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ABSTRAET

The in vitro and i¡ situ production of nitrite (Hoe) and nitrate

(HO¡) in waters from an artificially aeidified and a nonacidified lake

in the Experimenlal Lakes Àrea (nf,¡) were studied. The south basin of

take 302 (r.:OZs) has been aeidified with sulfuric aeid (HzSO¿) since

1982 whereas Rawson Lake Î,,ZZg) was used as a control lake for the

present study" Heterotrophic nitrification was identified as the sole

bacterial process responsible for t.he produetion of NOã and NOã in the

two ]akes,

The presence of the autotrophic nitrification inhibit,or, allylthio-

urea, did not inhibit NOi and tlOã production in the water samples. The

addition of ammonium sulfate [(nuo)zSO¿] aia not stimulate and in some

cases depressed the production of N0ã and N0ã. The addition of sodium

aeetate to give a final C:N ratio of 3:1 stimulated N0ã production. In

s:!:Lu studies involving 1sN labeling of the NHÍ pool indicated that N0ã-N

and N0ã-N were not derived from NH[-N, Furthermore, the produetion and

disappearance of N0ã and N0ã were always accompanied by increases in pH

to as highr as 2.0 units" ÀutotropÌ:ie nitrifying baeteria were not fsund

in any wat.er samples from the two lake studied" During the course of rn

vjtlq heterotrophic nitrification, N20 was produced"

Heterotrophic nitrification oceurred throughout the waLer column in

bobh lakes during the ice-cover períods" The raLes of heterotrophic

nitrifieation in the acídified lake, t"3025, were much greater than

those in the eontrol lake, t"239" I¡ yilrg studies showed that highest
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rates of net tl03 production oecurred in Mareh at the 9-m depLh of t"3025

and the 30-m depth of L,239, being 1 28'75 and 1 9'2 ug NO¡-N'L- 1 'd- I 
,

respeet ively 
"

Several heLerolrophic nitrifying baeteria were isolaLed from the two

lakes, Among them, Pseudomonas f I_ueæËqenË was the most predominant

heterotrophic nitrifying species present. P. fluoresceRs r{as capable of

growth on Nit_f_q€_qnìqnê_q and NÈI!þeq!e! media with alkaline and aeidie pH

and at low temperatures. The signifícance of heterotrophic nitrifieation

in the lake aeidification process is discussed"
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TNTRCIDUCTÏON

Aeid precipitation eould have dramatic effects in lakes and streams

(nen, 1980). Acidification of freshwaters and loss of fish populations

of lakes ín at least 33,000 km of southern Norway have been reported

(Overrein et ê1", 1980). Àpproximately 40,000 lakes in eastern Canada

have been affeeted by acíd precipitation and over 22eo of them received

greater than 20 kg SOa'ha-1 'yr- 1 (Harvey et al., 198'1 )" The main e ompo-

nents of atmospheric pollutants are NOx and S0z (Evans q! al", 198'1;

Tamm, 1976). In Canada, it has been estimated that the natural and

anthropogenic emissions of S0z alone were 2'0 and 2.4 x .1012 g'yF-1,

respectively (Harvey e! al., '1981). Morling (1981) studied Lhe effects

of acidification on several lakes in west,ern Sweden for i4 years and

noticed the decrease in pH closely foI).owed the increase in S0¿ concen-

trations in the lake waters. Acid rain in Bermuda has been reported to

be attributed to HzS0q formed from S02 pollutants in the precipitation

(¡ickeIls et a1. , 1982).

Most previous studies indicated that HNOs did not promote long-term

acidification of aquatic ecosystems as compared to HzS0¿ and that N0ã

was usually assimilated by biota in both terrestrial and aquatic ecosys-

tems (oriscoll and tikens, 1982; Galloway et ê1" , 1983; Likens g! À!.,
1977). However, Lhe recent projected increase of NOx emissions is a

eause for concern if they lead Lo an excess of N0ã 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 1011 g



.yr-1, respectively (Harvey e! at., 1981). The source of Nfis/NHi mainly

derives from agrieultural fertilizers and aninal wastes (Gorham e! ê1.,

1984)" NHr,/Htti because of its acid-neutralizing effects has not been

eonsidered as an aír pollutant contributing Lo acidification in ecosys-

tems. However, autotrophic nitrification, a bacLerial process oxidizing

reduced nitrogen compounds such as NHä to N0ã and N0ã, produces a con-

siderable amount of acidity (Harvey et aI , 1981), Van Breeman et aL.

(1982) reported that NHä in the aLmosphere reacted'with SOz to form

(nH¿ ) zSO¿ ãnd that the atmospheric (HH¿ ) zSO¿ in the forest canopy

throughfall resulted in soí1 acidification. They found that the acid

inputs to the forest soils were 2-5 times more than that due Lo acid

precipitation with HzS0¿ and HNO3 alone. They further noticed that

(WHo)zSO¿ was rapidly oxidized by soil microorganísms t,o HNO3 and HzSO¿

producing extremely low pH values (2'8-3'5) and high concentrations of

dissolved aluminium in the noncalcareous soils. In a red Àlder ecosys-

tem, acid production during nitrification caused a 1Seo decline of the

soil buffering capacity (Van Miegroet and CoIe, 1984). Kelly et al.
(1982), based on hypothetical acid depositions for the Lakes 226N, 227

and 223 in the Experimental Lakes Àrea (nm), speculated that the Ho

inputs into these noncalcareous Precambrian Shield lakes potentially

derived from NHi oxidation could be substantial. Alexander et al, (1960)

have defined nilrification as a biological conversion of the nitrogen in

organic or inorganic compounds from a reduced to a more oxidized state.

Àutot.rophic nitrification produces one mole of H* per mole of NHä oxi-

dized whereas helerotrophic nitrÍficatíon produces alkalinity (ver-

sLraete and Alexander, 1973),
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In ELÀ, aeeumulation of N0ã and N0¡ following the diffusion of NHi

from anoxic sediments to the water column during the ice-cover periods

in both artifieially acidified and nonacidified lakes has been observed

repeatedly for many years" 0n the other hand, it is known thaÈ autotro-

phíe nitrification is inhibited or aL least the rate is very much

reLarded under acidic conditions (painter, 197A; Strayer q! ê1,, 198'1 )"

The present study was conducted to confirm if nitrífication was índeed

responsible for the production of N0ã and N0ã in an artificially aeidi-

fied and a nonãcidified lake at ELA. In addition, the types of nitrifi-
cation processes involved, the potential and the in sitU rates of nitri*
ficatisn in the lakes were also determined.
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The bíologicaI oxidation of inorganic ammonium compounds to nitrite
and nitrate in soils is termed niLrifieation (Schlöesing and Müntz,

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

(Equation 1 )NHs _-.--+ N0ã 
-+

(ammonia ) ( nitr ite )

N0¡

(nitrate)

oxidation of NH3 to N0ã followed by oxidation of the N0ã to N0ã (Waring-

ton, 1884). Both reactions are zero-order with the oxidation of NHs t.o

N0ã being the rate-Iimiting step (Wong-Chong and Loehr , 1975), Nitroso-

monae and Ni'Lrobactes, the two representative nitrifying bacteria

responsible for the two oxidation steps respectively, Þ¡ere 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 freshwat,er habitats (gelser , 1979; Schmidt t 1978i Watson and Water-

bury, 1971) when compared Lo other genera of nitrifiers that were sub-

sequently isolated and studied. However, t,here is some recent evidence

that in some natural eeosystems NítroSqlg.bug (Walker , 1978) and Nitro-

sospira species (t'tartikainen and Nurmiaho-Lassi1a, 1985) are dominanL

over Nitrosomonas.

Five genera of NH3-oxidizing bacteria (Nitrosomonas, NiLtpssvi¡dp,

Nitrosospíra and t¡itrosolobus)Nitrosoeoccus
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oxidizing bacteria (Hitsghacter, NitËqe pqq-uÊ and Nit¡pept¡ê) are now

classif ied under the family Nitr¡þacte¡acqa- (Belser, 1979; Bremner and

Blaekmer, 1981; WaLson et ê!", 1983)" All of them are chemoautotrophs.

They derive their energy from oxidation of inorganic nitrogen compounds

such as NHs and NOã using Oz as electron acceptor and obtain their car-

bon souree from fixation of inorganic carbon such as C02, HeOã and C0î

(t^taLson e! il" , 1983 ) . Nitrosomonas and l,litrobacter, respee tively,

eould fix up to 86 and 23 nmol HCOã per mole substrate oxidized (Belser,

1984)" Àlthough some NHg- ând N0ã-oxidizing bacteria possess certain

degree of heterotrophíc arowti: potentials (gock eL al", 1983; Clark and

Smith, 1966i 1967a¡ 1967bi Delwiche and Finstein, 1965; Krümmel and

Harms, 1982; Smith and Hoarse, 1968; Watson and Waterbury, 1971), their

growth rates and nitrifying activities are mostly insignificant when

compared to their auLotrophic mode of growth (Bock, 1978; Bock et al.,
'1983; Krümmel and Harms , 1982) ,

(1) PATI{T{ÀyS AND ENUYMOIOGY OF ÀUTOTROPHTC NITRIFICÀTION

(e) Àmmonia Oxídatåon

The pathway of NH3 oxidation to N0ã by Nitrosomonas qUrepêCA has been

studied extensively (Equation 2), The oxidation of NHs to NHzOH is an

endothermic reaction, AF=4.7 kcal (¡leem and Nason, 1963)" The reaction

is catalyzed by the enzyme, NH3 oxidase, which is a mixed-function oxy-

I'lH¡ 
-à 

NH2OH --+ NgH Ngi

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

5
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genase or monooxygenase (Aleem and Nason, '1963; Suzuki, 1g7A). This

Cu**-containing enzyme is extremely sensitive to metal chelators.

N-Serve Initrapyrin or 2-chloro, 6(trichloromethyl) pyridine] and allyI-
thiourea at'1.0 ppm and 50 uM, respectively, completely inhibit NHs oxi-

datíon by fresh cells of N_q. eurppaeê (Campbelt and Àleem, 1965ai Hofman

and Lees, 1953)" The involvement of Cu**'in NH¡ oxidation has been fur-

ther evidenced by recent studies using inhibiLors, uncouplers and quina-

crine fluorescent techniques (nhandari and Nicholas, 1979).

The oxidation of NH20H, an obligate intermediate of NH¡ oxidaLion by

Ns_" europseê, is catalyzed by the enzyme, NHzOH oxidase (Falcone e! al,,
1963) or NH2oH-cytochrome g reductase (¡leem and Lees, 1963; Hooper and

Nason, 1965) to nOg (lees, 1955; 1960). The oxidation is completely

inhibited by 3 mM hydrazine resulting in accumulation of NHzOH during

NH3 oxidation by Ns" europAeê (gofman and Lees, 1953). The presence of
'100 nM Mn** stimulates the oxidation rates of NH2OH by 3 foJ.d but inhi-

bits the production of the normal end product, NOã (Hooper, 1978).

Under aerobic conditions, NOH is oxidized mainly to N0ã but the

enzyme involved is still uneertain (Suzuki ì 1974). whereas under anaero-

bic conditíons, NOH dimerizes to form hyponitrite which chemíeal}y

decomposes to form N2O (Equation 3).

2NOH N202H 2 ----> NzO + HzO (Equation 3 )

(nitroxyl) (hyponitrite) (nitrous oxide)
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Ànaerobically, NOi is a major source of NzO produced by Ns. eg¡Apaeê

(nitchie and Nie holas, 1972). N_ã. eur-epaeê possesses the enzyme, 
, 
Not

reductase, which reduees N0ã to Nz0 and. N0 using NHzOH as electron donor

under anaerobic conditions (Anderson, 1954; Hooper, 1968; Ritchie and

Nicholas, 1972; Wallace and Nieho1as, 1968). Conversely, oxidation of

NH20H to N0ã could occur under anaerobic conditions, but the N0ã formed

is rapidly reduced to gaseous form of nitrogen (Yamanaka and Sakano,

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

by inhibitors specific for NHs oxidase (Suzuki, 1974).

The process of NHs oxidation (Equation 4) produces H* and 66.5 keal

2NHs + 30 2 ------è 2H* + 2N0 + ZHzO + 66'5 kcal (Equation 4)

(Baas-Becking and Parks, 1927; Fromageot and Senez, 1960). The oxida-

tion of NH2OH to NOã is an exothernic reaction which couples to ÀTP for-

mation (oetwiche et a_L., 1961). Using 1802 as a tracer, Rees and Nason

(1966) found that only one of the 2 oxygen atoms in NOã formed from NHg

oxidation was derived from molecular oxygen and the other one was from

water. For t,he NH3/NH[ equilibrium, the pKa for NHs is 9'25 at 30ne

(prozd, 1980), Suzuki el al. (g74) reported that NH3 rather lhan NHä

was Lhe actual substrate for oxidation by Ns. europaea since the lowest

Km values oceurred at the optimal pH ranges of. 7.7-8'0,

)

The free energy

(taudelout e! a!",

efficiency of Nitrosomonas cells is about 11-27e,

1968) and the efficiency decreases during growth.
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This phenomenon usually attributes lo energy being consumed for NH¡

transport into the cells, N0ã transport out of the celIs, respiratíon

and other assimilatory processes (eleem and Nason, 1963; Drozd, '1980)"

(n) Nitrite oxídation

The oxidation of N0ã to N0¡ by the species NitroþacLe¡ aqilig and Nb.

winoqradskvi has been studied extensively, The reaction is exothermic

producing 17.5 kcal (Baas-Beckíng and Parks,1927)" The enzyme, NOã oxi-

dase, oxidizes N0ã to N03 using 0z as elecLron acceptors (Suzuki, 1974).

The enzyme is sensitive to CN-, Nã and some metal binding agents (Aleem

and Nason, 1960a; 1963)" N-Serve.at 80-175 ppm inhibits up to 60-75s" of

N0ã oxídation by Nb. aqilis (Campbell and Aleem, 1965b). Hynes and

Knowles (1983) reported that 0'5 mM ClOã caused 58eo inhibition of NO2

oxidation by Nþ. wi¡pgradskyi. The pKa for HNO2/NOã equilibrium is 3'4

(Focht and Verstraete, 1977), The enzyme shows a high affinity for the

substrate at lower pH suggesting that HNOz rather than N0ã is the actual

subslrate (Suzuki, 1974lr ,

Cob1ey (1976) reported that a proton motive force rvas generated dur-

ing N02 oxidation by Nb. winoqradskvi and that the elecLrical component

of which controlled the rate of N02 oxidaton. However, Hollocher e.L aI"
(1982) were unable to detect such proton pump in Nþ" aqiliE. UsinglsOz,

Aleem el al' (1965) found that the oxygen aLom in N0ã was derived from

water and not from 02" The involvement of Oz is restrieted to electron

transport for energy generation (Focht and Verstraete , 1977), Àleem

(1968) suggested that electron flow from NOã lo Oz (nquation 5) coupled

to phosphorylatíon of ÀDP (¡leem and Nason, 1960b). However, ehaudhry e'L

I



NOã -+ Cytoehrome a1 Cytochrome a3 ---> 0z (Equation 5)

a!" (1980) implicated the possible involvement of cytochrome b in NOã

oxidation by Nþ" aqiljg. So far, lhe exact mechanism of electron trans-

port and oxidaÈive phosphorylation in N:t¡qþêSt€! is stilL speculative.

Njtrpþesl€l also possesses an enzyme syst.em which reduces NO3 through

N0ã to NHä (wallace and Nicho1as, 1968). This reductive process does not

eouple to ATP formation (Faul] et_ a!" , 1969) and Lhe NHi thus formed is

incorporated into ce11 biomass"

The free energy efficiency in Nitrobacter is about 15-51e" (Laudelout

e! 41", 1968) and is a function of initial substrate eoncentration and

partial pressure of COz (Dessers et al. , 1970; Kiesow e! al. , 1972) 
"

(2) FÀCTORS AFFECTING AT'T0TRoPHIc NITRTF'TCÀTIoN

Rate of autotrophic nitrification is primarily governed by factors

sueh as PH, 0z concentration, tenperat,ure, concentrat.ion of substrates

and products, eoncentration of specific inhibitors and alternate subs-

trates present, eLe"

(a) pH

Neuiral to slightly alkaline pH is usually optimal for both growtl:

and metabolism of the auLotrophic nitrifying bacteria (rocht and Ver-

straeLe , 1977), In pure cultures of NitrosomoDeå, NH¡ oxidation appears

9



to be optimal at pH 7'5*8'8 (Engel and Alexander, 1958; Lees, 1954; Mey-

erhof, 1916a; 1916b). Suzuki (974) reported that NH3 oxidation by both

intact. cells and eell-free extracts was optimal at pH 7'7" A 80eo inhi-

bítion of NH¡ oxidation by Ns-. e_Wppaea when pH v¡as raised from optimal

to 8.7 or dropped to 6.0 has been observed (Laudelout et aI.,1976'),

The oxidation of NOt by Ni_trobacLer is oplimal at pH 8'0 (Aleem and

Àlexander, 1960)" Ni_L¡obacter can grovr at pH up to 10.2 when all N

sourees except N0i are absent (Meyerhof, 1916ai 1916b). Further studies

by Prakasam and Loehr (1972) indicated that pH up to 11.2 had no effect

on the growLh and metabolism of Nitrobacter when free NHe present was

below 20 ng N'L-1. It appears Lhat the toxicity of free NHs at alkaline

pH and HNOz at acid pH affects the growth and metabolism of Ni trobacter

(nocht and Verstraete, 1977), Quinlan'(1984) concluded that the optimal

pH for nitrification was not fixed but was a function of ambient total

f ree NHs-N concent,ration

}lith initial pH of 5"1, Morrill and Dawson (1967) were unable to

detect any nitrifying activíty by pure cultures of soil nitrifiers.
Painter (970) and elexander (1965) stated that niLrificaLion would nol

oeeur at pH below 5.0" It is known that NilfqËemenêË consumes a large

amsunt of energy to transport NH3 into the cells and N02 out of the

cells, This amount of energy is greatly increased under acidic condi-

tions as the NHg/NHä and HNOz,/NOã equilibria shift towards NHi and HNOzr

respeetively. Consequently, Drozd (1980) speculated that Nitrosomonas

would not grow well in more acid conditions" It is kno¡sn lhat the auto-

trophic nitrification process would produce a eonsiderable amount of
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aeídity" Van Breemen et al. (1982) reported that the atmospheric deposi-

tion of (HHq)zS0¡ t.o the forest soil was rapidly oxidized to HNO2 and

HzSO¿ with resulting pH values of 2"8-3.5. In a red Àlder ecosystem,

aeid production during nitrification causes a 15% decline of the soil

buffering eapacity (Van Miegroet and CoIe, 1984).

Interestingly, autotrophic nítrifying bacteria have been found in

acid soils (pH a'0-4"5) from tea estates in Sri Lanka and Bangladesh

(t¿alker and T.lickramasinghe , 1979) . walker and t,lickramasinghe (1979) iso-

lated Nitrosospj¡E sp., Nitrgsqþbug sp. and Nitfpçpu!!r:!:q sp, f rom soil

samples of Sri Lanka but only Nitrose€Birê spp. were presenL in soil

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

Nijlosospira isolates were able to nitrify at pH 4.1. In an acid forest

soil ecosystem (pH 3'9-4.4), Hankinson and Schmidt (1984) found t.hat

Nitrosospitê was the predominant autot.rophic NHs-oxidizing bacterium

present. They also noticed that autotrophic N0ã-oxidizing bacteria were

10 to 1000 times more numerous than the autotrophic NH3-oxidizing bacte-

ria in the ecosystem. They proposed that the autotrophic NH¡ oxidizers

were probably restricLed to círcumneutral microsites in the acid soils

whereas the auto!rophic N0ã oxidizers were not, limíted to these sítes"

Interestingly, ân extensíve sLudy by Boylen eL a_I. (1983) on 5 acid

lakes (pg ¿'3-4'9) and 3 near neutral lakes (pH >6,0) of various trophie

levels in the Adirondack mountain regions of New York revealed that no

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

pH"
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(n) Oxygen eoneenÈraLion

Produetion of NOi by NjtIggptre¡êÊ cells is most rapid at atmospheric

Oz level (Gundersen et a1_" , 1966), Nitrification rate appears to be

unaffeet.ed when Oz is above 2 mg'L-t but very nuch reduced at less than

1 mg O2't"1 (wuhrmann, 1963). In some estuarine sediments, reduction in

O2 eonceRtration could reduce nitrification rates up to 2 orders of mag-

nitude (Jenkins and Kemp, 1984). Because of high Oz diffusion rate

required for nitrification, Chen et al. (972) suggested that nitrifica-
tion only oecurred at the sediment-water interface in the oxygenated

water" Henriksen e! aI. (1981 ) found that nitrifiers were present in

anoxic sediment layer but activity was restricted only to the surficial

Oz penetration zone (1'S-S'5 mm) of the sediments in the Danish wat,ers.

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 NH¡-oxidizing acti-

vity was negatively correlated with Oz concentration in the seawater of

the northeast Pacific Oeean.

Decrease in 0z concentration usually reduces the production of N02

and the growth of nitrifiers but increases the evolution of NzO (Goreau

e! af", 1980). Ànaerobic conditíons result in S-fold increase in NzO

production by Ng.__qUIepAeê when compared to that under aerobic condi-

tions (Hynes and Knowles, 1984) " Goreau e! aI. (1980) suggested that

oceanic Nz0 was a product of nitrification and not denitrification"

Aeeumulation of Nz0 usually associates wíth Oz minima in water columns

(Cohen and Gordons, 1978¡ Elkins e! a!., 1978; Kaplan e! a_I", 1978), The
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production of N20 by niLrification in coastal lagoon sedimenl from Kys-

ing Fjord, Denmark, reached lhe maximum at 0.17 mg 0z.L-1 with the rate

being 50 umol N20'L-1'h-1 which represented 25eo of the total nitrifica-
tion activity in the sediment (Jørgensen e! al., 1984)"

Interestingly, Carlucci and McNally (1966) observed more inorganic e

uptake by nitrifiers under low than high 0z corìcentrations. They also

found that marine autotrophic nitrifiers could oxidize NHs and NOt in

liquid and solid media at 0'14 and 0'07 mg 0z'L-1 , respectivety"

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

Ni!¡qFomonas capable of nitrification in liquid media at 0.1 mg 0z.L-1,

The occurrence of nitrification in the bottom water of take St. George,

Ontario, during the winter when dissolved 02 was less than'1 ug.¡-t has

also been reported (lean and Know1es, 1982),

The Km of 0z consumption in Nit¡pSpmp¡e_9 and Nitrobaqle¡ are 0.51 and

1'98 mg Oz'L-1, respectively (t,audelout e'L a]., 1974¡ 1975¡ 1976). The

lower Km values for Oz in Ni.tlosomonas suggests that it may still be

able t.o nitrify at reduced 02 conCertrations where Njl¡pÞaete¡ cannot

oxidize N0ã to N0ã. In a study of mixed cultures of Ns. e!¡ropaea and Nþ,

w i noqradsky i , Laudelout e! ê-1" (976) observed that upon 02 depletion in

the culture media, added NHI was oxidized to N0ã only with no N03 pro-

duction resulting in a temporal shift to N0ã accumulation. This could

explain the accumulation of high N02 concentrations in the deeper, Oz-

poor water of some oceans such as t,hose off the west coasts of Costa

Rica and Peru in the Pacific Oeean and in some areas of the Indian Ocean

where Oz coneentrations were about 0'14 mg.¡-t (Carlucci and McNally,
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1969)" Lardner and Larsson f972) observed the constanL presence of

high eoncenLrations of NOã (0.5-2'3 mg N,t-1) for several years in the

bottom water of the Bay of Köping, westernmost part of take Mälaren,

Sweden. They also notieed that the bottom-water samples nitrified 75 to

100e" of the added NHi to N02 only. Similar observations wilh the N0ã

peaks in the water column during dest.ratification in Chesapeake Bay has

been reported (McCarthy e! al", 1984)"

During nitrification, 0z is being consumed by boLh NH3 and NOã oxi-

dizers. In Grand River, nitrifieation accounLed for 7Seo of. the total BOD

(Courehaine, 1968). Lean and Knowles (1982) also attributed most of the

observed 02 loss in the wat,er col-umn under the ice cover in Lake St.

George to nitrification. In the mesotrophic Lake Grasmere, nitrification
was found to be responsible for 15-20e. of the total Oz depletion of the

hypolimnion (uatt and Jeffries, 1984).

(c) Temperature

Temperature affects the biological- rate processes. In the temperature

range of 15-35oC, the effect of lemperature on the rates of nítrifica-
tion could possibly be described by the Àrrhenius equatíon (Focht and

VersLraeLe, 1977). In pure-eulture studies, 25-350C appears to be the

optimal temperatures for autotrophic nitrification (Buswel1 et al",
1954i Deppe and Àngel, 1950; Meikeljohn, 1954)" rhe temperature quotient

(Qro) for NiEqEpmoneg and Nitrobacter are 3"0 and 1.7 , respectively

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

range of 15-35oC) would inerease rate of NH3 oxidation much more than
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that with N0ã oxidation. Belser (1979) predicted that higher but not

lower temperature would cause a temporal aceumulation of N0ã. In Two-

Mile Creek, a heaLed stream, NHI oxidation rare (0'5 mg NHï-N'L-1.h-1 )

indeed exceeded Lhe N0ã oxidation rate (0"29 mg NOã-N.L-1'h-1) resulting

in N0ã accumulation in the sLream water (Wnite et al" , 1977), Ward

(1984) reported that the NH¡-oxidizing activity was positively corre-

lated with the temperaLure in oceans. Àt optirnal pH, changes in tempera-

ture appear t,o have more pronounced effect on NHs than NOã oxiäation

whereas the reverse iS true under more acid or alkaline pH (Focht and

Verstrabe, 1977). For instance, Wong-Chong and toehr (1975) found that

N0ã oxidation at pH 8.5 or 6.5 was optimal at 25oC but shifLed to 34oC

when the pH was adjusted to 7'5, It appears that both the energy of

activation and the optimal temperature are strongly pH dependent. viong-

Chong and Loehr (1975; 1978) proposed that both the effects of tempera-

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

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

45oC) inhibited NHg oxidation by pu re culLures of Nitrosomonas ce11s"

Focht and Verstraete (977 ) concluded that NOã and NO3 were seldom

detected when the temperature reached above 40oC in field soils. Keeney

and Bremner (1967) observed that at 40oC incubation temperature soil

nitrifying activity was completely inhibited. InterestingLy, ä NitÌeqq-

monas strain isolated from hot springs of Kamchatka and Tadzhk, USSR,

has been reported to grow optimally at 50oC and had pH and temperat,ure

ranges of 6.3-7"5 and 50-860C, respecLively (Golovacheva, 1975).
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Lower incubation temperatures usually result in decrease in nitrify-
ing act,ivity. An estuarine sLrain of Nil¡pËgme¡ê-q growing in a chemostat

at a dilution rate of 0'025 h-1 was washed out when Lhe incubation temp-

erature was reduced below 15oC (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 gjt_u nitrification. One other fact that makes

the assessment more complex is that autotrophic nitrifying baeteria

apparently become acclimaLed to the.temperature regime of their habiLats

and do not appear to vary their adaptability to Ìow temperatures. Mahen-

drappa et al. (1966) noted that nitrification rat,es were faster at 20

and 25oC incubation than at 35 and 45oC with Western soils and the

reverse was true with soils from the warmer Southern climate" Similarly,

A'nderson e! al. f 971) f ound that acid soils f rom the colder mountains

area of Georgia had a much higher nitrification activity than those from

the warmer eoaslal plain when all samples were incubated at 6oC"

(n) eoncenÈratÍon of SubsÈrates and ProducLs

Under optímaI pH and temperature conditions, the optimal concentra-

tion of substrates for Nitrosomonag and Nitrobactgl are both in the

range of 30-50 mM NHi-N and N0ã-N, respectively (nngel and Àlexander,

1958; Lees, 1954; Meyerhof, 1916ai 1916b). Nitrite,. the end produet of
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NH¡ oxidation and subsLrate for N03 production is of particular inter-

es+". I t has been reported that N0t inhibit.s proton-dependent active

transport , 0z uptake, oxidative phosphory)-ation and activities of cer-

tain metabolic enzymes in a wide variety of microorganisms (Yarbrough et

âf., 1980). Drozd (1980) pointed out that it was the undissociated weak

acid acting as an uncoupler of oxidative phosphorylation. I^ihile 10 mM

N0ã inhibits growth of the denitrifying bacterium, Paracoccus denitrifi-
cans (Van Verseveld et aI. , 197'/), up to 20 mM NO2 appears to have no

effect on NH¡ oxidation by lls. europaea (nitcirie and Nicho]as, 1972),

Concentration of N0ã above 20 mM inhibits NHs oXidation (¡nthonisen et_

â1., 1976). Àt 100 and 336 mM NOi, Oz uptake by NHs oxidizers is inhib-

ited by 35 and 10Oeo, respectively (Meyerhof, 1916a; 1916b). No growth of

NHs oxidizers lras observed in the presence of 500 mM NOã (Drozd, 1980).

However, Bock (1978) found that 21'34 mM NO2 compLetely inhibited growth

of Nitrosomonas. Watson el a1. (971) reported that 100 mM NOz inhibited

growth of Nitrosolobus. 0n the other hand, t.he end product of NO2 oxi-

dation, N0ã, usually does not interfere with NO2 oxidation (A1eem and

Àlexander, 1960). However, NOã oxidation would be inhibited if ¡lOã con-

centration reached very high leveIs (Boon and Laudelout, 1962),

Free nitrous acid rc'2-2'B mg N'L-1) f ormed under acidic conditions

completely inhibits N0ã oxidation in a noncompetitive manner (¡nthonisen

et al., 1976; Boon and Laudelout, 1962). Under alkaline conditions, free

NH¡ in the range of 0 1-'f .0 and at 150 mg NH3-N'L- I inhibits NOi and NHs

oxidations, respectively (¡nthonisen et al., 1967). Belser (9'79) demon-

strated the inhibition of N0ã oxidation by total NH¡-N present being

200 mg N a+" pH 7 but was 3 mg N at pH 9. Quinlan (1984) concluded that
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the csmbined effeeLs of pH, temperaLure and ambient free NH3 coneentra-

tion, not alone, on nitrification should be consídered.

The Km for subsLrates at 20-30oC for Nitrosomonas and Nitrobaeter

are, respectively, 1-10 mg NHä*N.L-1 (Hofman and Lees, 1953; toveless

and Painter , 1 968; Ulken, 1 963 ) and 5-9 mg NOã-N'L- 1 (Gould and tees,

1960; Laudelout and Van Tichelen, 1960; Lees and Simpson, 1957¡ Ulken,

1953 ) . Alexander (1965 ¡ 1977 ) concluded that the populations and i¡ s:i:Lu

activities of nitrifiers were usually 1ímited by the production rates of

NHä (i.e. ammonifieation) because the potenÈiaI rates of NHs oxidation

greatly exceeded the rates of ammonification in soi1s. In addition, the

maintainance requirements for NHs and N0z oxidizers were reported to be

0'023 pmol NH3.ceIl-1 'h-1 (Belser, 1979) and 0.002 pmol NO2.cel1-1.h-1

(Chiang, 1969), respectively. These requirernents 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 NHI is mainly derived from deam-

ination of proteins, anino acids and urea (Jones et a1-.,1982). Indeed,

Belser (1979) observed a rapíd increase in growth of nitrifier popula-

tion in many soils following the additions of NHä fertilizers.

(p) SpeeifÍc Inhíbitors and AlLernaLe Subsùrates

There are several specific inhibitors and alternate substraLes for

NH¡ oxídatíon but very few specific for N0ã oxidation are known" Ammonia

oxidatíon by Ns" e!!_qpaea is inhibited by 1.0 ppm N-Serve (Campbell and

Àleem, 1965a), 1'0 ppm thiourea (Hofman and Lees, '1953; Malhi et åI.,
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1979), 5-10 uM allylthiourea (Campbell and Aleem, 1965a; Hofman and

Lees, 1953), low levels of visible 1ight, e"9. 0'3 uE'cm-2 at 410 nm

(Bock , 1978; Hooper, 1978), 10-s atm CzHz (itynes and Knowles, 1978) ,

10eo N20 (Hooper, 1978; Hynes and Knowles, 1952) and 5 uM ClOã (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 niLrifi-
cation sinee nitrifieation in Kiel Fjord ceased at a time when phyto-

plankton bloom st.arled. Suzuki g! Al. f976) reported that CH¿, CHsOH

and C0 were competitive inhibitors of NH3 oxidation in Ns. eulepae-a.

Recent1y, C0, CH¿ (Jones and Morita, 1983a; 1983b), CzHq and CzHsO

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

enzyme NHg oxidase.

Very often, much higher concentrations of inhibitors are required to

confer the same degree of inhibition in natural samples as achieved in

pure culture studies" It has been reported that C2Ha at concentrations

of 10-a atm (nerg et al_", 1982) to 10-r atm (Mosier, 1980) were required

to completely inhibit NH3 oxidation in soils. Bremner and Bundy (1974)

found that 5 ug CSz'g-1 soil inhibited 97-99e" of the soil NHs oxidation,

In lake sedíment cores and enrichment cultures of nitrífying bacLeria,

10 mg'¡-r allyllhiourea appeared Lo be sufficient to halt NH3 oxidatíon

(Hatl, 1984)"

N0ã oxidation by Nb" winoqradskvi is inhibited by '10 mM C10ã (Hynes

and Knowles, 1983). C10¡ is a competitive inhibitor of NOã reductase in

Ni-troèaq!-er (Faull e! al., 1969) and can be redueed by the enzyme to
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forn ClOã. It has been reported that 500 uM ClOã

by 58e" in Nb. winoqradskyi and that C).03 was

cells (Hynes and Knowles, 1983). I,lith sediment,

cultures of Nb. w i noqradsky í 10 mM CLOã was

oxidation (Belser and Mays, 1980). In aodition,

to be lethal to the cells of Nitrobacter (Bock,

inhibited N0ã oxidation

reduced to C10ã by the

soil slurries and pure

found inhibitory to N02

visible Light was shown

1978).

(3) UETHODOTOGY IN ÀssÀYING NITRIT.IcÀTIoN

There are several methods currentl"y being used in measuring in situ

autotrophic nitri f ication rates.

(a) Belser and Mays (1980) proposed a sensitive and simpJ.e technigue by

using C103 inhibition of N02 oxidalion and measured the amount of

N0ã accumulated againsl time of incubation. This technique assumed

that the oxidation of NHs but not N02 was the rate-limiting step

(tuong-Chong and Loehr, 1976) and that C103 or its byproducts had no

effect on NH¡ oxidation to NOt. However, Hynes and Knowles (1983)

reported that ClOã was rapidly reduced to C10ã by N0ã-oxidizing

bacteria and the amount of C10i produced was sufficient to inhibit

NH3 oxidation. Their findings indicated the limited usefuLness of

the method.

(b) Billen (976) reported the successful use cf dark incorporation of

H14COã in the presence and absence of N-Serve. The method was

thought to be sirnple and sensitive for measuring autotrophic nitri-
fication rates. This techni.gue assumed the ratio of 1aC uptake to

actual nitrogen oxidized to be 9'01:1. There are, however, several
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drawbaeks" Firstly, the C:N ratio varies under different condi-

tíons (Gundersen, 1966). Secondly, there are considerable varia-

tions in sensitivity towards N-Serve among strains of NH3 oxidizers

(gelser and Sehmidt, 1981). N-Serve affects carbon assimilation of

other bacteria and phytoplankton and is a potential inhibilor of

denitrifieation (Henninger and Bo11ag, 1g76), methyloLrophy (ropp

and Knowles, 1982) and methanogenesis (Salvas and Taylor, 1980).

Thirdly, methylotrophs can nitrify (Hutton and ZoBeIl, 1953;

0'Nei11 and Wilkinson , 1977; Malashenko e'L aI., 1980)"

(c) Unlabeled substrates are used in the mass balance approach (Bi1len,

1975; Schwert and WhiLe, 1974¡ Webb and Wiebe , 1975), This approach

is applicable only when a differential exists between NHi and N0ã

oxidation rates or a specific water mass can be traced with time.

This method is very insensitive, unable to discriminate the origin

of the process involved and subjected to a great deal of sampling

error.

(d) 1sN t,racer technique (Dugdate and Goering, 1967¡ Koike and Hattori,

1978; Ohmari et aI., 1981; Wada et al", 1977) is stilL by far the

most reliable method" There are, however, some drawbacks such as

large sanple size, lengthy incubalion in order t,o obtain measurable

results, high cost of purchasing a mass spectrometer and the

lengthy preparation and analytical time.

(e) Very recently, Jones et aL. (1984) suggested the use of the combi-

nations of 14eO and N-Serve to estimate in situ chemolithotrophic

NH3 oxidation" In addition to the problems of using N-Serve, laCO

meithod eannot distinquish the NH3-oxidizing activity between NHs
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oxidízers and CHq oxidizers since these tþro groups of oxidizers ean

oxidize C0"

(f) Ward (1984) reporÈed the successful use of combined taCO, autoradi-

ography and immunofluorescence for estimation of single cel1 activ-

ity by autotrophic NH¡-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

immunof iuorescent stains 
"

In a recenL study of NHs oxidation, Salvas and Taylor (1984) found

that picolinic acid (2-carboxy-pyridine) selectiveLy inhibited NHs oxi-

dation by CHa oxidizers but had no effeet on NH3 oxidation by autotro-

phic NH3 oxidizers. 0n the other hand, HalI (1984) reported that 10 mg

'¡-t allylthiourea inhibited NH3 oxidaLion in situ but did not have any

shortcomings as with N-serve. unlike N-serve, allyLthiourea is very

soluble in water hence has no solvent effect and its effectiveness ]asts

much longer (tlatt, 1984). Perhaps in the future study, in situ nitrifi-
cation assay may be possible by using 14co technique coupled with the

specific inhibitors, allylthiourea and picolínic acid.

14) NITROUS OxIDE AND NOx

Hítric oxide (Ho) plays a key role in Lropospheric chemistry regulat-

ing peroxy (Hoz) and Oz (Levy, 1973; togan e! a1_", 1981) and Nzo is the

major souree of slratospherie NO (Crutzen, 1971i McEIroy and McConnell,

1971i Nicolet and Vergison, 1971,)" fne stratospheric Os layer ís impor-

tant in redueing solar radiation " (harmful wavelength region) on Earth.
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At high altítudes, NzO reacts with 0¡ catalyzed by light energy to form

N0z and 02 resulting in depletion of 03 layer in the stralosphere (Crut-

zen and Ehha1t, 1977; McElroy e! al., 1977; NÀS, 1977; Pratt et al.,
1977) " Anthropogenic depletion of stratospheric Os has been linked to

several adverse biological effects such as skin cancer in man (Cutchis,

197 4i Johnson e! al" , .1958 
) .

However, ât lower altitudes of some areas particularly agricultural

lands, the emission of N20 increases the concentration of tropospheric

0s. Crutzen and Howard (1978) discovered that under photochemical "smog"

conditions in polluted atmosphere some reactive radicals reacted with

02, which in turn reacted with NzO to generate N0 and 0s. Wang and Sze

(1980) and Wang et aI. (1976) calculated that an increase in the at,mos-

pheric Nz0 abundance due Lo increased application of nitrogen fertiliz-
ers alone (not even including industriaJ- pollution of NOx) would affect

the troposphere climate" The thickening of the tropospheric Os and the

increase in atmospheric N20 (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 30eo (Wang and Sze 1980)"

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

some agríeultural areas.

More recent studíes indicate that aulotrophic nitrification is a dom-

inant source of atmospheric Nz0" In terrestrial ecosyst,ems, soil nitri-
fication contributes a substantial amount of NzO emissions (Blackmer et

ê.1", 1980; Bremner and Blackmer, 1979). tipschultz et aL. (1981 ) con-

firmed nítrification ín soíls as a potentially significant source of NO
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and NzO. They observed that 0.3-1'Oeo of lhe NHs oxidized by Ns" guropêSå

llas converted to gaseous forms of nitrogen" They further estimated that

Lhe nitrification process alone eontributed, on a global basis, 15 x 106

tonnes NO-N'yr-1 and 5-10 X 106 tonnes NzO-N"yr-1" yoshida and Alexan-

der (1970) found that low-temperature storage of the cells and the pres-

ence of phosphate stimulated Nz0 production by Ns. eutqpaea during oxi-

dation of NHs and NHzOH. Yamanaka and Sakano (1980) noted that NOã

formed from NHzOH oxidation by purified NH20H oxidoreductase lasted for

only 5 min and subsequently disappeared in the gaseous form. In addition,

purified N0ã reductase of Ns. eurspe€ê reduces NOã to NzO with NH2OH as

electron donor and involved the combined action of NHzOH oxidase and NO2

reductase (Hooper, 1968). Although a theoretical ratio of 350:'l for l.{Hs

oxidized to Nz0 produced has been suggested (Bremner and Blackmer, 1978¡

E]kins et al., 1978; Goreau et al., 1980); tiood et al. (1981) found that

¿3s" of the total NH3 oxidized by Nitro-somonas cells released as N20 via

the mechanism as described earlier by Hooper ( 1968 ) . In f act, S.. euto-

paea produces NzO during oxidation of NHs under both aerobic and anaero-

bic conditions and anaerobiosis stimulates the amount of NzO produced by

5-fo1d (ttynes and Knowles, 1984). The presence of suspending particles

also stímulates Nzo production by Ns, eutspeÊa in liquid media (ttynes

and Knowles, 1984)' This inerease in the amount of Nzo is probabLy due

to higher nitrification rates promoted by the presence of the partícle

matrix" Partiere size of approximately 0'2 u has been reported to pro-

mote lhe highest ,i-n situ nitrif ication rates (¡tholdebarin and gertli,

1977). The presence of suspending particles also stimulates NO2 oxida-

tion" Audie e! aL" ('1984) reported that the specífic activity of Nb,
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winoqradskvi was stimulated by 1301" through attaehments in granular

media

Elkins e! a1. (1978) reported that nitrification is the dominant

source of NzO in both freshwater and saltwater ecosystems" They found

that '1 mole of N20 was produced for every 700 moles of NHI oxidized in

the Cheasapeake Bay and Lhe Peruvian UpwelIing. Their results suggested

that the oxidation of NHi and amino nitrogen represented a major source

of marine Nz0. Yoshinari (1976) found that the concentration of N20 was

negatively correlaled with the O2 profile and that N20 concentration

reached maximum at water depth where dissolved 02 rvas about 3 mt.L-1 in

the oceans. He detected supersaturation of N20 in the surface waters of

the Gulf of St. Lawrence in early June and Carribbean Sea in Mareh,

Goreau et al. (1980) reported that decreasing Oz concentration would

increase the Nz0:N0ã ratio from 0'3eo to.10e" by NH3 oxidizers. They found

that neither oceanic N0! oxidizers nor dinoflagellates could produce

Nz0. In the warm meromietic take Vanda, Ànlarctica, accumulat,ion of

extremely high coneentration of N20 in the saline bottom waters (>2 umol

't-1) was attributed to intense nitrification by a narrow band of nitri-
fiers lying well above the oxycrine (vincent e! al", 1981). High coneen*

traLion of N20 was aLso detected in two lakes during the early spring

stratification, being 343 and 3 ug NzO.L-1, in the oxygenated NOã-con-

taining waters (Knowles et al., 1981). Lemon and Lemon (1981) reported

10 times higher fluxes of NzO than normal for open oceans. They sugges-

ted that shallower and warmer Great Lakes such as Lake Erie served as a

net souree of Nz0 deríved from nitrification whereas the cooler and

deeper Great Lakes sueh as Lake Huron served as a sink for N2o due to
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intensive denitrificatíon aetivity. Seitzinger e! aI. (1983) detected

high benthic N20 production (.152 nmol'm-2'h-r) and N20 fluxes (20 to

>900 nmol'm-2'h-1) in the Narragansett Bay and that eutrophic area had

higher N20 production than relatively unpolluted area. They suggested

that coastal marine sedimenL was a net source of NzO. In the oligotro-

phic Lake Taupo, New Zealand, N0ã and NzO accumulated in the hypolimnion

throughout slratification and that the concent,rations increased with

depths towards sediment (Vineent. and Downes, 1981). High nitrification

rates for the planktonic and benthic nitrifiers were detected in 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 ) . In a deep oligotrophic arctic lake, NzO derived f rom bot.h nitri'-

fication and denitrification could reach 25 ng N.cm-3.d-1 and that

nitrification only occurred in the sediment at a rate of 49 ng N'cm-3

.d-1 (nlingesmith and Àlexander, 1983). puring nitrification in Lhe Che-

sapeake Bay, McCarthy eL al. (1984) detected the accumulations of high

concentration of NOz (35 ug N'L-1) in the bay water during incubation

and the ratio of NzO produced to NOi formed ranged from A'2eo to 0'7%.

They found that the primary source of NzO and N0ã derived from nitrifi-
cation was in t.he water and not in the sediment. ?hey also noted that

N0ã in the pycnocline was mostly in the concentrations of 4'2-9'8 ug

N'L-1 and that the levels of N2O and N0ã increased if anthrspogenic

loading of nutrients, thus causing anoxia, was elevated. By analyzing

the 1 sN/1 4N ratio of NzO in water sampJ.es from the eastern tropieal

Paeific Ocean, Yoshida et aI" (1984) confirmed that subsurface wat,ers

aeÈed as a source of Nz0 whereas extremely O2-depleÈed waters acted as a
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sínk" Marine sediments from a coastal lagoon in Kysing Fjord, Denmark,

showed maximum N20 product.ion at 0"1 kpa Oz and the amounL accounted for

25eo of. the total nitrifying activity being 50 nmol N'mL-1'h-1 of the

sediment suspension (Jørgensen e! al., 1984).

Denitrification is another process considered to be an important

source of N20 (Know1es, 1982), However, in the artificialLy fertilized
oligotrophic lake 227 in EtA, NzO was found to be a minor product of

denitrífication (Chan and Campbell, 1980). Reduction of NOã by hetero-

trophic bacteria sueh as Eaçj_l_lg_q gu¡ttliÞ, Escherichia coli and Aerc-

ba_qler aeroqenes and reduction of N0ã by fungi such as Asperqillus fla-
vus and penicillium atror¡eae.Lum would produce N20 (yoshida and Àlexan-

der, 1970). The production of N2o by green algae belonging to the family

Chl-srophvceae has been reported and suggested as an important source of

Nz0 in aquatic systems (I,teathers, 1984). Ànother source of NzO is the

chemical deeomposition of oxidized niLrogen. In sandy acid soils, Ger-

retsen and De Hoop (1957) observed that HNO2 was decomposed to NO and

escaped to the atmosphere before it could be oxidized to NO5, Àbel e!

41" (1931 ) indicated that HNOz became unstable at pH below 5'5-6.0

resulting in formation of N0 and NOz. The formation of NH4NOz under

aeidic conditíons would also result in its decomposition to form N20

(e11íson, 1963). Bo1lag et aI. (973) observed that at pH 5.0, NOã chem-

ieally deeomposed to form NO and N02 but the products were Nzo and Nz

ínst.ead íf biological activity was involved. At this pH, the presence of

Fe*n stímulated the abiologicat production of NzO and N2 (Chalamet,

1973i Nelson and Bremner, 1970). At pH 6'0, the presence of 800 mg Fe*n.

'L-1 and 5 mg Cu**'L-1 induced the chemical decomposition of 50p" of the
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l,tOã to NzO (Moraghan and Buresh, 1977). In addition, Bremner et al"

(1980) found that the inLermediaLe of NH3 oxidation, NH2OH, decomposed

to Nz0 and that the raLe was correlated to the presence of exchangeable

and oxidized Mn"

(5) HETEROTROPHIC NITRTFICÀTTON

The report on the produetion of N0ã from the oxidation of organic

nitrogen by BaciUr.tÞ (Mishustin, 1926) has since introduced the concept

of heterotrophic nitrification. The oxidation of NHi to N02 by pure cul-

tures of heterotrophs has subsequently been demonsLrated (Cutler and

Muker j i, 1931¡ Nelson , 1929') . In terrestrial ecosystems, Hirsch e'L aI"

(1961) observed the formation of NOã and N0ã by pure cultures of actino-

mycetes and fungi isolated from soils. Using 15NHi as a tracer, Schimet

et al. (1984) found that NO2 formed in an acid soil was not derived from

the 1 5NHä added. In aquatic ecosystems, methylotrophs are thought to be

the major group of bacteria responsible for heterotrophic nitrification
due to their abilíly to oxidize NHä to N0ã (Hutton and ZoBell, 1953;

Malashenko et aL", 1980;0'Nei1l and Wi1kinson,1977) and their frequent

association with wOã maxima in stratified lakes (Hanson, 1980)"

À11 known heterotrophic nítrifiers derive theïr carbon and energy

souree from oxidation of organic carbon" Cutler and Mukerji (1931) found

that 0'1% sucrose stimulated NOi production by the soil heterotrophic

isolates. With 1.5% sucrose and 0.6% (NHo)zHPO¿, NOã productíon by À.

f la_vuq reached '141 ug NOã-N.mL- 1 within '14 days when incubated at 30oC

and pH 7"0 (Hirsch et al., 1951), Glucose along with organie N such as
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peplone are frequently used Lo study heteroLrophic nitrification (Gowda

e! al. , 1977; Obaton et al., '1958; Odu and Adeoye, 1970). Acetate (eas-

'tignetti and Gunner, '1981; Verstraete and Àlexander , 1972a¡ 1973),

citrate, pyruvate (Castignetti and Gunner, '1981 ), yeast extraets (Cas-

tignetti and Holloeher, 1984) and some oLher N-containing organic carbon

compounds (Castígnetti e! al", 1985) have been reported lo support het-

erotrophic nitrífieation" Production of NHzOH from NHi by Arthrobac te r

sp. is regulated by the C:N ratio. Verstraete and Àlexander (972a)

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

minimum NHzOH production. Effect of carbon source on heterotrophic

nitrification varies with types of carbon source and natural soil sam-

ples used (Verstraete and Àlexander, 1973). Verstraete (1975) sLated

that N0ã production was not affected by the C:N ratio whereas NH20H 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 NH20H and

N02 production. Jensen ('1951) found that the addition of excessive

amount of glucose (resulting C:N was 20t1) ínhibited heterotrophic

nitrification by stimulating ceI1 biomass synthesis.

Focht and Verstraete (977 ) compiled a list of mícro and macroor-

ganisms capable of heterotrophic nitrifícatíon" The list included both

heterotrophic bacteria and fungi which was eategorized according to the

types of nitrogenous substrates used and products formed, Heterotrophic

baeteria capable of transforming organic and inorganic nitrogen ínto

l,lHzOH, N0ã and NOg that are relevant to the present study are abstracted

from the list and bríefly described below"
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(a) Heterotrophic bacteria producing free NHzOH and substituted NH2OH

from NHå or amino-N and oxime-N (RC=HOH): free NHzOH production

f rom NHi or amino-N by À¡lllqþêct€t sp. (Verstraete and Alexander,

1972a) , À" qlobif ormis (Gunner , 1963) and Methvloc-occus th€rmop¡i-

I-ug (¡,!atashenko et a1-., .1980).

(b) Heterotrophic bacteria producing NO2 and nitro conpounds fronr NHä-N

or amino-N, free NH20H, hydroxylamino compounds, oximes, hydroxamic

aeids, aliphatic and aromatic niiro cornpounds and NOã;

( i ) NO2 produetion from NHI-N or amino-N by pseudAnìA¡eg sp. (Gowda

e! al" , 1979), ÀrLh¡gþact-qf sp. (tate, 1977 ), U. thermophilug

(Malashenko qL a1., 1980) and many other heterotrophic bacte-

ria and actinomycetes (Gode and Overbeck, 1972¡ Hirsch e! A!",
1961; Odu and Adeoye, 1970).

(ii) NO2 production from free NH2OH by pseudonto¡ag sp. (Amarger and

Alexander, 1968), Arthrobacter sp" (Verstraete and Àlexander,

1972a), ¡¿. therrnophilus (Malashenko et aI., 1980), Chromobag-

berium viq.laceum, Elevsbêçterj_um sp. pseudomonas denit¡:!tli-

ca¡e, P. aureofactie¡s, P. fluoresçe¡E, p. s'Lubzeri (Castig-

nettí and Holloeher, 1984), Àlç¡lige¡e-q sp. (Castignetti and

Hollocher, 1982) , prqleus sp. and Mistqþaqle4um sp. (Caste]l

and Mapplebeck, 1956)"

(iii) NO2 produclion from oximes by Pgeudomonas aeruginosa (obaton

et al. , 1968 ) and Àqr-qbeçted.l¡n spp. (Jensen, 1 951 ) ; and NOã

production from pyruvic-oximes by Àlçeliqe¡eË sp. (Castignetti

and Gunner, i981), À. faegêlj_q, p" de¡il¡j_tjç¡¡g, p. aeruqi_-

rì-Q-sêr !. fluorqscens and !" aureofacígqs (Castignetti and Hol-

locher, 1984)"
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(iv)

(v)

(iii)

( iv)

N0ã produetion from hydroxylamino compounds by many hetero-

trophic bacteria (Doxtader and Àlexander, 1966).

N02 production from aliphatic nitro compounds by Àrlh¡pþeqtsl

sp" (Verstraete and Àlexander, 1972b) and P" aeruqinosa (Oba-

bon g! Al. , 1 968 )

(vi) NO2 production from aromatic nitro compounds by Arthrobacter

sp", Fl¡vpþaq!€dum sp. (Focht and verstraete , 1977 ), Ps€udq*

rc, sp. and Nqeardia sp, (Germanier and Wuhrmann, '1963).

(c) Production of NO¡ from NHå-N or amino-N, NOi, oximes, aliphatic and

aromatic nitro compounds:

(i) N0¡ production from NHi-N or amino-N by

(Verstraete and Alexander, 1972a) and À

1963)"

(ii) NOã production from aliphatic

sp. (Verstraete and Alexander,

ÀrLhrobacter sp.

" qlobi formi s ( Gunner ,

nitro compounds by Arthr obac ter

1972b)

N03 production from aromatic nitro compounds by PperlçlO8g¡êÞ

sp. (Germanier and Wuhrmann, 1963).

N03 producLion from pyruvic oximes by Alcaljge¡eÊ sp" (Castig-

netli and Gunner, 1 981 ) .

The oecurrence of large population of heterotrophic nilrifying bac-

Leria in ecosystems with low number of autotrophic nitrifiers has been

reported (Alexander 9! al., '1960; Gode and Overbeck, 1972¡ Laurent,

1971¡ Odu and Adeoye, 1970; Remaele and Froment, 1972). However, it is

still speculative on the occurrenee and significance of heterotrophic

nitrification in terrestrial and aquatic ecosystems. Many workers are

still doubtful, despite the demonsLraÈion of heterotrophic nitrification
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in pure culbures, whether this potential of N oxidation can occur j¡

sit-u rvith any significance. Their doubts were based on the facts that

heterotrophic nitrification rates were generally 103 to 10a times lower

than the autotrophic nítrification rates (Focht and Verstraete, 1977),

Odu and Àdeoye (1970) suggested that the production of NOã and NO5 by

heterotrophic nitrifiers may be of ecological significance in environ-

ment,s where the inefficiency of heterotrophic nitrification could possi-

bly be compensat,ed for by their large numbers. verst,raet,e (1975) pointed

out that nitrificaLion by heterotrophs was .not associated with their

ce11 growth nor proportional to their overall cellular biomass. Focht

and Verstraete (1977 ) speculated that heterotrophic nitrification may be

significant both qualitatively and quantitatively in two types of envi-

ronments where autotrophic nitrifiers were absenL, namely the acid soils

and the highly alka1ine, nitrogen-rich aqueous environments.

(e) Pathways of HeteroÈrophic NíÈrifícation

The pathways and the mechanisms involved in heterotrophic nitrifica-
Lion are still unknown. Verstraete and Àlexander (972b) proposed path-

ways of heterotrophic nitrifícation, based on lhe results of their pre-

vious works on Art¡teþêqlet sp", which included both an inorganic and an

organic palhway (Fig" 1 ). The inorganic paLhway is identical to Lhe one

for Lhe autotrophic nitrification. In the organic pathway, NHI . is

thought Lo be converted to an amide wh'ich is then oxidized to yield ace-

Lohydroxamic acid. The latter ís rapidly converted by a fast, reversible

reaction to free NHzOH, oF further oxidized to 1-nitroso-1-oxoethane.
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Reduction of the latter gives rise to 1-nitrosoethanol. The enzymatic

hydrolysis of '1-nitroso-1-oxoethane resul-ts in formation of NOã and NOã.

Using tt0, as a tracer, Verstraete and Àlexander (1972b) showed the

íncorporation of 180z during NHi oxidation to NH2OH by the Art hrobacter

cells suggesting that the oxidation of NHi would involve the oxygenase

system. They proposed that the oxidation of N was NÀDPH-dependent since

an organic C source was required to provide a continuous supply of

reduced pyridine nucl-eotides for the oxidation of NHi to NHzOH"

Inorganie : NHå -> NH20H -+ NoH ---> N0ã NOãI/
Organic: R-NH

ami ne

or amide

----> R-NHoH ---->

or R=NOH

subsL i tuted

hydroxylami ne

R_OH -> R-NO

nitroso

compounds

niLro

c ompounds

Fí9. (1 ) Hypothetical pathways of heterotrophic nitrification in

Àrthrobacter sp"

Information on the inorganic pathway is scarce. Amarger and Àlexander

(1968) reported that P, aeruq!¡osa produced NO2 from NH20H and several

oximes and that NÀDP was a cofactor for the nitrifying enzymes. ver-

straele and Alexander f972b) found that enzymes excreted by Àfthrobae*

lef sp. eonverted NHzOH to N0ã in culture medium but neither NAD, NÀDp

nor eytoehrome g, alone or in combination, v¡ere required. They further
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postulated that a peroxidase or catalase enzyme might be responsible for

the extra-cellular oxidation of NHzOH to N0z. Study with the oxidation

of pyruvic oxime by cells of Algaliqe¡eg sp. indicated that the pathway

díd 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

(CastigneÈti eJ al., 1983). There appears to be no other information

regarding this aspect of the inorganic metabolism.

(s) pH

Ishaque and Cornfield (1972\ reported that NOã production in an acid

Pakistan tea soil was optimal at pH 4.5 and that the addition of lime

inhibited nitrifying activity. Focht and Verstraete (977 ) found the

similar optimal pH values (4'5-5'0) for NOã production in some acid for-

est soils. Àcid forest soils from the Adirondack mountains (pH S'6 and

6'3) produced N0ã when amended with simulated acid rain (pH 3.2) in the

presence of N-Serve (Strayer e'L al., 1981). The production of NOã occur-

red when Bangladesh tea soil was supplemented with urea or oxamide but

not (NH+)zS0q (tshaque and Cornfield, 1974) suggesting that heterotro-

phic nitrification was responsible. It has been reported that. the addi*

tíon of peptone to some acid soils increased NO3 production by 2-fo1d

whereas the addition of (l.tHo)zSO¿ had no effect (Focht and Verstraete,

1977i weber and Gainey, 1962'). van de Dijk and Troelstra (1980) obtained

similar results with an acid soil (pH A'3) following the above treat-

ments" Cooper (1975) also found manure-N was nitrified much faster than

NHi-N in an ae id silil" Very recently, Schimel eL_ al. (1984) using 1sN
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tracer technique diseovered that the NO!-N produced in an acid Sierran

forest soil (pH 5.8) was not from the added (r5NHa)zS0¿. Other evidences

supporting heterotrophic nitrif ication are:

(a) No autotrophic nitrifiers can be isolated from the acid soils

(pH <a'5) that are produeing N02 and NOã (ayanaba and Omayuili,

1975¡ Herlihy, 1973; Ishaque and Cornfield, 1974¡ 1976¡ Lemee,

1976¡ Overrein, 1971¡ Focht and Verstraete, 1977), ÀlluviaI soil
(pH 6'0) in Cuttack, India, produeed NOi from NHI and an nonf]uore-

scent Pseudemqleê sp. isolated fronr the soí1 also produced N02 from

NHI when supplemented wiLh g]ucose (Odu and Adeoye, 1970). Nitrate

was found to be the predominant inorganic-N accumulaLed in acid

forest soils (pH 3'5) and the pattern remained unchanged when pH

was adjusted to 5'6 (Klein É ê!., 1984).

(b) NO3 production was positively correlated to the amount of organic-N

present in the acid soils (pH a'5) and also that the addition of

(nHo ) zSOq has no "tfect on NOã production. Klein e! al" (1983)

noted that the NOã accumulatisn in acid forest soils from the Àdi-

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

eral horizon.

À11 these studíes suggested that heterotrophic nitrification proceeds

optimally aL acidic pH values" Baxter e! a]. (973) detected a trace

amount of NHzOH in water samples from an Ethiopian lake which vras aero-

bic and highly alkaline" However, rlo definite proof of heterotrophie

nitrification l¡as present in their report"
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Verstraete and Àlexander (1973) noted the occurrence of heterotrophic

nitrification in some water, ser{age and soil samples at neutral or alka-

Iine pH" They also noticed that during heterotrophic niLrification in

some sewage samples, pH was increased from 7'4 to 9'0, Many other stu-

díes with pure cultures also reported that heterotrophic nitrification
only proceeded at neutral or alkaline pH (Code and Overbeck, 1972¡

Hirsch e! at., 1961; Verstraete, 1975¡ Verstraete and Alexander, 1972a),

Verstraete and Alexander (1972a) reported that the g rowth of Àrthrobac-

!€! sp. ceased when the pH of the media was at 5"0 or below and at 10'0

or above" They also noticed that the production of NH20H was independent

of pH values. Amargar and À]exander (1968) found that NOã production

from oximes and NH2OH by P. ae_fuqinosa was greatly reduced at pH 5.0 and

almost negligible at pH 5'0. Castignetti and Gunner (1981 ) reported

that Àlcaliqenes sp. produced N0ã at both acidic and alkaline pH but NOã

was subsequently assimilated under acidic conditions. Using citrate as a

carbon source, Lhey also noticed an increase in pH from 5.4 to 6.7 dur-

ing the nitrification process. They further observed that at pH 5'2-5'4,

heterotrophic nitrification by the Àlcaljge¡es sp. rvas great,ly reduced

and growth was negligible under shaking incubatíon conditions but the pH

effeet was not, apparent when the culture was incubated statically. They

speculated that in the static culture, pH of micro-niche surrounding Lhe

eells was alLered to allow heterotrophic nitrificaLion to oceur,
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(e) 0z ConeenÈraÈisn

HeLeroLrophs have a much higher affinity for 02 (Km=1 uM) Lhan auto-

trophíc nitrifiers (Greenwood, 1951¡ Painter, 1970; Wimpenny, 1969)" It
is conceivable that heterotrophs are better competitors for Oz at low

concentrations than autotrophic nitrifiers. When a metabolizable carbon

source is added , t,he respiration rates of heteroLrophs are usually

greatly increased. However, under anaerobic conditions, heLerotrophic

nitrification would not, occur (Castignetti and Holloeher, 1982)" Inter-

estingly, CastigneLti and Hollocher (1984) found that I out of 12 repre-

sentatives of denitrifying bacteria were capable of heterotrophic nitri-
fication under aerobic conditions" The well-studied heterotrophic nitri*
fier, Algelrqe¡es sp., could denitrify under anaerobic conditions using

NO¡, NOã, NO and n20 ãs electron acceptors (Castignetti and Hollocher,
'1981; 1982) and couples denitrification to oxidative phosphorylation

(Castignetti and Hollocher, 1983),

(P) TemperaÈure

The Qro for heterotrophs varies depending on the concentration of

organic carbon subsLrates present (ìlovak, 1974), Focht and ehang (1975)

suggested Qlo = 5'0-16'0 at 0-150C the tenperature range which was more

applicable to aquatic ecosystems" The effect of the higher temperalure

range ('15-550C) on the rate of heterotrophic nitrification could be

deseribed by the Arrhenius equation (Focht and Verstraete, 1977).

Tshaque and eornfield (1974) found that heterotrophic nitrificatíon in

aR aeid Bangladesh tea soil was rapid at 40oC and the process continued
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but with a decrease in rate at 50-60uC. Soils from arid and semi-arid

areas of Israel showed production of N0ã from inherent soil-N being more

rapid at 37-40oc than at 28oc (ntinger-Tulczynska, 1969). Myers (197s)

also observed N03 production in tropical soils incubated at 60oC and

that the rate of N03 production was greater at 50oc than at 20oc" These

results suggested that heterotrophic nitrifiers in terrestrial eeosys-

tems were Lhermophiles and most 1ikely used organic-N as initial subs-

trates. Verstraete (1975) found that heterotrophic nitrification by pure

cultures was optimal at around 30oC" The rate of heterotrophic nitrífi-
cation by Àrthrqþectet sp" was found negligible at below 12oe (Laurent,

1971).

(e) Concentration of SubsÈrates anil ProducLs

Nothing is known concerning the effect of the coneent,ration of nitro-
genous substraLes and products on the heterotrophic nitrification pro-

eess except that a C.:N ratio of 3-5 would pronote the highest rates of

heterotrophic nitrification (Focht and Verstraete , 1977 i VerstraeLen

1975). Under favourable incubation conditions ÀËLlrqbacter sp" could

aceumulat,e as much as 60 ug NHzOH-N'L- I (verstraete and Alexander,

1972a) whereas Àlrêljqe¡es sp. produced up to 1867 mg NOã-N"L-r and

42 ng NOì-N't- r (Castignetti and Gunner, 1 981 ) . whether Lhese were the

maximum eoncenlraLion of substrates, intermediates and end products that

díd not affect heterotrophic nitrification rates and the growth of the

heterotrophic nitrifiers is still not known.
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(r) InhÍbiLors

À11 known specific inhibitors for autotrophic NHs and NOã oxidation

have no effect on heterotrophic nitrification (VersLraete, 1975). CzHz,

up !o 0'06 and 0'1 atm had no effect on heterotrophic nitrification by

soíl (Sehimel e! a]. , 1984), respectively. Gowda e! al. ,1977 ) found

that neither 5000 ppm benomyl Imethyl 1-(butylcarbamoyl)-2-benzimid

azoiecarbamatel, 10 ppm N-serve nor 10 ppm AM (2-amino-4-chloro*6-

methyl pyrímidine) could prevent NO! formation in a flooded alluvial

soil. ehlorate at'10 mM could not inhibit NO5 production by soils from

deserts (ntinger-Tulczynska, 1969) and forests (SchimeI e! al., '1984).

Rho (1983) reported that 0'1-0'5 ppm cu or 10 ppn cd inhibited NHzoH

production by Arthrobae'Le¡ 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.

(e ) Nzo

Verstraete and Alexander (972a) deteeted no Nz0, NO or NOz during

heteroLrophic niLrifícation by pure culLures of Artì¡qhac.Le! sp" How-

ever, recent reports indicated lhat during heterotrophic nitrification
by methylotrophs, N0 (Verstraete, 1981) and Nz0 (Topp and Knowles, 1gB2)

were produced. 'Heterotrophic nitrifiers other than methylotrophs could

possíbIy produce NzO and N0 indirectty as NOã and NOã produced under

aerobic condítÍons would be reduced to NzO and NO under anaerobic condi-

tions. Thís is likely since most of the known heterotrophie nit.rifiers

are afso denitrifiers (Castignetti and Hollocher, 1981i 1982i 1984).
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(u) Teehníques

No st.udy 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

soiIs. However, these techniques may not be applicable to assay i¡ sjtu

heterotrophic nitrification in lakes and oceans.

(6) AEID PRECIPTTÀTTON

Àcidification is defined as the process of creating an excess of

hydrogen ions, H* (Harvey e! al., .1981), Henriksen (1982) viewed lake

aeidification as a large scale acid-base titration in which a bicarbo-

nate was Litrated by a strong acid. Àcidification of both terrestrial

and aquatic 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 (Cartson and Rodhe , 1982; Gorham, 1976) " Jickells el aL"

f982) attributed the occurrence of acíd rain in Bermuda to long-range

transport of air pollulants from 1,000 km east of the Àtlantic seaboards

of the United States" 0xides of sulfur (""g. S0z) and nitrogen (e"g"

NOx, N2O) and some reduced compounds of sulfur (..g. HzS) and nitrogen

(e.g. NHs) are considered to be the main components of air pollutants

(Evans e! al. , 1981i Tamm, 19?6).

Àtmospheric precipitation

has a pH value of about 5.6.

in eguilibrium with COz in the air usually

Precipitation having pH values lower than
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5'6 is generally considered as acid rain (ttrug and Frink, 1983)" How-

ever' there is evidence that in some pristine areas withoul atmospheric

pollution influenee, precipitation could have pH values below 5'0 and

therefsre 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'1956 to 1980"

In 1969 to 1975 he observed that the pH of the lake water decreased as

S0¿ concentration increased. From 1975 to 1980 when SOa cocentration was

kept unchanged, he found that the pH of the water also levelled off,
However, in Lake Unden, SNV (1979) reported that while SOa concentration

(180 ueq't-1) remained unchanged from 1965 to 1979, the increase in NOi

concentrat,ion (ca. '14 ueq't- 1) rvas accompanied with a decrease in alka-

linity (ee. 17 ueq'L-1) during the same period. However, Gorham et al"
(1984) stated that there rvas a better correlation between Lhe acidity ín
precipitation and its s0¿ contents (r = 0.923) than its Hoã or H* con-

tenls. Galloway e! al. (1984) also suggested the use of SO¿ concentra-

tion in precipitation as an indicator of anthropogenic influences"

Hydrogen ion coneentration alone cannot be used as a reliable tracer

because pristine areas have a different mixture of acids and bases in

the atmosphere (Galloway e! al" , 1982; Keene e! al., 1983; Keene and

Galloway, 1984). Nit.rate as well cannot be used because it is rapidly

assimilated by biota in both berrestrial and aquatic ecosystems and

itself does not promote long-ternr acidification of aquatic ecosystems as

much as S0¿ (nriscoll and Likens, 1982i Galloway et al., 1983; tikens eL

êÅ., 1977).
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Nonet.heless, the recent projected increases of NOx emissions are a

cause for concern if they lead to an excess of N0ã over base cations

(nH¿, eao*) in the precipitations (calloway and Likens, 1981). The mag-

nitudes of natural and anthropogenic ernissions of NOz + Nz0 and NHs in

Canada have been estimated to be about 7 and 13 x i011 9 N.yr-1, respec-

tively (Harvey e! al", 198'1)" Ammonia is mainly derived from agricul-

tural fertilizers and products of animal wastes (Gorham e! al", 1984)"

Henriksen (982) Aetined 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. Àcidification of surface water in Iakes would result in

elevated concentration of many metals existing as positive ions (""g"

À1***, Fe**) some of which can be toxic to fish and other aquatic organ-

isms (ttrug and Frink, 1983; Norton, 1982; SchindLer and Turner, 1982).

Evans e! al. (1981) recommended the maximum permissible concentration

of H* in the precipitation to be less than 25 ueq.L-t 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

(nna, 1980) and the loss of fish population (Overrein et al., 1980),

McKinley and Vestal (1982) studied the effects of acid precipitation on

litLer decomposition in an Àrctic 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 bacteriaÌ population decreased markedly. However, t,here

are some recent reporbs suggesting that the effects of acid precipita-

tion may not be that drastic in every aquatic ecosystem. In a study of
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artifieial acidification of L,223 at ELÀ with H2s0a, with the pH being

lowered from 6'7 to 5"1, Schindler (1980) aid not observe any inhibition

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

deerease in rates of ín gitu organic matter decompositions in the lake

sediments" Kollig and Hal-I (1982) studied the effects of acids on some

biological processes in microcosms by cont.inuously flowing HCI (pu 4.6-

5'0) through the systems for an extended period of time. They found no

measurable impact of acid on community functíon, uptake or release of

major nuÈrients by microorganisms, biodegradalion 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 arso

noticed that most of the microorganisms isolated from lakes with neutral

pH coulid grow at pH 5'0 suggesting possible adaptation or lolerance of

some bacteria Lo lower pH.

Three microbial processes are of immediate concern regarding the aei-

dification of lucustrine ecosysLems, nanely, sulfate reduction, denitri-
fication and nitrífication (Harvey et al., 1981 ). The first two proees-

ses have been proven to be very important sources of aquatic alkalinity
against Iake acidifieation (ttetty et a1. , 1982). The third process is

considered to be quite undesirable since mosL researchers believed that

this process would generate substantial amount of acidity (Harvey et_

ê1", 1981; Kelly e! al" , 1982i Schindler, 1985). Theoretically, per

molecule NHi oxidized, oRe H* molecule is generated (Equation 6) " other

mierobial proeesses sueh as the assimilation of NHI and No¡ by phyto-
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NHs + 282 _-à N0ã + HzO + H+ (Equation 6)

plankton would produce equivalent amounts of H* and oH-, respeetively,

and hence no net production of aeidity or alkalinity (Schindler, '198b)"

With regards to the substrate of nit,rification, ltH[, some of which could

be derived from runoff and Nz fixation, is quite often derived from

decomposition of organic maLter in anoxic sediments (schindler, 198b)"

In ELÀ, NHT in runoff is usually retained by watersheds (netty e! ê1",

1982) to ás much as 90e" (D.}l. Schindler, unpublished dat.a) thereby

reducing the amounts of acidity via autotrophie nítrification that would

otherwise be added to the lake H* budgets.
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ffiATERIALS ANÐ HET!.IODS



UÀTERTATS åND METHODS

(1 ) sÀr{Pr¡rrc srrps

There are about 46 Precambrian Shie1d lakes of the Experimental Lakes

Area (nre) southeast of Kenora, Ont,ario, Canada, being used for whole-

lake experiments (Johnson and Vallentyne, 1971; Schindler et À!., 1980).

These Shield lakes are representatives of most ]akes localed in the

northern and eastern Canada including the Great takes. Access to ELA is

regulated by the Federal Department of Fisheries and Oceans" These lakes

rrere 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-

menlal perlurbation 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 t,ake) and Lake 3025,

were selecled for the present study on the effect of whole-Iake acidïfi-
eation on nitrification. take 239 has been (and is still being) used as

a conLrol lake for many whole-lake experiments including eutrophícation

and acidificatíon studies" take 302S has been used for acídification

studies sinee 1982 by constantly adding HzSOq Lo the lake to attain tar-

get pH values of the lake water.
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take 239 (ftg, 2) is an oligotrophic lake with a near neutral pH" IL
has a surface area of 56.1 x'104 m2 and a volume of 59.1 x 104 m3 with

average and maximum water depths of 10'5 m and 30.4 m, respectively

(Brunskill and schindler , 1971). In 1g82, the highest measurements

reeorded during Lhe summer for dissolved organic carbon (oOC), suspended

carbon (sc), chlorophylL a (ch] a) and biomass of phytoplankton (np)

were no more than 254 umol.L-1, 900 ug'L-1, 14.3 ug.l-t and 2'88 g"m-3,

respectively (DeBruyn et al" , 1984). The depths of the epilimnion and

thermocline (average) were, respectively, 3.25 m and 2.63 m from the

surface (Cruikshank, 1984a). Iee completely covered the lake surface on

1 December, '1983 and was melted on 24 Àpri1, 1984 (x.C. Beaty, personal

eommunication). Temperatures in the epilimnion and hypolimnion during

the ice-cover period were about loc and 4oc, respect.ively (cruikshank,

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

Lake 302 (rig. 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 shallow 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

reinforeed plastic "sea curtain" was installed in the narrows Lo sepa-

rate the waters of both basins. The South basin (r.¡OeS) has a surface

area of 10'9 X 104 mz and þ¡at,er volume of 5.54 X 103 ms with mean and

maximum waLer depths of 5.0 m and '10.6 nr, respectively (Cruikshank,

1984a)" Sinee 1982,36N HzSO¿ (elecLrolytic arade, SG = 1.835 g.L-1) was

added eonstantly to attain iLs target pH (5.00), Prior to acídification,

the pH of the epilimetic water was 6'75" The total amount, of HzSOs added
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Fig. 2. Bathymetric chart of. L,239, Experimental Lakes Area.
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Fig. 3" Bathymetric chart of L"302, Experimental Lakes Àrea"
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in 1982 and 1983 were respeetively 1228.5 L and 1107.7 L wiLh resulting

epilimnetic pH of 6.25 and 5.86 (Cruikshank, '1984b), ¡ total of 107'1 .3 L

of HzSO+ was added in 1984 and lhe time-weighted mean epilimnion pH was

found to be 5.60 (n.n. eruikshank, personal commuRication). In'1982, the

maximum concent,ration reeorded during the summer for DOC, SC, Chl a and

BP were 352 umol.t-1, 1520 ug'L-1, 35.0 ug.r,-t and 5'42 g.m-3, respee-

tively (nenruyn et al. , 1984). The epilimnion and mean thermoeline

depths were 3'67 n and 5.03 m, respectively (Cruikshank, '1984a)" The

íce-cover and the t,urnover periods in 1983-1984 were idenLical Lo those

in t.239 (n.0. Beaty, personal communication)"

(21 corrEcrroN oF sAr'tPLEs

take water was sampled once a mont.h from December 1983 to October

1984. In the winter months, holes were cut through the ice layer and.

water was sampled from each selecLed depth. À peristaltic pump equipped '

with a thick-walIed Tygon tube calibrated at 0'5-m depth was used. Clean

542-mt opaque Nalgene plastic bottles (HUpg type, Nalge Co., Rochester,

N.V. ) were rinsed twice with the lake water samples before fi11ing. Dur-

ing filling, the dispensing tube was plaeed at the bottom of the bottte

and approximately 2 volumes of the lake water were allowed to overfill
the bottle before the tube was slowly withdrawn to avoíd the fornation

of air bubbles" One paralIel set of samples was kept in acid-washed,

deionized distilled water-rinsed, 250-mL glass BOD bottles for chemical

analyses, Ànother set of water samples was Laken ín 20-mË glass syrin-

ges then transferred Lo 14-mL Vacutainer@ vials (Becton Dickinson & Co,,
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Rutherford, N.J.) each containing 0'5 mt of saturated Hgc]2" These sam-

ples were subsequently used fsr dissolved N20 analysís" in the winter

msnths, all samples were kept in wooden chests equipped with foam-lining

and packed with hot-water packs to avoid freezing of samples during

their transportabion 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 tlere brought into the laboratory, Results are meaRs

of duplicate samples"

(3) IN vITBO INcUBÀTIoN

To each 1-L Erlenmeyer flask, 100 mL of water sample was added.

Duplicate frasks were used for each treatment" where appropriate,

0'5 mL of (nHo ) zSO¡ and 0'5 mL of 1 -a11y1-2-thiourea (¡ru) (Eastman

Kodak, Rochester, N"Y,) solutions were added, alone or in combination,

to final concentrations of 2 mg NHä-N.f,"l and 10 mg'¡-t of lake water,

respectively. N-Serve was used for similar experiments done in 1981-1983

but was replaced by ATU because of Lhe high solubility of the latter in

the water (no solvent effect) and also due to its effectiveness as an

autotrophic nitrification inhíbitor (Campbell and À1eem, 1965a)" The

superior efficacy of ÀTU over N-Serve for inhibiting autotrophic nitri-
fication in both in vitro and in si-Lu studies of lake nitrificatíon has

recently been validated (uatt, '1984 ) . starting in June '1984, additional

parallel sets of flasks in duplicates were amended r^'ith 0.5 mL of appro-

priate concentration of sodíum acetate (Ha¡c) to give a final ratio of

acetate-e to total dissolved nítrogen (fOw*H) of 3:1 as recommended by
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Verstraete and Alexander (972a). À11 flasks were covered with parafilm

and incubated statically in the dark at '15oC for up to' one month" Àt

appropriate intervals, waler samples were withdrawn from all flasks and

analyzed for NHi, N0ã and N0ã" DaLa are means of duplicate flasks and

reported as ug N per litre of lake water"

To investigate if N20 was produced during incubation, parallel set of

flasks were seL up in the same manner except that 50-mL Erlenmeyer

flasks were used and the amounL of lake water added was 10 mt. À11 these

flasks rvere capped r+ith serum stoppers (Suba Seal, Barnsley, England)"

Àfter 30 days of incubation, 0"5 mt of the gas phase from each flask was

withdrawn with a 1"O-mL syringe equipped with a mininert valve (Preci-

sion Sampling Corp., Baton Rouge, L.A. ) and analyzed for N2O by gas

chromatography. DaLa are means of triplicate flasks and reported as

ug N20-N per litre of lake water.

(4) IN sl'zu INCUBATION

For i¡ s:liLu experiments, 1.0 mt of (15NHo)zSO¿ (99% 15N at,om, Merck,

Sharp and Dohme, Dorval, Qué) and 1.0 mL of ATU, alone or in combina-

tion, were added to the Nalgene botLles eont,aining the water samples to

give final concentrations of 2 mg NH|-N't-1 and 5 mg.L-r of water,

respectively. When heat-killed controls were required, the water sam-

ples were boiled and deionized disLitled-water rvas added to make up the

amount of waLer lost due to boiling. À11 bottles were tightly capped and

placed in nylon bags" À nylon rope, having one end tied to a concrete

bloek and t.he other end to a large buoy, was used. The nylon bags were
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tied to the rope at the appropriate marked locatíons 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 lhen retrieved and the water samples were filtered
bhrough 0"4S-um pore size filters (Miflipore Canada ttd", Mississauga,

Ont.) and 0'5 mL of chloroform was added to eaeh filtered sample. Fil-
trates vrere stored at 4oC in Lhe dark until further processing for
I5N content determinations. Data are means of duplicate samples and

expressed as delLa values in per mil (ô15H)"

(5) ÀN¡rvsrs oF sAuPrEs

(l) Chenicat Ànalyses

À11 chemical analyses were as described by StainLon et al. (977).

Dissolved oxygen was determined by the Winkler's titrimetric method. For

the determinations of DOc, TDN, NHi, N0ã and NOã, all samples were first
fí]tered through 0'45-um pore size filters" For DOC analysis, samples

were acidified to remove inorganic carbon before the photooxidation of

DOC to C0z by W irradiation followed by automated conductimetríc meas-

urements. A 3-channel Teehnicon AutoÀnalyzer II (Technicon Corp., Tarry-

town, N.Y') was used for nitrogen analyses. NHi was det,ermined by the

automated phenol-hypochlorite method whereas N02 was measured by the

automaLed diazotizatíon method" For NO3 analysis, NO3 was first reduced

to N0ã by reacÈive cadmíum before diazotization. Measurements. of TDN

was aehieved by photocombustion of samples with W irradiation followed

by reduction of N0ã to NHå wit.h zine powder. The subsequent procedures

were the sane as with NHå measurements.
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(n) Gas ehromabographic Ànalysís of Nz0

The multiple-phase equilibrium method (t'tc¡ulif'fe, 1971) was used for

the determination of dissolved NzO in the lake water samples" Ten mil-

lilitres of water sample from each Vacutainer@ vial was removed with a

30-mt glass Hamilton syringe (Becton-Dickinson E Co", Rutherford, N"J.).

Àll these syringes were previously flushed and filled with 10 mf, of

Àrgon (Ar) and were fitted with 3-way valves" Dissolved Nz0 was

extraeted by shaking the syringes with a wrist-action shaker at room

temperature for 60 min. À 1,0-mt syringe fitted with a mininert valve

was flushed with ¡r immediately before withdrawing 0'5 mL of the gas

phase from the glass Hamilton syringes via the 3-way valves for NzO

analysis.

For measurements of N20, À Pye series 104 gas chromatograph (CC)

equipped with a s¡Ni type, wide-range elecLron capture detector (nCo),

model 1408N (Valco Instrument Co. Inc., Houston, TX) and a 3.66 m (f,),

6'¿ mm (op) glass column packed Þrith 80-100 mesh Porapak Q was used. The

column temperature was maintaíned at 550C. Using Seo CHa in Àr as a car-

rier gas at a flow rate of 30 ml'min-1, a make-up carrier gas at a flow

rate of 50 mL'min-1 suppling directly to the detector was required ín

order to stabilize Lhe output signals. In order to remove the impurities

Lhat may possibly be present in the carrier gas, a gas-purifier car-

tridge (to remove 0z and Hzo) and a hydro-purge cartridge (to remove

HzO¡ COz, HzS, NOz and HCI) were both installed in-line between the gas

tank and the carrier gas inlets of lhe GC" The ECD was operated at 325uC

and 340 pA standing current,
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(e ) Deter¡nination of ôr5N values

Water samples from the in sitU experiments were filtered and each

sample was divided into two 250-mt portions. The first portion (¡) lvas

f or 1stlOt-n and the second portion (g) was f or 1st¡Oã-H + t sNOã-N" The

filtrate of the "8" portion ï'as passed through a glass column filled
with reactive cadmium to reduce N0ã, if any, to N0ã. For both "4" and

"8" portions, 10-mt portions of the filtrates were withdrawn and ana-

lyzed for NH|-N, NOã-N and NO3-N as previously described.. The remaining

240 mL of the filtrate from each portion was transferred to a 250-mt

volumetric flask and exactly 0.6 mt of 8'4 mM NatoNOi was added" À11

flasks were capped with serum stoppers, evacuated, and back-fí1led with

pure helium (He) to'1 atm. À glass syringe was used to remove 10 mL of

the gas phase from each flask. Ten millilitres of concenLrated sulfamic

acid saturated with He was injected into each flask. Sulfamic acid

reacted with HOi-N in the filtrates vigorously and released N2 and some

N0 (amount depending on the pH of the filtrate) to the gas phase of each

flask, A 2'S*mL glass syringe equipped with a mininert valve was used t,o

withdraw 2.0 mL of the gas phase for injection into the mass speclrome-

ter to determine the delta values in per rnil (ô1sH). À Micromass MM602E

mass speetrometer (ve rsogas, Cheshire, England) equipped with double

cofleclors for 15N/1aN ion beams was used. The analyzer vras operated at

10-10 mbar or below with lhe source monitor set at 5 mÀ, 4'5 kV and

emission at 200 uÀ, Samples were analyzed for 29/28 anu in Nz against

the reference Nz 9as (ultra high purity grade, Canadian tiquid Air Ltd,,

Montråal, Quó,)" Similar teehniques and calculations have been reported

( noí ke and Hattor i , 1 978 ) "
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(B) Enumeration of BaeLería

The number of heterotrophs capabre of growlh at 4 and lsoc on nut-

rient agar v¡as estimated by plating 0.2-mL portions of decimally diluted

waLer samples onto the agar surfaee" Plates were incubated for 3-4 weeks

in the dark. Numbers of bacteria capable of g rowth on NiLrosomonas

(Suzuki e! al., 198.1) and Nit¡pþacte¡ (Cobtey, jg76) agar media at pH

5'5 and 7'6 were also estimated by incubating at 4 and 15oc for 4-6

weeks in the dark" The development of colonies was reported as number

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

of duplicate plates.

(p) Isolation, PurificaÈion and Identificat,ion of Bacteria Capable of

GrowÈh on Autotrophic Nitrifying Media

various types of bacLeria grown on Nitrosono¡ês and NllËqbec:Let agar

media were isolated and purified by resLreaking single eolonies onto

fresh agar media" Pure eultures 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

nitrifying baeteriat isolate were afso examined by elecLron microscopy

using shadow easting techniques. A model 801 ÀEI-EM electron microseope

(Àssociated Electrical Induslries ttd., Harlow, England) was used and

pietures were taken at 18,615X magnification.
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RESULTS



RESUITS

The resulLs presented are expressed as units per litre of lake water"

À11 significant differences (p = 0.10) were calculated according to the

Student-Newman-Keuls multiple range tes!,

( 1 ) pRoprr.Es

(e) Some Physico-Chemical ParameÈera of the Lake þlater

(a) take 239

The pH of the lake water in L,239 remained close to neutrality

throughout the sampling periods (nig. 4), being slightly alkaline to

neutral at the S-rn depth to slightly acidic at the 30-m depth" The con-

centrâLions of dissolved oxygen (nO) (rig. 5) were between 8-14 mg.¡-r

except the bottom (30-m) where DO could be as low as'1 mg.L-t suggesting

that the sediment-water interface was anoxic. The concentrations of dis-

solved organic carbon (oOC) were very low being 0'45-0.65 mmol'L-1 in

most of the sampling periods and slightly higher (0.8-0"9 mmol't-1) in

Àpri1 (nig. 6). The total dissolved nítrogen (foH) levels was also low

and never exceeded 1 mg H.¡-t (f ig. 7), The low levels of .DOC and TDN

reflected the oligotrophíc nature of the lake" The concenLrations of NO2

were below detecLability (l ug N't-1) throughout the year (figure not

presented). BoLh the NHi (ni9. 8) and NOã (nig. 9) concentratíons were

}ow, even the highest levels sometimes detected aL Lhe 25-m and 30-m

depths were below 100 and '110 ug N.L- 1, respectively"
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(b) take 3025

From December 1983 to October 1984, the pH of the lake water in

t"302s was in the range of 5.26-6.10 except Lhe bottom-depth water,

t?-*, where pH could reaeh to as high as 6.43 (rig. 10) possi,bly due to

sediment denitrifieation and sulfate reduction producing alkalinity. The

concent,rations of D0 (rig, 11) were negatively correlated with water

depths being lower with deeper depths towards the sediment and became

almost anoxic in the bottom water, I m to 10 m, The anoxia in the bottsm

wat,er suggested that denitrifícation and sulfate reduction could occur

at the sedimenl-water interface resulting in higher pH values of the

bsttom water. The concentrations of DOC (nig. 12) were not much higher

than those in L"239, TDN concentrations in the lake water (nig. 13) did

not exceed 2 mg N'¡-t except at the bottom depth where the levels

reached 16'56 mg N'L-1 in March. The NHI concentrations (nig. 14) were

below 1 mg t't'¡-l throughout the year except the bottom depth where NHä

levels rose to 7 mg H'¡-t in March and Àpril suggesting that ammonifica-

Lion occurred in the sediments with consequent. decreasing NHi and TDN

gradients up the waLer column. NOt concentrations in the lake water were

below the detection limits in December but started to aeeumulate in Jan-

uary (rig. 15). The levels of NOã peaked in Mareh but then gradually

deereased and beeame undetectable after May. The highest concentration

of N0ã detected rvas at the 6-m depth in March being 50 ug N.t-1 (fig.

15). The NOã concenlrations (rig" '16) were usually less than 30 ug N.L-1

except at the botlom water where Lhe levels were somewhat higher, being

76 ug N'L-r in september" The data suggested that the rates of NO! pro-

duction vrere sometimes much greater than those of N0ã resulting in accu-

mulation of high concentrations of NOã,

s9



(n) BacÈerial PopuJ"atíons ín the [akes

(a) tahe 239

The number of heLerotrophie bacteria capable of growlh on nutrient

agar at 'lsoC (fig" 17) were almost twíce the number obtained at 4nC

(rig" 18) suggesting that the higher incubation temperatures were more

favorable for the growth of heterotrophs on nut.rient-rich media. The

number of bacteria capable of growth on pH 5.5 Nitrosomonas media at
.15"C (Fig. 19) rras somev¡hat higher than that on pli 7.6 media (r'ig. Z0)

suggesting that the growth of some particular groups of bacteria on

N-itrqEpnrp¡ag media llas more favored at acidic than alkaline pH, However,

the pH effect was not very prominent at both pH 5.5 (Fig, 21) and 7'6

(fig. 22Ì, when t.he incubation temperature was at 4oC. The pH effect on

the number of bacteria capable of g rowth on Nitrobacter media at 15oC

was different from those g rown on Nitrosomonas media" The number of

baeteria grown at pH 5'5 (f'tg. 23) was similar to that at pH 7.6 (nig"

24'), However, the number of bacteria grown on NitJeþêc.Lel media at pH

5'5 was lower than that at pH 7'6 when the incubation temperature was

Iowered to 4oC (figs,25 and 26) suggesting that alkaline pH stimulated

the growth of some bacteria on Nitrqbactg¡ media at low lemperatures,

(b) take 3025

The effect of ineubation temperature on number of heterofrophic bae-

teria capable of growth on nutrient agar was similar to that observed in

L.239, being tr+ice as much for the population growing at 15"C (Fig" 27')
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than at 4oC (nig" 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 in the

warmer months (figs. 2Z and 29). The number of bacteria capable of

growth on N:,tlpsenìenêE media was 2-3 times higher at 15 than al 4oC

incubation (rigs" 29 and 30). The differences were even greater, being

2-4 limes, when the media used were at pH 5'5 (n'igs. 31 and 32)" With

lËlrpþacter media at pH 7'6, Lhe number sf bacteria growing at 15oC

(nig" 33) was up to 15 times higher than that at 4oC (nig. 34). At pH

5'5, the number of bacteria was only twice as much at 1soC (nig. 35)

than at 4uC (nig.36). It seemed that the bacteria of t"3025 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 Nit¡p,þac'Let was observed at 7 and I m (nigs. 33, 34, 35 and

36) suggesting the presence of certain environmental factors favoured

their growth at these wat,er depths.

(21 Ix VITBO NTTRTFTCÀTTON

(n) ehanges in NOã and NOõ Concentratíons in llaÈer Samples Obtained

from December 1983 Èo OcÈober 19811"

(a) Lake 239

Decembern 'There rvas no N0ã accumulated (fÍgure not presented) and the

net increases of N0¡- were neglígible (rÍ9, 37), With the deepest

samples, t,here vlas a slight decreasg in N0l concentration.
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January" Aceumulation of N0ã in small quantities was observed in some

of Lhe samples (flg. 38) but the N0ã concentrations remained

unchanged (rig. 39).

February. The fluctualions of NOi occurred in most of the samples

(fig. 40) suggested the msst of lhe produced N0ã was probably con-

stantly removed from the system. There were, however, no net,

increases in N0ã concentrations except for the deepest samples

where an inerease of i54 ug N.L-1 occurred within 20 days (f.ig"

41).

ldarch" The fluctuaLion of N0ã concentrations (nig. 42), the lack of net

increase of NOã in most samples and the accumulation of NOã in the

deepest samples (nig. 43) were the same as in February. However,

the amounts of N0ã accumulated in the deepest samples were almost

two times higher than those in February.

ApriI" The patterns of N0ã accumulation and disappearance (nig" 44)

were the same as with the previous two months except that there

were net N0ã accumulations in the '15-m and the 30-m samples (rig.

44), There were no observable net changes in NOã concentrations

(ris" 4s).

l,lay" NOi ï¡as nôt detected in Lhe first 15 days of incubation (nig" 46)

in all samples. 0n day 20, NOã began to accumulate in some of the

samples" N0¡ concentrations remained more or less unchanged (nig,

47) 
"

June" In samples without NaÀe supplemenls, the patterns of changes in

N0ã concentrations (r'ig" 4B) rvere no dífferent from those observed

in May. In NaAc-amended samples, Èhe accumulation and disappear-
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anee of N0ã in the absence of added NHå (nig. 49) were relatively

smaller. in amounts than those in the presence of added NHi (nig.

50). There were Ro net changes of NOã coneentrations in samples

lvithout added NaÀc (fig. 51 ), No net production of NOã rrlas

observed with samples amended with Haec (nig" 52) or NaÀc and NHÍ

(nig. 53). NOã concenlrations started to decline af t,er day '10 and

comlelely disappeared ín some of the samples at the end of the

incubation period.

iluly. N0ã r.¡as not detected in samples without NaAc added throughout the

incubation periods (figure not presented). The addition of NaÀc

caused N0ã to aceumulate in some of the samples (flg. 54)" The

presence of added NHi and NaÀc (fig. 55) also had the similar

effect as with NaAc added alone. Very little accumulation but some

disappearance of N03 was observed in some of the samples without or

with NaAc or NaÀc and NHi added (nigs. 56, 57 and 58).

August" NOz was not detected throughout the incubation period (figure

not presented). With the NaAc-amended samples, however, NOã was

produced and accumulated (rigs. 59). The addition of NHI to the

NaÀc-amended sampl-es resulted in a two-fold increase in N0ã accumu-

lation (ni9.60) as compared to those without NHI supplements (rig.

59) " N0! concentrations remained unchanged in samples without NaÄc

added (ní9. 61 ) " There were little or no net increases in NOã in

the samples amended with Ha¡c (nig. 52) and the NOã present in some

of the them was subsequently dísappeared. Samples amended with

NaÀc and NHf showed disappearanee of Nos present (fig" 63)"
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Sepbember" There were some transformations of NOã in samples wiLhout

NaAc supplements (fig. 64) but the amounts were no more than 2 ug

N0i-N'¡-1. The additions of NaAc stimulated of NOã production (fig"

65) and t.he amounts were even larger when NHi was also added (nig.

66)" The concentrations of NOi remained unchanged in samples with-

out added NaÀc (fig. 67) with the exception of the deepest samples"

There were only decreases in N0ã concentrations in all samples

added with either NaÀc (rí9" 68) or NaÀC and NHi (rig" 69) 
"

Oebober. The fluctuations of N0! concentrations were no more .than 2 ug

N'L- 1 in samples r{'ithout added NaAc (f ig. 70). The additions of

NaAc stimulated the accumulation of N0ã and the effect r.las more

pronounced in the 15-m samples (nlg. 71). When both NaÀc and NHi

were added to the samples, net NOã accumulations occurred in a]l
the samples (nig. 72) but the amounLs were much less than those

with NaAc added alone" N0t concentrations remained relatively

unchanged in most samples h'ithout NaÀc supplements (nig. 73), fhere

were, however, small amounts of NOã accumulated in the 25-m and

30-m samples, Results were similar to those amended with NaÀc alone

(nig, 74) or NaAe and NHi (ní9. 75).

(b) take 3025

Deeember. NOa aecumulations occurred only in some samples of deeper

depths (fig. 76). There v¡ere, however, some NOã accumulations in

most of the samples. In lhe.6-m samples, concentrations of HOã

aceumulated reached 108 ug N.-L-r ín 5 days of incubation (rig, 77)"
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dlanuaryo There were small amounts of N0! accumulated in most of the

samples (fig, 78). targe amounts of NO¡ were produced in the 9-m

and the 10-m depth samples (nig. 79). Interestingly, the '10-m sam-

ples had aecumulated as much as 700 ug N0ã-H"f,-l at the end of the

incubation periods.

February. There were only small amounts of N0ã accumulated in most of

the samples followed by either a gradual or rapid disappearance of

the accumulated NOã (nig. B0)" Also, net NO3 productíon ranged from

' very small amounts to almost none in most of the samples (nig. 81 ) 
"

In the case of the deepest samples, net N0ã production occurred in

the first 10 days of incubation, up to 132 ag N'L-1, and was fol-
lowed by its rapid disappearance.

lrlarch. There were little or no net. N02 production and the high concen-

trations of endogenous N0ã disappeared very rapidly (fig. 82). On

the other hand, the net production of NOi was very pronouneed in

the first 5 days of incubation (fig.83). Within 4 days, 578 and

236 ug NOã-N'f,-l were accumulated by the 9-m and the .10-m 
samples,

respectively (nig. 83).

Àpril" There vrere no net production of NOã but disappearance of the

endogenous N0ã in most of the samples (fig, 84). However, in the

9-m and the .10-m samples, N02 continued to accumulate (níg. 84)"

There rì'as some N0ã production in most of the samples but the

amounLs were refatively small (nig" 85).

lday" The N0ã coneenbrations fluctuated between 3 lo 5 ug H"¡-t in some

samples but remained unchanged (aboul 4 ug N.t-1) in the oLher

(fig. 86)" Net NOã production occurred only after 10-15 days of
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incubalion in most of the samples and the amounts accumulated were

no more than 30 ug N.L-1 in the next 15 days of incubations tnig.

87).

June" The net N02 production was followed by its disappearance and yet

the net increases were no more than 3 ug H'¡-r (nig. 88). However,

in the presence of added NaÀc, these increases reached as high as

21 ug N.L-1 (nig. 89)" The stimulatory effects of NaÀc and NHT on

net N0ã production (nig. 90) were less compared to that with NaAc

added alone. Net N03 production was small in all samples without

NaAc added (Fig. 91 ). In samples amended with NaAc (rig. 92) or

NaAc and NHä (nig. 93) some of thern showed the NOã disappearance

followed by its accumulation.

.Iuly, N02 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 (nig. 94). Results were similar to those samples amended with

NaAc (rig. 95). In samples amended with both NaAc and NHI, aecumu-

lation of small amounts of N0ã occurred in some samples (fig" 96) 
"

Net N0ã production was small in samples either wiÈhout NaÀc supple-

ments (rig. 97) or with NaÀc added alone (nig. 98). Similar results

were obtaíned with sampLes amended with both NaAc and NHf; except

for the bottom depth where net producLion of N0ã (5 uq N't-1)

oceurred after 20 days of incubation (nig. 99).

August" Little or no N0ã accumulated in samples without NaÀe added

(fig" 100)" There was more net NO2 production in samples amended

with NaÀe alone (nig" 101) or NaAc and NHI (r'ig" 102), There lgas no

net N0ã produetion in most of the samples excepÈ the deepesL sam-
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ples in whieh an increase ín N0ã concentration occurred at 5 days

(nig. 103)" Similar results were obtained with samples amended

with NaÀc alone (ní9" 104). In sampJ.es amended with both NaÀc and

NHI only the 10-m samples showed the accumulation of NOã (fig"

105).

September. The amount of net N02 produced was negligibly small in sam-

ples eiLher v¡ithout added NaAc (nig. 106), with added NaAc alone

(nig" 107) or with both NaAc and NHi added (nig. 108)" The amounts

of N0ã produced were small in most of the samples without NaÀc sup-

plements except the 9-m samples in which N0ã accumulations occurred

after a lag period of 15 days (rig. 109). The accumulation ot NOã

at 20 days quickly disappeared (rig. 109). Samples amended with

NaÀc alone showed similar results (rig. 110). In samples added with

both NaÀc and NHä, steady but small increases in N0ã concentrations

were observed in some of the samples (rig. 111).

CIeÈobero In samples without NaÀc added, net NOã production only occur-

red once in the 9-m samples and none in al] other samples (flg"

112). The additions of NaÀc or NaÀc and NHI stimulated NOã produc-

tion, though small in quantity, in some of the samples (nígs, 113

and 1'14)" Net NO3 production in samples without NaÀc added was

small and occurred only in some of the samples (fig. 115), In the

presenee of added NaÀc, NOi started to accumulate after a 5-day lag

period (rig" 116). However, in .samples amended with both NaAc and

t{H'å, the net, increase in N0! concenLration was negligible (f ig"

117) 
"
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(n) pH Changes in Èhe lf,aÈer SamBtes During Nitrification

(a) take 239

The pH generally increased with time in most of the water samples

ineubated with or without NaAc and in Lhe presence or absence of added

NHi (rigs. 118, 119 and 120). These increases ranged from 0 to 1.2,0 to
'1 '0 and 0'3 to 1 '4 pH units in samples without any supp].ements (rig"

118), rçith NaÀc added (nig. 119) and with bsth NaÀc and NHi added (nig"

120), respectively. The occurrenee of pH increments in some of the sam-

ples which showed no net NO2 and/or NOf production suggested the rates

of their disappearance were probably much faster than that of t.heir pro-

duction. ÀIso, the pH data indicated that greater production of alka-

linity was often associated with samples showing higher coneentrations

of NOã and/or NOã accumulated.

(b) Lake 3025

The pH increased with time in most of the samples incubated with or

without NaAc and NH{ supplements (nigs. 121, 122 and '123)" The pH inere-

ments were quite similar to those samples of t"239" The incremenls were

in the ranges of 0 to 1'7, 0 to 1'9 and 0.3 to 2.0 pH units in samples

r{ithout any supplements (rig. 121), with NaAc added (rig, 122) and with

both NaAc and NHi added (rig. 123) , respectively" samples of the deeper

depths usually having more NOã and/or NOã accumulation ofLen had greater

pH ineremenLs"

68



(g) TransformaÈíons of N0ã, N0ã and NHI anet Èhe EffecLs of NHI and

AllylÈhíourea Supplemenbs on NOã Production

The data obtained from the experiments in March with 30 m (r"239) and

9 m (f,"3025) samples were used to examine the relationships, if any,

among the transformations of N0ã, N0ã and NHI and also the effeets of

NHä and allylthiourea supplements on NO3 production. The net production

of N0ã and N0ã in t"239 (rig" 124A) and NOã in 1"302s (rig. 1254) occur-

red at the time when there vrere little or no changes in NHi concent.ra-

tions suggesting that the produeed NOã and NO! were not derived from

NHå. The data also showed that the disappearance of N0ã under aerobic

conditions was noL accompanied by the production of equivalent amounts

of N0ã or NHi (nigs. 124A and 1254) suggesting that the disappearance of

N0! was not the result of its reduction to NO¡ and/or NHå.

The addition of NHä to the samples from both lakes resulted in
decreases in the amounts of N0ã produced (figs. 1248 and 1258) suggest-

ing that the presence of NHi did not stimutate N0ã production and, in
some cases, depressed its produetion. The addition of the autotrophie

nitrificaÈion inhibiLor, allylthiourea, to the samples from bolh lakes

did not significantly inhibït N0¡ production when compared to those sam-

ples without the inhibitor added (Figs. '124c and 125c) suggesting that

N03 production in these two lakes was not the result of the conventional

type of autotrophic nÍtrificatíon.
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(3) Ix s_lrt, DIssoLvED Nzo pRoprrns AND rN vrrRo Nro pRopuerrou

The dissolved N20 profiles for both L.239 and L.3025 in the month of

Mareh (nigs. .126 and 127) were determined since highest nitrifying
activities were detected in this month" The concentrations of dissolved

NzO in the surface waters of both lakes (r'igs, 126 and 127) appeared to

be quite high. The in vitro N20 production rates were lower in the 30-m

samples than samples f rom the other depths of t.239 (f ig. 126), I.Thereas

for L"302s, 6*, 7- and 10-m samples showed highest rates of N2o produc-

tion (rig. 127), In both in vitro experiments, Lhe results showed that

Nz0 was produeed during heterotrophic nitrification and that higher het-

erotrophic nitrification rates showed greater rates of N20 production

since t"3025 which had higher nitrification rates than L.239 also had

greater rates of Nz0 production than L.239 (rigs. 126 and '127).

(4) IN SITU NITRIFTcATION

In order to further confirm if heterotrophic nitrification was indeed

the sole source of i¡ sitU NOi and NOã production, r5N tracer techniques

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

from the deepest of both L,23g and L.302s, 30 m and 10 m respectively,

were amended with 1sNHä was incubated in dlu f or 24 hours. Mass spec-

trometric analyses showed that the samples from L.239 had a ô15N value

of 14'336 ! 1'628>" versus 13'286 i '1 '831% obtained f rom heat-killed con-

trols. T.lhereas those from L.302s had a ô15N value of 3.184 t 0'637eo

versus 2'500 t 0'605e" obtained from heat*kiI]ed conLrols" The results

indieated that the 15N contents in the NOã-N and N03-N produced ín the

7A



samples fron both lakes during the incubation period were not signifi-
eantly different. from their respective sterile controls suggesting thaL

the N atom in the NOã-N and NOã-N were probably not derived from the

N-atoms of the added NHå-N.

(5) ISOLATIONT PURIFICÀTION AND CHARÀCTERIZATION 0F BÀCTERIÀ

Lake water samples from all selected depths of L.239 and L.3025 were

used to .inoculate Nil¡pspmq¡as. and Nitrq.þacteg agar plates. Àfter an

appropriate incubation period, various types of bacterial colonies were

isolated, PUrified and characterized. These procedures tlere repeated

with fresh samples obtained monthly. No autotrophic nitrifying bacLeria

such as Nit,rosomonas and NitrqbacLe¡ spp. r+ere found. Àll bacteria

capable of growth on NitrosomonAs and Nitrobacter media at pH S.5 and

7'6 and at 4 or 15oC were heterotrophs. 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 subseq-

uently ident i f ied as P_ge_udarnp¡êq f luoresce_rrs (rig. 128) . However, there

was consistently only one type of heterotrophic species growing on the

autotrophic media inoculated with L.3025 water samples. The species was

identical to the p. fluorescens isolated from the L,239 water samples.

Pure cultures of P. flue_ËeÞc€¡E were found capable of growth on

Nittqsemonas and Nitrobactel agar media at both pH S.b and 7.6 aL either

4,15, 28 or 37oC. It appeared that the bacterium probably obtained iLs

carbon souree from some unknown organic compounds present in the agar

media as conlaminants since the bacterium was not an autotroph" The
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effeet of pH on growth of the pure eultures in nutrient broth ineubated

at 28nC was further studied" Growth was mosL rapid at neutral pH and was

slower but had no lag period at acidic pH as low as 4"5, Àt 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 aeid-

tolerant rather than acidophilie.

(6 } SU}ÍMARY OF' RESUrTS

Throughout the experimental periods of all water samples from both

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

(a) Àddition of (ttH¿)zSO¡ did not stimulate NOã or NO3 production and

in some cases depressed N0ã and N0¡ production;

(b) The addition of NaAc alone or in eombination with NHä, in most

eases, stimulated N0ã production;

(c) In most of the samples wheLher having net accumulations of NOã andy'

or N0ã or not, the pH values of the waLer samples consistently

i ne rea sed i

(d) There vlere no net changes in the concenLrations of endogenous anð/

or added NHï-N even aL end of the íncubation periods during which

the aceumulation and the disappearanee of N0ã and N0ã was occur-

rÍng;

(e) The disappearance of NOã was not, accompanied by the produetion of

N0ã under aerobie eonditions;
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(f) The disappearance of NO3 in the preseRce of NHå under aerobic con-

ditions was not accompanied by the production of NOã or NHä;

(g) The patterns of changes in concenLrations of NOã and NOã in the

lake water were identical in the presence or absence of the auto-

trophíc nitrif ication inhibitor, allylthiourea;
(h) 1sN tracer experiments indicated that both NOã-N and NO3-N were noL

derived from NHt*N;

(i) water samples obtained for '11 conseeutive months did not eontaín

any eulturable autotrophie nitrifiers and all bact.eria grown on the

autotrophic nitrífying media inoculated with the water sarnples were

heteroLrophs which were predominantly pgeudqmg¡ê_q spp.

À11 the above observations strongly suggested that heterotrophic

nitrification was responsible for the production of NO2 and Noã in the

two lakes.
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Fig" llo The in situ pH at various waLer depths of L"239. Symbols are:
(@) December, (A) January, (Y) February, (E) March, (ô)

Àpri], (e ) uay, (O ) June, (A ) ,luty, (V ) Àugust, (tr ) sep-

tember and ( O ) October. À11 overlapping data points are not sig-

nificantly different (p = 0.10),
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Fí9" 5" The iq situ dissolved oxygen concentration at varíous water

depths of t.239. Symbols are : ( @ ) December, ( A ) January, ( Y )

February, ( I ) March, ( C ) npril, ( e ) uay, ( O ) June and ( A )

July" À11 overlapping data points are not significantly different
(B = o'10)"
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Fí9. 6" The in sjtu dissolved organic earbon concentration at various

water depths of L.239. Symbols are ¡ ( E ) Mareh, (O ) Rpril,
(e) uay, (O) June, (A) Jury, (V) August, (tr) september

and ( O ) october. À11 overlapping data points are not signifi-
cantly di fferent (p = 0' 1 0 ) .
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Fig. 'l, The i¡ gitu total dissolved nitrogen concenLration at various

water depths of t.239. Symbols are : ( E ) December, ( A ) January,

(Y) February, (¡) March, (C) ¡prir, (e) uay, (O) June,

(A) JuIy, (V) Àugust, (tr) septemberand (O) octsber" À11

overlapping data points are not significantly different (p = 0'10)"
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Fig" 8" The i¡ s:LLu ammonium-N concentration at various water depths of

L,239. Symbols are: ((þ) December, (A) January, (V) February,

(tr)March, (O) April, (O)r,ray, (O)June,.( A)JuIy, (V)
Àugust, ( El ) September and ( O ) October. À11 overlappíng data

poinLs are not signi f icantly di fferent (p = 0. 1 0 ) "
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Fí9" 9. The i¡ pjtt nitrate-N concentration at various waLer depths of

L.239. Symbols are : ( @ ) December, ( A ) January, ( V ) February,

(E)March, (S)Àpril, (O)¡¿ay, (O)June, (A)July, (V)
Àugust, (D) September and tOl October. AII overlappingdaLa

points are noL significantly different (p = 0'10) 
"
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Fí9" 10" The in si.tu ptl at various water depbhs of L"302s" symbols are

; ( O ) December, ( A ) January, ( Y ) February, ( ! ) March, ( S )

Àpri], (e) uay, (O) June, (A) tuty, (V) Àugust, (tr) sep-

tember and ( O ) October. All overlapping data poinbs are not sig-

nificantly different (p = 0.10) 
"
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Fí9" 11" The i¡ situ dissolved oxygen concentration at various water

depths of t.302S. Symbols are ¡ ( @ ) December, ( A ) January,

(V) February, ( E) Mareh, (ê) ¡pril, ( e) May and (O) June.

ÀI1 overlapping dat.a points are not signifieantly different (p =

0.10)
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Fí9" 12" The i¡ situ dissolved organie ear'bon coneentration at various

water depths of L.302S. Symbols are : ( Q ) December, ( A ) Janu-

äry, (V ) February, ( E ) March, (ô ) epril, (e ) laay, (O )

June, (A) JuIy, (V) Àugust, (tr) Septemberand (O) october.

À11 overlapping data poinLs are not significantly different (p =

0"10).
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Fig. 13. The in situ total dissolved nitrogen concentration at various

waterdepthsof L.302S. Symbolsare: (e) December, (A) Janu-

âry, ( Y ) February, ( E ) March, ( C) Rpril, ( O) ttay, ( O )

June, (A) JuJ-y, (V) August, (il) septemberand (ô) october.

All overlappíng data points are not significantly different (p =

0.10).
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Fí9, 14. The in sill ammonium-N concent,ration at various water depths

of L.302S. Symbolsare: (@) December, (A) January, (V) r'eb-

ruary, (6 ) March, (Ô ) epril, (O ) t'lay,, (O ) June, (A ) July,

(V) Àugust, (tl ) September and tOl October, A1I overlapping

data points are not significantly different (p = 0.10).
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Fig" 15" The in sitt nitrite-ti concentration at various water depths of

L"302S. Symbolsare: (e) December, (A) January, (Y) r'ebru-

. ary, (6) March, (O) Àpril, (e) uay, (O) June, (A) July,

(V) Àugust, ( tr) September and (O) October" À11 overlapping

data points are noL significantly different (p = 0'10)"
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Fí9" 16" The in si:Lu nítrate-N coneentration at various water depths of

t.302S. Symbolsare.: (O) December, (A) January, (Y) Febru-

âFy, (r)March, (S)epri], (O)t'tay, (O)June, (A) July,

(V) Àugust, (n ) September and (C) October. All overlapping

data points are not significantly different (p = 0'10).
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Fí9. 17, The number of heterotrophic bacteria (colony-forming units) at

various water depths of L.239 that vrere capable of growth on nut-

rient agarat 150C. Symbolsare: (9) March, (ê) epril, (O)
May, ( O ) June, ( 

^ 
) July, ( V ) August, ( ü ) september and

t O I October. À11 overlapping daLa points are not significantly

di fferent (P = 0'1 0 ) .
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Fig" 18. The number of heLerotrophic bacteria (eolony-forming units) at

various depths ot L,239 that were capable of growth on nutrient

agar at 4oC" Symbols are : ( ! ) March, ( ø ) epriJ., ( O ) ttay,

(O) June, (A) July, (V) Àugust, (tr) September ana (C)

0etober. À11 overlapping data points are not significantly differ-
ent (P = 0'10)"
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Fí9" 19" The number of bacteria (colony-forming units) at various water

depths of L.239 that þrere capable of growth on Nitrosprnp¡es agar at

15oC and pH 5'5. Symbols are I ( e ) March, ( O ) epril, ( e ) uay,

(O) June, (A) July, (V) Àugust, ( n) September anA (O)

0etober. À11 overlapping data points are nsL signifieantly differ-
ent (P = 0'10).
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Få9. 20" The number of bacteria (colony-forming units) at various water

depths of L.239 that were capable of growth on llitr!€emonêÊ agar at

15oCandpH7.6. Symbolsare: (O) uay, (O) June, (A) July,
(V) Àugust, (tr ) September and (O) October" À11 overlapping

data points are noL significantly different (p = 0'10)"
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Fí9" 21" The number of bacteria (colony-forming unils) at various water

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

4oCandpH5.5. Symbolsare: (A);uty, (V) eugust, (ü.) Sep-

tember and ( O ) o.tob"r, All overlapping data poinLs are not sig-

nificanLly different (p = 0'10) 
"
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Fig, 22" The number of bacteria (colony-forming units) at various water

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

4oC and pH 7'6. Symbols are : ( A ) .luty, ( V ) Àugust, ( ü ) Sep-

Èember and t O I October" Àtl.overlapping data points are not sig-

nificantly different (p = 0.10),
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FÍ9. 23" The number of bacteria (colony-forming units) at various wat,er

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

15oC and pH 5'5. Symbols are ¡ ( E ) March, ( ô ) Àpril, ( e ) uay,

(O) June, (A) JuIy, (V) Àugust, (tl) September anA (0)

0ctober. All overlapping daLa points are not, significanLly differ-
ent (P = 0'10)"
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Fí9. 24. The number of bacteria (colony-forming units) at various wat,er

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

15oCandpH7.6. Symbolsare: (e)uay, (C) June, (A) Juty,

(V) AugusL, (Ü) September and tÔl October" À11 overlapping

data points are not significantly different (p = 0'10).
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Fig. 25. The number of bacteria (eolony-forming units)'at various water

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

4oC and pH 5'5" Symbols are : ( A ),:uty, ( V ) Àugust, ( tl ) Sep-

tember and ( O ) October" All overlapping data points are not sig-

nificantly different (p = 0'10) 
"
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Fig, 26" The number of bacteria (eolony-forming units) at various water

depths of L"239 that were capable of growth on Nitrobactet agar at

4nCandpHT'6. Symbolsare: (A);uty, (V) Àugust, (tl) sep-

tember and t Ô I Oetober" All overlapping data points are not sig-

nifieantly different (p = 0.10).
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Fig. 27 " The number of heterotrophic bacteria (colony-forming units) at

various water depths of L.3025 that were capable of growth on nut-

rient agarat 150c. Symbolsare: (E) March, (9) April, (e)
May, ( O ) JuRe, ( A ) July, ( V ) Àugust, ( Ë ) September and

t Ô I October. All overlapping data points are not significantly

different (p = 0'10).
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Fí9" 28" The number sf heterotrophie bacteria (colony-forming units) at

various water depths of L.3025 that were capable of growLh on nut-

rientagarat 4nc" Symbolsarethe : (E)March, (O)Apri],
( O ) t"tay, ( O ) June, ( A ) July, ( V ) Àugust, ( Ë ) september

and ( Ô ) O.tob"t. À11 overlapping dala points are nst signifí-
eantly different (p = 0.10).
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FÍ9" 29" The number of bacteria (eolony-forming units) at various water

depths of L.3025 that were capable of growth on Ni:L¡gggrnq¡eg agar

at15oCandpH7'6. Symbols are: (8)ttay, (O)June, (A)

July, (V) August, (il) Septemberand (O) october" AIl over-

lapping data points are not signifícantly different (p = 0.10)"
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Fig. 300 The number of baeteria (colony-forming units) at various water

depths of L.3025 that were capable of growth on NiL¡psenìqneË agar

aL 4oC and pH 7.6. Symbols are : (A ) Juty, (V ) August, (ü )

September and ( O ) O.tob"t. ÀIl overlapping data poinLs are not

significantly different (p = 0.10) 
"
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Fí9" 31. The number of bacteria (eolony-forming units) at various water

depths of t.3025 that were capable of growth on Nitrosomonas agar

at 15oC and pH 5'5. Symbols are ¡ ( E ) t'larch, (S ) Àpri1, (e )

May, ( O ) June, ( A ) JuIy, ( V ) August, ( ü ) September and

( O ) October. All overlapping data points are not significantly

different (p = 0'10).
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Fig. 320 The number of bacteria (colony-forming units) aL various water

depths of L.3025 Lhat were capable of growth on NiLrosp8p¡es agar

at4oCandpH5'5. Symbolsare: (A);uty, (V) August, (n)

September and t Ô I Oetober" À11 overlapping data.points are not

significantly different (p = 0'10).
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FÍ9" 33" The number of bacteria (colony-forming units) at various wat,er

depths of t.3025 that were capable of growth on Nitrqþatt€I agar

at 15oC and pH 7.6. Symbol are : ( e ) uay, ( O ) June, ( A ) Julyn

(v) Àugust, (tl) september and (Ô) october" All overrapping

data points are not significantly different (p = 0'10)"
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Fig. 31[' The number of bacteria (colony-formíng units) at various waLer

depths of L. 302s that h'ere capable of growth on Ni trobec'Ler agar at

,4oCandpH7.6. Symbolsare: (A);uty, (V) Àugust, (ü) Sep-

tember and t Ôl October. À11 overlapping data poínts are not sig-

nificanLly different (p = 0.10) 
"
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Fí9" 35" The number of bacteria (colony-forming units) at various wat,er

depths of L.3025 that vrere capable of growth on Nitrolac.Le¡ agar at

15oC and pH 5.5, Symbols are : t O I Àpril, (O ) r'ray, (O ) June,

(A) July, (V)August, (ü) September.and (Ô) Oetober" À11

overJ.apping data points are not significantly dífferent (p = 0"10)"
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Fí9" 35" The number of bacteria (colony-forming units) at various wat,er

depths of L.302S that v¿ere capable of growth on N:t¡pþaçtef agar at

4uC and pH 5.5. Symbols are : (A ) .:uty, (V ) August, (ü ) Sep-

tember and I O I Oetober" All overlapping data points are not sig-

nificantly differenL (p = 0'10),
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Fig. 37, The production and disappearanee of NOã at various water

depths of. L.239, Samples were obtained in December, 1983 and incu-

baLed at 15oC without any supplements. Symbols are: ( O ) 1m, ( A )

5m, (V) 10m, (6) 15m, (A) 20m, (V) 25mand (ü) 30m" AII

data points that are overlapping or placed horizontally on tl:e same

line for the same day of sampling are not significantly different
(p = o'10).
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Få9" 38" The production and disappearance of NOã at, various ivater

depths ot. L,239, samples were obtained in January, 1984 and incu-

bated at .150c without any supplements. symbols âre : ( o ) '1m,

(A) 5m, (V) 10m, (A) ism, (A ) 20m, (V) 2bm and ( a ) 30m.

À11 data points that are overlapping or placed horizontally on the

same line for the same day of samplÍng are not significantly dif-
ferent (P = 0'10).
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Fig" 39" The production and disappearanee of NOã at various water

depths of. L,239, Samples were obtained in January, 1984 and incu-

bated at 1soC without any supplements. Symbols are : ( O ) 1m,

(A) sm, (V ) 10m, (O) 1sm, (A) 20m, (Y) 25m and ( n ) 30m"

All data points lhat are overlapping or plaeed horizont,ally on the

same line for the same day of sampling are not signifieantly dif-
ferent (P = 0'10)"
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Få9" 110. The production and disappearanee of NOã at various water

depths of L.239. SampLes were obtained in February, 1984 and incu*

bated at 15oC without any supplemenLs" Symbols are : ( O ) ,T,

(A) 5m, (V) 10m, (9 ) 15m, (Â) 20m, (Y) 2Sm and (ü ) 30n,

À1] 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 disâppearance of NOã at, various water

depths of. L.239. Samples were obÈained in February, 1984 and incu-

bated at 1Soc without any supprements. symbors are : ( o ) 1m,

(A) 5m, (V ) iOm, (C') 1sm, {A) 20m, (Y) 25m and ( n ) 30m"

À11 data points that are overlapping or placed horizontally on the

same line fsr the same day of samplíng are not significantly dif-
ferent (P = 0'10).
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Fí9. 42" The production and disappearaRce of NOã at various water

depths of. L.239. Samples were obtained in March, 1984 and incubated

at 15oC without any supplements. Symbols are : ( O ) 1m, (A ) 5m,

(v) 10m, (O) 15m, (A) 20m, (Y) 25mand (n) 30m. ÀlIdara

points that are overlapping or placed horizonLally on the same líne

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

0.10)"
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Fí9.413" The production and disappearance of NO5 aL various wat,er

depths of L.239. Samples were obtained in March, 1984 and incubated

at'15oC without any supplements. Symbols are i ( O ) 1m, ( A ) 5m,

(v)'10m, (e)15m, (a)20n, (v)25mand (ü) 30m" Altdara

points that are overlapping or placed horizontally on the same line

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

0,10)"
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Fí9" 44. The production and disappearance of NOã at various water

depths of. L.239. Samples were obtained in Apri1, 1984 and incubated

at l5oCwithoutanysupplements. Symbolsare: (O) 1m, (A) 5m,

(v ) 10m, (@ ) '15m, ( A, ) 20m, (v ) 25m and (ü ) 30m. À1r dara

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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Få9. 1[5" The production and disappearaRee of NOã at various water

depths of L.239. Samples were obtained in Àpri1, 1984 and incubaLed

at 1SoC without any supplements. Symbols are : ( O )1m, ( A ) bm,

(v) 10m, (6) 15m, (A) 20m, (V) 25mand (ü) 30m. À11dara

points that are overlapping or plaeed horizontally on the same line

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

0.10).
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Fí9" 4[5" The productíon and disappearance of NOz aL various wat,er

depths of L.239, Samples were obtained in May, 1984 and incubated

at l5oCwithoutanysupplements. Symbolsare: (O) 1m, (A) 5m,

(v)10m, (o)15m, (a)20m, (v)25mand (n)30m" Àltdara

points that are overlapping lt placed horizontally on the same line

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

0.10)"
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Fig" 47. The production and disappearance of N0ã at various water

depths of. L.239. Samples were obtained in May, 1984 and incubated

at 15oC without any supplements. Symbols are : ( O ) .1m, ( A ) 5m,

(V) 10m, (O) 1sm, (Â) 20m, (Y) ZSmand (ü) 30m. Altdara
points that are overlapping or placed horizontally on lhe same line

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

0.10).
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Få9" 1t8. The production and disappearanee of NOz at various water

depths of. L,239. Samples were obtained in June, 1984 and incubated

at lSoCwithoutanysupplements. Symbolsare: (O) 1m, (A) 5m,

(V) 10m, (6) 15m, (A) 20m, (V) 2bmand (ü) l0*. Àttdara
points that are overlapping or placed horizontally on ¡he same Iine

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

0.10).
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FÍ9. 119. The production and disappearance of NOã aL various water

depths ot L.239, Samples were obtained in June, 1984 and incubated

at lSocwithNaAcadded. Symbolsare ¡ (O) 1m, (A) 5m, (V)
10m, (A ) 15m, ( A ) 20m, (Y ) 25m and ( ü ) 30m" Àtr dara

poínts that are overlapping or plaeed horizontally on the same line
for the same day of sampling are not significantly different (p =

0.10)"
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Få9. 50. The production and disappearance of NOã at various waLer

depths of. L,239, Samples were obtained in June, 1984 and incubated

at 1SoC with NaAc and (HHo)zSO¿ added" Symbols are : ( O ) 1m,

(a) 5m, (v)'10m, (6) 15m, (A) 20m, (V ) 25m and (n ) 30m,

À11 data points that are overlapping or plaeed horizontally on the

same line for the same day of sampling are not signifieantly dif-
ferent (P = 0'10)"
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FÍ9" 51, The production and disappearance of NOã at various waLer

depths of t.239. SampLes were obtained in June, 1984 and incubated

aL 15oC without any supplements. Symbols are : ( O ) 1m, ( A ) 5m,

(v) 10m, (@) 15m, (A) 20m, (V) 25mand (n) 30m. Àtldara

points that are overlapping or placed horizontatly on the same line

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

0.10).
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Fí9" 52, The produetion and disappearance of NOã at varíous l¡at,er

depths of t.239. Samples were obtained in June, 1984 and incubated

at lsocwithNaAcadded. Symbolsare: (O) 1m, (A) 5m, (V)
10m, (t8) 15m, ( A) 20m, ( Y ) 25m and ( n ) 30m. Att dara

points that are overlappíng or placed horizontally on the same line

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

0.10)"
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FÍ9, 53" The production and disappearance of N0ã at various wat,er

depths of L.239, Samples were obLained in June, 1984 and incubated

at 1soc with ¡¡a¡c and (HHo)zSO¿ added. Symbols are : ( O ) 1m,

(a) 5m, (v ) 10m, (@) 15m, (A) 20n, (Y) 25m and ( n ) 30m,

All data points that are overlapping or placed horizontally on bhe

same line for the same day of sampling are not significantly dif-
ferenl (P = 0'10).
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Fig" 54" The production and dísappearance of NOã at various water

depths of. L,239. Samples were obtained in JuIy, 1984 and incubated

at 15oC with NaAc added. Symbols are : ( O ) 1m, (A ) Sm, (V )

10m, (O ) 15m, ( Â ) 20m, (Y ) 25m and ( ü ) 30m. Àtt daba

points that are overlapping or placed horizontally on the same line

for the same day of sampling are noL significanLly different (p =

0,10)"
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Fí9" 55" The production and disappearance of NOã at varíous water

depths of L,239. Sanrples were obtained in July, 1994 and ineubated

at 150c with NaÀc and (wHo)zso+ added. symbols are : ( o ) 1m,

(A) 5m, ( V) 10m, (O ) 1Fm, (A) 20n, (V ) 25m and ( n ) 30m"

"À11 
dat.a points that are overlapping or placed horizonbally on the

same line for the same day of sampling are not signifieantly dif-
ferent (P = 0'10)"
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FÍ9" 56" The production and disappearance of NOã aL various water

depths of. L,239. Sanrples were obtained in July, 1984 and incubated

at 1SoC without any supplements. Symbols are : ( O )1m, ( A ) bm,

(V) 10m, (O) 1Sm, (A) zhm, (V) 25mand (n) 30m" Àttdara
points that are overlapping or placed horizontally on the same line

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

0.10).
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Fig" 57" The produclion and disappearance sf NOã at various water

depths of t.239. Samples were obtained in July, 1984 and incubated

at 15oC with NaAc added. Symbol"s are : ( O ) .1m, (A ) 5m, (V )

10m, ( O ) 15m, ( A) 20m, ( V ) 25m and ( Ë ) 30m" Àtt data

points that are overlapping or placed horizontally on the same Iine

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

0.10)"
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Fig" 58. The producticin and disappearance of N0ã at various water

depLhs of. L.239. Samples were obtained in JuIy, 1984 and incubated

at 1suC with NaAc and (nHo ) zSOq added. Symbols are : ( O ) .1m,

(A ) 5m, (V ) 10m, ( e) 15m, (A ) 20m, (Y) 25m and ( ü ) 30m.

All data points thaL 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 disappearanee of NOz at various water

depths of t"239. Samples were obtaind in Àugust,'1984 and incubated

at lSoCwithNaÀcadded. Symbolsare: (O) 1m, (A) 5m, (V)
'10m, ( O ) 15m, (A ) 20m, (V ) 25m and (Ü ) 30n. À11 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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Fíg" 60" The production and disappearanee of N0ã at various water

depths of L.239. Samples were obtained in Àugust, 1984 and incu-

bated at 15oC with NaAc and (HHo)zSO¿ added" Symbols are : ( O )

1m, (A)5m, (V)10m,'(O)15m, (A)20m, (v) 25mand (n)

30m" All data points that are overlapping or placed horizontally

on the same line for t.he same day of sampling are not significantly

different (p = 0'10).
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Fí9" 61, The production and disappearanee of NOã at various water

depths of. L,239. samples were obtained in Àugust, 1984 and incu-

bated at '1SoC without any supplements, Symbols are : ( O ) 1m,

(a) 5m, (v) 10m, (o) 15m, (Å) 20m, (V) 25m and ( Ë ) 30.*.

À11 data points that are overlapping or placed horizonLally on the

same fine for the sane day of sampling are not significantly dif-
ferent (P = 0'10).
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Fí9. 62. The production and disappearance of N0ã at various water

depths of. L.239. Samples were obtained in Àugust, 1984 and incu-

batedat lSoCwithNaÀc added, Symbolsare: (O) 1m, (A) 5m,

(v) 10m, ((&) 15m, (a) 20m, (v) 25mand (Ë) 30m" Àltdara

points that are overlapping or placed horizontally on lhe same line

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

0"10).
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Fí9. 63, The production and disappearance of N0ã at various wat,er

depths of. L.239, Samples were obtained in Àugust, 1984 and incu-

bated at 15oC with NaÀc and (HHo)zSO¿ added. Symbols are : ( O )

'1m, (A)5m, (V)10m, (@)15m, (Â)20m, (V)25mand (Ë)

30m. All data points that are overl-apping or placed horizontally

on the same line for the same day of sampling are not signifieantly

different (P = 0'10).
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Fig. 611" The production and disappearance of N0ã at various water

depths of. L.239, Samples were obtained in September, 1984 and incu-

bated at 1soc Þ¡ithout any supplements. Symbols are : ( O ) 1m,

(A) 5m, ( V) 10m, (Q)'15m, (A) 20m, (Y ) 25m and ( n ) 30m"

À11 data points that are overlapping or placed horizontally on the

same line for the same day of sampling are not signíficantly dif-
ferent (P = 0'10).
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Fig" 55" The production and disappearance of NOã at various r+ater

depths of L"239. Samples were obtained in SepLember,'1984 and incu-

bated at '150C r+ith NaAc added" Symbols are I (O ) 1m, ( A ) bm,

(V) 10m, (@) 1bm, (Â) 20m, (V) 2Smand (a) 30m. Àttdara
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 produetion and disappearance of N0ã at various wat,er

depths of t"239. Samples were obt,ained in September, 1984 and incu-

bated at 15oC with NaÀc and (HHo)zSO¿ added. Symbols are : ( O )

1m, (A)5m, (V)10m, (@)'15m, (A)20n, (v)25mand (a)

30m. À11 data points that are overlapping or placed horizonLally

on the same líne for the same day of sampling are not significantly

different (P = 0'10).
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Fig" 67 " The production and disappearance of NO¡ at various wat,er

depths ol L"239, Samples were obtained in September, .1984 and incu-

bated at 1SoC without any supplements. .Symbo1s are : ( O ) 1m,

(A) 5m, (V) 10m, (A) 15m, (A) 20m, (V) 2Smand (n) 30m.

À11 data points Lhat are overlapping or plaeed horizontally on Lhe

same line for the same day of sampling are not significantly dif-
ferent (B = 0'10)"

200



ztr0

200

160

120

80

tr

tr

IJ
a

z
I

r12
oz
urìt

tr

tr
t
v\v--v-v E

A
 A

t 
-a o

10

0
Y 

-v
o-¿o_¿o AO

20
;-o^v

300 10

Doy s



Fí9, 68. The production and disappearanee of NOã at, various water

depths of t.239. Samples were obtained in September, 1984 and incu-

bated at 15oC with NaÀc added" Symbols are ¡ (O ) .1m, (A ) 5m,

(v)10m,.( E)15m, (A)20m, (Y)25mand (ü) 30m" Àltdara
points that are overlapping or placed horizontalty on the same line

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

0.10)"
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Fí9" 69, The production and disappearance of NOã at various water

depths of. L,239, samples were obtained in september, 1gg4 and incu-

bated at 1SoC with NaAc and (¡¡Ho)zSO¿ added. Symbols are : ( O )

1m, (A)5m, (V)10m, (8).15m, (A)20m, (Y)2bmand (n)
30m" All data points that are overlapping or placed horizontally

on the same line for the same day of sampling are not signíficantly

different (p = 0'1 0) 
"
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Få9" 70" The production and disappearance sf NOã at various waLer

depths of. L,239, samples were obtaíned in october, 1gB4 and incu-

bated at 15oc without any supplements. symbols are : ( o ) '1m,

(a) 5m, (v) 10m, ( @) 15m, ( A) 20m, (V) 25m and ( a ) 30m"

À11 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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Fí9. 71" The production and disaþpearance of NOã at various water

depths of. L.239. Samples were obtained in October, 1984 and incu-

batedat l5oCwithNaÀc added. Symbolsare: (O) 1m, (A) bm,

(v) 10m, (O) 15m, (A) 20m, (V) 25mand (A) 30m. Attdara

points that are overlapping or plaeed horizontally on Lhe same line

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

0.10)"
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Fig. 72" The production and disappearance of NOã at various water

depths of L,239" Samples were obLained in October, 1984 and incu-

bated at 1Soc with NaAc and (NHo)zso¿ added. symbols are ¡ ( O )

. 1m, (A)5m, (V)iOm, (O) 15m, (A)20m, (V)2Smand (n)
30m. À11 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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Fí9" 73n The production and disappearance of NOã at various water

depths of L.239. Samples were obtai'ned in October, 1984 and incu-

bated at 1Soc without any supprernents. symbols are : ( o ) 1m,

( a) 5m, (v) 10m, (@) 15m, ( A) 20m, (v) 25m and ( Ë ) 30m"

All data points that are overlapping or placed horizontally on the

same line for the same day of sampling are noL significantly dif-
ferent (P = 0'10)"
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Fig" 74. The production and disappearanee of N0ã at various water

depths of L,239, Samples were obtained in Oetober, 1984 and incu-

bated at 15nc with NaAc added. Symbols are : (O ) .1m, ( A ) 5m,

(V)10m, (9)'15m, (A)20m, (V)25mand (Ü)30m" ÀI1 data

points that are overlapping or placed horizonLally on the same line

for the same day of sampling are not signifieantly dífferent (p =

0.1CI).
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Få9. 75" The production and disappearance of NOs at various water

depths ot L.239, Samples ¡rere obtained in October, 1984 and incu-

bated at 15oC with NaAc and (nHo)zSOq added. Symbols are : ( O )

1m, (A)5m, (V)10m, ((E)15m, (,À)20m, (V)2Smand (A)

30m. À11 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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Fí9" 75. The production and disappearance of N0ã aL various water

depths of t.3025. Samples were obtained in December, .1983 and incu-

bated at 1SoC without any supplements. Symbols are: ( O ) 1m, ( A )

4m, (V)6m, (O)7m, (A)8m, (V)9mand (n)'10m. Atldata

points that are overlapping or plaeed horizontally on the same line

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

0.10)"
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Fig, 77 " The producLion and disappearance of NOã at various water

depths of t.302S. Samples were obtained in December,'1983 and incu-

bated at .1Soc without any supplements. symbols are : ( O ) 1m,

(A)4rn, (V)Gm, (@)7m, (A)Bm, (V)9mand(ü)10m.
All data points that are overlapping or placed horízontaIly on the

same line for the same day of sampling are not significantry dif-
ferent (P = 0'10).
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Fíg" 78" The production and disappearance of N0ã at various waLer

depths of 1,.3025. Samples were obtained in January, 1984 and incu-

bated at '15oC without any supplements. Symbols are : ( O ) lm,

(A)4m, (V)6m, (e)7m, (A)Bm, (V)9mand(n)10m.

À11 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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Fí9" 79" The productisn and disappearance of N0ã at various wat,er

depths of t.3025. Samples were obtained Ín January, i984 and incu-

bated at 15oC without any supplements. Symbols are : ( O ) .1m,

(a)¿m, (v)6m, ((D )7m, (A)8m, (Y)9mand(ü)10m"

. À11 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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Få9" 80" The production and disappearance of N0ã at, various water

depths of L.3025. Samples were obtained in February, 1984 and incu-

bated at 1Suc without any supplements. symbols ar.e : ( o ) 1m,

(A)4m, (V)6m, (@)im, (A)Bm, (V)9mand(Ë)10m"
À11 data points that are overlapping or placed horizontally on the

same line for the same day of sampling are not signifieantly dif-
ferent (P = 0'10)"
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Fig. 81 " The produetion and disappearance of NOã at various water

depths of L"302S. Samples were obtained in February, 1984 and incu-

bated at -1Soc without any suppJ.emenLs. symbols are : ( o ) 1m,

(A)4m, (V)6m, 1@)7m, (Ä)Bm, (v)9mand(n)10m,
À11 data points that are overlapping or placed horizontally on the

same line for the same day of sampling are not signifieantty dif-
ferent (P = 0'10).
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Fig. 82. The production and disappearance of NOã at various water

depths of L.3025. Samples were obtained in March, 1984 and incu-

bated at 15oc v¡ithout any supplements. symbols are : ( o ) 1m,

(A)4m, (V)6m, (G)7m, (A)Bm, (v)9mand(u)10m.
All daba points that are overlapping or placed horizontally on the

same line for the same day of sampling are not significantry dif-
ferent (P = 0'10)"
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Fig" 83" The production and disappearance of NOã at varíous water

depths of L"3025. Samples were obtained in March, 1984 and incu-

bated at 1Soc without any supplements" symbols are : ( o ) 1m,

(A)4m, (V)6m, (O)7m, (A)Bm, (y)9mand(Ë)10m"
All data points that are overlapping or placed horizontally on the

same line for the same day of sampling are not signifieantly dif-
ferent (P = 0"10)"
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Fí9" 84. Ttre productíon and disappearance df NOi aL various water

depths of t.302s. samples were obtained in Apri1, 1984 and incu-

bated at 1soc without any supplements. symbols are : ( o ) 1m,

(A)¿m, (V)5m, (O)7m, (A)Bm, (Y)9mand(n)10m.
À11 data points that are overlapping or placed i:orizontally on the

same line for the same day of sampling are not significantly dif-
ferent (P = 0'10).
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Fíg" 85" The production and disappearance of N0ã aL various water

depths of L.3025" Samples were obtained in April, 1984 and incu-

bated at 1soC without any supplements. Symbols are ; ( O ) .1m,

(a)4m, (v)6m, (a)7m, (a)8m, (v)9mand(o)10m.

All data points that are overlapping or plaeed horizontally on.the

same line for the same day of sampling are Rot significantly dif-

ferent (P = 0'10).
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Fí9. 86" ?he production and disappearance of N0ã at various water

depths of t.3025. Samples were obtained in May; 1984 and incubated

at '15uC without any supplements. Symbols are \: ( O ) 1m, (A ) 4m,

(V)6m, (O)7m, (A)Bm, (v)9mandinl10m" Attdara
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 NOã at various wat,er

depths of t.3025. Samples were obtained in May, 1984 and incubated

. at 15oC without any supplements. Symbols are : ( O ) .1nr, ( A ) 4m,

(v)6m, (o)7m, (a)Bm, (v)9mand(n)10m. Àttdara

points that are overlapping or placed horizsntally on the same line

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

0.10).
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Fí9" 88" The production and disappearance of N0ã at various water

depths of L.3025. Sample.s were obtained in June, 1984 and incubated

at'15oc wit.hout any supplements. Symbols are : ( O ) 1m, ( A ) 4m,

(v ) 6m, ((þ ) 7m, (A ) 8m, (v ) 9m and (ü ) ',10m. À11 dara

points that are overlapping or placed horizontally on the same 1íne

for the same day of sampling are not signifícantly dífferent (p =

0"10).
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FÍ9" 89" The production and disappearance of NOã at various water

depths of L.3O2S. Samples were obtaíned in June, 1984 and incubated

at l5ocwithNaAcadded, Symbolsare: (O) 1m., (A) 4m, (V)
6m, (9)"1m, (A)Bm, (V) gmand (n)10m" Altdarapoinrs
that are overlapping or placed horizontally on t,he same line for

the same day of sampling are not significantly differenL (p =

0.10)"
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Fig" 90, The production and disappearance of NOã at various water

depths of L"3025. Samples were obtained in.Tune,'1984 and incubated

at 15oc with Naec and (Huo)zsoq added. symbols are : ( o ) 1m,

(A)4m, (V)6m, (O)7m, (A)Bm, (V)9mand(n)10m,
All data points that are overlapping or placed horizontally on tire

same line for the same day of sampling are not significantly dif-
ferent (P = 0'10)"
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Fig" 91. TÌ:e production and disappearance of N0¡ at various waLer

depths of L.3025. Samples were obtained in June, 1984 and incubated

at l5oCwithoutanysupplements. Symbolsare: (O) 1m, (A) 4m,

(V)6m, (A)7m, (A)Bm, (v)9mand(u)10m. Alldata

points tha! 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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Fí9" 92" The production and disappearance of N0ã at various lyater

depths of L.3025. Samples were obtained in June, 1984 and incubated

at 15oC with NaÀc added. Symbols are : (O ) 1m, (A ) 4m, ( V )

6m, (ø ) 7m, (A ) 8m, (Y ) 9m and ( Ë ) '10m. AtI data points

that are overlapping or placed horizontally on the same line for

the same day of sampling are nob significantry differenÈ (p =

0,10)"
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Fí9" 93. The production and disappearance of NOã at various wat.er

depths of L.3025. Sarnples were obtained in June, 1984 and incubated

at 1soC with NaÀc and (HHo)zSO¿ added. Symbols are : ( O ) lm,

(A)4m, (V)6m, (6)7m, (A)Bm, (V)9mand(il)10m.

À11 data points that are overlapping or placed horizontally on the

same line for the same day of sampiing are not signifieanLly dif-
ferent (p = 0'10)"
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Fíg" 940 The production and disappearance of N0ã at various water

depbhs of t.3025. Samptes were obtained in July,'1984 and ineubated

at 15oC without any supplements. Symbols are : ( O )'1m, ( A ) 4m,

(V)6m, (C)7m, (A)Bm, (Y)9mand(Ë)10m" À11data

points Lhat 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" 95" The produclion and disappearanee of NOã at various wat,er

depths of L.3025. Samples were obtained in July, 1984 and incubated

at l5oCwithNaAcadded" Symbolsare: (O) 1m, (A) 4m, (V)
6m, (A) 7m, (A) 8m, (Y) gmand (n) 10m" ÀItdarapoinrs
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" 96" The production and disappearance of N0ã at various water

depths of L"3025" Samples were obtained in July, 1984 and incubated

at. 15oC with NaAc and (HHo ) zSO¡ added' Symbols are : ( O ) '1m,

(A)¿m, (V)6m, (O)7m, (^)Bm, (Y)9mand(n)10m"

All data points that are overlapping or plaeed horizontally on the

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

ferent (p = 0'10)"
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Fig" 97, The produetion and disappearance of NOs at vãrious water

depths of L.3025. Samples were obtained in July, 1984 and incubaLed

at lSoCwiLhoutanysupplements. Symbolsare: (O) lm, (A) 4m,

(V)6m, (@)7m, (A)8m, (V)9mand(Ü)10m. Alldata

points that are overlapping or placed horizontally on the same line

for the same day of samplíng are not sígnificantly different (p =

0.10)"
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Få9" 98. The production and disappearance of NOs at various water

depths of t.3025. Samples were obtained in JuIy, .1984 and incubated

at 15oC with NaÀc added. Symbols are : (O ) '1m, (A ) 4m, (V )

6m, (O) 7m, (^) 8n, (V) gmand (n) 10m. Altdarapoinrs
that are overLapping or placed horizontally on the same line for

the same day of sampling are not signifieantly different (p =

0.10).
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Fig" 99" The production and disappearance of NOã at various water

depths of t.3025. Samples were obtained in JuIy, 1984 and incubated

at 15oc with NaÀc and (tqHo ) zsoq added. symbols are : ( o ) 1m,
\(A)4m, (V)6m, (e)7m, (A)Bm, (V)9mand('ü)10m.

À11 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 product.ion and disappearance of NOã at various water

depths of t.3025. Samples were obtained in Àugust, 1984 and incu-

bated at lSoC without any supplements. Symbols are : ( O ) 1m,

(A)¿m, (V)6m, (C)7m, (A)Bm, (V)9mand(n)10m"

All data points that are overlapping or placed horizont.ally on the

same line for the same day of sampling are not significantly dif-
ferent (P = 0'10)"
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Fí9. 101 " The production and disappearance of N0ã at various water

depths of t.3025" Samples were obtained in August, 1984 and incu-

bated at .15oC with NaAc added. Symbols are ; (O ) 1m, (A ) 4m,

(v)6m, (@)7m, (a)8m, (v)9mand(n)10m. Àtldara

poinbs that are overlapping or placed horizontally on the same line

for the same day of samplíng are not significant.ly different (p =

0,10)"
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Fig. 1A2. The productíon and disappearanee of N0ã at various water

depths of l,.3025" Samples were obtained in Àugust, 1984 and ineu-

bated at 1SoC with NaAc and (l,tHo)zSOq. Symbols are : ( O ) lm,

(A)4m, (V)6m, (C)7m, (A)8m, (V)9mand(n)10m.

À1I data points that are overlapping or placed horizontally on the

same line for the same day of sampling are noL significantly dif-

ferent (p = 0'10).
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Fí9" 103" The production and disappearance of N0ã at various water

depths of L.3025" Samples were obtained in Àugust, 1984 and incu-

bated at 1SoC without any supplements. Symbols are : ( O ) 1m,

(a)4m, (v)6m, (O)Tm, (A)Bm, (v)9mand(ñ)10m"

All data points that are overlapping or placed horizontally on the

same line for the same day of samplíng are not significantly dif-
ferent (P = 0'10).
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Fig" 104" The production and disappearance of NOã at various water

depths of t.3025. Samples were obtained in Àugust, 1984 and incu-

bated at i5oC with NaÀc added, Symbols are : (O ) .1m, ( A ) ¿m,

( V ) 6m, ( @ ) 7m, ( A ) 8m, ( V ) 9m and ( Ë )'10m. Att dara

points that are overlapping or plaeed horizontally on the same Iine

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

0.10)"
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Fí9" 105" The production and disappearance of NO3 at various water

depths of L.3025. Samples were obLained in Àugust, 1984 and incu-

bated at 15oC with NaÀc and (HH*)zSO¿ added. Symbols are : ( O )

'1m, (A) 4m, (V) 6m, ( e) 7m, (A) Bm, (V) 9m and ( ü ) 10m"

À11 data points that are overlapping or placed horizontally on the

same Line for the same day of sampling are not signifieantly dif-
ferent (P = 0'10)"
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Fig" 106" The production and disappearanee of NOã at various water

depths of t.302s, samples were obtained in september, 1984 and

incubated at 15oc þrithout any supplements. symbors are ; ( O ) 1m,
\

(A)¿m, (V)6m, (O)7n, (Â)Bm, (V)9mand(u).10m"

À11 dala 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. 107. The production and disappearance of NO2 at various water

depths of L.302s. samples were obtained in september, '19g4 and

incubated at 15oC with NaÀc added. Symbols are : ( O ) 1m, ( A )

4m, (V)6m, (@)im, (A)Bm, (V)9mand (ü)10m. ÀIt dara

points that are overlapping or placed horizontally on Lhe same line

for the same day of sampling are not significantJ.y different (p =

0,10)"
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Fig" 108. The production and disappearance of N0ã at various wat,er

depths of t.3025. Samples vrere obtained in September, 1984 and

incubated at 1SoC with NaÀc and (HHo)zSO+ added. Symbols are :

(O)1m, (A)4m, (V)6m, (@)7m, (A)Bm, (Y)9mand

( Ë ) 10m. À11 data points that are overlapping or placed horizon-

tally on the same line for the same day of sampling are not signif-

icantly di f f erent (p = 0' '1 0 ) 
"
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Få9" 109. The production and disappearanee of NO3 at various water

depths of L.3025. Samples were obtained in September, 1984 and

incubated at .15oC without any supplements. Symbols are : ( O ) 1m,

(A)4m, (V)6m, (@)7m, (A)Bm, (v)9mand(n)10m"

À11 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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Fíg. 110" The production and disappearance of N0ã at various water

depths of L.3025. Samples v¡ere obtained in September, .1984 and

incubated at 15oC with NaÀc added" Symbols are ; ( O ) '1m, (A )

4m, (V)6m, (O)7m, (A)Bm, (Y)9mand (O)'10m" Alldata

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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Fí9" 111. The production and disappearance of NOã at various water

depths of t.302s. samples were obtained in september, 1984 and

incubated at 15oc rvith NaAc and (HHo)zso¿ added. symbols are ¡

(o)1m, (a)4m, (v)6m, (@)7m, (A)8m, (v)9mand
( Ë ) 10m" AlI data points t.hat are overlapping or placed horizon-

tally on the same line for the same day of sampring are not signif-
icantly different (p = 0'10).
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Fig. 112" The producLion and disappearance of NO2 at various water

depths of L.3025. Samples were obtained in October, 1984 and incu-

bated at 1soc wiLhout any supplements" Symbols are : ( O ) 1m,

(A)4m, (V)6m, (C)7m, (A)Bm, (v)9mand(ü)10m"

À11 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 ¡ind disappearanee of NO2 at varíous waler

depths of L"3025. Samples were obtained in October, 1984 and incu-

bated at15oC with NaÀc added. Symbols are : ( O )1m, ( A ) 4m,

(V)6m, (O)7m, (A)Bm, (V)9mand(n)10m. ÀItdara

points that are overlapping or placed horizontally on the same line

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

0.10).
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Fig. 114. The production and disappearance of NOã at various wat,er

depths of L.3025, Samples were obtained in 0ctober, 1984 and incu-

bated at 1SoC with NaÀc and (¡¡Ho)zSO¿ added. Symbols are : ( O )

1m, (A ) 4m, ( V) 6m, (&) 7m, ( A) Bm, (Y) 9m and ( il ) .10m.

À11 data points that are overlapping or placed horizsntalty on the

same line for the same day of sampling are not signifieantry dif-
ferent (P = 0'10)"
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Fig. 115" The production and disappearance of N0ã at various water

depths of L.3025. Samples were obtained in October, 1984 and incu-

bated at 15oC without any \\\ supplements. Symbols are : ( O ) 1m,

(A)4m, (V)6m, (O)'7m, (Å)Bm, (V)9mand(n)10m.

À11 data points that are overlapping or placed horizontally on the

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

ferent (P = 0'1 0) .
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E'ig" 116" The production and disappearance of N0ã at various water

depths of L.3025. Samples were obtained in 0ctober, 1984 and incu-

batedat l5oCwithNaÀc added. Symbolsare: (O)'1m, (A)4m,
(V)6m, (C)7m, (A)Bm, (Y)9mand(u)10m. Alldata

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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Fí9. 117 " The production and disappearance of NO3 at various wat,er

depths of L"3025. Samples were obtained in OcLober, 1984 and incu-

bated at .1SoC wilh NaAc and (NH¿)2SOa added. Symbols are : ( O )

1m, (A) 4m, (V) 6m, ( G) 7m, (A) 8m, (V) 9m and ( ü ) "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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Fí9" 118. The increments of pH during heterotrophic nitrification at

various water depths of. L.239, Samples were incubated at 15oC with-

out anysupplements. Symbolsare: (C) December, (A) January,

(v)February, (E)r'larch, (S)Aprit, (e )uay, (O)June,
(A) JuIy, (V) August, (ü) septemberand tÔl october. Àtl

overlapping data points are not significantly different (p = 0.10)"
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Fig' 119" The inerements of pH during heteroLrophic nitrification at

various water depths of L.239. Samples were incubated at .lboC wit.h

NaÀcadded. Symbolsare: (O) June, (A) JuIy, (V) August,

( tl ) September and ( Ô ) october" Àll overlapping data points are

not significantiy different (p = 0.1 0) 
"

304



0

^
EVOO

\

5 AtrWO

10 AOvOtr

oo V tr

20 O Qvs

25 A

30

V

o on V

0.4 0.8

Mt

A

\
A

51

5
-c
o-
ao

=

¡-
(u

ó

Cno

A

0 1.2 1.6

pH Units



Fig. 12A, The inerements of pH during heterotrophic nitrification at

various water depths of L.239. Samples were incubated at 15uC with

NaÀc and (¡¡Ho)zSO¡ added. Symbolsare: (O) June, (A) JuIy,

(V) Àugust, (ñ ) September and (Õ) October" All overlapping

data points are not significantly different (p = 0'10).
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Fig" 121. The increments of pH during heterotrophic nilrification at

various water depths of t.3025" Samples v¡ere incubated at j 5oC

without any supplements. symbols are : ( 6 ) December, ( a ) Janu-

äFy, ( V ) February, ( n ) March, ( $ ) Aprir, ( O ) ¡,tay, ( O )

June, (a) July, (v) Àugust, (n) septemberand tôl october.

À11 overlapping data points are not signifieantly different (p =

0.10).
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Fig. 122. The inerement,s of pH during heterotrophie nitrification ab

various water depths of t.3025. Samples were incubated at 15oC with

NaAcadded. Symbolsare: (O) June, (4.) tuty, (V) August,

( ü ) september and t Ô I october" Àrl overlapping data points are

not significantly different (p = 0. 10) .
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Fig. 123. The increments of pH during heterotrophic nitrification aL

various water depths of L.3025. Samples were incubated at'15oC with

NaÀc and (¡lHo)zSO¡ added" Symbols are: (0) June, (A) JuIy,

( V ) August, .( tl ) September and ( O ) October" ÀlI overlapping

data points are not significantly different (p = 0'10) 
"
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Fig. 124, The production and disappearance of NO!, NOã and NHä (e) and

the effects of NHä (S) and allylthiourea (C) on NO3 production at

30 m of L,239. Samples were obtained in March, 1984 and incubated

at 15oC. Symbols in (n) are ¡ (O ) rqo¡, (V ) Hoz and ( A ) NHi.

Symbols in (n) are : ( O ) Control and ( tl ) NHi added" Symbols in

(c) are ¡ (O) controland (n) allyrthioureaadded. Barsrepre-

senL standard deviation of duplicate samples"
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Fig" 125, The production and disappearance of NOã, NOä and NHI (¡) and

the effects of NHi (S) and allylthiourea (C) on NOã produetion at

9 m of L.3025. Samples v¡ere obtained in March, 1984 and incubated

at 15oC. Symbols ín (e) are: (O)¡loã, (V)Hoãand (A)wHå"

Symbotrs in (s) are: (O) Control and (A) NHi added" Symbols ín

(e) are ¡ (O) Controland (ü) allylthioureaadded" Barsrepre-

sent standard deviation of duplicate samples.
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Fig" 126" The in s:!:L! concent,rations of dissolved NzO ( O )

vilro rates of N20 production ( (þ ) at various water

L,239 in March, 1984,

and the in

depths of

3'18
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Fí9. 127. The i¡ situ concentrations of dissolved NzO ( O )

vitro rates of N20 production ( ø ) at various water

t.3025 in March, 1984.

and the i¡
depths of
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FÍ9" 128. Electron micrograph of the heterotrophic nitrifying isolate,

Pseudomonas. fluqresçert9. (59,568X magnif ication) 
"
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DISCUSSION

The qualitative and quantitaLive ecological significance of hetero-

trophíc nitrification in freshwater lacustrine ecosysterns vras demon-

strated by the present study. The ecological importance of heterotrophie

nitrifícation has not previously been recognized, reported or validated"

Focht and Verstraete (1977 ) suggested that this mode of microbiat acti-
vity may possibly be environmentally significant in only two types of

extreme ecologieal 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 aJ.kaIine, nitrogen-rich aquatic ecosystems has been

reported in literature" Verstraete and Alexander (973) reported that

some water samples from rivers, lakes and sewage produced NH2oH¡

1-nitrosoethanol, NOl and NOã only when the samples were amended with

acetate and (H¡lo)zS0¿, incubated on a rotary shaker and adjusted to neu-

tral or alkaline pH. They attributed the production of Nor, Noã, etc.,

in the water samples to heterotrophic nítrification. They also noticed

the increase in pH during the nitrification process and in the case of a

sevrage sample, the pH rose from 7.4 to 9.0.

0n Lhe other hand, Lhe present study used several direct and indirect

tests to confirm lhe occurrence of heterotrophic nitrification in both

L"23g and L.302S. Indirect evidence comprised (a) the lack of stimula-
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tion of N0ã and N03 production following the addition of (HHo)zSOa. In

faet the production was sometimes depressed by the presence of added

NHi. These findings are in agreemenl with the observations of Schimel e!

al, (198a); (b) the addition of NaÀc to give a final C:N ratio of 3:1

sLimulated the production of NOã; similar phenomena have been observed

with pure cultures of heterotrophic nitrifiers and in soil and water

samples (verstraete, 1975; verslraete and Alexander, 1972ai 1973)i

(c) the production of alkalinity during NO2 and NO3 produclion; similar

results have been reported by Castignetti and Gunner (1981) and Ver-

straete and Àlexander (1973) ¡ (d) the disappearance of the produced NOã

without the concomitant increase in NOã concentrations under aerobic

conditions. Castignetti and Gunner ( 1 981 ) also noticed the rapid assi-

milation of the produced NO2 by Àlcaliqenes sp. under acidic conditions

but were unable to explain the observations; and (e) the disappearance

of N0ã without the concomitant increase in NHÍ concentrations under

aerobic and NHI-nonlimiting conditions. Direct evidence comprised

(a) ttre lack of inhibition of NOã and NO3 production in the presence of

autotrophic nitrification inhibiLors, allylthiourea. Similar observa-

tions have previously been reported (Focht and verstraete , 1977; Hynes

and Knowles, 1983; Schimel e! al. , 1984¡ Verstraete, 1975); (b) tire
absence of culturable autotrophic nitrifying bacteria in the lake waLer

samples. Many workers studying heterotrophic nitrificalion in acid soils

had similar observations (Ayanaba and omayuili, 197s¡ Focht and ver-

straete, 1977; Ishaque and cornfield, 1974i 1976¡ Lemee, j976; overreín

1971); (c) tt¡e presence of a large number of heterotrophic nitrifying
bacteria in the samples Lhat were able to grow on autotrophic nitrifying
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media and also at low pH and low temperatures, and (d) thelsN

techniques used in the present study indicated that the N atoms

and N0ã produced ín the lake water samples were not derived from

Sehimel et a1" (1984) reported similar findings for heterotrophic

fieation in acid forest soils.

t race r

in N0ã

NHå-N 
"

nitri-

Àlthough the additions of NaAc or NaAc plus NHI stimu]ated NOz pro-

duetion in Lhe present study, NOã and NO3 were also produced in some

samples without any amendments, The experimental designs would criti-
cally influence the subsequent interpretations and extrapolations of the

results obtained" Verstraete and Àlexander (973) added abnormally high

concentrations of C and N source to their samples and yet only some of

their samples did produee N0ã and NOã. Subsequently, they concluded that

heterotrophic nitrification would only be of ecological signifícance in

ecosystems having such high levels of c and N loadings. In addition,

none of Lheir experiments included any autotrophic nitrification inhib-

itor as a control. The presenL study, however, appears to be more repre-

sentaLive of natural lake conditions. Every treatment used in the pres-

ent study included a eontrol with an autotrophic nitrification inhibitor

added so that any portion of N0ã and N0ã produced by autotrophic nitri-
fying bacteria can be estimated" In addition, the incubation Lempera-

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

Iakes studied, This was possible because of the availability of the

physical, chemiea] and biological records before, during and after the

perturbations of the two lakes. The results presented here could possi-

bly'be applied bo other precambrian Shield lakes in Canada.
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The accumulation of N02 in lakes and oeeans is quite unusual (Painter,

1970)" Few studies reported the accumulation of NOã at particular depths

of some waters (Karl et al., 1984; McCarthy et al,, 1984; White et al",

1977) " This phenomenon is usually attribuled to: (a) higher rates of

NH3 oxidation to N0ã than the rates of N0ã oxidation to NO¡; (b) the

laek of autotrophic NO2 oxidizers; and (c) redueed oxygen Lensions

aLlowing NH3 oxidizers but not N0ã oxidizers to nitrify. However, the

accumulations of N0ã in the two lakes studied during the ice-cover peri-

ods cannot be explained with the facts mentioned above. Since the nitri-
fieation 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 i¡ vtijL¡p and in s_itu results

obtained from the present study. It appeared that the i¡ situ acid pH

and low temperature did not inhibit the production of N0i. Previous

studies on pure cultures of heterotrophic nitrifiers and heterotrophic

nitrification in aeid soils showed that NOz and other nitro compounds

were the main products of helerotrophic nitrification (Castignetti and

Hollocher, 1982; Gode and Overbeck, 1972; Gowda et al., 1977; Hirsch e.L

ê1., 1961i Jensen, 195i; Malashenko et al., 1980; Odu and Àdeoye,1970¡

Tate, 1977)

The rapid disappearance of N0ã and N0ã under aerobic and NHI-non-

limiting conditions suggested that in some samples the rates of NO2 and

N0l disappearance were probably much greater than their rates of produc-

tion resulting in small amount or no NOã and NOã accumulated. Conseq-

uenLly, Lhe occurrence of heLerotrophic nitrification cannot, be esti-

máted solely by the amount of NOi and NOã produced. The fact that the pH
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of t.hese samples did increase suggested that heterotrophic nitritication
had occurred, Cast ignett i and Gunner ( 1 98 1 ) reported the product ion of

N0ã by Àlcaliqe¡€E sp" under both alkaline and acidic conditions and

lhat the produeed N0ã was rapidly assimilaLed under acidíc conditions.

However, they díd not offer any explanabions" The mechanisms involved

are still not understosd. Axler et al. (1982) used 15N and 13N tracer

techniques to study nilrogen assimilation in a subalpine lake and con-

eluded that NHi was the preferred N-substrate for assimilation even when

NHI concentrations were' far lower than the concentrations of NOz and NO3

present 
"

The present study indicated that heterotrophic nitrification v¡as

responsible for the production of N0ã and NO! in the two lakes studied

and that it occurred Lhroughout the water colunns of both lakes during

the ice-cover periods. Focht and Verstraete (977) compared the rates of

heterotrophic and autotrophic nitrificatioir by pure cultures that were

available in literat.ure and concluded that heterotrophic nitrification
would be insignificant because their rat,es were 103 to 104 times lower

than those of autotrophic nitrifiers. In L.239, highest rafes of NOã

accumulation were noted in Àugust at 25-m depth, whereas in L.302s it
occurred in January at the 7-m depth. The highest rates of NOI accumufa-

tions of boLh lakes occurred in March, 1984 being 19'2 and 128'75 ug

NOã-N'I- 1 .d- 1 at the 30-m depth of t.239 and 9-m depth of t"302S,

respectively. These rates were much higher than the autotrophic nitrifi-
cation rates reported in the Iiterature. Vincent and Downes (1981)

found that the oligotrophic Lake Taupo in New Zealand had autotrophie

nítrifieation rabes of 0'50-4'03 ug Noã-N.L-1'd-r. in Lake vanda, Ànt-
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aret iea, t,hese rates were 0 . 08-1 . 95 ug NO¡-N'L- 1 'd- 1 (vincent eL al. n

1981). The rat,es in the mesotrophic Lake Grasmere, England, î¡rere in the

range of 5'49-6.86 u9 NOã-N'Ë-1.d-1 (HalL and Jeffries, 1984). Lean and

Knowles (1982) reported that the auLotrophic nitrifieation rate under

the ice-cover periods in the eutrophíc Lake St" George, OnLario, rvas

1 0 ug N0ã-N'L- 1 'd- 1 " They also noted that nitri f ication oecurred

throughout the water column of the lake during the ice-cover periods.

However, the autotrophic nitrification rate reported for Lake St. George

sometines did not fu1ly aeeount for the total NO3 production (R. Knowles,

personal communication). Methylotrophic bacteria are also considered as

heterotrophic nitrifiers because of their ability to nitrify NH3 (Hutton

and ZoBell, 1953i 0'Nei11 and liilkinson, 1977; Malashenko et aI", 1980).

However, the involvement of these bacteria in the heterotrophic nitrifi-
cation process of the two lakes studied are unlikely since methylotro-

phic bacteria nitrify NH3 but not organic nitrogen and ttreir 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 C02, the presence of some

unknown organic carbon compounds in the media. This rlas probable sinee

a trace amount of arganic carbon could be present as contaminants in the

water, chemÍca1s or the agar used (Harrison, 1984), On the other hand,

the number of heterotrophic nitrifiers estimated for each seleeted water

depth did not correlate to their nitrifying aclivities sinee Lhe amounts

of NOã and NOã produced were not proportional to the population size"

Indeed, Verstraet,e (975) pointed out thaL the heteiotrophic nitrÍfica-
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tion activity was mos! often not associated witi: ceIl growth nor propor-

tional to the overall cellular biomass.

The production of N20 during heteroLrophic nitrifieation was coR-

firmed by. the present study" The rates of NzO production appeared to be

eorrelated with the heterotrophic nitrification activities" The produc-

tion of N0 (verstraete, 1981) and Nz0 (ropp and Knowles, lg}z) during

heterotrophic nitrification by methylotrophs has previously been repor-

ted. The accumulation of high concentrations of NzO in Lhe surface

water of the two lakes was probably the result of two factors: (a) tire
waters were under the ice cover thus preventing any dissolved NzO in the

surface water from escaping to the atmosphere, and (b) high N20 produc-

tion rates in the surface waters were probably in part due to the pres-

ence of ai.gae (DeBruyn et al., 1984) actively producing N2O. It has been

demonstrated that some green algae were capable of nitrification (nes-

sler and Oesterheld, 1970; spiller e! al., 1976) and that the produced

N02 was converted to N20 by most of the green algae commonly found in

aquatic ecosystems (tleathers, 1984).

The production of alkalinity via heteroLrophic 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 Gunner, '1981; verstraete and Àlexander, 1973)

and have important implicalions regarding the lake acidification pro-

eess" The addition of a metabolizable carbon source, whieh is also

essential for denitrificatíon and sulfate reduction to occur, stímulated

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

ELÀ (ttetty et al., 1982), In contrast, the present study clearly indi-

cated that heterotrophic nitrification was the sole source of N0ã and

NO3 production in the two lakes at ELÀ and that the process would possi-

bly provide alkalinity against lake acidification. The advantage of hav-

ing heterotrophic nitrification would be two fold. FirstJ"y, it is an

aerobic process that provides alkalinity in oxygenated waters and sedi-

ments, i.e. not being restricted to the anoxic sediments. Second1y, most

of the heterotrophic nitrifying bacteria have also been found to be

active denitrifying bacteria under anaerobic conditions (Castignetti and

Hollocher, 1981; 1984). conversery, the NOz and NOI 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, denitritication, is 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 N0ã such as N0ã, NHzOH, 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

naLural waters, the presence of these compounds in the natural environ-
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ments' even at a coneentration of 1 uM, could be hazardous to human and

anímals" However, it appears that the environmental conditions dictate

the types and the quantíties of end products to aecumulate in nature"

ClearIy, more studies on the meehanisms of heterotrophic nitrification
are needed"
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