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RIVER DISSOLVED OXYGEN MODEL WITH ZEBRA MUSSEL OXYGEN
DEMAND (ZOD)

By Rakesh K. Gelda,' Steven W. Effier;” and Emmet M. Owens’

ABSTRACT: The development, calibration, and application of a dvnamic two-dimensional mass balance model
for dissolved oxygen (DO) for rivers are documented for the firs: ime accommodating the oxygen demand
associated with zebra mussels. The test system is a short (2.3 ki) phytoplanktoa-dch section of the Seneca
River, N.Y., which is believed to represent an upper bound of the impact of this exodc invader on OXygen
resources because of the unusually high population densities and limited turbulent mixing that prevail. Modei
calibration is supported by comprehensive measurements of DO, which resolve diumal and scasonal patierns,
and various forcing conditions over a four-month period. Wide remporal varistions in lbe arcal consumpuon
rate of DO by zebra mussels [2ebca mussel oxygen demand (ZOD), g-m™*-day~') were determined through
model calibration. These determinations are supported by closure with earlier estimates based on simple DO
budget calcutations, and with laboratory biomass-specific oxygen consumption rales published In the sciendfic
literatrure. Values of ZOD at times (¢.3., >50 g- m™' - day ™) were an order of magnitude greater than the sediment
oxygen demand associated with organically enrichcd deposits- The model pectorms well in simulating impurtant
feamres of the complex patterns of DO observed, including (1) DO depleton across the study section; (2)
vertical DO stratification: and (3) diumal changes. ZOD was the dominant sink for DO over the rdver smdy
section; 1t was cnlirely responsible for the substantial observed DO depletion. and it was the major cause of the
DO stratification during periods of low flow. A preliminary catension of the model is demonsirated 0 be
successful in simulating the persistence of DO depletion 15 km downstream. The model iy expecied 10 have

| manegement utility for dus and other phytoplankion-rich avers thar have been, or will be, invaded dy zcbra

i mussels.

INTRODUCTION

Mgchanistic mass balance models represent the primary cn-
ing tools to guide the managecment of surface water qual-
mann and Mueller 1987; Chapra 1997). The complex-

needs as computing capabilities and scientific under-
ing of these ccosystems have advanced (Chapra 1997).

to accommodate influences of the metabolism of the

.
zebra mussel (Dreissena polyvmorpha, Pallus), a small
e mollusk native to southern Russia, has been one of the

feeding bivalve has spread throughout the Northeast. and much
of Southeast and Midwest of the United States, and much
of Cpnada. Dense populations of the zebra mussel have been
demonstrated to causc major changes in common measurcs of
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water quality aasociated with various aspects of its metabolism
(Efficr et al. 1996). These changes have included (1) decreases
in the concentrations of phytoplankton and inunimate particies
(tripton) and attendaat increases in clarity. as a result of dlter
feeding (Caraco et al. 1997; Effier and Siegfried 19983 12)
increases in ambicat conceawanons I nutrients assoc:ated
with excretion (Amortt and Vanni 1996; Effler 21 al. 1996,
1997a: Caraco et al. 1997); and (3) decrcascs in dissoived
oxygen :DO) and pH associated with respiranon «Effler and
Sicgfried 1994; Effler et al. 1996; Caraco et al. 2000 The
most dense populations of ¢sbra musseis dccur where there s
abundant food (e.2., phytoplankton) and ouk subsorate to sup-
sort attachment ‘Ramcharan 2t al. %92% The magmiude or
:hang2a in duxes ard 0 poeis OF K2 oASUEUCSS il tave
sccompanied the t2dra musse! invasion i seweraly inicsicd
sysicms has rendered vater quality models deveicped Sefore
the invasion essenually uscicss.

The focus of this paper 1s the approprigte accommecanon
of the arfect(s) of zcbra mussel metabolism in 3 mass buiance
model Jor dissolved oxygen in rivess. Though the poguiauvn
densities of this invader are gencrally iower :n fivers and
sweams than in lakes (Madon oo a2l (909, the wditicra: -
vgen sink represented by zebrn musse; respiracon is 4 partic-
2iaf CORCCID N (CUC 3¥S(ems in Jeve:oped arcas. Mary aroan
rivers have little or no available assimilative capacity ‘o lose
because of inputs of oxygen-demanding wastes, Oxygen de-
pletion has heen reported ffum zebra mussels in at leasi Jour
iarge nvers in the United States~—ine (ilinois Xiver .Jilncis
Nawral History Survey 1994), the Hudson River (Caraco ot
al, 2000), the Seneca River (Effier and Siegfried 1994; Effler
ct al. 1996), and the Oswego River (Effler and Siegfried !998).
Undoubtedly, the oxygen resources of a much larger number
of rivers in the United States and Canada have ocen impacted.
The most dense populations of zcbra mussels and the moust
severe depletions of DO for a lotic system have been reported
for the Seneca River (Effier and Siegfried 1994). Depletons
in this river have been severe enough to cause violauons of
related New York State standards for minimum DO concen-
trations (<4 mg-L™') (Effler et al. 1996).

This paper documents the development, calibration, and up-
plication of a dynamic two-dimensivnal mass balance model
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for DO for a 2.3 kan scction of the Seneca River. N.Y. An
wray | of metrics is utlized to depict salient features of the
complex DO pauerns and to evaluate model performance. The
temporal paitern of oxygen demand associated with zebra
mussels [zebra musscl oxygen demand (ZOD), g-m™-day™"]
(Effler ot al. 1996) in the study reach is determined through
m calibration. The calibrated model is applicd to cvaluate
the rdlative roles of ZOD, primary production and respiration,
and limited vertical mixing in regulating the obscrved signa-
tures pf DO depletion across the study reach, diurnal variations
in DQ, and veriical differences in DO, Preliminary testng of
the DO model over a longer section (—15 km) of the river is
preseitod, and critical feanures of the inclusion of the cffect of
the zqbru mussel invasion ip a DO management model for the
river pystem are considered.

SYSTEM DESCRIPTION
Settihg

Seneca River is an alkaline hurdwater system that
draing 9,000 km® of the 13,200 km’ Oswego River basin of
New fYork (Fig. 1). The Oswego River, formed by the com-
1bn of the Seneca and Oneida Rivers, is the second largest
into Lake Onwario :Fig. 1), after the Niagara River. The
average Qow of the Seneca River at Baldwinsville for
51-91 period was 96.3 m'+s '; the average a1 the mouth
Oswego River over the 1933-91 interval was 188.6
! (US. Geological Survey).
natural hydrodynamic featres of the river sysiem have
y modified (e.g., dams. locks, and channelization)
port power gencration and havigation, which has in-

water depth and reduced turbulent mixing and the
on capacity uf the system (Canale ct al. 1995). Nu-
small domestic waste discharges are received by the
River upsucam of Cross Lake, none are received over

the s Lake to Baldwinsville reach, and several efffuents
enter nver system downstream of Baldwinsville (Fig. 1)
(Canale et al, 1995; Effler et al. 1996). The domestic waste
loads ffrom the largest urban area in the watershed, Syracuse.

are regeived instead by the adjoining Onondaga Lake (Fig. ).
Onondaga Lake is severcly polluted as a result of the receprion
of thig wasic (Effler 1996), and the outflow from the lake

Laka

FiG. 1, River Systcm, the Cix Section of the Seneca River, N.Y., with
Water ity Moaitocing Swations :

causes negative impacts in downstroam portions of the Seneca
River (Canale et al. 1995; Effier et al. 1997b). The asaimilative
capacity of this portion of the river is an unportant manage-
ment issue, as a leading alternative for rehabilitation of On-
ondaga Lake is diversion of the wastewater wcatment plant
(WWTP) discharge (following ucatment upgrade) received
from metropolitan Syracuse (o the Seneca River (Canale ct al.
1995; Effier et al. 1996).

Cross Lake, located ~16 kmn upstream of Baldwinsville and
~23.83 km upsmeam of the inflow from Onondaga Lake, is &
Jdimicuc, rapid flushing lake. The Seneca River inflow (Fig. 1)

nts ~98% of the total flow received by this lake (Efffer
and Carter 1987). There are no significant inflows to the Sen-
cca River between Cross Lake and the entry of Onondaga
Lake (Fig. 1). Cross Lake is hyperesumophic because of the
nutrient loading received by the upstream pordon of the river
(Effler and Carter 1987) from WWTP Jischarges and agricul-
tural activity. This intervening lake essentially acts to convert
putrient loading carricd by upstream portions of thc Scneca
River to phytoplankton biomass (Effler and Siegfried 1994),
Water exiting Cross Lake during summer low flow intervals
largely refects lakewide cpilimnetic conditions (Effler et al.
1989). However, during high runoff intervals substantial short-
sircuiung of the nver inslow to the lake autlet occurs (Schinde!
et al. 1977; Effler and Carter 1987).

An artificial channel, described as the **cut,” located 1.3 km
downstweam of Cross Lake (Fig. 1), is one of the modifications
of the river (0 support navigation. This channel (depth o7 3 )
was dug out of bedrock in 1915 as part of the construction of
the Barge Canal system. The bouom or this channel is covered
with cobble size rock (no rooted plantsi. The cut camries >90%
of the nver flow (Coon 1994), as the natural ‘“horscshoc’
channel of the river (Fig. 1) is largely sited in.

Zedra Mussel invasion and impacts on DO

Ludyanskiy et al. (1993) reported the zcbra musscl invasion
had spread to this river by the arly 1960s. An abrupt reduction
in DO cooceatrations was observed in the Sencca River u
Baldwinsville in the summer orf 1992: he median concentra-
tion dezreased Jrom 7.3 mg-i.”t fer “S90 ane 1991 w0 4.7
mg-L™ 71993, Fig. 2a)) (Efiler et ai, .$96). Longiwdinal Dt
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FIQ. 2. Dissolved Oxygen Concenaations in the Seacca River: (a)
Comparison of Summertime Coucentrations ocar Baidwinsvills before the
Zebra Mussel Invasion 10 aftor the Invasion (Modificd from Effler et aL
(1996)); (b) Longirudinal DO Profils (Vertically Averaged Values) from
Downstream of Cross Lake to Baldwinsville. Auguse 29, 1993 [Moditied
from Effier and Sisgfried (1994))



profiles in the same summer (Fig. 2(b)] depicied decrcases
downstream of Cross Lake without recovery at Baldwinsville.
The! greatest depletion occurred actoss the cut. No such de-
pledons in DO were found for the Cross Lake to Baldwinsvills
in earlier data scts.

bra mussels were found to occupy all available solid sub-
strafe >3 cm diamcter along the entre Cross Lake to Bald-
windville reach in a benthic survey of August 1993. Particu-
larly dense populations of the bivalve were observed in the
cut [(~$0,000 individuals-m™?), where the conuibution of
largs rock substrate was thic greatest (Effler and Siegfried
1994). The size structure of the community indicated that the
popgladon way cstablished in 1992 and 1993 (Effler and Sieg-
1994). The popuilation density found in the cut is the
st reported for any river in the United States, approaching
observed for productive portions of the Great Lakes
r et al. 1996). This has been attributed (0 the abundant
supply provided by Cross Lake in the form of phyto-
on, the supply of veligers (planktonic larvac of the zebra
) by the lake, and the abundance of appropriaic sub-
(Effler and Siegfried 1994, 1998). High densities of the
r have persisted at this location for at least seven years,
h substantial seasonal and inierannual variations have oc-

girudinal DO profiles in 1993), expressed as an areal sink pro-
cess)(44 g-m~-day”"), and an areal respiration mic for the
Is (34 g-m™?-day "), based on laboratory rates (Schnci-

icgfried 1994). Similar budget calculations made around
t based on much more intensive DO monitoring in 1994
(Efflge et al. 1998) continued to establish the cxistence of a
largq oxygen sink in this river section and rather good closure
with more recent (Aldridge ¢t al. 1995) (aboratory data for
zcbri mussel respiration.

The cut has been adopred as the test sysiem in (his paper
we peurporste the effects of zebra musse]l mewbolism inoto a

because of the particulacly high population decnsities main-
tained, but also because of the limited amount of compensation
provided by reacration.

The loss of assimilative capacity of the river system for
oxygen-demanding wastc associated with the zebra mussel in-
vasion has had important implications for basinwide planning.
Waste discharge permits issued by New York State beforc the
invasion can no longer protect the oxygen resources of the
dver. Further, this infestation is confounding rehabilitation ef-
forts for Onondaga Lake, as plans to divers the WWTP cffluent
from metropolitan Syracuse to the river have been disconun-
ued because of the loss of assimilative ¢apacity.

SUPPORTING MEASUREMENTS . ‘}8-}9 @,L(e’/

Monitoring Program ﬁ—

An inensive field program conducted in 1994 supported
modei Jdevelopment and testing (Table 1). The amay of mon-
itored parameters included the model statc variable, a number
of madel inputs, and several auxiliary measurements of son-
ditions that may have influenced the dynamics of zcbra mussel
respiration and DO. Water quality measurements were made
at two ongirudinal positions (navigation buoys 409 and 397)
bounding the cut (Plig. 1). Zebra mussel population estimates
for this section were based on benthic surveys conducicd at
multiple sitcs (and replicate samples) within s bounds (Effler
et al. 1997a). Temperature, DO, and meteorological conditions
were measured the most frequently (hourly). Temperature and
DO measurcments were made at depths of 1 and 4 m at each
of the two sites with remote monitoring units Effler et al.
1998). Other field and laburatory analyses were conducted less
frequenty (two to three times- week ™', Table 1). Meteorolog-
ical measurcments were made ar Syracuse Hancock Airport,
axcept “or incident irradiance, which was measured near the
southern ¢nd of Onondaga Lake (Fig. 1).

Upstream Boundary/Ambient Conditions

Rather strong dynamicy of porential dnvers of zehre muescl
respiranon and DO cccurred over the modeling inierval (Fig

;'.|.51|J balance model for DO, and o ._l'._'..J_.‘H_;f'-. the associated 3}, For .axarn;'-h-. major variations 0 nver w2, m-3 5
sink.| This site likely approuches the apper pound of the impact wccurred (Fig. Jiall The most Sonspiedtous i ur
of zdbra mussels on the oxygen resources of 4 river, noc oniy were pwu inlervals ol wow How Tom mug-July reugn Tl
TABLE 1. Monnonog Program Supporting DO Model Testing for 1994 Condidons

[arprgeiera Depth/Frequency Function Reference

1 {a) Field
oo | I and 4 oy bourdy Siate wariable Effier <t al. 11985}
Tempgranure" I and 4 m; houny Model nput Effter =u al. Li¥%7d
Scoch diak® Two w threo dmes - week™ Model inpur —
Inciddn radiance Hourly Model input UFT WOAA"
Alr teraperatune’ Hourly Model input MNUAA reconls
e yend rnr:.pc-rn.:m;" E1|,:-u_r|wl..- Model wnput MNOAA feconls
Wind hpeed® Hourly Model mpur NEIAA recoros
River dow Culy uverage Musle] inoul LT Seahagaead Sar
[rradijnce proglcs’ Five tmes

Model mput

(b Lobomatory

I apd 3 mi two o three omes - weoek

1 apd 3 m: twn
|

w0 thres Umes - wesk

Tebralmussel hiomnas

Monthly

1 and 3 m; fwo 1o three Umed - week

wnd 3 m; rwo 1o three UmMes - werk”

Aneiliary Efffer = al. (19972}

*Hedrolab Sonde.
*Td estimate anennation coefficient
*Upatate Freahwater [nstiute—messurements in Syacuge

Ancillary Efffer 2t al. [1997Ta)
Ancillary Effler o ol {19974
Anoillary Effler =t al, 19974
Anciliary Effier o1 al. (199Ta)

"Nitivnal Oceanic snd Ammospheric Administration weather station, Hancock Adrpon (Fig. 1),

“Trpnspory/temperniure submods] inputa,
'To! determina attanuation coefficient

‘ I
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FIG, {3. Dynamics of Sclected Environmenial Conditions in the Seneca
ijej at the Upstream Boundary of the Cut, July~October 1994; (a)
Flow; (b) Total Chlorophyil; (c) Suspended Solids, Volatila ind Non-
voladle; (d) Temperawmre at Depths of 1 and 34 m; (e) Average Zebra
Muss¢! Biomass within the Cut, for Two [niervals [from Data Presented
by Effler et al. (1997a)}; (f) Daily Average DO at Depths of { and < m:
£) Djursal Range tn DO ar Depths of | and 4 m

August and much of Sepiember, which scparaied three inter-
vals pf high flow in carly July, laic August, and late Scptember
through mid-October [Fig. 3(a)). The minimum average flow
for a 30 day period, with a retumn frequency of one in 10 years
(MABOCDI10), is 17.6 m*-s™" for this reach. The levels of
chlofophyll (Chl, pg+ L") that entered the cut [buoy 409, Fig.
3(b)] reflect the hypereutrophic state of Cross Lake (Effler and
C 1987), and indicate a rich food supply for resideat 2ebra
m 1s. The dyunamics of the concentrations of Chl [Fig. 3(b)]
and guspended solids [Fig. 3(c)] were in part linked to varia-
tons in flow [Fig. 3(a)]. Tho contibution of inorganic solids
to the toal was greater during the threo high flow intervals,
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and the concenmations of the organic compounent of suspended
solids (VSS. mg-L"') and Chl were lowes, consistent with
short-circuited Sow from the upstream portion of the river.
Higher Chl levels [Fig. 3(b)) were observed during the lower
flow (¢.g., minimal short-circuited component) intervals [Fig.
3(a)]. The disproportionate decrease in Chl during the lae Au-
gust runoff cvent suggests the food value of organic particles
may have diminished during this interval.

The dynamics of temperature (T, *C) were more gradual by
comparison [Fig. 3(d)), typical of the seasonality experienced
in the region (Effler 1996). Temperature ranged from t2 (late
October) to 26°C (July and August) over the simulation period.
Temperatures decreaged in a largely progressive mananer alier
early August [Fig. 3(d)]. Vertical T differences were minor
relative 10 the seasonal changes {Fig. 3(d)]. These differences
were greatest during low Sow intervals and depic1 incomplete
vertical mixing in the river water column, and therefore the
potential for scratification for reactive constituents such as DO.

The presented temporal pattern of zebra mussel biomass for
the study period [Fig. 3(e)] is an oversimplification (Effler et
al. 1997a), but iz depicts the most important featurs, the major
decrease during the August runoff cvent (described as ““wash-
out’). Average zebra mussel population densities and total bio-
mass in the cut decreased from ~d0,000 individuals -m™* and
930 g \dry weight)-m™* 1o ~-18,000 individuals - m"? and 240
g m™?, respectively (Effler et al. 1997a) [Fig. 3(e)}. The mech-
anism for the loss of biomass from the cut is uncerwin. The
increase in velocity was inadequate o remove healthy zcbra
musscis om tho substrate. However, the colonies in the cut
were several centimetars thick, made up of anumerous layers
of individuals. Many of the individuals in the bottom (i.c.,
older) layer may have been dead or degraded. such that de-
tachment of colopics ¢ould have vccurred in response to the
increase in current velocity

The DO signal received by the cut irom Cross Lake during
the study period was complex with respect 0 emporal and
vertical parterns. The concentration of DO vaned strongly at
time scales of day-iw-day {Fig. 3(f)], vithin a Jay (Fig. 3(g)i,
and seasonally. and differed with depth in the water zolump
of the river. These features reflect dynamics in DO concentra-
qons nat are commoniy obscrved (2 e eptiinuna of ayper
eutropaic {akes, :hat are driven sy the aming of primary pro-
ductdon and wind driven turbuleace Effler and Caner 1987;
Effler = al. 1989; Effler 1996). The unusually low turbulent
mixing in this river acts to sustain both the temporal and the
verucal fearures of the lake’s signal. These complex featres
xe (0 3¢ expected for a river sudy sue where the maximun:
impac: of zehra mussels on oxvgen resources 8 approached
v2.3.. Yvpereutrophy and Emited wrruience). Further, thev -
fer a challenge for proper quantificanon of the eflects of pri-
mary producton and limited vertical mixing in 3 DO model
frame-vork, and an opporntunity to make related advancements.

DISSOLYED OXYGEN MODEL
Transport/Temperature Submodei

The ransporttemperature submodei adopted here has been
modified from that incorporated in CE-QUAL-W2 (Cole and
Buchak 1995), a modcl that is wideiy applied for reservoirs.
The framework is two dimensional, consisting or longitudinal
and vertical segments (i.e., conditions are laterally averaged),
to address related features in the DO paterns of this system
(e.g.. Figs. 2(b), 3(f). and 3(g)l. Scgmentation was based on
a bathymetric survey and was consistent with the need to avoid
numerical dispersion in model! predictons. A segmentation of
12 vertical layers of 0.5 m and tree loogitudinal seg-
ments, ~0.8 km long, was adopted 0 represent the cut. Thus,
the cut was divided into 36 (12 X 3) cells; concentrations



.

within each cell are assumed to be uniform. Increasing tho
nuniber of longitudinal segmeats (i.e., reduced length of in-
dividual cells) did not influence model predictions. An addi-
tionp 13 longimudinal segments of ~1 km length, with vertical
laygrs of 05 m thickness, were added downstream of the cut
10 sppport preliminary simulations of DO over the cul to Bald-
win}ville (Fig. 1) reach.

c submodel simulates T and wansport. The heat budget
that'supports T simulations includes terms for evaporative heat
loss, short- and long-wave radiation, coavection, conduction,
andiback-ndialion (Cole and Buchak 1995). Meieorological
das necessary to drive the predictions include air temperature.
dew point temperature, wind specd, and incident solar radia.
uon! (Table 1).

atures of ransport are simulated by specifying the inter-
actign of adjacent model cells through the processes of lon-
giwuftinal and vertical advection and dispersion. The vertical
mix|ng component of the transport framework of CE-QUAL-
was modified for this river application. The vertical eddy
sion cocfficient (D,, m*-s™') was calculated as a function
w according to relatonships reviewed by Mardn and Mc-

.s"! the lower threshold for no DO stratification, a value

. = 0.008 m**s™' was predicted. The value of D, was
calchlated to be much lower during the low Bow interval of
mid-July 1o mid-August when substandal DO strarification was
observed [Fig. 3()]; ¢.8., average of ~0.002 m*-s~".

The model performed well in simulating T at dme scales of
within a day 1o seasonal (root-mean-square error at buoy 397
= 0.44°C). However, the success of simulations in the cut was
largdly ensured by the frequent update of the boundary con-
ditidns. The results of an earlier dyc study conducted over the
Crogs Lake (outler) to Baldwinsville reach (Q = 30 m**s™")
(Schindel et al. 1977) provided a test for the submodei’s ssim-
ulatfon of time of travel (s, h), an important feature of niver
angport (Mantin and McCutcheon 1999). The predicted ¢, was
apptoximately equal to the observation of 70 h (Schindel ct
al. 1977). The predicted value of f, to taverse the shurier
length of the study site at the samec Q was 4.2 h.

TABLE 2. Summary of Kinetuc Cosficients
Value

Coeflicient Reference
Chaprs (1997)
Chapra (1997)
Bannster (1974)
Cloern e al. (1995)
This study

Canale et al. {(1995)
Canale ct sl. (199%)
Bq. (6); Chapra (1997)
Eq. (6); computed
Canale ct al. (1999%)
Canale et al. (1993)
_ Cbapra (1997)

“6, and 0, are temperature comection coefficients for phytoplankton
production and respiration, respecuyvely.
— —

Development of Kinetics

SOD, NBOD (k.), and CBOD

Certain featurcs of this study sysiem have simplifying ef-
fects oo the application of the kinetic framework. For example,
there are no deposits of organic sediments: thus, there is no
significant exertion of SOD. A very iow value for k. was re-
pored for downstreamn portions of the Sencca River (from
Baldwinsville to just past the confluence with the Oneida River
(Fig. 1)} (Canale ct al. 1995). This was atributed largely to
its grear depth, as nitrification is localized 4t the sediment-
water inwerface (Cavari 1977; Pauer and Auer 2000). Ammonia
is depittcd seasonally (by midsummer) in the epilimnion of
Cross Lake (Efficr et ul. 1989), which further discourages ni-
wification. Increases in ammonia have been reported across the
cut, pssociated with excretion by zebra musseis (Effler et al.
1997a). However, the lack of any increase in nigate (end prod-
uct of aitrification) across the cut over the swdy period sup-
ports the position that the rate of nigification was very low
rassumed zero herey (Gelda 2t al. 2000). Concenmations of
tabile organic carbon in the epilimnia of productive iakes are
low within the coniext of potential dxygen demand tWetze]
1992:. Burther, 20 changes in he DRTTSrzentraiion rool vere

observed across the sudy site {unpubiished data). Thus, there Aasl’
was assumed 10 be no oxygen sink associated with the stabi- 2* &

lization of CBOD. L U (e'f o~ ok

Dis

encralized kinetic expression for DO, which inciudes the

- -
oC

sink [exerted at the river botom (Efffer et al. 1996)] is
. o
wq/d: = K,-(DO,. — DOYH, + (P — R} — (k,-5Z30D,;

' .
-MD) - (soD + zoDy | — ; W

whete dDO/d1 = rate of change of DO due to kinetic
(g-th™*-day™): K, = oxygen uansier coefficient im-day™*);
DQy, = DO concentration at satrauon (g’ 3 DO, = suriace
lny$ DO concentration (g-m*%); 4, = surface layer thickness
{m); P = gross photosynthctic production of oxygen (g
“3.day™'); R = uptake of oxygen due (o endogenous res-
pirafion of phytoplankton (g Oy'm™'-day"'); k, = CBOD de-
cay lrate (day™'); CBOD, = uttimate CBOD (g -m™*); &k, =
NBQD decay rate (day™'); SOD = sediment oxygen demand
rate [g-m™?-day™’); ZOD = zcbra mussel oxygen demand rate
i.day""'); Wy = width of channel cross section at top of
nt (m); W, = width of channel cross section at bottom
nt (m); and A = cross-sectional area of segment (m®).
Temperature adjustments for the kinetic proccsses, other than
20D, were made according to the Arrhenius format (Bowis
et al. 1985). Values of the kinetic coefficients used in this
model arc listed in Table 2.

K 'Apﬂ“;:oJ(Pk

Determinadons of X, were based on i siu cxperimeits
with he relanvely insolubic gas SF, for Jowunsream portons
of the aver (conunuous injecuons near Baldwinsville for sev-
eral wesks in the summer of 1991) as part of a DO modeling
study cooducted before the 7ebra mussel invasion (Cunule ct
al. 1995). The values of K, were calculated from the SF, uans-.
fer coctficient determinations based an differences in molec-
uiar difusion cefficieats for ‘he fau gases Cuanele et ai
1995). Values of K, consistent with ihosc reporied by Canale
ct al. (1995) were adopted for the present study (Table 2), as
substandal longirudinal differences were not repuried by those
investigators over a 12 km reach.

PIR

The gross photosynthetic production of oxygen (P) was sim-
ulated according to the following phvtoplankton growth ki-
netics (Bowie ct al. 1985; Chapra 1997):

P= u.'Ch.l'aa-‘aoc (2)
B = P ST fU)fY) &)
where p = growth rate of phytoplankion (day~'); acr = carbon



toc lorophyll ratio; doc ORygen to carbon rano; pig,, = max-
growth rate of phytoplankion at 20°C under opﬂmal
and nuuient conditions; and f(T), f(/), and AN) = lirni-
factors (=1.0) associated with ambient temperature,

zebrh musse! excretion documented for the modeled interval

r et al. 1997a).
L‘;h! limitation [f(I)] is represented by

.- I

! v Ik
whete / = phowsynthetically available solar radiation (PAR,
p.E- “2.day ). and K; = hghl half-saturation constant (pE-

~2} day™"). Light at depth in the water column was calculated
according to Beer's Law; the magnitude of the light atenua-
tion coefficient (k,, m™') was held constant (Table 2) based on
the pniformity of Secchi disk measurements (Table 1). The
independence of k, from the variations in concentrauony of
Chi JFig. 3(b)] redects the high nonalgal turbidity in this por-
tionof the river, a situation that is common to many large
nve

«)

¢ uptake of oxygen due to the cndogenous respiranon of
the phytoplankton (KR) was simulated according to

!, R =2 r-Chl-ac,aoc (3
whe}c r = phytoptankion respiration rate (day ~*). This rate was
simyiated as the summation of twu components, the basic
mainicnance or basal component. and an active component
that increases as production increases, rcpresented by the cx-
premon (Laws and Chalup 1990)

redp Kk 1)

whe*c & = coefficient for the active component of respiration
(dmfnsmnlcss) and k, = basal componcnt of respiraton
(day; )

zoD

ZOD includes zcbra mussel respiration as well as all other
lucu] oxygen cunsumption processes that operale within the
colopies (¢.g., stabilization of feces and pscudofeces). Respi-
is the dominant component (Schneider 199Y2). Zebra
I respirazion has been partitioned into (wo components
scientific community—(1) the standard minimum for

t of mussel tissue and temperature (Schoeider 1992; Al-
dridge <t al. 1995). The active component is quite variable,
depopding un @ aumber of ambient eavironmental conditions
that jremain poorly defined and unquantitied (Effler 2t al.

'on and me dcnsiry (i.e., baomnss) sze  structure

it is uppropriato 1o express the ZOD (Effier ¢t al. 1996)
same arcal units used for SOD (g-m™*-day™') and 0
?cco unodate this new oxygen sink in the DO mass balance
in the same manner [(1)]. The dynamics of ZOD are deter-

mined here for the cut (with the simplifying assumption that
ZOD is uniformly distributed along the bottom of this river
section) for the study period using the mass balance model.

Modeling Protocol P 5'9°“J’ ch.

Inidal conditions were based on meas T and DO profiles
at buoys 409 and 397 on June 29, 1994, Thcse cbservations
were lincarly interpolated in space (i.c.. longitudinally and ver-
tically) such that all model cells were assigned an initial value
of these two swate varigbles. Upstream boundary conditions
were those measured at buoy 409. The necessary verucal res-
olution for the configuration of the model czlls at this sitc was
obtained from lincar interpolation of the values from the two
monitored depths (Table 1).

The model's autosiepping algorithm (Cole and Buchak
1995) calculates a maximum tme-step. within a specified
range, bagsed on hydrodynamic numerical stability require-
ments, and then uses a fracuon of this value for the actwal
time-siep. The minimum and maximum time-steps were | s
and | h, respectively. Boundary and meteorological conditions
were supplied io the modc! at houriy intervals, O daily, and
Chl weekly. Linear interpolations of these reports were con-
ducted by the model consisient with the autosiepping aigo-
ritun. Chiorophyll concenrations were specified from mea-
surements for this modeling effort. Values of Chl were
interpolated vertically and {ongitudinally, such that all model
cells were assigned a concentration. Model simulations were
conducted for the June 29—October 25 interval of 1994, Values
of ZOD were specified in calibration at time-steps &1 day:
.2, no vanarions wicthin a day were allowed.

MODEL PERFORMANCE AND APPLICATION
Calibration
Performance

Several salient features of the complex pattems obscrved
tor 120) at the downsueam staton, and Jepleton over the study
reach. were selected as metrics of the performancs of the cal-
ibratea mode! Figs. 1 and *). The suong vanaaons in thesc
measures Figs, '+ und 3 seempitdsize e mguv dynamic
shuracter of the signatures nparted Iy the array of forcing
condltions over the study period. Medel testing considered (1)
vertical differences; (2) daily average DO concentrations at the
downsoeam buoy {Figs. 4(a), 4(b), 3/c), and 4(]; (3) differ.
ences in daily average DO berween the upsweam and down-
sream sites [Figs. 4(¢), ), 418), and Hhj; (3) magmrudes
Figs. (1) and 4())] and distnbutions ol magnitudes (Figs. (k)
wnd DY of the maximum difference :n 20 wathin individuai
days (diurnal); and (5) DO concentrations measured hourly at
the Jownsuream buoy (Fig. 3). Conditions dbefore thc mid-Au-
gust “washout’’ of zebra mussels have been differentiated
from those after (two symbols. Figs. $(a)=( ji).

The mode! performed well in malching the compiex pattcrns
ol OO Zocumented 3 e Jownsmeam site and the DO depre-
tion over the study reach. The largest deviations between pre-
dictions and obscrvatons occurred in the interval heforc the
washout [Figs. 4(a) and 4(b)] when the zebra mussel popula-
tioe [Fig. 3(e)] and DO depledion (Figs. 4(c) and 4(d)] were
the greatwst. The calibrmed model explained A79% of the var-
iability observed in DO concenvations at the downsaeam site
(Figs. 4(e) and 4(f)) and =74% of the DO depiction across
the study reach (Figs. 4(g) and 4(h)], for both the upper and
the lower river depths, Model performance was paricularly
impressive in simulating the vertically disparate signacures in
DO depletion across the cut [Figs. 4(c) and 4(d)] during the
low Q interval before the washout, features that depended im-
portandy on the proper accommodagon of incomplete verticul
mixing and ZOD (also subscquently).
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Trc paformance of the model in simulating diurnai varia-
tony in DO, driven largely by phytoplankion actuvity, was
somewhat less impressive than for daily average DO and DO
depletion across the cut. However, this feature of model per-
fo is considered quite good in lght of the difficullics
of such simulations (Thomann and Mueller 1987) and the
complexites of the biochemical processes involved (e.g., in-
Huchce of phytoplankton composition on kinetic coefficients)
(Bowne et al. 1985). Predictions and observations of diurnal

ranges ended toward an equivalency, buc substantial scalter
performance (berween different days) was observed (ur this
metric [Figs. 4(1) and 4(j)]. The observed and predicted dis-
wibutions of diurnal variations in DO for both the upper and
the lower depihs matched reasonably weil {Figs. 4(k) and 4(1)}.
Simulations of the detailed temporal patterns of DO concen-
trarions within individual days varied from good at both depths
ﬂys.é(].)—(d) and 3(g)—(j)] o fair for both depths [Figs. 5(c)
D).
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o temporal pattern of ZOD in the cut determined by cal-
ibrafion (Fig. 6) depicts wide variations in the level of respi-
ratin by the resident zebra mussel population. Several factors
support the position that the primary features of this panern
are feal; i.c., the pantern is not an artifact of “knob-tuning” in
1 calibration, aaributable to limitations in the measure-
meiis of the state variable, model inputs, or the model frame-
Effler et al. (1998) reviewed several potential sources
of ¢ in thess moasurements and concluded they were mi-
not; The pattern of ZOD determined here matched closely the
disthibution reporied by Effier ct al. (1998) (Fig. 6) that was
baséd on a simplificd DO budget calculation (conducted on
daily average concentrations). The population of ZOD values
was shifted lower following the washout (Fig. 6), consisient
with the dependence of respimation on population density
(Schneider 1992; Effler et al. 1996) and temperature (Aldridge
et a). 1995). Further, the ZOD values teported here, when nor-
maljzed for estmates of resident zebra mussci biomass (Effler
et al. 1997a), demonstrate reasonable consistency with labo-
rat rates (Table 3). The avcrage biomass-specific ZOD
valye for the low Q interval of mid-July 1o mid-August (av-
erage T = 25°C) compares favorably with the laboratory rate(s)
reporied by Aldridge ct al. (1995) (Tabie 3) for similar tem-
pergtures for specimens collected from the nearby Niagara
. Further, the results of laboratory ¢xperimeats on single
idge et al. 1995), as well as scasonaliStocckmann and
Gagon 1997), collections establish that the ‘metabolic rates of
this invader are subject to substantial variation. as depicted by
the {ZOD pattern cbtained for the cut (Fig. 6 and Table 3).

e magnitude of ZOD should be expected to vary not only
with changes in biomass and size disgibution of the population
of the bivalve, but also in response to changes in ambient
conflitions and related swesses to the invader. The average
ZOD in the cut for the July 1-15 interval, when How was
mugh higher and variable [Fig. 3(a)], was substantially greater

Jul Aug
1934

FIG, 6. Temporal Distributioa of ZOD ia the Cwt Determined by
Model Calibration; Values Based on Simple Budget Calculations (Effier
et al, 1998) Included for Comparison

AL

Cut pf
Congui | . . _
Rate
. frmean 4+ candard dnvinivn)
Study/condivon . 2
\}J\;J_ B (0) Coc SemecaRives
\“)(Julyf;l-—luly 15, 1994 116.2 = 402
o , July: 16-August 15, 1994 ».2 =177
)‘{:‘. W‘, (b) Laboratary (Aldridwe et al. 1995)
W 38,9 £ 9.6
-4 24 588 = 118
2 101.0 = 334
32°(L 142.1 = 545

than that found for the mid-July 10 mid-August interval (Fig.
6), but was well within the range of average laboratory rates
reportcd for higher temperatures (Aldridge et al. 1995) (Table
3). Resuspension of feces and pseudofeces from the zebra
mussel beds may have contributed to the increased oxygen
demand during this high flow interval. but the contribution is
believed to have been minor, as it is unlikely it would exceed
the magnitude of a high SOD valuc (e.g.. 5-10 g-m™ -day™")
(Fig. 6). The laboratory rates for T = 28°C (Table 3) depict
stress. as the expenditure of encrgy by the mussels (respira-
tion) exceeded the capacity to compensate by feeding (Al-
dridge et al. 1995). The more likely reason for higher ZOD
values (Fig. 6) and normalized oxygen demand values during
this interval is suessful conditions for the invader. Potential
environmental sources of variation in zebra mussel respiration
(and stress) include vanations in size, composition, and con-
centration of potendal food partcies (Lei ot al. 1996. Baker
et al. 1998), concenrration of nonfood particles (e.g.. inorganic
wroidity) (Aldridge et al. 1995; Summers ct al. 1996; Madon
et al. 1998). mrbulence (Strayer et al. 1994), temperaturce (Al
dndge et al. 199%), and rcproductive state (Stoeckmann and
Garton 1997). :

Various empirical relationships were evaluated {or potentiul
davess orf the vanability in ZOD :n the cut aver *he fuly to
md-August interval, the period of the highest zebra mussel
populadion density [Fig. 3(¢)]. No relationships were obscrved
over this interval for Chl or 7. However, a sgong positive
teiationship between ZOD and Q was observed \ZOD = 1.0Q0
— 31.56; R* = 0.82; significant at the 1% level). t is unlikely
that increased Q, and the attendant increased velocity and mr-
bulence. were the direct cause for higher ZOD values. ft is
more likely that other changes that accompanied increascd
dow were the direct stimulus for Yigher respirauon rates. in
partic.iar, the quaiity of food supplicd to the cut. as measurcd
by the fraction of total suspended solids (TSS) as VSS (Madon
et al. 1998}, was 'ower during the high dow interval of carly
juiv (Fig. 3(c)], when the water was more riverine in character.
associated with short-circuited Row :hrough Cross Lake (Effier
g2 Al 1089). Under these condiuons the zehra rnusscls must
~ork aasder :increased pscudoseces oroduction n response 10
Yighaer :ongsniraticas OF MMOrganic anicles) wyuirs R
same amount Jf jood. This potennal interaction was supported
v the segative relationsiip between ZOD and the rauo VSS/
TSS ror before the washout igterval (ZOD = = 102.2 VSS/
TSS) ~ 81.26; R® = 0.52: significant at the 10% level].

The oxygen demand associated with the zebra mussel pop-
aiation of the cut was extremely high over the study period.
Comparison with a value for SOD ‘or organic-rich deposits
c.g. 5 3-m7i-day 'y (Bowic et ai, 1985} provides an appro-
oriatc perspective (0 consider the magnitude of ZOL reported
or e cur The average value of ZOD over te low How
interval of mid-July to mid-August . ~40 g-m~*-day”', Fig.
5) -was acarly an order of magnitude greater. Sven after the
wvashouy the average value 2f ZOD :luring the low (luw inter-
sy of 2arly Seplember (Fig. 6) was apout twics as great 3s ah
apper bound value of SOD.

Modei Analyses
Sensiniviry

Analyses were conducted with the model to depict the sen-
sitivity of predictions to variations and reasonable levels of
uncertainty in inputs. Failure to accommodate the dynamics in
ZOD (Fig. 6) over the study period (i.e., uniform values in-
voked, cotresponding to the averages before and aficr wash-
out) compromised substantially the model’s performance in

predicting the seasonality of DO depletion across the cut (Fig.
7(a)]. The cffect was greatest during the low Q interval before



thc vashout. Reasonable changes in the rates of the other

c and sink proccases {(5)] resulted in relatively minor
differcnces in this feature of model performance. Simulation
of the short-tcrm (s.g., diurnal) dynamics associated with phy-
toplgnkton activity remains a complex problem (Thamann and
Muadjler 1987; Chapra 1997) with a number of sources of var-
iabiljty and uncertainty. The effects of four powential sowrces
iability in simulating the diurnal range of DO are de-
here as rollowa: (1) detniled specification ot‘ incident

198%) [Big. 7(c)): (3) uncendmy in the stoichiometry of phy-
ioplgnkton cells [ac» = 30~100, Fig. 7(d)] (Chapra 1997); and
(4) gombined effects of differences in thc tcamment of phy-
toplgnkion respiration and the magnitude of pn,. [compared
to k*ncuc; of Canale ct al. (1995)) [Fig. 7(e)]. The effects of
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theso sources of variability were generally the greatest in carly
September (Figs. 7(b)—(e)] when the highest Chl valucs were
observed [Fig. 3(b)}. These cffelsh ranged from modest to sub-
stantial, and together contributed to the observed variability in
performance in simulating the diurnal range of DO [Figs. 4(i)
and 4(j). Success in simulating the observed vertical structurc
in DO at the downstream site (Fig. 4) was critically dependent
on thc magnitude of D, [Fig. 7(f)]. Stratificd concentrations
of DO were climinated at magnitudes of five times greater than
the calibration valucs, while the predicted vertical differences
increased substantinlly beyond observarons at 0.5 umes the
calibration values (Fig. 7()).

Resolusion of Regulating Processes

The model was uscd to investigale the processes that con-
wibuted 0 the observed patierns in DO at the study sitc. The
néw DO sink associated with the 2ebra mussel invasion (ZOD)
was cssentinlly comperely responsibic for the substanmn av-
erage DO deplction across the cut of 2.1 mg-L™' for the study
period (Fig. 8). This outcome is not substannvely influenced
by reasonable changes in the other source/sink processes as-
suciated with uncenaintes in their kinetics, The ather source
and sink processes were neariy 10 balance (Fig. 3), supporting
the assumption invoked by Effler ct ai. (1998) in estimating
ZOD for this stream reach with a simple budget calculation
approach (no predictive capability for DO). Further, this ocar
balance of the processes other than ZOD is consistent with the
position that DO concentrations remained relatively uniform
downstream of Cross Lake before the zebra mussel invasion.

Feartures conmriburing to the pronounced diurnal and verucal
signatures were resolved on a study-average basis by sequen-
tial inclusion of forcing conditions (Fig. 9). Invoking the Jaily
average DO uniformiy at the upsocam boundary and elimi-
nating phytoplankton kinetics essendaily eliminuted diurnal
variations in DO (run aumber L, Fig. 9(a)]. Approximately
65% of the average Jiurnal vanation was attributabie to phy-
toplankton actvity {P/R; run oumber 2. Fig. 9(a)], while about
35% was associated with the diumnaul >aitern that entered the
study reach at the upsiream boundary {run number 4. Fig.
9(a1). \bout two-thirds of the averall 2R affect was aysociated
with the inclusion of the related xineucs {run oumboer I, Fig.
%a)}; the remainder was utributabie 0 accommodating the
diurnal incident light pattern {run aumber 3, Fig. %(a)). About
25% of the vertical difference in DO on average, was aurib-
utable to limited venical mixing (low D,, Fig. 9(b)]. The re-
mainder of the DO stradficanon at the downsucwun buoy was
associated with the localization of the large DO sink at the
river bortom (Fig. Y(bh].

Longuudinal Extension

A preliminary symulation is presented for the cut to Bald-
winsvijle reach (Fig. 10) 10 demonstate the utility ~f the
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» 10, Preliminary Application of DO Model for Semeca River
Reach from the Upsiream Boundary of the Cut (Buoy 407) w0 Baldwins-
villg, for the Conditions of August 3, 1994, Depth of | m: (a) Specified
Longirudinal Disgibution of ZOD (Fig. 6 and Effier and Siegfried
(1998)]; {b) Comparison of Predictions of DO tw Observauons

fra | ework for longer portions of the river. The specitied lon-
gilt linal distribution of ZOD (Fig. 10(a)) has ruther uneven
su] | on from biological monitoring. The resident zebra musscl
T .I lation in the cut was reasonably vell defined v spaually
int sive surveys (Effler et al. 1997a), and the related oxygen
dei | ind was imensively evaluated (Fig. 6). However, the ben-
thi | surveys that supported the remainder of the longitudinal
ZC () partern were substantially more spatially limited (two
sit p over the remainder of the reach) (Effler and Siegfricd
1998). The disuibution of appropriate substrate, and therefore
2z¢bfa mussels, was more “patchy” in these nver sections,
thegeby introducing substantial uncertainty in the representa-
tivepess of estimated population densities and coupled esti-
mates of ZOD [Pig. 7(a)).

he prescoted simulation is for a depth of | m [Fig. 10(b)).
Thd predictions for sites downstream of the cut arc generally
repfescatative of the cntire (vertical) water column of the river,
as there was substantially less stradfication in DO. The pre-
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dictions for the various model cells comrespond to the time of
day of tho DO measurements (Upstate Freshwater Instinute,
Syracuse, N.Y., unpublished data). The model performed well
in matching the conspicuous DO depletion observed on this
day over a 15 kin reach of the river {Fig. 10(b)). The substan-
tially lower ZOD in the downstream portions of this reach,
associated with the lower population densitics (Effler and Sicg-
fried 1998), apparcntly was a large enough sink for DO 10
prevent recovery from the major depletion affected by the
more dense populations of the cut (Fig. 10(b)).

SYNTHESIS AND SUMMARY

The findings of this modeling effort have demonstrated that
the zebra mussel invasion hax resulted in substantal reductions
in DO in the cut, and major depietions that extend at least 15
km downstream in the Sencca River, during summer low tlow
periods. The invasion has cffectively resuited in the addition
of a new oxygen sink 10 this river system, as well as for other
fivers with substantial population densities (Caraco ct al.
2000). This prompts questions concerning the source(s) of en-
ergy that drives ZOD and why this new DO sink hus been
manifested for this sxotic invader inswead or indigenous fauna.
The 2ebra mussel is cffectively convening upsgesam nutrient
loading to an axygen demaad through feeding on the producsd
phytoplankton biomass. Phytoplankion growth s further pro-
moted in this particular river system by an intervening lake.
Previously, river sutrophication was primarily a concern for
oxygen resources rclated to atendant diumal swings in DO
levels (Thomann and Muecller 1987). The potenual oxygen de-
mand of phytopiankton biomass (c.g.. consider the results of
a BOD test conductcd on an uniiltered phyitoplankion rich
sample) was not exerted. ‘The zebra mussel, through is rapid
reprogucuon and growth, is out-competing indigenous fauna
in the consumption of phytoplankion and more completcly us-
ing this source of food. This new oxygen sink is expected to
be decidedly smaller in most invaded rivars than that reported
here (Madon et al. 1998), as thc Jensity of zebra musscls in
the cut iikely approaches an upper bound (e¢.g., whrse Cuse (e
rivers). However, cven at 10% of the poouladon density :and
ZOD) oF the cut ve.g.. Hudson River; .Caraco 2: al. 2000,
this new oxvgen sink Wwouid represenl 3 aor Concern ot the
oxygen resourcss of rivers :n many developed sreas. corre-
sponding 0 a high SOD such as that abserved in systems with
rich organic deposits (Bowie et al. 1Y85).

Reduction of upstream nutricnt loading to decrease phyto-
plankion growth represents an appropfiate management ap-
proach 0 limit the magnitude of this DO sink in arfected nv-
ers. However, the largc number of reiatively small discharges
of xralcd domestic waste and diffuse agricuberal inputs ap-
stream of Cross Lakc makes the feasibility of reducing the
phytoplankton concentration in this lake's oudlow, and thuy
downsoeam zcbra mussel population densides, unte: tun.

A (wo-Jimensional dynamic mass balance DO model for
rivers. that for the lirst ime aczommodates the $ibx 1ssociated
with ZOD has Yesn developed and successiully esied aganst
the particularly compiex paticrns vbserved for the severely in-
fested <ut of the Seneca River. The model performed well in
simulanng important features of the DO puuterns, including
DO depletion across the cut, DO suadfication. and diurnal
variadons. Mode} testing was rnigorous n that simnuliauons were
compared to comprehensive measurements that documented
detailed vertical and emporal paterns jn DO vver a four-
month period. In parm.ular‘lhls one of the the largest se3 6f
diurnal DO data against which related simulation capabilities
bave been tested. Evaluations of modet results were supported
by comprehensive measurements of forcing conditions.

Wide variations in ZOD in the cut were determined over
the study period through model calibration. Subsuantial reduc-
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NOTATION
The jollowing symbols are used in this paper:

A = cross-iectional area of segment (m°);
ac», = carbon to chiocophyll ratio (mg-mg");
doc = oxygen to carbon fatio (mg- mg™"):
CBOD = concenrration of carbonsccous biochemical oxygen
demand (g- m -,
CBOD, = concentration of ultimate CBOD (g-m™);
Chl = chlorophyll concentration (g-m™?);
D, = verical =ddy diffusivity coefficient (m*-s™"):
DO, = surface layee DO concenuatdon (g°m™’);
DQ.. = DO concentration at samiration (g-m™');

" A -

£t = light limitation factor (dimensionless),
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natrfent limitation factors (dimensionless);
temperature limitation factor (ditmensionless);

surface layer height (m);

phoul)symheucally available solar radiation (WE-m™*:
day™'),

light half-saruration constant (WE-m™*-day ~");
oxygen transfer coefficient (m-day~');

basal component of phytoplankton respiration (day ')
CBOD decay rac (day™ b¥

light attcnuation coefficient tm*');

NBOD decay rate (day™ "%

concentration of nitrogenous biochemical oxygea de-
mand (g-m™");

gross photosynihetic production of oxygen (gO; 'm™>:
day™')

flow (m*-s™');

uptake of oxygen Jue to phywopiankion respiranon
g0y m™'-day”

phytoplanan :csmmdon rate u.lav 'y,

sediment oxygen demand (g-m *:day )
wmpenature (*C);

ume of travet (hi;

width of channei cross section at bowtom of segment
(mj;

width of channel cross section at top of segmem m;
zebra musscl oxygen demand rate (g m - -day
growth rate of phytoplankioa (day ')
maximum growth rate of phytoplankton at 20°C and
coelficient for aclive component of phytoplankton res-
piradon dimensionless).
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