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S-L. (1993) Abstract—The irregular occurrence of high rates of nitrification (pitrification cvents) in the uppa
cementitious waters of & nilrogen pofluted urbun lakc, Onondaga Lake, NY, during the fall mixing period is
. and copper documented. The analysis is supported by cight years (1988-1995) of measurerucnts of totul ammonis
13§2-1316. (T-NH,) and oxidized forms of N (NO,) in the lake and its inflows. and dissolved oxygen (DO) and
JF procesaes temperature profiles. A tested systom-specific mass balance modcl for N is used to estimate nitrification
f moleculur rates for these years. and a systemespecific DO mode) is applied to deronstraie the impact of a
der Res. 33 nitrification event on the lake’s oxygen resources for a single vear. Rates of nitrification for different
years ranged from near zero throughout the fall mixing intcrval (1994) to an average of about 0.18 4~
imitations in for onc mooth (1995). The nitrificatioc events cruse major interasnual variations obeerved m the poois
ser and soil of T-NH; and NO, in the inke's upper waters in full, and are probably responsibie for the particularly
severe Inko-wide deplotion of DO observed in certain years during this interval. Nitrification was the
Beckett R. dominant loss process for T-NH, and source for NQ, in years that the events occurred. The
orgunic ma- exacerbating effect of the events on the oxygen resourees of the lake nexds to be accommodated in
characteris- related romediation efforts. {5 2000 Flsevier Science L.1d. AR rights reserved
wer Res. 31,
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noe of NOM INTRODUCTION Nitrifying bacteria have relatively long generation
‘ater Works. "The oxidation of ammonia to nitrate (NO3) by the mes (Cooper, 1984). The first stage is usually the
. H. (1996) microbially-mediated process of nitrification is a rate limiting step (Klapwijk and Sopodgrass, 1982).
Am. Water major pathway in the overall nitrogen cycle of Nitrite (NO7) is oonndcred to be labike and is pre-
) freshwater systems (Curtis ef af., 1975; Harris, 1986; St in low concentrations in most systems (Wetzel,
afilration of Sprent, 1587: Wetzel, 1983). The process has im- 1983). Nitrification has been reported to be influ-
tion. Water

portant water quality implications in systems
enriched with ammonia, becauss: (1) this conslitu-
cot is a key plant autrient (Harris, 1986, Wetzel,
1983); (2) un-ionized ammonia (NH,) is toxic to
fish at rather low concentrations (USEPA, 1985,
1998): and (3) substantial oxygen demand can be
cxerted through nitrification (Bowie ef al.. 1985;
Chapra, 1997; Thomenn and Muellor. 1987).
Nitrification is a two step process carried out by
aerobic autotrophic bacteria; almost entirely by
species of Nitrosomonas (first stage) and Nirrobacter
(second stage).

NH} + 1.50;—NOj; +H;0 +2H* [t)]

NO; + }O;—NO§ @

*Author to whom all correspondence should be addressed;
e-masil: rkgelda(@ upstatefreshwaler.org

enced by a number of ambicnt conditions including:
temperature (7)., pH. salinity, dissolved oxygen
(DO), NHy, NH;. suspended solids, and light
(Berounsky and Nixon, 1990; Sharma and Ahlert,
1977).

The findings of & number of diverse scicatific in-
vestigations support the position that nitrificetion is
usually localized at sediment surfaces (for example,
Cavari, 1977; Cooper, 1984; Cirello er al., 1979;
Curtis er al. 1975; Hall, 1986). Nitrifier densities
have been shown to be severul orders-of-magnitude
greater in surface sediments than in overlying water
columns (Curtis er af, 1975, Hall, 1986; Paver.
1996). Rates of nitrification in deep rivers and
lakes, where the ratio of the sediment—water inter-
face to the overlying volume is relativcly low, have
beea observed to be small compared to rates in
shallow turbulent streums (Bowie ef al., 1985
Chapra, 1997; Circllo ez al, 1979; Paucr, 1996).
Despite these obscrvations, nitrification has most

o7



1os Rakesh K, Gelds o &f.

often beem represented in mechanistic models as a
first-order water column process (for example,
Bowie et al., 1985, Brown and Bamwell, 1985;
DiToro and Connolly, 1980; McCutcheon, 1987.
Scott und Abumoghti, 1995: Thomann and Mueller,
19873,

Vdu:?:] = —kyx x (NH{1x V 3)

where V is the volume (m®), [NH,'] is the concen-
tration of NHJ (gm™), ¢ is time (d), and &y is a
first-order decay coefficient (d~") for nitrification.
Nitrification rates have been reported for a him-
ited number of freshwater systems; mast bhave been
for streams and rivers (Bowie er af., 1985). These
rates have bheen estimated in a variety of ways,
based on: (1) laboratory incubations of water and/
or sediment samples; (2} # sirv incubations; (3)
analysis of paired distributions of measurements of
ammonia [total (7-NH;X sum of NH{ plus NH,}
: and NOj; and (4) model calibration procedures.
£ Incubations apparently often suffer from “con-
tainer” effects that result in false high estimates (cf
i Pauer, 1996). The other non-manipulative tech-
niques rely on the proper interpretation of conspic-
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a volume of 131 x 10* m’, and a maximum depth
of 195 m (Fig. 1). Puleclimnological analyses
(Rowell, 1996) established the lakc was oligo-meso-
trophic before Puropean settement in the late
1700s. Onondaga Lake supported a cold-water fish-
ery until the late 1300s (‘I'ango and Ringler. (996).
‘The lake watershed (642 km?) presently includes a
population of ~4350,000. Treated domestic waste
from the Metropolitan Syracuse Wastewaler
Trcaxment Plant (METRO; Fig. 1. average flow of
3.5 m® s7}) presently contributes nearly 20% of the
annual inflow; METRO ofien represents the single
largest source of water during the low flow interval
of late summer (Effier e/ al., 1996). Onondaga Lakc
flushes rapidly; the averuge for the 1971-1989 inter-
vai was 3.7 fiushes y~! (Effler. 1996).

METRO is the dominant source of phusphorus
(P) and N to the lake, presently representing 60. 90
and 80% of the total annual external loads of tocal
P (TP), T-NH,, and totai N (TN). respectively
(Effier er al., 1996) The prevailing areal anmml
loads of TP (8 gm™> y~") and TN (200 g m 2 y™")
(Effler er al., 1996) are among the highest reported
in the literature (for example, Brezomsk. 1972;
Stauffer, 1985). Significant nitrification is achieved
within METRO during thc¢ warmer summer
months, that causes seasonal shifts in the coutri-
butions of 7-NH; and NOj to the fucility’s N load.
Substantial intcrannual diffcrences huve been
observed in the cxtent of nitrification achieved at
METRO (Effter et al., 1996).

Onondaga Lake has a dimictic stratification
regime. Spring turnover cxtends from ice-out (for
example, early March) usually :hrough April. Peak
density stratification is cstablished by late July to
early August. The summer thermochine depth uver-
age about 8.5 m (Efficr, 1996). Dcepening of the
epilimnion usually commences in mid- to late
August (that is, onset of fall mixing). and provesds
at an irregular rate, in response o the detailed time
structure of metcorologically driven kinetic enesgy
inputs (Owens and Effler. 1989, 1996). until the
onset of complete (fall) turnover in mid- 1o late
Octlober (Effter and Owens, 1936).

Recurring manifestations of the present hyperen-
trophic state of Onondage Lake include: high con-
centrations of forms of P (Connors et al., 19961 and
N (Brooks and Efller. 1990). high concentrations of
phytoplankion (Effler er /., 1996), limited light
penctration (Perkins and Efiler. 1996). rapid loss of
DO from the hypolimnion (Eficr ef al.. 1996), sub-
sequent bypolimnctic accumulation of reduced by-
products of anacrobic metabolism (T-NH;, st
and CH,). and lake-wide oxygen depletion Guring
the fall mixing period associnted with the oxidution
of these by-products (Addcss and Effier, 1996: Effler
et al., 1988). A large fraction of the fish population
of the lake exits to the river during the period of
depressed DO in fall (Tango and Ringler. 1996).

Conceatrations of various forms of N are high in

Ononduga lake because of the inputs from
METRO (Canale er ol.. 1996). Further, conspicuous
temporal and vertical patterns have been imparted
to the N pools of the lake that ofler a rare opportu-
nity to identify, characterize and quantify mediating
pracesses. Patterns reviewed in this section focus on
the dynamics of the spring to late summmer interval.
that establish conditions at the cnsct of the fall
mixing period. Certain of the temporal features of
the patterns have strong interplay with the
dynamics of the stratification cegime and the timing
of the onsct of anoxia within the hypolimnion
{Brooks and Eflier. 1990). Councentrations of NOY
and NO;7 {sum rcpresented as NO,) decrease pro-
gressively in the hypolimnion soon after the onget
of annxia (late May to carly June; Efler, 1996), and
are eliminated in less than a month, ac a result of the
operation of the denitrification process (Brezoaik and
Lee. 1968: Seitzinger, 1988). Ammonia concentrations
increase progressively in the hypolimnion, particu-
larly after the onset of anoxia, duc to reicase from
the underlying sediments (Wickman, 1996). The
peak volume-weightod hypolimnetic 7-NH; concen-
tration observed annually, before the onset of fall
mixing. has been between 4 and S mg N =4 (Effer,
1996). ‘The vertical patterns of these constituents in
the hypolimnion (Brooks and Effler, 1990; Effler,
1996) reflect localization of source/sink processes
within the seditneots (Gelda er al.. 1995). The NO,
pool has been depleted first. and maximwm T-NH,y
concentrations (for exaruple, >7 mg N I™') have
developed. in the deepest layer(s). Concentrations
of T-NH, and NO, in the productive layers of the
epilimnion (sum >2 mg N 1) remauin well above
levels considcred Limiting to phytoplankton growlh
(Bowic ¢f al., 198S; that is. no N; fixation by cyano-
bacterin). The initial T-NE; concentration in spring
varies greatly year-to-year (range of 1.5 1o 4 myg N
™) in responsc to inlcrunnual diffcrences in di-
lution of the METRO input provided by tributary
flow over the preceding November to March inter-
val {Ffler ¢cr al.. 1996). Fpilimnetic concentrations
of 7-NH, decrease during summcr stratification to
varying extents, and NOj; concentrations either
increase  progressively or remain ncarly taiform
(Fficr, 1996). Concentrations of onganic N have
remained more  uniform  and generaily  lower
than 7-NH; and NO; (Canale er al, 1996).
Concentrations of NO7 have usually increased pro-
gressively in the epilimnion through carly August
(Gelda et al., 1999)..Standards to protcct aquatic
life against the toxic effects of NH. (Effier er al,
1990) and NO; (Gelda et al., 1999) have been vio-
jated by a wide margin routinely in the upper
WaLSTY iN SWNMeTS.

Pauer (1996) measurcd a rather high nitrification
rate for the sediment- water interface of Onondaga
Luake (0.37 ¢ N m™? d™') in experiments with sedi-
meant cores (cf Auer es al, 1993; Erickson and
Auer. 1998). but observed no nitrificalion in water
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columa samples coliccted in summer. His con-
clusion that nitrification in the lake was localized at
the sediments (in aerobic layers) was supported by
enumeration of nitrifying bactcriu in cxperimental
microcosms. Nitrifier densities of ~10' and ~10°
cells m)~! were reported for the water column and
surface sediments, respectively (Pauer, 1596). The
nearly conservative behavior of NO; observed in
the lake's epilimnion from April through mid-
August in scveral years, an interval over which pro-
gressive increases in  concentrations have been
observed, indicated a lack of nitrification in the
lake’s water column for that interval (Gelda er ol.,
1999), consistent with Pauer’s (1996) observations.
However, abrupt changes (increases and decresses)
in NO3 concentrations bave been observed for the
lake in a number of years over the mid-August
through October interval, suggesting the irregular
operation of the nitrification process (Gelda er al,
1999).

METHODS

Sampling, analyses. loads
Sampics were collected weekiy at ! to 2 m depth inter-

vals atl & buoyed dezp watsr (~19.5 m) location (Fig. 1) o
the iske’s southern basin, found to be repeoscatative of
lake-wide conditions (Effier, 1996). for the April to
October interval, over the period 1988-1995. This paper
foruses on (he fall mixing period; August to October.
Laborstocy amulyses ivduded T-Nily (USFPA, 1983),
NO, (USEPA, 1983), and total chlorophyll (Chl: Parsons
et of, 1983). Temperature, pH, and DO were maasured
the Seld, at | m depth intervals, with a Hydrolab
Surveyor 3. Sampling and field measurements were con-
dusted at mid-morning (for cxample. ~1000 h).
Loads of N forms from METRO were hased on concen-
tration data [total Kicidahl N (TKN), T-NH,. NO,J, enl-
lected by the facility on daily Bow-weightod composite
efffucnt samples, and daily average discharge flows of the
facity. Concentration measurements for this efffuent were
made on samples collected trom two (NO,. TKN) to five
(T-NH,) times per week. Linear interpolation was used to
estimate conceatrations for days for which samples were
uot collected. Daily loads from the facility were calculated
as the product of the daily concentrations and flows
(Effler, 1996 Pffier o1 al., 1996). Estimates of the smaller
loading contributions from tributaries were based oo a
fixed-frequency (bi-weekly) sampling effort. using the same
analytical protocols as specificd for lake ssmples. Daily
loads were cstimsted for these tributariex using the FLUX
loading calculation software (version 4.4, 1990; Walker,
1987). a3 described by Effier (1996).

N @nd DO models
Mass balance models for forms of N (Canale er a/.,

(a) Nitrogen model framowork
W E voitzation W E dopitrification
— N SR N SN N
e _J!H‘.'f § i + (i1} In.EIN?tI
E< pPON o= j_}._g]J— _-‘.u,_
settling hvelralyais
; W - loading
W gpON —— E - expart
E - "riutc{' wion o-PON - ploytapiznkion PON
) L 4 d-PON - dewrital PON
scttling W E
(b) Dissolved oxygen model fracsework
\ 4 .'Tdu

Fip 2 Concepstex! framework for the Onondese 12ke f2) nitropen modal, and (h) divsnlvad avyoen
mueeilel.
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1996) and DO (Gekia and Auce, 1596), developed wnd suc-
cessfully lested for the lake, were utilived m this investi-
gation (Fig. 2). These two models have the same physical
framework. The watcr columa is reprosentod by two com-
plcsely-mixed vertical layers of fixed dimcasions (demar-
cation depth of 8.5 m). an upper mixed layer (UML) and
lower mixed layer (LLML.). corresponding approximately to
the dimensions of the epilimcion and hypolimnion in sum-
mer (Effier and Owens. 1996). This represeutation has
been widely used in mass halance simulation modeis for
stratifving lakes (Chapra, 1997, Thomann amd Mucller,
1987). Vertical mixing-based exchange between the layers
(includes diffusion and entrainment) wes independently
ostimated by applying a heat balance to the lower layer
(Doerr ¢t al.. 1996).

The N model simulates in-lake conceatrations of 7-
NH;, NO,, particulate (PON) and dissolved (DON) or-
ganic N. Componernts of the lake’s N cycle sccommodated
in the model include; external Jonding, net phytoplunkton
prowth (Gaey, d7'). preferential toss (uplake) of T-NH;
over NC), to phytoplankton (for energetic seasons; for
example, Wetzel, 1983), nitrification, demitrification, hy-
drolysis of DON, decomposition of PON, volatilization of
NH,. sediment release of 7-NH, sstiling of PON, and
verticnl mixing-based cxchange betwoen the Inyers (Fig.
2(a)). The scasonality of the loss of 7-NH, to phytoplank-
ton growth was detesmined by Canale ef ol. (1996) by cali-
bration to the observed distribution of Chi for 1989, a
common temporal distributicn for the lake (Effier. 1996).
However, substanual interannual variations in temporal
paticrns of phytoplankton growth (for sxample, Chl con-
centrations) are known to nccur in the lake over the fate
summer through ezsly fall imlerval (Effier, (996). This
effect was not coasidered important in earficr applications
of the model. that focused on the spring to mid-summer
interval, the critical period for NH; tonicity concerns
(Canale er af.. 1996; Effler and Doerr, 1996). The associ-
ated sink for 7-NH, for ithe August to October interval is
quantified here on a yeur-specific basis through the cali-
bration procedures described by Canale et af. (1996).
Originally, 2 film transfer approsch. snalogous to reaera-
tion (Bowic et al., 1985), was used 1o describe the kinctics

,of ritrification (Canale e al.. 1996)

v:‘!’%}.‘ﬂ=«kaxmmx4 *

where kg, is the flm transfer nitrification coefBcicat (m
d™"). and 4 is the area of the sodiment—water intecface
acroes which nitrification-based cachange occurs. This rep-
resenlation & cuasistent with the observatioos of various
investigators (Cavari, 1977, Cooper. 1984; Curtix ¢7 al..
1979; Hall. 1986). The valuc of kg, (~0.135 ra d~'; model
default value; Canale ¢5 al., 1996) was established based
onl.he:ynem—qaea‘ﬁuuwimnbofhuer(l%)whh
profundal sedimenta. Here we also evaluatz alteraste
water column kinetics for nitrifcation of equation (3) for
the fa)i mixing perind. Several other Xkinetic coefficient
values for the N model werc detcrmined through i

dent mcasurements, thereby enbancing the credibility of
the model (Canale er al.. 1996).

The DO model accommod the pr of reaera-
tion (Gelda er al.. 1996), algal photosynthexis and respis-
ation, carbonaccous blochomical  oxygen dumncL
sadiment oxygen demand (SOD: Geldu er af., 1995), and
water column oxidation of CHy and H,;S (Gelda and
Auer, 1996). The effect of sediment-bassd nitrification was
embedded within the independently measused value(s) of
SCD (Gelda #t al., 1995). The mocel performed well in
simulating the seasonal dynamics of DO observed in the
lake in two years. including depletion of kypolimactic DO
in summer and cpilimoectic depletion during the fall mixing
period (Gelda and Auer, 1996).

Model application

Comstituentl concetilrutions were represented a3 volume-
weighted values. determined from vertical profiles of
mcasuremends and hypsographic data (Doeor ef al., 1996),
1o evaluate model performance. The N model was applied
for the Angust through October interval of seven consecu-
Uve years, 19891995 (1988 excluded because of incom-
pletc londing datn). Initial conditions were those measured
on the first monitonng duy of August in euch yeur.
Temporul dustribubions of vertica) mixing were fiest doser-
mined from the T measurements, as described above
(Docrr e aul.. 1996). Next, temporal distributions of the
Gny ¢ sink for T-NH, were determined for each year for
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Fig. 3. Time series for phytoplankion for the Avgust to October interval of 1995: () estimatex of nel
phytopleakton growth m the UML and LML determined by model calibration procedures; and (b)
model performuace for Chl for the UML and LML from calibration provedures.
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both luke layers (Fig. 3a)) through model calibration
(that is, by adjusting Gyyr (0 maich the observed Chl pat-
ierns: Fig. X(b)). Temporal putierns of pitrification rxtes
(kn and &g,) were resolved by an iteralive calibration pro-
cedure (that js, by adjusting kn and Ap to mauich the
obscrved T-NH; and NO, patterns), in which all other
rate processes in the model were specified according to
coefliciont values determined previously (Fig. 3a); Canale
et al., 1996). T effects on nitrification rates
were accommodated according to an Arrhenius relation-
ship

ke 7 =ky o x 0T )

k.r ard k., are values of nitrification rutc coeflicionts
(kn OF kg) a2 temperntures T and 20°C, and 8 is a dimen-
sioniless temperature cocficient. A value of §=1.06 was
specified (for exampie, Bowie ¢/ al.. 1985; Canale ef al..
1996). Nitification rates deiermined seasvoally and for
different years are represented as k, yp values to facilitate
comparisons.

The implications of high rates of nitrification on the
oxygen resources of the upper waters of the luke during
ths falt mixing pesiod were cvaluated through application
of the tested DO moded for the coaditions of 1995. An
added oxygen sink of nitrification within the water column
{equations (1) (3)] was included with the time-series ofku
values for 1995 from awbeltwn of the N
maodel, as described above. The time series of vertical mix-
ing was the same as determined for the N model apphi-

cation for the sams year. All other inputs were as specified
peeviously by Gelda and Auer (1996). Model performance
was thockod by companng simulations with cbservations
of DO. Comparisons of simulations for the UML with
and without the added watcrcolunim mitrificution sink
formod the basis for delineating the effect of this process
on the oxygen resourves of the upper waters of Lbe lake.

RESULTS AND DISCUSSION

Pools of T-NH; and NO

Patterns for the LML have had more recurring
characteristics over the study period compared to
those obzerved for the UML. Nitrogen oxides have
essentially been absent from the LML. and the
annual maximum ooncentrations of 7-NH; have
been approached in this layer, by the beginning of
August (Fig. 4). Concentrations of NO, have
increased progressively in the LML during the
spproach to fall tumover in each year (Fig. 4),
reflecting the inclusion of oxygenated NO,-enriched
waters from the deepening epilimnion. The rates of
increase in NO; in the LML were relatively low in
1988 (Fig. 4(n)), 1992 (Fig. 4(c)), and 1998 (Fig.
4(g)), because conceatrations remained fow in the
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UML in those years. Conspicuous decreases in the
volume-weighted concentrations of 7-NHj. associ-
ated with the deepening of the epilimnion, were
observed for the LML in six of the cight years (Fig
4). The exceptions, 1992 (Fig. 4(c)) and 1954 (Fig.
#(g)), were a result of the very high concentrations
maintained in the UML in those years.

- Concentrations of 7-NH; and NO, remained ver-
tically uniform with:n the epilimnion, and no loca-
lized provess aclivity (for example, nitrification or
denitrification) was manifested within the metalim-
nion over the study period. Concentrations of these
constituents in the UML in early August varied
grealy yecar-to-year (Fig. 4). reflecting interannual
differences in the various sources and sinks over the
preceding interval. Concentrations of 7-NH; varied
from ~1.5 mg N I™* (Fig. 4b)~d) to ~3.0 mg N
"' (Fig. 4(h)) among the study years. concen-
trations of NO, ranged from <i.0 mg N I™! (Fig.
#a). (e) and () to nearly 2.5 mg N 1! (Fig. 4(d)).
The wide intcrannual differences in temporal pat-
terns observed for these pools with the approach to
fail rurnover (thar is, over the August to October
interval) reflect year-to-year differences in the mag-
nitudes of the source and sink processes. These dis-
parate signatures offer an opportunity to resolve
internnnual variations in the mediating procecsses
with the mass balance modei. Concentratons of
NO, increased in most years Lo varying extents and
with different temporal pattems (Fig. 4). In con-
trast. NO, concentrations remained relatively uni-
form over the August to October interval of 1992
(Fig. 4(c)) and 1994 (Fig. 4(g)). Largely progressive
decreases in 7-NH; concentrations were observed in
the UML in 1989 (Fig b)), 1990 (Fig. 4(c)}. 1991

"(Fig. #(d)), and 1995 (Fig. 4(h)). Increases were

observed in October in two of these years (Fig. 4(b)
and (h)). at lcast in part associated with vertical
mixing-based inputs from the shrinking hypolim-
nion. In sharp contrast, nearly progressive increases
in 7-NH; occurred in the UML in 1992 (Fig. 4(c))
and 1994 (Fig. 4(2)}. Two minima ia 7-NH, con-
centrations were observed in 1993, one in late
August, the other in early October (Fig. 4(f)).

The onset of complete fail tumover, manifesied
by essentially equivalent concentrations throughout
the water column, was included within the moni-
tored interval of seven of the eight yeurs (Fig. 4).
The exception was 1995 (Fig. 4(h)) the cpilimnion
had deepened to |5 m hy the last sampling day in
latc Ovtober of that year. Interannual variations
were clearty manifested in the pool sizes of T-NH,
and NOy at the onset of lumover (near Lurnover in
the case of 1995). In threc years. 1990, 1991. and
1995, the concentration of 7-NH; was <| mg N
1-'. The concentrutions of NO, were >2.5 mg N
1" at turnover in those sume years. In contrast, the
concentrations of 7-NH; and NO, were >2.5 and
<10, respectively, at turnover in 1988, 1992, and

{

Change In T-NH, and NO,
Concentration in UKL {mgh-L™}

T9B8 16488 1990 1991 1862 1603 1924 18956

Fig. 5. Net changes in the concentrationg of T-NH
NO, over the August to onset of complete fall

interval in Oneondaga Lake for the period 1€

Comparison of nct changes io 7-NH; aud NO,
concentrations in the UML. for the early August to
the onset of complete turnover (last observations
for 1995) interval (Fig. 5). serve to further delincate
satient aspects of the intcrannual diffcrences in the
dynamics of these poois. Major year-to-year vari-
ations emerge from this form of presentation (Fig.
S), that can only be the rcsult of ycas-to-year differ-
ences in the magnitudes of the various sources and
sinks of these constituents. There wers almost no
net changes in 7-NH, for this interval in 1988 and
1989, and only modest increases in NO, occurred in
these vears (Fig. 5). Net decrcases in NO, were
observed in 1992 and 1994 (Fig. 5). Substantial
increases (20.5 mg 1"') in the concentration of NO,
were ob-srved in the UML with the approach to
full torpover in three years (1990, 1993, and 1995;
Fig. 5). Changes in 7-NH; copcentrations over this

038 — —

NO, mgLY T, et K, (97)
a

Fig. 6. Estimuies of nitrification rate coeficicay(s) (k; kw
or kp) valuea in the UML. of Onondaga Lake for the
August to October interval of two years, with calibration
performance of the N model. and comgparisons to predic-
lions according to the origina) N model: (a) estimated
time series of nitrificatior rate cocflicient(s), 1994; (b) com-
parivon of model simulations to observations of 7-NH,,
1994; (¢) comparison of model simulations to observations
of NO,, 1994: (d) estimated time scries of nitrification rate
coeficient(x), 1995; {¢) comparison of modd simulutions
to obssrvations of T-NH,. 1995; and () comparison of
model simulations to obscrvations of NO,. 1995,
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interval were even more variable amongst the ycars;
for example, major increases (for example, 1994)
and decrcases (for cxample. 1990, 1991 and 1995)
were both observed over the eight-ycar period (Fig.
5). The greatest net differences for both constitucnts
were observed in 1995, The substantial concurrent
increase in NO, and decrease in I“NH, in 1995
were approximately stoichiometric (within 5%).
suggesting the operation of the nitrification process.

Variations in rate of nitrification

Widely different time-scrics of nitrification rates
were determined for the fall mixing period of
the stody years through calibration with the N
model, as illustrated for 1994 and 1995 (Fig. 6).
The nitrification rate is represented in two aliernate
formats corresponding to a water column process
(kn) versus a sediment-based process (k¢,). The
model analysis indicates essentially no nitrification
occurred during the fall mixing period of 1994 (Fig.
6(a)). The time-scries of T-NH; (Fig. 6(b)) and
NO, (Fig. 6(c)} concentrations were well simulated
with the nitrification rate equal to zero. However,
substantial increases in nitrification were determined
for September and October in 1995 {Fig. 6(d)).
These abrupt increases have an event-like character
(for example, nitrification cvents). Rares during the
evenis were 18 to 40 times greater than the sodi-
ment-based estimate (default value) oniginally incor-
porated in the N model. though (he kw values of
1995 (Fig. 6(ad)) correspond approximately to the
lower bound of the range (~0.3 d ) reported for
suspended growth nitrification unils in wastewater
treatment facilities (Metcalf and Rddy, 1987),
Simulations of the modd with the default nitrifica-
tion rate overpredict 7-NH, (Fig. 6(c)) and under-
predict NO, (Fig. (D) by a wide margin for the
late September through October interval of 1995,
The better fit of the zero nitritication rate compared
to the default ratc for NO, in 1994 (Fig. 6fc)
suggests Paucr’s (1996) cxperimental rates for pro-
fundal sediments may not be representative for sedi-
ments within the UML,

The irregular occurrence of nitrification events in
the lake during fall mixing is further supported by
the estimales of nitrification rates obtained for the

Table 1. taterannual differences in aitrification rate in Onond ca

Lake during October

Your Nitrification rate
&y (md~") kata™

1989 0.135° 0.OU73S
1999 2.4 0.14
1959 20 o
1982 c.o n.o
£9%3 04 0.0
1994 (¥ 0.0
1993 324 0.{8

“Mode: defrult vilue (Canals ef af, f976)

other five years over the 1989 1995 period (Table
M. Nitrification events were manifested in two other
vears (1990 and 199), Tahle 1) in each of these
cases the nitrification rute increased abruptly over
the late Scptember to October interval (for examptle.
Fig. 6(d})). This population (Table 13, though small
(=~ 7). reflects a bi-modal distribution, that is in-
dicative of an event-like character. The authors are
unaware of the previous resolution of interannual
variations in nitrification rate in lakes, particularly
over the duration of this study. Some uncertainty in
these estimaies (Tabie 1) is unavoidable assogiated
with the kmitations in mode structure and
sampling frequency. However, the conspicuous sig-
nulures imparted 1o the pools of 7-NH; and NO,
in certain years (Fig. 4) provide compelling support
for the event-like character manifested for the nitri-
fication process in these results (Fig. 6{d}. Table 1}.
Resolution of the magnitudes of the individual
source and sink processes for the UML pools of 7-
NH; and NO, io 1994 and 1995 with the N model
{(Fig. 7) provides insight into the causes of the inter-
annual differences and the role of aitrification
events (for example, Fig. 6(d)). Sources of T- -NH;
include external loads {mostly METRO), hydrolysis
of DON. und vertical mixing-bascd inputs from
the cnriched LML. Sinks include phytoplankton
uptake. nitrification. export from the lake. and
volatilization of NH, (Canule et ai.. 1996). Sources
of NO, accommodated are external foads, and
nitsification. Loss proccsses for NO, include
vertical mixing-based export to the depleted LML
and hvdrologic export (Canale ef al., 1996).
Phytoplankton uptake of NO, was assumed ‘not to
occur because concentrations of the encrgetically
favored 7-NHy {Wetzol, 1983) remained high rels-
tive to levels (~10 to 15 ug N I"Y) assumed 10 cause
a switch to NO3 uptake (Canale e af,, 1996).
Hydrolysis and volatilization played minor, and
nearly compensating. roles in mediating the T-NH,
pool of the lake (Fig. 7(a) and {¢)). Extcrnal
(METRO) loading was onc of the two important
sources of 7-NH; in each of the years (Fig. 7(a)
and (¢)}. ‘The other mujor source was vertical mix-
ing-based ispuls from the LML (Fig. 7(c)). which
largsly reflects sediment teedbuck ussociuted with
the lake's hypereutrophic state (Wickman, 1996).
The mach larger magnituge of this source in 1995
compared to 1994 is not 2 result of interannual
differences in the pool size of T-NH; in the lake's
hypolimnion (Fig. 4(g) and (h)) or the magnitude of
vertical mixing. Rather, the differences in this flux
tand for NO,; Fig. 7(b) and (d)) are attributable to
the larger concentration gradienzs (cf Wodka &1 af.,
1983) between the LML and UML that prevailed m
1995 (Fig. 4(b)) compared to 1994 (Fig. 4(h)).
Losses from phytoplankton uptake and export were
of the same approximate magnitude, did not differ
greatly for the two years, and were the dominant
sinks in 1994 (Fig. 7(a)). The mitrification event was
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the dominam sink for T-NH, (Fig. T{a)) and source
of ND, (Fig. 7(b)) in the UML in 1995, and in the
other years in which the events occurred (Table 1),
Mitrification events have been primanly responsible
(for example. Fig. 7) for the major internnnual vari-
ations observed for the pools T-MH. and NO,
within |he upper walers ol the lake Jduring the fall
mixing infzrval,

It ix unlikely that the nitnfication event phenom-

enon identificd and quantificd here i umgue (o

Onoadaga  Lake. However, cluims of poleotial
broad occurrence need te be wempered by the unu-
sually high concentrations of norganic N forms
that prevail in this lake sy a resull of pollulion (Fig.
4). Perhaps the most conspicuous possioility for
injerference or feadback from the level of pollution
that wounld limit the ubiguity of these findings is the
known toxicity of NH; to the nitrificntion process
{for example, Anthomisen ef al., 1976). A dewiled
analysls of this potential nterplay for the UML
of the lake conchwled NHi. concenzrations, while
unnsually high and temporally vanable in this
polluted system, rtemain 0o low to inhibit the
nitrification process (Gelda of ol 1999), Qualitative
evidense reported lor otber lakes supports o
ocourrence of mitrification evenls. Cavar (1977)
vbsarved increased nitrifichtion in the water column
of Luke Kinnert during twimover, aod specu'ated
this may have been in reponse (o resuspension af
bottom sediment conched with nitrifying haciesda.
Robarts & al (1982) roports]l purced, peardy stoi-
chiometnic, decreases in T-MNIl; and increasss in
NO, in a monemiclic impoundment (Hartbeesport
Dam, South Africs) following the onset of tuin-

over, and concludsd thess patterns reflected extre-
mely high rates of nitrification.

The cause{z). nr trigger(s), for the ahserved nitr-
fication evenls remains an open guestion thao flls
outside of the poals of this paper. A preliminary
pursuit of the caose throuph analyses of a broad
mnge of parallel measurement (cf. Heroonsky and
Mixon 1990 Sharma and Ahlert, 1977) collected as
pari of the long-lesmy meniloring progeamme [or
the lake (EfMer, 1996) wos inconolosive. The koown
aifinity of nitrifving bacteria for surfaces (Staley.
198%) and the quahtative evidence for nitrification
events in otber fakes duing laroover (Cavan, 1977;
Robarts ef af., 1982), 0 perivd when sediment resus-
peasicn is known o increase (Bioesch, 1995),
suggeats that particle resnspension may be an im-
portant factior i the ouvcurmences of thowe evenis,
The fact thet resuspension events rre oflen coupled
to random occurrences of partcularly high winds
(Blogsch, 1985 i3 consistent with the apparent
event-like chamcter of oitrification reporied here
This iasue deserves further rescarch.

Water qualisy implicarions of mirrificarion everie DO

The DO model performed well in simuleting the
major deplation (for example “rag™) in DO
observed in the UML in late September and early
Oetober of 1395 (Fig. ®) by incorporuning the oxy-
gen demund assocnted with the ume senes of nitri-
ficetion rates. as determined by application of the
N model (Fie. &d]). This sddional oxveen sink
wis represented a5 f walsr eolumn process {ky), as
sediment-based npitnficuion s embedded m sedi-
mienl oxyvgen demand (DiToro o7 of., 19900, which
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Fig. 8. Comparison of model simulatioas of DO concen-

trations for the UML of Onondaga Lake to observations

for the Augnst to October interval of 1995, Three simu-

lation cases are presemted Lo depict rclative contributions

of process to DO : no oxidation of reduced sub-

<tances, oxidation of HyS ané CH,. and nitrification of 7-
NH, according to Fig. $(d).

is already accommodated in the DO model (Gelda
and Auer. 1996) and supported by independent
measurements (Geida ez al.. 1995). The modcl over-
predicted DO in September, but performed well in
October. The simulation represented 82% of the
observed tcmporal varistions in DO in the UML
over the August to October intecval. The root mean
squared error of the simulation was about | .4 mg
DO I}, This kevel of peiformance compares favos-
ably with the initial testing of the model (Gelda und
Auer, 1996). A simulation that did not accommo-
date the cffcets of the nitrification cveat on the oxy-
gen budget of the UML grossly underpredicted the
pbserved DO depletion (Fig. 8). The interconyisten-
cies of the signals imparted w the pools of DO
(Fig. 8) and forms of N (Fig. 6(c) and (f}) provide
compelling evidence for the occurrence of nitrifica-
tion cvents in the lake. as well as for the representa-
tiveness of the estimated time series of nitrification
rates (Fig. 6(d)).

The model analysis (Fig. 8) demonstrates nitrifi-
cation eveats bave a highly negative impact on the
lake’s oxygea resources during the fali mixing
period. Water quality staodurds for DO intended to
protect fish (5 mg I~ as a daily average, minimum
of 4 mg I™! within a day) were violated for more
than a moath as a result of the nitrification cveat in
the fall of 1995. Undoubtedly, these conditions pro-
mote the reporied exodus of fish from the lake

Tango and Ringler, !936). The parton of the DO
depl attributed 1o oxdabion of other reduced
substances (H-5 CHL), recewved from the LM
ans predicted to be less than associated with nitnifi-
sation, and would not have canvsed violations in this
venr b the absenee of npitnhcation {Fig. 8)
lemporal feature { the 1995 simulalions (Fip. X
mclizile Lhe oxygen domand ol Do nirfcalion
=vetil 1% shifted edrlicr than that associated witl

of Hx8 and CH,;. Ths sugeests thal the nitn
Boation event was initially supported in part by th

T-NH; poo! of the UML., as the kinetics of oxi-
dation of H.S and CH, are extremely rapid
(Jannasch, 1975: Jorgensen ¢t af., 1979: Rudd ¢1 /..
i976). )

The observations that the DO depletion in the
fal! of 1990 was one of the more severe cases
reported for the 1985-1993 interval (Efffer o1 ol
1996) and that the depletion in 1954 (unpublished
data. Effier) was one of the least severe are qualitat-
ively comsistent with the presented estimates of nitri-
fication (Table 1). We hypothesize that much of the
substantial interannual variability observed for falt
DO depletion in the UML of the lake (Effler er al.,
1996} has been caused by the irregular uccurrence
of nitrification events. If the exiting populition of
nitrification rate dewecrminations (Table 1) is repre-
sontative. particularty severe DO depletions in the
UML should be cxpected during fall mixing in
ebout four of evary ten yeurs.

Model structure und management implicarions

Estimates of nitrification rates have been pre-
scoted in two formats here, consistent with water
columan fequation (3)} and sediment-based [equation
(4)) processes. While no strong position on these
alternatives is taken here. circumstantial evidence
indicates the reported nitrification events were
walcrcolumn based. First, sediments within the
UML (Aucr er al.. 1996) could pot support the
SOD that would have been necessary to explain the
DO depletion observed in 1995 (Fig. 8). Second, no
significant scasonality emerged in SOD experimen-
tal results from profundal cores collected seasonally
in tbe lake (Gelda ef af.. 1993). Further, an unrca-
sounably high transport rate across a boundary layer
would be necessary (cf. Paver. 1996) 1o accommo-
date the magnitude of thesc events within the con-
structs of a scdiment—water interface process. These
observations do not preclude a2 scdiment-based rep-
resentation of nitrilication, which we believe opet-
atcs in at least the profundal deplbs Juring oxic
intervals. Ratber, it appears the sediment-bascd
process is augmeanted by its operation within the
water column during the eventr (for example. con-
sistent with a resuspension mechanism).

It is important for managers of this lake, and po-
tentially other N polluted lentic systems. to be
aware of the occurrence of nitrification cvents and
the implications for DO resources and common
reasures of water quality. These apparently ran-
dnm =vents can intlerfere with trend/patiern analy-
iz, nnd, if not recognized, could lead to incorrect
rpretations of the conspicuous  year-to-year
srences in water quality signatures. Managers
oiznd to use  hypolimnetic oxygenation (for
eramysie, Prepas et al., 1997) to remediate the pur-
Lwulirly acute DO dcpleu’on of the full m
perind (Fig. 8). It is recommended that related oxy-
gcnilion cupucity calculations adopt the nitnfica-
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tion event conditions of 1995 az 2 rcasonablec worst
case for oxygen demand.

CONCLUSIONS

The irregular occurrence of intervals of high rutes
of nitrification. described as nitrificition cvents, in
the upper waters of polluted Onondaga Lake dunng
the fall mixing period has been demonsirated, based
on comprehensive measurcments of forms of N in
the lake and its inflows and application of a tested
mass balance moded for N. In somc ycars essentially
no nitrification has ocvwrred in this interval, in
others the rates have been high, approaching
values reported for wastewater treatment facilities.
Estimates of nitrification rates during an cvent have
been independently supported by the closure this
additional DO sink process brought to modcl simu-
lavions of the major DO deplction observed during
the event. The irregular occurrence of the cvents is
responsible for thc major intcrannual varialions
observed for the pools of ammonia and oxidized
forms of nitrogen in the upper watens of the Juke
during the fall mixing intcrval. Nitrification events
exacerbate the iake’s problem of low DO concen-
trations in (he upper waters during the fall mixing
period. Additionn] studics arc recommended to
identify causes of the events. The effect(s) of nitrifi-
cation events should be incheded, 23 a representative
worst casc, for evaluating alternutives to remediate
or reclaim the oxygen resources ot the lake.
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