ease of ammonia in the kidney tubul ar epithelium
where it serves as an acceptor of H and regul ates the acid-base
bal ance (Van Slyke et al., 1943; Wite et al., 1973). |In acidosis,
the renal concentration of glutam nase increases over severa
days, paralleling the increased excretion of ammoni umions (Davies
& Yudkin, 1952; Muntwyler et al., 1956; Kanmin & Handler, 1957);
two-thirds of the urinary-amonia is contributed by this pathway
(Van Slyke et al., 1943), and approximately one-third by protein
net abol i sm and ammoni a cl earance fromthe plasnma by the kidney.

Oral and intravenous adninistration of amoniumlactate to
heal t hy human vol unteers produced different patterns of excretion
reflecting the effective barrier of the liver in preventing
i ngested ammoni a from gai ni ng access to peripheral circulation by
converting nost of the ammonia load to urea. Urinary-ammonia

excretion was increased 8-fold and urea excretion was reduced by
one-hal f after intravenous injection, as opposed to ora

adm nistration (Gay et al., 1969), probably due to the anabolism
involved in the "first pass" effect after oral adninistration

Less than 1% of the 4 g total ammonia produced in the hunan
intestinal tract, per day, is excreted in the faeces (Sumerskill &
Wl pert, 1970).

7.6. Retention and Turnover

Some nitrogen derived from absorbed amonia is incorporated in
am no acids and proteins. The rate of ammoni a-derived nitrogen
turnover is rapid, but depends on the nutritional state. Thus,
when NH,C had been administered orally to healthy male
vol unteers, for one week, 70% !N was excreted by those on a 70-g

protein/day diet, while only about 35% °N was excreted by those on
20 g protein/day (Richards et al., 1968, 1975).

7.7. Uptake and Metabolismin Plants

Ammoni a i s used by nmany plants and preferentially by a few.
However, ammnia is toxic, and its uptake in large quantities may
put a severe strain on the carbohydrate netabolismof the plant in
the provision of carbon skeletons for its detoxification. The
absorption of anmoniumusually is coupled with the exchange of
cations as H. Ammonia-nitrogen functions as a nitrogen source
for the synthesis of am no acids, which are incorporated in
proteins. Plants that are able to absorb it in large anounts
include many acid plants, such as Runex, which are able to detoxify
ammoni a by form ng ammonium salts of organic acids. "Anide
pl ants", such as beet, spinach, and squash, are able to formlarge
amounts of the ami des, glutanine, and asparagi ne and can w thstand
quite high concentrations of anmonium salts by detoxifying the
ammonia. Certain plants, such as rice, which live in water-1|ogged
anaerobic soils, require NH; or reduced organic nitrogen
fertilizer, alone.

8. EFFECTS ON EXPERI MENTAL ANI MALS AND | N VI TRO TEST SYSTEMS

8.1. Single Exposures
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8.1.1. Inhalation exposure

LGCso studi es and studies to deternmine the threshold for
irritating effects on the respiratory systemfor the rat and nouse
are sumari zed in Tables 16 and 17, respectively.

Tabl e 16. Lethal concentrations (1-h exposure) of
ammoni a for rats and mice?

Measur ed Species Mrtality Mean weight gain
concentration ratio® of survivors at
(mg/ ) 14 days (9)
4347 r at 0/ 10 3.5

5474 r at 8/ 10 -¢

6888 r at 9/ 10 -

controls rat - 21. 4

2520 nouse 0/ 10 -0.2

3185 nouse 3/10 -0.7

4004 nmouse 9/ 10 -

controls nouse - 1.6

a Adapted from MacEwen & Vernot (1972).
® Nunber dead/ nunmber exposed.
¢ Not enough survivors for conparison.

The acute | ethal dose of ammonia by inhal ati on has been
determned for both the rat and the nouse (MacEwen & Vernot, 1972).
The results are summarized in Table 16. Ml e CFE rats ranging in
wei ght from 200 to 300 g and nale CF1 mice weighing from20 to 30 g
(ICR derived) were exposed for 1 h to several concentrations of

amoni a. | nhal ation of ammni a gas produced i medi ate nasal and
eye irritation foll owed by | aboured breathing and gasping in all
test groups. In addition, convul sions were seen in mce.

Surviving rats necropsied after 14 days showed noderate nottling of
the liver, regarded as probable fatty infiltration, at the 5474 and

6888 ng/ n’ (7820 and 9840 ppm) dose levels. Mce surviving the 2

hi ghest dose | evel s of 3185 and 4004 ng/nt (4550 and 5720 ppm)
showed m | d congestion of the liver. Pathological |esions were not

seen in rats exposed to 4347 ng/nt (6210 ppn) or mice exposed to
2520 ng/ n? (3600 ppm). The calculated 1-h LGCso val ues for the rat

and the nouse were 5137 and 3386 ng/n? (7338 and 4837 ppn),
respectively.

I n anot her inhalation study, an LCso value for the rat, with a
2-h exposure, was 7600 ng/n? (10 860 ppm) (Al patov, 1964). In a
further study, the threshold for acute effects (depression, then

hyperactivity and convul sions) for a 2-h exposure was 85 ng/n? (121
ppm) (Al patov & M khailov, 1963).

Table 17. Singl e-dose inhalation studies (LGCs)

Speci es Exposure tine LG Ref er ence

(nin) (mg/ n?)
rat 120 7600  Alpatov (1964)
rat 60 5137 MacEwen & Vernot (1972)
rat 5 18 693 Prokop' eva et al. (1973)
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r at 15 12 160 Prokop' eva et al. (1973)
rat 30 7035 Prokop' eva et al. (1973)
rat 60 7939 Prokop' eva et al. (1973)
r at 10 31 612 Appel man et al. (1982)

rat 60 11 620 Appel man et al. (1982)

nouse 10 7060 Silver & McGrath (1948)
nouse 60 3386 MacEwen & Vernot (1972)
nouse 60 2960 Kapeghi an et al. (1982)

Kapeghi an et al. (1982) reported an acute inhalation toxicity
study on male ICR mice, in which the 1-h LGyw th a 14-day

observation period was cal cul ated to be 2960 ng/n? (4230 ppn).
Lungs of mice that died during exposure were diffusely
haenorrhagi c. Histology reveal ed acute vascul ar congesti on and

di ffuse intra-al veol ar haenorrhage. A nmild to noderate degree of
chronic focal pneunonitis was al so seen. Focal atel ectasis was
evident in survivors sacrificed after the observation peri od.

Li ver danage was al so seen in these nmice. There was evidence of
swel ling and increased cytoplasnmic granularity of hepatocytes at
2408 ny/ n? (3440 ppm) and scattered foci of frank cellular necrosis
at 2954 ng/n? (4220 ppm). At 3402 ng/ nt (4860 ppn), necrosis was
increased. The liver lesions may have resulted fromthe

conprom sed nutritional state of the mice. Follicular hyperplasia
in the spleen was al so seen in surviving animals, but this was
absent in animals that died during exposure.

The acute LGsoin male and female Wstar rats was 31 612 ng/ n?
(40 300 ppm) for a 10-nin exposure, 20 017 ny/n? (28 595 ppm) for a
20-m n exposure, 14 210 ng/nt (20 300 ppn) for a 40-nin exposure,
and 11 620 ng/nt (16 600 ppn) for a 60-nin exposure (Appel man et
al ., 1982). Survivors were observed for 14 days. dinical signs
of restlessness, eye irritation, nasal discharge, nouth breathing,
and | aboured respirati on were seen during exposure. G 0SS hecropsy
reveal ed haenorrhagic lungs in aninmals that died during the study
as well as in survivors. No histopathol ogy was perforned.

Prokop' eva et al. (1973) reported that white rats exposed to
hi gh concentrations of amoni a (6000, 3000, 1000 ng/nt or 6814,
4307, 1436 ppm for periods of 5, 15, 30, and 60 mi n exhibited
dyspnoea, irritation of the respiratory tract and eyes, cyanosis of
the extremties, and increased excitability. The LGCso val ues for
i nhal ati on exposures of 5 and 15 nin were 18 693 ng/nt (26 704 ppm
and 12 160 ng/nt (17 372 ppn), respectively, while for 30 and 60
mn, the values were 7035 ng/nt (10 050 ppn) and 7939 ng/n? (11 342
ppn), respectively. Inhalation of anmonia at concentrations of
3000, 1000, or 300 ny/n? (4307, 1436, 431 ppm) resulted in a drop
in static nuscul ar tension, |eukocytosis, prolongation of the
latent reflex time, increase in total protein and bl ood sugar
i ncreased oxygen consunption, and a rise in the |l evel of residua
nitrogen. No changes were observed in rats exposed to a
concentration of anmonia of 100 ng/ n? (144 ppn), for 5, 15, 30, and
60 min. Aninmals exposed to high concentrations of ammoni a (exact
concentration not specified) devel oped pneunonia (Prokop' eva et
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al ., 1973).

When exposed to toxic levels of amonia, within 1 mn, mce
exhi bited excitenment, closing their eyes i mediately and gaspi ng
(Silver & MG ath, 1948). Goups of 20 nice were exposed to
amoni a gas for 10 min at 9 concentrations ranging frome6100 to
9000 ny/ n? (8758 to 12 921 ppn). The nedian |ethal concentration,
calculated fromthe nortality at 10 days, was 7060 + 320 ng/n?
(10 152 + 460 ppm). Most (93% deaths occurred rapidly, due to
convul sions after 5 mn of exposure. Survivors usually recovered
within 10 m n.

The LGCso values for the rat and the nouse are summari zed in
Tabl e 17.

Dose- dependent ultrastructural changes in the term nal airways
of mce exposed for 3 - 60 mn to anmonia (concentration
unspeci fi ed) included oedema of the alveol ar epithelium
devel opnment of intracapillary platelet thronbosis, increased
secretions by the Clara cells, presuned to be phospholipids, and an
increase in the nunber of enpty lanellar bodies in the large
al veol ar cells (N den, 1968).

Twenty cats were anaesthetized and exposed to 700 ng/ n? (1000
ppm for 10 min via endotracheal tube and then observed for up to
35 days (Dodd & Gross, 1980). All cats had severe dyspnoea,
anorexi a, and dehydration, 24 h after exposure. Several neasures
of pulnonary function were inpaired. G oss pathol ogy of the |ungs
showed vari ous degrees of congestion, haenorrhage, oedens,
interstitial enphysemn, and coll apse, all non-specific for any
post - exposure day. Bronchopneunoni a was common, 7 days after
exposure.

Barrow et al. (1978) exposed mal e Sw ss-Webster mice to
concentrations of amonia ranging from70 to 560 ng/nt (100 -
1000 ppm) for 30 min. The average respiratory rate depression in
4 mce for each of 4 exposure |evels was evaluated. The maxi num
depression in respiratory rate at each exposure | evel occurred

within the first 2 min. The concentration expected to elicit a 50%
decrease in respiratory rate (RDsg) in mice, calculated by a
regression equation for amonia, was 212 ng/n? (303 ppn) with 95%
confidence lints of 132 - 343 ng/n? (188 - 490 ppn). Effects of
ammoni a exposure such as bradycardi a and peri phera

vasoconstriction acconpani ed respiratory rate depression at the
RDso and above.

A concentration of 350 ng/nt (500 ppm) was reported by Wod
(1979) to be the level at which unrestrained mce did not
consi stently adopt avoi dance measures on inhal ati on of anmoni a.
Both this author and Barrow et al. (1978) clained to offer nore
sensitive end-points for assessing ammonia irritation. However,
the no-observed-adverse-effect |evel reported by Wod (1979) was
hi gher than the concentration deternmned by Barrow et al. (1978) to
elicit 50% depression of respiratory rates in nice.

Dal hamtm & Sj ohol m (1963) tested in vitro preparations of the
tracheas of 8 rabbits. Arrested ciliary activity was observed
after 5 min of exposure to ammonia at 350 - 700 ng/n? (500 -

1000 ppm. In in vivo studies on rabbits, Dal hamm (1963) showed
that the | evel of ammonia entering the nasal cavity, necessary to
cause small changes in the rate of tracheal ciliary beating was

1400 ng/ n? (2000 ppm). This corresponds to a trachea
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concentration of approximtely 70 ng/n? (100 ppm).

When anaest hetized nal e rabbits were exposed to 8 anmmoni a
concentrations ranging from 700 to 14 000 ng/n? (1000 - 20 000 ppm)
(Richard et al., 1978b), bradycardia appeared at 1750 ng/ n? (2500
ppnm). Hypertension, cardiac arrhythnia, nacroscopic |ung changes,
and EEG abnormalities were also reported. Signs appeared nore
rapi dly at higher concentrations with the conpl ete syndrone
appearing at 3500 ng/ nt (5000 ppm).

Mayan & Merilan (1972) exposed 16 adult feral e New Zeal and
white rabbits to anmoni a concentrations of 35 and 75 ng/n? (50 and
100 ppm for 2.5 h. The average decreases in respiratory rate,
which were 34 and 32.7% respectively, were significantly ( P <
0.01) less than control values. There were no histopathol ogi ca
changes in lung, liver, spleen, or Kkidneys.

Enzymatic alterations in rats follow ng inhalation of |ow
| evel s of ammoni a have al so been reported. At concentrations of
approxi mately 20 - 121 ng/nt (29 - 173 ppn), there was a
decrease in the activities of liver succinic dehydrogenase (EC
1.3.99.1), |actate dehydrogenase (EC 1.1.1.28), glucose-6-phosphate
dehydrogenase (EC 1.1.1.49), and adenosi ne triphosphatase (EC
3.6.1.3). Liver acid phosphatase (EC 3.1.3.2) activity was
i ncreased (Zl ateva et al., 1974).

VWhen 180 mice were exposed for 10 min to amonia at 6139 -
9058 ny/ nt (8770 - 12 940 ppm), death wi th convul sions began to
occur 5 min after exposure. One hundred nice died during the
exposure. The surviving animals (80) recovered rapidly; however
7 died between the sixth and tenth days foll ow ng exposure (NRC
1979).

8.1.2. Oal exposure

The effects of ammonia and its conpounds are mainly of 2 types.
The first is the effect of anmonia itself. The second is the
effect of the anion bound to the ammniumion. Amonium chlori de,
especially, will mainly exert its effects in the manmali an body due
to the formati on of hydrogen chloride. Mst of the experinental
wor k concerning the oral route of administration has centred on
amoni um chl ori de, which has been used extensively in the study of
net abol i ¢ acidosis. There have been few studies in which attenpts
have been nmade to identify the role of the ammoniumion and ammoni a
in the effects (Table 18).

Medi an | et hal doses (LDsgs) of 4400 and 3100 ng/ kg body wei ght
have been reported for amoni um sulfamate in the rat and the nouse,
respectively. (Vinokurova & Mal'kova, 1963). A similar figure for
the oral LDsgin the rat of 4520 (4070 - 5020) ng/ kg was reported
by Bukhovskaya et al. (1966). Frank (1948) reported a | ethal dose
for ammoni um sul fate of between 3000 and 4000 ng/ kg body wei ght in
the rat.

8.1.2.1. Effects of netabolic acidosis induced by anmmoni um chl ori de

The ingestion of amoni um chloride in doses of around 500 -
1000 mg/ kg body wei ght per day, for periods ranging from1l to 8
days, has induced netabolic acidosis in mce, guinea-pigs, rats,
rabbits, and dogs. However, Boyd & Seynour (1946) 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).
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dependi ng on the severity of the acidosis,

a decrease in plasma- and urinary-pH, decreased appetite;

decreased carbon di oxi de- conbi ni ng power;
an increase in plasma proteins;

chl ori des;

haemat ocrit (haenobconcentration);

an increase in BUN and
an increase in
i ncreased gl uconeogenesi s;

i ncreased phosphoenol pyruvat e carboxyki nase (EC 4.1.1.49) activity;

i ncreased urinary ammoni um
calcium and titratable acid excretion
tissue;

oxal oacetate concentrations in rena

concentrations of glutanm ne,

the kidney. Pul nbnary oedens,

and rena

gl ut amat e,
central

i ncreased urea,

sodi um chl oride
an increase in nmal ate and

and decreased

and al pha-ketoglutarate in

nervous system dysfunction
changes are reported to have occurred after ingestion of
anmoni um chl ori de.

Susceptibility to ammonium chloride differs anong species. For

i nst ance,

pul nonary oedena is produced in cats,
yet cats have been shown to be nore resistant to ora

but not

anmmoni um chl ori de than ot her ani mals studi ed.

Age is an inportant factor in the response of
doses of anmoni um sal ts.
the adninistration of a single dose of 5 mmol

Benyaj at i

in rabbits;
poi soni ng by

rats to ora
& CGol dstein (1975) found that
ammoni um chl ori de/ kg

body wei ght (267.5 ng/kg) by gavage to 7- to 12-day-old rats (39

ani mal s)

compared to an increase of 155%in 20 adult

treat nent.

Tabl e 18.

Sel ected studies on the acute oral

i ncreased ammoni a excretion by about 64% wthin 4 h

rats after simlar

ef fects of ammonia conpounds in ra

Amoni um
compound

Mode of
adm ni st -
ration

Num
ber

Dose

Citrate

Chl ori de

dri nki ng-
wat er

dri nki ng-
wat er

dri nki ng-
wat er

6

9

concentrati on

of N equi val ent
to that of 0.28

nol /litre NH,C

for 7 days ad
lib

0.28 nol/litre

sol ution for

7 days ad lib

0.28 nol/litre

for 7 days, ad
lib (about 1000

ng/ kg per day)

Ef f ect
no renal hypertroph
no renal hypertroph

net abol i ¢ aci dosi s;
in kidney wei ght a
N; increased capac

produce amonia fro

gl utam ne in kidney
hypertrophy; unilat:
nephrectony plus ac

i nduced by NH,d cal

greater hypertrophy

ei ther al one

Anmoni um

Mode of
adm ni st -
ration

Chl ori de

Sex, strain,
age, or weight
femal e, Holtz-
man, 200 -

250 g

female, Holtz-
man, 200 -

250 ¢

female, Holtz-
man, 200 -

250 ¢

Sex, strain,
age, or weight
femal e, 150 ¢

consunption of food
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protein diet;
Goup |I: no
NH;; Goup I|1:
1% NH,C (300
ng/ kg body

wei ght per
day); G oup
I11: 2% NH,C
(380 ny/ kg
body wei ght per
day); Goup IV:
4% NH,C (560
ng/ kg body

wei ght per
day); Goup V:
8% NH,d (540
ng/ kg body

wei ght per day,
for 7 days

related to dosage o
dosage-rel ated decr:
wei ght gain; increas
value for ip dose of
NH;C in Groups Il ¢
i ndi cating an incre
adaptive capacity f.
detoxi fication; LDsg
Goup |V sane as G
LDsg val ue of Group
than Group |I; dose-:
decrease in bl ood-gl
| evel s; decrease of
and |iver glycogen;
dependent i ncrease |
ornithine transam n¢
ornithine transcarb
i ncrease in adenosi|
tri phosphate concen
bl ood

8.1.2.2. Ogan effects follow ng oral adninistration
(a) Lung and central nervous system

Toxi ¢ doses of ammoni um salts induced acute pul nonary oedema in
rats, guinea-pigs, and cats, but not in rabbits given ammoni um
chl oride (6% aqueous solution) intraperitoneally or by gavage,
though the doses were sufficient to cause death. To induce sinilar
effects in cats, a |arger dose (unspecified) of ammoni um chloride
and a longer latency period (from1l to 3 h) were required,
indicating a greater resistance of this species to amobni um
chl oride (Koenig & Koenig, 1949).

Inalimted study to assess the role of the ammoniumion in
produci ng pul ronary oedenm, Koenig & Koenig (1949) admini stered, by
gavage, to 5 different guinea-pigs, 6 m of 20% anmmoni umnitrate;

7 m of 6.4% amoni um acetate; 7 m of 10% ammoni um bromide; 7 m
of 6% amoni um chloride; or 7 m of 7.4% amoni um sul f ate,
respectively. The last 4 solutions contained approxi mately

equi val ent concentrations of anmonium Al 5 aninals died of acute
pul nronary oedermm; the lungs of a control aninal that had received
wat er by gavage remai ned normal. The pul nonary oedema coul d not be
attributed to the induced acidosis, since guinea-pigs and cats,
made severely acidotic by gavage with sodiumlactate or dilute
hydrochl oric acid, did not show | ung oedema (Koeni g & Koeni g,

1949).

Progressive signs of ammoni um poi soni ng caused by ammoni um
salts, given by gavage, indicative of both pul nonary and nervous
system dysfunction, were reported in less than 30 min in guinea-
pigs and rats (Koenig & Koenig, 1949) incl uding:

(i) arapidincrease in the rate and depth of respiration;

(ii) weakness and difficulty in |oconotion;

(iii) hyperexcitability for tactile, auditory, and painful
stimuli; and

(iv) muscle fascicul ations over nost of the body foll owed
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by generalized tonic convul sions and then cona.

The respiratory rate was greatly reduced but the depth of
respiration increased and was acconpani ed by gaspi ng and stridor.
Hi st ol ogi cal changes occurred in both the lung and brain, while
oedenm, congestion, and haenorrhage were found principally in the
| ung (Koenig & Koenig, 1949; Caneron & Shi ekh, 1951).

The addition of anmoniumchloride to rat feed resulted in
reduced dietary consunption (Motyl & Debski, 1977). The results of
studi es by Noda & Chi kanori (1976) pointed to a direct effect of
the ammoniumion on the brain area that regulates feeding. Rats
with bilateral lesions in the prepyriformcortical area of the
brain consumed as much di et containing 3% amoni um chl ori de as
basal diet. A wunilateral injection of 10 ng/litre of 2% NH,C /kg

body weight into prepyriformcortical 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
Wstar rats. The results of these studies suggest that amoni um
ions directly influence appetite by their effects on prepyriform
cortical areas.

(b) Ki dney

Lot spei ch (1965) reported that ingestion for 7 days of
0.28 nol/litre (1.5% ammoniumchloride in water (ad |ib) produced
renal hypertrophy with new cell formation and an enl argenent of
existing cells. Some animals fromeach of the acidotic and contro
groups were subjected to unilateral nephrectony. Highly
significant increases in kidney wet weight, dry weight, and total
nitrogen were observed in the acidotic group. Similar changes were
produced by unilateral nephrectony. |In unilaterally nephrectonized
rats nade acidotic by the ingestion of amoni um chloride, the
remai ni ng ki dney was larger than that seen in animals with
uni | ateral nephrectony w thout induced acidosis, suggesting an
additive effect of unilateral nephrectony and anmmoni um chl ori de
i nt ake.

The rel ati onshi p between the renal hypertrophy and the anmoni um
ion, acidosis, non-specific intake of nitrogen, or increased solute
| oad was exami ned (Lotspeich, 1965). |Isonolar (0.28 nol/litre)
solutions of sodiumchloride and amoni um chl ori de produced rena
hypertrophy. The increase due to sodiumchloride was | ess marked
(it was noted that the sodiumchloride group drank 3 or 4 tinmes as
much sol uti on each day as the ammoni um chl oride group). |sonolar
(0.2 mol/litre) solutions of sodi um bi carbonate and ammoni um
citrate did not induce renal hypertrophy. Wen 3 groups of 6 rats
were given drinking-water containing 0.28 nol/litre sodi um
chl oride, 0.28 ammoni um chloride, or a urea solution containing
nitrogen equivalent to that in the 0.28 nol/litre amoni um
chloride, for 7 days, only the ammni um chl oride sol ution induced
acidosis. The rats in both the sodium chloride and anmoni um
chl oride groups had | arger kidneys than the urea-drinking rats,
though the kidneys of the sodiumchloride-drinking rats were not as
| arge as those of the ammoni um chloride-drinking rats. Since rena
hypertrophy was produced by solutions containing the chloride ion
whil e ammoniumcitrate and urea did not cause any hypertrophy, the
evi dence does not support the hypothesis that renal hypertrophy is
due to the ammoni um i on.

Thompson & Hal l'i burton (1966) al so reported renal hypertrophy
in rats that ingested 3% anmonium chloride in the diet for 6 days.
The ingestion of ammoniumcitrate or sodiumchloride in anmounts
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that were equivalent to that of the ammoni um chl oride did not cause
renal hypertrophy.

Jani cki (1970) exam ned the kidneys of rabbits that had been
admi ni stered 16.2 g amoni um chl ori de, by gavage, over a period of
2 days and found the epitheliumof the convol uted tubules swollen,

vacuol ated, and conpletely filling the lunen; nuclei exhibited
karyolysis. Findings were simlar in 4 rabbits adm nistered 5 -
7 g ammoni um chl ori de, by gavage, over a period of 3 - 7 days.

However, hyperaem a of the renal cortex of rabbits was noted
after the adm nistration, by gavage, of single doses of 0.8 and 1 g
ammoni um car bonat e/ kg body wei ght (Yoshida et al., 1957). As the
carbonate i on does not have an acidifying effect, this suggests
that the ammoni umion produces sone effects on the kidney.

8.1.2.3. Influence of diet on the effects of ammonia

In 6 nmongrel dogs, blood-urea |evels were increased by a higher
| evel of protein intake (6 g protein/kg per day) (Bressani &
Braham 1977). Levels of ~30 ng BUN'litre were found 8 h after the
daily feed. When the protein intake was |ow (4 ng protein/ kg per
day), BUN levels of 14 ng/litre were reported 8 h after the daily
feed. The frequency of protein intake did not affect the nmaxinmm
val ue of bl ood-urea | evels when the protein intake was |ow (4 ng
protein/ kg per day). This suggests that high |evels of urea and
amonia in the bl ood mght occur in aninmals that suffer fromliver
i nsufficiency and are fed high-protein diets.

Kul asek et al. (1975) studied the effects of nitrogen in the
di et on anmoni a detoxification, using 210 rats and 6 diets
contai ning 50, 150, and 700 g casein/kg (low, optinmal-, or high-
protein diet, respectively), with or without the addition of
amoni um chl oride at 20 g/kg. After 8 or 9 days of feeding, the
LDso from an intraperitoneal injection of a 2.7% solution of
amoni um chl ori de was determined. The LDsgincreased in proportion
to the amount of nitrogen in the diet. The data suggest that
hi gher doses of exogenous ammonia were tolerated by rats on
protein-rich diets or diets containing an amoniumsalt as an
additive. An adaptive capacity for ammoni a detoxification was
further denonstrated by Motyl & Debski (1977) in a study using rats
fed lowprotein diets with the addition of NH;C. The LDsg val ues
for the ip injection of 2. 7% NH,Cl were higher in animals fed | ow
protein diets supplenented with NH;,C (Table 18). 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 anmoni um chl oride indicated that severe protein deprivation
increased vulnerability to anmoni a poi soning conpared with that of
control groups not prefed protein-deficient diets. Thus, with the
exception of animals suffering fromliver dysfunction, animals on
hi gh-protein diets seemable to tolerate a higher oral intake of an
ammoni um sal t.

A group of eight, 6- to 8-nonth-old cats, given a single neal
of a complete am no acid diet wthout arginine, devel oped
hyperammonaem a with el evated plasna | evels of glucose and ammoni a
and showed clinical signs of ammnia toxicity within 2 h. One cat
died 4.5 h after ingesting only 8 g of the diet. Five of the
surviving cats given a single neal of conplete amino acids, in
whi ch argi nine was replaced with an equival ent anount of ornithine,
did not show any unusual signs. This finding indicates that the

cat is unable to synthesize ornithine at the rate required by the
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urea cycle to dispose of amonia fromani no acid catabolism
however, the dietary requirenents for cats may differ fromthose of
ot her adult animals, including human bei ngs, because the cat has a
much hi gher protein requirenent, i.e., it requires approximtely
20% of dietary calories as protein, as opposed to only 4 - 8%
required by the rat, dog, sheep, and man (Morris & Rogers, 1978).

The | ethal effects of ammoni a poi soni ng have been prevented by
the ami no acids, ornithine and aspartic acid. To test whether this
was nedi ated by a sparing action of adenosine triphosphate (ATP) on
amoni a net abolism 20 dogs with chronic Eck's fistula were
injected in the duodenum wi th ammoni um acetate at 4.1 muol / kg body
wei ght (~219.4 ng/kg). Half of the group was given 2 ng ATP/ kg,

1 h prior to adm nistration of the ammoni um acetate. In 9 of the
10 dogs, ATP prevented a rise in levels of anmonia in venous bl ood.
Grossi et al. (1968) adninistered ATP (2 ng/kg) intravenously to 6
dogs with chronic Eck's fistula and on high-protein diets. Wthin
1 h, high bl ood-ammonia |evels returned to nornal. In chronic
liver disease, there may be insufficient ATP available for anmmonia
detoxification, resulting in hyperanmmonaeni a

8.1.3. Dermal exposure

No data are avail abl e regarding any system c effects of dernal
exposure to amonia or ammohi um conpounds.

8.1.4. Effects due to parenteral routes of exposure

The parenteral toxicity of ammoni a and ammoni um conpounds has
been studi ed extensively. Toxicity is influenced by the route of
admi nistration, e.g., with oral admnistration, there is the
capacity for detoxification of exogenous amonia by the liver

8.1.4.1. Lethality

The intravenous (iv) and intraperitoneal (ip) LDso values for a
nunber of ammoni um conpounds in various species are sumari zed in
Table 19. The toxic syndrone was simlar in all species studied.
The signs, after iv injection, were characterized by inmredi ate
hyperventilation and clonic convul sions followed by either fatal
toni c extensor convul sion or the onset of coma in 3 - 5 min. The
ani mal s renmai ned comatose for approximately 30 - 45 min. At this
stage, tonic convul sions and death can occur at any tine, but
animal s that survive usually recover rapidly and conpletely
(Warren, 1958; Warren & Schenker, 1964; WIson et al., 1968a,b).
After intraperitoneal injection, the signs did not appear unti
15 - 20 min after admnistration (G eenstein et al., 1956; W] son
et al., 1968b).

Table 19. Toxicity of several amoni um conpounds in sel ected species

Ammoni um Speci es | ntravenous dose I ntraperitoneal dose
conpound (muol / kg of body weight) (mmol/kg of body wei ght
(LDso) (LDso)
Acet at e rat - 8. 20
nouse 6.23 -
nmouse 5.64 10. 84
chi ck 2.27 10. 44
Bi car bonate nouse 5.05 -
nouse 3.10 -
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Car bamat e nmouse 0.99 -
Car bonat e nmouse 4. 47 -

nouse 1.02 -
Chl ori de nmouse 6.75 -

mouse (38.8 °C)? 6.6 -
nmouse (40.4 °C)? 5.17 -
mouse (27.9 °C)? 10.21 -

Hydr oxi de nouse 2.53 -
Body tenperature.
8.1.4.2. Central nervous systemeffects

Navazio et al. (1961) observed that characteristic toxic signs
were not observed in rats until the ammonia concentration in the
bl ood was doubl e that of basal values (attained within 8 - 10 mn
of an ip injection of 601 ng anmoni um acet at e/ kg body weight). No
substantial increase in brain-amoni a was observed. However, when
t he bl ood-anmmoni a concentration reached nore than 20 tinmes the
basal value, there was a sudden rise in the anmonia concentration
in the brain, which reached a maxi num of approximately 100 ng
ammoni a- ni trogen/ kg (wet weight), between 10 and 26 nin after
injection. Miscular contractions with occasional tetanic spasns,
and then coma occurred, when the concentration of amonia in the
brain reached approxi mately 50 ng/kg. Although the aninals started
to recover fromthe comatose state approximately 70 min after
onset, blood- and brai n-anmmoni a concentrations did not return to
basal levels until 2 h after the injection of anmoni um acet at e.

However, other authors observed an i nmediate increase in brain-
amoni a after ip injection of amoni um acetate (Torda, 1953; du
Rui sseau et al., 1957, Salvatore et al., 1963). These authors
found dramatic increases in the brain-amonia content, 2 - 5 nin
after the injection of amonium acetate. Salvatore et al. (1963)
suggested that there was no critical blood-ammonia concentration
for diffusion through the bl ood-brain barrier

Ammoni a has been shown to be nore highly toxic at el evated body
tenperature, whereas hypotherm a affords narked protection
(Schenker & Warren, 1962). The LDsp val ues for ammoni um chloride
in the nouse, at various body tenperatures, are shown in Table 19.
The increased toxicity of anmmonia at el evated body tenperature was
suggested to be due to a direct netabolic effect of hyperthermi a on
the brain, unrelated to dehydration or stress.

8.1.4.3. Effects on the heart

| ntravenous LDsg val ues for ammoni um car bamat e, ammoni um
carbonat e, and ammoni um bi carbonat e have been deternined in mce by
Wlson et al. (1968a,b) (Table 19). The physiol ogical effects of
the injected amroni um conpounds in dogs and sheep were al so
i nvestigated. Electrocardiograns recorded during the toxic
syndrone indicated that the aninmals died fromventricul ar
fibrillation due to a direct effect of anmonia on the heart. These
findings were in agreement with the effects noted by Berl et al
(1962) during the iv infusion of amoni um chloride in cats when
el ectrocardi ograns were altered in a conpl ex manner. However,
Warren & Nat han (1958) were unable to denbnstrate any cardi otoxic
effects of the amoni um conpounds in mce and concl uded that the
toxicity syndrome was due prinmarily to a cerebral effect and not a
direct effect on cardiac or skeletal nuscle.
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8.2. Short-Term Exposures

8.2.1. Inhal ati on exposure

Wien 48 rats were continuously exposed to 127 ng ammoni a/ nt
(181 ppm) for 90 days, no abnormalities were found in organs or
tissues. Inhalation of 262 ng ammoni a/n? (374 ppm) for 90 days
induced mld nasal irritation in about 25% of 49 rats and a nild
| eukocytosis in 4 of the rats. Continuous exposure to 455 ng/nt
(650 ppnm) resulted in the death of 50 out of 51 rats by the 65th
day of exposure. Al animals exhibited mld nasal discharge and
| aboured breathing. 1I1n a second study, rats, guinea-pigs, rabbits,
and dogs were continuously exposed to 470 ng/nt (671 ppm) for 90
days. Thirteen out of 15 rats and 4 out of 15 gui nea-pigs died.
Marked eye irritation was noted in rabbits and dogs, wth corneal
opacities in about one-third of the rabbits. At autopsy, all test
ani mal s exam ned had nore extensive focal or diffuse interstitial
i nfl ammat ory processes in the lungs than the controls (Coon et al.
1970).

Wiite rats were exposed to ammoni a, by inhalation, at
concentrations of 100 and 30 ng/n? (143 and 43 ppm) for 25 or
60 mn, every 48 h, for a period of 3 nonths. Rats exposed to a
concentration of 100 ng/ n® (143 ppn) showed only a mild
| eukocytosis, with no significant differences fromthe contro
group with regard to oxygen consunption, neuronuscul ar excitation
threshol d, heart rate, blood-sugar, blood-residual nitrogen, and
total serumprotein (Prokop'eva & Yushkov, 1975). In another study
by Al patov & M khailov (1963), the threshold level for toxic
effects in a 2-nonth exposure was 40 ng/n? (57 ppm). Histol ogica
changes were seen in the lungs of the aninals exposed to a
concentration of 100 mg/ n? (143 ppn), including small areas of
interstitial pneunonia with signs of peribronchitis and
perivasculitis. No changes were seen in other organs conpared wth
those in the control group

Broderson et al. (1976) exposed Sherman and Fisher rats to
amoni a from natural sources, at an average concentration of
105 mg/ n? (150 ppm) for 75 days, and to purified ammoni a at
175 ng/ ' (250 ppm for 35 days. Histological changes in the
ol factory and respiratory epithelia of the nasal cavity were
simlar in all the exposed rats, show ng increased thickness,
pyknotic nuclei, and hyperplasia. The subnmucosa was oedenat ous
with marked dilation of small vessels. Lesions decreased
posteriorly.

Exposure to ammoni a at concentrations of 17 - 175 ng/n? (25 -
250 ppm increased the infectious effects of Pasteurella multocida
in mce and Mcoplasma pulmonis in rats; this effect increased
with the concentration of ammonia (Broderson et al., 1976; Richard
et al., 1978a).

Richard et al. (1978a) selected a concentration of 350 ng/n?t
(500 ppn) for a study of effects of continuous exposure to anmoni a
after noting that general toxic effects, particularly on growth
rate, were not found at 175 - 210 ng/n? (250 - 300 ppn). Young
mal e specific-pathogen-free rats were age- and wei ght-matched with
controls (27 per group) and exposed for up to 8 weeks. Nasa
irritation began on the fourth day. After 3 weeks, exposed rats
showed nasal irritation and inflanmmation of the upper respiratory
tract, but no effects were observed on the bronchiol es and al veoli.
The nunber of pul nonary al veol ar nmacrophages was sinilar to that in
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the controls. After 8 weeks, none of these inflammatory |esions
were present.

In a study by Coon et al. (1970), 15 rats, 15 guinea-pigs, 3
rabbits, 2 dogs, and 3 nonkeys were exposed to an ammoni a
concentration of 155 mg/n? (221 ppn) for 8 h/day, 5 days a week,
for 6 weeks. Pathol ogical effects were not observed in any of the
speci es except for evidence of focal pneunonitis in the |ungs of
one of the nonkeys. Exposure to 770 ng/n? (1100 ppm) for the sane
duration induced nild to noderate eye irritation and | aboured
breathing in the rabbits and dogs at the begi nning of exposure, but
these signs di sappeared by the second week and no other signs of
irritation or toxicity were noted. Autopsy findings included non-
specific inflammtory changes in the lungs of the rats and gui nea-
pi gs.

Mal e Sprague Dawl ey rats were studied to determ ne whet her
ammoni a was absorbed through the lungs into the blood, and the
subsequent effects on the blood pH, blood gases, and hepatic drug-
nmet abol i zi ng enzynmes (Schaerdel et al., 1983). Rats were exposed
to ammonia at 7 - 840 ngy/n? (10 - 1200 ppm) for 1, 3, or 7 days.

No significant changes were found in blood pH, pCO, or in the

hi st ol ogi cal appearance of the lungs or trachea. Liver mcrosonal
enzynes (ethyl-norphi ne- N-denethyl ase and cytochronme P-450) showed
only mnor changes. Blood-ammonia |evels increased in a |linear
fashion with increasi ng ammoni a concentrations in air. A
concentration of 70 ng/n? (100 ppm) or |ess produced only very

smal | changes in bl ood-amoni a | evel s and had no neasureabl e
effects on any of the paraneters studied.

8.2.2. Oal exposure

8.2.2.1. Histopathol ogical effects

Rats given amonium salts, for periods ranging up to 90 days,
did not appear to sustain renal damage (Freedman & Beeson, 1961
Gupta et al., 1979). Twelve adult male Sprague Dawl ey rats were
gi ven amoni um chloride in the drinking-water at 16 g/litre, for up
to 3 weeks. Urinalysis did not reveal any evidence of rena
injury, and no gross or histological "abnornalities" of the kidney
were seen at autopsy (Freedman & Beeson, 1961). d utani nase
activity per kg of kidney increased with duration of exposure; this
is a physiological adaptation to acidosis. Another group of 10
rats, simlarly treated and then given anmoni um chloride in the
drinking-water at 10 g/litre, for an additional 2.5 nonths also did

not show any gross or mcroscopic renal abnormalities. Assuning
the rats wei ghed 250 g and consuned 25 m of water per day, they
coul d have ingested as nmuch as 1.6 g/ kg body wei ght per day while
drinking the ammoniumchloride at 16 g/litre and 1.0 g/ kg body
wei ght per day while drinking a level of 10 g/litre. However,
actual intake may have been | ower, because anmonium chloride is
known to affect the appetite and may render the water |ess
pal at abl e. When ammoni um chl ori de was given at 20 g/litre, food
and water consunption were drastically reduced.

In Tabl e 20, selected studies are presented on anmoni um salts
other than the chloride. |In general, at |ow doses, no detrinental
effects were observed when rats and pigs were exposed to the NH,
salts |isted.

In a 90-day study by Gupta et al. (1979) on rats, there was not
any evidence of renal damage. Amonium sul famate (NH;SO;NH,) as a
100 g/litre solution was given orally at rates of 100, 250, or
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5000 ng/ kg body wei ght per day, 6 days a week for 30, 60, or 90
days to adult female rats (I TRC col ony-bred al bino) and to weanling
mal e and femal e rats (20/sex per age per dose level). Under
certain conditions, the sulfamate ion is hydrolysed to bisulfate

i on and ammoni a; however, it is unclear whether, and to what
extent, hydrolysis occurs in the rat intestine. Equivalent doses,
listed in Table 20, were cal culated on the assunption that no
hydrol ysis occurs. The effects of the anion, sulfanmate and/or

sul fate, on the action of anmniumis a matter of conjecture.
Ammoni um sul famat e woul d be expected to produce netabolic acidosis
on the basis of its structure, but this has not been verified
experinentally. The general health of both treated and contro
rats was good, and there were no significant differences in nean
body wei ghts throughout the study, except for a slight depression
in the highest-dose adult females at 60 and 90 days. Food and

wat er consunption were unaffected, except in the highest dose
weanl i ngs of both sexes, which consuned | ess food and drank nore
wat er than control weanlings. Interimsacrifice of 6 aninals/sex
per dosage group was performed for haematol ogi cal and hi stol ogi ca
exam nation. There were no significant differences in
haemat ol ogi cal val ues (packed cell vol une, haenogl obin
concentration, total red cell count, total and differential white
cell count). Relative organ weights in all treated groups did not
differ significantly fromthose in the controls. Histologica

exam nation of the kidney, liver, lung, stonmach, heart, spleen
thyroi d, adrenal, gonads, intestine, and |ynph nodes did not revea
any abnornalities, except slight hepatic fatty degeneration in one
adult feral e at 90 days.

Tabl e 20. Dose-response data for short-termoral adninistration of amoni um com

Anmmoni um Speci es, Mode of Dur ati on Dai ly | ntake?®
sal t No/ gr oup, admi ni stration (mg/ kg (mg NHs/ kg
sex body body
wei ght) weight)®
Sul f amat e rat, albino, orally as 10% 30, 60, 100; 15.0
20 adult sol ution; not 90 days 250 37.3
femal e, 20 speci fi ed whet her
weanl i ng gi ven by gavage
mal e, 20
weanl i ng
fermal e per
dose
500 74.8

Table 20. (contd.)
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Anmmoni um Speci es, Mode of Dur ati on Dai ly |Intake?®
sal t No/ gr oup, adm ni stration (mo/ kg (my NHs/ kg

sex body body

wei ght) weight)®

Di ammoni um pig, male 3. 75% di anmoni um 28 days 1820 274
citrate 22.5 kg, citrate in diet

3-4/group contai ning 6.4% crude

protein

D ammoni um pig, 27.3 kg basal diet contained 81 days 820 161 (10%
phosphat e 3 mal es and 16% protein; 0,5, 10, repl acenent)
and 3 femal es/ or 20% of dietary N
di ammoni um  group was replaced by N
citrate as from equi nol ar
equi nol ar m xture of designated 81 days 1600 322 (20%
m xture NH;+ sal ts repl acenent)

aEstimated for all studies except Gupta et al. (1979).
b Equi val ent intake expressed as ammonia (NH).

Treatnent of virgin female rabbits wi th anmoni um car bonat e,
chl ori de, 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 treatnent, was associated wth
enl argenment of the ovaries, follicle maturati on, and formation of
corpora |lutea (Fazekas, 1949). There was al so enl argenent of the
uterus, hypertrophy of the teats, and secretion of mlKk.

Rabbits (10 - 80 per group) were given 0.1 - 0.2 g/ kg body
wei ght of an ammoniumsalt in 100 - 150 m of drinking-water, tw ce
daily. One hundred and sixty rabbits (96 female, 64 nale)
received, twice daily, 50 - 80 m of a 0.5% amoni um hydr oxi de
solution (~135 - 210 ng/ kg body weight), in gradually increasing
doses. The chemicals were given for periods of 3 weeks separated
by 1-week intervals of no treatnent. In a related study, sinilar
treatnent of rabbits with anmmoni um chloride or amoni um sul fate
resulted in fluctuations in serumcal cium and -phosphorus | evels
(Fazekas, 1954a).

8.2.2.2. FEffects of ammopniumas a dietary nitrogen suppl enent

Ammoni a from ammoni um salts can stinulate the growth of aninals
on diets deficient in non-essential amino acids or restricted in
protein content. Wanling rats, given an artificial diet
conprising essential anmino acids, B vitamns, vitamin C salts, and
glucose for 21 days, grew poorly. Rats given a similar diet in
whi ch sone of the glucose was replaced with 8. 6% anmopni um acet at e
(equivalent to 15.7 g nitrogen/ kg diet) showed a dramatically
i mproved wei ght gain (Birnbaumet al., 1957). The food
consunption/weight gain ratio (feed/gain ratio) was al so i nproved
in animals receiving the ammoni um salt.

Simlar results were obtained with young nale pigs given a nore
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natural basal diet restricted in non-essential am no acids and
containing the m nimumrequirenent of essential am no acids (Kagota
et al., 1979). The crude protein level of this basal diet was
6.4% Three pigs fed the basal diet supplenmented with 3.75%
diamoniumcitrate had a significantly greater weight gain and a
slightly lower feed/gain ratio than 4 pigs fed the basal diet (the
diets were made isocal oric by adjusting carbohydrate). No
significant differences in the packed cell volune or ammoni a-
nitrogen level of the blood or in total protein concentration of

pl asma were found between the 2 groups. Plasma- and urine-urea-
nitrogen were increased in the pigs fed the diet supplenented with
diammoniumcitrate. Autopsy of the pigs after 28 days on the basa
or ammoniumcitrate diets did not reveal any |esions or
abnormalities or any differences in the percentage of carcass neat
and fat. The average daily food intake for pigs receiving
diammoniumcitrate was 1.44 kg, which corresponds to 54 g
diamoniumcitrate per day. Using a body wei ght nmi dway between the
initial (22.5 kg) and final (36.7 kg) body wei ghts, the nean intake
of diammniumcitrate can be estimated to be 1.82 g/ kg body wei ght,
per day, or 16.1 nEq NH;+/ kg body wei ght, per day.

Addition of ammoniumsalts to diets with a higher protein
content (10% crude protein) did not produce significant changes in
weight gain in rats or pigs (dawson & Arnstrong, 1981).

Simlarly, no significant changes in weight gain occurred in pigs,
when up to 10% of the nitrogen fromcrude protein (diet = 16% crude
protein) was replaced with nitrogen from anmmoni um salts (Whrbein
et al., 1970). Replacement of 20% of the dietary nitrogen wth
amoni um salts slightly decreased body weight gain in the pigs
food consunmption and BUN al so decreased. The 20%repl acenent di et
contai ned 1.54% di anmoni um phosphate and 2. 07% di aimmoni um citrate
for a total of 3.61% ammniumsalts and was fed for 81 days. The
estimated mean intake was 0.70 g di ammoni um phosphate and 0.94 g
di ammoni um citrate/ kg body wei ght per day, giving a total of

18.9 nEq NH4+/ kg body wei ght per day.

8.2.3. Dermal exposure

There is no information regarding systenmic toxicity fromshort-
term dernmal exposure to ammoni a or ammoDni um conpounds.

8.3. Skin and Eye Irritation; Sensitization

Ammonia in the formof a gas, an anhydrous liquid boiling at
| ow tenperatures, 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

Ammoni a, partly because of its lipid solubility, penetrates
the corneal nenbrane rapidly (NRC, 1979). 1In rabbits, conjunctiva
oedena with ischaem a and segnentation of |inbal vessels were noted
within 30 min. By 24 h, there was a reduction in the
nmucopol ysacchari de contents of the corneal stroma, and extensive
pol ymor phonucl ear infiltration and anterior |ens opacities were
apparent. Aqueous |evels of glucose and ascorbate and intraocul ar
pressure were depressed (NRC, 1979). |In rabbits with cornea
burns, neovascul ari zation occurred after 1 week, but it was del ayed
in animals with corneal and linbal burns. Conplications of severe
burns included synbl epharon, pannus, pseudopterygia, progressive or
recurrent corneal ulcerations |leading to perforations, permanent
corneal opacity, corneal staphyloma, persistent iritis, phthisis
bul bi, secondary gl aucona, and dry eye (NRC, 1979).

Ammoni um persulfate is a recogni zed skin sensitizer for human
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beings. There are no data on its sensitization potential in aninal
nodel s.

8.4. Long- Ter m Exposures

8.4.1. Inhalation exposure

Weat her by (1952) exposed 12 gui nea-pigs to an amoni a
concentration of about 119 ng/n? (170 ppm). Chanber concentrations
ranged from 98 to 140 ng/ n? (140 to 200 ppn) 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

animal s 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 haenosiderin in the spleen

In the proximal tubules of the kidneys, there was cloudy swelling
of the epitheliumand precipitated albunin in the lumen with sone
casts. The cells of the adrenal glands were swollen and the
cytoplasmin sonme areas had | ost its normal granul ar structure.

Coon et al. (1970) conducted studies in which rats, guinea-
pi gs, rabbits, dogs, and nonkeys were continuously exposed
(24 h/day, 7 days per week) to ammonia. No signs of toxicity were
seen in any species follow ng continuous exposure to anmonia at a
concentration of 40 ng/n? (57 ppn) for 114 days, and gross and
m croscopi ¢ exam nation did not reveal any lung abnornalities.

8.4.2. Oal exposure

The adm ni stration of ammoni um carbonate, chloride, sulfate,
hydr ophosphat e, acetate, lactate, or hydroxide to a total of 296
rabbits for 3 - 16 nonths resulted in enlargenent of the
par at hyroi ds (Fazekas, 1954a). Adm nistration of sodi um
di hydr ophosphat e, sodi um amoni um phosphat e, cal ci um chl ori de,
hydrochl oric acid, acetate acid, or lactic acid gave sinilar
results (Fazekas, 1954a).

Rabbits given 0.1 g anmoni um hydroxi de/ kg body wei ght (as a
0.5 - 1.0%solution) by gavage, initially, on alternate days and
then daily for up to 17 nonths, had enl arged adrenal gl ands
(Fazekas, 1939). An initial fall in blood pressure of 2.67 -
4.00 kPa (20 - 30 nmmHg) was foll owed by a gradual rise to 1.33 -
4.00 kPa (10 - 30 nmHg) above the baseline, after several nonths
of treatnment.

The results of studies on rats, rabbits, and dogs indicate that
| ong-term adm ni strati on of ammoni um chl ori de can induce
osteoporosi s (Seegal, 1927; Bodansky et al., 1932; Jaffe et al.
1932a, b; Barzel & Jowsey, 1969; Barzel, 1975). During prol onged
nmet abol i ¢ acidosis, the rel ease of bone mneral by resorptionis
thought to provide additional buffering capacity, sparing
bi car bonat e.

8.5. Reproduction, Enmbryotoxicity, and Teratogenicity

Charl es & Payne (1966b) studied the effects of graded
concentrations of atnospheric ammonia on the performance of |aying
hens. At 18 °C, amonia at 73.5 ng/nt (105 ppn) significantly
reduced egg production, after 10 weeks of exposure. No effects
were observed on egg quality. Food intake was reduced and wei ght
gain was lower. No recovery in egg production occurred when the
treated groups were nmintained for an additional 12 weeks in an
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amoni a-free atnosphere. Simlar results were observed at 28 °C
under the sane conditions. Earlier work had indicated that egg
quality could be affected by anmoni a exposure (Cotterill &

Nor dskog, 1954). Freshly-laid eggs were exposed to various

concentrations of ammonia in a desiccator for 14 h at room
temperature and then noved to nornmal atnosphere for another 32 h at
50 °C, before exam nation. There was evi dence of absorption of
amoni a into the eggs and significant inpairnent of interior egg
quality, as nmeasured by Haugh units, pH, and transm ssion of |ight.

The interaction of ammoniumchloride with other teratogenic
agents has been investigated in 2 studies. Goldman & Yakovac
(1964) used ammonium chloride to investigate the role of netabolic
acidosis in salicylate-induced teratogenesis in Sprague Daw ey
rats. Beginning on day 7 of gestation, rats received either
0.17 nmol/litre (0.9% amoniumchloride in the drinking-water, a
singl e subcut aneous injection of salicylate, or both. Ammoni um
chloride alone inhibited fetal growh, but was not teratogenic.
However, when administered with salicylate, amoni um chl ori de
significantly increased maternal and fetal nortality and the fetal
anonaly rate (dorsal midline, ventral mdline, and eye defects)
conpared with that due to salicylate alone. These effects were
attributed to acidosis and not to ammonia. However, it has been
shown by MIler (1973) that the addition of 0.5% amoni um chl oride
to the 5% gl ucose drinking-water of fasting, pregnant CFWm ce
significantly reduced the incidence of fast-induced cleft palate in
t he progeny.

8.6. Mitagenicity

Ammoni um sul fate was reported to be non-nmutagenic in the

Sal nonel l a and Saccharomyces systens (Litton Bionetics, Inc.
1975). Denerec et al. (1951) tested amonia for its ability to

i nduce back-nutations from streptomycin dependence to non-
dependence in Escherichia coli and found it to be nutagenic, but
only in treatnments that left less than 2% survivors. |waoka et al
(1981a, b) showed that extraction of ingredients fromfried
hanburger and refrigerated biscuit products wi th anmmoni um hydr oxi de
or ammoni um sul fate increased the nmutagenic activity in

S. typhi murium TA98 and TA1538, compared with sodium sulfate
extraction. This suggests that amoniumsalts nmay, in sonme way,

i nfluence the nutagenic activity of sone agents, or nmay thensel ves
be responsible for false positive findings (lwaoka et al., 1981la).
However, it is also possible that ammoniumsalts extract nutagenic
components fromfoods nore efficiently.

Lobashov & Smirnov (1934) and Lobashov (1937) found ammonia to
have a nutagenic effect on Drosophila. Anmonia showed slight
nut agenic activity in studies in which survival of Drosophila was
| ower than 2% after treatnment. |In studies by Auerbach & Robson
(1947), when Drosophila was exposed to anmoni a vapour in small
gl ass containers, 0.5%sex-linked |ethals were observed.

It was reported by Rosenfeld (1932) that anmoni a i nduced
clunmpi ng of chronpbsones, arrest spindle formation, and i nduce
polyploidy in chick fibroblasts in vitro.

There are no data to show that anmmonia is nutagenic in mamal s.

8.7. Carcinogenicity

There is no evidence indicating that anmonia i s carci nogeni c.

Page 95 of 153



Ammonia (EHC 54, 1986)

G bson et al. (1971) observed that aninmals treated with anmoni a
devel oped inflammtory | esions of the colon. It has been suggested
that cell proliferation may increase errors in DNA replication
(Zi mber, 1970; Zinber & Visek, 1972), activate oncogenic agents
present in sub-threshold doses (Anderson et al., 1964), and even
unnmask | atent changes in the genetic nmaterial caused by nutagenic
agents (Visek et al., 1978).

In a study on mal e Sprague Dawl ey rats (Topping & Visek, 1976),
there was no evidence that ammoni a i ncreased the incidence of
tumours with increased protein intake. Devel opnent of |ung
tumours was observed in CFLP mice treated intra-gastrically with
di et hyl pyrocarbonate and ammoni a, neither of which induces cancer
i ndependently in animals. However, this may have resulted froma
carci nogeni ¢ substance, possibly urethane, formed in vivo from
di ethyl pyrocarbonate in the presence of anmonia (Uzvol gyi & Boj an,
1980).

Li fe-1ong ingestion of amoni um hydroxi de in the drinking-water
by Swiss and C3H mice did not produce any carcinogenic effects, and
had no effect on the spontaneous devel opnment of adenocarci nona of
the breast in C3H fenales, a characteristic of this strain (Toth,
1972).

Amoni um chl ori de and amoni um tungst oanti nonate and rel at ed
conpounds have been shown to have an inhibitory effect on nalignant
cells (Phillips, 1970; Anghileri, 1975; Flaks & d ayson, 1975;
Flaks et al., 1973; Sof'ina et al., 1978).

8.8. Factors Mdifying 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 |arge,
i ntraperitoneally-injected dose of amoni um chl ori de indicated that
severe protein deprivation increases vulnerability to amonia
poi soning in conparison with control groups not prefed protein-
deficient diets.

Dal hamm (1963) enpl oyed a technique in rabbits in which an air
pol lutant mixture was drawn into the nostrils and out through a
tracheal cannula. The effects of anmoni a al one and ammoni a ni xed
with (and presumably adsorbed on) carbon particles, on the beating
rate of tracheal cilia was exam ned. Ammonia alone had to be
adni ni stered at a high concentration (1400 ng/n?¥ or 2000 ppm) to
produce a tracheal concentration of 70 ng/n? (100 ppm). The
reduction in beating rate was not substantially altered by the
addi ti on of carbon particles at 2 ng/nt.

Si nul t aneous injection of amobniumsalts and a fatty acid into
rats or cats produced coma at | ower plasnma |evels of ammonia and
free fatty acids than a single injection of either conpound (Z eve
et al., 1974).

| mpai red handl i ng of an ammoni um | oad has been observed in
animal s with hepatic dysfunction. Elevated |evels of ammonia or
urea have been reported in dogs with experinmentally-bypassed livers
(section 7.1.2). The inportance of the kidney in detoxification of
an ammoni um |l oad is apparent in the studies of Lotspeich (1965)
(section 8.1.2.2), where an additive hypertrophic effect of
amoni um chl oride and unil ateral nephrectony was observed on the
remai ni ng ki dney. Increased sensitivity to amonia toxicity was
found in young rats (Benyajati & CGoldstein, 1975) and in rats that
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had been castrated, adrenal ectom zed, or thynectom zed (Pai k et
al., 1975).

8.8.2. Antagonistic effects

L-arginine and the related ami no acids, ornithine and aspartic
acid, substrates fromurea synthesis, have been reported to exert a
protective effect against acute ammoni a poisoning in rats, dogs,
and cats (Morris & Rogers, 1978; NRC, 1979).

Hi gh-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
gl utam nase activity in rats to anmoni a detoxi cati on during
aci dosi s.

8.9. Mechanisns of Toxicity

Hypot heses proposed for the mechani smof anmonia toxicity
i ncl ude inpaired decarboxyl ation of pyruvic acid (MKhann & Tower,
1961), NADH depl etion sl owi ng down the generation of ATP (Wrcel &
Er eci nska, 1962), depletion of al pha-ketoglutarate resulting in
i mpai rment of the Krebs cycle (Bessman & Bessnman, 1955; Fazekas et
al ., 1956; Warren & Schenker, 1964); depletion of ATP due to
glutamne formation by the glutam ne synthetase (EC 6.3.1.2) system
(Warren & Schenker, 1964; Nakazawa & Quastel, 1968), stinmulation of
menbrane ATPase (EC 3.6.1.8) producing increased nerve cel
excitability and activity (Hawkins et al., 1973), and depl etion of
ATP causing a decrease in cerebral acetylcholine (Braganca et al.
1953; U shafer, 1958).

9. EFFECTS ON MAN
9.1. Oganoleptic Aspects

9.1.1. Taste

Canpbel | 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 anmmonia
concentrations of 26, 52, and 105 ng/litre, the percentages of
correct identifications were 61.9, 71.4, and 85.7, respectively.

Defining the threshold concentration as the | evel at which
correct identification is 50% greater than that expected by
chance, the taste threshold of ammni a was determ ned to be
around 35 ng/litre. However, this definition of the threshold
concentrati on seens to be somewhat arbitrary and McBride & Laing
(1979) have reported significant positional bias in using the
triangle test to determne taste thresholds. Furthernore, the
triangle test is not intended to mmc environmental exposures
in which the taste thresholds could be substantially higher. It
seens reasonable to conclude only that the palatability of water
is not likely to be significantly affected by total amonia | evels
of <35 ny/litre (as NHz), but will be affected at higher |evels.

9.1.2. Cdour

Qdour thresholds reported in the literature may vary accordi ng
to the definition of odour response, node of presentation of the
stimulus, chemical purity of the agent used, and the nunber of
subjects and trials in the study. The detection threshold for
ammoni a, defined as the concentration that produces the first
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detectabl e difference in odour over background, was reported to be
37 mg/nt (DallaVval l e & Dudl ey, 1939). This reference, though often
cited, gives no information on the study design fromwhich this
nunber was derived.

The considerable variability in threshold data pronpted work by
Leonardos et al. (1969), who used a standardi zed procedure to
determne recognition thresholds rather than detection threshol ds
for 53 chem cals. The odour threshold was defined as the first
concentration at which all four panel nenbers (trai ned odour
anal ysts) were able to recogni ze the characteristic odour of the
chemical. The panel tested only one chenical per day.
Concentrations exam ned were nultiples by 10 of 0.7, 1.47, and
3.3 mg/n? (1, 2.1, and 4.6 ppm). The recognition threshold for the
odour of ammonia was 32.6 ng/n? (46.8 ppm).

The results of several other studies suggest that human bei ngs
can detect ammonia at nuch |ower |evels. Stephens (1971) reported
2.7 my/n? (3.9 ppm) as the | owest concentration producing an odour
response, when a contaminated air streamand a reference stream
were conpared by sniffing (nunber of subjects was not reported). A
report by Saifutdinov (1966), of an olfactory threshold of 0.55 -

0.50 nmg/nt for the nost sensitive of 22 subjects, did not include

sufficient detail to evaluate this excessively |ow estimate.
Carpenter et al. (1948) stated that "a group of 8 persons found
that the | east odour they could detect on entering a room

contai ning various concentrations" was 0.7 ng/nt (1 ppm) armmoni a
Again, no other details were given

The best estimates of the thresholds at which ammoni a can be
expected to be detected by taste and odour are 35 ng/litre (as NHy)

and 35 ng/n?¥, respectively. Sensitive individuals nmay detect
concentrations an order of magnitude | ower.

9.2. dinical and Controll ed Human Studi es

9.2.1. Inhal ati on exposure

The severe effects resulting fromacute exposure to ammoni a
have been described in case reports of accidents involving groups
of people or individuals. There are no data on actual |evels of
amonia in air during such accidents, but estimtes have been nade
(Yahagi et al., 1959; Takahashi et al., 1984; NRC, 1979).

Exposure to an armmoni a concentration of 280 ng/n? (400 ppm has
been reported to produce i mrediate throat irritation; 1200 ng/ n?
(1700 ppn) to produce cough; 1700 ng/ n? (2400 ppm) to be life-

t hreat eni ng, and 3500 - 7000 ng/n? (500 - 10 000 ppm) to cause a
high nortality rate (Patty, 1963; Helners et al., 1971).

A burning sensation in the eyes, nose, and throat, as well as
respiratory distress acconpani ed by |achrynmation, coughing, and an
increase in respiratory rate are sone of the irritant effects of
amonia (Caplin, 1941). Chest X-rays are generally nornmal in such
mld cases (Watson, 1973; Close et al., 1980). More severe
respiratory effects include | aryngeal and pul nonary oedema and
bronchopneunoni a (Slot, 1938; Caplin, 1941; Levy et al., 1964;
Taplin et al., 1976; Flury et al., 1983). The signs and synptons
are generally reversible, but chronic bronchitis and bronchi ectasis
have been reported (Slot, 1938; Sugiyama et al., 1968; Taplin et
al ., 1976; Cose et al., 1980).
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In cases with a lethal outcone, the cause of death has been
severe | ung damage and secondary cardi ovascul ar effects (Sl ot,
1938; Mul der & van der Zalm 1967).

There have al so been sonme studies on volunteers exposed to
amoni a under | aboratory conditions. Sone of these studies are
summari zed in Table 21.

Silverman et al. (1949) reported on 7 human vol unt eers exposed
to a concentration of 300 ng/n? (500 ppn) ammonia for 30 nin using
an oral -nasal mask. All 7 experienced upper respiratory
irritation, which lasted up to 24 hin 2 of the volunteers. Two
subj ects experienced marked | achrymation, in spite of the exposure
bei ng by oro-nasal mask. The average respiratory minute vol unme
i ncreased markedly conpared with control values, and in the 5

subj ects in which mnute-by-mnute expired vol unes were neasured
there was a marked cyclical variation in mnute volume with a
period of 4 - 7 min. No coughing was not ed.

After exposure, respiratory mnute volunmes fell to | evels bel ow
the pre-exposure rate, but returned to pre-exposure values within 5
m n of exposure. Ammonia retention decreased progressively unti
an equilibriumof 24%retention (ranging from4 to 30% was reached
at approximately 19 min (range 10 - 27 mn). The indices of
ni trogen netabolism (BUN, NPN, urine-urea, and urine-ammonia)
remai ned normal. The carbon di oxi de conbi ni ng power did not
change.

Ver beck (1977) assessed respiratory function in 16 vol unteers
fol |l owi ng exposure to 35, 56, 77, and 98 nmg ammoni a/ n? (50, 80,
110, and 140 ppm) for 0.5, 1, and 2 h. The respiratory vari abl es of
vital capacity (VC), forced expiratory volunme (FEV), and forced
inspiratory volume (FIV), neasured before and after exposure, did
not decrease by nore than 10% Subjective variables, including
snell, taste, irritation of the eyes, nose, or throat, urge to
cough, headache, and general disconfort were nonitored every 15 nin
and ranked by 8 experts and 8 non-experts (students) on a scale
fromO to 5. Subjective responses were ranked hi gher by the non-
experts. A concentration of 77 mg/nt (110 ppn) was tol erated for
2 h, but at 98 ng/n? (140 ppm), all the subjects left the chanber
because the exposure was intol erable.

Respiratory responses to anmoni a during exercise were exam ned
by Cole et al. (1977). Eighteen nales, aged 18 - 39 years, had 2
peri ods of exercise in 3 consecutive half-day sessions. Mean
exposure |levels were 71, 144, 106, and 235 ng/n? (101, 206, 151
and 336 ppn). Ventilation minute volune and total vol une
decreased, and nean respiratory frequency increased at exposure
level s > 106 ng/ n? (151 ppn).

In a study by MacEwen et al. (1970), 6 volunteers were exposed
to amoni a concentrations of 21 and 35 ng/nt (30 and 50 ppm) for 10
mn. The irritation was rated subjectively on a scale of 0 - 4.
At 35 ng/n? (50 ppm), irritation was rated as "noderate" by 4 of
the volunteers, while 1 individual reported no detectable
irritation. None of the volunteers found the irritation at
35 ng/ n? (50 ppm) to be "disconforting" or "painful".

The irritation threshold for ammoni a was examined in 10 human
vol unteers by Industrial Bio-Test Laboratories, Inc. (1973). The
subj ects were exposed to 4 different concentrations of 22, 35, 50,

and 94 mg/n? (32, 50, 72, and 134 ppn) for 5 min. The frequency of
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positive findings for the 10 subjects was as follows: at 22 ng/n?,
1 subject conplained of dryness of the nose; at 35 ng/n?, 2

subj ects experienced dryness of the nose; at 50 ng/n¥, 3 subjects
had eye irritation, 2 had nasal irritation, and 3 had throat
irritation; at 94 ng/n¥, 5 subjects denonstrated signs of
lachrymation, 5 had eye irritation, 7 had nasal irritation, 8 had
throat irritation, and 1 conplained of chest irritation

Table 21. Effects of inhaled ammonia in human vol unteers

Nunber Concentration Duration Ef fects and response
(mg/ ) (min)

7 300 30 irritation of upper respiratory
tract (7/7); increase in mnute
vol unme; no change in bl ood
chem stry

16 35 - 98 30 - 120 10% i ncrease in VC, FEV, and
FIV; 98 ng/m was not tol erated;
77 nmg/ n? was tolerated for 2 h

18 71 - 235 8 - 11 no effects noted during exercise
at 71 ng/ n? except slight
irritation; decrease in
ventilation mnute volume and
tidal volunme and increase in
respiratory frequency > 106
mg/ nt

6 35 10 "noderate irritation" (4/5)

10 22 5 dryness of the nose (1/10)

10 35 dryness of the nose (2/10)

10 50 eye irritation (3/10)

10 94 throat irritation (8/10)
eye irritation (5/10)

6 17.5, 35, 2 - 6 h, increase in FEV{, with

or 70+ 5 days/ i ncreasi ng NH;; adaptation
week, for to irritating effects
6 weeks

A controlled study on human vol unteers was conducted by
Ferguson et al. (1977) to evaluate the responses to inhal ed amonia
at concentrations of 17.5, 35, and 70 ng/n? (25, 50, and 100 ppm).
Six adults, not acclimatized to anmoni a exposure, 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 ng
ammoni a/ n? for 6-h periods throughout the test. Subjects were
exam ned daily for irritation of the eyes, nose, or throat, and
periodically for pulse rate, respiration rate, pulnonary function
(forced vital capacity (FVC) and forced expiratory volunme in 1
second (FEV;)), blood pressure, neurol ogical responses, and
interference in task-performance ability. A statistical analysis
of the results denonstrated that the only significant change anong
the vital functions nmeasured was an increase in forced expiratory
volume in 1 second (FEV;) with increasi ng ammoni a concentrati on.

In addition, the rate of mld 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 acclinmatization process had

occurred, with increased tolerance to the irritant effects of

Si |l verman et

Ver beck (197

Cole et al

MacEwen et a

I ndustrial B
Laboratori es

Ferguson et ¢
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amoni a devel oping with increasing tinme of exposure. Overall, the
amoni a exposure produced 2 incidents of mild irritation (78
observations nade) at 17.5 ng/nt (25 ppn), 22 incidents (198
observations nmade) at 35 ng/nt (50 ppn), and 11 incidents (84
observations nade) at 70 ng/nt (100 ppm). Anpbng control subjects,
4 irritation incidents were recorded during 45 observations. Wen
ammoni a concentrations exceeded 105 nmg/ nt (150 ppn), all subjects
experienced | achrymati on acconpani ed by dryness of the nose and

t hr oat .

In an inhalation study, the threshold for effects on
respiration, skin electric potential, and the el ectroencephal ogram
was found to be 22 nmg/nt (31 ppm) (Al patov & M khailov, 1963
Al pat ov, 1964).

Reports fromindustries with amonia exposure indicate that
irritative effects have appeared over a wi de range of ammoni a
concentrations (Elkins, 1950; Vigliani & Zurlo, 1955; Mangold,
1971). A concentration of 88 ng/n? was called "definitely
irritating"” (Elkins, 1950), and "barely noticeable" eye irritation

was reported at 3 ng/n? (Mangold, 1971).

G guz (1968), in a study involving 140 subjects exposed to
amoni a and nitrogen oxides, at concentrations not exceeding the
"maxi mum per i ssi bl e concentration" (20 mg/n?), 3 h per day during
2 - 3 years of vocational training, denonstrated increased
i nci dences of upper respiratory tract disease, conpared with those
in a control group of unexposed subjects.

9.2.2. Oal exposure

9.2.2.1. FEffects of acute oral exposure

Cases of the ingestion of |arge doses of ammoni a have been
reported. Wen solutions of ammonia were ingested orally, a
ti ssue-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 exanple, has a pH of 12.5.

Cesophageal burns were reported in 25 cases of accidental
amoni a i ngestion (Hawkins et al., 1980). One child suffered a
mld burn. Four adults had mld burns linted to the nucosa and
ni ne adults had oesophageal burns that were noderate or nore severe
in nature. One adult female suffered froma conplication of airway
obstruction fromsupraglottic oedema. Qesophageal stricture from
the ingestion of amonia (100 g/litre) was reported by Vancura et
al. (1980) (Table 19).

A fatal outcone after ingestion of a solution containing 24 g
amoni a/litre was reported by Klendshoj & Rejent (1966). Autopsy
showed haenorrhagic inflanmatory changes in the oesophagus,
stomach, and snall intestine.

There are nmany reports on the effects of ammoni um chl ori de, but
since acidosis is caused by the chloride, such studies have little
rel evance for evaluating ammonia toxicity.

There are no data on acute effects of ingestion of anmmoni um
conmpounds, other than the chloride.

9.2.3. Endogenous hyperamobnaeni a
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9.2.3.1. Inborn errors of metabolism

These affect the uptake of ammonia rather than its rate of
producti on.

Congeni tal deficiency of carbanyl phosphate synthetase | (EC
6.3.4.1.6), and, to a |lesser extent, of other enzynes of the
ornithine cycle, and several other netabolic disorders nmay lead to
hyper ammonaem a and vari ous abnormal urinary constitutents.

Hyper ammonaemrmi a may be | ethal in newborn infants, may cause severe
synptons in infancy, or may cause chronic renittent synptons in
ol der children or adults (Hsia, 1974).

Clinical features in neonates may resenble those of hepatic
coma and nay be precipitated by protein-rich mlk feeds. |n older
children, episodic vomiting, neurological disorders (including
sei zures) or comm are precipitated by high-protein foods.

9.2.3.2. Hepatic features

Varied and conplex functions of the liver may fail
progressively in chronic liver disease or rapidly in acute
di sorders. The syndrones differ in the extent to which porta
bl ood fromthe intestine is shunted into the systenic venous
circulation either by cirrhotic changes in hepatic vascul ar
resi stance or by surgical procedures to correct portal hypertension
resulting fromit.

In either case, a syndrone is recognised that conprises a
spect rum of neurol ogical features fromirritability via
i nappropriate behaviour, trenmors, hyperreflexia and generalised
nmuscul ar rigidity, to delirium stupor, convul sions and cona.

There is di sagreenent regarding the extent to which this
syndrone i s an expression of anmonia toxicity. On the one hand,
over 90% of persons with the disorder have el evated |evels of
amonia in the bl ood or cerebrospinal fluid; the condition may be
i nduced in those with marginal liver function by the adninistration
of ammonium salts or an intestinal haenorrhage (which leads to
intestinal ammoni a production greater than that from an equival ent
amount of neat) and the condition may be treated by reducing
i ntestinal ammoni a production, by the adninistration of antibiotics
to elinmnate ammoni a- producing flora. On the other hand, there is
an inperfect correlation between the clinical state and the bl ood-
ammoni a | evel and the condition may occur in the presence of nornal
bl ood- anmoni a | evel s.

It is unlikely that the syndrome resulting fromthe failure of
an organ as conplicated as the liver should be explicable in terns
of a single nmetabolic conponent, but the sinilarity between hepatic
failure and certai n expressions of congenital hyperamobnaeni as
suggests an inportant role of amonia toxicity in the pathogenesis
of the syndrone.

10. EVALUATI ON OF HUMAN HEALTH RI SKS AND EFFECTS ON THE
ENVI RONVENT

10.1. Atnospheric Exposure and Effects

10.1.1. Ceneral popul ati on exposure

Background | evel s of amonia in conmmunity air are lowin
comparison with levels that have been established as safe in
occupational settings, but there is considerable variabilty
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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 ug/n?, levels in urban
areas range from approximately 5 to 40 pg/n?, while those in rura
areas, w thout intensive nmanure production or use, range up to

10 pg/n?. This is in contrast to odour thresholds of the order
10 000 pg/n?, thresholds for irritation of the order 20 000 -

50 000 upg/n?¥, and the estimated LC for man of 5000 - 10 000 ng/nt.
The LGso estimation for the rat was 7 600 000 upg/nt, for a 2-h
exposure. In an occupational setting, workers did not voluntarily
use respiratory protective devices at concentrations bel ow about
500 000 pg/ n?. General anbient atnospheric levels are therefore
of no concern in respect of disconfort or acute toxicity.

Ammoni a is not nmutagenic and | ong-term studies on both
| aboratory and farm ani mal s have not shown any pathol ogi cal effects
at levels below 35 000 pg/nt. Long-termtoxic effects are
unlikely, even at |evels nuch higher than anmbient |evels, both
generally and in the nei ghbourhood of ammoni a-enitting systens.
There is a lack of evidence regarding recent trends in gl oba
at nospheri ¢ ammoni a concentrati ons.

10.1.2. Cccupational exposure

Qccupati onal problenms are predoni nantly those of accidental
exposure.

Though for certain groups in, for exanple, agriculture, the
chem cal industry, waste disposal and transport, occupationa
exposure |l evels may be very much higher than general, there is
hi storical evidence that, even at levels significantly in excess of
current occupational exposure limts, there was a | ow preval ence of
adverse health effects.

The distribution kinetics of absorbed atnospheric anmoni a
suggest that the rise in blood-amonia at a typical occupationa
exposure limt will be within the normal range of variation

Thus, there is both historical and theoretical evidence that
nost recomended exposure limts are acceptable.

10. 2. Exposure Through Water and Food

Ammonia will have a toxic effect, only if intake exceeds the
capacity of mammals to detoxify amonia. Unfortunately, there are
no data permitting the evaluation of this capacity in healthy hunman
beings or other terrestrial mammals. In addition, there is sone
evi dence that the node of intake may be a factor in the capacity of
i ndividuals to detoxify amonia. Parenteral adm nistration of
amoni a results in patterns of nmetabolismand elimnation that are
markedly different fromthose seen in oral adm nistration. Thus,
the consi derabl e body of data on the parenteral toxicity of anmonia
is not of direct relevance to criteria for oral exposure.

Simlarly, because of the different kinetic patterns between ora
and inhal ati on exposure to anmonia, as well as the highly irritant
effects of ammonia on the lung, the avail abl e inhalation data on
anmoni a are not applicable to the estimati on of an acceptable daily
intake (ADI) for ingestion. However, it would be possible to
define a clearly undesirable | evel of oral exposure to tota

amoni a (NH and NHy+) as well as a level that is clearly

tol erable. The range between these 2 | evels would exceed the range
wi thin which an ADI coul d be established
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The anmount of excess anmonia (i.e., over and above the anobunt
normal |y produced in the body) that can be safely ingested and
assimlated 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 nmg NH/ kg
body wei ght per day) in the formof sul fanate, phosphate, citrate,
or chloride.

The effects attributed directly to el evated ammoniumion | evels
are acute pul nonary oedema and central nervous system (CNS)
toxicity, depression of appetite due to a direct effect of the
amoni umion on the brain, and pronotion of growh via the use of
anmmoni um salts as a source of non-essential nitrogen under certain
ci rcunmst ances.

Sone effects (such as renal growh and denineralization of
bone) arising fromthe adm nistrati on of amoni um chloride seemto
be secondary effects of acidosis.

Surveys of total ammonia (NH; + NHy;+) concentrations in surface
waters indicate an average of < 0.18 ng/litre in nost areas, and
0.5 ng/litre in waters near large nmetropolitan areas (Wl aver
1972; US EPA, 1979a). Levels in ground water are usually | ow,
since ammnia is generally inmmobile in soil. Ampnia is practically
absent when drinking-water is chlorinated.

Ammonia is a negligible natural constituent of food, but
ammoni um conpounds are added in snmall amounts (< 0.001 - 3.2% to
various foods as stabilizers, |eavening agents, flavourings, or for
ot her purposes. The daily human intake fromthese sources is
estimated to be 18 ng as NHs.

10.3. Ccular and Dernmal Exposure

Amoni a in aqueous solution or in contact with body fluids is
al kal i ne and causes burns or inflammuation of eyes or skin. The
ocular irritation comonly experienced at atnospheric amonia
concentrations of > 20 ng/n? (MacEwen et al., 1970; Keplinger et
al ., 1973; Verberk, 1977) is readily reversible when exposure
ceases, and may al so be reduced by acclimatization (Ferguson et
al ., 1977).

Serious ocul ar damage normally occurs, only with a direct bl ast
or splash contact with anhydrous or aqueous amonia (G ant, 1974).
Skin damage is reported to occur at concentrations of ~7000 my/ n?
(NRC, 1979).

10. 4. Accidental Exposure

H gh gaseous ammoni a concentrati ons may be encountered | ocally,
both in donestic and work-place environnments, as a result of gaseous
em ssions and/or spillages of concentrated sol utions, and
respiratory (and skin and eye) injury may result. On a |arger
scale, spillage fromstock or transport tanks or refrigeration
pl ant of concentrated ammoni a |iquor or anhydrous amoni a woul d
constitute a severe environnental insult and woul d cause serious
injury to the people, aninmals, and plants in the vicinity. Because
of its | ow density and short biopersistence, major spillages would
be expected to disperse rapidly and not to persist in the
envi ronment .

10.5. Evaluation of Risks for the Environnment

Envi ronnents that receive nore ammoni a than can be used nmay be
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acidified and nitrogen-enriched. As a consequence of these
physi cal -chem cal changes, the structure and functioning of the
ecosystemw || be disturbed.

Ammoni a plays an inportant role in the netabolismof al
organisnms as a nutrient at |ow concentrations, but beconmes toxic at
hi gher concentrations. For exanple, mcroorganisns both assinilate
and generate amopnia as a part of natural nutrient cycling
processes. High levels of anmonia may inhibit gromh or surviva
of microbial organisns, including, at higher levels, nitrifying
organi sns.

10.5.1. The aquatic environnent

Amoni a concentrations in the aquatic environnent are vari abl e,
reflecting the proximty and nature of sources (section 4).

Where there are | arge nunbers of people and animals in relation
to the volune of surface waters and drainage flow, the |oad of
nitrogen added to surface waters from sewage and industri al
effluent is the predom nant source and may | ead to ammoni a
concentrations that constitute a significant |ocal and/or regiona
envi ronnment al probl em

O herwi se, anmoni a deposition contributes a mgjor input. In
surface waters that are poorly buffered, poor in nutrients, and
hydrol ogi cal | y dependent on rainfall and/or snow nelt, this may
result in acidification and nitrogen enrichnment resulting in marked
changes in plant community structure with conconmitant changes in
the ani mal popul ation structure.

The toxic effects on aquatic organisns are attributed to non-
i oni zed ammonia (NH;) rather than to amoniumion levels. This is
because non-ioni zed ammoni a easily penetrates biol ogi cal nenbranes,
wher eas ammoni um i ons require specialized transport processes.

There are sinmilarities between the nodes of the acute toxic
action of ammnia in mammals and in fish: in the latter, however,
envi ronmental conditions (such as pH, ionic conposition and
concentration, tenperature, and oxygen availability), which are
nore variable in water than in air, have a marked nodul ati ng
ef fect.

Aquatic animals have a limted ability to detoxify ammoni a and,
therefore, the body |oad is dependent on anmpni a concentrations in
the water. Except in open oceans, exposure to environnmental |evels
produces many chronic effects (including reduced growh, decreased
survival, inpaired reproduction) and may increase susceptibility to
di sease and al so cause hi stopat hol ogi cal changes.

Hi gh | evels of amonia in aquatic systens are also toxic for
plants. The detoxification of excessive amoni a pl aces a severe
strain on the carbohydrate netabolismof the plant which
subsequently results in foliar injury, and growh effects, and thus
may nodi fy plant community conposition

Where the domi nant species, be it fish or plant, is also
sensitive to anmponia the effects on the whole ecosystemw || be
mar ked.

10.5.2. The terrestrial environment

The nost common effect of exposure of plants to atnospheric
amonia is foliar injury. Prolonged exposure to hi gh anbient
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concentrations of about 75 pg/ng, such as occur in the vicinity of
intensive livestock farns, adversely affects nore susceptible
speci es 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 di sease and

net eor ol ogi cal stress.

The data on ammonia toxicity for wildlife are very limted
There is no evidence that wildlife populations, in general, are at
ri sk fromamonia, but, there may be secondary effects associated
with changes in plant communities. Certain species of bats are
able to withstand the very high ammonia | evels found in caves where
they live.

10. 6. Concl usi ons

The nmaj or groups of organisns at risk from el evated ammoni a
| evel s are aquatic aninmals and terrestrial plants. There appears
to be little danger for terrestrial animals, including man, except
from acute acci dental exposure.

10.6.1. Ceneral popul ation

There are no data suggesting that present environnental |evels
of anmmoni a are hazardous for the general population. Only high-
| evel accidental exposures from donestic sources and transportation
and storage acci dents pose an occasional acute health hazard.

10.6.2. Sub-popul ations at special risk

Goups likely to exhibit ammnia toxicity include those with
hepatic or renal inpairnent, though, even in these cases, |evels of
exogenous ammonia are insignificant in conparison with endogeneous
| evel s, so that, in the absence of any environnmental exposure, such
persons would still be affected. The nechanismis different in the
two cases. Hepatic inpairnent limts the conversion of amonia to
urea, and renal failure, by increasing urea concentrations and its
intestinal secretion, leads to increased endogeneous intestina
ammoni a producti on.

There have been few studies on the chronic effects of amonia
i nhal ation. It can be specul ated that subpopul ati ons that have
been found to be hyperreactive to other respiratory irritants
(e.g., sulfur dioxide, particulates, ozone) nay al so be
hyperreactive to anmoni a. These subpopul ati ons nay i ncl ude
children, elderly persons with pre-existing cardiorespiratory
symptons, individuals with asthma or bronchitis, and those engaged
in vigorous physical exercise (Calabrese, 1978). However, there is
al so sonme indication that previous exposure to |low |l evel s of
amoni a may cause inurenent to its effects (Ferguson et al., 1977).

10.6. 3. Cccupational exposure

Acci dental exposures are the predom nant problem (section
10.1.1.3). Oherw se, occupational exposure can be controlled by
the application of nbst current occupational exposure limts and
proper industrial hygiene.

10.6.4. Farm ani nal s

Farm ani mal s nay be at risk, because of continous exposure
under confined housing conditions resulting in high atnospheric
| evel s of ammonia within the confinenent areas; this applies
particularly to cattle, swine, and poultry. Avail able reported
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data provide a range of neasured exposure levels of from2 to
1400 mg/n?. In winter nonths in colder climtes, nost of the
neasured concentrati ons exceeded the adm ssible upper limt of

35 ng/ nt (50 ppm.

10.6.5. Environnent

Environments with a | ow buffer capacity and poor in nutrients
are susceptible to acidification and nitrogen enrichment by
el evat ed ammoni a | oadi ng; prol onged hi gh amoni a-1 oading results in
changes in both the structure and function of plant and ani nal
communities. Levels of atnospheric ammoni a necessary for the onset
of these changes have not been established; however, changes in the
structure of these comunities have been observed where ammoni a

level s in the atnosphere were possibly up to 100 pg/ nt.

Pl ants use anmonia as a nutrient, but high |evels can be toxic.
Terrestrial plants show a susceptibility to reduced growh and
reduced vitality, when exposed to levels as low as 75 ug NH/ n?in
t he at nosphere.

Aquatic aninmals have a |l ow capacity to detoxify amonia. Acute
effects on sone fish have been denonstrated in | aboratories at
concentrations as lowas 0.1 ng NHk/litre and chronic effects at
concentrations as lowas 0.02 ng NHg/litre. Thus, as ammonia
levels in sonme waters are often simlar 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 amonia levels in water.

Aquatic aninals are at risk because of increases in anmoni a
concentrations in water systens, whereas sone plant conmunities
appear to be at risk fromelevations in atnospheric amonia
| oadi ng.

11. RECOVVENDATI ONS
11.1. Research Needs

1. Long-termnonitoring of ammonia and other pollutants in
wat er systens with different aquatic ecosystens.

2. Studies of the long-termeffects of ammonia on terrestrial
veget ati on.

3. Studies of the global nitrogen balance to identify |ong-
termtrends.

4. Ecotoxicol ogical studies to elucidate environmenta
ef fects.

5. Epideniological studies in relation to ammoni a exposure in
order to nake better hygi ene reconmendati ons.

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

7. Studies on the role of anmmonia in nodifying physical and
chem cal conditions of soil and water systens.

8. Mre data are needed to assess accurately the relative
contributions of various point and non-point sources of
amoni a for surface waters.
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9. Research into nmethods and their application directed
towar ds reduci ng em ssions from poi nt sources.

10. Additional acute toxicity tests with salt-water fish and
i nvertebrate species.

11. Life-cycle and early-life-stage tests with representative
fresh-water and salt-water organisns fromdifferent
famlies, with investigation of pH effects on chronic
toxicity.

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

13. Both acute and long-termtests at col d-water tenperatures.

14. Studies on the effects of dissolved and suspended solids
on acute and chronic toxicity.

15. More hi stopathol ogi cal and hi stochemni cal research with
fish, which would provide a rapid neans of identifying and
quantifying subl ethal ammoni a effects.

16. In fish, the relative concentration limts for both
acclimatizati on and subsequent acute response need better
definition and a nore conpl ete explanation.
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Annex |

Tr. Inst.

H g. GCirana Tr. Prof.

Amoni um sal ts eval uati ons prepared by the Joint

Expert Comrittee on Food Additives (JECFA)?

Functional use

Zabol .,

FAQ WHO

Eval uati on st atus
(ADI, MTDI)®b¢

acetate

al gi nate

bi car bonat e
(hydrogen carbonat e)
car bonat e

chl ori de

hydr ogen phosphat e
phosphat e di basi c

hydr oxi de (strong
ammoni a sol uti on)

| actate

persul fate

pH adj usti ng agent

t hi ckeni ng agent, stabilizer

buf f er
al kal i

| eaveni ng agent,
neutralizing agent,

dough conditioner, yeast, food

buffering agent, dough
condi tioner, |eavening agent,
yeast

al kal i

buf fer, dough conditioner

flour-treatnent agent

not specified® (grouped wit
ot her ammonium salts and a

0 - 50 (grouped with algin
and cal cium potassium an
sodi um al gi nat e)

not specified

not specified (grouped wt
hydrochl oric acid and magn
and pot assi um chl ori des)

MIDI:, 70 expressed as pho
(grouped with phosphates a
pol yphosphat es, i ncl udi ng
phosphat es occurring natur.
f ood)

not specified

not specified

no ADI

& Queries concerning updated information should be addressed to:
FAQ VWHO Expert Committee on Food Additives,
Geneva, Switzerl and.
= Acceptable daily intake for
Maxi rum tol erable daily intake for

Organi zati on,
b ADI
¢ MDDl =

man,

I nt er nati onal

Joi nt WHO Secr et
Programre on Cheni cal

man expressed as ng/ kg body wei ght.
expressed as ng/ kg body wei ght.
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9 ADI not specified = the total intake of the substance arising fromits uses at
to achieve the desired effect does not represent a hazard to health.
REFERENCES TO ANNEX
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Report Series No. 339).
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antioxidants, emulsifiers, and thickening agents, Ceneva,
World Health Organizati on (WHO Food Additives Series No. 5).
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Heal th Organi zati on (WHO Techni cal Report Series No. 648).

WHO (1982a) Eval uation of certain food additives and
contam nants. Twenty-sixth Report of the Expert Committee,
Geneva, World Health Organi zati on (WHO Techni cal Report Series
No. 683).

WHO (1982b) Toxi col ogi cal evaluation of certain food
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ANNEX I'1: TREATMENT OF EXCESSI VE EXPOSURE TO AMMONI A

Ammoni a (gas and liquid) is an extrenely irritant chenica
affecting the skin, eyes, and the respiratory tracts. AmoDnia gas
can produce burning of the eyes, lachrynmation, and severe eye
damage. Wen inhaled it can produce coughing, laryngitis,
bronchitis, chest pains, and severe respiratory problens. Contact
with liquid amonia can result in severe eye and skin burns due
both to its irritant properties and chilling effect.

Those working with amroni a should be trained in its safe use
i ncluding the dangers of inproper handling, the use of protective
equi prent, and the avoi dance of unnecessary inhal ation of the gas
and direct contact with liquid amonia. After handling liquid
amoni a, the hands shoul d be washed thoroughly before eating or
snoki ng.

The provision of protective clothing and equi pnent is not an
adequate substitute for safe working conditions. However, where
exposure cannot be adequately controlled, workers should be
provided with suitable inpervious clothing, boots and gl oves, and,
dependi ng on the severity of the conditions, a face shield or
safety goggles and a mask or self contained breathi ng apparat us.
In pl aces where very hi gh gaseous amoni a concentrations are
expected, conplete gas suits should be used.

Ener gency showers and eye wash or water sprays should be

provided in all areas where ammoni a is handl ed and where | eaks,
spills or splashes may occur. O othes contami nated with anmoni a
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shoul d be di scarded i medi ately and not worn again until thoroughly
cl eansed.

First aid

| f excessive exposure has occurred first aid treatnent shoul d
be pronmptly initiated and nedi cal advice obtained as soon as
possi bl e.

Amonia in the eye (gas, liquid, or liquor)

Ammonia in the eye nmay cause severe injury and nust be treated
imediately by irrigation for at least 15 min with fl owing water or
sterile buffered eye irrigation solution

Ammoni a on the skin (liquid or liquor)

Drench the affected area with water and renpve contam nated
clothing and footwear. Wash the affected area continuously for 5 -
10 min or until pain ceases.

I ngestion (liquid or |iquor)

If the patient is conscious large quantities of water nmay be
given to dilute the chemcal in the stomach. No attenpt should be
made to induce voniting.

I nhal ati on of gas/vapour

1. Rempve from exposure, secure airway and place in seniprone
recovery position if unconscious. Gve artificia
respiration if not breathing.

2. |If heartbeat is absent give external cardi ac nassage.

3. If there is cyanosis (blueness of lips) or air-hunger
admi ni ster oxygen by facenmask

4. A conscious patient may be given water to drink
Further treatnent

Ammonia in the eyes

Corneal damage is probable. Use |ocal anaesthetics and
cycl opl egics to enable thorough irrigation and examnation. |If the
cornea i s damaged, administer topical antibiotics. Refer to a
speci alist centre.

Amoni a on the skin

Treat as a chem cal burn. Liquid anmonia may produce deep
burns that may require grafting. Refer deep or extensive burns to
a specialist centre.

I nhal ati on of gas/vapour

1. Ammonia is irritant to the respiratory tract causing:
(a) bronchial oedema, spasm and hypersecretion
resulting in chest tightness, wheeze, and cough
whi ch may progress to severe dyspnoea; and

(b) lower airway inflammation with exudative
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pul nonary oedema and i npai red gaseous

di ffusion. Synptons may be del ayed 24 h or
more. Resolution may be by fibrosis producing a
restrictive defect.

2. Treat hypoxia with oxygen, ventilation, and bronchi al
| avage, as appropri ate.

3. Consider adm nistration of steroids by nultiple nmetered
doses of topical aerosol, by inhalation, and/or by
injection. Early prophylactic use may be indicated.

4. Adm nister bronchodilators by inhalation or injection, as
indicated. Mintain with oral treatnent.

5. Keep under nedical surveillance for at least 48 h. Treat
synptonmatical ly.

6. (Observe for secondary respiratory infection and treat as
necessary.

See Al so:
Toxi col ogi cal Abbrevi ations
Ammoni a (HSG 37, 1990)
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