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ABSTRACT

The in vitro and in situ production of nitrite (NO3) and nitrate
(NO3) in waters from an artificially acidified and a nonacidified lake
in the Experimental Lakes Area (ELA) were studied. The south basin of
Lake 302 (L.302S) has been acidified with sulfuric acid (H,S04) since
1982 whereas Rawson Lake (L.239) was used as a control lake for the
present study. Heterotrophic nitrification was identified as the sole
bacterial process responsible for the production of NO; and NOj in the

two lakes.

The presence of the autotrophic nitrification inhibitor, allylthio-
urea, did not inhibit NO; and NO3 production in the water samples. The
addition of ammonium sulfate [(NH;),S0,] did not stimulate and in some
cases deﬁressed the production of NO; and NO3. The addition of sodium
acetate to give a final C:N ratio of 3:1 stimulated NO; production. In
situ studies involving 'SN labeling of the NHj pool indicated that NO3;-N
and NO3;-N were not derived from NHj-N, Furthermore, the production and
disappearance of NO; and NO; were always accompanied by increases in pH
to as high as 2:0 units., Autotrophic nitrifying bacteria were not found
in any water samples from the two lake studied. During the course of in

vitro heterotrophic nitrification, N,0 was produced.

Heterotrophic nitrification occurred throughout the water column in
both lakes during the ice-cover periods. The rates of heterotrophic
nitrification in the acidified lake, L.3025, were much greater than

those in the control lake, L.239. In vitro studies showed that highest



rates of net NO3 production occurred in March at the 9-m depth of L.302S
and the 30-m depth of L.239, being 128-75 and 19-2 ug NO3-N-L"'-d"1,

respectively.

Several heterotrophic nitrifying bacteria were 1isolated from the two

lakes. Among them, Pseudomonas fluo:escens was the most predominant

heterotrophic nitrifying species present. P. fluorescens was capable of

growth on Nitrosomonas and Nitrobacter media with alkaline and acidic pH

and at low temperatures. The significance of heterotrophic nitrification

in the lake acidification process is discussed.
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Acid precipitation could have dramatic effects in lakes and streams
(EPA, 1980). Acidification of freshwaters and loss of fish populations
of lakes in at least 33,000 km of southern Norway have been reported
(Overrein et al., 1980). Approximately 40,000 lakes in eastern Canada

have been affected by acid precipitation and over 22% of them received

t al., 1981). The main compo-

greater than 20 kg S804 -ha™'yr™' (Harvey
nents of atmospheric pollutants are NOx and SO, (Evans et al., 1981;
Tamm, 1976). In Canada, it has been estimated that the natural and
anthropogenic emissions of SO, alone were 2-0 and 2-4 X 10'2 g-yr™ 1,
respectively (Harvey et al., 1981). Morling (1981) studied the effects
of acidification on several lakes in western Sweden for 14 years and
noticed the decrease in pH closely followed the increase in SO; concen-
trations in the lake waters. Acid rain in Bermuda has been reported to
be attributed to H;S0,; formed from SO, pollutants in the precipitation

(Jickells et al., 1982).

Most previous studies indicated that HNO3; did not promote long-term
acidification of aguatic ecosystems as compared to H,S50; and that NO3
was usually assimilated by biota in both terrestrial and aguatic ecosys-

t al., 1983; Likens et al.,

tems (Driscoll and Likens, 1982; Galloway
1977). However, the recent projected increase of NOx emissions is a
cause for concern if they lead to an excess of NOj over base cations in
the precipitation (Galloway and Likens, 1981). The total emissions of

NOx and NH; in Canada have been estimated to be ~about 5 and 7 X 10" g



yr~', respectively (Harvey et al., 1981). . The source of NH3/NHj mainly
derives from agricultural fertilizers and animal wastes (Gorham et al.,
1984), NH3/NH;i because of its acid-neutralizing effects has 'not been
considered as an air pollutant contributing to acidification in ecosys-
tems. However, autotrophic nitrification, a bacterial process oxidizing
reduced nitrogen compounds such as NHi to NO; and NO3, produces a con-
siderable amount of acidity (Harvey et al., 1981). Van Breeman et al.
(1982) reported that NHj in the atmosphere reacted with SO, to form
(NH4) 280, &nd that the atmospheric (NH;),50; in the forest canopy
throughfall resulted in soil acidification. They found that the acid
inputs to the forest soils were 2-5 times more than that due to acid
precipitation with H,S80, and HNO3 alone. They further noticed that
(NH,) S0, was rapidly oxidized by soil microorganisms to HNO; and H,50,
producing extremely low pH values (2-8-3-5) and high concentrations of
dissolved aluminium in the noncalcareous soils. In a red Alder ecosys-
tem, acid production ddring nitrification caused 5115% decline of the
soil buffering capacity (Van Miegroet and Cole, 1984). Kelly et al.
(1982), based on hypothetical acid depositions for the Lakes 226N, 227
and 223 in the Experimental Lakes Area (ELA), speculated that the H*
inputs into these noncalcareous Precambrian Shield lakes potentially
derived from NHj oxidation could be substantial. Alexander et al. (1960)
have defined nitrification as a biological conversion of the nitrogen in
organic or inorganic compounds from a reduced to a more oxidized state.
Autotrophic nitrification produces one mole of H* per mole of NH; oxi-
dized whereas heterotrophic nitrification produces alkalinity (Ver-

straete and Alexander, 1973).



In ELA, accumulation of NO; and NO; following the diffusion of NHj
from anoxic sediments to the water column during the ice-cover periods
in both artificially acidified and nonacidified lakes has been observed
repeatedly for many years. On the other hand, it is known that autotro-
phic nitrification is 1inhibited or at least the rate is very much
retarded under acidic conditions (Painter, 1970; Strayer et al., 1981),
The present study was conducted to confirm if nitrification was indeed
responsible for the production of NO; and NO3 in an artificially acidi-
fied and a nonacidified lake at ELA. In addition, the types of nitrifi-

cation processes involved, the potential and the in situ rates of nitri-

fication in the lakes were also determined.
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The biological oxidation of inorganic ammonium compounds to nitrite
and nitrate in soils is termed nitrification (Schloesing and Muntz,

1877). It involves two sequential overall reactions (Equation 1):

NH; ———> NO; ————> NO3; (Equation 1)

(ammonia) (nitrite) (nitrate)

oxidation of NH3z to NO; followed by oxidation of the NO; to NO; (Waring-
ton, 1884). Both reactions are zero-order with the oxidation of NH; to
NO; being the rate-limiting step (Wong-Chong and Loehr, 1975). Nitroso-
monas and Nitrobacter, the two representative nitrifying bacteria
responsible for the two oxidation steps respectively, were the first
nitrifiers isolated from soil by Winogradsky (1890). They are considered
to be very important in nitrification and most predominant in both soils
and freshwater habitats (Belser, 1979; Schmidt, 1978; Watson and Water-
bury, 1971) when compared to other genera of nitrifiers that were sub-
sequently isolated and studied. However, there is some recent evidence

that in some natural ecosystems Nitrosolobus (Walker, 1978) and Nitro-

sospira species (Martikainen and Nurmiaho-Lassila, 1985) are dominant

over Nitrosomonas.

Five genera of NHz;-oxidizing bacteria (Nitrosomonas, Nitrosovibrio,

Nitrosococcus, Nitrosospira and Nitrosolobus) and three genera of NO3-




oxidizing bacteria (Nitrobacter, Nitrococcus and Nitrospina) are now

classified under the family Nitrobacteraceae (Belser, 1979; Bremner and

Blackmer, 1981; Watson et al., 1983). All of them are chemoautotrophs.
They derive their energy from oxidation of inorganic nitrogen compounds
such as NH; and NO; using O, as electron acceptor and obtain their car-
bon source from fixation of inorganic carbon such as CO,, HCO3 and CO3

(Watson et al., 1983). Nitrosomonas and Nitrobacter, respectively,

could fix up to 86 and 23 nmol HCO3; per mole substrate oxidized (Belser,
1984). Although some NH3;- and NOz;-oxidizing bacteria possess certain
degree of heterotrophic growth potentials (Bock et al., 1983; Clark and
Smith, 1966; 1967a: 1967b; Delwiche and Finstein, 1965; Krummel and
Harms, 1982; Smith and Hoarse, 1968; Watson and Waterbury, 1971), their
growth rates and nitrifying activities are mostly insignificant when
compared to their autotrophic mode of growth (Bock, 1978; Bock et al.,

1983; Krummel and Harms, 1982).

(1) PATHWAYS AND ENZYMOLOGY OF AUTOTROPHIC NITRIFICATION
() aAmmonia Oxidation

The pathway of NH; oxidation to NO; by Nitrosomonas europaea has been

studied extensively (Equation 2). The oxidation of NH; to NH,OH is an
endothermic reaction, AF=4-7 kcal (Aleem and Nason, 1963). The reaction

is catalyzed by the enzyme, NH; oxidase, which is a mixed-function oxy-

NH; —> NH;0H —> NOH —> NO3 (Equation 2)

(ammonia) (hydroxylamine) (nitroxyl) (nitrite)



genase or monooxygenase (Aleem and Nason, 1963; Suzuki, 1974). This
Cu**-containing enzyme 1is extremely sensitive to metal chelators.
N-Serve [nitrapyrin or 2-chloro, 6(trichloromethyl) pyridine] and allyl-
thiourea at 1-0 ppm and 50 uM, respectively, completely inhibit NH; oxi-
dation by fresh cells of Ns. europaea (Campbell and Aleem, 1965a; Hofman
and Lees, 1953). The involvement of Cu** in NH; oxidation has been fur-
ther evidenced by recent studies using inhibitors, uncouplers and quina-

crine fluorescent techniques (Bhandari and Nicholas, 1979).

The oxidation of NH,0H, an obligate intermediate of NH; oxidation by
Ns. europaea, is catalyzed by the enzyme, NH,OH oxidase (Falcone et al.,
1963) or NH,OH-cytochrome ¢ reductase (Aleem and Lees, 1963; Hooper and
Nason, 1965) to NOH (Lees, 1955; 1960). The oxidation is completely
inhibited by 3 mM hydrazine resulting in accumulation of NH,OH dufing
NH; oxidation by Ns. europaea (Hofman and Lees, 1953). The presence of
100 nM Mn** stimulates the oxidation rates of NH,0H by 3 fold but inhi-

bits the production of the normal end product, NO; (Hooper, 1978).

Under aerobic conditions, NOH is oxidized mainly to NO; but the
enzyme involved is still uncertain (Suzuki, 1974). Whereas under anaero-
bic conditions, NOH dimerizes to form hyponitrite which chemically

decomposes to form N,0 (Equation 3).

2NOH ——> N0,H, ——> N0 + H;0 (Equation 3)

(nitroxyl) (hyponitrite) (nitrous oxide)



Anaerobically, NO; is a major source of N,0 produced by Ns. europaea
(Ritchie and Nicholas, 1972). Ns. europaea possesses the enzyme, “NO;
reductase, which reduces NO; to N,0 and NO using NH,0H as electron donor
under anaerobic conditions {Anderson, 1564; Hooper, 1968; Ritchie and
Nicholas, 1972; Wallace and Nicholas, 1968). Conversely, oxidation of
NH,0H to NO:; could occur under anaerobic conditions, but the NO; formed
is rapidly reduced to gaseous form of nitrogen (Yamanaka and Sakano,

1980). The enzyme appears to contain Cu** since it is strongly inhibited

by inhibitors specific for NH; oxidase (Suzuki, 1974).

The process of NH; oxidation (Equation 4) produces H' and 665 kcal

2NH; + 30, —> 2H* + 2NO; + 2H,0 + 66'5 kcal (Equation 4)

(Baas-Becking and Parks, 1927; Fromageot and Senez, 1960). The oxida-
tion of NH,OH to NO; is an exothermic reaction which couples to ATP for-
mation (Delwiche et al., 1961). Using '80, as a tracer, Rees and Nason
(1966) found that only one of the 2 oxygen atoms in NO; formed from NHj;
oxidation was derived from molecular oxygen and the other one was from
water. For the NH3/NHj equilibrium, the pka for NH; is 9-25 at 30°C
(Drozd, 1980). Suzuki et al. (1974) reported that NH3 rather than NH}
was the actual substrate fof oxidation by Ns._europaea since the lowest

Km values occurred at the optimal pH ranges of 7-7-8-0,

The free energy efficiency of Nitrosomonas cells 1is about 11-27%

(Laudelout et al., 1968) and the efficiency decreases during growth.



This phenomenon usually attributes to energy being consumed for NH;
transport into the cells, NO; transport out of the cells, respiration

and other assimilatory processes (Aleem and Nason, 1963; Drozd, 1980).,

(B) Nitrite Oxidation

The oxidation of NO; to NO3 by the species Nitrobacter agilis and Nb.

winogradskyi has been studied extensively. The reaction 1is exothermic

producing 17-5 kcal (Baas-Becking and Parks, 1927). The enzyme, NO; oxi-
dase, oxidizes NO; to NO3 using 0, as electron acceptors (Suzuki, 1974),
The enzyme is sensitive to CN”, N3 and some metal binding agents (Aleem
and Nason; 1960a; 1963). N—Serve_at 80-175 ppm inhibits up to 60-75% of
NO; oxidation by Nb. agilis (Campbell and Aleem, 1965b). Hynes and
Knowles (1983) reported that 0-5 mM ClO3 caused 58% inhibition of NO3

oxidation by Nb. winogradskyi. The pKa for HNO,/NO; equilibrium is 34

(Focht and Verstraete, 1977)., The enzyme shows a high affinity for the
substrate at lower pH suggesting that HNO, rather than NO; is the actual

substrate (Suzuki, 1974).

Cobley (1976) reported that a protoﬁ motive force was generated dur-

ing NO; oxidation by Nb. winogradskyi and that the electrical component

of which controlled the rate of NO; oxidaton. However, Hollocher et al.
(1982) were unable to detect such proton pump in Nb. agilis. Using '20,,
Aleem et al. (1965) found that the oxygen atom in NO; was derived from
water and not from O,. The involvement of 0, is restricted.to electron
transport for energy generation (Focht and Verstraete, 1977). Aleem
(1968) suggested that electron flow from NO; to O, (Equation 5) coupled

to phosphorylation of ADP (Aleem and Nason, 1960b). However, Chaudhry et



NO; —> Cytochrome a; —> Cytochrome a3 —> 0, (Equation 5)

al. (1980) 1implicated the possible involvement of cytochrome b in NO3
oxidation by Nb. agilis. So far, the exact mechanism of electron trans-
port and oxidative phosphorylation in Nitrobacter is still speculative.
Nitrobacter also possesses an enzyme system which reduces NO3 through
NO; to NH; (Wallace and Nicholas, 1968). This reductive process does not
couple to ATP formation (Faull et al., 1969) and the NH} thus formed is

incorporated into cell biomass.

The free energy efficiency in Nitrobacter is about 15-51% (Laudelout
t al., 1968) and is a function of initial substrate concentration and

partial pressure of CO, (Dessers et al., 1970; Kiesow et al., 1972).

(2) FACTORS AFFECTING AUTOTROPHIC NITRIFICATION

Rate of autotrophic nitrification is primarily governed by factors
such as pH, O; concentration, temperature, concentration of substrates
and products, concentration of specific inhibitors and alternate subs-

trates present, etc.

(A) pH

Neutral to slightly alkaline pH is usually optimal for both growth
and metabolism of the autotrophic nitrifying bacteria (Focht and Ver-

straete, 1977). 1In pﬁre cultures of Nitrosomonas, NH; oxidation appears




to be optimal at pH 7-5-8-8 (Engel and Alexander, 1958; Lees, 1954; Mey-
erhof, 1916a; 1916b). Suzuki (1974) reported that NH; oxidation by both
intact cells and cell-free extracts was optimal at pH 7-7. A 80% inhi-
bition of NH; oxidation by Ns. europaea when pH was raised from optimal

to 8-7 or dropped to 6-0 has been observed (Laudelout et al., 1976).

The oxidation of NO; by Nitrobacter is optimal at pH 8:0 (Aleem and
Alexander, 1960). Nitrobacter can grow at pH up to 10-2 when all N
sources except NO; are absent (Meyerhof, 1916a; 1916b). Further studies
by Prakasam and Loehr (1972) indicated that pH up to 11:2 had no effect
on the growth and metabolism of Nitrobacter when free NH; present was
below 20 ng N-L°'. It appears that the toxicity of free NH; at alkaline
pH and HNO, at acid pH affects the growth and metabolism of Nitrobacter
(Focht and Verstraete, 1977). Quinlan(1984) concluded that the optimal
pH for nitrification was not fixed but was a function of ambient total

A
\

free NH3;-N concentration.
With initial pH of 5-1, Morrill and Dawson (1967) were unable to
detect any nitrifying activity by pure cultures of soil nitrifiers.

Painter (1970) and Alexander (1965) stated that nitrification would not

occur at pH below 5:0. It is known that Nitrosomonas consumes a large

amount of energy to transport NH; into the cells and NO3 out of the
cells. This amount of energy is greatly increased under acidic condi-
tions as the NH3/NHj and HNO,/NO; equilibria shift towards NHj and HNO,,

respectively. Consequently, Drozd (1980) speculated that Nitrosomonas

would not grow well in more acid conditions. It is known that the auto-

trophic nitrification process would produce a considerable amount of



acidity. Van Breemen et al. (1982) reported that the atmospheric deposi-
tion of (NH;),S0; to the forest soil was rapidly oxidized to HNO, and
H,S04 with resulting pH values of 2:8-3-5., In a red Alder ecosystem,
acid production during nitrification causes a 15% decline of the soil

buffering capacity (Van Miegroet and Cole, 1984).

Interestingly, autotrophic nitrifying bacteria have been found in
‘acid soils (pH 4:0-4:5) from tea estates in Sri Lanka and Bangladesh
(Walker and Wickramasinghe, 1979). Walker and Wickramasinghe (1979) iso-

lated Nitrosospira sp., Nitrosolobus sp. and Nitrosovibrio sp. from soil

samples of Sri Lanka but only Nitrosospira spp. were present in soil

samples from Bangladesh. They also reported that pure cultures of the

Nitrosospira isolates were able to nitrify at pH 4-1. 1In an acid forest
soil ecosystem (pH 3-9-4-4), Hankinson and Schmidt (1984) found that

Nitrosospira was the predominant autotrophic NHz;-oxidizing bacterium

present. They also noticed that autotrophic NO3;-oxidizing bacteria were
10 to 1000 times more numerous than the autotrophic NHz-oxidizing bacte-
ria in the ecosystem. They proposed that the autotrophic NH3 oxidizers
were probably restricted to circumneutral microsites in the acid soils
whereas the autotrophic NO; oxidizers were not limited to these sites.
Interestingly, an extensive study by Boylen et al. (1983) on 5 acid
lakes (pH 4:3-4:9) and 3 near neutral lakes (pH >6-0) of various trophic
levels in the Adirondack mountain regions of New York revealed that no

significant difference in number of nitrifiers was due to the effect of

pHO



(B) Oxygen Concentration

Production of NO; by Nitrosomonas cells is most rapid at atmospheric

0, level (Gundersen et al., 1966). Nitrification rate appears to be
unaffected when 0, is above 2 mg-L”' but very much reduced at less than
1 mg 0,-L71 (Wuhrmann, 1963). In some estuarine sediments, reduction in
0, concentration could reduce nitrification rates up to 2 orders of mag-
nitude (Jenkins and Kemp, 1984). Because of high 0, diffusion rate
required for nitrification, Chen et al. (1972) suggested that nitrifica-
tion only occurred at the sediment-water interface in the oxygenated
water. Henriksen et al. (1981) found that nitrifiers were present in
anoxic sediment layer but activity was restricted only to the surficial
0, penetration zone (1:5-5-5 mm) of the sediments in the Danish waters.
Indeed, Vincent et al. (1981) observed that active nitrification in Lake
Vanda, Antarctica, by a narrow band of autotrophic nitrifiers was lying
well above the oxycline. Ward (1984) reported that NH3;-oxidizing acti-
vity was negatively correlated with O, concentration in the seawater of

the northeast Pacific Ocean.

Decrease in 0, concentration usually reduces the production of NO3
and the growth of nitrifiers but increases the evolution of N;0 (Goreau
et al., 1980). Anaerobic conditions result in 5-fold 1increase in N,0
production by Ns._europaea when compared to that under aerobic condi-
tions (Hynes and Knowles, 1984). Goreau et al. (1980) suggested that
oceanic N0 was a product of nitrification and not denitrification.

Accumulation of N,0 usually associates with O, minima in water columns

(Cohen and Gordons, 1978; Elkins et al., 1978; Kaplan et al., 1978). The



production of N,0 by nitrification in coastal lagoon sediment from Kys-
ing Fjord, Denmark, reached the maximum at 0:-17 mg O, -L"' with the rate
being 50 umol N,0-L™'"-h™' which represented 25% of the total nitrifica-

1., 1984),

tion activity in the sediment (Jgrgensen et

Interestingly, Carlucci and McNally (1966) observed more inorganic C
uptake by nitrifiers under low than high O; concentrations. They also
found that marine autotrophic nitrifiers could oxidize NHz and NO3 in
liquid ané solid media at 0:-14 and 0:07 mg 0,:L"'", respectively.

Recently, Macfarlene and Herbert (1984) isolated an estuarine strain

Nitrosomonas capable of nitrification in liquid media at 0-1 mg O,-L~ 1.
The occurrence of nitrification in the bottom water of Lake St. George,
Ontario, during the winter when dissolved 0, was less than 1 ug-L™' has

also been repofted (Lean and Knowles, 1982).

The Km of O, consumption in Nitrosomonas and Nitrobacter are 0-51 and

1-98 mg 0, L', respectively (Laudelout et al., 1974; 1975; 1976). The

lower Km values for O; in Nitrosomonas suggests that it may still be

able to nitrify at reduced O, concentrations where Nitrobacter cannot
oxidize NO; to NO3. In a study of mixed cultures of Ns. europaea and Nb.

winogradskyi, Laudelout et al. (1976) observed that upon O, depletion in

the culture media, added NH; was oxidized to NO; only with no NO3 pro-
duction resulting in a temporal shift to NO; accumulation. This could
explain the accumulation of high NO; concentrations in the deeper, O»-
poor water of some oceans such as those off the west coasts of Costa
Rica and Peru in the Pacific Ocean and in some areas of the Indian Ocean

where O, concentrations were about 0:14 mg-L~' (Carlucci and McNally,



1969). Lardner and Larsson (1972) observed the constant presence of
high concentrations of NO; (0-5-2:3 mg N'L~')  for several years in the
bottom water of the Bay of Koping, westernmost part of Lake Malaren,
Sweden. They also noticed that the bottom-water samples nitrified 75 to
100% of the added NHi to NO; only. Similar observations with the NO3
peaks in the water column during destratification in Chesapeake Bay has

been reported (McCarthy et al., 1984).

During nitrification, O; is being consumed by both NH; and NO; oxi-
dizers. In Grand River, nitrification accounted for 75% of the total BOD
(Courchaine, 1968). Lean and Knowles (1982) also attributed most of the
observed O; loss in the water column under the 1ice cover in Lake St.
George to nitrification. In the mesotrophic Lake Grasmere, nitrification
was found to be responsible for 15-20% of the total 0, depletion of the

hypolimnion (Hall and Jeffries, 1984).

(C) Temperature

Temperature affects the biological rate processes. In the temperature
range of 15-35°C, the effect of temperature on the rates of nitrifica-
tion could possibly be described by the Arrhenius equation (Focht and
Verstraete, 1977). 1In pure-culture studies, 25-35°C appears to be the
optimal temperatures for autotrophic nitrification (Buswell et al.,
1954; Deppe and Angel, 1960; Meikeljohn, 1954). The temperature quotient

(Q10) for Nitrosomonas and Nitrobacter are 3-0 and 1:7, respectively

(Belser, 1979)., Therefore, higher incubation temperaturesA(within the

range of 15-35°C) would increase rate of NH; oxidation much more than



that with NO; oxidation. Belser (1979) predicted that higher but not
lower temperature would cause a temporal accumulation of NO3;. In Two-
Mile Creek, a heated stream, NHj oxidation rate (0:5 mg NH;-N-L-'-h™1)
indeed exceeded the NO; oxidation rate (0:29 mg NO3-N:L~'-h™') resulting
in NO; accumulation in the stream water (White et al., 1977). Ward
(1984) reported that the NH3-oxidizing activity was positively corre-
lated with the temperature in oceans. At optimal pH, changes in tempera-
ture appear to have more pronounced effect on NH; than NO; oxidation
whereas the reverse is true under more acid or alkaline pH (Focht and
Verstrate, 1977). For instance, Wong-Chong and Loehr (1975) found that
NO; oxidation at pH 85 or 6:5 was optimal at 25°C but shifted to 34°C
when the pH was adjusted to 7:-5. It appears that both the energy of
activation and the optimal temperature are strongly pH dependent. Wong-
Chong and Loehr (1975; 1978) proposed that both the effects of tempera-

ture and pH, not alone, on nitrification should be considered.

Yoshida and Alexander (1970) found that high temperatures (above

45°C) inhibited NH; oxidation by pure cultures of Nitrosomonas cells.

Focht and Verstraete (1977) concluded that NO; and NO3 were seldom
detected when the temperature reached above 40°C in field soils. Keeney
and Bremner (1967) observed that at 40°C incubation temperature soil
nitrifying activity was completely inhibited. Interestingly, a Nitroso-
monas strain isolated from hot springs of Kamchatka and Tadzhk, USSR,
has been reported to grow optimally at 50°C and had pH and temperature

ranges.of 6:3-7-5 and 50-86°C, respectively (Golovacheva, 1975).



Lower incubation temperatures usually result in decrease in nitrify-

ing activity. An estuarine strain of Nitrosomonas growing in a chemostat

at a dilution rate of 0:025 h~' was washed out when the incubation temp-
erature was reduced below 15°C (Macfarlene and Herbert, 1984). However,
Focht and Verstraete (1977) pointed that the effect of lower tempera-

tures (0-15°C) on in situ nitrification were far more relevant than the

high temperature range mentioned previously since lower temperature
ranges were more common in many aquatic and terrestrial ecosystems. They
also commented on the great many difficulties inherent in assessing the
temperature effects on in situ nitrification. One other fact that makes
the assessment more complex is that autotrophic nitrifying bacteria
apparently become acclimated to the.temperature regime of their habitats
and do not appear to vary their adaptability to low temperatures. Mahen-
drappa et al. (1966) noted that nitrification rates were faster at 20
and 25°C incubation than at 35 and 45°C with Western soils and the
reverse was true with soils from the warmer Southern climate. Similarly,
Anderson et al. (1971) found that acid soils from the colder mountains
area of Georgia had a much higher nitrification activity than those from

the warmer coastal plain when all samples were incubated at 6°C.

(D) Concentration of Substrates and Products

Under optimal pH and temperature conditions, the optimal concentra-

tion of substrates for Nitrosomonas and Nitrobacter are both in the

range of 30-50 mM NHi-N and NO3-N, respectively (Engel and Alexander,

1958; Lees, 1954; Meyerhof, 1916a; 1916b). Nitrite, the end product of



NH; oxidation and substrate for NOj production is of particular inter-
est. It has been reported that NO; inhibits proton-dependent active
transport, O, uptake, oxidative phosphorylation and activities of cer-
tain metabolic enzymes in a wide variety of microorganisms (Yarbrough et
al., 1980). Drozd (1980) pointed out that it was the undissociated weak

acid acting as an uncoupler of oxidative phosphorylation. While 10 mM

NOz inhibits growth of the denitrifying bacterium, Paracoccus denitrifi-

cans (Van Verseveld et al., 1977), wup to 20 mM NO; appears to have no
effect on NH; oxidation by Ns.  europaea (Ritchie and Nicholas, 1972).
Concentfation of NO; above 20 mM inhibits NH; oxidation (Anthonisen et
al., 1976). At 100 and 336 mM NOz, O, uptake by NH; oxidizers is inhib-
ited by 36 and 100%, respectively (Meyerhof, 1916a; 1916b). No growth of
NH; oxidizers was observed in the presence of 500 mM NO; (Drozd, 1980).

However, Bock (1978) found that 21-34 mM NO; completely inhibited growth

of Nitrosomonas. Watson et al. (1971) reported that 100 mM NO3 inhibited

growth of Nitrosolobus. On the other hand, the end product of NO; oxi-

dation, NO3, wusually does not interfere with NO; oxidation (Aleem and
Alexander, 1960). However, NO; oxidation would be inhibited if NO3; con-

centration reached very high levels (Boon and Laudelout, 1962).

Free nitrous acid (0-2-2-8 mg N-L™')  formed under acidic conditions
completely inhibits NO; oxidation in a noncompetitive manner (Anthonisen
et al., 1976; Boon and Laudelout, 1962). Under alkaline conditions, free
NH3; in the range of 0-1-1:0 and at 150 mg NH3;-N-L™' inhibits NO3 and NH;
oxidations, respectively (Anthonisen et al., 1967). Belser (1979) demon-

strated the 1inhibition of NOz oxidation by total NH3;-N present being

200 mg N at pH 7 but was 3 mg N at pH 9. Quinlan (1984) concluded that



the combined effects of pH, temperature and ambient free NH3; concentra-

tion, not alone, on nitrification should be considered.

The Km for substrates at 20-30°C for Nitrosomonas and Nitrobacter

are, respectively, 1-10 mg NH;-N-L~' (Hofman and Lees, 1953; Loveless
and Painter, 1968; Ulken, 1963) and 5-9 mg NO;-N:L-' (Gould and Lees,
1960; Laudelout and Van Tichelen, 1960; Lees and Simpson, 1957; Ulken,
1963). Alexander (1965; 1977) concluded that the populations and in situ
activities of nitrifiers were usually limited by the production rates of
NH; (i.e. ammonification) because the potential rates of NH; oxidation
greatly exceeded the rates of ammonification in soils. In addition, the
maintainance requirements for NH; and NO; oxidizers were reported to be
0-023 pmol NHz-cell ' -h™' (Belser, 1979) and 0-002 pmol NOj3;-cell ' -h~!
(Chiang, 1969), respectively. These requirements further limit the sizes
that the nitrifier population can reach in a system where ammonification
is the only source of substrate (Belser, 1979). This is particularly
relevant to lacustrine ecosystems where NH; is mainly derived from deam-
ination of proteins, amino acids and urea (Jones et al., 1982).‘ Indeed,
Belser (1979) observed a rapid increase in growth of nitrifier popula-

tion in many soils following the additions of NH} fertilizers.

(E) Specific Inhibitors and Alternate Substrates

There are several specific inhibitors and alternate substrates for
NH; oxidation but very few specific for NO; oxidation are known. Ammonia
oxidation by Ns. europaea is inhibited by 1-0 ppm N-Serve (Campbell and

Aleem, 1965a), 1:0 ppm thiourea (Hofman and Lees, 1953; Malhi et al.,



1979), 5-10 uM allylthiourea (Campbell and Aleem, 1965a; Hofman and
Lees, 1953), 1low levels of visible light, e.g. 0:3 uE-cm™ 2 at 410 nnm
(Bock, 1978; Hooper, 1978), 10°5 atm C,H, (Hynes and Knowles, 1978),
10% N,0 (Hooper, 1978; Hynes and Knowles, 1982) and 5 uM Cl0; (Hynes and
Knowles, 1983). Some other inhibitors of NH; oxidation have been listed
by Hooper and Terry (1973). Sjwerinski (1977) suggested that some com-
pounds excreted by the spring phytoplankton were inhibitory to nitrifi-
cation since nitrification in Kiel Fjord ceased at a time when phyto-
plankton bloom started. Suzuki et al. (1976) reported that CH;, CH3OH
and CO were competitive inhibitors of NH; oxidation in Ns. europaea.
Recently, CO, CH,; (Jones and Morita, 1983a; 1983b), CyH; and C,H,0

(Hyman and Wood, 1984) were shown to be alternate substrates for the

enzyme NH; oxidase.

Very often, much higher concentrations of inhibitors are required to
confer the same degree of inhibition in naturai samples as achieved in
pure culture studies. It has been reported that C,H; at concentrations
of 1074 atm (Berg et al., 1982) to 10°' atm (Mosier, 1980) were required
to completely inhibit NH; oxidation in soils. Bremner and Bundy (1974)
found that 5 ug CS;-g” " soil inhibited 97-99% of the soil NHj; oxidation.
In lake sediment cores and enrichment cultures of nitrifying bacteria,
10 mg-L~' allylthiourea appeared to be sufficient to halt NH; oxidation

(Hall, 1984).

NO; oxidation by Nb. winogradskyi 1is inhibited by 10 mM C103 (Hynes

and Knowles, 1983)., Cl03 is a competitive inhibitor of NO; reductase in

Nitrobacter (Faull et al., 1969) and can be reduced by the enzyme to



form ClO3. It has been reported that 500 uM Cl03 inhibited NO; oxidation

by 58% 1in Nb. winogradskyi and that Cl0; was reduced to Cl0; by the

cells (Hynes and Knowles, 1983). With sediment, soil slurries and pure

cultures of Nb. winogradskyi, 10 mM ClO3 was found 1inhibitory to NO;

oxidation (Belser and Mays, 1980). 1In addition, visible light was shown

to be lethal to the cells of Nitrobacter (Bock, 1978).

(3) METHODOLOGY IN ASSAYING NITRIFICATION

There are several methods currently being used in measuring in situ

autotrophic nitrification rates.

(a) Belser and Mays (1980) proposed a sensitive and simple technique by
using ClO3 inhibition of NO; oxidation and measured the amount of
NO; accumulated against time of incubation. This technigue assumed
that the oxidation of NH; but not NO; was the rate-limiting step
(Wong-Chong and Loehr, 1976) and that Cl03 or its byproducts had no
effect on NH; oxidation to NO3. However, Hynes and Knowles (1983)
reported that ClO3 was rapidly reduced to Cl0; by NOz;-oxidizing
bacteria and the amount of Cl03 produced was sufficient to inhibit
NH; oxidation. Their findings indicated the limited usefulness of
the method.

(b} Billen (1976) reported the successful use of dark incorporation of
H'4C0; in the presence and absence of N-Serve. The method was
thought to be simple and sensitive for measuring autotrophic nitri-
fication rates. This technique assumed the ratio of '%C uptake to

actual nitrogen oxidized to be 9:01:1. There are, however, several



(a)

(e)

drawbacks. Firstly, the C:N ratio varies under different condi-
tions (Gundersen, 1966). Secondly, there are considerable varia-
tions in sensitivity towards N-Serve among strains of NH; oxidizers
(Belser and Schmidt, 1981). N-Serve affects carbon assimilation of
other bacteria and phytoplankton and 1is a potential inhibitor of
denitrification (Henninger and Bollag, 1976), methylotrophy (Topp
and Knowles, 1982) and methanogenesis (Salvas and Taylor, 1980).
Thirdly, methylotrophs can nitrify (Hutton and ZoBell, 1953;
0'Neill and Wilkinson, 1977; Malashenko et al., 1980).

Unlabeled substrates are used in the mass balance approach (Billen,
1975; Schwert and White, 1974; Webb and Wiebe, 1975). This approach
is applicable only when a differential gxists between NHi and NO:
oxidation rates or a specific water mass can be traced with time.
This method is very insensitive, wunable to discriminate the origin
of the process 1involved and subjected to a great deal of sampling
error.

'5N tracer technique (Dugdale and Goering, 1967; Koike and Hattori,
1978; Ohmari et al., 1981; Wada et al., 1977) is still by far the
most reliable method., There are, however, some drawbacks such as
large sample size, lengthy incubation in order to obtain measurable
results, high cost of purchasing a mass spectrometer and the
lengthy preparation and analytical time.

Very recently, Jones et al. (1984) suggested the use of the combi-
nations of '4CO and N-Serve to estimate in situ chemolithotrophic
NH; oxidation. In addition to the problems of using N-Serve, '*CO

method cannot distinquish the NH;-oxidizing activity between NH;



oxidizers and CH; oxidizers since these two groups of oxidizers can
oxidize CO.

(f) ward (1984) reported the successful use of combined '4CO, autoradi-
ography and immunofluorescence for estimation of single cell activ-
ity by autotrophic NHs-oxidizing bacteria in seawater. One major
problem when using this method would be to obtain pure cultures of
all the autotrophic nitrifiers involved for the preparation of

immunofluorescent stains.

In a recent study of NH; oxidation, Salvas and Taylor (1984) found
that picolinic acid (2-carboxy-pyridine) selectively inhibited NH; oxi-
dation by CH; oxidizers but had no effect on NH; oxidation by autotro-
phic NH; oxidizers. On the other hand, Hall (1984) reported that 10 mg
‘L™" allylthiourea inhibited NH; oxidation in situ but did not have any
shortcomings as with N-Serve. Unlike N-Serve, allylthiourea 1is very
soluble in water hence has no solvent effect and its effectiveness lasts

much longer (Hall, 1984). Perhaps in the future study, in situ nitrifi-

cation assay may be possible by using '4CO technique coupled with the

specific inhibitors, allylthiourea and picolinic acid.

(4) NITROUS OXIDE AND NOx

Nitric oxide (NO) plays a key role in tropospheric chemistry regulat-
ing peroxy (HO;) and O, (Levy, 1973; Logan et al., 1981) and N,0 is the
major source of stratospheric NO (Crutzen, 1971; McElroy and McConnell,
1971; Nicblet and Vergison, 1971,). The stratospheric O3 layer is impor-

tant in reducing solar radiation (harmful wavelength region) on Earth.



At high altitudes, N0 reacts with O3 catalyzed by light energy to form
NO, and 0O, resulting in depletion of O3 layer in the stratosphere (Crut-
zen and Ehhalt, 1977; McElroy et al., 1977; NAS, 1977; Pratt et al.,
1977). Anthropogenic depletion of stratospheric O; has been linked to
several adverse biological effects such as skin cancer in man (Cutéhis,

1974; Johnson et al., 1968).

However, at lower altitudes of some areas particularly agricultural
lands, the emission of N,0 increases the concentration of tropospheric
03. Crutzen and Howard (1978) discovered that under photochemical "smog"
conditions in polluted atmosphere some reactive radicals reacted with
02, which in turn reacted with N,0 to generate NO and Osz. Wang and Sze
(1980) and Wang et al. (1976) calculated that an increase in the atmos-
pheric N,0O abundance due to increased application of nitrogen fertiliz-
ers alone (not even including industrial pollution of NOx) would affect
the troposphere climate. The thickening of the E;opospheric 03 and the
increase in atmospheric N,0 (having strong infra-red absorptions) both
contribute a "green-house effect" which could increase the temperature
of the land surface in the area by as much as 30% (Wang and Sze 1980).

This green-house effect could possibly affect the yields of food crop in

some agricultural areas.

More recent studies indicate that autotrophic nitrification is a dom-
inant source of atmospheric N,0. 1In terrestrial ecosystems, soil nitri-
fication contributes a substantial amount of N,0 emissions (Blackmer et
al., 1980; Bremner and Blackmer, 1979). Lipschultz et al. (1981) con-

_firmed nitrification in soils as a potentially significant source of NO



and N;0. They observed that 0:3-1:-0% of the NH; oxidized by Ns. europaea
was converted to gaseous forms of nitrogen. They further estimated that
the nitrification process alone contributed, on a global basis, 15 X 108
tonnes NO-N-yr~' and 5-10 X 105 tonnes N,O-N-yr~'. Yoshida and Alexan-
der (1970) found that low-temperature storage of the cells and the pres-
ence of phosphate stimulated N,0 production by Ns. europaea during oxi-
dation of NH3; and NH,OH. Yamanaka and Sakano (1980) noted that NO3
formed from NH,OH oxidation by purified NH,OH oxidoreductase lasted for
only 5 min and subsequently disappeared in the gaseous form. In addition,
purified NOz reductase of Ns. europaea reduces NO; to N,0 with NH,OH as
electron donor and involved the combined action of NH,OH oxidase and NO;
reductase (Hooper, 1968). Although a theoretical ratio of 350:1 for NHj
oxidized to N0 produced has been suggested (Bremner and Blackmer, 1978;
Elkins et al., 1978; Goreau et al., 1980); Wood et al. (1981) found that

43% of the total NH; oxidized by Nitrosomonas cells released as N,0 via

the mechanism as described earlier by Hooper (1968). In fact, Ns. euro-

paea produces N0 during oxidation of NH3; under both aerobic and anaero-
bic conditions and anaerobiosis stimulates the amount of N,0 produced by
5-fold (Hynes and Knowles, 1984). The presence of suspending particles
also stimulates N,0 production by Ns. europaea in liguid media (Hynes
and Knowles, 1984), This increase in the amount of N,0 is probably due
to higher nitrification rates promoted by the presence of the particle
matrix. Particle size of approximately 0-2 u has been reported to pro-

mote the highest in situ nitrification rates (Kholdebarin and Oertli,

1977). The presence of suspending particles also stimulates NO; oxida-

tion. Audic et al. (1984) reported that the specific activity of Nb.



winogradskyi was stimulated by 130% through attachments in granular

media.

Elkins et al. (1978) reported that nitrification is the dominant
source of N0 in both freshwater and saltwater ecosystems. They found
that 1 mole of N,0 was produced for every 700 moles of NHj oxidized in
the Cheasapeake Bay and the Peruvian Upwelling. Their results suggested
that the oxidation of NH; and amino nitrogen represented a major source
of marine N,0. Yoshinari (1976) found that the concentration of N,0 was
negatively correlated with the 0, profile and that N,0 concentration
reached maximum at water depth where dissolved 0, was about 3 mL-L~' in
the oceans. He detected supersaturation of N,0 in the surface waters of
the Gulf of St. Lawrence in early June and Carribbean Sea in March.
Goreau et al. (1980) reported that decreasing 0, concentration would
increase the N,0:NOz ratio from 0:3% to 10% by NH; oxidizers. They found
that neither oceanic NO; oxidizers nor dinoflagellates could produce
N,O. In the‘warm meromictic Lake Vanda, Antarctica, accumulation of
extremely‘high concentration of N,0 in the saline bottom waters (>2 umol
‘L~") was attributed to intense nitrification by a narrow band of nitri-
fiers lying well above the oxycline (Vincent et al., 1981). High concen-
tration of N,0 was also detected in two lakes during the early spring
stratification, being 343 and 3 ug N,0-L™', 1in the oxygenated NO3-con-
taining waters (Knowles et al., 1981). Lemon and Lemon (1981) reported
10 tiﬁes higher fluxes of N,0 than normal for open oceans. They sugges-
ted that shallower and warmer Great Lakes such as Lake Erie served as a
net source of N,0 derived from nitrification whereas the cooler and

deeper Great Lakes such as Lake Huron served as a sink for N,0 due to



intensive denitrification activity. Seitzinger et al. (1983) detected
high benthic N0 production (152 nmol-m~2-h~') and N,0 fluxes (20 to
>900 nmol'm~2-h~') in the Narragansett Bay and that eutrophic area had
higher N,0 production than relatively unpolluted area. They suggested
that coastal marine sediment was a net source of N,0. In the oligotro-
‘phic Lake Taupo, New Zealand, NO; and N;0 accumulated in the hypolimnion
throughout stratification and that the concentrations increased with
depths towards sediment (Vincent and Downes, 1981). High nitrification
rates for the planktonic and benthic nitrifiers were detected 1in the
epilimnion and the surficial sediment (2:5 mm) whereas the lowest rates
were found in the deep hypolimnion of the lake (Vincent and Downes,
1981). 1In a deep oligotrophic arctic lake, N,0 derived from both nitri-
fication and denitrification could reach 25 ng N'cm™®-d"' and that
nitrification only occurred in the sediment at a rate of 49 ng N-cm™?®
@' (Klingesmith and Alexander, 1983). During nitrification in the Che-
sapeake Bay, McCarthy et al. (1984) detected the accumulations of high
concentration of NO; (35 ug N-L™') in the bay water during incubation
and the ratio of N;0 produced to NO; formed ranged from 0-2% to 0:7%.
They found that the primary source of N,0 and NO; derived from nitrifi-
cation was in the water and not in the sediment. They also noted that
NOz in the pycnocline was mostly in the concentrations of 4-2~9-8 ug
N-L°'" and that the levels of N,0 and NO; increased if anthropogenic
loading of nutrients, thus causing anoxia, was elevated. By analyzing
the 'SN/'4N ratio of N,0 in water samples from the eastern tropical
Pacific Ocean, Yoshida et al. (1984) confirmed that subsurface waters

acted as a source of N0 whereas extremely O;-depleted waters acted as a



sink. Marine sediments from a coastal lagoon in Kysing Fjord, Denmark,
showed maximum N,0 production at 0-1 kpa 0; and the amount accounted for
25% of the total nitrifying activity being 50 nmol N-mL™''h™!' of the

sediment suspension (Jgrgensen et al., 1984),

Denitrification is another process considered to be an important
source of N,0 (Knowles, 1982). However, in the artificially fertilized
oligotrophic Lake 227 in ELA, N;0 was found to be a minor product of
denitrification (Chan and Campbell, 1980). Reduction of NO3 by hetero-

trophic bacteria such as Bacillus subtilis, Escherichia coli and Aero-

bacter aerogenes and reduction of NO; by fungi such as Aspergillus fla-

vus and Penicillium atrovenetum would produce N,O (Yoshida and Alexan-

der, 1970). The production of N,0 by green algae belonging to the family

Chlorophyceae has been reported and suggested as an important source of

N,0 in aquatic systems (Weathers, 1984). Another source of N,0 is the
chemical decomposition of oxidized nitrogen. In sandy acid soils, Ger-
retsen and De Hoop (1957) observed that HNO; was decomposed to NO and
escaped to the atmosphere before it could be oxidized to NO3. Abel et
al. (1931) indicated that HNO, became unstable at pH below 5-5-6-0
resulting in formation of NO and NO,. The formation of NH4NO, under
acidic conditions would also result in its decomposition to form N,0
(Allison, 1963). Bollag et al. (1973) observed that at pH 5-0, NO; chem-
ically decomposed to form NO and NO, but the products were N,0 and N,
instead if biological activity was involved. At this pH, the presence of
Fe** stimulated the abiological production of N;O and N, (Chalamet,
1973; Nelson and Bremner, 1970). At pH 6-0, the presence of 800 mg Fe**

‘L°" and 5 mg Cu**-L°' induced the chemical decomposition of 50% of the



NO; to N0 (Moraghan and Buresh, 1977). 1In addition, Bremner et al.
(1980) found that the intermediate of NH; oxidation, NH,OH, decomposed
to N,O and that the rate was correlated to the presence of exchangeable

and oxidized Mn,

(5) HETEROTROPHIC NITRIFICATION

The report on the production of NO; from the oxidation of organic
nitrogen by Bacillus (Mishustin, 1926) has since introduced the concept
of heterotrophic nitrification. The oxidation of NH} to NO; by pure cul-
tures of heterotrophs has subsequently been demonstrated (Cutler and
Mukerji, 1931; Nelson, 1929). 1In terrestrial ecosystems, Hirsch et al.
(1961) observed the formation of NO; and NO3 by pure cultures of actino-
mycetes and fungi isolated from soils. Using 'SNHj as a tracer, Schimel
et al. (1984) found that NO; formed in an acid soil was not derived from
the '5NH} added. 1In aquatic ecosystems, methylofropbs are thought to be
the major group of bacteria responsible for heterotrophic nitrification
due to their ability to oxidize NHj to NO; (Hutton and ZoBell, 1953;
Malashenko et al., 1980; O'Neill and Wilkinson, 1977) and their frequent

association with NO; maxima in stratified lakes (Hanson, 1980).

All known heterotrophic nitrifiers derive their carbon and energy
source from oxidation of organic carbon. Cutler and Mukerji (1931) found
that 0-1% sucrose stimulated NO; production by the soil heterotrophic
isolates, With 1-5% sucrose and 0:6% (NH4) ;HPO4, NO3 production by A.
flavus reached 141 ug NO3-N'mL~' within 14 days when incubated at 30°C

and pH 7-0 (Hirsch et al., 1961). Glucose along with organic N such as



peptone are frequently used to study heterotrophic nitrification (Gowda
et al., 1977; Obaton et al., 1968; Odu and Adeoye, 1970). Acetate (Cas-
‘tignetti and Gunner, 1981; Verstraete and Alexander, 1972a;: 1973),
citrate, pyruvate (Castignetti and Gunner, 1981), yeast extracts (Cas-
tignetti and Hollocher, 1984) and some other N-containing organic carbon

compounds (Castignetti et al., 1985) have been reported to support het-

erotrophic nitrification., Production of NH,OH from NH; by Arthrobacter

sp. 1is regulated by the C:N ratio. Verstraete and Alexander (1972a)

found that C:N ratio of 3 permitted maximum growth of Arthrobacter but

minimum NH,OH production. Effect of carbon source on heterotrophic
nitrification varies with types of carbon source and natural soil sam-
ples used (Verstraete and Alexander, 1973). Verstraete (1975) stated
that NO; production was not affected by the C:N ratio whereas NH,OH pro-
duction would decrease 10-fold when the C:N ratio was lower than 3-5. On
the other hand, too much carbon source added may not increase NH,0H and
NO; production. Jensen (1951) found that the addition of excessive
amount of glucose (resulting C:N was 20:1) inhibited heterotrophic

nitrification by stimulating cell biomass synthesis.

Focht and Verstraete (1977) compiled a list of micro and macroor-
ganisms capable of heterotrophic nitrification. The list included both
heterotrophic bacteria and fungi which was categorized according to the
types of nitrogenous substrates used and products formed. Heterotrophic
bacteria capable of transforming organic and inorganic nitrogen into
NH,0H, NO; and NO3 that are relevant to the present study are abstracted

from the list and briefly described below.



(a)

Heterotrophic bacteria producing free NH,OH and substituted NH,0H

from NH; or amino-N and oxime-N (RC=NOH): free NH,OH production

from NH; or amino-N by Arthrobacter sp. (Verstraete and Alexander,

1972a), A. globiformis (Gunner, 1963) and Methylococcus thermophi-

lus (Malashenko et al., 1980).

Heterotrophic bacteria producing NO; and nitro compounds from NHj-N

or amino-N, free NH,OH, hydroxylamino compounds, oximes, hydroxamic

acids, aliphatic and aromatic nitro compounds and NOj3:

(1)

(i)

(iii)

NOz production from NH;-N or amino-N by Pseudomonas sp. (Gowda

t al., 1979), Arthrobacter sp. (Tate, 1977), M. thermophilus

(Malashenko et al., 1980) and many other heterotrophic bacte-
ria and actinomycetes (Gode and Overbeck, 1972; Hirsch et al.,
1961; 0du and Adeoye, 1970).

NO; production from free NH,OH by Pseudomonas sp. (Amarger and

Alexander, 1968), Arthrobacter sp. (Verstraete and Alexahder,

1972a), M. thermophilus (Malashenko et al., 1980), Chromobac-

berium violaceum, Flavobacterium sp. Pseudomonas denitrifi-

cans, P. aureofaciens, P. fluorescens, P. stutzeri (Castig-

netti and Hollocher, 1984), Alcaligenes sp. (Castignetti and

Hollocher, 1982), Proteus sp. and Microbacterium sp. (Castell

and Mapplebeck, 1956).

NO oduction from oximes by Pseudomonas aeruginosa (Obaton

2 pr
t al., 1968) and Agrobacterium spp. (Jensen, 1951); and NO;

production from pyruvic-oximes by Alcaligenes sp. (Castignetti

and Gunner, 1981), A. faecalis, P, denitrificans, P. aerugi-

nosa, P. fluorescens and P. aureofaciens (Castignetti and Hol-

locher, 1984),



(iv) NO3 production from hydroxylamino compounds by many hetero-
trophic bacteria (Doxtader and Alexander, 1966).

(v) NO; production from aliphatic nitro compounds by Arthrobacter
sp. (Verstraete and Alexander, 1972b) and P. aeruginosa (Oba-
ton et al., 1968). |

(vi) NO; production from aromatic nitro compounds by Arthrobacter

sp., Flavobacterium sp. (Focht and Verstraete, 1977), Pseudo-

monas sp. and Nocardia sp. (Germanier and Wuhrmann, 1963).
~(c) Production of NO3 from NH;-N or amino-N, NO;, oximes, aliphatic and
aromatic nitro compounds:

(1) NO3 production from NH}-N or amino-N by Arthrobacter sp.

(Verstraete and Alexander, 1972a) and A. globiformis (Gunner,
1963)

(ii)} NO3 production from aliphatic nitro compounds by Arthrobacter
sp. (Verstraete and Alexander, 1972b)

(iii) NO3 production from aromatic nitro compounds by Pseudomonas
sp. (Germanier and Wuhrmanm, 1963).

(iv) NO3 production from pyruvic oximes by Alcaligenes sp. (Castig-

netti and Gunner, 1981).

The occurrence of large population of heterotrophic nitrifying bac-
teria in ecosystems with low number of autotrophic nitrifiers has been
reported (Alexander et al., 1960; Gode and Overbeck, 1972; Laurent,
1971; Odu and Adeoye, 1970; Remacle and Froment, 1972). However, it is
still speculative on the occurrence and significance of heterotrophic
nitrification in terrestrial and aguatic ecosystems. Many workers are

still doubtful, despite the demonstration of heterotrophic nitrification



in pure cultures, whether this potential of N oxidation can occur in
situ with any significance. Their doubts were based on the facts that
heterotrophic nitrification rates were generally 10° to 10% times lower
than the autotrophic nitrification rates (Focht and Verstraete, 1977).
Odu and Adeoye (1970) suggested that the production of NO; and NOj by
heterotrophic nitrifiers may be of ecological significance in environ-
ments where the inefficiency of heterotrophic nitrification could possi-
bly be compensated for by their large numbers. Verstraete (1975) pointed
out that nitrification by heterotrophs was not associated with their
cell growth nor proportional to their overall cellular biomass. Focht
and Verstraete (1977) speculated that heterotrophic nitrification may be
significant both qualitatively and quantitatively 1in two types of envi-
ronments where autotrophic nitrifiers were absent, namely the acid soils

and the highly alkaline, nitrogen-rich agueous environments.

(o) Pathways of Heterotrophic Nitrification

The pathways and the mechanisms involved in heterotrophic nitrifica-
tion are still unknown. Verstraete and Alexander (1972b) proposed path-
ways of heterotrophic nitrification, based on the results of their pre-

vious works on Arthrobacter sp., which included both an inorganic and an

organic pathway (Fig. 1). The inorganic pathway is identical to the one
for the autotrophic nitrification. In the organic pathway, NH} is
thought to be converted to an amide which is then oxidized to yield ace-
tohydroxamic acid. The latter is rapidly converted by a fast, reversible

reaction to free NH,0H, or further oxidized to 1-nitroso-1-oxoethane.



Reduction of the latter gives rise to 1-nitrosoethanol. The enzymatic
hydrolysis of 1-nitroso-1-oxoethane results in formation of NO; and NOj.
Using '%0, as a tracer, Verstraete and Alexander (1972b) showed the
incorporation of 80, during NH} oxidation to NH,OH by the Arthrobacter
cells suggesting that the oxidation of NH; would involve the oxygenase
system. They proposed that the oxidation of N was NADPH-dependent since
an organic C source was required to provide a continuous supply of

reduced pyridine nucleotides for the oxidation of NH} to NH,OH,

Inorganic: NH; —> NHOH —> NOH — NO; —> NO3
Organic: R-NH -—> R-NHOH —> R-OH —> R-NO
or R=NOH
amine substituted nitroso nitro

or amide  hydroxylamine compounds compounds

Fig. (1) Hypothetical pathways of heterotrophic nitrification in

Arthrobacter sp.

Information on the inorganic pathway is scarce. Amarger and Alexander
(1968) reported that P. aeruginosa produced NO; from NH,OH and several
oximes and that NADP was a cofactor for the nitrifying enzymes. Ver-
straete and Alexander (1972b) found that enzymes excreted by Arthrobac-
ter sp. converted NH,OH to NO; in culture medium but neither NAD; NADP

nor cytochrome ¢, alone or in combination, were required. They further



postulated that a peroxidase or catalase enzyme might be responsible for
the extra-cellular oxidation of NH,OH to NO3;. Study with the oxidation
of pyruvic oxime by cells of Alcaligenes sp. indicated that the pathway
did not involve the initial hydrolysis of the substrate to pyruvate but
probably involved the oxidation of N and/or C before C-N bond breakage
(Castignetti et al., 1983). There appears to be no other information

regarding this aspect of the inorganic metabolism.

(B) pH

Ishague and Cornfield (1972) reported that NO; production in an acid
Pakistan tea soil was optimal a£ pH 4-5 and that the ad@ition of lime
inhibited nitrifying activity. Focht and Verstraete (1977) found the
similar optimal pH values (4:5-5-0) for NO; production in some acid for-
est soils. Acid forest soils from the Adirondack mountains (pH 5-6 and
6-3) produced NO3 when amended with simulated acid rain (pH 3-2) 1in the
presence of N-Serve (Strayer et al., 1981). The production of NO3 occur-
red when Bangladesh tea soil was supplemented with urea or oxamide but
not (NH,).50,; (Ishaque and Cornfield, 1974) suggesting that heterotro-
phic nitrification was responsible. It has been reported that the addi-
tion of peptone to some acid soils increased NO; production by 2-fold
whereas the addition of (NH;),50; had no effect (Focht and Verstraete,
1977; Weber and Gainey, 1962). Van de Dijk and Troelstra (1980) obtained
similar results with an acid soil (pH 4:3) following the above treat-
ments., Cooper (1975) also found manure-N was nitrified much faster than

NHi-N in an acid soil. Very recently, Schimel et al. (1984) wusing '5N



tracer technigue discovered that the NO3;-N produced in an acid Sierran

forest soil (pH 5-8) was not from the added ('5NH,),S04. Other evidences

supporting heterotrophic nitrification are:

(a) No autotrophic nitrifiers can be isolated from the acid soils
(pH <4-5) that are producing NO; and NO3 (Ayanaba and Omayuili,
1975; Herlihy, 1973; 1Ishaque and Cornfield, 1974; 1976; Lemee,
1976; Overrein, 1971; Focht and Verstraete, 1977). Alluvial soil
(pH 6:0) in Cuttack, India, produced NO; from NH; and an nonfluore-
scent Pseudomonas sp. isolated from the soil also produced NO; from
NH; when supplemented with glucose (0Odu and Adeoye, 1970). Nitrate
was found to be the predominant inorganic-N accumulated 1in acid
forest soils (pH 3-5) and the pattern remained unchanged when pH
was adjusted to 5'6 (Klein et al., 1984).

(b) NO3 production was positively correlated to the amount of organic-N
present in the acid soils (pH 4:5) and also that the addition of
(NH4) 2504 has n§ effect on NO3 production. Klein et al. (1983)
noted that the NO§ accumulation in acid forest soils from the Adi-

rondacks was 10 fold higher in the organic horizon than in the min-

eral horizon.

All these studies suggested that heterotrophic nitrification proceeds
optimally at acidic pH values. Baxter et al. (1973) detected a trace
amount of NH,;OH in water samples from an Ethiopian lake which was aero-
bic and highly alkaline. However, no definite proof of heterotrophic

nitrification was present in their report.



Verstraete and Alexander (1973) noted the occurrence of heterotrophic
nitrification in some water, sewage and soil samples at neutral or alka-
line pH. They also noticed that during heterotrophic nitrification in
some sewage samples, pH was increased from 7-4 to 9:0. Many other stu-
dies with pure cultures also reported that heterotrophic nitrification
only proceeded at neutral or alkaline pH (Gode and Overbeck, 1972;
Hirsch et al., 1961; Verstraete, 1975; Verstraete and Alexander, 1972a).
Verstraete and Alexander (1972a) reported that the growth of Arthrobac-
ter sp. ceased when the pH of the media was at 6-0 or below and at 10-0
or above. They also noticed that the production of NH,0H was independent
of pH values. Amargar and Alexander (1968) found that NO; production
from oximes and NH,OH by P. aeruginosa was greatly reduced at pH 6:0 and
almost negligible at pH 5-0. Castignétti and Gunner (1981) reported
that Alcaligenes sp. produced NO; at both acidic and alkaline pH but NO3
was subseguently assimilated under acidic conditions. Using aﬁtrate as a
carbon source, they also noticed an increase in pH from 5-4 £o 6-7 dur-
ing the nitrification process. They further observed that at pH 5-2-5-4,
heterotrophic nitrification by the Alcaligenes sp. was greatly reduced
and growth was negligible under shaking incubatioﬁ conditions but the pH
effect was not apparent when the culture was incubated statically. They
speculated that in the static culture, pH of micro-niche surrounding the

cells was altered to allow heterotrophic nitrification to occur.



{(C) 0, Concentration

Heterotrophs have a much higher affinity for 0, (Km=1 uM) than auto-
trophic nitrifiers (Greenwood, 1961; Painter, 1970; Wimpenny, ‘1969)o 1t
is conceivable that heterotrophs are better competitors for 0, at low
concentrations than autotrophic nitrifiers. When a metabolizable carbon
source is added , the respiration rates of heterotrophs are usually
greatly inéreased. However, under anaerobic conditions, heterotrophic
nitrification would not occur (Castignetti and Hollocher, 1982). Inter-
estingly, Castignetti and Hollocher (1984) found that 8 out of 12 repre-
sentatives of denitrifying bacteria were capable of heterotrophic nitri-
fication under aerobic conditions. The well-studied heterotrophic nitri-
fier, Alcaligenes sp., could denitrify under anaerobic conditions using
NO3, NO3, NO and N,0 as electron acceptors (Castignetti and Hollocher,
1981; 1982) . and couples denitrification to oxidative phosphorylation

(Castignetti and Hollocher, 1983),

(D) Temperature

The Q10 for heterotrophs varies depending on the concentration of
organic carbon substrates present (Novak, 1974). Focht and Chang (1975)
suggested Q1o = 5-0-16-0 at 0-15°C the temperature range which was more
applicable to aquatic ecosystems. The effect of the higher temperature
range (15-55°C) on the rate of heterotrophic nitrification could be
described by the Arrhenius equation (Focht and Verstraete, 1977).
Ishague and Cornfield (1974) found that heterotrophic nitrification in

an acid Bangladesh tea soil was rapid at 40°C and the process continued



but with a decrease in rate at 50-60°C. Soils from arid and semi-arid
areas of Israel showed production of NOj from inherent soil-N being more
rapid at 37-40°C than at 28°C (Etinger-Tulczynska, 1969). Myers (1975)
also observed NOj3 production 1in tropical soils incubated at 60°C and
that the rate of NO3 production was greater at 50°C than at 20°C. These
results suggested that heterotrophic nitrifiers in terrestrial ecosys-
tems were thermophiles and most likely used organic-N as initial subs-
trates. Verstraete (1975) found that heterotrophic nitrification by pure
cultures was optimal at around 30°C. The rate of heterotrophic nitrifi-

cation by Arthrobacter sp. was found negligible at below 12°C (Laurent,

1971).

(E) Concentration of Substrates and P;oducts

Nothing is known concerning the effect of the concentration of nitro-
genous substrates and products on the heterotrophic nitrification pro-
cess except fhat a C:N ratio of 3-5 would promote the highest rates of
heterotrophic nitrification (Focht and Verstraete, 1977; Verstraete,

1975). Under favourable incubation conditions Arthrobacter sp. could

accumulate as much as 60 ug NH,OH-N'L™' (Verstraete and Alexander,
1972a) whereas Alcaligenes sp. produced up to 1867 mg NO3;-N-L™' and
42 mg NO3-N-L"' (Castignetti and Gunner, 1981). Whether these were the
maximum concentration of substrates, intermediates and end products that
did not affect heterotrophic nitrification rates and the growth of the

heterotrophic nitrifiers is still not known.



(F) 1Inhibitors

All known specific inhibitors for autotrophic NH; and NO; oxidation
have no effect on heterotrophic nitrification (Verstraete, 1975). C,H,,
up to 0-06 and 0-1 atm had no effect on heterotrophic nitrification by

Arthrobacter sp. (Hynes and Knowles, 1982) and by an acid Sierran forest

1., 1984), respectively. Gowda et al. (1977) found

soil (Schimel et
that neither 5000 ppm benomyl [methyl 1-(butylcarbamoyl)-2-benzimid
azolecarbamate], 10 ppm N—Servé nor 10 ppm AM (2-amino-4-chloro-6-
methyl pyrimidine) could prevent NO3; formation in a flooded alluvial
soil. Chlorate at 10 mM could not inhibit NO; production by soils from
deserts (Etinger-Tulczynska, 1969) and forests (Schimel et al., 1984).
Rho (1983) reported that 0-1-0:5 ppm Cu or 10 ppm Cd inhibited NH,OH

production by Arthrobacter sp. and 0-5-1-0 ppm Cu or 100 ppm Cd inhibi-

ted its growth. They found that other heavy metals such as Fe, Pb and

Zn up to 100 ppm had no such effects.

(G) N30

Verstraete and Alexander (1972a) detected no N0, NO or NO, during

heterotrophic nitrification by pure cultures of Arthrobacter sp. How-

ever, recent reports indicated that during heterotrophic nitrification
by methylotrophs, NO (Verstraete, 1981) and N,0 (Topp and Knowles, 1982)
were produced. Heterotrophic nitrifiers other than methylotrophs could
possibly produce N0 and NO indirectly as NO; and NO3; produced under
aerobic conditions would be reduced to N0 and NO undér anaerobic condi-
tions. This is likely since most of the known heterotrophic nitrifiers

are also denitrifiers (Castignetti and Hollocher, 1981; 1982; 1984),
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(H) Teechniques

No study on heterotrophic nitrification in aquatic ecosystems has
been reported. Consequently, any method available in the literature

would be from those used in studying heterotrophic nitrification in acid

soils. However, these technigues may not be applicable to assay in situ

heterotrophic nitrification in lakes and oceans.

(6) ACID PRECIPITATION

Acidification is defined as the process of creating an excess of
hydrogen ions, H* (Harvey et al., 1981). Henriksen (1982) viewed lake
acidification as a large scale acid-base titration in which a bicarbo-
nate was titrated by a strong acid. Acidification of both terrestrial
and aqguatic ecosystems can be attributed to either local air and water
pollution or acidic precipitation (acid rain) originated from long-range
transport of air pollutants through the atmosphere, or both of these
processes (Carlson and Rodhe, 1982; Gorham, 1976). Jickells et al.
(1982) attributed the occurrence of acid rain in Bermuda to long-range
transport of air pollutants from 1,000 km east of the Atlantic seaboards
of the United States. Oxides of sulfur (e.g. SO;) and nitrogen (e.q.
NOx, N,0) and some reduced compounds of sulfur (e.g. H,S) and nitrogen
(e.g. NH3) are considered to be the main components of air pollutants

(Evans et al., 1981; Tamm, 1976).

Atmospheric precipitation in equilibrium with CO, in the air usually

has a pH value of about 5-6. Precipitation having pH values lower than



5-6 is generally considered as acid rain (Krug and Frink, 1983). How-
ever, there is evidence that in some pristine areas w;thout atmospheric
pollution influence, - precipitation could have pH values below 5-0 and
therefore the arbitrary value of pH 5-6 as the reference point to indi-
cate anthropogenic pollution may not always be appropriate (Carlson and

Rodhe, 1982),

Morling (1981) studied two lakes in western Sweden from 1966 to 1980,
In 1969 to 1975 he observed that the pH of t?e lake water decreased as
SO4 concentration increased. From 1975 to 1980 when SO; cocentration was
kept unchanged, he found that the pH of the water also levelled off.
However, in Lake Unden, SNV (1979) reported that while SO, concentration
(180 ueq-L™ ") remained unchanged from 1965 to 1979, the increase in NOj
concentration (ca. 14 ueq'L~') was accompanied with a decrease in alka-
linity (ca. 17 veq'L™'") during the same period. However, Gorham et al.
(1984) stated that there was a better correlation between the acidity in
precipitation and its SO, contents (r = 0-923) than 1its NO3 or H* con-
tents. Galloway et al. (1984) also suggested the use of SO, concentra-
tion in precipitation as an indicator of anthropogenic influences.
Hydrogen-ion concentration alone cannot be used as a reliable tracer
because pristine areas have a different mixture of acids and bases in
the atmosphere (Galloway et al., 1982; Keene et al., 1983; Keene and
Galloway, 1984). Nitrate as well cannot be used because it is rapidly
assimilated by biota in both terrestrial and aquatic ecosystems and
itself does not promote long~£erm acidification of aguatic ecosystems as

much as SO4 (Driscoll and Likens, 1982; Galloway et al., 1983; Likens et

é:.,]:.e! 1977),



Nonetheless, the recent projected increases of NOx emissions are a
cause for concern if they lead to an excess of NO3 over base cations
(NH%, Ca**) in the precipitations (Galloway and Likens, 1981). The mag-
nitudes of natural and anthropogenic emissions of NO, + N,O and NH; in
Canada have been estimated to be about 7 and 13 X 10'" g N-yr~', respec-
tively (Harvey et al., 1981)., Ammonia is mainly derived from agricul-

1., 1984),

tural fertilizers and products of animal wastes (Gorham et

Henriksen (1982) defined an acid lake as having pH below 5-3 and that
pH became a function of the concentration of strong acids and aluminium
in that lake. Acidification of surface water in lakes would result in
elevated concentration of many metals existing as positive 1ions (e.g.
Al***, Fe'") some of which can be toxic to fish and other équatic organ-
isms (Krug and Frink, 1983; Norton, 1982; Schindler and Turner, 1982).
Evans et al. (1981) recommended the maximum permissible concentration
of H* in the precipitation to be less than 25 ueq-L™' in order to pro-

tect the most sensitive areas from permanent lake acidification.

There are several reports indicating the dramatic effects of acid
rain in streams and lakes by killing eggs of fish, salamanders and frogs
(EPA, 1980) and the loss of fish population (Overrein et al., 1980).
McKinley and Vestal (1982) studied the effects of acid precipitation on
litter decomposition in an Arctic lake. They found that at pH 5:-0 aqua-
tic fungal population disappeared and that at pH 4:0 and below diatoms
were extinct and bacterial population decreased markedly. However, there
are some recent reports suggesting that the effects of acid precipita-

tion may not be that drastic in every aquatic ecosystem. In a study of



artificial acidification of L.223 at ELA with H,S04, with the pH being
lowered from 6-7 to 5'1, Schindler (1980) did not observe any inhibition

of algal photosynthesis. Kelly et al. (1984) found no significant

decrease in rates of in situ organic matter decompositions in the lake

sediments. Kollig and Hall (1982) studied the effects of acids on some
biological processes in microcosms by continuously flowing HC1 (pH 4-6-
5:0) through the systems for an extended period of time. They found no
measurable impact of acid on community function, uptake or release of
major nutrients by microorganisms, biodegradation rate of a plasti-
cizer, algal community structure and total biomass. Boylen et al. (1983)
surveyed several lakes having different pH values and trophic levels in
the Adirondacks and found no significant differences in microbial popu-
lation due to the pH effect in all of the lakes studied. They also
noticed that most of the microorganisms isolated from lakes with neutral

pH couid grow at pH 5-0 suggesting possible adaptation or tolerance of

some bacteria to lower pH.

Three microbial processes are of immediate concern regarding the aci-
dification of lucustrine ecosystems, namely, sulfate reduction, denitri-

t al., 1981). The first two proces-

fication and nitrification (Harvey
ses have been proven to be very important sources of aquatic alkalinity
against lake acidification (Kelly et al., 1982). The third process is
considered to be quite undesirable since most researchers believed that
this process would generate substantial amount of acidity (Harvey et
al., 1981; Kelly et al., 1982; Schindler, 1985). Theoretically, per
molecule NH; oxidized, one H* molecule is generated (Equation 6). Other

microbial processes such as the assimilation of NH} and NO3 by phyto-



NH; + 20, —> NO3 + H,0 + H* (Equation 6)

plankton would produce equivalent amounts of H* and OH™, respectively,
and hence no net production of acidity or alkalinity (Schindler, 1985).
With regards to the substrate of nitrification, NH}, some of which could
be derived from runoff and N, fixation, is quite often derived from
decomposition of organic matter in anoxic sediments (Schindler, 1985).
In ELA, NHj in runoff is usually retained by watersheds (Kelly et al.,
1982) to as much as 90% (D.W. Schindler, unpublished data) thereby
reducing the amounts of acidity via autotrophic nitrification that would

otherwise be added to the lake H* budgets.



MATERIALS AND METHODS



MATERIALS AND METHODS

(1) SAMPLING SITES

There are about 46 Precambrian Shield lakes of the Experimental Lakes
Area (ELA) southeast of Kenora, Ontario, Canada, being used for whole-
lake experiments (Johnson and Vallentyne, 1971; Schindler et al., 1980).
These Shield lakes are representatives of most lakes located in the
northern and eastern Canada including the Great Lakes. Access to ELA is
regulated by the Federal Department of Fisheries and Oceans. These lakes
were previously undisturbed and acid inputs due to acid precipitation
were minimal. Hydrological, meteorological and associated chemical,
biological and physical measurements of these lakes and their watersheds
and stream segments have been collected for six years prior to experi-
mental perturbation studies. Hence, comparisons could be made among the
measurements of the previously mentioned parameters collected before,
during and after perturbations of the lakes. Consequently, the rela-
tionship between experimental perturbations and the lake responses can
be quantified. Two of the lakes, Lake 239 (Rawson Lake) and Lake 302S,
were selected for the present study on the effect of whole-lake acidifi-
cation on nitrification. Lake 239 has been (and is still being) used as
a control lake for many whole-lake experiments including eutrophication
and acidification studies. Lake 302S has been used for acidification
studies since 1982 by constantly adding H,S0; to the lake to attain tar-

get pH values of the lake water.



Lake 239 (Fig. 2) is an oligotrophic lake with a near neutral pH. It
has a surface area of 56:1 X 10* m? and a volume of 59-1 X 104 m® with
average and maximum water depths of 10:5 m and 30-4 m, respectively

(Brunskill and Schindler, 1971). 1In 1982; the highest measurements
recorded during the summer for dissolved organic carbon (DOC), suspended
carbon (SC), chlorophyll a (Chl a) and biomass of phytoplankton (BP)
were no more than 254 umol-L~', 900 ug'L~', 14-3 ug-L ' and 2:88 g-m”3,
respectively (DeBruyn et al., 1984). The depths of the epilimnion and
thermocline (average) were, respectively, 3:25m and 263 m from the
surface (Cruikshank, 1984a). Ice completely covered the lake surface on
1 December, 1983 and was melted on 24 April, 1984 (K.G. Beaty, personal
communication). Temperatures in the epilimnion and hypolimnion during

the ice-cover period were about 1°C and 4°C, respectively (Cruikshank,

1984b). Complete turnovers occurred in May and October.

Lake 302 (Fig. 3) is a small double-basin (divided into North and
South Basins) lake. The North and the South basins are of similar size
separated by two shaliow narrows. The lake was made eutrophic by adding
NH;Cl, sucrose and phosphoric acid at the deepest point (near the cen-
ter) in the North basin of the lake from 1972-1978. In June 1981, a
reinforced plastic "sea curtain" was installed in the narrows to sepa-
rate the waters of both basins. The South basin (L.302S) has a surface
area of 10-9 X 10° m? and vater volume of 5-54 X 10° m® with mean and
maximum water depths of 5.0 m and 10:6 m, respectively (Cruikshank,
1984a). Since 1982, 36N H,S0; (electrolytic grade, SG = 1:835 g-L" ') was
‘added constantly to attain its target pH (5.00). Prior to acidification,

the pH of the epilimetic water was 6:75. The total amount of H,S0,; added



Fig, 2., Bathymetric chart of L.239, Experimental Lakes Area.
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Fig. 3. Bathymetric chart of L.302, Experimental Lakes Area.
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in 1982 and 1983 were respectively 1228:5 L and 11077 L with resulting
epilimnetic pH of 6:25 and 5-86 (Cruikshank, 1984b). A total of 1077-3 L
of H,S04 was added in 1984 and the time-weighted mean epilimnion pH was
found to be 5-60 (D.R. Cruikshank, personal communication). In 1982, the
maximum concentration recorded during the summer for DOC, SC, Chl a and
BP were 352 umol-L-', 1520 ug-L~', 35,0 ug-L~' and 5-42 g-m™%, respec-

t al., 1984). The epilimnion and mean thermocline

tively (DeBruyn
depths were 3:67 m and 5:03 m, respectively (Cruikshank, 1984a). The
ice-cover and the turnover periods in 1983-1984 were identical to those

in L.239 (K.G. Beaty, personal communication).

(2) COLLECTION OF SAMPLES

Lake water was sampled once a month from December 1983 to October
1984, 1In the winter months, holes were cut through the 1ice layer an&\
water was sampled from each selected depth. A peristaltic pump equipped }
with a thick-walled Tygon tube calibrated at 0-5-m depth was used. Clean
542-mL opaque Nalgene plastic bottles (HDPE type, Nalge Co., Rochester,
N.Y.) were rinsed twice with the lake water samples before fflling. Dur-
ing filling, the dispensing tube was placed at the bottom of the bottle
and approximately 2 volumes of the lake water were allowed to overfill
the bottle before the tube was slowly withdrawn to avoid the formation
of air bubbles. One parallel set of samples was kept in acid-washed,
deionized distilled water-rinsed, 250-mL glass BOD bottles for chemical
analyses. Another set of water samples was taken in 20-mL glass syrin-

ges then transferred to 14-mL Vacutainer® vials (Becton Dickinson & Co.,



Rutherford, N.J.) each containing 0:5 mL of saturated HgCl,. These sam-
ples were subsequently wused for dissolved N,0 analysis. In the winter
months, all samples were kept in wooden chests equipped with foam-lining
and packed with hot-water packs to avoid freezing of samples during
their transportation by snowmobiles from the lakes back to the labora-
tory on shore. Most of the sample processing and analyses were done as
soon as the samples were brought into the laboratory. Results are means

of duplicate samples.

(3) IN VITRO INCUBATION

To each 1-L Erlenmeyer flask, 100 mL of water sample was added.
Duplicate flasks were used for each treatment. Where appropriate,
0:5 mL of (NH;),S0, and 05 mL of 1-allyl-2-thiourea (ATU) (Eastman
Kodak, Rochester, N.Y.) ‘solutions were added, alone or in combination,
to final concentrations of 2 mg NHj-N-L"' and 10 mg-L~' of lake water,
respectively. N-Serve was used for similar experiments done in 1981-1983
but was replaced by ATU because of the high solubility of the latter in
the water (no solvent effect) and also due to its effectiveness as an
autotrophic nitrification inhibitor (Campbell and Aleem, 1965a). The
superior efficacy of ATU over N-Serve for inhibiting autotrophic nitri-
fication in both in vitro and in situ studies of lake nitrification has
recently been validated (Hall, 1984). Starting in June 1984, additional
parallel sets of flasks in duplicates were amended with 05 mL of appro-
priate concentration of sodium acetate (NaAc) to give a final ratio of

acetate-C to total dissolved nitrogen (TDN-N) of 3:1 as recommended by



Verstraete and Alexander (1972a). All flasks were covered with parafilm
and incubated statically 1in the dark at 15°C for up to' one month. At
appropriate intervals, water samples were withdrawn from all flasks and
analyzed for NHj, NO:; and NO3. Data are means of duplicate flasks and

reported as ug N per litre of lake water.

To investigate if N0 was produced during incubation, parallel set of
flasks were set up in the same manner except that 50-mL Erlenmeyer
flasks were used and the amount of lake water added was 10 mL. All these
flasks were capped with serum stoppers (Suba Seal, Barnsley, England).
After 30 days of incubation, 0:5 mL of the gas phase from each flask was
withdrawn with a 1.0-mL syringe equipped with a2 mininert valve (Preci-
sion Sampling Corp., Baton Rouge, L.A.) and analyzed for N,0 by gas
chromatography. Data are means of triplicate flasks and reported as

ug N,O0-N per litre of lake water.

(4) IN SITU INCUBATION

For in situ experiments, 1.0 mL of ('°NH;),S0, (99% '5N atom, Merck,

Sharp and Dohme, Dorval, Qué) and 1.0 mL of ATU, alone or in combina-
tion, were added to the Nalgene bottles containing the water samples to
give final concentrations of 2 mg NHj-N-L~' and 5 mg-L-' of water,
respectively. When heat-killed controls were required, the water sam-
ples were boiled and deionizéd distilled-water was added to make up the
amount of water lost due to boiling. All bottles were tightly capped and
placed in nylon bags. A nylon rope, having one end tied to a concrete

block and the other end to a large buoy, was used. The nylon bags were



tied to the rope at the appropriate marked locations corresponding to
the depths where the water was sampled. The whole assembly was slowly
lowered into the water column. The bottles were incubated in situ for
1 day. Bottles were then retrieved and the water samples were filtered
through 0-45-um pore size filters (Millipore Canada Ltd., Mississauga,
Ont.) and 0'5 mL of chloroform was added to each filtered sample. Fil-
trates were stored at 4°C in the dark until further processing for
'5N content determinations. Data are means of duplicate samples and

expressed as delta values in per mil (8'5N).

(5) ANALYSIS OF SAMPLES
(A) Chemical Analyses

All chemical analyses were as described by Stainton et al. (1977).
Dissolved oxygen was determined by the Winkler's titrimetric method. For
the determinations of DOC, TDN, NH}, NO; and NO3, all samples were first
filtered through 0-45-um pore size filters, For DOC analysis, samples
were acidified to remove inorganic carbon before the photooxidation of
DOC to CO; by UV irradiation followed by automated conductimetric meas-
urements. A 3-channel Technicon AutoAnalyzer II (Technicon Corp., Tarry-
town, N.Y.) was used for nitrogen analyses. NH} was determined by the
automated phenol-hypochlorite method whereas NO; was measured by the
automated diazotization method. For NOj analysis, NO3 was first reduced
to NO; by reactive cadmium before diazotization. Measurements of TDN
was achieved by photocombustion of samples with UV irradiation followed

by reduction of NO3 to NHj with zinc powder. The subsequent procedures

were the same as with NH} measurements.
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(B) Gas Chromatographic Analysis of N0

The multiple-phase equilibrium method (McAuliffe, 1971) was used for
the determination of dissolved N;0 in the lake water samples, Ten mil-
lilitres of water sample from each Vacutainer® vial was removed with a
30-mL glass Hamilton‘syringe (Becton-Dickinson & Co., Rutherford, N.J.).
All these syringes were previously flushed and filled with 10 mL of
Argon (Ar) and were fitted with 3-way valves. Dissolved N,0 was
extracted by shaking the syringes with a wrist-action shaker at room
temperature for 60 min. A 1.0-mL syringe fitted with a mininert valve
was flushed with Ar immediately before withdrawing 0-5 mL of the gas
phase from the glass Hamilton syringes via the 3-way valves for N,0

analysis.

For measurements of N0, A Pye series 104 gas chromatograph (GC)
equipped with a ®3Ni type, wide-range eleétron capture detector (ECD),
model 140BN (Valco Instrument Co. Inc., Houston, TX) and a 366 m (L),
6-4 mm (OD) glass column packed with 80-100 mesh Porapak Q was used. The
column temperature was maintained at 55°C. Using 5% CH; in Ar as a car-
rier gas at a flow rate of 30 mL'min~', a make-up carrier gas at a flow
rate of 50 mL-min~' suppling directly to the detector was required in
order to stabilize the output Signals. In order to remove the impurities
that may possibly be present in the carrier gas, a gas-purifier car-
tridge (to remove 0, and H,0) and a hydro-purge cartridge (to remove
H,0, CO2, H,S, NO, and HCl) were both installed in-line between the gas
tank and the carrier gas inlets of the GC. The ECD was operated at 325°C

and 340 pA standing current.



(C) Determination of O6'5N Values

Water samples from the in situ experiments were filtered and each

sample was divided into two 250-mL portions. The first portion (A) was
for '5NO3-N and the second portion (B) was for 'SNO3-N + '3NO3-N. The
filtrate of the "B" portion was passed through a glass column filled
with reactive cadmium to reduce NO3, 1if any, to NO3. For both "A" and
"B" portions, 10-mL portions of the filtrates were withdrawn and ana-
lyzed for NH;-N, NO3;-N and NO3;-N as previously described.. The remaining
240 mL of the filtrate from each portion was transferred to a 250-mL
volumetric flask and exactly 0-6 mL of 8:-4 mM Na'4NO; was added. All
flasks were capped with serum stoppers, evacuated, and back-filled with
pure helium (He) to 1 atm. A glass syringe was used to remove 10 mL of
the gas phase from each flask. Ten millilitres of concentrated sulfamic
acid saturated with He was injected 1into each flask. Sulfamic acid
reacted with NO3-N in the filtrates vigorously and released N, and some
NO (amount depending on the pH of the filtrate) to the gas phase of each
flask. A 2-5-mL glass syringe equipped with a mininert valve was used to
withdraw 2.0 mL of the gas phase for injection into the mass spectrome-
ter to determine the delta values in per mil (8'°N). A Micromass MM602E
mass spectrometer (VG Isogas, Cheshire, England) equipped with double
collectors for '5N/'*N ion beams was used. The analyzer was operated at
10-'° mbar or below with the source monitor set at 5 mA, 4.5 kV and
emission at 200 uA. Samples were analyzed for 29/28 amu in N, against
the reference N, gas (ultra high purity gfade, Canadian Liquid Air Ltd.,
Montréal, Qué.). Similar techniques and calculations have been reported

(Koike and Hattori, 1978).



(D) Enumeration of Bacteria

The number of heterotrophs capable of growth at 4 and 15°C on nut-
rient agar was estimated by plating 0-2-mL portions of decimally diluted
water samples onto the agar surface. Plates were incubated for 3-4 weeks

in the dark. Numbers of bacteria capable of growth on Nitrosomonas

(Suzuki et al., 1981) and Nitrobacter (Cobley, 1976) agar media at pH
5:5 and 7-6 were also estimated by incubating at 4 and 15°C for 4-6
weeks in the dark. The development of colonies was reported as number

of bacteria (colony-forming units) per litre of lake water and are means

of duplicate plates.

(E) 1Isolation, Purification and Identification of Bacteria Capable of

Growth on Autotrophic Nitrifying Media

Various types of bacteria grown on Nitrosomonas and Nitrobacter agar

media were isolated and purified by restreaking single colonies onto

fresh agar media. Pure cultures of‘the isolates were subsequently iden-
tified according to the procedures and critieria as described by Ger-
hardt (1981) and Palleroni (1984). Pure cultures of a heterotrophic
nitfifying bacterial isolate were also examined by electron microscopy
using shadow casting techniques. A model 801 AEI-EM electron microscope
(Associated Electrical Industries Ltd., Harlow, England) was used and

pictures were taken at 18,615% magnification.



RESULTS



RESULTS

The results presented are expressed as units per litre of lake water.
All significant differences (p = 0-10) were calculated according to the

Student-Newman-Keuls multiple range test.

(1) PROFILES
(o) Some Physico-Chemical Parameters of the Lake Water
(a) Lake 239

The pH of the lake water in L.239 remained close to neutrality
throughout the sampling periods (Fig. 4), being slightly alkaline to
neutral at the 5—m\depth to slightly acidic at the 30-m depth. The con-
centrations of diséplved oxygen (DO) (Fig. 5) were between 8-14 mg-L~'
except the bottom (30-m) where DO could be as low as 1 mg-L~' suggesting
that the sediment-water interface was anoxic. The concentrations of dis-
solved organic carbon (DOC) were very low being 0-45-0-65 mmol-L-' in
most of the sampling periods and slightly higher (0:8-0:9 mmol-L-') in
April (Fig. 6). The total dissolved nitrogen (TDN) levels was also low
and never exceeded 1 mg N-L~' (Fig. 7). The low levels of DOC and TDN
reflected the oligotrophic nature of the lake. The concentrations of NO3
were below detectability (1 ug N:L°') throughout the year (figure not
presented). Both the NHj (Fig. 8) and NO3 (Fig. 9) concentrations were
low, even the highest levels sometimes detected at the 25-m and 30-m

depths were below 100 and 110 ug N-L™', respectively.



(b) Lake 3028

From December 1983 to October 1984, the pH of the lake water in
L.302S was in the fange of 5-26-6-10 except the bottom-depth water,
10-m, where pH could reach to as high as 6:43 (Fig. 10) possibly due to
sédiment denitrification and sulfate reduction producing alkalinity. The
concentrations of DO (Fig. 11) were negatively correlated with water
depths being lower with deeper depths towards the sediment and became
almost anoxic in the bottom water, 8 m to 10 m. The anoxia in the bottom
water suggested that denitrification and sulfate reduction could occur
at the sediment-water interface resulting in higher pH values of the
bottom water. The concentrations of DOC (Fig. 12) were not much higher
than those in L.239. TDN concentrations in the lake water (Fig., 13) did
not exceed 2 mg N'L™' except at the bottom depth where the levels
reached 16-56 mg N-L™' in March. The NHj concentrations (Fig. 14) were
below 1 mg N-L™' throughout the year except the bottom depth where NHj
levels rose to 7 mg N-L°' in March and April suggesting that ammonifica-
tion occurred 1in the sediments with consequent decreasing NHj and TDN
gradients up the water column. NO; concentrations in the lake water were
below the detection limits in December but started to accumulate in Jan-
uary (Fig. 15), The levels of NO; peaked in March but then gradually
decreased and became undetectable after May. The highest concentration
of NO; detected was at the 6-m depth in March being 50 ug N-L-' (Fig.
15). The NOj concentrations (Fig. 16) were usually less than 30 ug N-L°'
except at the bottom water where the levels were somewhat higher, being
76 ug N'-L™" in September. The data suggested that the rates of NO; pro-
duction were sometimes much greater than those of NO; resulting in accu-

mulation of high concentrations of NO3.
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(B) Bacterial Populations in the Lakes
(a) Lake 239

The number of heterotrophic bacteria capable of growth on nutrient
agar at 15°C (Fig. 17) were almost twice the number obtained at 4°C
(Fig. 18) suggesting that the higher incubation temperatures were more
favorable for the growth of heterotrophs on nutrient-rich media. The

number of bacteria capable of growth on pH 5:5 Nitrosomonas media at

15°C (Fig. 19) was somewhat higher than that on pH 7:6 media (Fig. 20)
suggesting that the growth of some particular groups of bacteria on

Nitrosomonas media was more favored at acidic than alkaline pH. However,

the pH effect was not very prominent at both pH 5:5 (Fig. 21) and 76
(Fig. 22) when the incubation temperature was at 4°C. The pH effect on
the number of bacteria capable of growth on Nitrobacter media at 15°C

was different from those grown on Nitrosomonas media. The number of

bacteria grown at pH 55 (Fig. 23) was similar to that at pH 7:6 (Fig.
24). However, the number of bacteria grown on Nitrobacter media at pH
5-5 was lower than that at pH 7:6 when the incubation temperature was
lowered to 4°C (Figs. 25 and 26) suggesting that alkaline pH stimulated

the growth of some bacteria on Nitrobacter media at low temperatures.

(b) Lake 3028

The effect of incubation temperature on number of heterotrophic bac-
teria capable of growth on nutrient agar was similar to that observed in

L.239, being twice as much for the population growing at 15°C (Fig. 27)



than at 4°C (Fig. 28). The profiles of heterotrophic bacteria showed no
definite relationship between the population size and the water depth
but at some water depths there appeared to have more bacteria 1in the
warmer months (Figs. 27 and 28). The number of bacteria capable of

growth on Nitrosomonas media was 2-3 times higher at 15 than at 4°C

incubation (Figs. 29 and 30). The differences were even greater, being
2-4 times, when the media used were at pH 5'5 (Figs. 31 and 32). With
Nitrobacter media at pH 7-6, the number of bacteria growing at 15°C
(Fig. 33) was up to 15 times higher than that at 4°C (Fig. 34). At pH
5-5, the number of bacteria was only twice as much at 15°C (Fig. 35)
than at 4°C (Fig. 36). It seemed that the bacteria of L.302S were prob-
ably acid-tolerant rather than acidophilic in nature, and that higher
incubation temperatures and alkaline pH appeared to stimulate bacterial
growth on autotrophic media. Large bacterial population capable of
growth on Nitrobacter was observed at 7 and 8 m (Figs. 33, 34, 35 and -
36) suggesting the presence of certain environmental factors favoured

their growth at these water depths.

(2) IN VITRO NITRIFICATION

(A) Changes in NO; and NOj Concentrations in Water Samples Obtained

frdm December 1983 to October 1984,
(a) Lake 239

December. - There was no NO; accumulated (figure not presented) and the
net increases of NOj were negligible (Fig. 37). With the deepest

samples, there was a slight decrease in NO3 concentration.



January., Accumulation of NO3; in small quantities was observed in some
of the samples (Fig. 38) but the NO3 concentrations remained
unchanged (Fig. 39).

February. The fluctuations of NO; occurred in most of the saﬁples
(Fig. 40) suggested the most of the produced NO; was probably con-
stantly removed from the system. There were, however, no net
increases in NO3 concentrations except for the deepest samples
where an increase of 154 ug N-L™' occurred within 20 days (Fig.
41).

March, The fluctuation of NO; concentrations (Fig. 42), the lack of net
increase of NO3 in most samples and the accumulation of NOj3 in the
deepest samples (Fig. 43) were the same as in February. However,
the amounts of NO3 accumulated in the deepest samples were almost
two times higher than those in February.

April. The patterns of NO; accumulation and disappearance (Fig., 44)
were the same as with the previous two months except that there
were net NO; accumulations in the 15-m and the 30-m samples (Fig.
44). There were no observable net changes in NOj concentrations
(Fig. 45).

May. NO; was not detected in the first 15 days of incubation (Fig. 46)
in all samples. On day 20, NO; began to accumulate in some of the
samples. NO3 concentrations remained more or less unchanged (Fig.
47).

June. In samples without NaAc supplements, the patterns of changes in
NO; concentrations (Fig. 48) were no different from those observed

in May. In NaAc-amended samples, the accumulation and disappear-



ance of NO3 in the absence of added NH} (Fig. 49) were relatively
smaller'in amounts than those in the presence of added NH} (Fig.
50). There were no net changes of NO3 concentrations in samples
without added NaAc (Fig. 51), No net production of NO; was
observed with samples amended with NaAc (Fig. 52) or NaAc and NH}
(Fig. 53). NOj concentrations started to decline after day 10 and
comletely disappeared in some of the samples at the end of the
incubation period.

July. NO:; was not detected in samples without NaAc added throughout the
incubation periods (figure not presented). The addition of NaAc
caused NO; to accumulate in some of the samples (Fig. 54). The
presence of added NH; and NaAc (Fig. 55) also had the similar
effect as with NaAc added alone. Very little accumulation but some
disappearance of NO3 was observed in some of the samples without or
with NaAc or NaAc and NH} added (Figs. 56, 57 and 58).

August. NO: was not detected throughout the incubation period (figure
not presented). With the NaAc-amended samples, however, NO; was
produced and accumulated (Figs. 59). The addition of NHj to the
NaAc-amended samples resulted in a two-fold increase in NO; accumu-
lation (Fig. 60) as compared to those without NH; supplements (Fig.
59), NOj concentrations remained unchanged in samples without NaAc
added (Fig. 61). There were little or no net increases in NOj in
the samples amended with NaAc (Fig. 62) and the NO3 present in some
of the them was subsequently disappeared. Samples amended with

NaAc and NH; showed disappearance of NO; present (Fig., 63).



September., There were some transformations of NO; in samples without
NaAc supplements (Fig. 64) but the amounts were no more than 2 ug
NO3;-N-L”*'. The additions of NaAc stimulated of NO; production (Fig.
65) and the amounts were even larger when NHj was also added (Fig.
66). The concentrations of NOj remained unchanged in samples with-
out added NaAc (Fig. 67) with the exception of the deepest samples.
There were only decreases in NOj; concentrations in all samples
added with either NaAc (Fig. 68) or NaAC and NHj (Fig. 69).

October. The fluctuations of NO; concentrations were no more than 2 ug
N‘L™'" in samples without added Naic (Fig. 70). The additions of
NaAc stimulated the accumulation of NO; and the effect was more
pronounced in the 15-m samples (Fig. 71). When both NaAc and NHj
were aaded to the samples, net NOz accumulations occurred in all
the samples (Fig. 72) but the amounts were much less than those
with NaAc added alone. NO3 concentrations remained relatively
unchanged in most samples without NaAc supplements (Fig. 73). There
were, however, small amounts of NOj accumulated in the 25-m and
30-m samples. Results were similar to those amended with NaAc alone

(Fig. 74) or NaAc and NHj (Fig. 75).

(b) Lake 3028

December. NO; accumulations occurred only in some samples of deeper
depths (Fig. 76). There were, however, some NO3 accumulations in
most of the samples. In the .6-m samples, concentrations of NOj;

accumulated reached 108 ug N-L°' in 5 days of incubation (Fig. 77).



January., There were small amounts of NO; accumulated in most of the

samples (Fig., 78). Large amounts of NO;3 were produced in the 9-m
and the 10-m depth samples (Fig. 79). Interestingly, the 10-m sam-
ples had accumulated as much as 700 ug NO3;-N'L-' at the end of the

incubation periods.

February., There were only small amounts of NO; accumulated in most of

the samples followed by either a gradual or rapid disappearance of
the accumulated NO; (Fig. 80). Also, net NO3 production ranged from
very small amounts to almost none in most of the samples (Fig. 81).
In the case of the deepest samples, net NO; production occurred in
the first 10 days of incubation, wup to 132 ug N-L"', and was fol-

lowed by its rapid disappearance.

March. There were little or no net NO; production and the high concen-

trations of endogenous NO; disappeared very rapidly (Fig. 82). On
the other hand, the net produétion oleos was very pronounced in
the first 5 days of incubation (Fig. 83). Within 4 days, 578 and
236 ug NO3;~N-L~' were accumulated by the 9-m and the 10-m samples,

respectively (Fig. 83).

April. There were no net production of NO; but disappearance of the

May,

endogenous NO; in most of the samples (Fig. 84). However, 1in the
9-m and the 10-m samples, NO3 continued to accumulate (Fig. 84).
Thére was some NO3 production in most of the samples but the
amounts were relatively small (Fig. 85).

The NO: concentrations fluctuated between 3 to 6 ug N'L™' in some
samples but remained unchanged (about 4 ug N-L™') in the other

(Fig. 86). Net NO3 production occurred only after 10-15 days of



incubation in most of the samples and the amounts accumulated were
no more than 30 ug N-L™' in the next 15 days of incubations (Fig.
87).

June, The net NO; production was followed by its disappearance and yet
the net increases were no more than 3 ug N-L~' (Fig. 88). However,
in the presence of added NaAc, these increases reached as high as
21 ug N-L™' (Fig. 89). The stimulatory effects of NaAc and NHj on
net NO; production (Fig. 90) were less compared to that with NaAc
added alone. Net NO3 production was small in all samples without
NaAc added (Fig. 91). In samples amended with NaAc (Fig. 92) or
NaAc and NHf (Fig. 93) some of them showed the NO3 disappearance
followed by its accumulation.

July. NO; was not detected in most of the samples without NaAc added
except the 10-m samples in which small quantity of NO; was accumu-
lated (Fig. 94). Results were similar to those samples amended with
NaAc (Fig. 95). 1In samples amended with both NaAc and NHj, accumu-
lation of small amounts of NO; occurred in some samples (Fig. 96).
Net NO3 production was small in samples either without NaAc supple-
ments (Fig. 97) or with NaAc added alone (Fig. 98). Similar results
were obtained with samples amended with both NaAc and NHj; except
for the bottom depth where net production of NO3 (5 ug N-L™')
occurred after 20 days of incubation (Fig. 99).

August. Little or no NO; accumulated in samples without NaAc added
(Fig. 100). There was more net NO; production in samples amended
with NaAc alone (Fig. 101) or NaAc and NH} (Fig. 102). There was no

net NO3 production in most of the samples except the deepest sam-



ples in which an increase in NO3 concentration occurred at 5 days
(Fig. 103). Similar results were obtained with samples amended
with NaAc alone (Fig. 104). 1In samples amended with both NaAc and
NH; only the 10-m samples showed the accumulation of NO3 (Fig.
105).

September. The amount of net NO; produced was negligibly small in sam-
ples either without added NaAc (Fig. 106), with added NaAc alone
(Fig. 107) or with both NaAc and NHj added (Fig. 108). The amounts
of NO; produced were small in most of the samples without NaAc sup-
plements except the 9-m samples in which NO; accumulations occurred
after a lag period of 15 days (Fig. 109). The accumulation of NOj
at 20 days quickly disappeared (Fig. 109). Samples amended with
NaAc alone showed similar results (Fig. 110). In samples added with .
both NaAc and NHj, steady but small increases in NO3 concentrations
were observed in some of the samples (Fig. 111).

October., In samples without NaAc added, net NO; production only occur-
red once in the 9-m samples and none in all other samples (Fig.
112). The additions of NaAc or NaAc and NH; stimulated NO; produc-
tion, though small in quantity, in some of the samples (Figs. 113
and 114). Net NO; production in samples without NaAc added was
small and occurred only in some of the samples (Fig. 115). 1In the
presence of added NaAc, NO3 started to accumulate after a 5-day lag
period (Fig. 116). However, in samples amended with both NaAc and
NH7z, the net increase in NO3 concentration was negligible (Fig.

17).



(B) pH Changes in the Water Samples During Nitrification
(a) Lake 239

" The pH generally increased %ith time in most of the water samples
incubated with or without NaAc and in the presence or absence of added
NHi (Figs. 118, 119 and 120). These increases ranged from 0 to 1-2, 0 to
10 and 0-3 to 1-4 pH units in samples without any supplements (Fig.
118), with NaAc added (Fig. 119) and with both NaAc and NHj added (Fig.
120), respectively. The occurrence of pH increments in some of the sam-
ples which showed no net NO; and/or NOj production suggested the rates
of their disappearance were probably much faster than that of their pro-
duction.  Also, the pH data indicated that greater production of alka-
linity was often associated with samples showing higher concentrations

of NO; and/or NO3 accumulated.
(b) Lake 302§

The pH increased with time in most of the samples incubated with or
without NaAc and NHj supplements (Figs. 121, 122 and 123). The pH incre-
ments were quite similar to those samples of L.239. The increments were
in the ranges of 0 to 17, 0 to 1-9 and 0-3 to 2:0 pH units in samples
without any supplements (Fig. 121), with NaAc added (Fig. 122) and with
both NaAc and NH; added (Fig. 123), respectively. Samples of the deeper
depths usually having more NO; and/or NO; accumulation often had greater

pH increments.



(C) Transformations of NO3, NO; and NHi and the Effects of NH} and

Allylthiourea Supplements on NOj Production

The data obtained from the experiments in‘March with 30 m (L.239) and
9 m (L.302S) samples were used to examine the relationships, if any,
among the transformations of NO3, NO; and NH} and also the effects of
NH; and allylthiourea supplements on NO3 production. The net production
of NO3 and NO; in L.239 (Fig. 124A) and NO3 in L.302S (Fig. 125A) occur-
red at the time when there were little or no changes in NHj concen?ra-
tions suggesting that the produced NO3; and NO; were not derived from
NH;. The data also showed that the disappearance of NO3 under aerobic
conditions was not accompanied by the prodﬁction of equivalent amounts
of NOz or NHi (Figs. 124A and 125A) suggesting that the disappearance of

NO; was not the result of its reduction to NO; and/or NHj.

The addition of NH} to the samples from both lakes resulted in
decreases in the amounts of NO; produced (Figs. 124B and 125B) suggest-
ing that the presence of NH} did not stimulate NO3 production and, in
some cases, depressed its production. The addition of the autotrophic
nitrification inhibitor, allylthiourea, to the samples from both lakes
did not significantly inhibit NOj production when compared to those sam-
ples without the inhibitor added (Figs. 124C and 125C) suggesting that
NO3 production in these two lakes was not the result of the conventional

type of autotrophic nitrification.



(3) IN SITU DISSOLVED N,0 PROFILES AND IN VITRO N,0 PRODUCTION

The dissolved N0 profiles for both L.239 and L.302S in the month of
March (Figs. 126 and 127) were determined since highest nitrifying
activities were detected in this month. The concentrations of dissolved
N.0 in the surface waters of both lakes (Figs. 126 and 127) appeared to
be quite high. The in vitro N,0 production rates were lower in the 30-m
samples than samples from the other depths of L.239 (Fig. 126). Whereas
for L.302S, 6-, 7- and 10-m samples showed highest rates of N,0 produc-
tion (Fig. 127). 1In both in vitro experiments, the results showed that
N0 was produced during heterotrophic nitrification and that higher het~
erotrophic nitrification rates showed greater rates of N;0 production
since L.302S which had higher nitrification rates than L.239 also had

greater rates of N,0 production than L.239 (Figs. 126 and 127).

(4) IN SITU NITRIFICATION

In order to further confirm if heterotrophic nitrification was indeed

the sole source of in situ NO; and NOj production, '5N tracer techniques

were used for the in situ experiments. In December 1984, water samples

from the deepeét of both L.239 and L.302S, 30 m and 10 m respectively,
were amended with 'SNH} was incubated in gsitu for 24 hours. Mass spec-
trometric analyses showed that the samples from L.239 had a &'SN value
of 14-336 £ 1-628% versus 13:286 % 1-831% obtained from heat-killed con-
trols. Whereas those from L.302S had a 6'5N value of 3-184 * 0-637%
versus 2:500 £ 0-605% obtained from heat-killed controls., The results

indicated that the 'SN contents in the NO;-N and NO3;-N produced in the



samples from both lakes during the incubation period were not signifi-
cantly different from their respective sterile controls suggesting that
the N atom in the NO3;-N and NO;-N were probably not derived from the

N-atoms of the added NHj-N.

(5) ISOLATION, PURIFICATION AND CHARACTERIZATION OF BACTERIA

Lake water samples from all selected depths of L.239 and L.302S were

used to inoculate Nitrosomonas and Nitrobacter agar plates. After an

appropriate incubation period, various types of bacterial colonies were
isolated, purified and characterized. These procedures were repeated

with fresh samples obtained monthly. No autotrophic nitrifying bacteria

such as Nitrosomonas and Nitrobacter spp. were found. All bacteria

capable of growth on Nitrosomonas and Nitrobacter media at pH 5-5 and

7-6 and at 4 or 15°C were heﬁerotrophs. There were five different bac-
terial species obtained from the L.239 water samples. Among them one
particular species was found to be the most predominant and was subseg-

uently identified as Pseudomonas fluorescens (Fig. 128). However, there

was consistently only one type of heterotrophic species growing on the
autotrophic media inoculated with L.302S water samples. The species was

identical to the P. fluorescens isolated from the L.239 water samples.

Pure cultures of P. fluorescens were found capable of growth on

Nitrosomonas and Nitrobacter agar media at both pH 5-5 and 7-6 at either

4, 15, 28 or 37°C. It appeared that the bacterium probably obtained its
carbon source from some unknown organic compounds present in the agar

media as contaminants since the bacterium was not an autotroph. The



effect of pH on growth of the pure cultures in nutrient broth incubated
at 28°C was further studied. Growth was most rapid at neutral pH and was
slower but had no lag period at acidic pH as low as 4:5. At pH 4:0, how-
ever, there was a lag period of 3 weeks before growth commenced. Growth
was not observed at pH 3:0 and 3:5 even after 4 weeks of incubation. The
results suggested that the heterotrophic nitrifier was probably acid-

tolerant rather than acidophilic.

(6) SUMMARY OF RESULTS

Throughout the experimental periods of all water samples from both

L.239 and L.3025, the results can be summarized as follows:

(a) Addition of (NH,),SO, did not stimulate NO; or NO3 production and
in some cases depressed NO; and NO3 production;

(b) The addition of NaAc alone or in combination with NHj, in most
cases, stimulated NO; production;

(c) In most of the samples whether having net accumulations of NO; and/
or NO3 or not, the pH values of the water samples consistently
increased;

(8) There were no net changes in the concentrations of endogenous and/
or added NH;-N even at end of the incubation periods during which
the accumulation and the disappearance of NO; and NO3 was occur-
ring;

(e) The disappearance of NO; was not accompanied by the production of

NO3; under aerobic conditions:



(f) The disappearance of NO3 in the presence of NH; under aerobic con-
ditions was not accompanied by the production of NO; or NHj:

(g) The patterns of changes in concentrations of NO; and NO3 in the
lake water were identical in the presence or absence of the auto-
trophic nitrification inhibitor, allylthiourea;

(h) 'SN tracer experiments indicated that both NO;-N and NO3-N were not
derived from NH}-N;

(i) Water samples obtained for 11 consecutive months did not contain
any culturable autotrophic nitrifiers and all bacteria grown on the
autotrophic nitrifying media inoculated with the water samples were

heterotrophs which were predominantly Pseudomonas spp.

All the above observations strongly suggested that heterotrophic
nitrification was responsible for the production of NO3; and NO3 in the

two lakes.



FPig. 4. The in situ pH at various water depths of L.239., Symbols are :
(@® ) December, ( &) January, ( V¥ ) February, ( B ) March, (€)
April, (@ ) May, ( O ) June, ( Z; ) July, (V) august, ( O) Sep-
tember and ( <) October. All overlapping data points are not sig-

nificantly different (p = 0-10).
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Fig. 5. The 1in gitu dissolved oxygen concentration at various water
depths of L.239, Symbols are : ( @ ) December, ( A ) January, ( V)
February, ( B ) March, ( @) april, (@) May, (O ) June and ( A )
July.  All overlapping data points are not significantly different

(p = 0-10),
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Fig., 6. The in situ dissolved organic carbon concentration at various
water depths of L.239. Symbols are : ( B ) March, (€ ) April,
(@) May, (O) June, (A) July, (V) August, ( O) September
and (<) October. all overlapping data points are not signifi-

cantly different (p = 0-10).
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Fig. 7. The in situ total -dissolved nitrogen concentration at various

water depths of L.239. Symbols are : ( @ ) December, ( & ) January,
( V) February, ( B ) March, (€ ) april, (@) May, (O June,
(A) July, (V) August, () September and ( <) October. All

overlapping data points are not significantly different (p = 0-10).
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Fig. 8. The in situ ammonium-N concentration at various water depths of
L.239. Symbols are : ( @ ) December, ( & ) January, ( ¥ ) February,
(B ) March, (9) april, (@) May, (O ) June, (A) July, (V)
August, ( OO) September and (<) October. All overlapping data

points are not significantly different (p = 0:-10).
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Fig, 9. The in situ nitrate-N concentration at various water depths of
| L.239. Symbols are : ( @ ) December, ( & ) January, ( V) February,
(8 ) March, (@) april, (@) May, ( O) June, (A) July, (V)
August, (O ) September and ( <) October. All overlapping data

points are not significantly different (p = 0-10).
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Fig. 10. The in situ pH at various water depths of L.3025. Symbols are
: ( @) December, ( A ) January, ( V) February, ( @ ) March, ()
April, ( @) May, (O ) June, (A) July, (V) August, ( O ) Sep-
tember and ( <) October. All overlapping data points are not sig-

nificantly different (p = 0-10),
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Fig. 11. The in situ dissolved oxygen concentration at various water
depths of L.302S. Symbols are : ( @ ) December, ( & ) January,
(V) February, ( B ) March, (’) April, ( @) May and ( O ) June.
All overlapping data points are not significantly different (p =
0-10).
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Fig. 12, The in situ dissolved organic carbon concentration at various

vater depths of L.302S. Symbols are : ( @ ) December, ( & ) Janu-
ary, ( V) February, ( B ) March, (€9 ) april, (@) May, (O)
June, ( A) July, ( V) August, ( O ) September and ( <) October.
All overlapping data points are not significantly different (p =

0-10).
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Pig. 13. The in situ total dissolved nitrogen concentration at various
water depths of L.302S. Symbols are : ( @ ) December, ( &) Janu-
ary, ( W) February, ( B ) March, () aApril, (@) May, (O)
June, ( A ) July, ( V) August, ( [1) September and ( ) October.

All overlapping data points are not significantly different (p =

0-10).
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Fig, 14, The in situ ammonium-N concentration at various water depths
of L.302S. Symbols are : ( @ ) December, (A ) January, ( ¥V ) Feb-
ruary, ( B ) March, () april, (@) May\( (O) June, (A) July,
(V) August, () September and (<) Oétober, All overlapping

data points are not significantly different (p = 0-10).



(m)

- Water Depth
(@)

10

Fdm
1S
g4 Va
T




Fig., 15. The in situ nitrite-N concentration at various water depths of
L.302S. Symbols are : ( @ ) December, ( & ) January, (V) Fe.bru—
ary, ( @) March, ( 9 ) april, (@) May, (O) June, (A ) July,
(V') August, ([O) September and ( <) October. All overlapping

data points are not significantly different (p = 0-10).
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Fig. 16, The in situ nitrate-N concentration at various water depths of
L.302S. Symbols are : ( @ ) December, ( &) January, ( ¥ ) Febru-
ary, ( @) March, ( ®) april, (@) May, (O) June, (A) July,
(V) August, (O) September and ( <) October. All overlapping

data points are not significantly different (p = 0-10).
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Fig. 17. The number of heterotrophic bacteria (colony-forming units) at
various water depths of L.239 that were capable of growth on nut-
rient agar at 15°C. Symbols are : ( B ) March, (€ ) april, (@)
May, (O) June, (A ) July, (V) august, (0O ) September and
(<) october. All overlapping data points are not significantly

different (p = 0-10),
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Fig., 18. The number of heterotrophic bacteria (colony-forming units) at
various depths of L.239 that were capable of growth on nutrient
agar at 4°C. Symbols are : (B ) March, (9) april, (@) May,
(O) June, (A) July, (V) August, (O) September and (<)
October. All overlapping data points are not significantly differ-

ent (p = 0-10).
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Fig. 19. The number of bacteria (colony-forming units) at various water

depths of L.239 that were capable of growth on Nitrosomonas agar at

15°C and pH 5'5. Symbols are : ( B ) March, () april, (@) May,
(O) June, (A) July, (V) nugust, .([O) September and (<)
October. All overlapping data points are not significantly differ-

ent (p = 0:-10),

- 104 -



e

e —— o5e

*— o — 0e

O

m

'//

o

o

g—

(W)

yidaq

193D

80

60

40

20

L

Number of Bacteria -106



Fig. 20. The number of bacteria (colony-forming units) at various water

depths of L.239 that were capable of growth on Nitrosomonas agar at

15°C and pH 7-6. Symbols are : (@) May, ( O) June, ( A ) July,
( V) August, (O) September and (<) October. All overlapping

data points are not significantly different (p = 0-10),
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FPig, 21, The number of bacteria (colony-forming units) at various water

depths of L.239 that were capable of growth on Nitrosomonas agar at

4°C and pH 5-5. Symbols are : ( A ) July, (V) August, ( [J.) Sep-
tember and (<) October. All overlapping data points are not sig-

nificantly different (p = 0-10).
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Fig. 22. The number of bacteria (colony-forming units) at various water

depths of L.239 that were capable of growth on Nitrosomonas agar at

4°C and pH 7-6. Symbols are : ( A) July, (V) august, ( O ) Sep-
tember and ( <) October. All overlapping data points are not sig-

nificantly different (p = 0-10).
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Fig., 23. The number of bacteria (colony-forming units) at various water
depths of L.239 that were capable of growth on Nitrobacter agar at
15°C and pH 5'5. Symbols are : ( M) March, (@) april, (@ ) May,
(O) June, (A) July, (V) august, () September and ( <)
October. All overlapping data points are not significantly differ-

ent (p = 0-10).
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Fig. 24. The number of bacteria (colony-forming units) at various water
depths of L.239 that were capable of growth on Nitrobacter agar at
15°C and pH 7-6. Symbols are : ( @ ) May, (O) June, (L) July,
(V') hugust, (O) september and (<) October. All overlapping

data points are not significantly different (p = 0-10).
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Fig. 25. The number of bacteria (colony-forming units) ‘at various water
depths of L.239 that were capable of growth on Nitrobacter agar at
4°C and pH 5'5. Symbols are : (A ) July, (V) August, ( O ) Sep-
tember and ( &) October, All overlapping data points are not sig-

nificantly different (p = 0-10).
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Fig., 26, The number of bacteria (colony-forming units) at various water
depths of L.239 that were capable of growth on Nitrobacter agar at
4°C and pH 7-6. Symbols are : (A ) July, (V) aAugust, ( O ) Sep-
tember and ( <) October. All overlapping data points are not sig-

nificantly different (p = 0-10).
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Fig. 27. The number of heterotrophic bacteria (colony-forming units) at
various water depths of L.302S that were capable of growth on nut-
rient agar at 15°C. Symbols are : ( ® ) March, (4 ). April, (@)
May, (O) June, (A ) July, (V) august, (0O) september and
(<) october. All overlapping data points are not significantly

different (p = 0-10).
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Fig. 28. The number of heterotrophic bacteria (colony-forming units) at
various water depths of L.302S that were capable of growth on nut-
rient agar at 4°C. Symbols are the : ( B ) March, (49 ) april,
(@) May, (O) June, (A) July, (V) august, () September
and (<) October. All overlapping data points are not signifi-

cantly different (p = 0:10).
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Fig, 29. The number of bacteria (colony-forming units) at various water

depths of L.302S that were capable of growth on Nitrosomonas agar

at 15°C and pH 7:6. Symbols are : (@) May, (O ) June, (A )
July, (V) august, () September and ( <) October. All over-

lapping data points are not significantly different (p = 0-10).
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Fig. 30, The number of bacteria (colony-forming units) at various water

depths of L.302S that were capable of growﬁh on Nitrosomonas agar

at 4°C and pH 7-6. Symbols are : (A ) July, (V) august, (0O)
September and (<) october. All overlapping data points are not

significantly different (p = 0-10).
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Fig. 31. The number of bacteria (colony-forming units) at various water

depths of L.302S that were capable of growth on Nitrosomonas agar

at 15°C and pH 5-5. Symbols are : ( B ) March, ( ®) april, (@)
May, (O) June, (A) July, (V) August, ( O ) September and
(<) october. All overlapping data points are not significantly

different (p = 0-10),
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Fig. 32. The number of bacteria (colony-forming units) at various water

depths of L.302S that were capable of growth on Nitrosomonas agar

at 4°C and pH 5-5. Symbols are : (A ) July, (V) august, (0O)
September and ( <) october. all overlapping data .points are not

significantly different (p = 0-10).
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Fig. 33, The number of bacteria (colony-forming units) af various water
depths of L.302S that were capable of growth on Nitrobacter agar
at 15°C and pH 7-6. Symbol are : (@ ) May, ( O ) June, (A ) July,
(V') hugust, (0O) September and (<) October. All overlapping

data points are not significantly different (p = 0-10).
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Fig. 34, The number of bacteria (colony-forming units) at various water
depths of L.302S that were capable of growth on Nitrobacter agar at
4°C and pH 7-6. Symbols are : ( A) July, (V) August, (O) Sep-
%gmber and (<) October. all overlapping data points are not sig-

nificantly different (p = 0-10).
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Fig. 35. The number of bacteria (colony-forming units) at various water
depths of L.302S that were capable of growth on Nitrobacter agar at
15°C and pH 5-5. Symbols are : ( € ) april, (@) May, ( O ) June,
(D) July, (V) august, ( [O) September and ( &) October. All

overlapping data points are not significantly different (p = 0-10).
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Fig, 36. The number of bacteria (colony-forming units) at various water
depths of L.302S that were capable of growth on Nitrobacter agar at
4°C and pH 5-5. Symbols are : ( A ) July, ( V) August, ( ) Sep-
tember and ( <) October. all overlapping data points are not sig-

nificantly different (p = 0-10).
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Fig., 37. The production and disappearance of NO3 at various water
depths of L.239. Samples were obtained in December, 1983 and incu-
bated at 15°C without any supplements. Symbols are: (C) ) Im, (A)
Sm, (V) 10m, (@) 15m, (&) 20m, (V) 25m and ( OO ) 30m. all
data points that are overlapping-or placed horizontally on the same
line for the éame day of sampling are not significantly different

(p = 0-10).
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Fig. 38, The production and disappearance of NO; at various water

depths of L.239. Samples were obtained in January, 1984 and incu-
bated at 15°C without any supplements. Symbols are : (O ) 1m,
(L) 5m, (V) 10m, (@) 15m, (A ) 20m, (V) 25m ang ( O) 30m.
All data points that are overlapping or placed horizontally on the
same line for the same day of sampling are not significantly dif-

ferent (p = 0-10),
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Fig. 39, The production and disappearance of NO3 at various water

depths of L.239. Samples were obtained in January, 1984 and incu-
bated at 15°C without any supplements. Symbols are : ( Q) 1m,
A )YSBSm, (V) 10m, (@ ) 15m, (&) 20m, (V) 25m and ( L1) 30m.
All data points that are overlapping or placed horizontally on the
same line for the same day of sampling are not significantly dif-

ferent (p = 0-10).
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Fié. 40, The production and disappearance of NO3; at various water
depths of L.239. Samples were obtained in February, 1984 and incu-
bated at 15°C without any supplements. Symbols are : ( Q) 1@,
(A) sm, (V) 10m, (@) 15m, (A) 20m, (V) 25m and (O ) 30m,
All data points that are overlapping or placed horizontally on the
same line for the same day of sampling are not significantly dif-

ferent (p = 0-10).
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Fig, 41, The production and disappearance of NO3; at various water

depths of L.239. Samples were obtained in February, 1984 and incu-
bated at 15°C without any supplements. Symbols are : (O ) 1m,
(A) Bm, (V) 10m, (@) 15m, ( A) 20m, (V) 25m and ( I ) 30m.
All data points that are overlapping or placed horizontally on the
same line for the same day of sampling are not significantly dif-

ferent (p = 0-10).
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Fig. 42, The production and disappearance of NO; at various water
depths of L.239. Samples were obtained in March, 1984 and incubated
at 15°C without any supplements. Symbols are : ( Q) 1m, ( A ) 5m,
(V) 10m, (@) 15m, (A) 20m, (V) 25m and ( [J) 30m. All data
points that are overlapping or placed horizontally on the same line
for the same day of sampling are not significantly different (p =

0'10)0
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Fig. 43. The production and disappearance of NO3; at various water
depths of L.239. Samples were obtained in March, 1984 and incubated
at 15°C without any supplements. Symbols are : (O ) 1m, ( A ) 5nm, |
(V) 10m, (@) 15m, (A ) 20m, ( V) 25m and ( O0) 30m. All data
points that are overlapping or placed horizontally on the same line
for the same day of sampling are not significantly different (p =

0-10),
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Fig., 44. The production and disappearance of NO3 at various water
depths of L.239. Samples were obtained in April, 1984 and incubated
at 15°C without any supplements. Symbols are : (O ) 1m, ( A ) 5m,
(V) 10m, (@) 15m, (A ) 20m, (V) 25m and (O ) 30m. All data
points that are overlapping or placed horizontally on the same line
for the same day of sampling are not significantly different (p =

0-10).
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Fig. 45. The production and disappearance of NO3 at various water
depths of L.239. Samples were obtained in April, 1984 and incubated
at 15°C without any supplements. Symbols are : ( O ) 1m, ( A ) 5m,
(V) tom, (@) 15m, (&) 20m, ( ¥) 25m and ( OJ) 30m. All data
points that are overlapping or placed horizontally on the same line
for the same day of sampling are not significantly different (p =

0'10)0
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Fig. 46, The production and disappearance of NO; . at various wéter
depths of L.239. Samples were obtained in May, 1984 and incubated
at 15°C without any supplements. Symbols are : ( O ) 1m, ( A ) 5m,
(V) 10m, (@) 15m, (&) 20m, (V) 25m and ( O ) 30m. All data
points that are overlapping or placed horizontally on the same line
for the same day of sampliné are not significantly different (p =

0-10),
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Fig. 47, The production and disappearance of NO3 at various water
depths of L.239. Samples were obtained in May, 1984 and incubated
at 15°C without any supplements. Symbols are : ( O ) 1m, ( A ) 5m,
(V) 1om, (@) 15m, (A) 20m, (V) 25m and (0 ) 30m. ALL data
points that are overlapping or placed horizontally on the same line
for the same day of sampling are not significantly different (p =

0-10).
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Fig. 48. The production and disappearance of NO; at various water
depths of L.239. Samples were obtained in June, 1984 and incubated
at 15°C without any supplements. Symbols are : (O ) 1m, (A ) 5m,
(V) 1om, (@) 15m, ( A) 20m, (¥ ) 25m and (1) 30m. All data
points that are overlapping or placed horizontally on the same line
for the same day of sampling are not significantly éifferent (p =

0-10).
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Fig. 49. The production and disappearance of NO; at various water

depths of L.239. Samples were obtained in June, 1984 and incubated
at 15°C with NaAc added. Symbols are : (O ) 1m, (A ) 5m, (V)
Om, (@) 15m, (&) 20m, (V) 25mand (OJ) 30m. All data
points that are overlapping or placed horizontally on the same line
for the same day of sampling are not significantly different (p =

0-10).
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Fig. 50. The production and disappearance of NO; at various water
dépths of L.239. Samples were obtained in June, 1984 and incubated
at 15°C with NaAc and (NH4),S0; added. Symbols are : (O) 1m,
(A)5m, (V) 10m, (@) 15m, (A ) 20m, (V¥ ) 25m and ( [1) 30m.
All data points that are overlapping or placed horizontally on the
same line for the same da§ of sampling are not significantly dif-

ferent (p = 0-10).
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Fig., 51, The production and disappearance of NO3 at various water
depths of L.239. Samples were obtained in June, 1984 and incubated
at 15°C without any supplements. Symbols are : (O ) 1m, ( A ) 5m,
(V) 10m, (@) 15m, (A ) 20m, (V) 25m and ( O ) 30m. All data
points that are overlapping or placed horizontally on the same line
for the same day of sampling are not significantly different (p =

0-10).
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Fig. 52. The production and disappearance of NO3; at various water

depths of L.239. Samples were obtained in June, 1984 and incubated
at 15°C with NaAc added. Symbols are : (O ) 1m, (A) 5m, (V)
10m, (@) 15m, (&) 20m, (V) 25mand (I) 30m. All data
points that are overlapping or placed horizontally on the same line
for the same day of sampling are not significantly different (p =

0-10).
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Fig. 53. . Thé production and disappearance of NO3 at various water
depths of L.229. Samples were obtained in June, 1984 and incubated
at 15°C with NaAc and (NH;),S0; added. Symbols are : (O) 1nm,
(A) 5m, (V) 10m, (@) 15m, ( A) 20m, (V) 25m and ( O ) 30m.
All data points that are overlapping or placed horizontally on the
same line for the same day of sampling are not significantly dif-

ferent (p = 0-10).
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Fig. 54, The production and disappearance of NO; at various water

depths of L.239. Samples were obtained in July, 1984 and incubated
at 15°C with NaAc added. Symbols are : (O ) Tm, (A ) 5m, (V)
Om, (@) 15m, (&) 20m, (V) 25mand (1) 30m. All data
points that are overlapping or placed horizontally on the same line
for the same day of sampling are not significantly different (p =

0-10).
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Fig. 55, The production and disappearance of NO; at various water

depths of L.239. Samples were obtained in July, 1984 and incubated
at 15°C with NaAc and (NH;),S0, added. Symbols are : ( Q) 1m,
(A) 5m, (V) 10m, (@) 15m, (A ) 20m, (V¥ ) 25m and ( O ) 30m.
All data points that are overlapping or placed horizontally on the
asame line for the same day of sampliﬁg are not significantly dif-

ferent (p = 0-10),
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Fig. 56, The production and disappearance of NO3; at various water
depths of L.239. Samples were obtained in July, 1984 and incubated
at 15°C without any supplements. Symbols are : (O ) 1m, ( A ) 5nm,
(V) 10m, (@) 15m, (A ) 20m, (V) 25m and ( J) 30m. All data
points that are overlapping or placed horizontally on the same line
for the same day of sampling are not significantly different (p =

0'10)0
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Fig. 57. The production and disappearance of NO3 at various water

depths of L.239, Samples were obtained in July, 1984 and incubated
at 15°C witthaAc added. Symbols are : (O ) Im, (A ) 5m, (V)
10m, (@) 15m, (A) 20m, (V) 25mand (1) 30m. All data
points that are overlapping or placed horizontally on the same line

for the same day of sampling are not significantly different (p =

0'10)0
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Fig. 58. The production and disappearance of NO3; at various water

depths of L.239. Samples were obtained in July, 1984 and incubated
at 15°C with NaAc and (NH,),S0, added. Symbols are : (O ) 1m,
(A) smy, (V) 10m, (@) 15m, (&) 20m, (V) 25m and ( O) 30m.
All data points that are overlapping or placed horizontally on the
same line for the same day of sampling are not significantly dif-

ferent (p = 0:10).
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Fig. 59. The production and disappearance of NO3; at various water

depths of L.239. Samples were obtaind in August, 1984 and incubated
at 15°C with NaAc added. Symbols are : (O ) 1m, ( A) 5m, (V)
1om, (@) 15m, (A ) 20m, (V) 25mand (I ) 30m. All data
points that are overlapping or placed horizontally on the same line
for the same day of sampling are not significantly different (p =

0-10).
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Fig. 60, The production and disappearance of NO; at various water
depths of L.239. Samples were obtained in August, 1984 and incu-
bated at 15°C with NaAc and (NH,;),S0; added. Symbols are : (O)
fm, (&) 5m, (V) 10m, (@) 15m, (&) 20m, (V) 25m and (O)
30m. All data points that are overlapping or placed horizontally
on the same line for the same day of sampling are not significantly

different (p = 0-10).

- 186 -



ug NOZ-N - L™

80

60

40

20

e = —

A A
O - O
£&>m——-’:




Fig. 61, The production and disappearance of NQ§ at various water
depths of L.239. Samples were obtained inlAugust, 1984 and incu-
bated at 15°C without any supplements. Symbols are : (O ) 1m,
(A) 5m, (V) 10om, (@) 15m, (A ) 20m, (V) 25m and ( 1) 30m.
All data points that are overlapping or placed horizontally on the
same line for the same day of sampling are not significantly dif—

ferent (p = 0-10).
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Fig. 62. The production and disappearance of NO3; at various water

depths of L.239. Samples were obtained in August, 1984 and incu-
bated at 15°C with NaAc added. Symbols are : (O) 1m, (A ) 5m,
(V) 10m, (® ) 15m, (A ) 20m, (V) 25m and (I ) 30m. All data
points that are overlapping or placed horizontally on the same line
for the same day of sampling are not significantly different (p =

0-10).
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Fig. 63, The production and disappearance of NO3 at various water

depths of L.239. Samples were obtained 1in August, 1984 and incu-
bated at 15°C with NaAc and (NH;) 2804 added. Symbols are : ( Q)
m, (&) 5m, (V) 10m, (@) 15m, (A ) 20m, (V) 25m and (O)
30m, All data points that are overlapping or placed horizontally
on the same line for the same day of éampling are not significantly

different (p = 0-10).
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FPig. 64, The production and disappearance of NO; at various water

depths of L.239. Samples were obtained in September, 1984 and incu-
bated at 15°C without any supplements. Symbols are : ( Q) 1m,
(A) 5my (V) 10m, (@) 15m, (&) 20m, (V¥ ) 25m and () 30m,
All data points that are overlapping or placed horizontally on the
same line for the same day of sampling are not significantly dif-

ferent (p = 0-10),
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Fig. 65. The production and disappearance of NO; at various water
depths of L.239. Samples were obtained in September, 1984 and incu-
bated at 15°C with NaAc added. Symbols are : (O) 1m, (A ) 5m,
(V) 10m, (@) 15m, (A ) 20m, ( V) 25m and ( 1) 30m. All data
points that are overlapping or placed horizontally on the same line
for the same day of sampling are not significantly different (p =

0-10).
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Fig. 66. The production‘ and disappearance of NO; at various water
depths of L.239. Samples were obtained in September, 1984 and incu-
bated at 15°C with NaAc and (NH,;),50; added. Symbols are : ( Q)
m, (&) 5m, (V) 10m, (@) 15m, (A ) 20m, (V) 25m and (1)
30m.  All data points that are overlapping or placed horizontally
on the same line for the same day of sampling are not significantly

different (p = 0-10).
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Fig. 67, The production and disappearance of NO3 at various water

depths of L.239., Samples were obtained in September, 1984 and incu-
bated at 15°C without any supplements. .Symbols are : ( Q) 1nm,
(A) 5m, (V) 10m, (@) 15m, (A ) 20m, (V) 25m and ( ) 30m.
All data points that are overlapping or placed horizontally on the
same line for the same day of sampling are not significantly dif-

ferent (p = 0-10).
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Fig., 68. The production and disappearance of NO3 at various water
depths of L.239. Samples were obtained in September, 1984 and incu-
bated at 15°C with NaAc added. Symbols are : (O ) 1m, (A ) 5m,
(V) 1om, (@) 15m, (&) 20m, (V) 25n and ( OJ) 30m. All data
points that are overlapping or placed horizontally on the same line
for the same day of sampling are not significanfly different (p =

0"10)0
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Fig. 69. The production and disappearance of NO; at various water

depths of L.239. Samples were obtained in September, 1984 angd incu-
bated at 15°C with NaAc and (NH4),S0, added. Symbols are : ( Q)
m, (A)5Bm, (V) 10m, (@) 15m, (A ) 20m, (V) 25m and (O )
30m.  All data points that are overlapping or placed horizontally
on the same line for the same day of sampling are not significantly

different (p = 0-10),
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Fig. 70. The production and disappearance of NO3; at various water

depths of L.239. Samples were obtained in October, 1984 and incu-
bated at 15°C without any supplements. Symbols are : (O) 1m,
(L) Bmy, (V) 10m, (@) 15m, (&) 20m, (V) 25m and ( I ) 30m.
All data points that are overlapping or placed horizontally on the
same line for the same day of sampling are not significantly dif-

ferent (p = 0-10).

- 206 -



ug NOZ-N- L

Days




Fig., 71. The production and disappearance of NO; at various water
depths of L.239. Samples were obtained in October, 1984 and incu-
bated at 15°C with NaAc added. Symbols are : ( Q) m, (A ) 5n,
(V) 10m, (@) 15m, (A) 20m, (V) 25n and ( 1) 30m. All data
points that are overlapping or placed horizontally on the same line
for the same day of sampling are not significantly different (p =

0-10).
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Fig. 72, The production and disappearance of NO; at various water

depths of L.239. Samples were obtained in October, 1984 and incu-
bated at 15°C with NaAc and (NH4),50; added. Symbols are : (O )
m, (A)5m, (V) 10m, (@) 15m, (A) 20m, (V) 25m and ()
30m.  All data points that are overlapping or placed horizontally
on the same line for the same day of sampling are nét significantly

different (p = 0-10),
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Fig, 73, The production and disappearance of NOj at various water

depths of L.239. Samples were obtained in October, 1984 and incu-
bated at 15°C without any supplements. Symbols are : (O) 1m,
(A) 5m, (V) 10m, (@ ) 15m, (A\jﬁ‘,‘) 20m, (V) 25m and (0 ) 30m.
All data points that are overlapping or placed horizontally on the
same line for the same day of sampling are not significantly dif-

ferent (p = 0:-10).
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Fig., 74. The production and disappearance of NO3 at various water
depths of L.239. Samples were obtained in October, 1964 and incu-
bated at 15°C with NaAc added. Symbols are : (O ) 1m, (A) 5m,
(V) 10om, (@) 15m, ( &) 20m, ( ¥ ) 25m and ( OJ) 30m. All data
points that are overlapping or placed horizontally on the same line
for the same day of sampling are not significantly different (p =

0-10).
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Fig., 75. The production and disappearance of NO3; at various water

depths of L.239. Samples were obtained in October, 1984 and incu-
bated at 15°C with NaAc and (NH;),S0; added. Symbols are : (O)
m, (A)5m, (V) 10m, (@) 15m, (A& ) 20m, (V) 25m and ( O)
» 30m.  All data points that are overlapping or placed horizontally
on the same line for the same day of sampling are not significantly

different (p = 0:-10),
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Fig. 76. The production and disappearance of NO; at various water
depths of L.302S. Sampleé wvere obtained in December, 1983 and incu-
bated at 15°C without any supplements. Symbols are: (O) 1m, (A)
dm, (V) 6m, (@) Tm, (A ) 8m, (¥ ) 9mand () 10m. All data
points that are overlapping or placed horizontally on the same line:
for the same day of sampling are not significanﬁly different (p =

0-10),
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Fig, 77, The production and disappearance of NO3 at various water

depths of L.302S. Samples were obtained in December, 1983 and incu-
bated at 15°C without any supplements. Symbols are : (O ) 1m,
(A) 4m, (V)em, (@) 7m, (A)B8n, (¥) 9mand () 10m.
All data points that are overlapping or placed horizontally on the
same line for the same day of sampling are not significantly dif-

ferent (p = 0-10).
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Fig. 78. The production and disappearance of NO; at various water

depths of L.302S. Samples were obtained in January, 1984 and incu-
bated at 15°C without any supplements. Symbols are : (O ) 1m,
(A) am, (V)ém, (@) 7m, (A)8n, (V) 9mand () 10m.
All data points that are overlapping or placed horizontally on the
same line for the same day of sampling are not significantly dif-

ferent (p = 0-10).
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Fig., 79. The production and disapﬁearance of NO3 at various water
depths of L.302S. Samples were obtained in January, 1984 and incu-
bated at 15°C without any supplements. Symbols are : (O ) 1m,
(A) 4m, (V) 6ém, (@) 7n, (A)8n, (V) 9mand (O) 10m.
All data points that are overlapping or placed horizontally on the
same line for the same day of sampling are not significantly dif-

ferent (p = 0-10).
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Fig., 80. The production and disappearance of NO; at various water

depths of L.302S. Samples were obtained in February, 1984 and incu-
bated at 15°C without any supplements. Symbols are : (O ) 1m,
(A)4m, (V)ém, (@) 7m, (A)B8n, (V) 9mand (1) 10m.
All data points that are overlapping or placed horizontally on the
same line for the same day of sampling are not significantly dif-

ferent (p = 0-10),
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Fig. B1, The production and disappearance of NO3 at various water

depths of L.302S. Samples were obtained in February, 1984 and incu-
bated at 15°C without any supplements. Symbols are : ( O) 1m,
(A)4nm, (V)ém, (@) 7, (A)8m, (V) 9mand (I) 10m,
All data points that are overlapping or placed horizontally on_the
same line for the same day of sampling are not significantiy dif-

ferent (p = 0-10).
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Fig. 82, The production and disappearance of NO; at various water

depths of L.302S. Samples were obtained in March, 1984 and incu-
bated at 15°C without any supplements. Symbols are : (QO) 1m,
(A)am, (V)en, (@) 7m, (A)8m, (V) 9mand (1) 10m.
All data points that are overlapping or placed horizontally on the
same line for the same day of sampling are not significantly dif-

ferent (p = 0-10).
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Fig. 83, The production and disappearance of NO3 at various water

depths of L.302S. Samples were obtained in March, 1984 and incu-
bated at 15°C without any supplements. Symbols are : (O) 1m,
(A)4n, (V)ém, (@) 7m, (&) 8n, (V) 9mand (1) 10m.
All data points that are overlapping or placed horizontally on the
same line for the same day of sampling are not significantly dif-

ferent (p = 0-10).
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Fig. 84. The production and disappearance of NO; at various water

depths of L.302S. Samples were obtained in April, 1984 and incu-
bated at 15°C without any supplements. Symbols are : (O ) 1m,
(A)d4m, (V)en, (@) 7m, (A)8n, (V) 9nand (O) 10m.
All data points that are overlapping or placed horizontally on the
same line for the same day of sampling are not significantly dif-

ferent (p = 0-10).
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Fig. B85, The production and disappearance of NO3 at various water

depths of L.302S. Samples were obtained in April, 1984 and incu-
bated at 15°C without any supplements. Symbols are : (O) 1m,
(L)Y am, (V)ém, (@) 7m, (&) 8n, (V) 9mand (O) 10m.
All data points that are overlapping or placed horizontally on the
same line for the same day of sampling are not significantly éif—

ferent (p = 0-10).
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Fig. 86. The production and disappearance of NO5; at various water
depths of L.302S. Samples were obtained in May, 1984 and incubated
at 15°C without any supplements. Symbols are.: (O ) 1m, ( A ) 4m,
(V)eém, (@) 7m, (A)8mn, (V) 9m and 21[‘])101’11, All data
points that are overlapping or placed horizontally on the same line
for the same day of sampling are not significantly different (p =

0-10).
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Fig. 87, The production and disappearance of NO3; at various water
depths of L.302S. Samples were obtained in May, 1984 and incubated

.at 15°C without any supplements. Symbols are : (O ) 1m, ( A ) 4nm,
(V)eém, (@) 7m, (A)8n, (V) 9mand (I) 10m. All data
points that are overlapping or placed horizontally on the same line

for the same day of sampling are not significantly different (p =

O’To)o
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Fig, B8, The production and disappearance of NO; at various water

depths of L.302S. Samples were obtained in June, 1984 and incubated
at 15°C without any supplements. Symbols are : (O ) 1m, (A ) 4nm,
(V)ém, (@) Tm, (A)B8n, (V) 9mand (OJ) 10m. All data
points that are overlapping or placed horizontally on the same line
for thé same day of sampling are not significantly different (p =

0-10),

- 242 -~



N LT

#g NO,

Days




Fig. 89. The production and disappearance of NO; at various water

depths of L.302S. Samples were obtained in June, 1984 and incubated
at 15°C with NaAc added. lSymbols are : (O) m, (A) 4m, (V)
bm, (@) 7m, (A) 8m, (V) 9mand (J) 10m. All data points

that are overlapping or placed horizontally on the same line for

i1

the same day of sampling are not significantly different (p

0"10)»
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Fig. 90. The production and disappearance of NO; at various water

depths of L.302S5. Samples were obtained in June, 1984 and incubated
at 15°C with NaAc and (NH;),S0, added. Symbols are : (O) 1m,
(A)d4m, (V)ém, (@) 7m, (A)B8n, (V) 9mand (O) 10m.
All data points that are overlapping or placed horizontally on the
same line for the same day of sampling are not significantly dif-

ferent (p = 0:10).
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Fig. 91, The production and disappearance of NO3 at various water
depths of L.302S. Samples were obtained in June, 1984 and incubated
at 15°C without any supplements. Symbols are : (O ) 1m, (A ) 4m,
(V)yem, (@) 7Mm, (&)8n (V)O9mand (O) 10m. All data
points that are overlapping or placed horizontally on the same line
for the same day of sampling are not significantly different (p =

0-10).
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Fig., 92, The production and disappearance of‘NOE at various water
depths of L.302S. Samples were obtained in June, 1984 and incubated
at 15°C with NaAc added. Symbols are : ( Q) 1m, (A ) 4m, (V)
bm, (@) 7m, (&) 8m, (V) 9mand () 10m. All data points
that are overlapping or placed horizontally on the same line for
the same‘day of sampling are not significantly different (p =

0-10).
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Fig. 93. The production and disappearance of NO3 at various water

depths of L.302S. Samples were obtained in June, 1984 and incubated
at 15°C with NaAc and (NH;),S0, added. Symbols are : ( Cj) Im,
(A)dm, (V)ém, (@) 7m, (A&)8n, (V) 9mand () 10m.
All data points that are overlapping or placed horizontally on the
same line for the same day of sampling are not significantly dif-

ferent (p = 0-10).
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Fig. 94. The production and disappearance of NO; at various water
depths of L.302S. Samples were obtained in July, 1984 and incubated
at 15°C without any supplements. Symbols are : (O ) 1m, (A ) 4m,
(VYyeém, (@) 7m, (A)8m, (V) 9mand (O) 10m. All data
points that are overlapping or placed horizontally on the same line
for the same day of sampling areanot significantly different (p =

0-10).
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Fig. 95, The production and disappearance of NO; at various water

depths of L.302S. Samples were obtained in July, 1984 and incubated
at 15°C with NaAc added. Symbols are : (O) 1m, (A) 4m, (V)
ém, (@) 7m, (&) 8m, (V) 9mand (1) 10m. All data points
that are overlapping or placed horizontally on the same line for
the same day of sampling are not significantly different (p =

0'10)0
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Fig. 96. The production and disappearance of NO; at various water

depths of L.302S. Samples were obtained in July, 1984 and incubated
at 15°C with NaAc and (NH,),50, added. Symbols are : (O) 1m,
(A)4m, (V)ém, (@) 7m, (A)S8n, (V) 9mand (O) 10m.
All data points that are overlapping or placed horizontally on the
same lihe for the same day of sampling are not significantly dif-

ferent (p = 0-10).
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Fig. 97, The production and disappearance of NO; at various water

depths of L.302S. Samples were obtained in July, 1984 and incubated
at 15°C without any supplements. Symbols are : ( O) 1m, ( A) 4m,
(V)ém, (@) 7m, (A)B8n, (V) 9mand () 10m. All data
points that are overlapping or placed horizontally on the same line
for the same day of sampling are not significantly different (p =

0-10).
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Fig. 98. The production and disappearance of NO3; at various water

depths of L.302S. Samples were obtained in July, 1984 and incubated
at 15°C with NaAc added. Symbols are : (O ) 1m, (A ) 4m, (V)
ém, (@) 7m, (&) 8n, (V) 9mand (0O) 10m. All data points
that are overlapping or placed horizontally on the same line for
the same day of sampling are not significantly different (p =

0-10),
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Fig. 99, The production and disappearance of NO3 at various water

depths of L.302S. Samples were obtained in July, 1984 and incubated
at 15°C with NaAc and (NH,;),S0, added. Symbols are : A(O) 1m,
(A) 4m, (V)6m, (@) 7m, (A) 8m, (V)9mand(\‘l‘3)10m.
All data points that are overlapping or placed horizontally on the
same line for the same day of sampling are not significantly dif-

ferent (p = 0-10),
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Fig. 100, The production and disappearance of NO; at various water

depths of L.302S. Samples were obtained in August, 1984 and incu-
bated at 15°C without any supplements. Symbols are : (O ) 1m,
(A)d4m, (V)em, (@) 7m, (A) 81, (V) 9mand (O0) 10m,
All data points that are overlapping or placed horizontally on the
same line for the same day of sampling are not significantly dif-

ferent (p = 0-10),
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Fig. 101, The production and disappearance of NO; at various water

depths of L.302S. Samples were obtained in August, 1984 and incu-
bated at 15°C with NaAc added. Symbols are : ( Q) 1m, (A ) 4m,
(V)ém, (@) 7m, (A)8u, (V)O9mand (O) 10m. All data
points that are overlapping or placed horizontally on the same line
for the same day 6f sampling are not significantly different (p =

0-10),
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Fig, 102, The production and disappearance of NO; at various water

depths of L.302S. Samples were obtained in Aughst, 1984 and incu-
bated at 15°C with NaAc and (NH4;)S0;. Symbols are : C?) 1m,
(A) 4m, (V)ém, (@), (A)8n, (V) 9mand (1) 10m.
All data points that are overlapping or placed horizontally on the
same line for the same day of sampling are not significantly dif-

ferent (p = 0-10).
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Fig. 103, The production and disappearance of NO3 at various water

depths of L.302S. Samples were obtained in August, 1984 and incu-
bated at 15°C without any supplements. Symbols are : ( Q) 1m,
(A) am, (V)ém, (@) m, (&) 8n, (V) 9mand (I) 10m,
All data points that are overlapping or placed horizontally on the
same line for the same day of sampling are not significantly dif-

ferent (p = 0-10).
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Fig, 104. The production and disappearance of NO3 at various water

depths of L.302S. Samples were obtained in August, 1984 and incu-
bated at 15°C with NaAc added. Symbols are : (O) im, (A ) 4m,
(V)ém, (@) 7m, (A)S8n, (V) 9mand (1) 10m.. All data
points that are overlapping or placed horizontally on the same line
for the same day of sampling are not significantly different (p =

O'10)o
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Fig. 105, The production and disappearance of NO; at vérious water
depths of L.302S. Samples were obtained in August, 1984 and incu-
bated at 15°C with NaAc and (NH,),S0; added. Symbols are : ( Q)
my (A) 4m, (V) 6m, (@) m, (A ) 8n, (V) 9n and (1) 10m.
All data points that are overlapping or placed horizontally on the
same line for the sahe day of sampling are not significantly dif-

ferent (p = 0-10),
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Fig. 106. The production and disappearance of NO; at various water

depths of L.302S. Samples were obtained in September, 1984 and
incubated at 15°C without any supplements. Symbols are : ( O ) 1m,
(A‘\)‘;4m, (V)ém (@)7m, (4&)8n, (V) 9mand (O) 10m,
All data points that are overlapping or placed horizontally on the

same line for the same day of sampling are not significantly dif-

ferent (p = 0:10).
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Fig. 107. The production and disappearance of NO; at various water

depths of L.302S. Samples were obtained in September, 1984 angd
incubated at 15°C with NaAc added. Symbols are : (O) 1m, (A)
4m, (V) 6m, (@) m, ( &) 8m, (¥ ) 9m and ( 1) 10m. All data
points that are overlapping or placed horizontally on the same line
for the same day of sampling are not significantly different (p =

0-10),
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Fig. 108. The production and disappearance of NO; at various water

depths of L.302S. Samples were obtained in September, 1984 and
incubated at 15°C with NaAc and (NH;),50, added. Symbols are :
(O)Yim, (A)4m, (V)em, (@) 7m, (A) 8n, (V¥) 9mand
(0) 10m. All data points that are overlapping or placed horizon-
tally on the same line for the same day of sampling are not signif-

icantly different (p = 0-10).
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Fig. 109, The production and disappearance of NO3 at various water
depths of L.302S. Samples were obtained in September, 1984 and
incuba;ed at 15°C without any supplements. Symbols are : (.C)) im,
(D) am, (V)ém, (@) 7m, (&) 8m, (V) 9mand () 10m.
All data points that are overlapping or placed horizontally on the
same line for the'same day of sampling are not significantly dif-

ferent (p = 0:10).

- 284 -



ILg NO§_~N LT

60

- 40

20

w4
0
O
TTT— 1
A 4
©
J—
é‘if T — A
v NV
LAO O —= A0V
10

v
°
]
A
™
v
v
AOV ——— 20
20




Fig. 110. The production and disappearance of NO3 at various water

depths of L.302S. Samples were obtained in September, 1984 and
incubated at 15°C with NaAc added. Symbols are : (O) 1m, (A)
dm, (V) 6m, (@) Tm, (A ) 8m, (V) 9mand (O ) 10m. All data
points that are overlapping or placed horizontally on the same line
for the same day of sampling are not siénificantly different (p =

0-10).
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Pig. 111, The production and disappearance of NOj at various water

depths of L.302S. Samples were obtained in September, 1984 and
incubated at 15°C with NaAc and (NH,);S0; added. Symbols are :
(O)Mm, (A)d4m, (V)bm, (@) 7n, (&) 8m, (V) 9m and
() 10m. All data points that are overlapping or placed horizon-
tally on the same line for the same day of sampling are not signif-

icantly different (p = 0-10).
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Fig. 112, The production and disappearance of NO; at various water

depths of L.302S. Samples were obtained in October, 1984 and incu-
bated at 15°C without any supplements. Symbols are : (O ) 1m,
(A)d4m, (V)éem, (@) 7m, (&) 8m, (V) 9mand (1) 10m,
All data points that are overlapping or placed horizontally on the
same line for the same day of sampling are not significantly dif-

ferent (p = 0-10).
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Fig. 113, The production and disappearance of NOj at various water

depths of L.302S. Samples were obtained in October, 1984 and incu-
bated at 15°C with NaAc added. Symbols are : (O) 1m, (A ) 4m,

(V)eém, (@) 7m, (&) 8n, (V)9mand () 10m. All data
points that are overlapping or placed horizontally on the same line
for the same day of sampling are not significantly different (p =

0-10).
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Fig. 114. The production and disappearance of NO; at various water

depths of L.302S. Samples were obtained in October, 1984 and incu-
bated at 15°C with NaAc and (NH;),50; added. Symbols are : ( O)
m, (A) 4dm, (V) 6m, (@) m, (A) 8n, (V) 9mand (1) 10m.
All data points that are overlapping or placed horizontally on the
same line for the same day of sampling are not significantly dif-

ferent (p = 0-10).
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Fig, 115, The production and disappearance of NO3 at various water
depths of L.302S. Samples were obtained in October, 1984 and incu-
bated at 15°C without any. supplements. Symbols are : (O) 1,
(A)am, (V)em, (@)7m, (A)8n, (V) 9nand (0) 10m.
All data points that are overlapping or placed horizontally on the
same line for the same day of sampling are not significantly dif-

ferent (p = 0-10).
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Fig. 116, The production and disappearance of NOj3 at various water
depths of L.3025. Samples were obtained in October, 1984 and incu-
bated at 15°C with NaAc added. Symbols are : (O ) 1m, (A ) 4m,
(V)ém, (@) 7m, (4)8n, (V) 9mand (1) 10m. All data
points that are overlapping or placed horizontally on the same line
for the same day of sampling are not significantly different (p =

0-10).
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Fig. 117. The production and disappearance of NO3 at various water
depths of L.302S. Samples were obtained in October, 1984 and incu-
bated at 15°C with NaAc and (NH;),S0; added. Symbols are : (QO)
m, (A) 4m, (V) 6bm, (@) 7m, (A)8mn, (V) 9mand (I) 10m.
All data points that are overlapping or placed horizontally on the
same line for the same day of sampling are not significantly dif-

ferent (p = 0:-10),
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Fig. 118, The increments of pH during heterotrophic nitrification at
various water depths of L.239. Samples were incubated at 15°C with-
out any supplements.  Symbols are : ( @ ) December, ( A ) January,
( V) February, ( B ) March, (49) april, (@) May, (O ) June,
(A) July, (V) August, (1) September and (<) October. All

overlapping data points are not significantly different (p = 0-10).
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Fig, 119, The increments of pH during heterotrophic nitrification at
various water depths of L.239. Samples were incubated at 15°C with
NaAc added. Symbols are : (O) June, ( A) July, (V) August,
( O0) September and (<> ) October. All overlapping data points are

not significantly different (p = 0-10),
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Fig., 120, The increments of pH during heterotrophic nitrification at
various water depths of L.239, Samples were incubated at 15°C with
NaAc and (NH4)2S80; added. Symbols are : (O) June, (A) July,
(V') august, () September and (<) October. &ll overlapping

data points are not significantly different (p = 0-10).
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Fig. 121, The increments of. pH during heterotrophic nitrification at
various water depths of L.302S. Samples were incubated at 15°C
without any supplements. Symbols are : ( @ ) December, ( & ) Janu-
ary, ( V) February, (B ) March, (9 ) april, (O) May, (O)

June, ( &) July, (V) August, ( 1) September and ( <) oOctober.

All overlapping data points are not significantly different (p

0'10)0
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Fig. 122, The increments of pH during heterotrophic nitrification at
various water depths of L.302S, Samples were incubated at 15°C with
NaAc added. Symbols are : (O ) June, (A ) July, (V) August,
() september and ( <) October. All overlapping data points are

not significantly different (p = 0-10).
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Fig, 123. The increments of pH during heterotrophic nitrification at
various water depths of L.302S. Samples were incubated at 15°C with
NaAc and (NH;),S0; added. Symbols are : ( O) June, (A4 ) July,
(V') august, (0I) September and (<) October. All overlapping

data points are not significantly different (p = 0-10).
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Fig. 124.  The production and disappearance of NO3, NO; and NH} (A) and
the effects of NH; (B) and allylthiourea (C) on NOj3 production at
30 m of L.239, Samples were obtained in March, 1984 and incubated
at 15°C. Symbols in (a) are : (O) NO3, (V) NO; and ( A ) NHj.
Symbols in (B) are : (O) Control and ( (1) NH; added. Symbols in
(C) are : ( O) control and ( 0 ) allylthiourea added. Bars repre-

sent standard deviation of duplicate samples.
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Fig. 125, The production and disappearance of NO3, NO; and NH} (A) and
the effects of NHi (B) and allylthiourea (C) on NO3 production at
9 m of L.3025. Samples were obtained in March, 1984 and incubated
at 15°C. Symbols in (A) are : (O) N03, (V) NO; and ( A ) NHj.
Symbols in (B) are : ( O) Control and ( [1) NH} added. Symbols in
(C) are ¢+ (O) control and ( [ ) allylthiourea added. Bars repre-

sent standard deviation of duplicate samples.
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Fig. 126. The in situ concentrations of dissolved N,0 ( O ) and the in

vitro rates of N,O0 production ( @ ) at various water depths of

L.239 in March, 1984,
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Fig. 127, The in situ concentrations of dissolved N;0 ( O ) and the in
vitro rates of N,0 production (@ ) at various water depths of

L.302S5 in March, 1984.
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Fig. 12B. Electron micrograph of the heterotrophic nitrifying isolate,

Pseudomonas fluorescens. (59,568% magnification),
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DISCUSSION

The qualitative and quantitative ecdlogical significance of hetero-
trophic nitrification in freshwater lacustrine ecosystems was demon-
strated by the present study. The ecological importance of heterotrophic
nitrification has not previously been recognized, reported or validated.
Focht and Verstraete (1977) suggested that this mode of microbial acti-
vity may possibly be environmentally significant in only two types of
extreme ecological niches, namely acid soils and highly alkaline, nitro-
gen-rich aquatic environments such as sewage sludge. The two lakes used
for the present study did not fall into these categories, with one being
oligotrophic and at near neutral pH and the other one being meso-oligo-

trophic and at acidic pH. Moreover, no such in situ heterotrophic nitri-

fication in highly alkaline, nitrogen-rich aquatic ecosystems has been
reported in literature. Verstraete and Alexander (1973) reported that
some water samples from rivers, lakes and sewage produced NH,OH,
1-nitrosoethanol, NO; and NO3 only when the samples were amended with
acetate and (NH4).S04, incubated on a rotary shaker and adjusted to neu-
tral or alkaline pH. They attributed the production of NO3, NO3, etc.,
in the water samples to heterotrophic nitrification. They also noticed
the increase in pH during the nitrification process and in the case of a

sewage sample, the pH rose from 7:4 to 9:0.

On the other hand, the present study used several direct and indirect
tests to confirm the occurrence of heterotrophic nitrification in both

L.239 and L.302S. Indirect evidence comprised (a) the lack of stimula-
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tion of NO; and NO3 production following the addition of (NH,),S0,;. In
fact the production was sometimes depressed by the presence of added
NH;. These findings are in agreement with the observations of Schimel et
al. (1984); (b) the addition of NaAc to give a final C:N ratio of 331
stimulated the production of NO3; similar phenomena have been observed
with pure cultures of heterotrophic nitrifiers and in soil and water
samples (Verstraete, 1975; Verstraete and Alexander, 1972a; 1973);
(c) the production of alkalinity during NO; énd NO3 production; similar
results have been reported by Castignetti and Gunner (1981) and Ver-
straete and Alexander (1973); (d) the disappearance of the produced NO;
without the concomitant increase in NO3 concentrations under aerobic
conditions. Castignetti and Gunner (1981) also noticed the rapid assi-
milation of the produced NO; by Alcaligenes sp. under acidic conditions
but were unable to explain the observations; and (e) the disappearance
of NOj3 without the concomitant increase in NH} concentrations under
aerobic and NHi-nonlimiting conditions. Direct evidence comprised
(a) the lack of inhibition of NO; and NOj; production in the presence of
autotrophic nitrification inhibitors, allylthiourea. Similar observa-
tions have previously been reported (Focht and Verstraete, 1977; Hynes
and Knowles, 1983; Schimel et al., 1984; Verstraete, 1975); (b) the
absence of culturable autotrophic nitrifying bacteria in the lake water
samples. Many workers studying heterotrophic nitrification in acid soils
had similar observations (Ayanaba and Omayuili, 1975; Focht and Ver-
straete, 1977; Ishaque and Cornfield, 1974; 1976; Lemee, 1976; Overrein
1971); (c) the presence of a large number of heterotrophic nitrifying

bacteria in the samples that were able to grow on autotrophic nitrifying
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media and also at low pH and low temperatures, and (d) the 5N tracer
techniques used in the present study indicated that the N atoms in NO3
and NO3 produced in the lake water samples were not derived from NHj-N.
Schimel et al. (1984) reported similar findings for heterotrophic nitri-

fication in acid forest soils.

Although the additions of NaAc or NaAc plus NH; stimulated NO; pro-
duction in the present study, NO; and NOj; were also produced in some
samples wiéhout any amendments. The experimental designs would criti-
cally influence the subseguent interpretations and extrapolations of the
results obtained. Verstraete and Alexander (1973) added abnormally high
concentrations of C and N source to their samples and yet only some of
their samples did produce NO; and NO3. Subsequently, they concluded that
heterotrophic nitrification would only be of ecological significance in
ecosystems having such high levels of C and N loadings. 1In addition,
none of their experiments included any autotrophic nitrification inhib-
itor as a control. The present study, however, appears to be more repre-
sentative of natural lake conditions. Every treatmént used in the pres-
ent study included a control with an autotrophic nitrification inhibitor
added so that any portion of NO; and NO; produced by autotrophic nitri-
fying bacteria can be estimated. In addition, the incubation tempera-
tures used and the amounts of NH; or NaAc added in the present work were
within the range of the natural environmental conditions of the two
lakes studied. This was possible because of the availability of the
physical, chemical and biological records before, during and after the
| perturbations of the two lakes; The results presented here could possi-

bly '‘be applied to other precambrian Shield lakes in Canada.
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The accumulation of NO; in lakes and oceans is quite unusual (Painter,
1970). Few studies reported the accumulation of NO; at particular depths
of some waters (Karl et al., 1984; McCarthy et al., 1984; White et al.,
1977). This phenomenon is usually attributed to: (a) higher rates of
NH; oxidation to NO; than the rates of NO; oxidation to NO3; (b) the
lack of autotrophic NO; oxidizers; and (c) reduced oxygen tensions
allowing NH; oxidizers but not NO; oxidizers to nitrify. However, the
accumulations of NOz in the two lakes studied during the ice-cover peri-
ods cannot be explained with the facts mentioned above. Since the nitri-
fication process involved was heterotrophic in nature and yet the path-
ways and the mechanisms involved are not known, only tentative explana-

tions are permissible on the basis of in vitro and in situ results

obtained from the present study. It appeared that the in situ acid pH
and low temperature did not inhibit the production of NO3. Previous
studies oﬁ pure cultures of heterotrophic nitrifiers and heterotrophic
nitrification in acid soils showed that NO; and other nitro compounds
were the main products of heterotrophic nitrification (Castignetti and
Hollocher, 1982; Gode and Overbeck, 1972; Gowda et al., 1977; Hirsch et
al., 1961; Jensen, 1951; Malashenko et al., 1980; 0du and Adeoye, 1970;

Tate, 1977).

The rapid disappearance of NO; and NO3 under aerobic and NHj-non-
limiting conditions suggested that in some samples the rates of NO; and
NO; disappearance were probably much greater than their rates of produc-
tion resulting in small amount or no NO; and NOj3 accumulated. Conseg-
uently, the occurrence of heterotrophic nitrification cannot be esti-

mated solely by the amount of NO; and NO; produced. The fact that the pH
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of these samples did increase suggested that heterotrophic nitrification
had occurred. Castignetti and Gunner (1981) reported the production of
NO; by Alcaligenes sp. under both alkaline and acidic conditions and
that the produced NO; was rapidly assimilated under acidic conditions.
However, they did not offer any explanations. The mechanisms involved
are still not understood. Axler et al. (1982) wused 5N and 3N tracer
techniques to study nitrogen assimilation in a subalpine lake and con-
cluded that NHj was the preferred N-substrate for assimilation even when
NH; concentrations were far lower than the concentrations of NO; and NOj

present.

The present study indicated that heterotrophic nitrification was
responsible for the production of NO; and NO3 in the two lakes studied
and that it occurred throughout the water columns of both lakes during
the ice-cover periods. Focht and Verstraete (1977) compared the rates of
heterotrophic and autotrophic nitrification by pure cultures that were
available in literature and concluded that heterotrophic nitrification
would be insignificant because their rates were 10° to 104 times lower
than those of autotrophic nitrifiers. In L.239, highest rates of NO;
accumulation were noted in August at 25-m depth, whereas in L.302S it
occurred in January at the 7-m depth. The highest rates of NO3 accumula-
tions of both lakes occurred in March, 1984 being 19-2 and 128:75 ug
NO3-N-L-'-d"' at the 30-m depth of L.239 and 9-m depth of L.302S,
respectively. These rates were much higher than the autotrophic nitrifi-
cation'rates reported in the literature. Vincent and Downes (1981)
found that the oligotrophic Lake Taupo in New Zealand had aﬁtotrophic

nitrification rates of 0-50-4-03 ug NO3-N:L-'-d~'. In Lake Vanda, Ant-
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t al.,

arctica, these rates were 0-08-1:95 ug NO3;-N'L-'-d~' (Vincent
1981). The rates in the mesotrophic Lake Grasmere, England, were in the
range of 5-49-6:86 ug NO3-N-L"'-d"' (Hall and Jeffries, 1984)., Lean and
Knowles (1982) reported that the autotrophic nitrification rate under
the ice-cover periods in the eutrophic Lake St. George, Ontario, was
10 ug NO3-N-L~'-d@"', They also noted that nitrification occurred
throughout the water column of the lake during the ice-cover periods.
However, the autotrophic nitrification rate reported for Lake St. George
sometimes did not fully account for the total NO3 production (R. Knowles,
personal communication). Methylotrophic bacteria are also considered as
heterotrophic nitrifiers because of their ability to nitrify NH; (Hutton
and ZoBell, 1953; O'Neill and Wilkimson, 1977; Malashenko et al., 1980).
However, the involvement of these bacteria in the heterotrophic nitrifi-
cation process of the two lakes studied are wunlikely since methylotro-
phic bacteria nitrify NH; but not organic nitrogen and their nitrifying
activity is inhibited by autotrophic nitrification inhibitors such as

N-Serve (Salvas and Taylor, 1984).

The growth of heterotrophs on the autotrophic nitrifying agar media
suggested, rather than their capability to fix CO;, the presence of some
unknown organic carbon compounds in the media. This was probable since
a trace amount of arganic carbon could be present as contaminants in the
water, chemicals or the agar used (Harrison, 1984). On the other hand,
the number of heterotrophic nitrifiers estimated for each selected water
depth did not correlate to their nitrifying activities since the amounts
~of NO3 and NO3 produced were not proportional to the' population size,

Indeed, Verstraete (1975) pointed out that the heterotrophic nitrifica-
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tion activity was most often not associated with cell growth nor propor-

tional to the overall cellular biomass.

The production of N,0 during heterotrophic nitrification was con-
firmed by the present study. The rates of N0 production appeared to be
correlated with the heterotrophic nitrification activities., The produc-
tion of NO (Verstraete, 1981) and N,0 (Topp and Knowles, 1982) during
heterotrophic nitrification by methylotrophs has previously been repor-
ted. The accumulation of high concentrations of N,0 in the surface
water of the two lakes was probably the result of two factors: (a) the
waters were under the ice cover thus preventing any dissolved N,0 in the
surface water from escaping to the atmosphere, and (b) high N,0 produc-
tion rates in the surface waters were probably in part due to the pres-

1., 1984) actively producing N,0. It has been

ence of algae (DeBruyn et
demonstrated that some green algae were capable of nitrification (Kes-
sler and Oesterheld, 1970; Spiller et al., 1976) and that the produced
NO; was converted to N,0 by most of the green algae commonly found in

aguatic ecosystems (Weathers, 1984).

The production of alkalinity via heterotrophic nitrification in both
neutral and acid lake waters was clearly demonstrated by the present
study. The findings are in good agreement with observations by other
workers (Castignetti and Gﬁnner, 1981; Verstraete and Alexander, 1973)
and have important implications regarding the lake acidification pro-
cess. The addition of a metabolizable carbon source, which is also
essential for denitrification and sulfate reduction to occur, stimulated

heterotrophic nitrification. While denitrification and sulfate reduc-
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tion, which only occur in anoxic sediments, are considered as the major
bacterial processes to provide alkalinity against lake acidification,
nitrification has been speculated to increase the acidity of lakes in
ELA (Kelly et al., 1982). 1In contrast, the present study clearly indi-
cated that heterotrophic nitrification was the sole source of NOj; and
NO3 production in the two lakes at ELA and that the process would possi-
bly provide alkalinity against lake acidification. The advantage of hav-
ing heterotrophic nitrification would be two fold. Firstly, it is an
aerobic process that provides alkalinity in oxygenated waters and sedi-
ments, i.e. not being restricted to the anoxic sediments. Secondly, most
of the heterotrophic nitrifying bacteria have also been found to be
active denitrifying bacteria under anaerobic conditions (Castignetti and
Hollocher, 1981; 1984). Conversely, the NO; and NO; produced by hetero-
trophic nitrifying bacteria under aerobic conditions could be denitri-
fied by the same microorganisms and other denitrifying bacteria under
anaerobic conditions. The latter process, denitrification, 1is known to
produce alkalinity. Consequently, the possibility of monitoring the het-
erotrophic nitrification process in nature to provide alkalinity against

lake acidification should not be overlooked.

The disadvantages of having such microorganisms actively oxidizing
nitrogen-containing compounds are due to the many end products other
than NO3 such as NO3, NH,0H, nitro compounds and nitroso compounds pro-
duced during heterotrophic nitrification. These compounds are toxic and
some of them are mutagens or carcinogens (Hayes, 1964; Venulet and Van-
Ettan, 1970). According to Verstraete (1975), due to their stability in

natural waters, the presence of these compounds in the natural environ-
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ments, even at a concentration of 1 uM, could be hazardous to human and
animals. However, it appears that the environmental conditions dictate
the types and the quantities of end products to accumulate in nature.
Clearly, more studies on the mechanisms of heterotrophic nitrification

are needed.

- 332 -



LITERATURE CITED



LITERATURE CITED

Abel, E., H. Schmid, and J. Schafranik, 1931. Kinetik der Stickstof-
fentwicklung aus Ammoniumnitrit. 2. Physik. Bodenstein-Festband.
pp. 510-522. ‘

Aleem, M.I.H, 1968. Mechanism of oxidative phosphorylation in the che-

moautotroph Nitrobacter agilis. Biochem. Biophys. Acta. 162: 338-

347,
Aleem, M.I.H., and M. Alexander. 1960. Nutrition and physiology of

Nitrobacter agilis. Appl. Microbiol. 8: 80-84,

Aleem, M.I.H., and H., Lees. 1963. Autotrophic enzyme systems. I. Elec-
tron transport systems concerned with hydroxylamine oxidation in

Nitrosomonas. Can. J. Biochem. Physiol. 41: 763-778.

Aleem, M.I.H., and A. Nason. 1960a. A cell free nitrite-oxidizing sys-
tem from Nitrobacter. Fed. Proc. 19; 34,
Aleem, M.I.H.,, and A. Nason. 1960b. Phosphorylation coupled to nitrite

oxidation by particles from the chemoautotroph Nitrobacter agilis.

Proc. Natl. Acad. Sci., 46: 763-769.

Aleem, M.I.H., and A. Nason. 1963, Metabolic pathways of bacterial
nitrification. In: Symposium on Marine Microbiology. Edited by
L.H. Oppenheimer. Charles C. Thomas Co., Springfield, 1Illinois.
pp. 392- 409,

Aleem, M.I.H., G.E, Hock, and J.E. Vanner, 1965. Water as the source of
oxidant and reductant in bacterial chemosynthesis. Proc. Natl. Acad.

SCi. 54: 869_8730

- 333 -



Alexander, M. 1965. Nitrification. 1Ins Soil Nitrogen. Edited by W.V.
Bartholomew and F.E. Clark. Amer. Soc. Agron. #10, Madison, Wisc.
pp. 309-346.

Alexander, M. 1977. Introduction to soil microbiology. 2nd Edition.
John-Wiley, New York. 467 pp.

Alexander, M., K.C. Marshall, and P. Hirsch. 1960. Autotrophy and het-
erotrophy in nitrification. Trans. 7th Int. Congr. Soil Sci. Madi-
son, Wisconsin. 18: 586-591,

Allison, F.E. 1963. Losses of gaseous nitrogen from soils by chemical
mechanisms involving nitrous acid and nitrites. Soil Sci. 96: 404-
409,

Amarger, N., and M. Alexander. 1968, Nitritg formation from hydroxyla-

mine and oximes by Pseudomonas aeruginosa. J. Bacteriol. 95: 1651-

1657.
Anderson, J.H. 1965. The metabolism of hydroxylamine to nitrite by

Nitrosomonas. Bilochem. J. 91: 8-17,

Anderson, O.E., F.C. Boswell, and R.M. Harrison. 1971, Variations in
low temperature adaptability of nitrifiers in acid soils. Soil Sci.
Soc. Amer. Proc. 35: 68-71,

Anthonisen, A.C., R.C. Loehr, T.B.S., Prakasam, and E.G. Srinath. 1976.
Inhibition of nitrification by ammonia and nitrous acid. J. Water
Pollut. Control Fed. 48: 835-852,

Audic, J.M., G.M, Faup, and J.M. Navarro. 1984. Specific activity of
Nitrobacter through attachment on granular media. Water Res. 18:

745-750,

- 334 -~



Axler, R.P., R.M. Gersberg, and C.R. Goldman. 1982. 1Inorganic nitrogen
assimilation in a subalpine lake. Limnol. Oceanogr. 27: 53-65,
Ayanaba, A., and A.P.O. Omayuili., 1975. Microbial ecology of acid trop-

ical soils. A preliminary report. Plant Soil., 43: 519-522.

Baas-Becking, L.G.M., and G.S. Parks. 1927. Energy relations in the
metabolism of autotrophic bacteria. Physiol. Rev. 7: 85-106,

Baxter, R.M., R.B. Wood, and M.V. Prosser, 1973. The probable occur-
rence of'hydroxylamine in the water of an Ethiopian lake. Limnol.
Oceanogr., 18: 470-472,

Belser, L.W. 1979. Population ecology of nitrifying bacteria. Ann. Rev,
Microbiol. 33: 309-333.

Belser, L.W. 1984. Bicarbonate uptake by nitrifiers: Effects of growth
rate, pH, substrate concentration, and metabolic inhibitors. Appl.
Environ. Microbiol. 48: 1100-1104.

Belser, L.W., and E.L. Mays. 1980, Specific inhibition of nitrite oxi-
datioﬁ by chlorate and its use in assessing nitrification in soils
and sediments. Appl. Environ. Microbiol. 39: 505-510.

Belser, L.W., and E.L. Schmidt., 1981, 1Inhibitory effect of nitrapyrin
on three genera of ammonia-oxidizing nitrifiers. Appl. Environ.
Microbiol, 41: 819-821,

Berg, P., L. Klemedtsson, and T. Rosswall. 1982, Inhibitory effect of
low partial pressures of acetylene on nitrification. Soil Biol.
Biochem. 14: 301-303.

Bhandari, B., and D.J.D. Nicholas., 1979. Ammonia and O, uptake in rela-

tion - to proton translocation in cells of Nitrosomonas europaea.

Arch. Microbiol. 122: 249-255,

- 335 -



Billen, 6. 1975. Nitrification in the Scheldt Estuary (Belgium and the
Netherlands). Estuar. Coast. Mar. Sci. 3: 79-89,

Billen, G. 1976. Evaluation of nitrifying activity in sediments by dark
'4C-bicarbonate incorporation. Water Res. 10: 51-57,

Blackmer, A.M., J.M. Bremner, and E.L. Schmidt. 1980. Production of
nitrous oxide by ammonia-oxidizing chemoautotrophic microorganisms
in soil, Appl. Environ. Microbiol. 40: 1060-1066.

Bock, E. 1978. Lithoautotrophic and chemoorganotrophic growth in nitri-
fying bacteria. In: Microbiology — 1978, Edited by D. Schlessin-
ger. Amer. Soc. Microbiol. Washington, D.C. pp. 310-314.

Bock, E., H. Sundermeyer—Klinger, and E, Stackebrandt. 1983. New facul-
tative lithoautotrophic nitrite-oxidizing bacteria. Arch. Micro-
biol. 136: 281-284,

Bollag, J.-M., S. Drzymala, and L.T. Kardos. 1973. Biological versus
chemical nitrite decomposition in soil. Soii?Sci. 116: 44-49,

Boon, B., and H, Laudelout. 1962. Kinetics of nitrite oxidation by

Nitrobacter winogradskyi. Biochem. J. 85; 440-447.

Boylen, C.W., M.0. Shick, D.A. Roberts, and R. Singer. 1983. Microbiol-
ogical survey of Adirondack lakeé with various pH values. Appl.
Environ. Microbiol, 45: 1538-1544,

Bremner, J.M., and A,M. Blackmer. 1978. Nitrous oxide: emission from
soils during nitrification of fertilizer nitrogen. Science. 199:
295-296,

Bremner, J.M., and A.M. Blackmer. 1981. Terrestrial nitrification as a
source of atmospheric nitrous oxide. 1In: Denitrification, Nitrifi-
cation and Atmospheric Nitrous Oxide. Ch. 8. Edited by C.C. Del-

wiche. Joﬁn Wiley & Sons, New York. pp. 151-190,

- 336 -



Bremner, J.M., and L.,G. Bundy. 1974. Inhibition of nitrification in
soils by volatile sulfur compounds. Soil Biol. Biochem. 6: 161-165.

Bremner, J.M., A.M. Blackmer, and S.A. Waring. 1980. Formation of nit-
rous oxide and dinitrogen by chemical decomposition of hydroxylamine
in soils., Soil Biol, Biochem. 12: 263-269.

Brunskill, G.J., and D.W, Schindler. 1971. Geography and bathymetry of
selected lake basins, Experimental Lakes Area, northwestern Ontario.
J. Fish, Res. Board Can. 28: 139-155,

Buswell, A.M., T. Shiota, N. Lawrence, and I.V. Meter. 1954. Laboratory

studies on the kinetics of the growth of Nitrosomonas with relation

to the nitrification phase of the BOD test. Appl. Microbiol. 2: 21-
25,

Campbell, N.E.R., and M.I.H. Aleem, 1965a. The effect of 2-chloro, 6~
(trichloromethyl) pyridine on the chemoautotrophic metabolism of
nitrifying bacteria. I, Ammonia and hydroxylamine oxidation by

Nitrosomonas. Antonie van Leeuwenhoek J. Microbiol. Serol. 31: 124-

136,

Campbell, N.E.R., and M.I.H. Aleem. 1965b. The effect of 2~chloro, 6-
(trichloromethyl) pyridine on the chemoautotrophic metabolism of
nitrifying bacteria. II, Nitrite oxidation by Nitrobacter. Antonie
van Leeuwenhoek J. Microbiol. Serol., 31: 137-144,

Carlson, R.J., and H. Rodhe. 1982, Factors controlling the acidity of
natural rainwater. Nature. 295: 683-685.

Carlucci, A.F,, and P,M, McNally. Nitrification by marine bacteria in
low concentrations of substrate and oxygen. Limnol. Oceanogr. 14:

736-739,

- 337 -



Castell, C.H., and E.G. Mapplebeck. 1956. A note on the production of
nitrite from hydroxylamine by some heterotrophic bacteria. J. Fish.
Res. Board Can. 13:201-206.

Castignetti, D., and H.B. Gunner, 1981, Nitrite and nitrate synthesis
from pyruvic-oxime by an Alcaligenes sp. Curr. Microbiol. 5: 379-
384,

Castignetti, D., and T.C, Hollocher, 1981. Vigorous denitrification by
a heterotrophic nitrifier of the genus Alcaligenes. Curr. Microbiol.
6: 229-231, '

Castignetti, D., and T.C. Hollocher. 1982, Nitrogen redox metabolism of
a heterotrophic, nitrifying-denitrifying Alcaligenes sp. from soil,
Appl. Environ. Microbiol. 44: 923-928.

Castignetti, D., and T.C. Hollocher, 1983. Proton translocation during
denitrification by a nitrifying-denitrifying Alcaligenes sp. Antonie
van Leeuwenhoek J. Microbiol. Serol. 49: 61-68.

Castignetti, D., and T.C. Hollocher. 1982, Heterotrophic nitrification
among denitrifiers. Appl. Environ. Microbiol. 47: 620-623.

Castignetti, D., J.R. Petithory, and T.C. Hollocher. 1983. Pathway of
oxidation of pyruvic oxime by a heterotrophic nitrifier of the genus
Alcaligenes: Evidence against hydrolysis to pyruvate and hydroxyla-
mine. Arch. Biochem. Biophys. 224: 587-593.

Castignetti, D., R. Yannog, and R. Gramzinski. 1985. Substrate diver-
sity of an active heterotrophic nitrifier, an Alcaligenes sp. Can.
J. Microbiol. 31: 441-445,

Chalamet, A, 1973,  Reduction of nitrous acid by ferrous ions under

inert atmosphere. Ann. Chim. 8: 353-358.

- 338 -



Chan, Y.-K., and N.E.R. Campbell. 1980. Denitrification in Lake 227
during summer stratification. Can. J. Fish. Aguat. Sci. 37: 506-
512,

Chaudhry, G.R., H. Lees, and I. Suzuki. 1980. Presence of cytochrome b

in Nitrobacter agilis. Can. J. Microbiol, 26: 850-851,

‘Chen, R.L., D.R. Keeney, and J.G., Konrad, 1972. Nitrification in sedi-
ments of selected Wisconsin lakes. J. Environ. Qual. 1: 151-154,
Chaing, N.C. 1969, Btude thermodynamigue et cinetique de la croissance

de Nitrobacter sp. D.Sc. Thesis. Univ. Catholique de Louvian. Bel-
gium. 54 pp.
Clark, C., and E.L. Schmidt. 1966. Effect of mixed culture on Nitros-

monas europae simulated by uptake and utilization of pyruvate. J.

Bacteriol, 91: 367-373,

Clark, C., and E.L, Schmidt. 1967a. Growth response of Nitrosomonas

europaea to amino acids. J. Bacteriol. 93: 1302-1308.
Clark, C., and E.L. Schmidt. 1967b. Uptake and utilization of amino

acids by resting cells of Nitrosomonas europaea. J. Bacteriol., 93:

1309-1315,
Cobley, J.G. 1976. Energy-conserving reactions in phosphorylating elec-

tron-transport particles from Nitrobacter winogradskyi. Biochem. J.

156: 481-491,

Cohen, Y,, and L.I. Gordon. 1978. Nitrous oxide in the oxygen minimum
of the eastern tropical North Pacific: Evidence for its consumption
during denitrification and possible mechanisms for its production.

Deep-Sea Res., 25: 509-524,

- 339 -



Cooper, J,E, 1975, Nitrification in soils incubated with pig slurry.
Soil Biol. Biochem. 7: 119-124.

Courchaine, R.J. 1968. Significance of nitrification in stream analysis
— effects on the oxygen balance. J. Water Pollut. Control Fed. 40:
835-847.

Cruikshank, D.R. 1984a. The relationship of summer thermocline depth to
several physical characteristics of lakes. Can. Tech. Rep. Fish.
Aquat. Sci. 1248: iv+33 p.

Cruikshank, D.R. 1984b., Whole lake chemical additions in the Experimen-
tal Lakes Area, 1969-1983. Can. Data Rep. Fish. Aquat. Sci. 449: iv+
23 p.

Crutzen, P.J., 1971. Ozone production rates in an oxygen-hydrogen-nitro-
gen oxide atmosphere. J. Geophys. Res. 76: 7311-7328.

Crutzen, P.J., and D. Ehhalt. 1977. Effect of nitrogen fertilizer and
combustion on the stratosphere ozone layer. AMBIO, 6: 112-117,
Crutzen, P.J., and C.J. Howard. 1978. The effect of HO, + NO reduction
rate constant on one-dimensional model calculations of stratospheric

ozone perturbations. Pure Appl. Geophys. 116: 497-510.

Cutchis, P, 1974. Stratospheric ozone depletion and solar ultraviolet
radiation on Earth. Science. 184: 13-20,°

Cutler,'DuW,, and B.K. Mukerji, 1931, Nitrite formation by soil bacte-

ria other than Nitrosomonas. Proc. Roy. Soc. London. 108: 384-394,

DeBruyn, E.R., J.A., Shearer, and D.L. Finlay. 1984. Phytoplankton pro-
duction, chlorophyll, biomass and suspended carbon in the Experimen-
tal Lakes Area — 1982 data. Can. Data Rep. Fish. Aquat. Sci. 438:

iv+110 p.

- 340 -~



Delwiche, C.C., and M.S5. Finstein, 1965. Carbon and energy sources for
the nitrifying autotroph, Nitrobacter. J. Bacteriol. 90: 102-107.
Delwiche, C.C.,, W.D. Burge, and E. Malavalta. 1961, Fractions of cell

free preparations of Nitrosomonas europaea. Fed. Proc. 20: 35.

Deppe, K., and H. Engel, 1960. Untersuchungen uber die Temperaturab-

hangigkeit der Nitratbidung durch Nitrobacter winogradskyi Buch. bei

ungehemntem und gehemnten Wachstum. Zentralbl. Bakteriol. Parasi-
tenkd. Infektionskr. Hyg. Abt. II. 113: 561,
Desgers, A., C., Chaing, and H. LaufBelout. 1970. Calorimetric determina-

tion of free energy efficiency in Nitrobacter winogradskyi. J. Gen.

Microbiol. 64: 71-76,

Doxtader, K.G., and M. Alexander. 1966. Nitrification by heterotrophic
soil microorganisms. Soil Sci. Soc. Amer. Proc. 30: 351-355,

Driscoll, C.T., and G.E. Likens. 1982. Hydrogen ion budget of an aggra-
ding forested ecosystem. Tellus. 34: 283-292,

Drozd, J.W., 1980. Respiration in the ammonia—oxidizing chemoautotrophic
bacteria. In: Diversity of Bacterial Respiratory Systems. Edited
by C.J. Knowles. CRC Press Inc., Florida. 2: 88-111,

Dugdale, R.C., and J.,J. Goering. 1967. Uptake of new and regenerated
forms of nitrogen in primary productivity. Limnol. Oceanogr. 12:
196-206.

Elkins, J.W., S.C. Wofsy, M.B. McElroy, and W.A. Kaplan, 1978. Aquatic
sources and sinks for nitrous oxide. Nature. 275: 602-606.

Engel, M.S., and M. Alexander, 1958, Growth and autotrophic metabolism

of Nitrosomonas europaea. J. Bacteriol. 763 217-222.

- 341 -



EPA, 1980. Acid rain. U.S. Environmental Protection Agency Publication.
EPA-600/9-79-036. Washington, D.C. 36 pp.

‘Btinger-Tulczynska, R. 1969. A cmparative study of nitrification in
soils from arid and semi-arid areas of Israel. J. Soil Sci. 20: 307-
317.

Evans, L.S., G.R. Hendrey, G.J. Stensland, D.W. Johnson, and A.J. Fran-
cis, 1981. Acidic precipitation: Considerations for an air quality
standard. Water Air Soil Pollut. 16: 469-509.

Falcone, A.B., A,L. Shug, and D.J.D. Nicholas. 1963. Some properties of

a hydroxylamine oxidase from Nitrosomonas europaea. Biochim. Bio-

phys. Acta. 77: 199-208.
Faull, K.F,, W. Wallace, and D.J.D. Nicholas. 1969, Nitrite oxidase and

nitrate reductase in Nitrobacter agilis. Biochem. J. 113: 449-455,

Focht, D.D., and W. Verstraete. 1977. Biochemical ecology of nitrifica-
tion and denitrification. Adv. Microb. Ecol. 1: 135-214,

Fromageot, C., and J.C. Senez. 1960. Aerobic and anaerobic reactions of
inorganic substances. In: Comparative Biochemistry. Edited by M.
Florkin and H.S. Mason. Acad. Press. N.Y., Volume:1. pp: 347-409.

Galloway, J.N., and G.E. Likens. 1981. Precipitation: The importance of
nitric acid. Atmos. Environ. 15: 1081-1086.,

Galloway, J.N., G.E. Likens, and M.E. Hawley. 1984. Acid precipitation:
Natural versus anthropogenic components. Science. 226: 829-831,
Galloway, J.N., G.E., Likens, W.C. Keene, and J.M. Miller. 1982. The

composition of precipitation in remote areas of the world, J. Geo-

phys. Res, 87: 8771-8786.

- 342 -



Galloway, J.N., C.L. Schofield, N.E. Peters, G.R. Hendrey, and E.R, Alt-
wicker., 1983, Effect of atmospheric sulfur on the composition of 3
Adirondack lakes [New York, USA]. Can. J. Fish. Aquat. Sci. 40:
799-806.

Gerhardt, P, (Ed.). 1981. Manual of Methods for General Bacteriology.
Amer. Soc. Microbiol. Washington, D.C. 524 pp.

Germanier, R., and K. Wuhrmann, 1963. Uber den aeroben mikrobiellen
Abbau aromatischer Nitroverbindungen. Pathol. Microbiol. 26: 569-
578.

Gerretsen, H.C., and H. De Hoop, 1957. Nitrogen losses during nitrifi-
cation in solutions and in sandy soils. Can. J. Microbiol, 3: 359-
380.

Gode, P., and J., Overbeck. 1972. Untersuchungen zur heterotrophen
Nitrification im See. 2. Allgem. Mikrobiol. 12: 567-574,

Golovacheva, R.S. 1975, Thermophilic nitrifying bacteria from hot
springs. Mikrobiologiya. 45: 377-379,

Gorham, E. 1976. Acid precipitation and its influence upon aquatic eco-
systems — Overview and review. Water Air Soil Pollut. 6: 457-481,

Gorham, E., F.B, Martin, and J.T. Litzau., 1984. Acid rain: Ionic corre-
lations in the Eastern United States, 1980-1981. Science. 225: 407-
409,

Goreau, T.J., W.A. Kaplan, S.C. Wofsf, M.B. McElroy, F.W. Valois, and
S.W. Watson. 1980. Production of NO; and N,0 by nitrifying bacteria
at reduced concentrations of oxygen, Appl. Environ. Microbiol. 40:

526-532.

- 343 -



Gould, G.W., and H. Lees. 1960. The isolation and culture of the nitri-
fying organisms: Part 1. Nitrobacter. Can. J. Microbiol. 6: 299-
307,

Gowda, T.K.S., V.R. Rac, and N, Sethunathan. 1977. Heterotrophic nitri-
fication in the simulated oxidized zone of a flooded soil amended
with benomyl. Soil Sci. 123: 171-175,

Greenwood, D.J, 1961. The effect of oxygen concentration in the decom-
position of organic material in soil. Plant Soil. 14: 360,

~Gundersen, K. 1966. The growth and respiration of Nitrosocystis oceanus

at different partial pressures of oxygen. J. Gen. Microbiol. 423
387-396.

Gundersen, K., A.F. Carlucci, and K. Bostrom. 1966. Growth of some
chemoautotrophic bacteria at different oxygen tensions. Experien-

tia. 22: 229-230.

Gunner, H.B., 1963, Nitrification by Arthrobacter globiformis. Nature.
197: 1127-1128.

Hall, G.H. 1984, Measurement of nitrification rates in lake sediments:
comparison of the nitrification inhibitors nitrapyrin and allylthio-
urea. Microb. Ecol. 10: 24-36.

Hall, G.H., and C. Jeffries. 1984. The contribution of nitrification in
the water column and profundal sediments to the total oxygen deficit
of the hypolimnion of a mesotrophic lake (Grasmere, English Lake
District). Microb. Ecol. 10: 37-46,

Hankinson, T.R., and E.L. Schmidt., 1984. Examination of an acid forest
soil for ammonia- and nitrite-oxidizing autotrophic bacteria. Can.

J. Microbiol. 30: 1125-1132.

- 344 -



Hanson, R.S. 1980, Ecology and diversity of methylotrophic organisms.
Adv. Appl. Microbiol. 26: 3-39,

Harrison, A,P. Jr. 1984. The acidophilic thiobacilli and other acido-
philic bacteria that share their habitat. Ann. Rev. Microbiol. 38:
265-292,

Harvey, H.H., P.J. Dillon, J.R. Kramer, R.C. Pierce, and D.M. Whelpdale.
1981, Acidification in the Canadian aquatic environment: Scientific
criteria for assessing the effects of acidic deposition on aquatic

' ecosystems. NRCC No, 18475, Ottawa, Ont. 369 pp.

Hayes, W. 1964. The Genetics of Bacteria and their Viruses: Studies in
basic genetics and molecular biology. Blackwell Scientific Publ.,
Oxford. 740 pp.

Henninger, N.M., and J.-M. Bollag. 1976. Effect of chemicals used as
nitrification inhibitors on the denitrification process. Can. J.
Microbiol., 22: 668-672,

Henriksen, A. Changes in base cation concentrations due to freshwater
acidification. Acid Rain Research Report 1. Norwegian Institute for
Water Research. 50 pp.

Henriksen, K., J.I. Hansen, and T.H. Blackburn. 1981. Rates of nitrifi-
cation, distribution of nitrifying bacteria and nitrate £luxes in
different types of sediment from Danish waters., Mar. Biol., 61:
299-304.

Herlihy, M. 1973, Distribution of nitrifying and heterotrophic microor-
ganisms in cutover peats. Soil Biol. Biochem. 5: 621-628,

Hirsch, P., L. Overrein, and M. Alexander, 1961. Formation of nitrite

and nitrate by actinomycetes and fungi. J. Bacteriol. 82: 442-448,

- 345 -



Hofman, T., and H., Lees. 1953, The biochemistry of the nitrifying
organisms. 4. The respiration and intermediary metabolism of Nitro-
somonas. Biochem. J. 54: 579-583,

Hollocher, T.C., S. Kumar, and D.J.D. Nicholas. 1982, Respiration-de-

pendent proton translocation in Nitrosomonas europaea and its appar-

ent absence in Nitrobacter agilis during inorganic oxidations. J.

Bacteriol., 149: 1013-1020.

Hooper, A.B, 1968. A nitrité—reducing enzyme from Nitrosomonas euro-
paea. Preliminary characteristics with hydroxylamine as electron
donor. Biochim. Biophys. Acta. 162: 49-65.

Hooper, A.B. 1978. Nitrogen oxide and electron transport in ammonia-ox-
idizing bacteria. 1In: Microbiology — 1978. Edited by D. Schles-
singer. Amer. Soc. Microbiol. Washington, D.C. pp. 299-304.

Hooper, A.B., and A. Nason. 1965. Characterization of hydroxylamine-cy-

tochrome ¢ reductase from the chemoautotrophs Nitrosomonas europaea

and Nitrosocystis oceanus. J. Biol, Chem. 240: 4044-4057.

Hooper, A.B,, and K.R. Terry. 1973. Specific inhibitors of ammonia oxi-

dation in Nitrosomonas. J. Bacteriol. 115: 480-485.

Hutton, W.E., and C.E. ZoBell. 1953. Production of nitrite from ammonia
by methane-oxidizing bacteria. J. Bacteriol. 65: 216-219.

Hyman, M.R., and P.M. W%ood, 1984, Ethylene oxidation by Nitrosomonas

europaea. Arch. Microbiol. 137: 155-158.
Hynes, R.K., and R. Knowles, 1978, Inhibition by acetylene of ammonia

oxidation in Nitrosomonas europaea. FEMS Microbiol. Lett. 4: 319-

321,

- 346 -



Hynes., R.K., and R, Knowles, 1982, Effect of acetylene on autotrophic
and heterotrophic nitrification. Can. J. Microbiol. 28: 334-340.
Hynes, R.K., and R. Knowles. 1983, Inhibition of chemoautotrophic

nitrification by sodium chlorate and sodium chlorite: a reexamina-
tion. Appl. Environ. Microbiol. 45: 1178-1182,
Hynes, R.K., and R. Knovles, 1984. Production of nitrous oxide by

Nitrosomonas europaea: effects of acetylene, pH, and oxygen. Can. J.

Microbiol, 30: 1397-1404.

Ishaque, M., and A.N. Cornfield., 1972, Nitrogen mineralization and
nitrification during incubation of East Pakistan "tea" soils in
relation to pH. Plant Soil. 37: 91-95.

Ishaque, M., and A.N. Cornfield., 1974. Nitrogen mingralization and
nitrification in relation to incubation temperature in an acid Ban-
gladesh soil lacking autotrophic nitrifying organisms. Trop. Agric.
(Trinidad). 51: 37-41,

Ishague, M., and A.N., Cornfield. 1976. Evidence for heterotrophic
nitrification in acid Bangladesh soil lacking autotrophic nitrifying
organisms. Trop. Agric. (Trinidad). 53: 157-160.

Jenkins, M.C., and W.M. Kemp. 1984. The coupling of nitrification and
denitrification in two esturaine sediments. Limnol. Oceanogr. 29:
609-619.

Jensen, H.L, 1951, Nitrification of oxime compounds by heterotrophic
bacteria. J. Gen. Microbiol. 5: 360-368.

Jickells, T., A. Knap, T. Church, J. Galloway, and T, Miller, 1982.

Acid rain on Bermuda. Nature, 297: 55-57,

- 347 -



Johnson, B.E., F. Daniels, Jr., and I.A, Magnus. 1968. Response of
human skin to ultraviolet light. 1In: Photophysiology. Ch.11, Vol:
IV. Edited by A.C. Giese. Acad. Press, New York. pp. 139-202.

Johnson, W.E., and J.R. Vallentyne. 1971. Rationale, background, and
development of experimental lake studies in north-western Ontario.
J. Fish. Res. Board Can. 28: 123-128.

Jones, J.J., B.M., Simon, and R.W. Horsley. 1982, Microbiological sour-
ces of ammonia in freshwater lake sediment. J. Gen. Microbiol. 128:
2823-2831,

Jones, R.D., and R.Y. Morita. 1983a. Methane oxidation by Nitrosococcus

oceanus and Nitrosomonas europaea. Appl. Environ. Microbiol. 45:

401-410,

Jones, R.D., and R.Y, Morita. 1983b. Carbon monoxide oxidation by che-
molithotrophic ammonium oxidizers. Can. J. Microbiol. 29: 1545-1551,

Jones, R.D., R.Y. Morita, and R.P. Griffiths. 1984. Method for estimat-
ing in situ chemslithotrophic ammonia oxidation using carbon mono-
xide oxidation. Mar. Ecol. 17: 259-269.

Jgrgensen, K.S., H.B. Jensen, and J. S¢grensen. 1984. Nitrous oxide pro-
duction from nitrification and denitrification in marine sediment at
low oxygen concentrations. Can. J. Microbiol. 30: 1073-1078,

Kaplan, W.A., J.W. Elkins, C.E. Klob, M.B. McElroy, S.C. Wofsy, and A.P.
Duran., 1978. Nitrous oxide in freshwater systems: An estimate for
the yield of atmospheric N;0 associated with disposal of human
waste., Pure Appl. Geophys. 116: 423-428,

Karl, D.M., G.A. Knaver, J.H. Martin, and B.B. Ward., 1984. Bacterial
chemolithotrophy in the ocean is associated with sinking particles.

Nature., 309: 54-56,

- 348 -



Keene, W.C., and J.N. Galloway. 1984. Organic acidity in precipitation
of North America. Atmos. Environ. 18: 2491-2498,

Keene, W.C., J.N. Galloway, and J.D. Holden, Jr. 1983. Measurement of
weak organic acidity in precipitation from remote areas of the
world. J. Geophys. Res. 88: 5122-5130,

Relly, C.A.,, J.W.M. Rudd, R.B. Cook, and D.W. Schindler. 1982, The
potential importance of bacterial processes in regulating rate of
lake acidification. Limnol. Oceanogr. 27: 868-882.

Kelly, C.A., J.W.M. Rudd, A. Furutani, and D.W. Schindler. 1984.
Effects of lake acidification on rates of organic matter decomposi-
tion in sediments. Limnol. Oceanogr. 29: 687-694,

Ressler, E., and H. Oesterheld. 1970. Nitrification and induction of
nitrate reductases in nitrogen deficient algae. Nature (London). 28:
287-288.,

Kholdebarin, B., and J.J. Oertli. 1977. Effect of suspendéd particles
and their sizes on nitrification in surface water. J. Water Poll.
Control Fed. 49: 1693-1697.

Kiesow, L.A., J.B. Shelton, and J.W. Bless. 1972. (O, partial pressure
and the enthalpy and thermodynamic efficienéy of the oxidation by
Nitrobacter. Arch. Biochem. Biophys. 151: 414-419,

Klein, T.M., J.P, Kreitinger, and M. Alexander. 1983. Nitrate formation
in acid forest soils from the Adirondacks. Soil Sci. Soc. Am. J.
47: 506-508,

Klein, T.M., N.J. Novick, J.P. Kreitinger, and M. Alexander. 1984,
Simultaneous inhibitions of carbon and nitrogen mineralization in a
forest soil by simulated acid precipitation. Bull. Environm. Contam.

Toxicol. 32: 698-703.

- 349 -



Klingensmith, K.M., and V. Alexander., 1983, Sediment nitrification,
denitrification, and nitrous oxide production in a deep arctic lake.
Appl. Environ. Microbiol. 46: 1084-1092.

Knowles, R, 1982, Denitrification. Microb. Rev. 46: 43-70.

Knowles, R., D.R.S. Lean, and Y.-K. Chan. 1981. Nitrous oxide concen-
trations in lakes: variations with depth and time. Limnol. Ocean-
ogr. 26: 855-866,

Koike, I, and A, Hattori., 1978, Simultaneous determinations of nitrifi-
cation and nitrate reduction in coastal sediments by a '®N dilution
technique. Appl. Environ. Microbiol. 35: 853-857,

Kollig, H.P,, and T.L. Hall, 1982, The effects of acid perturbation on
a controlled ecosystem. Water Air Soil Pollut. 17: 225-233,

Krug, E.C., and C.R. Prink. 1983. Acid rain on acid soil: A new pers-
pective. Science. 221: 520-525,

Krummel, A., énd H, Harms. 1982. Effect of organic matter on growth and
cell yield of ammonia-oxidizing bacteria. Arch. Microbiol. 133: 50-
54,

Lardner, L., and T. Larsson, 1972. 1Indications of disturbances in the
nitrification processes 1in a heavily nitrogen-polluted water body.
AMBIO. 2: 154-157,

Laudelout, H., and L. Van Tichelen. 1960. Kinetics of nitrite oxidation

by Nitrobacter winogradskyi. J. Bacteriol. 79: 39-42,

Laudelout, H., R. Lambert, and M.L. Pham. 1976, 1Influence du pH et de
la pression partielle d'oxygene sur la nitrification. Ann. Micro-

biol. (Inst. Pasteur). 127A: 367-382.

- 350 -



Laudelout, H., P.C. Simonart, and R. Van Droogenbroeck. 1968. Calorime-

tric measurement of free energy wutilization by Nitrosomonas and

Nitrobacter. Arch. Mikrobiol. 63: 256-277.

Lauvdelout, H., R. Lambert, J.L. Fripiat, and M.L. Pham. 1974, Effet de
la température sur la vitesse d'oxydation de 1'ammonium en nitrate
par des cultures mixtes de nitrifiants. Ann. Microbiol. (Inst,
Pasteur). 125B: 75-84,

Laudelout, H., R, Frankart, R. Lambert, F. Mougenot, and M.L. Pham,
1975, Modeling of solute interactions with soils. 1In: Comphter
Simulation of Water Resources Systems. [Edited by G.C. Vansteen-
Kiste. North Holland Publ. Co., Amsterdam. pp. 361-366.

Laurent, M, 1971. La nitrification autotrophe et hétérotrophe dans les
écosystems aguatiques. Ann. Microbiol. (Inst. Pasteur). 121: 795-
810.

Lean, D,R.S., and R. Knowles, 1982. Winter lake nitrification. Abstract
EM 1., Can. Soc. Microbiol. Meet. June 6-10, 1982, Laval, Québec.
p. 74.

Lees, H. 1954, The biochemistry of the nitrifying bacteria. Ing Auto-
trophic Microorganisms. Edited by B.A. Fry and J.L. Peel. Cambridge
Press, London. pp. 84-98,

Lees, H. 1955, Biochemistry of Autotrophic Bacteria.' Butterworth Publ.
Co., London. 112 pp.

Lees, H. 1960. -Energy metabolism in chemolithotrophic bacteria. Ann.
Rev, Microbiol. 14: 83-98.

Lees, H., and J.R. Simpson. 1957. The biochemistry of the nitrifying
organisms. 5. Nitrite oxidation by Nitrobacter. Biochem. J. 65: 297-

305,

- 351 -



Leeme, G. 1967. Investigations sur la mineralisation de l'azote et son

evolution annuelle dans les humus forestiers in situ. Oecol. Plant.

2: 285,

Lemon, E., and D. Lemon, 1981, Nitrous oxide in freshwaters of the
Great Lake basin. Limnol. Oceanogr. 26: 867-879.

Levy, H. 11, 1973. Photochemistry of minor constitutents in trospo-
sphere. Planet. Space Sci. 21: 575-591,

Likens, G.E., F.H. Bormann, R.S. Pierce, J.S. Eaton, and N.M. Johnson.
1977. Biogeochemistry of a Forested Ecosystems. Springer-Verlag,
New York. 146 pp.

Lipschultz, ¥., 0.C. Zafirious, S.C. Wofsy, M.B. McElroy, F.W, Valois,
and S.W. Watson, 1981, Production of NO and N,0 by soil nitrifying
bacteria. Nature. 294: 641-643,.

Logan, J.A., M.J. Prather, S5.C. Wofsy, and M.B. McElroy. 1981. Tropos-
pheric chemistry — A global perspective and review. J. Geophys.
Res. B86: 7210-7254,

Loveless, J.E., and H.A. Painter. 1968. The influence of metal ion con-

centration and pH value on the growth of a Nitrosomonas strain iso-

lated from activated sludge. J. Gen. Microbiol. 52: 1-14,
Macfarlene, G.T., and R.A. Herbert. 1984, Effect of oxygen tension,
salinity, temperature and inorganic matter concentration on the
growth and nitrifying activity of an estuarine strain of Nitrosomo-
nas. FEMS Microbiol. Lett. 23: 107-111,
Mahendrappa, M.K., R.L. Smith, and A.T, Christianson., 1966. Nitrifying
organisms affected by climatic region in Western United States. Soil

Scia SOCo Amerc PI.'OCo 30: 60_620

- 352 -



Malashenko, Y.R., I.G. Sokolov, V.A. Romanovskaya, and Y.B. Shkurko.

1980. Elements of lithotrophic metabolism in the obligate methylo-

troph’ Methylococcus thermophilus. Microbiology. pp. 468-474.
(Translated from Mikrobiologiya. 1979. 48: 592-598),
Malhi, §.5., P.D. Cook, and M. Nyborg. 1979. Inhibition of nitrite for-

mation by thiourea in pure cultures of Nitrosomonas. Soil Biol. Bio-

chem. 11: 431-432,

Martikainen, P.J., and E.-L. Nurmiaho-Lassila. 1985. Nitrosospira, an

important ammonium-oxidizing bacterium in fertilized coniferous for-
est soil. Can., J. Microbiol., 31: 190-197.

Martiny, H., and H.-P. Koops. 1982. 1Incorporation of organic compounds
into cell protein by lithothrophic, ammonia-oxidizing bacteria.
Antonie van Leeuwenhoek J. Microbiol. Serol. 48: 327-336.

McAuliffe, C. 1971. GC determination of solutes by multiple phase equi-
librium. Chem. Technol. 1; 46-51,

McCarthy, J.J., W. Kaplan, and J.L. Nevins. 1984, Chesapeake Bay nut-
rient and plankton dynamics. 2. Sources and sinks of nitrite. Lim-
nol. Oceanogr. 29: 84-98,

McElroy, M.B., and J.C. McConnell, 1971, Nitrous oxide: a natural
source of stratospheric NO., J. Atmos. Sci. 28: 1095-1098.

McElroy, M.B., §.C. Wofsy, and Y.L. Yung. 1977. The nitrogen cycle:
Perturbations due to man and their impact on atmospheric N,0 and 0j.
Philo. Trans. Roy. Soc. London. 277B: 159-181.

Mckinley, V.L., and J.R. Vestal., 1982, Effects of acid on plant litter
decomposition in an Arctic lake. Appl. Environ. Microbiol. 43:

1188-1195,

- 353 -~



Meiklejohn, J. 1954. Some aspects of the physiology of the nitrifying
bacteria. In: Autotrophic Microorganisms. Edited by B.A. Fry and
J.C. Peel. Cambridge Univ. Press, London. pp. 68-83.

Meyerhof, 0. 1916a. Untersuchungen uber den Atmungsvorgang nitrifizier-
ender Bakterien, I. Die Atmung des Nitratbildners. Pfluger's Arch.
Gesamte Physiol. Menschen Tiere. 164: 353-427.

Meyerhof, 0. 1916b. Untersuchungen uber den Atmungsvorgang nitrifizier-
ender Bakterien. 1II. Beeinflussungen der Atmung des Nitratbildners
durch chemische Substanzen. Pfluger's Arch. Gesamte Physiol. Men-
schen Tiere. 165: 229-284,

Meyers, R.J.K., 1975. Temperature effects on ammonification and nitrifi-

_cation in a tropical soil. Soil Biol. Biochem. 7: 83-86.

Mishustin, E,N., 1926. Zur Frage von der Nitrit-bildung durch metatrophe
Bakterien. Ber. Bakteriol. Agron. Sta. Moskau. 24: 200-212,

Moraghan, J.T., and R.J., Buresh. 1977. Chemical reduction of nitrite
and nitrous oxide by ferrous ion. Soil Sci. Soc. Am. J. 41; 47-50.

Morling, G. 1981. Effects of acidification on some lakes in Western
Sweden. Vatten. 37: 25-38.

Morrill, L.G., and J.E. Dawson. 1967. Pattern observed for the oxida-
tion of ammonium to nitrate by soil organisms. Soil Sci. Amer. Proc.
31s 757-760,

Mosier, A.R. 1980. Acetylene inhibition of ammonium oxidation in soil.
Soil Biol. Biochem. 12: 443-444.

NAS, 1877. Nitrogen Oxides: Medical and Biological Effects of Environ-
mental Pollutants. National Academy of Sciences. Washington, D.C.

333 pp.

- 354 -



Nelgon, D.H., 1929, The isolation of some nitrifying organisms. Iowa St.
Coll., J. Sci. 3: 113-175,

Nelson, D.W., and J.M. Bremner. 1970. Gaseous products of nitrite
decompostion in soils. Soil Biol. Biochem. 2: 203-215,

Nicolet, M., and A. Vergison, 1971. L'oxide azoteaux dans la strato-
sphere. Aeron. Acta. 90: 1-26.

Norton, S.A, 1982. The effects of acidification on the chemistry of
ground and surface waters. In: Proc. Acid Rain/Fisheries. Edited
by R.E. Johnson. International Symposium on Acidic Precipitation and
Fishery Impacts in Northeastern North America. Cornell Univ.,
Ithaca, New York. August 2-5, 1981. Northeastern Division, Amer.
Fish. Soc. Bethesda, Md. pp. 93-102.

Novak, J.T. 1974, Temperature-substrate interactions in biological
treatment. J. Water Pollut. Control Fed. 46: 1984-1984.

Obaton, M., N, Amarger, and M. Alexander., 1968. Heterotrophic nitrifi-
cation by Pseudomonas aeruginosa. Arch. Mikrobiol. 633 122-132.
0du, C.T.I., and K.B, Adeoye. 1970. Heterotrophic nitrification in

soils — a preliminary investigation. Soil Biol. Biochem. 2: 41-45,

Ohmori, M., H. Iizumi, and A, Hattori, 1981. An improved procedure for
'5N determination by emission spectrometry. Analyt. Biochem. 111:
83-96,

0'Neill, J.G., and J.F. Wilkinson. 1977. Oxidation of ammonia by meth-
ane-oxidizing bacteria and the effects of ammonia on methane oxida-
tion. J. Gen. Microbiol. 100: 407-412,

Overrein, L,N, 1971, Isotope studies on nitrogen in forest soil: I,
Relative losses of nitrogen through leaching during a period of

forty months. Medd. Nor. Skogforsoksves. 29: 261-280.

- 355 -



Overrein, L.N., H.M. Seip, and A. Tollan, 13980. Acid precipitation —
Effects on forest and fish. SNSF Research Project Report: 1972-1980,
Blindern, Oslo, Norway. 175 pp.

Painter, H.A. 1970. A review of literature of inorganic nitrogen metab-
olism in microorganisms. Water Res. 4: 393-450,

Palleroni, N.J. 1984, Family I. Pseudomonadaceae. In: Bergey's Manual

of Systematic Bacteriology. Vol: I, Section 4. Edited by N.R. Kreig
and J.G. Holt. Williams and Wilkins Co., Baltimore, Md. pp.
140-219,

Prakasam, T.B,S., and R.C. Loehr, 1972, Microbial nitrification and
denitrification in concentrated wastes. Water Res. 6: 859-869.
Pratt, P.F., J.C. Barber, M.L, Corrin, J. Goering, R.D. Goering, H.S.
Johnson, A. Klute, R. Knowles, D.W. Nelson, R.C. Pickett, and E.R.
Stephens. 1977, Effect of increased nitrogen fixation on stratos-

phégic ozone, Climatic Change. 1: 109-135,

Quinlan, A.V. 1984, Prediction of the optimum pH for ammonia-N oxida-

tion by Nitrosomonas europaea in well-aerated natural and domestic-

waste waters. Water Res. 18: 561-566.
Rees, M.K., and A, Nason. 1966. Incorporation of atmospheric oxygen

into nitrite formed during ammonia oxidation by Nitrosomonas euro-

paea. Biochim. Biophys. Acta. 113: 398-402.

Remacle, J., and A, Froment, 1972, Nitrogen miheralization and micro-
flora in calcareous soils of the mixed oak forest of Virelles (Bel-
gium). Oecol., Plant. 7: 69-78.

Rho, J. 1983. Effects of heavy metals on growth and hydroxylamine pro-
duction by heterotrophic nitrifying Arthrobacter sp. Abstract N-17,

Amer., Soc., Microbiol. Ann. Meet. 1983. New Orleans, La. p. 226.

- 356 -



Ritchie, G.A.F., and D.J.D. Nicholas. 1972, 1Identification of the
sources of nitrous oxide produced by oxidative and reductive pro-

cesses in Nitrosomonas europaea. Biochem. J. 126: 1181-1191.

Salvas, P.L., and B.F. Taylor. 1980. Blockage of methanogensis in
marine sediments by the nitrification inhibitor 2-chloro-6-{tri-
chloromethyl) pyridine (nitrapyrin or N-Serve). Current Microbiol.
4: 305-308.

Salvas, P.L., and B,F. Taylor. 1984, Effect of pyridine compounds on
ammonia oxidation by autotrophic nitrifying bacteria and Methylosi-

nus trichosporium OB3b. Current Microbiol. 10: 53-56.

Schimel, J.P., M.K. Firestone, and K.S., Killham., 1984, Identification
of heterotrophic nitrification in a Sierran forest soil. Appl.
Environ. Microbiol. 48: 802-806.

Schindler, D.W. 1980. Experimental acidification of a whole lake: A
test of the oligotrophication hypothesis. 1In:3 Ecological Impact of
Acid Precipitation. Edited by D. Drablgs and ‘A. Tollan. Pro. Int.
Conf. SNSF Project. Sandefjord, Oslo, 1980.-pp. 370-374.

Schindler, D.W. 1985. The coupling of elemental cycles by organisms:
Evidence from whole lake chemical perturbations. 1Ins Chemical Pro-
cesses in Lakes. Edited by W. Stumm. John-Wiley & Sons, New York.
(in press).

Schindler, D.W., and M.A., Turner. 1982, Biological, chemical and physi-
cal responses of lakes to experimental acidification. Water Air Soil
Pollut. 18: 259-271,

Schindler, D.W., R. Wagemann, R. Cook, T. Ruszczynski, and J. Prokopo-

wich. 1980. Experimental acidification of Lake 223, Experimental

- 357 -



Lakes Area: background data and the first three years of acidifica-
tion, Can. J. Fish. Aquat. Sci. 37: 342-363,

Schlosing, J.J.T., and A, Mintz, 1877. Sur la nitrification par les
ferments organises. C.R. Acad. Sci. (Paris). 84: 301,

Schmidt, E.L. 1978, Nitrifying microorganisms and their methodology.
In: Microbiology — 1978. Edited by D. Schlessinger. Amer. Soc.
Microbiol. Washington, D.C. pp. 288-291,

Schwert,'D,P., and J.P, White, 1974, Method for in situ measurement of
nitrification in a stream. Appl. Environ. Microbiol. 28: 1082-1083,

Seitzinger, S.P., M.E.Q. Pilson, and S.W. Nixon. 1983. Nitrous oxide
production in nearshore marine sediments. Science. 222: 1244-1246.

Smith, A.J., and D.S. Hoarse. 1968. Acetate assimilation by Nitrobacter
agilis in relation to its "obligatory autotrophy". J. Bacteriol.
95: 844-855,

SNV, 1979. Data Report on Acidification of Lake Unden. Institute of
Freshwater Research. National Swedish Environmental Board. Drott-
ningholm, Report 8. 123 pp.

Spiller, H., E. Dietsch, and E. Kessler, 1976. Intracellular appearance

of nitrite and nitrate in nitrogen starved cells of Ankistrodesmus

braunii. Planta (Berlin). 129: 175-181.

Stainton, M.P., M.J. Capel, and F,A.J. Armstrong. 1977. The chemical
analysis of fresh water. 2nd Edition. Fish, Mar. Serv. Misc. Spec.
Publ. Vol: 25, 166 pp.

Strayer, R.F., C.-J. Lin, and M. Alexander, 1981. Effect of simulated
acid rain on nitrification and nitrogen mineralization in forest

soils. J. Environ. Qual. 10: 547-551,

- 358 -



Suzuki, I, 1974. Mechanisms of inorganic oxidation and energy coupling.
Ann. Rev. Microbiol. 28: 85-101.
Suzuki, I., U, Dular, and S.C. Kwok. 1974. Ammonia or ammonium ion as

substrate for oxidation by Nitrosomonas europaea cells and extracts.

J. Bacteriol. 120: 556-558,
Suzuki, I., S.-C. Kwok, and U. Dular. 1976. Competitive inhibition of

ammonia oxidation in Nitrosomonas europaea by methane, carbon dio-

xide or methanol. FEBS Lett. 72: 117-120.
Suzuki, I., S.-C. Kwok, U. Dular, and D.C.Y. Tsang. 1981. Cell-free

ammonia-oxidizing systems of Nitrosomonas europaea: General condi-

tions and properties. Can. J. Biochem. 59: 477-483,

Szwerinski, H. 1977. Nitrification. 1In: Microbial Ecology of Brackish
Water Environment. Ch. 17. Edited by G. Rheinheimer. Springer-Ver-
lag. N.Y. pp. 237-243.

Tamm, C.0, 1976. Acid precipitation: Biological effects in soil and on
forest vegetation., AMBIO, 5: 235-238,

Tate, R.L,,III. 1977. Nitrification ih histosols: a potential role for
the heterotrophic nitrifier. Appl. Environ. Microbiol. 3: 911-914,

Topp, E., and R. Knowles., 1982, Nitrapyrin inhibits the obligate methy-

lotrophs Methylosinus trichosporium and Methylococcus capsulatus.

FEMS Microbiol, Lett. 14: 47-49,
Topp, E., and R. Knowles, 1984. Effects of nitrapyrin [2-chloro-6-(tri-
chloromethyl)pyridine] on the obligate methanotroph Methylosinus

trichosporium OB3b. Appl. Environ. Microbiol. 47: 256-262.

‘Ulken, A. 1963, Die Herkunft die Nitrites in der Elbe. Arch. Hydrobiol.

59: 486-501,

- 359 -



Van Breemen, N,, P.A, Burrough, E.J. Velthorst, H.F. Van Dobben, T. de~-
Wit, T.B, Ridder, and H.F.R. Reijnders. 1982. Soil acidification
from atmospheric ammonium sulfate in forest canopy throughfall.
Nature. 299: 548-550,

Van de Dijk, S.J., and S.R. Troelstra, 1980. Heterotrophic nitrifica-

tion in a heath soil demonstrated by an in situ method. Plant Soil.

57: 11-21,

Van Miegroet, H., and D.W. Cole. 1984, The impact of nitrification on
soil acidification and cation leaching in a red Alder ecosystem. J.
Environ. Qual. 13: 586-590.

Van Verseveld, H.W., E.M, Meijer, and A,H. Stouthamer. 1977, Energy

conservation during nitrate respiration in Paracoccus denitrificgnsu
Arch. Microbiol. 112: 17-23,

Venulet, J., and R.L. VanEtten. 1970. Biochemistry and pharmacology of
the nitro and nitroso groups. In: Chemistry of the Nitro and
Nitroso Groups. Part. 2. Edited by H. Feuer. Interscience Publ., New
York. pp. 201-287,

Verstraete, W, 1975. Heterotrophic nitrification in soils and aqueous
media (A review). 1Izv. Akad. Nauk. SSSR, Ser. Biol. 4: 541-558.

Verstraete, W, 1981, Nitrification. Ecol Bull. 33: 303-314.

Verstraete, W., and M. Alexander. 1972a. Heterotrophic nitrification by

Arthrobacter sp. J. Bacteriol. 110: 955-961.

Verstraete, W., and M. Alexander, 1972b., Mechanism of nitrification by

Arthrobacter sp. J. Bacteriol. 110: 962-967.

Verstraete, W., and M. Alexander., 1973. Heterotrophic nitrification in

samples of natural ecosystems. Environ. Sci. Technol. 7: 39-42,

- 360 -



Vincent, W.F., and M.T. Downes. 1981. Nitrate accumulation in aerobic
hypolimnia: Relative importance of benthic and planktonic nitrifiers
in an oligotrophic lake. Appl. Environ. Microbiol. 42: 565-573.

Vincent, W.F., M.T. Downes, and C.L. Vincent., 1981. Nitrous oxide cyc-
ling in Lake Vanada, Antarctica. Nature. 292: 618-620.

Wada, E., T. Tsuji, T. Saino, and A, Hattori. 1977. A simple procedure
for mass spectrometric microanalysis of '5N in particulate organic
matter with special reference to '°N tracer experiments., Analyt.
Biochem. 80: 312-318,

Walker, N, 1978. On the diversity of nitrifiers in nature. Ins Micro-
biology — 1978, Edited by D. Schlessinger. Amer. Soc. Microbiol,
Washington, D.C. pp. 346-347.

Walker, N., and K.N. Wickramasinghe., 1979, Nitrification and autotro-
phic nitrifying bacteria in acid tea soil. Soil Biol. Biochem. 11:
231-236.

Wallaée, W., and D.J.D. Nichola§° 1968; Properties of some reductase
enzymes in the nitrifying bacteria and their relationship to the
oxidase systems. Biochem. J. 109: 763-773.

Walter, H.M., D.R. Keeney, and I.R. Fillery. 1979. Inhibition of nitri-
fication by acetylene. Soil Sci. Soc. Am. J. 43: 195-196,

Wang, W.-C., and N.D. Sze. 1980. Coupled effects of atmospheric N,0 and
O3 on the Earth's climate. Nature. 286: 589-590,

Wang, W.C., Y.-L. Yung, A.A. Lacis, T. Mo, and J.,E. Hansen. 1976.
Greenhouse effects due to man-made perturbations of trace gases.

Science, 194: 685-690,

- 361 -



Ward, B.B, 1984. Combined autoradiography and immunofluorescence for
estimation of single cell activity by ammonia-oxidizing bacteria.
Limnol. Oceanogr. 29: 402-410.

Warington, R, 1884. On nitrification. J. Chem. Soc. 45: 637,

Watson, S.W., and J.B. Waterbury. 1971. Characteristics of two marine

nitrite-oxidizing bacteria Nitrospina gracilis nov. gen. nov. Sp.

and Nitrococcus mobilis nov. gen. nov. sp. Arch. Mikrobiol. 77:

203-230,

Watson, S.W., F.W. Valois, and J.B. Waterbury. 1983. The family Nitro-
bacteraceae. In: The Procaryotes. A Handbook on Habitats, Isola-
tion and Indentification of Bacteria. Ch., 80. Edited by M.P. Starr,
H. Stolp, H.G. Truper, A. Balows and H.G. Schlegel. Springer-Verlag,
New York. 13 1005-1022,

Weathers, P.J, 1984. N0 evolution by green algae. Appl. Environ.
Microbiol. 48: 1251-1253,

Webb, K.L., and W.J. Wiebe. 1975. Nitrification on a coral reef. Can.
J. Microbiol. 21: 1427-1431,

Weber, D,F., and P.L. Gainey. 1962. Relative sensitivity of nitrifying
organisms to hydrogen ions in soils and solutions. So{l Sci. 94:
138-145,

White, J.P., D.P. Schwert, J.P. Ondrako, and L.L. Morgan. 1977. Factors

affecting nitrification in situ in a heated stream. Appl. Environ.

Microbiol. 33: 918-925,
Wimpenny, J.W. 1969. Oxygen and carbon dioxide as regulators of micro-
bial growth and metabolism. In: Microbial Growth. Edited by P.M.

Meadow and S.J. Pirt. Cambridge Univ, Press, London. pp. 161-198,

- 362 -



Winogradsky, S. 1890. Sur les organisms de la nitrification. C.R.
Acad., Sci., (Paris). 110: 1013-1016,

Wong-Chong, G.M,, and R.C. Loehr, 1975, The kinetics of microbial
nitrification. Water Res. 9: 1099-1106.

Wong-Chong, G.M., and R.C. Loehr, 1978, Kinetics of microbial nitrifi-
cation: Nitrite-nitrogen oxidation. Water Res. 12: 605-610.

Wood, L.B., B.J.E. Hurley, and P.J., Mattews, 1981, Some observations on
the biochemistry and inhibition of nitrification. Water Res. 15:
543-551,

Wuhrmann, K. 1963. Effects of oxygen tensions on biochemical reactions
in sewage purification plants. Ins Biological Waste Treatment Pro-
cesses. Edited by W.W. Eckenfelder and J. McCabe. 3rd Conf. Biol.
Waste Treat., Pergamon Press, New York. pp. 27-38.

Yamanaka, T., and Y., Sakano., 1980. Oxidation of hydroxylamine to
nitrite catalyzed By hydroxylamine oxidoreductase purified from

Nitrosomonas europaea. Curr. Microbiol. 4: 239-244,

Yarbrough, J.M., J.B. Rake, and R.G. Eagon. 1980. Bacterial inhibitory
effects of nitrite: Inhibition of active transport, but not of group
translocation and intracellular enzymes. Appl. Environ. Microbiol,
39:; 831-834,

Yoshida, N., A. Hattori, T. Saino, §. Matsuo, and E. Wada. 1984,
15N/14N ratio of dissolved N;0 in the eastern tropical Pacific
Ocean. Nature. 307: 442-444,

Yoshida, T., and M. Alexander. 1970, Nitrous oxide formation by Nitro-
somonas europaea and heterotrophic microorganisms. Soil Sci. Soc.
Amer. Proc. 34: 880-882,

Yoshinari, T. 1976. Nitrous oxide in the sea. Mar. Chem. 9: 189-202,

- 363 -





