MODEL EQUATIONS
1. PHYTOPLANKTON

1.1 Growth processes

The variation of the state variable P is written:
_:(:uP - —6 _mP)'P_(GZPZ'Zl) 1

Mp - phytoplankton specific growth rate supported by nitrogen
I', - endogenous respiration and photorespiration

€p - fraction of primary production exuded as DON

M, - phytoplankton natural mortality rate

G;Z - loss of phytoplankton due to mesozooplankton grazing

The phytoplankton specific growth rate is:
Hp =meax-l'P(T)P'qJ(L)P'qJ(N )P @
meaX - maximum specific nitrogen uptake rate at a reference temperature

lP(T)P , l-I—’(L)p , and LI—’(N )P represents the specific growth rate dependency on temperature, light and nutrients respectively.
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1.1.1 Nitrogen limiting factor

A Michaelis-Menten function is used for nitrogen limitation:
inorg
R @)

KE - half-saturation constant

N - useful concentration of inorganic dissolved nitrogen (ammonia + nitrate).

inorg

1.1.2 Light limiting factor

i
W(L), :@.e[l I, ] with  1(z) = 1,60 @

I, - optimum light intensity for photosynthesis

I, - effective solar radiation at the water surface
Z - vertical position
K, - light extinction factor. This factor is obtained according to Parsons et al. (1995),

K, =0,04+0,0088.Ch +0,54.Ch?"? ©)

Ch - chlorophyll concentration.
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1.2 Respiration

Respiration is divided in dark respiration and in photorespiration. The dark respiration is defined, according to Parker et al.(1980), as:

re =K f e0,069T

KrP - phytoplankton endogenous respiration constant
T - temperature

The photorespiration, proportional to the gross photosynthetic rate, is:
— P
r, =Ko Up
K:: - proportionality factor.

So, the respiration rate is defined as:

r’=r, +r,

1.3 Excretion
ep = K/ .4 (1-W(L))
K - excretion constant
The amount of nitrogen excreted by phytoplankton is given by:
ey = (eP + rF’).aP

re - respiration rate

a, - the phytoplankton N:C ratio

(6)

™

®)

©)

(10)
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1.4 Natural mortality

The natural mortality, following a modified Michaelis-Menten formulation proposed by Rodgers and Salisbury (1981), is:

P
me ﬂn;ﬁ-% (1)
KP+—

Ho

Tref
max

m_ - - maximum mortality rate at a reference temperature

K; - mortality semi-saturation constant

Dead phytoplankton concentrations are them converted into nitrogen units using the phytoplankton N:C ratio (ap) by:

my =m,.a, (12)
2. BACTERIA
The state equation of the bacterial biomass B is:
0B
e (s — e, —my)B - (G2,.21) (13)

Mg - total bacterial uptake
€g - excretion rate
Mg - natural mortality rate

GZBl - grazing rate of microzooplankton on bacteria
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Total uptake rate of bacteria (,uB) is the sum of the specific uptake rate for each one of the nutrient sources (DOMnr, ammonium,
and POM):

Ndnr

Mg = Mg + g ” + 113 (14)

The specific uptake rate of bacteria is dependent on resource availability (organic substrate), accordingly to a Michaelis-Menten
function, and on temperature. It is written as:

max Nx
My =Vg -W-W(T) (15)

V'™ - maximum specific nutrient uptake rate

N, - available substrate

Kf - half-saturation constant for nutrient uptake

For ammonium uptake to take place DOMnr and POM concentration must be higher than the bacteria minimum substrate
concentration.

The nitrogen uptake is converted in carbon units using the N:C ratio of bacteria (aB) assuming that the uptake of ammonia need
carbon in the corresponding rate to keep a constant composition. For the transformation of DOMnr and PON the N:C ratio of

dissolved organic matter (as ) is used.

Npnr Np N2
R A
CIS CYB

He (16)

Dead bacteria is also converted into nitrogen units according to:

my =mg.a, 17)
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3. ZOOPLANKTON
3.1 Growth processes

3.1.1 Microzooplankton

The variation of the microzooplankton biomass Z, is written:

0z
a_tl = (.u21 —€, - le)'Zl _GZZ;'ZZ (18)

M, - microzooplankton gross growth rate
ZZ ; - predation rate of mesozooplankton on microzooplankton
M, - specific mortality rate

e,, - specific excretion rate

The microzooplankton gross growth rate is defined as:
My =8, Gy (19)
a,, - assimilation coefficient of microzooplankton for bacteria
G2, - the grazing on bacteria
The parameterization of microzooplankton grazing on bacteria is
Gf, = g Wi w(T) (20)

g5 - maximum ingestion rate
‘PZBl - limitation by available bacteria biomass
lJJ(T) - limitation by temperature
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This term is dependent on food availability accordingly to a Michaelis-Menten function including accessible food concentration
(prey concentration*capture efficiency) and the threshold standing stock below which predation will cease. If the available food is

lower than this concentration, limitation of ingestion will reach its maximum (W 2 =0).

B Bmin
C21-B —S»

. if ¢& B-s2"" >0 (21)
Kz +(C281-B_SZBTm) “ “

B _
LIJZl_

CZBl - capture efficiency of bacteria

s?;“i” - threshold standing stock of bacteria below which predation cease

K, - half saturation constant for grazing

If the condition is not satisfied then W), =0

3.1.2 Mesozooplankton

The time variation of the mesozooplankton biomass Z, is:
=\Hz; =€z, _mzz)-zz (22)

M5, - mesozooplankton gross growth rate
m,, - specific mortality

€,, - excretion rate
— P P Z1 ~Z1
Hzz = 97,57, 797,57, (23)

g;z - assimilation coeficiente of phytoplankton by mesozooplankton
g%; - assimilation coefficient of microzoopalnkton by mesozooplankton
G/, - grazing of phytoplankton

z1 . .
7, - predation of microzooplankton

EFFCAPBA
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P P
Gzz _pP'Imax'qJZZ'LP(T) (24)
Z1 _ P Z1
Gy, == Pp)(I _Gzz)-q’,zz-q’,(T) (25)
Pp - proportion of phytoplankton in mesozooplankton ingestion PHYRATING
| .x - Maximum ingestion rate
o ) ZINGMAX
W7, - limitation by phytoplankton concentration
‘Pzzzl - limitation by microzooplankton concentration
These limitation are defined as:
P Pmin
c,,.P-s
LPZPZ = K?P 42-2( P F,Z2 Pmin) (26)
z2 T\Cz2-F =Sz,
Lpzl — CZZ;'P B Szzémin (27)
227 71 z1 Z1min
Kz + (sz-P S22 )
ng - capture efficiency of phytoplankton EFFCAPHI
s;'zni” - threshold standing stock of phytoplankton below which grazing cease GRAZFITOMIN
K;Z - half saturation constant for ingestion phytoplankton INGCONSZ
ng - capture efficiency of microzooplankton EFFCAPCIL
Z1min . P . .
S;, - threshold standing stock of microzooplankton below which predation cease GRAZCILMIN
KZZ; - half saturation constant for microzooplankton ingestion
INGCONSZ
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3.2 Natural mortality

Zooplankton specific mortality rate m, is directly related to the concentration of prey F, . Bellow a threshold concentration of
prey ( Fxmi”), the mortality is high and constant m;‘ax, given that it is assumed that zooplankton mortality is related to starvation. So,
mortality is written as:

m, = +mJ, if F, >FM™, (28)
X
or
m, =my>, if F, <FM™ (29)

a;? - shape factor for the mortality curve

M,y - minimum mortality rate

Each group of zooplankton has its own F,, F{™, m7®, and m) values. F, for microzooplankton corresponds to bacteria

concentration and for mesozooplankton to phytoplankton and microzooplankton concentrations.
Carbon released in this process is converted in nitrogen using the N:C ratio (a>< ) for microzooplankton and mesozooplankton.

m) =m,.a, (30)

3.3 Excretion

The excretion rate €, is given by Andersen and Nival (1989) as a temperature function:

- T
e, =(a,0y) (31)
a, -excretion rate at 0°c

b, - shape factor for the excretion curve
T - temperature

GRAZBACMIN
MAXMORTCI ; MAXMORTZ

MORTCICOEF ; MORTZCOEF

MINMORTCI ; MINMORTZ
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The carbon release is converted into nitrogen units using the N:C ratio ((JX )

ey =ey.ay (32)

3.4 Respiration

The respiration rate I, is used for the oxygen simulation. It is assumed that oxygen consumption of heterotrophs is a constant

(pX ) and that the whole process is temperature dependent. So, the respiration rate used in oxygen differential equations is given

by:

My = Px -qJ(T)

(33)
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4. NITROGEN DYNAMICS

The simulation of nitrogen dynamics in the WQ model assumes 6 different forms of this nutrient. The dynamics of each one of this
forms is therefore addressed. Starting with common rates for most of the forms we have,

Nitrification rate:

re =20. O
Knit = Knitf 'Tnit(T 200)'}(5&1%2%02] (34)

nit
K[ - reference nitrification rate
Tnit
T - temperature

t . . . .
K - nitrification semi-saturation constant

- nitrification temperature coefficient

Denitrification rate:

f (T-20.0) K i
— re —20. dnit
Kdnit - Kdnit 'Tdnit *, sat +[o (35)
dnit 2
K T - reference denitrification rate
Tynie - denitrification temperature coefficient
K s - denitrification semi-saturation constant
Particulate organic nitrogen decomposition rate:
KW et 7 20 P (36)
d dec ! d -
ec ec ec Kr [3) + P
K - PON decomposition reference rate
T4ec - PON decomposition temperature coefficient

NITRIREF

TNITCOEF

NITSATCO

DENITREF
TDENCOEF

DENSATCO

NOPREF

NOPCOEF

Water Quality Module Manual

11



Refractory dissolved organic nitrogen mineralization rate:

Ndr — po ref (T-20.0) P
K = Ko Tiin _—

min min : Kr p +P (37)
K ™l - reference mineralization rate of DONr
T.in - DONr mineralization temperature coefficient
Krf - phytoplankton nutrient regeneration half-saturation rate
4.1 Nitrate (NO;)
oN,
ot =~ [(1_ q)NZ)'aP -/JP]-P + Ki-Nip = Kgoie-N; (38)
Phytoplankton Nitrite
The ammonia preference factor PN, used in the model is described by the formula:
P
b . = [Nl][ Nz] + Ky -[Nz] (39)
N2 P P P
KE+[NJHKE +[N]) (NN KRS +[N])
KE - half-saturation constant
4.2 Nitrite (NO,)
oN,,
6; = Kie:N, =Ky .Np, (40)
Ammonia

NMINR

TMINR
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4.3 Ammonia (NH ")

aaNtz [(e ggolln) ( - ya ap)]P+[(e aB ]B+(921 Solln)Z + (ezz £§°””)Zz

Phytoplankton Bacteria Microzooplankton Mesozooplankton
(41)
Ndr Np ) _
+K N +(K ¢P Np Knit'NZ
%f_/ %/—J

min dec

DONr PON

CD - phytoplankton ammonia preference factor
ng In

£ZS°' In - zooplankton soluble inorganic excretion fraction ZSOLEXCR

- phytoplankton soluble inorganic excretion fraction FSOLEXCR

¢, - available PON for transformation into ammonia PHDECOMP

4.4 Non-refractory dissolved organic nitrogen (DONnr)

M = [(1 £Sol In )e ngsOr] p- ( Igldnr)B + [eé\ll.(l_EZSol In )gfissOr].Zl + [eé\lz.(l_é,;ol In )g?issOr].Z2 (42)
ot LIy

Phytoplankton Bacteria Microzooplankton Mesozooplankton

DisOr
gP

£2%9" _ z00plankton dissolved organic excretion fraction ZDISSDON

- phytoplankton dissolved organic excretion fraction FDISSDON

4.5 Refractory dissolved organic nitrogen (DONr)

ON,,

at = Kd’\:zr;(l_%)N - Kn’:ﬁr Ndr (43)
%f—/

PON
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4.6 Particulate organic nitrogen (PON)

0

d

th = [eF’,“ .(1—£§°' In ).(1—£F'?‘S°r)+ mF“,‘].P— ( No ) )B +[m§l +(1-a,,)GE a, +e§l.(1—£zs°' In )(1

Diss Or
‘gz

)z,

Phytoplankton Bacteria

e - ) a2 )+ mi ]z, + 5, + 9 K (- @ N, -

dec*

Microzooplankton

(@ N,

Mesozooplankton DONr

5P - stoichiometric food web losses, defined by

&, =(L-g5, )60, a,, + (- g2 )G2ay

¢N - non assimilated phytoplankton and microzooplankton

Py :,Uzz-(ap _azz)

Ammonia

(46)

(45)
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APPENDIX

Al. TEMPERATURE EFFECT

The temperature effect, W(T), on the various biological processes addressed by the model follows the concept of Thornton &

Lessen (1978):

W(T) =k, Ok,

where,

) kl.eyl-(T ~Thin)

A - 1 + kl.(eyl(T _Tmin) _1)

M _ k4.eA2-(Tmax -T)

B _1+ k4l(ey2~(Tmax_T) _1)
with,

In k2(1_k1)

— kl(l_ kz)
' -I-n?iFr:t _Tmin

In ks(l_ k4)

_ k4(1_ ks)

2 __Topt
Tmax Tmax

(AD)

(A2)

(A3)

(Ad)

(AS)
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Tn?if: - minimum temperature for the optimal growth interval

Trﬁg’; - maximum temperature for the optimal growth interval

T - Minimum tolerable temperature

Tax - maximum tolerable temperature

The remaining constants K, k,, k3, and K, , are used to control the shape of the temperature effect response curve. Given the lack

of knowledge on the temperature effects on the various organisms considered in this study, theses values are assumed to be equal for
all kinds of organisms in the model.

TOPTEMIN ; TOPTZMIN; TOPTBMIN
TOPTEFMAX; TOPTZMAX; TOPTBMAX
TEMIN; TZMIN; TBMIN

TEMAX; TZMAX; TBMAX

A2. State variables in the model

Variable Definition Unit
P Phytoplankton

B Bacteria

Z1 Microzooplankton

Z2 Mesozooplankton

N1 Nitrate

N2 Ammonium

N1-2 Nitrite

Ndnr Dissolved organic matter - labile
Ndr Dissolved organic matter - refractory
Np Particulate organic matter
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A3. KEYWORDS

A3.1 Non specific rates & constants

NSATCONS NSat Const Ni trogen hal f-saturation constant, ngN |
FREGSATC Phyt oNut Regener at i onSat Const Phyt opl ankton nutrient regeneration half saturation rate, mgQ|
FRATI ONC Al f aPhyt oNC Phyt opl ankton rati o between Nitrogen and Carbon, ngN ngC Redfield ratio

A3.2 Rates & constants to the PHOSPHORUS sinul ation

PM NEREF KPhosphorusM neral i zati onRat e Ref erence Phosphorus nineralization rate, 1/ T

PM NCCEF TPhosphor usM neral i zati on Phosphorus nineralization tenperature coefficient

FRATI OPC Al f aPhyt oPC Redfiel d ratio phytoplankton rati o between Phosphorus and Carbon, nmgP/ ngC
ZRATI OPC Al f aZooPC Zoopl ankton rati o between Phosphorus and Carbon, ngP/ ngC

A3.3 Rates & constants to the OXYGEN sinul ation

PHOTOSOC Phot osynt hesi sOxygenCar bonRat i o Phot osynt hesi s Oxygen: Carbon ratio, (ML"3)/(ML"3) ng®2 / ngC
ZOCRATI O Rat i oOxygenCar bonZooRespi rati on Zoopl ankton respiration Oxygen: Carbon ratio, ng® / ngC
NI TONRAT NConsOxyNi t Rati o Secondary Oxygen production due to Nitrate consunption, (ML"3)/(ML"3)

A3.4 Rates & constants to the BOD sinulation

BODCOEF BODOxi dat i onCoef fi ci ent BOD oxi dation coefficient

BODREF BODOxi dat i onRef er enceRat e Ref erence BOD oxidation, 1/T

CDOSSAT BODOxygenSSat Const ant Oxygen limtation half-saturation constant, 1/T

DENI TRON Deni t ConvOxyNi t Mass During the Denitrification the organic nmaterial is deconposed, we need to

convert Oxygen mass to Nitrogen mass, (ML"3)/(ML"3)
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A3.5 Rates & constants to the NI TROGEN sinul ation

ZRATI ONC Al f aZooNC Zoopl ankton ratio between Nitrogen and Carbon, ngN ngC

NM NR KRef r Aimoni aM nRat e Ref erence ammonia mineralization rate of the refractory DON, 1/T
NOPREF KPar t DeconpRat e Reference particulate organic Nitrogen deconposition rate, 1/T
PHDECOWP Phyt oAvai bl eDeconp

DENl TREF KDenitrificationRate Reference denitirfication rate, 1/ T

Nl TRl REF KNitrificati onRate Reference nitirfication rate, 1/ T

™™ NR TRef r Ammoni aM n Nitrogen mneralization tenperature coefficient of the refractory DON
NOPCCEF TPart Deconposi ti on Particul ate organic N trogen deconposition tenperature coefficient
TDENCCEF TDenitrification Denitirfication tenperature coefficient

TNI TCCEF TNitrification Nitrification tenperature coefficient

NI TSATCO NitrificationSatConst Nitrification senmi-saturation constant, ngQ2/lI

DENSATCO Denitrificati onSat Const Denitrification sem -saturation constant, ngQ2/|

FSCLEXCR Phyt oSol ubl | nor gExcr eFracti on Sol ubl e inorganic fraction of the phytopl ankton excretions

FDI SSDON Phyt oExcreDi ssOrgFracti on Di ssol ved organic fraction of the phytopl ankton excretions

If ( PropCal c%Bacteria) then

PLANK_COC_RAT Pl ankt onOxygenCar bonRat i o

ZSOLEXCR ZooSol ubl | nor gExcr eFracti on Soluble inorganic fraction of the zoopl ankton excretions

ZDI SSDON ZooExcreDi ssOrgFraction Di ssol ved organic fraction of the zoopl ankton excretions
el se

NM NENR KNonRef r Anmoni aM nRat e Ref erence ammonia mineralization rate of the non refractory DON, 1/ T

TM NNR TNonRef r Amoni aM n N trogen mneralization tenperature coefficient of the non refractory DON
end if
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A3.6 Rates & constants to the PHYTOPLANKTON sinul ation

PSATCONS PSat Const

GROWWAXF G owivaxPhyt oRat e
FMORTMAX Phyt oMor t MaxRat e
TOPTFM N TOpt Phyt oM n
TOPTEMAX TOpt Phyt oMax

TFM N TPhyt oM n

TFMAX TPhyt oMax

TFCONST1 FK1

TFCONST2 FK2

TFCONST3 FK3

TFCONST4 FK4

FMORTCON FMor t Sat Const
PHOTORES Phot or espFact or
FENDREPC Phyt oEndogRepConst
EXCRCONS Phyt oExcreti onConst ant

If (.NOT. PropCal c%acteria) then

ASS_EFIC E

end if

Phosphorus hal f-saturati on constant, phosphorus, M L"3

Maxi mum phyt opl ankton growh rate, 1/ T

Phyt opl ankt on maxi num nortality, carbon, M (L"3.T)

M ni num t enperature of the optinmal interval for the phytoplankton growh, oC
Maxi mum t enperature of the optinmal interval for the phytoplankton growh, oC

M ninumtol erabl e tenperature of the interval for the phytoplankton growth, oC
Maxi mum t ol erabl e tenperature of the interval for the phytopl ankton growth, oC
Constant to control tenperature response curve shape

Constant to control tenperature response curve shape

Constant to control tenperature response curve shape

Constant to control tenperature response curve shape

Mortality half saturation rate, M (L"3.T)

Fraction of actual photosynthesis which is oxidised by photorespiration

Phyt opl ankt on endogenous respiration constant 1/ T

Phyt o excretion constant

Assim | ation efficiency of the phytopl ankton by the zoopl ankton
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A3.7 Rates & constants to the ZOOPLANKTON simul ati on

TOPTZM N TOpt ZooM n M ni num t enperature of the optinmal interval for the zoopl ankton growh oC
TOPTZNAX TOpt ZooMax Maxi mum t enperature of the optinmal interval for the zoopl ankton growh oC

TZM N TZooM n M ninumtol erabl e tenperature of the interval for the zooplankton growh oC
TZMAX TZooMax Maxi mnum t ol erabl e tenperature of the interval for the zooplankton growh oC
TZCONST1 ZK1 Constant to control tenperature response curve shape

TZCONST2 ZK2 Constant to control tenperature response curve shape

TZCONST3 ZK3 Constant to control tenperature response curve shape

TZCONST4 ZK4 Constant to control tenperature response curve shape

ZREFRESP ZooRef erenceRespirati onRate Rate of consunption of Carbon by respiration and non-predatory nortality at the

reference tenmperature, 1/ T

GRAZFI TOM N G azPhyt oM n M ni mum phyt opl ankt on concentration for the exi stence of grazing, nmgC|

If ( PropCal c%Bacteria) then

GRAZCI LM N G azCliateMn M ni mum phyt opl ankt on concentration for the exi stence of grazing, nmgC|
ZEXCFAC ZooExcr et i onFact or

ZEXCCONS ZooExcr et i onConst Zoo excretion constant
MORTZCOEF Zoohbrtal i t yCoef

M NVORTZ ZooM nMWbrtalityRate

MAXMORTZ ZooMaxMortal i tyRate 1/ day

| NGCONSZ Zool ngesti onConst 1/ 2 sat

EFFCAPHI ZooEf fi ci encyCapt ur ePhyt o

EFFCAPCI L ZooEfficiencyCaptureGliate

ZI NGVAX Zool ngest i onMax

ZOPHYASS ZooAssi m | ati onPhyt oRat e

ZOCl LASS ZooAssinmilationG |iateRate
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PHYRATI NG

el se

GROWAXZ

| VLEVCON

PREDMCR

A3.8 Rates & constants to the Cl LI ATE sinulation

GRAZBACM N

CREFRESP

CEXCFAC

CEXCCONS

MORTCI COEF

M NMORTCI

MAXMORTCI

| NGCONSC

EFFCAPBA

Cl NGVAX

Cl LBACASS

Phyt oRat i ol ngesti onZoo

G owvaxZooRat e Maxi mum zoopl ankton growth rate, 1/T
I vl evG azConst Ivlev grazing constant
ZPredMortalityRate Predatory nortality rate, 1/ T

G azBactM n

G | i at eRef erenceRespi rati onRat e
G |i at eExcretionFact or

G |i at eExcretionConst
CGliateMrtalityCoef
CliateMnMrtalityRate
CGliatevMaxMrtalityRate

G |iatel ngesti onConst

G liateEfficiencyCaptureBacteria
G |iatel ngesti onMax

G liateAssim|ationBacteriaRate

M ni mrum phyt opl ankt on concentration for the existence of grazing, nmgC|

Rat e of consunption of Carbon by respiration and
Excretion constant

Excretion constant

1/ 2 sat
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A3.9 Rates & constants to the BACTERI A sinul ation

CRATI ONC Al faC | NC

BRATI ONC Al f aBact eri aNC

SRATI ONC Al f aSubstrat NC

NATMORB Bact eri aNonGrazi nghbrtal i tyRate
BARESPCO Bact eri aExcreti onRate

BVAXUPTA Bact eri aMaxUpt ake

BM NUPTA Bact eri aM nUpt ake

BACM NSUB Bacteri aM nSubstrate

BACNCONS Ni trogenSat ur ati onConst Bacteri a
TOPTBM N TOpt Bacteri aM n

TOPTBMAX TOpt Bact eri aMax

TBM N TBacteriaM n

TBVAX TBact er i aMax

TBCONST1 BK1

TBCONST2 BK2

TBCONST3 BK3

TBCONST4 BK4

Ciliate ratio between N trogen and Carbon,
Bacteria ratio between N trogen and Carbon,

Organi c di ssol ved substrat

11/ day

day-1 /24

ngN |

mgN ngC
mgN ngC

ratio between Nitrogen and Carbon,

mgN ngC

M ni mum t enperature of the optinal interval for the Bacteria growth, oC

Maxi mum t enperature of the optimal interval for the Bacteria growh, oC

M ni mum t ol erabl e tenperature of the interval

Maxi mum t ol erabl e tenperature of the interval

Constant to

Constant to

Constant to

Constant to

control

control

control

control

tenperature response curve
tenperature response curve
tenperature response curve

tenperature response curve

for the Bacteria growh, oC

for the Bacteria growh, oC

shape
shape
shape

shape
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