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INTERANNUAL VARIATIONS IN NITRlFICA TION IN A
HYPERBUTROPHIC URBAN LAKE: OCCURRENCES AND

IMPLICATIONS
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AMrad-Tbc irrquJIr oa:1IrrCI;ce or bi&h rato of oitrilk-atiOD (nitribtion ~"CI1ts) in t~ UJJpcl
-tera of . "itr~ polluted urban lake. Ononda,. Lake, NY, dllrinl the fall nIWDI period is
docIJIneDred. The aaa1)'li8 is lUprorted by eiabt yeaR (1988-199S) of mmsumncnlS of total ammonia
(T-1I.'H]) aod oxidiDd forms ol N (NO~) in the lake aDd " id-. 8IId diuot~ OXYICD (DO) and
taDpcratUR pooiJcs. A tated syee-=-~ - ~ modcI for N i$ u3Od to atimaec Ditribnoo
r8Ics for IbeK ,ca aDd . ~fic 00 modd iI appfied to cieIr.ODstrate die im~ of .
nitrification event on \!Ie laC', oxyacn ~rus for 8 Ii. year. Rab of nitrification for diKcrmt
yean ran.,.s from - aro tIJrOIIIiIout the ran mixiq iDtcrY8l (19M) to an averap: of about 0.]8 d-1
r« ~ moDth (]9'lS). The aiarifil8tior. eyen" w- -;or inaer-1I8l --bona o~cd i1I tile ~
of T-NH] aDd NO~ iR tt.1ake', \Ippc! ~ i8 faB. - arc ~J ~bic fcw ~ ~
seWIe au.wkIe dep~ of DO Dt..wd in cuWD yQIS ~ tbi8 i1IIervaL Nitrificatlc-. - I1K
dominant ~ pnlCeli for T-NK.- &ad IODII:C for NO.. in ~ dlat the evmts CICCUrred. Thc
ex~tiol en-cc:t of tbe -- ~ tbe oxypn ~ of die 1ab ~ to be ;Ia_odatAXl iD
mated nGICXfi8tjoo dfor1a. ~ ~ E*'Via' ScIaM=c Ltd. AI riIhIS .-n.cI
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Nitrifymg *teria have relatively long poeration
times (Cuoper, 1984). The: firsl stale is us\laJJy the
rate limiting Itep (Klapwijk and Sl1odl1"1t$S, 1982).
Nitrite (NO:;) is coosidcrcd to be labile ud is pI'C'"
sent in low ~uatioDl in most IYIfemS (Wetzd.
1983). Nitrification ba, b=n rq)Ortcd to be inftu-
enccd by a numbcc of ambient collditions including:
acmp«atUft (T), pH. alinity. diaoI~ oxygco
(DO). ~W, NH]. ~ded -",lid-. aDd light
(Berol1nsky and Nixon. 1990: SbamIA and Ahlcrt.
1977).

The &adi,,~ of a Dumber of ~ scico~ in-
v~ptions &U~ the position that nitrification is
USUAny loca1Lad at scdimcnt ,urf~ (for example,
Cavan. 1977; Cooper, 1984: Cirello et al., 1979:
CurtiI et aL, 1975: H&I1, 1986). Nitrificr dcnsilics
have bcco shown to be 8e"CrMI ordcn-uf-moagnitude
greater in surf~ ~imcnta dIaD in owrlying water
columns (Cu~ et Q/., 1975; Hall, 1986: Pauer.
1996). Rales of Dilrificalioo in deep ri~ aDd
lakes, where the ratio of the IedimCDt-watcr iu.&er-
face to the overlying volume is relati~ly low. have

J been obIervod to be small compared to rates in

- shallow turbuJeot streIIm8 (Bowie et Q/.. I98S:
~pra, 1997; Cirello el Q/.. 1919; PaUCT. 1996).
Dcspitc tbcse oblervatiol1l, nitrification has most
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The oxidation of ammonia to nitrate (NOjl hy tht
microbially-mediated pmceu of nitrification is a
major peth_y in tbe ovcraU Ditropn cycle of
fI1:Shwater SY$teDI' (Curtis et aI.. 1915: Harris. 1986;
Sprent. 1987: Wc\:l:cl. 1983). Tho pr~ has im-
portant water quality impliCAt.ions in systenlJ.
mricbed with aImnoniB. beca~: (1) this ~titu-
alt is a key plant nutrient (Harm. 1986; WdUI.
1983); (2) un-i~ ammonia (NH,) is tux.ic to
fish at rather low CODccntrations (USEPA. 1985.
1998); and (3) sub~ritia1 oxYFD demand an be
cxcned throuP nitrification (Bowie el aI- 1985;
Chapra, 1997; ThomaDD aDd MueIl«. 1987).
Njtrification is a two Slep prooesl carried out by
aerobic autotropbjc bacteria; ~ cntimy by
sp«ies of Nit~lIQ$ (ftrst ItaF) aDd Nftrobacler

(~d stage).

. NH;+ I.SOz-NO; +B70+m+ (1)

(2]NO;' + ia::-'l«Y;
~
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of\a1 ~ repracnted in meclIani8tic models M a
fint-oroer ~ column pr~ (for axampIe.
Bowie ~I oJ., 1985; Brown and Barnwell. 1985;
01101"0 and CODDOUy. 1980: McCutcheon. 1987:
bu IIDd Abumnsbli. 1995: Thomann aDd MudJer.
1987).

y~ - -k:~ x ~) x Y (3)
dt

where Y is the volmne (mi, rNH;] is tbe conccn-
tration of NH; (SIn-'). t is time (d), and iN is a
ftrst-order decay coeffidetrt (d-l) for nitrification.

Nitrific:ation farm ba~ been reported for a lim-
ited number of freshwater systems; most havc been
for strealns and riven (Bowie ., ul.. 1985). Tbaie
rates ha~ htcR estimatai in a variety of ~ys.
based on: (1) laboratory incubations of \\lIter and!
or sediment Iamp~; (2) in situ incubations; (3)
analysis of paired distributions of measUlUneI1tS or
ammollia [total (T-NH.t); sum or NH: plus NH,]
and NO;; and (4) modcl calibmtion procedures.
Incubations apparently orten suffez (rom ~COD-
tainer" effects that ~t in false high csumates (cf
rauer. 1996). The other DOD-ntanipulative tech-
niques rely cm the prop:r interpretation of CODSpic-
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. volume of l31 x 111" mJ. and a maximum deptll
or 19.5 m (Fis:. I). Pn~limno\Qgical anal~
(Ro~'ell, t 996) eatablished chc lakc WaR oligo-meso-
uopbjc before European ~t in Ihc late
11005. Ooondap Late ,upported a cold-u'at~r fish-
ery until the late 18005 (rang" and Ringler- ICJ96).
Thc late warenbr4 (642 km:!) presently includes a
population of -4~,OOO. -rreated aomesOc wute
fr()m the Mcrropolilan Syracuse W3Io'tewa\er
TlCatment Planr (METRO; Fi8. I; average 60w of
3.S m) a-I, preRntly contributes nearly 20". or ~he
annual inflow; MJ-:rRO uflen reprcseots the single
largest source of water durina thc low now intervul
of]ate aummer (EtBer ~I at.. i996). Onondaga Lakc
ftush" rapidly; the aVcntF for lhe 1971-19&9 inter-
val was 3.7 6.ulhc! y-1 (EflIcr. 1996).

METRO is the dominant sowu of pbuspborus
(P) and N 10 the lake. p~lly ~rcsenting 61'1. QO
and SO8/. of the tata1 annual c~l.emal I..,.d., of h>taJ
P (7P). T-NH). and tot2.i N (TN). ~pcctive1y
(EfBcr el aI., 1996). The ~iJiDg ~I aanual
loads or TP (8 I m-~ y-l) aDd 7111 (200 g tn-:! y-l)
(Eflicr el aI., 1996) arc among the bigbe$t 'CI"1'1£d
in the literature (fur ~amplc, Bn:7A.>nik. 19~
Stauffer, 1985). Significanr n:trifl£auon is Clc.:hjcvtd
within METRO during thc warmer 5Un\I*r
months. thar cBUSCS ~sonal lbifts in tIle conlri-
butions of T-NH, and No;- to the faility', N !4~d.
Substantial iulcrannuaJ ditrcrelK:C! bIIv~ t-=en
observed in Lhc CAtcnl of niLritiC8.tion achieved at
MBTRO (Effler et oj.. 1996).

Onondaga Lak~ bas a dimM:1ic str".tufu:atio.m
rcgimc. SprinI tumovcr cxtcnd, from ice-out (for
example. early March) usuaDy :brougli.'April. Peak.
density "ratification is CStabiisbed by late luly to
~arly Aug".JSt- The sum~ thcmt.x:1inc: dcpth It~'-
age about 8.S m (FJDcr, 1990). Dccpening of the
epilimnion usnally CC)lnm~ in mid- to late
August (tltar is. onset of fall mixiDg). aod PflJ'.:ecd.o;
at an ir~lar rate. in response to thc dcrailoo lime
5truct,ure "r mcu:orologically dri~"Co kineric energy
inpu.. (~'cns and Eff\er. t9~9. 1996). DDril rhe
onset of complete (faD) turnover in mid- 10 late
(ktober (EIDer and Owens. 19-)6..

~rring manifes\auoos of the prccnt bypcrat-
rropbic state of OnC)nda~ Lake iDclude: high con-
centrations of forms of P (c.:Onno[S el DJ., 1996; and
N (Brooks aDd EOIer. 1990.L hip ~trsriODll)(
phytoplankton (Emer el al., 1996). limjted light
pcnettation {Perkins and Eillcr. I9tJ6). rapid loss of
DO from the hypolimDion (E5:r e' at- t 996). ~ub-
seqCClit hypolimnclic ~umulaUOD I)( ~uced by-
pr(>ducts of aDAerobic metabolism (T-NH}, H2S.
and CH.>. and late--wide oxy~ deplerion during
the faU mixing period associalcd wilh lhe oxidati()n
of these by-products (Addcss and Eftkr, 1996: Effler
et aJ.. 1988). A larp: fraction of the fish population
of the lake exjts lo thc riVa' during the period of
dcprcs3Cd DO in fall (Tango aod Ringler. 1996),

Concentrations of various fomu of N are high io

Onondap l.ake beca~ or the inputs from
METRO (Canale eol Ill.. 1996). Further. conspicuous
tcmporal and vertical pattcrns have been imparted
to tM N pools or the lake that otTer a rare opponu-
nity UI idcnri~. ma.ooacterizc and quantify ~tin@
prCICU~ Pattem.~ re-.;ewed in this -=tion focul on
me dynalcics of the sprioa to late ~ intervaL
that establish conditions at tbc onsct of tbe faD
mixing period. Cc:'tain of the temporal feat1tres of
d1C f'I&Uems have strong intcrptay with the
dynamics of the suatification ~ and the timing
of the onset of anoxia within the hypolimnion
(Brook» and EtJ1l:r, 1990)- <.:u~trabl)ns of No;-
and NO2 (sum TCpr~ted as NOx) docrca.c pro-
greIISively it! the hypolimnion soon after the on~
~f annxia (late May to early June: Eifter. 1996). and
~ eliminalell in ~ than a month. as a JaWt of the
~tioD of the denitrifiC4uon prOCeSR (8I:ezoClik and
~ 1968: Seiwngcr. 1988). Ammoniacona:ntr.uioos
inc~ progresivciy in the hypolimnion. partial-
!arty an.. the onset of anoxia. duc to rclcasc from
tbe untlerlyin8 oOIedimcnt$ (Wickman. I~ The
r-=ak volume-wcightoo hypolim~tjc T -NH) co~
lnltK,n t~" annually. befo~ the o~t of fall
mixing. bas been between 4 and 5 mg N I-I (Eft1er.
1996). .11te vcItaJ paUtTJJS of these coDstitllCOts in

tbe hypolimnion (Brooks and F.BJer. 1990; FJBer.
1996) reBet:t k1Cati-.tatioD of sowce/siak p~~
\\ithin tbe dimcots (Gdda eo' uL. 1995). The NO.,
rx>ol lUll been depleted &nt, and maximWD T -NH;t
concentrations (ror example. =- 7 mg N )-1) ha~'e
<belc)pCd. in the dcepeAt layeT(s). ('~tra~
or T -NIl, and NO... in tbe prodUC1i~ 'eyers or the
~pilimnioo (!Own> 2 ma N r-l) ;cmain wen aboy~
~ds coasidcrcd limjtiq to pbytopblnttQO powth
(o..-ic co, aI.. 1985; lb8t is. no N: faxatiotl by cyaoo-
bacteria). The initial T -Nli) concentration in spring
nes &featly year-lo-)"Car (ranp of 1.5 lO 4 ma N

I-I) in lnpuD5C '0 iDlcntDDuai diftcrma:s iA di-
lu~D of thc METRO inJ)ut ~rovided by tnout&ry
flow over me prcc:;dinl November to March inter-
val (FJRcr ct .2/.. 1996). F.pilimar;tic aJIX%DttaUUD
of l:.NH:I d~reasc during summcr stratification to
varyinl extents, and NOj co~tratit>ns either
~-rea.w: proIJ'CMiYeIy or rentain ~I)' UDiform
(P.1Bcr, 1996). Co:K:cntrations of organic N have
remained more uniform and gcncrally lower
than T-NH) and NOj' (Canale ~, al.. 1996).
Concentrations of NO:; h4~ US\IaDy iDCreaselt pro-
gressively in the cpilimnioD through early .~aust
(C.ckla eol al.. 1999). .Stlndaldl to protcct aquatic
life 8piIIS( the toxic effects of NH:\ (Effier el oJ.,
1990) and NO2 (Gelda cot aI., 1999) have been vio-
lated by a ~e margin routindy in the npper
wa~ in ~men&.

Paucr (1996) measured a ratbcr high oitritication
rate for the sediment water interface or Onood&p
Lake (0.37 g N m-~ d-l) in experiments with sedi-
ment c()fC$ lcf Auer eo' ai.. 1993; Erick:~n and
Aucr. 1998). but observcd no ai~lioD in Wilt«
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column samples ooUcctM in !tUmUK:I'. Hk con-
clusion that nitrification in the lake was ~ at
the .,e(iimeftu (in aerobic layers) was supported by
cnumerarion of nitrifying bactl."liK in ~~tal
mit'roOOlrllR. N"ltrifier densities of -10) aJKI -10"'
cells m\-1 were reported for the water column and
surface ~ts, n:spectivcly (PaUC1. 1996). The
nearly conscrvati~ behavior of NO: obscrvtd ia
the lakes epi\imnion from April throueh mid-
Augmt in scvcral years. an interval over which pro-
gR&Sivc increases in co~trations hAve ~
obserYcd. indicated. lack of Ritribtion in the
lake's water ooluma for that illten-al (Geld. cot 01.,
1999), coaaistcnt with Paucr's (1996) observations.
However, abrupt c:banges (~ aDd ~)
1ft NO"i concentrations have been oblcrvcd for the
)ate in a number of yeaI1 over the mid-August
through October intef"ooaJ, sugptinl the in'egular
operation of the nitrificatioo procca (Gelda el aL.
1999).

~'!
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_II al a baoyal de:p -t:r (-19..1 M) klCaliCM\ (i:js. I) ill
the lMe's ICM1tbcn buiD. !owIIi to be rcprCICGWive or
lau-wide conditionl (FJBer. 1996). fur the April to
October iatcrwl, OYer the period 1988-1995. "J1Ms p8p.-
f~ OR tbr ran mixiGI period; A",JIwt 10 ~.
LaboTatcw-y Ilnalyta iTdl.l&l T-NtI) (USEPA. 1983).
NO. (liSEPA. 198..'). and tocaJ cbIoropbyll (ChI: ParSCJBI
n .I~ 1984). Temperalurv, pI{, alld 00 - ~ ..
lbc .'IeJd, at I at depth in~oaIs, wt1h a Hydrolab
Sur¥C)'or 3. SImpIinJ aDd ieId frleUUrclmtn!$ -.c con-
du:tcd at mMI-monlilll (ror ~pk:, -I~ h).

LoAds of N forms from METRO - ha-' on ~
IraiioD data [totaJ K.ioIdahl N (7'KN). T-NH.,. NOxJ, CO)I.
ICCIed by tile raality on daily Iow-weiptod compo5itc
cmacaI sampIa. aDd daily .-. d*:IIaJF Iowa of the
racaity. ("..OIKCtt~tioo mcasumnenu for this dftuent ~
made on Ia."nples coa\ectld frcmI two (NO.. TKN) kt Jive
(T-~) timca per ~ U- ioccrpolacioa wu IUed to
e&timale COIaatratiCXII fOt" days for whicll sampb -
lIot ooJ~ Daily Ioeds from the faClUly were I2Icu1ated
83 tbe p~ of tJ., daily oo~tratiOla8 aDd ~
(E8I.cr. 19'J6: E8Ier d 41., 1996). ~ of tho tmaJJ«
loadill& ~DlnbDooM rrom In"butarics ~ buod 00 a
ftxcd-fteqUCIK:Y (m-weekjy) -pUna eilort. 88ng tbe .-
&naIytkaJ protoco1.i ., sJ*:ificd (Ot" Iak~ amplcs. Daily
loa wcre estim8ted for tJIeIe tributaries 1IIiII! the '""LUX
loadioJ calclaiatiOD 1OR'Nar: (version 4.4. 1m; WaJker.
1m}. u described by ~ (1996).

N QIW/ DO '.r
M8JI ~ for forms of N (CaSIaIe ~t Gl.,

METH~

S_pl~. alMl)'.wS. /DOtu
~ ~ couectcd weekly at I 10 2 m ckpth !DIer-

,~

If:u (I) NlVOteD mo8l ~

W E ~ W E dalm'ifk:ad8

~ + + . Dilrific:lliO8~--:-~--1,
I T-NH) ~ I NO.-£ -L_!:T~---

dIkII ~
re-.e

w~ d-PON -, I DCBf
B -"'--~::..-'~:: -::~ -:--=ki18 I t + .

~ WE

w - IO8i8Ia
E - apC8t
p-1'ON - ~!8IIkD1 PON
6-PON - dcRDI PON

'

f':
,:

(b) D'-'ved GIIypII model :.-- .&-.w

w: ! r .

~~~!1~"'-"(>;;;; -
E

~

..l.,~~ ..
~

f1g. 2. COfK:qltual f.-mcwor~ for Ihc OIloGda.- Lake fa) nitrop ~. ADd (b) dilf()jv~ oxyp
mcIdei.1 :"1

1~:



.

Nitribtion in . h~c lake IIII

on (rll- 1) in
_tati~or
.tIc April to
~ . 'rbit paper

10 October,
;EPI\. IIMJ).
(c.~hI; PaIIOJIS
~meuuJ8iiD
aHydroiab

,~ ~ COD-
.).

i~;

'm1f
.~~~;~

:d on (X)~.
(). NO.1. col-
~ composil8
: 10Wi of t!8
emucnt wcre
TKN) to fh8
, W8I uKd to
samrl~ ~
Cl"C ~ulated
.. aOO ftows
..f the smaIlcr
'~ona
~;ng the -
.mp~5 Daily
1\& tk FLUX
9'JO: Walkei'.

::anaIc " Q/.. i!]
ii
11;

.~ ad DO (Ockia lad AIIQ', 1996), ~ aM MM)-
~IIDJ b1..a ror 1M 1ake. weR utiliml ill L'!. iD-'i-
ptlon (PIg. 2). T'- two model, aYe the ,... pbJli~1
fnDJeWOrk. Tbc _tcr co!-. it JCPI-.Jtcd by two -
pk:8dy-mix&d venicaJ layers ollxed ~ (demar-
~Iion depth of 6.S ro). an Up{*" mixed layer (UML) and
Io\Wl mixed layer (LM1.), ~ approlimaldy 10
the diIMI1IiODS of the eptlimnion aad JaypolimaiOD in ---
mcr (EBkr and o-~ 1996). This rcp~dlltion ha3
bccD widely ~ in 0":88 hal~ simulation mode. for
stralifYina Jakes (Cbapra, 1997; T1IoIuaDD aad MIdkr.
1987). Vmjcal mixinc-~ axcha". ~ the Ia)"'n
(inciud. dlftI.ISIolI and eIltnli_t) wes indepehdenlly
08IiIDa~ by appiyin. a he&t ~ 10 the 1- layer
(Doerr ellll~ 1996).

The N model !imulaces in-lake concCntraUoD5 of T-
NIl,. NOx. (l8fticuJaac (PON) aDd diSIOMd (DON) or-
pnM: N. C«nportef1ts of' die I.'s N ~ .xx...wr\odated
in the modd i~lude; external mdins. IWt phytoplankton
IJ"owth (G,..n, d- I). I!fd"CRnlial 1(8 (upiake) of T-NH)
aYeI' NO. to rlbytt1plankt<MI (ror ~ Ia.onS; ror
example. Wetzel. 1983). nilribbon. dcnitrlficabon. hy.
drolysis ct' DON. ~positlnn of PaN, YOI8liHDtion of
NH~ .l8neD1 rdca.. or T.NH)o -tIirIt 0( roN. and
~al nli.Kinr-bebcd «c:haIIIC bc~ tb~ Ilycrs (Ai.
2(8.». The --ality or the I«IM ..r T.NH, to phytQplank-
too arOWIh was detalaiDod by Cuaic «.I. (1996) ~ caIi-
bmtioA 10 the otI.:rveI1 distritMltioD of Chi for 1989. a
~UD eanporal distribution fur the ~kc (Emer. 1996).
However, substantial ioteranaual Yari81iO11S in I~
(81- of ph~lanktOtl sn-tla (f..- 8X8WIpie. CI\I --
~trations) are known to nccor In the lake nwr die lite
IUDmIer tbIoaP ezzly ran ialelVal (ESer. 1996), ru.
ml"ed - DOt coaiidered impoItaat i8 8ricc aPIIIa1ioD.
or the modrl tlIat r~ 011 the sprinJ '" rnid-summcr
iDtcn'al. die critM:a1 period ro: NH) toxicity Co.-IDS
(Canale n 111- 1996; Eft\er knd ~. 1996). n. a-o.
aled sillk. for T -NH) for the Au,... to October iU1Crva1 ;.
quantified here nn a year-.~ baas throllih the caJi-
lwalioa IVocedDles d-=ribed by CoaDaIe ~I aI. (1996).
Ori,;.aaly. a film transfer a;'I)m&d1. _Io~ to ~-
troD (Bowie~' Ill., 1985). ~"U ule.i 10 describc the kJDCIb
,of nitrification (una1e u ai. 1996)
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1995

FiI- ). 'nme series for ph)'topllaktOG for the Augusl to ~"ober inlerWl cllWS: (-) mlU11ala or '*
phytoplanktoa arowlh iD tbG UML and UIL dcICrIDitxxi by model calibrati"R pr<lcedures; and (b)

model pcrf~ for ChI for 11M: U~tL aDd LML from "limbo. ~_.
.Y&CD

I

4Nl1!")y-_.~ = -kts )( INH:-J)(.A (4)
dt

where k-. is tI~ 6Irn IT..ter uilri&ati- codIkar (m
al). 8Dd A is tbc area of rhc ~_tcc ~
acroet which ojlrificalioD-bllsed CIdIaDge ~rs. Tbis rei)-
raa1latiO)D is COIIsislcnL with the ubMcn..tiuaw or various
m-aploR (Ca~..n. 1977; COOfIC'". 1984: Corm ~I aI..
1979: Hd. 1986). The value of k,.. (-0.135 IV d-l: model
default valuc: CaAaie ~I aI., 1996) -. eltablitbcd baJeG
on Ihc s~ " ialciit» 0( PaIKT (1996) with
profunda! sodi-ra. HeR we aOO evahaarc allerlla~
water column kinetics fOC' ni\J"if.calioo of equation (3) for
tbe f.1i misins ~. Several othcr kinetic coefBcient
vaI- (or tho N mgdI:1 waa dctctnDDeci dlrouJh iDdq!CD-
dent _uromCDts, tbcreby enhancing L'Ie credI"bility of
~ model (CaDa~ ~t 111..1996).

'I1Ie 00 modd _mmOOala tJ\e f'1'~ of re-.-
"011 (Velda eo' Ill.. 1996). alpJ photosyntbeli» aDd lapu-
atioo. C8tb()~ 1*JdM:mjcaI UX)"1t8 dcmMIXi.
~t OX~ deIIIaDd (SOD: Gclda e'l aI.. 1995), .lid
~..tc; 1:()lumn oxidation of CR. .rod HaS (Ockia 8Dd
Auer. 1996). T\~ eff.:t of ,.cjimellt-~ lIittikarioD -
~~~~l withiA the ~ mcMSured ~.uc(&) of
SOD «(".cJda ~I aI.. 1995). The moGc/ petfonllal ~oeIl in
simulating the Iea.~nal dynamics of DO obsc7Yed In the
1ake in two years. incIud8ia ~ or h~~Jc: DO
in s.-s and ~tX: depletion duriD8 the fall a:\'-B
period (Gekla and .4.~. 1996).

Mo8l app/icdIltfIJ
Co-.cituenl ~~JI~tiOlls WCR ~ted as vol-

wash- va)~ de-" H'-: from vcltiCJIJ pro6Ies of
~ aDd h~~;.. data (Doccr n Gl~ 1996).
to evaluate model pelfomlance. The N model was applied
for the August throup OctOber imcno:&J of XVcft CCJnt«'1l-
lift yars, 1~199S (19IB exdud«f beca.. or ~
platc IO8din& data). INtiaI conditioas _re m~ ate8AWed
01\ lho 6rsc IWJDitoriQI duy of AUJUR in eIM:h yCIIr.
T_po..J tJiaIritJOdK,ns of veI1QJ mixing - .. ~
miacd from tke T meaS1Jremcnts. as described .bo~
(DOI:1T el al.. 1996). Next. temporal distribuUoIW of the
G~t:r sink (or T-NH) ~ detcm:ioed for each Jar for
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both 1~ laye~ (FiS' 3(n») dlrnugh mndel calibratinn
(that is, by adjustilla G_or 10 matca the obsc~ ("b1 pal-
'.C'D&; AI- ](b». TClpcxal patlen.- uf oitrilk3u- B*
(kN and kra) - ~JYCd by aD itcrali~ calibration pr0-
cedure (that is. by ~j~ kN and kilo to ma:rll tbc
~ T -HM) aDIi NO.. paUerns), io wbiclI 3D o!hcc
rate pro~ in the model ~ specified aa:nrUing to
coel1kient val- dct«DIi1Iod pmioutly (Joi.. 3Ia); Canale
rr sL. 1996). TaDpcra1UJc etrecn ~ nitrifiatino rata
wcre ~mmOdIIted 8QX>rdinJ 10 110 Arrbeniu! J'ela'.ioD-
abip

ca.tion for tile Iam:~. All oIbcr inlMlts wen:.. spa:ificd
~y by ~ aDd AIKt (1996). Model perf--
WQ cbdcxl by cornpanna limulations with ob~ationl
of 00. Compari8Oas of aimulaliOlls for 1Jte UML with
aDd wKhout IJ-= added watel1Xlhmm nitrificatioo link
formal the baJis for delineatin& the effect of this pmc:esa
CXI dIO oxyp raoun. of the upper .~tcn oflM!Mie.

RISm. 'IN A.:'lD DISt-~)~

POCl/.f ~r T-Nllj l#td NO,

Patterns for the LML have had mo~ ~mog
cbaracteristjca over the Itudy ~ OOIDpared to
thoe oa.rved far the UML Nitrosen oxides have
essentiany been abIent from tile LML Mnd the
annual ~mum con;:entratioas of T-NH) ha~
been approachcd in this laycr, by the heginDinS of
Au,Ult (Fig. 4). Concen~ons or NOz have
~ progreuivcly 10 the LML durioa the
approach to ran turnover in each year (Fig. 4',.
rcftect.iog the iDclusion of oxypoated NO,,-eIU"iched
waters from the deepening epilimnioo. The rates of
iacreasc in NO,.. in the LML wc~ relatively low in
1988 (Fig. 4(a». 1992 (Fig. 4{c)}, and 1998 (FiS-
4(g). becau.~ con«ntrations ~mainat low in the

kz. T = k~.» x 8'T-~ (')

k...7' and k.,.x are vaJ- of nitrilcatiou raIc coemci8~
(k.. or- k.,.) at --~bUeI T a8d ~. md 8 i5 . dialen-
liona. tem~tuM coeficicDt. A value of 9-1.06 wu
~ (for eumpIe. Bowto C'I 01- 198$; Canale .., CIl..
1996). NitriJicatitXl rates detcnnincd --Dy ~nd for
diffe.-t ~rs are RpRseftted u k..20 values to facilitate
c:omparilOM.

11w -.npIM:.tions of hiIh rats of nitri&.tiOfl on the
oxyp rcsourc:ca or lbc uppcr -ten of Ihc Ia:..o duriaa
tb: faD mixinJ period were C\oaluated Ihroulh applicatioo
of the tested DO modc1 for the co:aditiorD of I99S. An
8ddod OKYFft sink or nitriflcation within tbe water colunln
lcquatioas (1)-(3») wu iIK:bIded with the :iDIo-sCria of k..
~ ~~ for I99S from appbtion of to'.: N
mudd, as descn"bcd .bov:. 11M: timc aeries or vertical rnU-
ing .as \t\C same IS detennlncd (or \t\C N model appli-
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Nitrification in . bY])C1Currnphic lake .1»

.c ¥s &PI=CifIaJ
iptrionnA.-
I obeervationl
~ UML with
iJica :ioa siDk.
.r thi- pr~
()( the lab.

.re recurri-Di

.ompared to
oxides ha\oe

L, Kud tJac

I:.NHJ b&\oe
ICginoing of
NO, have
<iurina the

ar (Fig. 4).
'0 ,-enricbcd
The ratcs of
iycly low in
; l~ (Fig.

low in the

Comp;u;5Cm or nct \:hangC-i iu T -Nit_, aud NO.
concentratioas in the UML for Lbc cw-ly Aut,US( to
!.he ()RSCt of complete tumo..-er (last o~'at1on~
ful" 1995) iDtm-a1 (Fig. 5). 5Cl"Ve tu furlhcr deliDcate
salient IISpccts of the inlcnnnual diff~ in the
dynamics of these f)O(tiA. Majol" ~-to-ycar ..'an-
aooos emerp nOrD thil form of ~tatioa (Fig.
5), that can only be the resuJt or ycar-to-year differ-
cn~ in the mapitudes of !.he vario~ 50~ and
~ks of th~ constituents. There ~ almost DO
net cbanf;e8 in T-NHJ for this jJ1tcrval in 1988 aDd
1989, aJKi ODly modest iftaea- in NO.T oa:unat in
~ years (Fig. S). Net (~ in NO.. ~
~ in 1992 and 1994 (n.. 5). Substantial
ilx:realeS ~.S mal-I) in thc cooccntratioa of NO."
were ob-:rVed in the UML with the approach to
faU tu~ver in th~ )'ears (1990. 1993, and I99'S;
Fig. S). Chan~ in 1~NH3 CODCCDtratio~ over this

ii~
.':'1'"

!.~

(d)

0

I.

'N .,

rf;-"~ ~

~
A . 0 A . 0

t.. 1-
Fjg. 6. Ealimalcs cI( niCribtion rate ~I(.) (k ,: k..
or kra) val- ill the UMl. or OnoDd8p 1.8ke for the
AuJIiIt to October intcrvaJ of tWo )an. with calibration
pafOrmaIXZ or tb N moctd. aDd ~ 10 pJcdic..
\j(\I)J accordinJ to tile orisinal N m*l: (a) C$timated
Ijme teria or aitrib1JoR rate cdIcX:Dt(l), 1994; (b) com-
pen- of model lirnulations to o'-"vationJ of T .~'H...
1994; (c) comP8rlson of model simulatio» to obsen"8tions
or NC)... 1994: (d) eIGaIated time 8erIcI of nilrikatioa rate
cndficient{~). 1995; (c) ~~is.Jn or mOOd li..uhltioDS
to o~IiOtl$ of r.NH... t995; RlId (f) I:c'nIparisun of

rnodcllimutatlool to ~k).~ or 00.. 1995.

cr..J

UML in lh<ISC years. Cu~uuu» dcI.:re:alle!l in the
1'O1u~weilhted CODcenlraUonS of T-NH]. u.~-
.ted ~'il.h tlie dceptning of the epitimnion, were
observed for I.hc LM:L in m of ~ cichl )C3D (rig.
4). The eA~tions., 1992 <Fil. 4(e)} tmd lCJC'A (Fig.
4(g», \\'t:re Ii ~u1t of the very high ooncentratioos
mctiDlairx:d iD t1M: UML in those years.

ConccntTlllions ot-"j:.NHJ and NO,\" mnained \'cr-
tically uniform within the ~ilimnion, and nn loca-
Jj~ pr~~ Itclivily (for eXO&Dlp]c. nitrifiCiition or
denitrifICation) was manifested \\;thin tho lDetaJim-
nion over the Jrudy perlcx1. Cancznlrat1nna of these
const1~ucnt.. in the UML in ear!}' August varied
Fe-..l1., year-lo-ycar (I-ig. 4). rd«ting intcr.snn~1
diffe~ in the various s()ur(ZS aM sinks o..'et the
[IIU-aling interval. Cnncen(ra~ of T-NH) varied
from -1.5 m~ N 1-1 (t'ig. 4(bHd}) to -3.0 mg N
I-I (Fig. 4(h») among lhe study years; conc;cn-
trllticoM of NO" ranged from <; i.O m~ N rl (Pia.
4(a). (e) and (f)) to nurly 2.5 mg N 1,1 (Fig. 4(d».
Tbc wi« intcrannual differeIM:eS in temporal pat-
terRA nhserved fnr lhc.\t ['OOLs with lhe Approach to
fail rurnover (that is. O\'Cf tbe Aupst to October
interval) retlect year-to-year differences in the mq-
nitudes of the source aDd sink pr~ ~ dis-
parate ~gnatW'~ (offer aD opportunity to resol~
interannuaJ variations in the mediating proceSKS
with the ma55 halanoe model Caacentrationa or
NO,. increased in most years to varying exlCD~ and
witll diffeRni tem~1 J1attems (FiB- 4). In con.
trast. NO. concentrations remained relatively uni-
fOl1J1 over lbe August to <ktobcl' iDtenoal of 1992
(Fil. 4(c» and 1994 (Pi,. 4(1». Largely pfOlre$Sive
decreases in T-NHJ concentrlttions wm oblel'VCd in
[he UML in 1989 (Fig. 4(b)}. 19410 (Fig. 4(c». 1991J (Fig. 4(d», and 1995 (Fig. 4(h).lm.~ ~

o~w in 0c:t0Ix:r in two of I.bc.c )'CIiD (Fig. 4(b)
and (b)). at lcast in part usociatcd "ith vertical
miDng-baxd inpun from the shrink:ing hypol~
woo. In sharp contrast. nearly pt'~ive increases
in T-NH) occurred in thc UML in 1992 (Fig. 4(0»
and 1994 (J-1g. 4(g»). Two minima in T-NH, c0n-
centration.' were observed in 1993. one in late
August. the other in earl}' O:tobeF (FiB. 4(Q).

"'.c- onset (If comp1C1tc fall tunlovcr. manifested
by c.~~ntia11y equiv~nt concentratK-ns thrttugbout
the water colu.-nn. was Included within the moni-
tored interval of seven of the eight )oears (Fi30 4).
The exception W&$ 1995 (t.ig. 4(b)); the epilimnion
had 4eepened tI) ISm hy the last san\pling day in
laic o.:toJx:r of that year. Interannual variatious
~ cJcarly manifcslcd in thc pnol "i7~ of T -NHJ
and NO.T at ~ onsc:t of lwnover (near 1.:IrDO\'Cr in
the caR <-( 1995). In thsu )-ean. 1990, 1991. and
1995. the co.~trarion of T-NHJ was < 1 ml N
]-1. The ~\BtiOI\S or NOx wmc >2.S ml' N
1-' at tumu,'er in I.hOIie SIUDe yca.os. In oonlrast, the
concentrations of T-NHJ and NO~ WCtC >2.5 and
< 1.0, ~tively. at tumoVt!r in 19RR, 1992, and
1m.
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intcrvaJ wc~ even mo~ variable am()ng.~t the yca1'S;
for example. major inc:-cases (for example, 1994)
and d~~ (COf cxample. 1990. ]991 and 1995)
we~ both o~ over th:: eight-)"Car pcriod (Fig.
S). The greatc,l net (Jiff~s for oc'th c,-'nstitucnL..
were obse~'ed i:t 1995. Thc substantial concur~nt
increase in NO," and dccrcasc in 1~NH3 in 1995
were approximately stoichiomc-tric (within S%).
~uggC$ling lhc operlltilJn of the nitrific-.ltion prc..cess.
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other fj\'e years ovcr the 1989 1995 peri<»d (Table
). NitrificaUClD ev~ts werc QlaQifcstcd in t~"Q other
years (1990 and 1991, Tahle J); in each nr lh~
ca.~ the ni~ification rate :ncrcased abruptly over
the late Scptmlbet" to October interval (for examp!e.
Fig. 6(d}). This papulation n'abJe 1), L1Jnugh small
(/I - 7), rcflccts a bi..modal distribution, that is in-

dicalive nf an evenl-like chantCtcr. "lllc aulboD an:
unaware of the previous resolulioD of inlt:raunuaJ
VIlriatiolL' in nitrification rate in lakes, particularly
over thc durarion of tbis snldy. Some un~rtainty in
the.~ estimale.'! (Table 1) is unavoidablc Iissociatcd
\vith the limitlltions in mOOd structure and
sampling r~ue~'Y. Howev~r, the Ct)nspicuous sig-
nalures imparted to the pools of T-NHJ and NO,
in c<:rtain years (Fig. 4) pTovi<!c compc:lIing support
for the event-like character manifestcd for the nitri-
fication pr~ in lh~ resull~ (Fig. 6(d). Tab1~ I).

Resolution of the IDaiDitudes of tJIc individual
source and sink pr.xesses for the UML P<'>Qb of T-
NH;) aDd NO,., m 1994 and 1995 with lhe N mood
(Fig. 7) provide-'! irniight into the ca1L~ of the inter-
annual differences and the role of nitrification
events (tor exampw.. Fig. 6(d). Sources of T-NHJ
includc rocrmilloads (mostly METRO), hydrol)-s&s
or DON, aDd vertical mixing.baacd inputs from
the enriched LML. Sinks include [)hytnpiankton
uptak~, nitrification. export frnm the lakc. and
voJulilizution of NH) (Canale et ai.. 1996). Sources
of NO.\" ~}mmodatcd ore ~J loads, and
nitrification. Loss pcoccsscs for NO.\" include
venicaJ mixing-based export to thc deplctcd LML
and hydrologic export (Canale et al., 1996).
Ph}'toplanhon uptake ()f NOx was assumed nQt to
occur because CO1lcentJ"abons of the energetically
r"','ored l,-NH:\ (WetuJ, 1983) remained high rela-
tive lCt levels (-10 to 15 /l3 N ]-1) assumed to cause
a switch to NO:; uptake ((:anaJe et (Ii., 1996).

Hydrolysis and volatJli7ation played minor, and
nearly C(lmpensating. rob in mediating the T-Jl.'H)
pool t>{' th~ Jake (Fig. 7(a) and (c». F.xt~
(MFI"RO) loading was on.: of the two importanL
sources of T-NH, in each of the yean (Fig. i(a)
and (cJ). 1"hc otbcr lWijor SQurce wa.~ vertical mix-
ing-bftscd inputs from thc l.Ml. (f"ig. 7(c». which
]arge]y reflects sediment I~bllck. associated with
the lake's hypereutropbic state (Wickntan, /996).
The milch larger magnitucie of this source in /995
compared to ] 994 is nC1t a result of interannllal
differences in tJte pool size of T-NH) ill tJte lake's
hypuJimruon (l-1g. 4(g) and (h) or thc magnitude of
vcnicIIJ mixing. Rather, the difference... in thIS dux
(and for NO,,; Fig. 7(b) and (d» are attributablc to
the lar~er {.i>ncentrati()o gradients (cf Wodk'JI. el ai..
1983) between the LML and u"ML that prevailed in
1995 (Fig. 4(h» compared to 1994 (rig. 4(h».
LoSllcs from phytoplankton uptake and export were
of the same approxintate magnitude, did Dot differ
greatly for the I.~'o years, and were the dominunt
sinks in 1994 (fig. 7(a». .rhenitrification event was

J."'lYiacioll.'I ill rale of lIi!rfficfllion

Widely diffcn:nt Umc-scrics "f rJtriflcati3n rat~
were determincd for the fall mi.~jng peri(~ of
thc ".ldy year:; through t;a]ibration with rbc N
JUodcL 811 illustrated for 19'>4 and 1995 (Fig. 6).
The nitrification rate is repre.~tcd in t~.o alternate
formats co~nding to a water cohln\n proce.'I..;
(1<:-1) versus a ~iment~based process (kr,,). The
model analysis indicatcs essentially no nitrification
occum:d during the fall mi.~ng period of 1994 (Fig.
6(a». The time-series of T-NlI3 (Fig. f>(b» and
NO.. (Fig. 6(c)} co~trations wcrc well simulatL-d
with the !\itrification r""te cqual to ~. HoweY~.
substantial increases in nitrification Wef"e detcm1ined
for September aDd October in 1995 (Fig, 6(d»).
Thac abrUpt iDC~ ha~ an evt:nt-like cbaractcr
(for example, nitrification eventS). Rat~ during thc
events \\'ere 15 to 40 times greater than the s-:di-
ment-ba~ estimat~ (defl\ult \-alue) originaDy incor-
porated in the N mndel. thc)ugh lbe kN values of
1995 (¥ig. 6(d) correspond approximately to lhc
lower bound of the ran~ (-6.3 d l) reported for
~~[}ended growth ni~OD Unitb in W..~te\vater
tI~atment fao:ilities (M~tcalf ana FoAJdy, 1987).
Simulations of t:lle modd with the default nitrifi'-'3-
tion rale ov~redict T-NH, (Fig. 6(cj) and undcr-
predict NO... (1-11. 6{1) by a wide mar!!iJ1 for the
late September through October interval of J995.
The bcltt:r fil of the ~ nitrification rate compared
to the default ratc for NOx in J994 (}-'ig. 6{c»)
suggests Paucr's (1996) cxpcrlmenlal rates for pro-
fundal sediment!! may not be rcprescntati\'e for sedi-
ments \vilhin the UML.

The irrcguiar occurrcncc or nitrification events in
lhe late during fall mixing is further suppc)rted by
the nUma(t.s of nitrification rates obtained for the

".bIc I. 11I'_nll.I d~ iA AitTikotlon rate ill Qooad.~
lctu d~ October

v. NiIJiftQIbI ra~.
k.. (m 4-1)

-
... td-11

I
,
i
!

!
",,':~ I

1~9
1990
19~1
1991
I9'iJ
1994
199$

0.13'-
2.11

2.0

t!.O

0..

11J1

3..24

0.0075
0.11
0.11
n.o
0.02'-
0.0
O.I~

u

.I "t"o<Ie;. default va~ fCan8le ~ 1996).

:i:1\
81





"-
1116 Rak~ K. ()ejda ct Ill.

18 1. - --" _. . .J "'-

... - .../"'., .
I -.-;7..-'.-'. ~..

~--- "'" ... ao.. -
0

AUG 8EPT OCT

1.-
Fie. L CO)rDp&rimn 1-.( mOOd sUnullltioas of oo~-
uati~ for tbe UML ctf ODOIIdap LMkc to oIJ&erv.tions
for tIle AuguJt to <X."tOber interval of 1995. Three Himu-
latiotl - .~ prcsantcd to dcJict rc~ COtUributions
iJf ~ to l)() dCJ*daII: M oxidalioo or redua:d sub-
.ta:1~. oxidation of H1S .nC CH4. and nitrifICation (If T.

NH, a&.'COrdin~ t" FiB. S(d).

12-
or
~ .
I 8"7
8

T-NH) pool of the UML. as the kiDetics of oxi-
daooo of H~S and CR. are extremdy rapid
(Jannuch. 1975: JOC8Ct1seO t'llli., 1979: Rudd ,., 01..
i976).

The observations that tl1e l>O depktioo in the
fall of 1990 was one ()f the In(Jre severe CA~S
reported fOf the 19K5--l993 interval (Effler ,., iii..
1996) and that the depletion in 1994 (unpublished
data. ~) wu one I)f the lca&t ~ are qWitilat-
i...ely cooaiatcnt widt !he presc.ntcd eAtimate\ of nitri-
fication (Table I). \'Ie hypothesize that much of the
substantial intcraDnual variability ohserYcd for faR
00 d"'Pletion in \he LML of the !l1ke CEMe-r ,., Q/..
1996} has bcco causcd by tbe irRgu1ar \~
of nitrification event&. If the exmling p"publ!ion of
nit.'it1cation rate determinations (Table I) i" rq>fC-
sontaUve. ~-u1aJty :!eYCfe 00 depletions in the
UML !ihould ~ ~~ during fltn mi~ing in
ebout four of every ten }ean.

4

f,

!~

O!~
t~.~

~tt' l1t~

is already accommodAted in the DO model (Gdda
and Auer. 1996) imd SUPJK1Tted by independent
mearurement.' (Gelda et ai.. 1995). The modcl ovcr.
prC(til.-tIXf DO in September, but performed well in
October. The simulatiou repn:sented 82.,c of the
observed tcmpt)ra1 ~ariac.ioDi in DO in Ihe UML
over the AUJust to October intecval."TiIe root mean
!lqUIt~ error of Ihe simtllation was about 1.4 mg
DO I-I. This kvcl of I:K:Ifonnance compares favor-
ably with the initial testiD& of tho model (GeJda lAnd
Auer. 1996). A simulation that did not accommo-
date the dfcctl of the nitrification cveot 00 the oxy-
~ budFt uf thc UML grossly underp1'edictcd the
()~'cd DO depJetion (Fig. 8). The in~rco~-
t.-ies of lhe IiIJIak imparted LO the pools of DO
(Fig. s) and rorml of N (Fig. 6(0) sod (f}) provide
compelling ~ for the 0«UrTenc:e of nitrifica-
tion ~ts in the lake. u well as ror the ~~la-
tivClle* of the estimatcd time series of rulribtiou
rates (Fig. 6(d).

Tht' model analysis ,Fia. 8) dc!1JoustratC5 nitrifi-
cation evcots haw a highly negative impact ()O the
Ja~e's oxyplt resoun:es during the r.ll :nixing
period. Water Quality ~laadam$ for DO intetxled to
protect fish (5 m,I-1 as a daily 8YCra&C. miDiDlmn
of .. ml I-I within . day) were violated fur more
[han . I1a()Dth as a rO6ult of the ni~tion CVeDt in
thc faU of 1995. Undouhtcdly, tbeIe ~iuOllS p~
mote t~ repOrted exodus of f~ from thc lake
(Ta."o and RingIcr, 1996). The pomon of the DO
depleti~, attributed to oAidltlion Qf olb~ reduced
subs[&~ (H~S and CH,.), n:ccivcd from the LML,
~'aS ~ to bo lass than associated with nitrifi-
cation. and wuuld not bave causrA \iolations in this
year in the ab5ClM1e or Ditribtion (Fil. 8).
Temporal features of the 1995 simulations (Fig. 8)
in~t~ tho oxyg= demand or the nitrification
evmt is shifted earkr than that as.\ociated .'ilh oxi-
dation of H2S and CH.a. This suggests thlll the nitri-
fication even! was initially supponed in part by ~

Ii'
,~

~;,~~-- ~
1~_..:

(~

.Vr..-l.flnIClurr und mmIog,m,-./U impIicll/ions

EsUmuCl of nitrificatioo rate$ have been pre-
-=n~ in two fOmlals here. tXIOlistcnt \VitIa water
column [cquarion (3)) aDd sedimcnt-baled rcquatioo
(4)) p~ While no lItronl PO6ition on these
alternatives i$ taken here. circumstantial C\~
i11djcates tbe repon,.) nitrification events We1:e
~'8tcr-column based. t-1rst. ~~nu \\'itJIin the
UMJ. (A~ et 4/.. J996) could DOt support the
~OD that would have ~ ~lary to explain the
DO depletion o~ in 1995 (FiB. 8). ~. 00
significant ~~nality ~ in SOD ~peTimen.
tal results from prof&mdaJ cora colle:ted IQSOnally
in the lake (Gclda ~t ai., 199.1). FurthCt'. an unrea-
~ooably tush transport rate a~ a hound81)' layer
WO~ bc ~ (d. Pa~. 1996) 11) aa:ommo-
date tJ\e mqnitude of tbeK CVellt$ within the wn-
SLnlct~ of & s::di~nt-waler interface process. These
observations do not preclude a ~imeDt-bascd rep-
rtsentation or nitrilica.t.ion, which we believe opcr-
atcs in at least t~ profuodal dcptm duriJII uxic
intervals. Rather. it appears the scdimmt--bascd
process is augxncotcd by its OPf:ration .'ithin thc
watc: column durin. the ~~ (for example. con-
sista1t with a J'CSUJIpCnr.ion mechanism).

It iA important for ~gers of thi. lake. and po-
tcntiany OIbeI' N poilutcxi lcutic systems. to bc
aware or the OCCUrfen(;c of nitrification ~'cnts aad
the implications for 00 ~ aDd common
measures Ilf water quality. These apparently ran-
dom events can inlClfcn. with trend/pattern anaiy..
sis. and. if Dot rccopizr:d. could !cad to iocorruc
intezprctatioDl of thc coDspicu()u.~ ycar-to-yc-.u
dilTCfen1.'e3 in "atcr quality signatures. Man&Fn
intcnd to U$C bypo1.imnetic oxygenation (for
example. Prepas e1 c/~ ]997) to rcmcdiate the pou-
~Jarly acute 00 depletion or lhc f¥il mixin&
period (Fig. R). It is rccomlncndcd that reJalcd OAY.
genation capacity akulal.ions adopt the nitnnca-
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Thec irregl\lar (1CGUrrcnce of int«vah or high rule!!
of nitrifX:ation. dcsaibed as nitribliuo evcnu, in
the upper waters of polluted Onondaga Lake during
thc falt mixing pcriod ha~ ~ dcmnn;;lntttd. oo.ced
on oomr~~~ive 11Ie85Ul'.:mcnts of fonnJ of N in
thc lake and iL\ intto\vs and application of a tested
mass "-lance modd for N. 1D some yean essentially
no nitri~tion hMS (lCI.'urmI in t~ interval, in
others the ra= have txx:n hirh. approad1mg
\'al~ reportcd for ~.stewl\ter I~tment facilities.
Estimates of uitriflatUou rMles duriag an event haw
heen independcntly supported by thc closurc this
addiliooaJ DO sink. PfOCa( brouiht to m,.)dcl simu-
latiuM of the major DO d~ion o~lved during
the event. The inqular l~urrcncc of the events i5
RSPOnxible for thc major interannual variations
obwrved fQf tix pools or ammooia and oxidized
forms of nitr,)JCn in tbe upper _l~ uf the lake
during the faU mixina inlcrval. Nitrificlttion events
exacerbate ~ jake's problem of low DO co~.
tmtion& in tbe uprer wat~ during the fall mixina
perind. Additionlll SIuda arc ~nded to
identify causes of the events. The effect(s) of nitrifi-
cation evmts should tx: iUl:tudcd, as a rq:ut:sentatiw
worst calc. for evwuatinl1 alternatives to ~ate
or reclaim the oxygen re5OUfCCf; of the lake.
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