










PREFACE

1

repo rt s hou l d b e cited as f o llows : _......'... ._.._. ,_ ._._'•.
,,,' {.·f ~: :': " ';",' _'

Co l l i ns , C . D. , and wt.o s I n sk i • J . H. - -- ­
198 3 . "Coe ffi c i ents f o r the U. S . m.'::;; C '-;._~,:::J

Army Co r p s of Eng i ne e r s Re s e r vo i r ~~ tr :',;~~
Node L, CE-QUAL-Rl , " Techni c a l Reportl l · . ~ · : , ;U" '~ : ,i C'
E- 8 3- 15, u . S . Ar my Engine e r \oJa cerweye J L:, --;{. i : ~ (, .;;: ~ :- ("; ~ -.-.- -- - . ..
Experi men t Stat i on , Vick s burg , Mi s s . :_ ..'.0 . _ _ - .- • -, .. - . - .-:- - - -- ,

~ '.,. --- _.. .'-. ...._--_........_- -
'I i: ~ · ~ ! !_ ~·. : ':"..:. . ~ c i_ .- '. -- _.~,-_.'_.

"v.c : 1.: ~11 ~_' ':.' r:::- ;t~ ; ..s •

[-- - - - · V' ., ~ -i} fu:t·f,:J.·-i

r'D'"' 11 'P"i"C " '~ " ' I;
oJ , I - . , .... '··-;',-i

j I -~' '':t_~' :;''

'--JL.J ,, " ~ ; 1

Th i s r epo rt wa s s pons o r e d by the Off ice , Ch ie f of

Engi nee rs (OCE) , u . S . Army , as p a rt of t he Envi r o nme n t a l

Wa t e r Qua l ity a nd Ope r a t iona l S tudi e s (EWQOS ) Work Un i t

IB . l e n t i t led Impr o ve d De scr i p tion o f Rese rvoi r Ec o l o g ica l

a nd Wa t e r Qua lity Pr oces s es. OCE Techn i c a l Mo n i tor s f or

EWQOS we r e Mr. J o hn Bushman , Mr. Ea r l Ei ker , a nd Mr . J ame s L .

Go t te sma n .

Work f o r t h is r e port wa s conducted duri ng the peri od

J a n u? r y 19 8 2- Se p t e mbe r 1 98 2 by Dr . Ca r o l D. Co l l i ns a nd

Dr . Jos e ph H. Wlosinsk i , Wate r Qua l i t y Modeli ng Gr o u p

(WQMG ) o f the Envi ronmen t a l Labor a t o r y ( EL) , U. S . Army

Engi neer Wa te r wa ys Experi ment Sta tion (WES ) . Th e d r af t

r e po rt wa s r e v i ewe d b y Mr. J a c k Wai de a nd Drs . Allan

Le s s e m and John Barko ,~all o f EL .

The study wa s conduc ted u nd e r t he direc t s upe r v i s ion

of Mr . Aaro n S t ein , Ac t i ng Chief , WQNG, a nd under t he

ge n e r a l s upe r v i s ion o f Mr . Do na l d L . Robe y , Ch ie f ,

Ec o s y s t e m Resea rch and Simu lat i on Di v i s i o n , a nd Dr . .jch u

Ha r rison , Chief, EL , WES . Prog ram Ma nager o f ENQOS wa s

Dr . Je rome L. Mahloch , EL .

Co mma nde r a nd Di rector o f WES dur i ng th i s study a nd

the prepar a tion o f t hi s r eport wa s Co l . Tilford C. Cr e e l,

CE o Tech nica l d ire ctor wa s Mr. F . R. Brown .

Th i s



CONTENTS

PREFACE
LI ST OF TABLES
PART I : I NTRODUCTION

Background
Purpose

PART I I : COEFFIC IENTS

Coeffi c ient Type s
Physio l ogical Proce s ses
Ligh t Ex t inction

EXCO
EXTINS and EXTINP

Phytopl ankton
TPRESP
TPMAX
TSETL
PS2P0 4
PS2N
PS2C02
PS2L
ALGTl, ALGT2 , ALGT3 , ALGT4

Zooplankton
TZMAX
TZMORT
ZEFFIC
PREFl, PREF2, PREP3
TZRESP
ZS2P
ZOOTl , ZQOT2, ZOOT3, ZOOT4

Benthos
TBMAX
TBMORT
BEFF IC
BS2SED
TBRESP
BENTI , BENT 2 , BENT3 , BENT4

Fish
TFMAX
FS 2BEN, FS2Z 00, FS2FSH
F2ALG, F2DET , F2Z00 , F3BEN, F3SED
FSHTl, FSHT2 , FSHT3 , FSHT4
PEPPle
TFMQRT
TFRESP

2

Page

1
4
6

6
6

1 0

10
11
1 2
13
1 5
1 8
1 8
20
28
32
34
38
40
42
44
44
4 6
4 7
4 9
51
53
53
56
56
59
5 9
60
60
6 2
6 2
63
6 3
6 4
66
6 9
69
70



Other Coefficients
TDSETL
DETT1, DETT2
TDOMDK
TNH3DK
TN02DK
TDETDK
TCOLDK
TSEDDK
DOMTl, DOMT2
NH3Tl, NH3T2
N02Tl . N02T2
TSSETL
QIOCOL

PART III, RECOMMENDATIONS

REFERENCES

3

71
71
72
73
7 5
77
77
80
84
84
85
86
86
86

B7

BB



LIST OF TABLES

No .
1 Alphabetical l i s t ing of the coefficients

i n t h i s report 8

2 Exti nc t i o n coe f f icients f o r water (11m) 1 4

3 Se lf- shadi ng c o e f ficien t s due to particulate matter
(1/m*mg/ L) 17

4 Phytoplank ton dar k r espirat i on rates (l/ day ) 20

5 Gross production r ates of phytoplankton (l/da y ) 25

6 Phy toplankton set t l i ng rates (m/day ) 30

7 Phytop l ankt on h al f - s a tur a t i o n coe f f i c i e nts f or
P l imita tion (mg/L ) 33

8 Phy toplan k ton h a lf- s atura t i on coe f f i cients f or
N l imi tat ion (mg/L) 36

9 Phytopl a nkton hal f -sat urat ion coefficients for
C02 l i mi t atio n (mg/L) 39

1 0 Phy t o p l a n k t o n half-saturation coe f ficients for
l ight limi tation (kcal /m2/hr) 41

1 1 Temperature coef f icients fo r phytoplankton (Oe) 43

12 Ma ximum i nge sti on r ate s for zooplankton (l/d ay ) 45

13 Zoo pl an k t o n mortality r ate s (l/day) 46

14 Zooplankton assimilation efficiency coeffi c ients
(dimension less) 48

15 Food p refe rence f acto rs of zoop lankton
(dimensionless ) 50

16 Zooplankton maximum r e s pi r a tion r ate s (l/day ) 52

17 Zoo pl ankton half-satura t ion c oefficients (mg/L) 53

18 Zoo plank ton t empera ture coeffi c ients (OC) 54

19 Acc l imation tempe r a t ure , uppe r and l owe r l ethal
temperat ure, a nd t he temperatur e range for a
cons tant maximum graz i ng r a te for zoo p l an kt on
exposed t o r a pid temperature stress (OC) 55

20 Daily ration o f benthic organisms (l/d ay ) 57

21 Benthos max imum i ngest i on rates (l /day) 58

22 Benthos assimilation efficiencies
(dimensionless) 59

4



No.

23 Maximum r e s piration r a t e s f or benthos (l /day)

2 4 Temperature coe f f i c ients f o r bentho s metabolism
( 'C)

25 Estimated half-sa t u r a t ion c oeff icients f or fish
growth (mg /L)

26 Fi sh food e xpres sed as a f ract ion o f the diet

2 7 Tempe rature coef f ic ien t s fo r fish ing e st i o n ( OC )

28 Assimilat ion efficiencie s o f f ish (d i me n s i o n l e s s )

29 Fish nonpr edatory mortali ty rates (l/day )

30 Fish maximum res pirat ion rates (l /day)

31 Detritus settl i ng ve locities em/day )

32 Temperature c oef f icients fo r decomposition (OC)

3 3 DOM decay rates ( l /day)

34 Ammonia o x i d a t i o n r a t e s (l / day)

35 Detri tus de cay rates (l / d ay )

36 Co liform and feca l s t rep tococcu s d e cay rates
(l/d a y )

37 Freshwater die-off r a t e s of co l iform bacte r ia
measured i n s i t u (l /day)

38 Tempe rature coeff ic ients f or DOM decay ( OC)

39 Tempe r a t u r e coe f f i c ients for ammonia oxidation
( 'C )

5

Page

61

6 2

6 4

65

6 7

69

70

71

72

7 3

7 5

76

80

82

83

85

85



COEFFICIENTS FOR USE I N THE U. S . ARMY CORPS OF

ENGINEERS RESERVOIR MODEL, CE-QUAL-Rl

PART I : IN TRODUCTION

Background

1 . A numer ical one-dimensional model (CE-QUAL-Rl ) of

re servoi r water quality is being developed as part of t he

Environmental and Wate r Quality Ope rationa l Studies

(EWQOS) . A Us e r l s Manua l (Environmenta l La bora tory 19 8 2) ,

which descr ibes t he model a nd lis ts t h e data required, is

avai lable from t he U. S . Army Engineer Wa ter ways Experiment

Station (WES). One of the major types of i npu t to the

mode l is a set of coefficients used in e q ua t i o ns which

describe rates of change for various water qu a l i t y

variables . Although a description of the coeffic ients i s

i ncl ude d in t he Use r' s Manual, no va lues are s upplied for

many o f them. Most o f t h e s e d ea l with b iologica l processes

which are e xtreme ly difficult , a nd very costly, to measure;

i n f a c t , f or a pre-impoundment study, many c oe f f i cie n t s

cannot be measured. For t hese r easons, users o f CE-QUAL-Rl

will have to use c oeff icient e s t i ma t e s found in the

l i t e r a tur e .

Pur p o s e

2 . The purpose o f th is repor t i s to aid t he u s e r s o f

CE-QUAL-Rl by supp l y i ng i nf ormati on about, and va lues for ,

many of t he c oeff icients needed f or u s e of the model .

Table 1 l is ts t ho se coefficients f o r which information is

supplied i n this repor t . The coe f fic ients presented are
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suitable f or the ver s ion of the mode l descr ibed in t he

User 's Manua l (Env i r onme n t a l Laboratory 1 9 8 2 ). Neithe r t he

i n fo r mat ion c onc e r n i ng coefficient me asurements nor t he

coe f f i cient v a l ue s lis t e d should be con s i de r ed t o r e p re s ent

an e xha us t i ve search of the l i tera ture. In many cases , t he

pa r a me t e r value s found in t he l i t e r a t ure were inappropriate

t o u s e in the model because of t a l t he l a c k o f information

necess ary to c onvert the value t o t he proper units or (bl

i mpro pe r e xpe r iment a l design. Therefore , this r e port

i nc ludes literature values for e xper imen t s that were

a l ready i n a ppro pria te f o rm for use in CE- QUAL-Rl o r were

readi ly t r a n s fo rma b l e .

3 . Al though parameter va l ue s f or a g ive n c oeff icient

may range over severa l o r d e r s o f magnitude , i t was felt

inappropriate to r e c o mmend a s ingle v a l u e for a parameter .

Inste a d , e xper i ment a l l y determi ned values are p r e s e n t e d t o

p rovide t he user wi th a r a nge o f va l ues.
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Table 1

Alphabe t ica l l is t i ng o f c oef f icients in thi s r e po r t

*PAGE NUMBERS

COEFFICIENT

ALGTI
ALGT2
ALGT3
ALGT4
BEFF l C
BENTI
BENT2
BENT3
BENT4
BS 2S ED
DETTI
DETT2
DOMTI
DOMT2
EXCO
EXTlNP
EXTlNS
FEFFlC
FSHTI
FSHT2
FSHT3
FSHT4
FS 2BEN
FS 2FSH
FS 2 Z0 0
F2ALG
F2DET
F 2Z0 0
F 3BEN
F3SED
NH3Tl
NH3T2
N02Tl
N02T2
PREFl
PREF2

THIS REP ORT

42
42
4 2
4 2
59
62
62
62
62
60
72
72
84
8 4
13
1 5
1 5
69
66
66
66
66
63
63
63
64
64
64
64
64
85
8 5
8 6
8 6
4 9
4 9

(Co nt i nue d )

USER' S UANUAL

19 3,194
19 3,194
1 93,1 94
1 9 3,19 4
19 7
198
19 8
19 8
1 9 8
1 9 7
199
199
2 09
2 0 9
1 8 2
1 87
182
203,204,205
203 ,204 ,205
203 ,204 ,205
20 3 , 204 ,205
203 , 204 ,205
20 1
201
20 1
202
20 2
2 0 2
202
202
210
21 0
211
211
1 9 5
195

*The pag e n uwb e r s ref lect a c ros s - r eferenc e b e t we e n this
document and the Us e r 's r-tanual ( Envi r o nme nta l Labo r a t o r y

1982) .
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Tab l e 1 (Conc l uded)

*PAGE NUMB ERS

COEFFIC IENT

PREF3
PS2C02
PS 2L
PS2N
PS2 P0 4
Ql0COL
TBMAX
TBMOR'I
TBRES P
TCOLDK
TDETDK
TDOMDK
TDSETL
TFMAX
TFHORT
TFRE SP
TNH3DK
TN02D K
TPI'lAX
TPRESP
TSEDDK
TSETL
TSSETL
TZMAX
TZMORT
TZRES P
ZEFF IC
ZOOTl
ZOOT2
ZOOT3
ZOOT4
ZS2P

THI S REPO RT

4 9
38
4 0
34
32
86
56
59
60
80
77
73
71
63
69
70
75
77
20
18
8 4
28
86
4 4
4 6
51
4 7
53
53
53
5 3
53
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US ER I S MANUAL

19 5
191, 192
191,192
1 9 0, 192
190 ,192
21 3
19 7
197
197
20 7
2 0 7
20 7
1 9 9
20 1
203,2 0 4,205
203 ,204 ,205
207
207
18 9, 1 9 2
18 7
20 7
212
18 9 ,192
1 9 5
1 95
195
195
19 6
196
196
196
196



PART I I : COEFF I CI ENTS

Coeffi cien t Type s

4 . For those c oe f f icients that are i nvo lved in

equa t ions as r a t e s o f c han g e , t he user mus t s upp ly value s

tha t a r e a p p ropriate to con t i n uous e xponen t ia l f unctions.

Th e s e v a l ues should b e app ropr i a t e f o r the equ a t i o n :

X ( t l = Xo e Xp (Kc't ) (ll

where

X( t ) = f i na l c o ndi t ion

Xo = i n iti al condi t ion

K = c oeffic i ent i n uni t s of l /day in c ontinuous
C form

t = time i n d ays

5 . Fo r t hose coef f ici e nt s that are negative (e .g . ,

mortality r a t e ) , the nega tiv e sign i s introduc ed int e r n a l l y

b y the mod e l . If values a r e reporte d in t he d iscrete f orm

s u i t a b l e f or the equati o n

X{t l = Xo (l+Kd l ·on ( 2)

where

Kd = coe f f ic ien t i n uni t s o f I / d a y in d iscrete f o rm

n = the n umber o f time steps in days

the coe ff i c ien t mus t b e t r ans f orme d . If the user h as

c oe ff icie n t s in the discre te f orm in units o f l / day , they

c a n be trans f ormed t o the p rope r con t i n uou s f o rm by us i n g

the fo l l owing r elati o n ship:

Kc = l n ( l+Kdl ( 3)

For a d e t a i l e d e xpla nat ion o f the type o f coe f f i c i ents

u s e d b y CE- QUAL-Rl , p lease r e f er to the Us er ' s Ma nua l ,

pages 41 throug h 4 7 (Environmental Labora t o r y 1982) •

Va lue s inc l uded in t his r e por t a r e in t he con t i n uou s form .

This enta ile d t r a ns f o r mi n g v a l u e s f o r t hose c ita t i ons that
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were r e por t e d i n the d iscre te form ; t ransformations of

uni ts to the f o r m used by the mode l were also nece s s a r y.

Phys iological Proces ses

6 . For zoopla nk ton , fish , and be nt h os , t he

phys i ological process e s mode led are i nge stion, r e s piration,

and assimilati o n effici e ncy. The uni t s f or inges t i on are

l /day. Ass i mi lat i on efficienc y i s d i me nsion less a nd is

mul t i p l ied by inge stion t o accoun t f or the a s s i mi la t i o n

r ate . In t he li terature , ingestion ( I ) or consumpti on is

equa l t o assimi l ation (A) + eges tion (E ). The amount

a s s i mi lated ma y be s eparate d into (a ) that amo un t r e s p ired

(4)

I n CE-QUAL-Rl p r edict ions a r e made regarding WT .

l iterat u r e it usually equa ls

WT - I-E-R- X- PM-NM- V-S-Y-H

In the

(R) a nd (b) growth (G). The p roducts of growt h may be

s e parate d i n to e xcretion (X) , preda tory mortali ty (PM) ,

nonpredatory mo r t a l i t y (NM), e xuviae (V) , secre t ion (5 ) ,

eggs or young (Y) , h arve st (H), a nd the change in weigh t

(WT) .

7.

Ingestion, r e s piration, p redator y mortality, nonpre da t ory

mortali ty , and harvest a re e xplici t ly mode led . Egestion i s

c a l c ula ted usi ng i ngestion a nd t he a ssimila t i on effi c i e ncy .

Eggs or young a re not c ons i d e red l o s t in t he model and are

not i nc luded i n t he e q uation. Exc r e t i on, e xuvi ae , a nd

secretion are c ons ider ed as par t o f t h e nonpr eda tory

mortality term . Va lues for growth should be used wi th

caution . Model user s must know e x a c t ly what i s i ncl uded

i n the g rowth term s o t ha t correc t c oe f f i c i e nt es timates

can be made .

8 . The rates used in the model represent the

max i mum r a t e f or each process under c ond i t ions norma l l y
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fo und i n re s e rvoi r s. The s e maximum r a tes a re sca l ed down

i n the madel due t o p redicted conditi ons suc h a s

t empe rature , nutr ient, o r f ood c o ncen t r a tions . Va l ue s

f ound i n the l itera ture f or rate s a r e o f t e n measured at a

set o f specific condi t i o ns and may not r e pre s e n t a true

maxi mum r ate . Val ue s found in this r epor t may no t

ne cessar ily be maximum r a tes , but the a u thors fe lt t ha t t he

inf ormati on may s t i l l b e of use in s etting coeffi cient s .

The i n ge s t i on rate mus t b e greater t h a n t he combined

mor t a l ity a nd r e s piratio n r ate s divided by the ass imi la t ion

e f f ici e ncy .

9 . Data inpu t a nd c oe fficien t sele cti on a re d i scus sed

i n detai l. Guid ance will be g iven wi t h r e s pe ct to how t he

da ta i t e m i s used i n the model and how the d ata i tem can

be calculated o r de termined . Va l ues f o r t he coefficients

a re also g i ve n in t ab les based upon r e s u l t s from laboratory

and in s itu e xperimental results. Wi t h careful

speci f i cation o f coefficient v a l ues , calibration efforts

can b e held to a minimum.

Lig ht Extinc t i on

10. So l a r r a d i a tio n i s d i strib uted v e r t i cal l y i n t h e

water c olumn in s ub rou t i ne HEAT (which i s cal l ed f rom

s ub routi ne MI XING) . The d is t r i bution is d ue in pa r t t o

the abs orp t i on of l ight by wate r , including disso lved

subs t a nces, a nd by abs orption by pa rticula te organ ic and

inorganic mate r ials. Care mus t be t aken when estimating

or measur ing e xtinction c oeffic ients , for t he s a me coef­

f i c i ent may have a d i f f erent mea n ing depend i ng on whether

it is used in CE-QUAL- Rl or CE-THEP~-Rl . Two e xtinction

c o e ffici e nts a r e u s e d in CE-THERM-Rl : EXe O and EXTI NSi

EXTINP is u s ed only i n CE-QUAL- Rl.

12



Exeo

11 . Exeo is t he extinc tion coefficient for water,

i nc l ud i ng dissolved s ubstances (l i m) . It can b e estimated

from t he equation (Wi lliams et a l. 1 981)

zxco ~ 1. 1 * Z* * (-0. 7 3 ) (5 )

given the Secch i depth (Z) in meters , o r i t can be

measured d i rec t l y wi t h a ph o t o me t e r u s i ng t h e Beers-Lambert

Law

where

Exeo ~ (In I -ln Iz }/Z ( 6 )

I = irradiance at water surface

I z = irradia nce at depth z

However, in s itu measurements for EXCO a r e likely t o

o ve re s t i ma t e the e xtinction coeffi cient because it inc ludes

extinction due t o detritus, phytoplankton, zooplankton, and

inorganic s u s pende d soli d s . Thus, the manual carefu l ly

s tates on p . 18 2 tha t the calculated value o f Exeo should

r ef l ec t the max imum l i gh t penetration ( i . e . , t he maximum

Secchi d epth). Th i s should minimize t he o verestimation

pr obl em. I n CE-QUAL-Rl and CE-THERM-Rl, sel f -shading due

to t hese components i s handled separa tely.

1 2 . Th e l i gh t e x t i nc t i o n coef fic ient for a n

ultra-oligotro ph i c t o ol igot rophic lake r anges fr om 0 .03 to

1 .0 / ro; f or mesotroph ic lakes the fi gures a re from 0 . 1 to

2 . 0/m; f or e utroph ic l ake s , fro m 0 . 5 to 4.0 / m; and for

d y s troph ic l akes, fr om 1 . 0 to 4 .0/m (Li k e n s 1 975) . The

e xti nction c oe f f i cient of monochroma tic l igh t by a I -m

column of di stilled wa t er range s f rom 0. 0255 a t 38 0 nm,

0. 0054 at 46 0 nm, 0 .078 at 580 nro , 0. 455 at 680 nro , to 2 .42

at 820 nm (Hutchinson 1957 ) . Other va l ues a re g i ven in

Table 2 for photosynthetically ac t ive rad ia tio n ( PAR ) a nd

other wa ve l e n gths .
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Table 2

Ex t i nc tion coe f f i c i e n t s f or Wat er 11 1m)

SITE

Lake Ta ho e , Ca l i forn ia
Wintergree n Lake , Michigan
Crys t a l Lake , Wisconsin
Crater Lake, Or egon

Loch Borralie, Sc otland

Neusiedlersee, Austria

Loch Unagan , Sc otland
Black Loch , Sc otland

Lo ch Le ve n , Scot l a nd

Lake Pa a j arvi , F inland
Highly s t a i ne d l a kes

DESCRI PTI ON

o ligo t r o ph i c
eutr op hic
o l i go t r o ph i c
o l i go t ro ph i c,
almost pure, blue
calcareous water,
blue g ree n
t u r b i d water,
s e d i men t colo r e d
ye llow sUbstances
brown substances
(pea t y )
t u rb i d , d ens e
p hytop l ankton
b rown-s tained
a ve rage

14

EXCO

0. 2
0 . 4 6- 1. 6B
0 . 2

0 .18

0 .34

3 .31
0.93

1. 53

2.58
0 . 7
4 . 0

REFERENCE

We t ze l 19 75
We tzel 1975
Wetzel 1975

Spence 19 81

Spence 19 81

Spence 1 9 81
Spe n c e 1981

Spence 1 9 81

Spence 1 98 1
Ve rduin 1 982
Wetzel 19 75



EXTINS a nd EXTI NP

1 3 . EXTINS i s the se lf-shad i ng coeff i c ien t due to

particulate inor ganic ma t e rial in bo t h CE-QUAL-Rl a nd

CE- THEffi1-Rl. In CE-TH ERM-Rl , be caus e o rga nic par ticu la t e

materials are not e xp l i c itly mode l ed, the l ight a t tenuation

d ue to thes e mate r ials mus t be h andled thr ou gh e ither

EXTI NS or EXCO. If the suspended solids (55 ) compart-

me nt has been incre mente d in value t o i ncl ude o r ganic

as we ll as inorganic parti c ulates s uspended i n the

water c o lumn , the n EXTI N5 (l/m*mg/L) r epresents the

e x t inction coef f ic ient for a l l s uspended s o l ids , in­

c l uding inorga n ic matter, p hytoplankton , zoop l a nk t o n ,

and suspended detr itus. Howe ver, i f the 55 c ompa rtme nt

in CE-THE RM- Rl does not include or gani c particulat es-­

i . e . , i f t he magnitude o f 55 is i dentic al i n CE-QUAL-Rl

a nd CE-THE RM-Rl - -then l i ght at t enuation by organi c matter

suspended in the wa t e r column cannot b e h andl e d by EXT INS.

Rather, the va l ue of EXCO mu s t be increa s ed t o handle the

"e x t r a" attenuation due to p hytoplank t on, zooplank ton, and

de tritus . I n eithe r c ase , t he magnitude of EXTINS s hould

be t he same in bot h mode l s. It s h ou ld typica l ly be of t he

same order o f magni tude a s EXTI NP .

14 . EXTI NP i s the se l f - s hadi ng coef f i cie n t due t o

o rganic particul ate mat ter i n CE-QUAL-Rl ( l/m*mg/L). The

self-sh a d ing coeffic i ent r e pre s ents t he decre a s ed l ight

pene t ration or incr e a sed light e xt i nc t ion r esulting from

phytopla nkton , zooplankton, a nd detr i t us s uspe nded i n t he

wa t e r column. The light e xtinc tion c oefficie n t i n

subroutine HEAT is modi f i e d a s a function of the

concentrati ons of these three constitue n t s. Most

measurements of EXTI NP refer on l y to alga l bioma ss ; i t i s

a s sumed in CE-QUAL- Rl that lig ht e xtinc t ion due to

1 5



zooplankt o n and detri t u s is nume r ica l l y e q u iva len t t o t ha t

due to p h y top l a nk t on. Me gard e t al. ( 19 80) a nd Smi t h a nd

Bake r (19 78 ) determined t hat e a c h mi crogra m per li t er o f

chlorophyl l i ncre ase d t he l ight extinc t i o n coefficient by

a bout 0.022 a nd 0.D16 /ro , res pectively . As suming a ratio

o f c arbon t o algal bioma s s o f 0. 45 a nd a c a r bon/ch lorophyll

(C/chl) ra tio of 50 , t hen a lge bra i c a l l y e a c h mi ll igram per

l i ter of a lgal biomas s s hou l d inc r e a s e the l i g h t e xti nc tio n

c o e f ficie nt by abou t 0 . 2 0 to 0 .14/ m, r e s pectively. The

r ang e of C/chl r ati os, however , var ies fro m 25 -150 ,

resulti n g in a range o f self - s hading coefficients from

0 .40/ m*mg/L to 0 .047 /m*mg/L . Va l ues ne ar 0.10 ha ve

previ o usly produced reas o nab l e r e sults ( Env i ronme ntal

Labora tory 1982).

15 . Ligh t extinction b y algae i s computed fr o m i n

si t u l i ght in t ensity measurements at depth inte r val s and

in s i t u de t e r mina t i ons of c h l o r o p h y ll a us i ng t he mod i f ied

Lambert -Bo u guer La w (Mega rd e t a l . 1 9 8 0 ) . Ba nnister (1 979)

e xtra cted c hloroph y l l f rom c e l l su s pen sions a nd measu r e d

the a b s o rpti o n spec t r um to o b ta in t he mean extinc t i o n

coefficient . Th e o r eti c a l es timates for a t tenuation o f

photosynthetical ly acti v e r a dia tio n by c hlorophyll ~ i n

a lgae range betwe en 0.06 a nd 0 . 01 8 , d e pending on t he s ize

a nd c h lorophy l l c ontent o f c e l ls a nd c o lon ies (Ki r k 19 75).

Th e e xtinct ion coe f f i c ient wa s de t e rmi ne d to range between

0 . 0066 and 0 . 0 20 5 1/m*rng/rn3 in l a b oratory a naly s i s

(Bannister 1 97 9 ) . Values for self-shading c oefficients

are given i n Tab l e 3. Values s hown i n this t a b l e we re

o r igi na l l y reported i n u n i ts of l/m* ~ g chI a iL, a nd have

been converted t o units u s e d i n CE-QUAL-Rl assuming a

C/chl ratio o f 50 and a C/biomass rati o o f 0.45.
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Se l f -shad i ng

Table 3

coeff i c i e nt s due to
( l / m' mg / L )

pa r t i c ulat e matter

TYPE

Suspen s o ids
Suspensoids

Organ ic matter
Phytoplankton
Phytoplankton -

diatoms
Phy topl ank ton

diatoms
Phytoplankton

greens
Phytoplankton

g r e e ns
Phytoplankton

COMMENT

average
Lake Paajarvi,

Finland
Pacific Ocean
Pacific Oc e an
C/Chl ratio = 120

dry wt/ C ratio = 4
C/Chl ratio = 30

dry wt/C ratio = 4
C/Ch l rat i o = 1 00

dry wt/C ratio = 2
C/Ch1 ratio = 30

dry wt / C ratio = 2
Shagawa Lake,

Minnesota

17

VALUE

0.12

0 . 24
0 .047
0 .033

0 .058

0 .014

0 . 024

0.007

0 .03

REFERENCE

Verduin 1982

Verduin 1982
Verduin 1982
Verduin 198 2

Verduin 1982

Verduin 1982

Ve r du i n 1982

Ve r du i n 1982

Megard et al .
1980



Phytopl ankton

TPRESP

16 . TPRESP i s the maximum ph y t op l a nkton r e spiration

rate (l/day). Al though two compartments are avai lable to

simulate phytoplankton , a s i ngle r e s pirati on rate

c oeff icien t is us e d and s hou ld r e flect t he c ompos ite

nat ure of t he species assemb l ages . TPRES P sho uld i nc l ude

dark r e s pira t i o n and pho tore spiration. Endogenous o r dar k

respi rati on (mi toc h o nd r i a l) refe r s to the o xygen

consumption associated prima r ily wit h o xida tive

phosphor y lation a nd whi ch p r od uc e s c arbo n d ioxide.

Photorespi rat ion , common l y r e f ere d t o a s excre t i on , i s t he

r eleas e of disso lved organic matter (glycolate) and carb on

d i oxide that o ccur s d ur ing l ight pe r i ods : i t is the

oxygen-sensitive l oss o f carbon di oxide during

photosyn thesis, s timulated b y an i ncre a s e i n temperatur e or

oxygen c o ncen t r ation (Bi rmingham e t al . 1 98 2) .

17 . Meas urement o f dark respi r a tion i n the l i ght is

hampered by the presence of p hotosynthe t ic oxygen

producti on and photore spiratory oxygen consumption; this

prec ludes direct measurement in the ligh t u s i ng a p02

e lectrode. Oxygen consumpt ion in the dark depend s on the

p r e v ious light hi s t ory in s evera l ways . The duration,

spectrum a nd magnitud e of l i ght, a s well as other factors ,

de termine t he type and a mount o f photosynthate pr oduced .

Subsequent r e s pira tio n in t he d ark wil l be a f fected by the

me t a bo l i sm o f the p hotos y n thate a nd b y cert a in d ie l

rhythms . The p reviou s l i ght hi s t ory t hus may affect the

dark respira tion f o r ma ny hours a f t e r a l ight-dark

t rans i tion. Transient phenomena in oxygen exchange a l so

a re no ted for approximately 1 0 min af ter t he light-dark
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tra nsition . Therefore, dete rmination of o xy ge n consumption

s hould be made af ter a 5- to 1 0-mi n a c c l i ma t i o n t o a d ark

envi ronment . It can be measured pol arographi ca l ly us ing an

o xygen elect rode , manometrically , or chemical ly .

18. Respirat i on rates , i n ma ny i nstances, a r e

e xpressed as mi l l i t e r s of oxygen c onsume d per mi l l igram of

organism dry weight per hour . Since the mod e l fo rmulati on

require s uni ts of l / d a y , the s e values mus t be converted.

For values i n this r e po rt , t he me t hod outl i ned on page 188

of the User's Man ual (Environme n ta l Laboratory 19 82 ) was

used. In addition, r e s p i r a t i o n v a lues in Table 4 a re i n

conti nuous form.

19. Th e amoun t o f e xcret ion of o rgan i c matter by

phytoplankton i s commonly expre s s e d a s a percent of

photoassimi lated carbon . I t i s measured using 1 4 C a s a

tracer i n photosynthetic u p tak e r a t e s t udies. Af t er

incubation and f i l t r a t i o n of the algae, the filtra te i s

then acidified a nd e i t h e r (a) b u b b led with air for 2 hr or

(b) allowed t o stand o ve r n igh t in a d e s s i c a t o r o f sodium

h y d r o x i d e pellets . Rates o f c a r bon d ioxide r e l ease in t he

light are lower tha n r a t es of dark r e s piratio n (Bi r mingham

et a l . 1982 ). Percen t e xtrace l l u lar r ele ase (PER) va lues

reported in t he l i t e r ature r a ng e f r o m 7 to 50 fo r natural

phytoplank ton populations (Na lewaj ko 196 6 ) . Berman (19 7 6 )

repor ted PER va lues of 3 t o 32 f o r natura l phytop lankton

populations in La ke Ki n neret .

20. Th e values given i n Table 4 for dark r e s p i r at i on

rates are usual ly determined f o r a l - hr time period .
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Table 4

Phy t op lankton dark respi rati on r ates (l/day )

SPECIES

Mesodinium rubrum
Thala ss i o s i r a a l l e n i i ­

small c ells
Thalas s i osira a l lenii -

l arge ce l ls
Monoch rysis l uthe ri
Dunalie l la teriolecta
Anabaena variab i l is

Cos c inodiscus e xc entri c u s

Ch lore l la pyrenoidosa

Phy t o p l a nk t on

TP~IAX

TPRES P

0 . 0 5

0.14-0.59

0. 0 5-0 .42
0.15-0.32
0.12-0.46
0.10-0.92

0 .07 5- 0.11

0 . 0 1-0 .03

0 . 05 - 0 .10

REFERENCE

Smith 197 9

Laws and Wong 1978

La ws a nd Wong 1 97 8
Laws and Wong 1 97 8
La ws and Wong 19 78
Co l l i ns and Boy l e n

19 8 2a
Rile y a nd von Aux

19 49
Myers and Gr a h a m

1961
Ryther 195 4

21. TPMAX i s the maximum g r o s s photo s ynthetic r ate

(l/day). CE-QUAL-RI us e s g r o s s p r od uc t ion r ates t o

s imulate the ra t e o f c h ange o f alga l b i o ma s s t hrough time .

22. The phys iological pr o cesses of phytoplankton t hat

are being modeled are gross p roduc tion and respira tion .

Gr o s s p roduction is the t o t al r a t e o f photosynthesis, wh ich

inc lude s t he storage r a t e o f o r g a n i c matte r by the

phytoplankton (net production) p l u s t he o rga nic mat t e r

used by p hyt o p lankton i n res pira tion. Tha t is,

g r oss production = ne t p rod uc t ion + respirat i on (7)

23. Net prod uctio n i s the o r g a ni c ma t ter u s e d f or

o t he r p rocess e s s uc h as zooplank t on g r a z i ng , sinking,

e xc re t ion , a nd nonpredato ry mo rtali ty . Ex t r eme care mu s t

be used i n estimating the s e ra t e s b ecau s e the r a t es a r e
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often dependent o n the e x pe rime n t a l des ign . For e xampl e ,

the ma x i mum growt h rat e is o f t e n used in modeling s tudies

(se e , for example , the Pre l iminary Ge neralized Computer

Pr o gram , Water Quality f o r Ri ve r- Reservo i r Systems , Oct .

1978 , U. S. Army Engineer Hy d r olo g i c En g i ne e ring Center,

Da vi s , Calif .) . Th e r espira t ion rate i s subtra cte d f r o m

t he maximum growth rate i n order to p r e d i c t a new mass .

Howe ve r, t he va lues o f growth found i n t he lite r a t u r e are

mos t e q u i va l e n t t o ne t production in the above equa tion

and have a lready accounted f or r esp i r a t i o n; in other wo rds ,

the mod e l may pred i c t l o w p h y top l a n k ton va l ues beca us e

r espiration is bei ng a c c ounted f o r twice. If g rowt h is

measured as the dif fe r ence in mass between two points i n

time , it must be reali zed that algae may have been l ost to

grazing , s ink i n g , e tc. Also , the true growth fi g u re is

actual ly higher t han r e po r t e d .

24. Values are o f t e n repor ted as "producti on " without

menti o n a s t o whether the f i g u r e s re pre s ent gross o r net

production , a nd the read e r may have to e v a l ua te the

experimental design t o determine the c o r rec t va lue .

25 . There a r e f o ur ge ner a l method s used t o mea s u r e

phyt oplankton primary productivi ty (Janik e t al . 198 1 ) .

These i n volve t h e measur ement o f (a) change s i n the o xy gen

c o ntent o f wa t e r, (b) changes i n t he ca r bon dioxide .conten t

of wa t e r, ( c) incorporation o f 14 c a r bon tracers into the

o rgan i c ma t t e r o f p h y top l a n k ton , a nd (d) me a s u re s of

chlorophyll. Reade r s s hou l d r efer t o J anik e t a !. ( 198 1)

t o gain insight in to t he p roblems associate d with the f our

methods . For example , the 14 c a r bon tech n ique gives a

meas u r ement whic h is be twe en ne t a nd gross prod uction ,

depending o n the l ength of t he experime nt (Whitt a ke r 1975 ) .

26 . Th e mos t frequently used method fo r measuri ng

p r i mary p r oduc t ion by phytopl a nkto n ha s b een p h o tos y n t h e t i c
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o x yge n evolution a nd 1 4C u p t a k e . Th e light- and

d ark - bott l e 1 4C tech n ique of Steemann-Nie l sen ( 1952)

r e q ui r e s t h e l owe r i n g o f pairs of bottle s injec ted wi th

H1 4C03 to f i xed d e p ths i n t he wa t e r column f o r time pe r iods

o f 1-5 h rs o r b y i ncu b ating the b ott l es under k n own

condi tion s of light a n d t empera ture .

27. Under opt imal condi t ions, a cul ture g rows so t ha t

the rate of a dditi on o f cells i s proportiona l t o the n umber

pre s e nt ( i . e . , e xponentia l g r o wth) . Ce ll s d ivide i n a

c h a rac te r is t ic t ime cal l ed t he divis ion, genera tion , or

doubling t i me . Popu lation grow t h fo llows the solution to

t h e equa tion

wh e r e

dN! d t = k *N

N = t he number or concentration o f ce lls i n the
culture

(8l

t = the t ime

k = the g r ow t h cons t an t - ( l i t )

The solution to thi s equation is

k = 1n (N! No , ! ( t - t o ' (9)
SUbscri pts d e note v a lues a t a k n own i n i tia l t i me , and In

i ndicates n a t ur a l logari t hms.

2 8 . The growt h cons tant k is t h e number o f the

l o g a r i tbm- t o- t he-b a s e-e units o f inc r e a s e pe r d a y. Growth

r a t e i s s ome time s e xpressed as l o g a r ith m- t o - b a s e - l O uni t s

of i n c r e a s e per day , kI O; or as logarithm-to - ba s e - 2 uni t s

pe r day , k 2 ,

whe r e

k l O = 10g(N!No,!( t - t o )

k 2 = 10g2 (N! No , ! ( t - t o '
Conve rsions among t he exp ress ion s are as f o llow s :

k = growt h rate measured i n I n units

k l O = g r owth r a t e measur e d i n 10 9 1 0 uni t s
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k 2 = growth rate measured in 10 9 2 units

Now let an a lgal po pula ti on of int erest double i n one day .

Then

N = 2

No = 1

t -t = 1
o

and

k
1 0

~

k ~

2
Or , l et the a lgal

N ~ 4

N = 1
0

t - t ~ 1
0

and

k = 0 . 69 3 ~ ln 2

0 .301 = l og 10 2, k ~ 2 .3026 k
1 0

1 .0 = log 2 2, k ~ 0 .6931 k
2

popu l a t ion q uadruple i n one day .

(12 )

(13)

(14)

Then

k 2
Similari l y, l et

Then

N ~ 0 . 5

No ~ 1

t -t ~ 1
0

and le t

k ~ 1 .386 = I n 4 (15 )

k 1 0 ~ 0 . 6 02 = l og 1 0 4 , k ~ 2.302 6 k 1 0 ( 16 )

~ 2 .0 = log2 4, k = 0 . 6931 k 2 (1 7 )

t he algal population ha l ve i n one day .

k = - 0 . 69 3 ( 18 )

k 10 = -0 . 30 1 , k ~ 2 .3026 k 10 (1 9 )

k
2

= - 1 . 0 , k = 0 . 69 31 k
2

(20)

Thus , t he re l ation be t we en t he v ar i ous growt h rate s i s

g ive n by

k ~ 2 .3026 k
1 0

k ~ 0 .69 31 k 2
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Th e c omposi t e gros s p r oduction r ate fo r this c ompa rtment

s ho u ld a lso r e pre s ent a weighte d con t r ibution f o r the

d omina n t s pe c i es , o r the domi nant f u nctional groups, t o b e

simula t ed by this compar tme nt .

29 . Li t e r a tur e va lues fo r TPMAX a re given i n Table 5 .
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Table 5

Gross production r a tes of phy toplankton ( l j da y )

SPECIES TPMAX TEMP °c REFERENCE

Jitts e t a l. 1 9 64
Verduin 1952

1965
196 5

and Ames z
and Amesz
1 9 64

Holm and Armstrong 198 1
Hutc hins o n 1957
Hutchinson 1957
Hutch i nson 1957
Fogg 1969
Tall i ng 1 9 55
Ta ll i ng 1955
Talling 1 9 55
Hoogenhout and Ames z 1965
Hoogenhout and Ames z 1965
Fo g g 1 9 69
Hooge nho ut
Ho o ge nhout
Castenho l z
Fo gg 1 9 69
Ho o ge nho ut and Ame s z 1 9 6 5
Hooge nhout and Ames z 196 5
Smayda 1969
Hoogenhout and Ames z 1 96 5
Pa a s c he 1968
Rhee and Got ham 19 81 b
Ca s t e nho l z 19 64
Castenholz 1 9 64
Hoo genhout and Ames z 1965
Hoogenhout and Amesz 1965
Harvey 193 7
Ho o genhout and Ame sz 1 96 5
Paasche 1968
Fo g g 1969
Hoogenho ut a nd Ame s z 1965
I gna tiades & Smayda 19 70
Fogg 1 969
Jor gensen 1 968
Steemann- Nie lsen and

Jorgensen 1 968
J itts et al . 1964
Cas t e nholz 196 4

13
20

20
11

20
1 0
20
25
20,
1 0
20
2 0
18 .5
22
1 8
25
11
i s
16
20

2
1 0
20
20
11
11
2 5
20
2 7
2 5
20
25
19
21
is
20
20

0 .77
3 . 10

1. 23
1.2

0 .81
0.6 9
1. 38
1. 66
1. 71
0 . 28
0 .6 9
1.38
2.2
I.,
1. 19
1.3
1.7
1. 5
0 . 55
0.34
3. '
0.62
I. ,
2. 1
0 . 85
1. 7
0.7
1. 4
2 . 0
1. 6 6
2. 1
2. 5
1. 6 6
2 .7
1. 20
1. 26
2 . 30
1.52

DIATOMS
Asterionella formosa
As t e r i one l la formosa
Asterionella formosa
Aste r ionella f ormo sa
As t e rio nella fo rmosa
Asterionella f o rmo s a
Aste rionel l a formosa
Asterione l la formos a
Asterionel la formos a
Asterione1 1a formosa
Asterionel la j a pon ica
Asterione l la ~ apon~ca

Asterione l la Japon~ca

Biddul phia s p ,
Coscinodiscus sp.
Cyclote1 la meneghi n iana
Cyclotella nan a
Detonu l a confervacea
Detonula confervacea
Di t ylum br i ghtwe l l i i
Fr ag i l ar ia sp.
Frag i laria sp.
Me10 9 ira sp.
Navicula minima
Navicula pel l i c ulosa
Ni t z sch i a c los t er ium
Nitzschia pa l e a
Ni tzs ch i a t urg idula
Phaeodacty l um tr i cornut um
Phaeodacty lum t r i c o r nuturn
Rhizosolenia f ragill i s s i ma
Skeletonema c ostatum
Ske l e tonema cos taturn
Ske l e tonema c ostatum

Skeletonema costatum
Synedra sp .
Thalassiosira

nordensk i o ldi i
natura l diatom community

GREENS
Ankistrodesrnus braun i i
Chlamydomonas moewusi i
Chlore l la py r enoidosa
Chlor e lla ellips o i de a
Chlorella l ut e o v ir i d i s
Chlorella miniat a
Chlor ella py renoidosa

2 .33

2.22
3.6
0.56
0.1:17
2 .14

25
' .2
2S
25
22.4
25
25

Hoogenhout and Amesz 19 6 5
Ho o genho ut and Amesz 1 9 6 5
Shelef 1968
Ho oge nho ut a nd Ames z 1 96 5
Hoogenhout a nd Arne sz 1 9 6 5
Hoo g e nho ut and Arnesz 1 96 5
Fo gg 1969
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Table 5 (con t i nue d )

SPECIES

ChIarella pyrena idasa
Ch I a r e l l a pyrenoido sa
Chlore l la pyreno i dosa
Chlorella seccharophil ia
Ch l orel la var i ega ta
Chlorella vu lgaris
Chlorella vulga r is
Duna l iel la t ert i ole c t a
Dunaliel l a tertiolecta
Haema t ococcus pluvialis
Nanochlor i s atomus
PlatYDOnas subcordiforrnia
Scenedes mus sp.
Scenedesmus costulatus
Scenedesmus obliquus
Scenedesmus obliquus
Scenedesmus quadricauda
Scenedesmus quadricaUda
Se l e nastrum c apr i cor nutum
Selenastrurn we sti i
Stichoco ccus s p.

TPMAX

1. 95
9. 00
9.2
1. 2
0 . 86
2.9
1.59
1.0
0 . 77
1. 2
1. 0
1.5
1. 34
2.0
2 . 11
2.2
4 .1
2.29
2.45
1. 0
0 .7 0

TEMP °c
25 .5
39
39
25
25
2 5
20
1.
3.
23
201.
2 0
24. 5
20
25
25
27
27
25
20

REFERENCE

Sorok i n a nd My ers 1953
Ca ste nho lz 1969
Hoogenhout a nd Arnesz 1965
Hoogenhou t and Amesz 196 5
Hoogenhout and Arnes z 1965
Hoo ge nh out a nd Ames z 1 96 5
Go ldma n an d Graham 1981
Hoo genhout a nd Amesz 1 965
Jit ts e t a 1 . 1 9 6 4
Hoogennout and Amesz 1 9 65
Ho o g e nh out a nd Arnesz 1 9 65
Hoogenhout and Amesz 1965
Rhee a nd Gotham 1981b
Hoogenhout a nd Arnesz 1 965
Goldman and Graham 1 981
Hoogenhou t a nd Amesz 1965
Hoogenhout and Ames z 1965
Go ldman et a 1 . 1 9 7 2
Goldman et a 1. 1972
Hoo genhou t and Amesz 1 9 65
Hoogenhout a nd Amesz 1965

1965
1965
1 9 6 5
1965

Ames z
Amen
Amesz
Amesz

Ho o g e nh o ut a nd Ames z 1965
Hoo genhout and Arne s z 1965
Fogg 1969
Fog g 1 969
Hoogenhout and Amesz 1 96 5
Hoogenhou t and Arnesz 196 5
Jitts e t al . 1 9 6 4
Hoogenhout and Amesz 1 9 65
Fo g g 1969
Hoogenhout and
Hoogenhout and
Hoogenhout and
Hoogenho ut and
Mar re 1 96 2

25
251.
20
2 5
15
24
2 5
30
25
25
25
25
3.

1.5
2.9
0.82
0.55
0 . 80
1.5
0.39
0 .93
0.39
0 .70
l.00
0.70
2 .2
0.00

GOLDEN- BROWN
Botrydiopsis interc edens
Bumi lleriops is brevis
Cricosphaera c a r terae
I s oc hrys i s galbana
Isochrysis g a lbana
Monochrys is luthe r i
Monochrysis l utheri
Monodus subterraneus
Monodus subterraneus
Tri bone ma aequale
Tribonema. minus
Vischeria s tella ta
Euglena grac i l i s
Euglena grac i l is

DI NOFLAGGELATE
Arnphidin i um carter i
Arnph i din ium carteri
Ce ra tiurn tripos
Gonyaulax po l yedra
Gymnod inium splendens
Peridinium s p .
Pr oro c e n t r i um g racile
Proroce ntrium mi cans
Prorocentrium micans

1.88
0.32
0 .20
2 .1
0 .92
0.90
0.83
0. 71
0.30

1.
32
20
21. 5
20,.,.
25
2 0

Fogg 196 9
Ji t ts et a l . 1 9 64
Fo g g 1 969
Hoogenhout and Arnes z 1 96 5
Hoogenhout and Ames z 1 96 5
Hooge nh o ut and Arnesz 1 9 65
Hoogenhout and Amesz 1 9 6 5
Hoogenhout and Amesz 1 96 5
Fo g g 1969
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Table 5 (concluded )

SPECI ES TPMAX TEMP ·c REFERENCE

BLUEGREENS
Agmenellum quadriplaticum 8 .0 39 Hoogenhout and Amesz 1965
Anabaena cy1indric a 0 . 9 6 25 Hoo genhout and Amesz 1965
Anabaena variabil is 3.9 34. 5 Hoogenhout and Amesz 1965
Anacy s t i s nidulans 2.9 25 Hoogenhout and Amesz 1 965
Anacystis ni dul a ns 8 .2 8 38 Marre 1962
Ana cy stis nidu1ans 11.00 40 Ca s t e nho 1 z 1969
Chloro ps eudomonas

ethy!icum 3.3 30 Hoo genhout and Amesz 1965
Cyanid ium caldarium 2.4 40 Hoogenhout and Ame s z 1965
Cylindrospermum sphaerica 0 .17 25 Hoogenhout and Amesz 1965
Gl o e otr i c hia e chinu1ata 0 .20 2 6 . 5 Hoogenhout and Amesz 196 5
Microc ystis aerug i no s a 0 .25 20 Holm and Arms t rong 1981
Mi c r oc y s t i s aerugino sa lo G 2 3 Hoogenhout and Amesz 1965
Hi crocystis 1uminmosis 1.50 40 Ca s t e nho l z 1969
Nostoc muscorum 2 .9 32 .5 Ho ogenhout and Amesz 1965
Osc il l a t o r i a prine ips 0 .50 40 Castenholz 1969
Osc i l 1ator ia subbrevis 5 .52 38 Harre 1962
Oseil l ator i a terebriformis 3 .36 40 Castenho1z 1969
Os c i l lat o r i a rubescens 5 .04 30 Zimmerman 1969
Rhodopseudomonas

sphaeroides 10 .8 34 Hoogenhout and Amesz 1965
Rhodospir11um rubrum 4. 85 25 Hoogenhout and Amesz 1965
Schizothrix c alcicola 3.4 30 Hoogenhout and Amesz 1965
Syne c ho c o c eus lividus 4 .98 40 Castenho1z 1969
s ynee hococc us s p . 8.0 37 Hoogenhout and Amesz 1965
Tolypothrix tenuis 4 .0 38 Hoogenhout and Amesz 1965
Leptoc ylindrus danicus 0 .67- 10-

2 .0 20 v e r i t y 1981
Anabaena variabi1is 0 .07- 10-

2. 0 35 Collins and Boylen 1982a
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TSETL

30. TSETL i s t h e phytoplankton sett l ing r ate (rn/day ) .

Mechanisms o f suspension can influenc e t h e s ettling o r

sinking rat e o f algae . Mor pholog i c a l mec h a n i s ms includ e

cell s ize , co lony format i o n , cyclomorphosis, p r otuberances,

a nd flagell a . Phys iologica l mechanisms i nclud e f at accu­

mula tion ; r egu lation of i onic composition o f ce l l sap; and

t h e r e s po n s e o f an o r gani s m t o ligh t, photoperiod, a n d

nutri ent c oncentration. Physical me chan isms include water

v iscosi ty a nd the r ol e of wa t e r mov emen ts .

31 . Two methods used t o measu r e sinking rates e x per i ­

mentally are (a ) t h e settling chamber method with or with­

out t h e use o f a microscope, a nd (b ) the photometric t e ch­

nique. I n t h e settling c h a mbe r, t h e descent t i me is

d e t e r mi n e d (a) by f ollowing with a microscope o r , i n the

cas e of larg e par ticles, with the naked eye, t he c e ll tra­

ject ory between two marks at a known d i s t a nce apart; (b )

by meas uring t he time a c e l l t a k e s t o fa l l t o t he bott om

of a s e ttling c hamber of known height p laced o n the s tag e

o f an inverted s cope : o r (c) using a l -mrn-deep Sedgwi ck

Rafter c oun t i ng chamber wi th a c ompou n d micro s c o pe . Esti ­

mation o f relative s i n k ing rate h a s been o b t a ined by

placing a we ll -mixed suspe nsion o f phytoplankton into a

graduated cylinder and determining t h e con c e n tra t ion in

various l a y e r s after a g i ven time .

32. Pho tometr ic determi n a t i o n o f s i n k i ng rate mea ­

s ures chang e s i n o p t i c a l d e n s ity o f a p hy toplank t o n sus ­

pens i on meas u r e d at 75 0 nm a f t e r i n t roduc i ng the phyto ­

p lankton suspens i o n i n t o a cuvette.

33. These t e c hniqu e s a r e i nfluenc ed by the "wall ­

e f fec t , " t ha t is, t h e ef f e ct of the sett l i n g c hamber wa ll

a n d con vect ion curr e nt o n t h e sinki ng ve loc ity . To p rovide

adequ a t e f a l l for attainment o f t erminal v e l oc i ty a nd t o
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minimize ov e rcrowd i ng , the selection o f c hambe r s i ze is

impo r tant.

34 . The sink ing rates of na tural populations ha ve

a lso been de t ermi ned b y comparing c h anges i n population

density wi th dept h and c a l culating a mean rate o f descent .

However , determination o f s inking rate in situ is c ompli ­

cated by water movements and l osse s d ue t o g r a z i ng . Mathe­

matical expressions may a l so be used to d etermine sink i n g

r a t e s (Riley et al. 1 94 9) .

35. Th e app l ica tion o f experimenta l l y de t e rmi ned

sink i ng r ate s t o natural pop ulation s o r ecosys t em mode ls

must be qualif ied and used with caution. In l ak e s and

reservo irs , vertical gradi ents of l i gh t , t emperature , a nd

nut rient conc e n t r a t ion c o n tra st with the con s t a n c y o f t he

se t tl ing chambe r a nd photometer c uvett e e nv i ronment s i n

s ink i ng e xpe r i me n t s . The influence of ligh t and nu t rie n t s

on s i nk i ng r a t e s t oge t he r with t he t urbu l e n t mo tion o f the

natura l environmen t s ugges t that i n vitro s inking resul ts

may not be particular ly r e pre sentati ve o f natural popul a ­

t i ons . Va lues f or s e t t l i ng r ate s are given in Table 6 .
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Table 6

Phytoplankton settling rates (m/day )

SPECIES TSETL REFERENCE

DIATOMS
EXPERIMENTAL STUDI ES
Asterione11a formosa
Asterionella for mosa
Ba c t e r i a s t r um hya1inum
Chae t oc e ros d i dymus
Chae t oc e r os laude ri
Cha e t oc e ros 1a ude r i
Chaetoceros spp .
Chaetoceros spp.
Cha e t oc e r os s pp.
Cosci nod i s c us wailesii
Cos c i nod i s c us sp.
Cos c i nod i s c us sp.
Cyc lot e l la meneghiniana
Cyclotella nana
Ditylum brightwellii
Di t y l um brightwellii
Dity l um brightwe l l i i
Fr agila r i a croton ensis
Leptocyl i ndrus danicus
Me los ira a ga ssi zi i
Ni t zsch i a c los t e r ium
Ni t zsch i a s eri ata
Ni t zsch i a ser i a t a
Phaeodact y l um t rico r nutum
Phaeodacty lum tr i cornu tum
Rhizosoleni a hebetata

f . semispina
Rhizoso lenia setigera
Rhizosolenia s e t ige ra
Rhizosolenia s to l te r f o t h i i
Rhizosolenia s pp.
Skele tonema costatum
Stephanopyxi s t u r r i s
St e pha nopyxis tu r ri s
Thalass ionema nitzschiodes
Thalassiosira f luviatilis
Thalass i osira c f . nana
Thalassiosira rotula
Thalassiosira r otu1a
Tha1assiosira spp .

THEORETICAL
Diatoms

0.26-0.76
0. '
0 .39-1.27
0. 85
0.4 6-1.54
0.4 6- 1. 54
0.25
5 . 0
'.0
7 . 0-30 .2
1. 95-6. 83

14 . 7
0. 08 -0 .24
0. 16 -0. 76
0 .60-3.09
2.
5.8 - 8.6
0.2 7
0.08-0.4 2
0 .6 7- 1. 87
0.52
4.0
0.35-0 .50
0 .05-0 . 06
0.02-0.0 4

0 .22
0.11- 2. 23
0.10-6 .30
1. 0-1.9

0- 0 . 72
0.30-1. 35
1.1
2 .1
0. 35-0 .78
0.60-1. 10
0. 10-0. 28
1.15
0 .39-2 .10

0-0 .16

0. 3

30

Smayda 19 74
Margale f 1961
Smayda , Bol eyn 1966
Eppley e t al. 1967b
Smayda , Bol e yn 1966
Smayda , Boleyn 1966
Margal e f 1961
Sverdr up et al. 1942
Allen 1932
Epp ley et a l . 19 67b
Eppley e t al . 1967b
Eppley e t a l. 1967b
Titman and Ki1ham 1976
Eppl e y e t al . 1967b
Eppley e t a l . 1967b
Eppl e y e t a 1 . 19 67b
Gross , Zeuthen 1948
Burns and Ross 1980
Marga1 ef 19 61
Titman and Ki lham 1976
Margalef 19 61
Alle n 1932
Smayda , Bol eyn 19 65
Riley 1943
Riley 1943

Eppley et a l . 19 67b
Smayda , Boleyn 1966
Smayda , Boleyn 1966
Eppl ey e t a l . 1967b
Mar galef 1961
Smayda , Bo leyn 1966
Eppley e t al. 1967b
Epp ley e t al. 1967b
Smayda (unpubl .)
Eppley et a1. 1967b
Smayda , Bo leyn 1965
Eppley e t a1 . 1967b
Smayda , Boleyn 1 965
Ma rga l e f 1961

Bramlette 19 61



SPECI ES

DINOFLAGELLATES
EXPERIMENTAL STUD IES
Gony aulax polyedr a

Table 6 (co ncluded)

TSETL

2.8-6. 0

REFERENCE

Eppley et a l . 1967b

COCCOL IT HOPHORIDS
EXPERIMENTAL STUDI ES
Coccolithus hux l e yi
Coccol i thus huxleyi
Cr icosphae r a c a rtera e
Cr i cosphae r a e l o ng a t a
Cyc lococcol i t hus frac i l i s
Cy c lococ c o l i t hus f rag i l i s
Cyc l ococco l i t hus frag ilis

THEORETICAL
Coccoli ths

MICROFLAGELLATES
EXPERIMENTAL STUDIES
Cry pt omona s e rosa
Cr ypt o mona s marson i i
Rhodomonas minuta
Duna l iella tertiolecta
Monochrys l s lutheri
Monochrysis luthe r !

GREENS EXPERIMENTAL
Clos t e r ium pa rvu lurn
Duna lie l la tertiolecta
Lagerha e mi a quadriseta
Scenedesmus acutiformi s
Selena s trum mi nutum

BLUEGREENS EXPERIMENTAL
Anabaena s piroide s
Gomphos phaer ia l acustris

0 .28 Epple y et al. 1 967b
1.20 Eppley et al. 19 6 7b
1. 70 Eppley e t a l. 1 9 6 7b
0. 25 Eppl e y e t a l. 196 7b

13 . 2 Be rnard 1963
13.6 Be rna rd 1963
10 . 3 Be r na r d 1963

l.5 Bramlette 196 1

0.31 Burns a nd Rosa 19 80
0.32 Burns and Rosa 1980
0.07 Burns a nd Ro s a 1 980
0.18 Epple y e t al. 19 67b
0.39 Epp ley e t a l . 1967b
0.39 Apstein 191 0

0.18 Burns a nd Ro sa 19 8 0
0 . 1 8 Eppley e t a l. 196 7b
0.0 8 Burns a nd Rosa 1 98 0
0 . 1 0 Burns and Rosa 1 980
0 .15 Burns a nd Ros a 198 0

0.10 Burns and Rosa 1980
o. 11 Burns a nd Rosa 198 0
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PS2P04

36. PS2P04 is the p ho s ph o r u s half-saturation coeffi­

cient (HSe) (mg/L). In p ractical terms, t he HSC of a n u ­

t r i e nt approximately marks the upper nutrient concentration

at which g r owt h ceases to be proportional to that nutrient .

The modeled uptake of phosphorus by algae f o l lows Moned ki ­

netics. The value o f t he HSe c a n be calculated for the

hyperbola using the Moned equation. PS2P04 is defined as the

concentration of phosphorus at which the rate of uptake is

one-half t he maximum.

37. Hal f - s a tur ation coefficients general ly increase

with nut r i e n t concentrations (Hendr ey and Welch 1973 ,

Carpenter and Guillard 1971, and Toetz et al. 1973). This

fact reflects both the change i n species composition of the

phytoplankton assemblage a nd the adaptation o f the plankton

to higher nutrient levels. A r e s e r vo i r characterized by

low nutrient concentrations is generally also characterized

by l ow ha l f- s a t u r a t i o n coefficients. Phosphoru s is commonly

t h e nutrient that limi ts the g rowth of a lgae in lakes and

reservoirs.

38. The pr oc e d u r e o f measuring a phosphorus half­

saturation coefficient involves the measurement of the net

rate of loss of dissolved orthophosphate from the medium

in which the experimental po p u l a t i o n is suspended .

39. Un i t s of measurement mus t be e x p r e s s e d in terms

of the chemical elemen t and not the compound; i . e ., the

half-saturation constant for phosphorus should be s pecified

a s mg/L of phosphorus and not mg/L of o r t h o pho sph a te. Micro­

moles per liter or microgram-atom values ma y be c onverted

by multiplying by the molecular weight of the element

times 1 0- 3 . Va lues for the HSC are given i n Table 7.
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'i'a b le 7

Phy t oplankton half-s aturation c oefficients for P l imitation (mg/L)

SPECIES

As t erionella f ormos a
Aste r i onella japoni c a
Bi d dulphia s inens is
Ce ra taul i na bergoni i
Chaetac e ros c urvise t u s
Chae t o c e ros socia l is
ChIarella pyrenoidosa
Cyclote1la na na
Cyclote11a nana
Dinobryon cy lind r icum
Di nobryon soci a1e

va r. ame ricanum
Eug lena g racilis
Fresh water phytoplankton
Mi cro cys t i s a erug inosa
Nitzschia ac t i na s t r eoid e s
Pediastrum duplex
Pi tho pho r a oedogon ia
Scenedes mus obl iquus
Sce ne d e s mus sp.
Thalas s i o s i ra f 1uviatilis

PS2P04

0 . 00 2
0 . 014
0. 016
0. 0 03
0. 074-. 1 05
0.001
0 . 36 - . 475
0 . 05 5
0 . 001
0 .0 76

0 .0 47
1. 52
0.02- . 075
0.006
0.09 5
0 .105
0.09 8
0 . 002
0.0 02-. 05
0.16 3
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Ho lm and Arms trong 1981
Thomas a nd Dodson 1968
Ouas i m e t a l . 1 973
Fine nko and Krupatik i na 1974
Finenko a nd Krupa t i k i na 19 74
Fine n ko a nd Krupa t ik i na 1 974
J eanjean 19 6 9
Fuhs et a L, 1972
Fo g g 197 3
Lehman (unpub1 . data)

Lehman (unpub1 . data )
alum 1966
Halmann and Stiller 1974
Holm a nd Armstro ng 1 981
von Muller 1 9 72
Lehman (unpu b 1 . data)
Spencer and Lemhi 1981
Fo g g 1973
Rhee 1 973
Fo gg 1 97 3



PS2 N

40. PS2 N is the n i t rogen (N) half-saturat ion c oeffi­

cient (mg/L) . Up t a k e rates of nitrate (N03) o r a mmonium

(NH4 ) by algae gi ve hyperbolas when graphed against N03

or NH4 concentration in the e nvi r onme nt . Half-saturation

coefficients ( i . e. , the c o n c e n t r a t i o n of N at which the

rate of production is one-half the maximum) can be c a l c u ­

l a t e d for the hyperbolas using the Moned equation . This

constant r eflects the relative ability of phytoplankton

to use l ow levels of nitrogen.

41. The r ole o f N a s a g rowt h - l i mi t i ng f actor has

been relatively n e glected when c ompared with phosphorus,

presumably because the l atter is the growth-l i miting factor

in most natural f res h waters. However, it has been f ound

tha t nitro gen becomes the limiting nutrient where phos­

phorus is abund ant because of its release from geo logica l

deposits o r fro m external l o adings.

42 . There a re several methods f or me asu r i ng half­

s a t u r a t i o n constants f or N limitation. The c hemos ta t

me t h o d require s the measurement o f the remaining nitrogen

concentrat ion at a number of fix ed dilution rates ( i . e . ,

growth rates) in nitrogen -limited chemos t at c u l tures .

Cu l t u r e media a r e prepared with nitrate or ammonium as the

n i t r o g e n s ource, with one-fifth o r less than the u sual

amount of N03 o r NH4 added t o the culture media t o e n s u r e

that during g rowt h , nitrogen will b e depleted be f ore o t h e r

nutrients . A second, less desirable, method is t o use

nitrogen-starv e d c ells as an i n n o c u l um f or c ultur e s c on­

t ain i ng known con centr a t ions o f nitro gen and the n (a ) me a­

sure the c onc entrati o n of n i trogen i n t h e extrace l lula r

fl uid a t some l ate r time to dete rmine the r ate of nitrog e n

up t a ke and (b) measur e t h e inc r e as ing cel l c once n t r a tion

t o determine g rowth k inetics . The probl e ms a s sociat ed
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wi t h thi s met hod a r e t h a t the organi~ms a re poorly a dapt e d

t o their subseque nt g rowth e nvir onment , so g rowt h c an o ccu r

only a f ter uptake of a subs tan tial amount o f n i tro ge n.

4 3. Some t rends can be s een in the data for ha l f ­

s a t u r a t ion co e f fi c i ent s : (a ) o rga n isms wi t h a high HSC

f o r n i t ra t e u sually h a ve a high HSC fo r ammon i um uptake as

we ll, (b ) large - c e l led s p e cie s t end t o s how highe r HSC 's ,

(c) fast- g r owing s peci e s tend t o h ave l o wer HSC ' s t h an

s low growers.

44 . The nitro gen HSC as u sed in CE- QUAL-Rl shoul d

ref lec t t he up t ake o f both N03 and NH4 . Bot h compo unds

a re t a ken up f or use i n product i on in propor t i o n t o t heir

concen t r a t ion in the l a y e r .

45 . A f acto r that will l e a d t o s e l ect i o n f or a par ­

tic ular func t iona l group o r s p e c i e s is the ava ilability o f

comb i ned n itrogen. I n s i t uati ons where the l e vel o f c om­

b i ned nitr oge n i s r ela t i vely l ow compared with othe r e s sen ­

tial e lemen ts l i ke phosphor us , those blue green s pecies tha t

c an f ix n i t roge n wil l b e a t a sele c t i v e advanta ge . Ni t ro­

gen f i xat ion i s not explicitl y included in the mod e l fo r ­

mula t i o n for phytop lank ton ; howe v e r, if bluegreen a lgae

a r e an i mportan t component in o n e o f the c o mpar tmen ts, the

nitrogen ha lf-sat uration coeffic i e nt may have t o b e re­

duced to a l ow value t o r e f l ect nitrog en fixation . Val ues

f or the HSC f or nitrogen a r e g i ve n i n Table 8.
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Table 8

Phytoplankton half-saturation coefficients f or N limi tation (mg! L)

SP ECI ES

DIATOMS
Bidd ulphia aurita
Chaetoceros grac ilis
Chaetocero s gra c ilis
Coscinodi s cus lineatus
Coscinodiscus lineatus
cyc roeatre nana
Cyclotella nana
Cyclote11a nana
Cyclotel1a na na
Cycl o t e l 1a na na
Dity 1um bri ghtwellii
Dity1um bri ghtwe11ii
Dunaliella teriolecta
Dunaliella teriolecta
Duna l i e l l a teriolecta
Fragi laria pinnata
Leptocylindrous danicus
Le ptocylindrous danicus
Na v i c u l a pe l l i c u los a
Phaeodactylum tricornutum
Rhizosolenia robusta
Rhizosoleni a r o bus t a
Rhizosolenia

stolterfothii
Rhizosolenia

stolterfothii
Skeletonema costatum
Skeletonema c ostatum

BLUEGREENS
Anabaena c ylindrica
Anabaena cylindrica
Asterionella formosa
Asterionella formosa
Microcystis aeruginosa
Os cillatoria agarthii

MICROFLAGELLATES
Bellochia sp.
Monochrysis lutheri
Monoch rys i s 1uthe ri
Monochrysis lutheri
~~nochrysis lutheri

COCCOLITHOPHORIDS
Coccolithus huxleyi
Coccolithus huxleyi
Co ccochloris stagnina

PS2N

0. 056- . 197
0 .012
0 . 007
0.16 1
0 .036
0.025- .117
0.111
0 .027
0 . 031
0 . 0 07
0 . 037
0 .020
0.013
0 .003
0 .08 7
0 .037-.100
0 .078
0.013
0 .92 3
0 .161
0. 1 86
0 .135

0.10 5

0 .009
0 .02 7
0 .014

4.34
2.48
0.0 74-.093
0.062
0.56- .207
0 .22

0.001-.016
0 .026
0 . 052
0.037
0 .007

0 .006
0.002
0.019

N
SOURCE

NO)
NO)
N04
NO)
NH4
NO)

NH4
NO)
NH4
NO)
NH4
NO)
NO)
NO)
NH4
NO)
NO)
NO)
!'JH4

NO)

NH4
NO)
NH4

NO )
N02
NO)
NH4
NH4
NO)

NO)
NO)
NH4
NO)
NH4

NO)
NH4
NO)

REFERENCE

Unde r h ill 1 977
Eppley et a 1. 1969
Eppley e t al. 1969
Eppley e t a1. 19 69
Eppley et a1 . 1969
Carpenter & Gui11ard 1971
MacIs sac and Dugdale 1969
Ca pe r o n a nd Meyer 19 72
Epple y e t a1. 1969
Ep p l e y e t al. 1969
Ep p l ey e t a l . 1969
Ep p l e y et a1. 1969
Ca pe ron a nd Meyer 1972
Ca pe ron a nd Meyer 19 72
Eppley e t al. 1969
carpenter & Gui11ard 1971
Epple y et al. 196 9
Eppley et al . 1969
Wallen and Ca r tier 1975
Ketchum 19 39
Eppley e t al. 196 9
Eppley e t al . 1969

Eppley et al . 1969

Eppley et al . 1969
Eppley et al . 1969
Eppley et al. 1969

Hattori 196 2
Hattori 1962
Eppley and Thomas 1969
Eppley a nd Thomas 196 9
Kappers 1980
van Liere et a l. 1975

Carpenter , Guillard 197 1
Ca peron and Meyer 1972
Caperon and Meyer 19 7 2
Eppley et al . 1969
Eppley et al. 1969

Eppley et al . 19 69
Eppley e t al . 1969
Caperon and Meye r 1972

(continued )

3 6



Table • (conc luded)

N
SPECIES PS2 N SOURCE REFERENCE

GREENS
Chlore lla py rendoidosa 0 .006 - .0 14 Pickett 19 7 5
Chlorel l a pyrendoi dosa 1.15 N02 Knudsen 1 9 6 5
Pi t hophor a oedo gonia 1. 2 36 N03 s pencer and Lemhi 1981

DINOFLAGELLATES
Gonya ulax polyedra 0 . 589 N0 3 Epp l e y et a 1- 1 969
Gonyaulax pol yedr a 0 . 099 NH' Eppley e t a1- 19 69
Gymnodini um splende n s 0 .235 N0 3 Epp ley e t a 1- 19 6 9
Gymnodi ni um s plendens 0 .019 NH' Eppley e t a 1- 1 96 9
Gymnodinium wailesii 0.223 N03 Epple y et a1- 196 9
Gymno d i nium wailesii 0.088 NH' Epple y et a 1- 19 6 9

CHRYSOPHYTES
Isochrysis g a l bana 0.00 6 N03 Eppley et a1- 1969
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PS 2C02
46 . PS 2C02 is the half-saturation c oef f i c i ent for car-

bon di oxi de (mg/ L) . The coe ff icient is used i n the Monad
equati on t o d etermine the rate factor fo r C02 limi t a tion .

PS2C02 is d ef i ned a s t he c o nc e ntration of C0 2 a t wh ich the

r a te o f p roduction is one - half the maxi mum. I n p r actical

t e rms , the HSC a pproximately marks the upper n u trient con ­

c entation a t which growth cea s e s to be proportional to t ha t

nutrient .

47. There is a dive rs i ty of opinions as to wh e t her

inorg ani c c arbon (C) l i mits pho t o s y nthes is i n phyt oplank ton .

Go ldman et al . (19 7 4) have a r gued tha t ino r g a n i c car bon

a lmos t never l i mits g rowt h in natur al a lga l popul a t ions.

I n contr ast , Ki n g (197 0) has s hown that C0 2 avai lab i l i ty

limi ts the growth of aqua tic p opu l ations. J o h ns o n et a 1 .

(1970) demon strated C0 2 l i mitat i o n i n lake s c ontamina ted b y

ac i d mine wa stes , and Schindler a nd Fee (19 73 ) demonstra ted

C l i mi t a t i on i n a l a ke dur ing the summe r when ni t r o g e n and

pho s phor u s were a vai lable. Carbon dio x i de l imitation i s

c l e a r l y p H depe nden t . Fo r e x amp le , the HSC f or c a r b on

d iox ide g iven in Tabl e 9 f or Sce ne desmu s c a p ricor nutum

i ncre a ses with i n c r e a sin g pH. This is r elat e d t o the

e f fec t of pH o n t he re lat i ve p ropor t ion s o f t he inorg anic

carbon s pec i es of c arbon d iox i de , b i ca r bon a te i on , a nd

c a r b o na t e i on i n s o l u t ion . Ha lf-sa t urat ion c oef f i cien t

values f or c a r bon d ioxide a r e g i ven i n Tab le 9 .
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Table 9

Phytopl a nkto n ha l f - s a tur a tion coef fici e n ts f or C0 2 l i mitation (mg/L)

SPECIES PS2C02 pH RANGE REFERENCE

Ch lor e lla vulga r is 0 . 20 7.1- 7. 2 Goldman and Gr aham 1 9 81
Ch lor e lla eme r sonii 0 .068- . 411 Be a rdal l and Raven 19 81
Mixed h luegreen alga e 0 .088 Golterman 1 9 75
Mixed blueg r e e n a lgae 0 .031 For es t e r 1971
Mixed b l ueg reen algae 0.057 Sh ami e h 1 9 68
Scenedesmus quadr i c a uda 0 . 14 7.1-7. 2 Gol dman et al. 19 74
Scenede smus q uadricaud a 0.36 7 .25-7.39 Gol dman et al . 1 9 74
Sce ne de s mus quadricaud a 0. 54- . 71 7. 4 4- 7. 6 1 Gol dman et a l . 1974
Scenedesmlls

c a p r i cor nu t um 0 .40 -.41 7.05-7 .2 Goldman et a 1. 1974
Sce n e de s mus

capricornutum 0.6 3-1.0 7.25-7 .39 Goldman et a1. 19 74
Sce ne d e s mus

capricornuturn 1. 2-1. 5 7 .43-7.59 Goldman et a1. 1974
Sce ne d esmu s ob1 i qu us 0.16 7.1-7.2 Goldman and Graham 1981
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PS 2L

48 . PS2L i s t he l i ght h al f- s atura tion coeff icient

e xpressed as kcal/m2/ hr . I t i s the l i gh t i ntensity at

wh i ch the r ate of production i s at one-hal f the maximum

rate.

4 9 . The shape of the curve r e latin g light and p ro ­

d u c tion h a s bee n s tud ied e x t ensivel y . It i s gen e ra l ly

known tha t (a) a t l owe r light i n t e nsi t i e s , production pro­

c e e d s l i nearly wi th increasi ng light int ens ity and (b) as

intensity i s increased further, the prod u c t ion r a t e tends

t oward s a maximum v a lue. The simplest r e pre s enta t i o n o f

t his response is the Monad func t i on .

5 0 . I t h a s b e en s h own t h a t t he p hotosynt hetic rate

of cer tain a lga l species is inhibited a t high l ight i n t e n ­

sities . This phenomenon cannot b e simulated by the Monad

functi on used in CE-QUAL-Rl . Ot h e r f ormulations have been

d eve loped t o r epr e s e nt t h i s e ffe c t (Steele 1962). Photo­

i n hibition at high lig h t i n tens i t ies may b e mo r e important

in o l igo t r o p h i c waters t han in eutrophic waters.

51 . The value of this parameter c a n be o b t a i n e d by

running a s e t of e xperiments to determine t h e p roduction

rate a t var ious l i g h t in tensities r a n g i n g fro m ligh t­

limiting to l i ght- s a t urat i n g condit ions. The val u e can b e

determ i ned f o r ne t p hotosynthetic rate by me a s u ring

14c arb o n , f i x e d or o xygen e vo l ve d , at dif f erent light

levels. The light hal f- s aturation c onstant f or g rowth

rate can b e de t ermined by me a s u r i ng g r owth r a t e ( i .e . , by

measuring either d ry weight , cell v o l ume , ch lorophyll c on­

c entra t i on , o r optical density ) at variuos ligh t intens i ­

ties. Values for t h e Hse f o r lig h t i n t ensi t y are g i v e n i n

Table 10 .
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Table 10

Phytoplankton ha l f - s a t urat ion coe f f i c i e n t s for light limitation

(kc al/m2/hr )

SPECI ES

Amph idinium c arteri
Amphiprora sp.
Ch l o r e l l a pyreno idosa
Ch lor ophyte
Chroomona s salina
Coccolithus hux l eyi
Coccol ithus huxleyi
Cryptomona s ovata
Cyc l otel la nana
Di tylum brightwell i
Fragilaria sp.
Gonya ulax polyedra
Gonyaulax po lyedra
I s ochrysi s ga lbana
Isochrys is sp .
Mi xed population
~avicula arena r ia
Nitzschia dis sipat a
Os c i l l a t o r i a agardhi i
Phaeodactylum

tricor nutum
Prorocentrum mi c a ns
Sc e nedes mus protuberans
Sc e nede s mus s p .
Sce nedes mus sp.
Skeletonema costatum
Thalassiosira

fl uva t i l i s
Tha l a s s i o s i r a

nordens k i o l d i i

PS2L

5.75
6. 42

12 .7-38 .0
1.2-4.2
6.2 5
1.2
5. 75

16 . 0
5. 15
5 ••
9.'

15. 4-1 8. 9
15 .4-19. 1
6.1 8
5.0

16 . 0
6. 42
6 . 64
0.8

51.0- 71.4
5.66
2 .57
6 . 0
6.8
0. 18-4 . 2

6.25

12 . 0
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PROCESS

growth
photosyn

g r owth

growt h
growth

growth
g rowth
photosyn

growt h
gr owt h
growth
growth
gr owt h

pho t osyn

growth
growth
photosyn

g rowth

growth

REFERENCE

Duns t an 1973
Admiraal 1977
Myers and Graham 1961
Bates 1976
Hobson 1974
Parsons , Ta kaha s h i 1973
Dunstan 197 3
Cl oern 1977
Dunstan 1 973
Bates 1976
Rhe e and Got ham 19 81 b
Prezelin a nd Sweeney 1977
Preze l in a nd Sweeney 1977
Duns tan 197 3
Hobson 19 74
Gar gas 1975
Admiraa l 1977
Admi r a al 1977
van Li e r re e t al. 1978

Li a nd Morris 198 2
Dunstan 197 3
van Lie rre et al . 1978
Rhee and Got ha m 1981b
Rhe e a nd Gotham 19 81b
Bates 1976

Hobson 1974

Du r b i n 197 4



ALGTl, ALGT2 , ALGT3 , ALGT4

52. Al l t empera ture c oefficient s a re i n degre es

Celsius.

a . ALGTI is t he lowe r t emp e rature boun d at
which phytoplankton metabol ism con t i nues .

b. ALGT 2 i s t he l owe s t temperatu r e at wh i ch
processes are occurring near the maximum rate .

c. ALGT3 i s t he upper temperatur e a t which
proc e s s e s are occur r i ng at t he maxi mum r a t e.

d. ALGT4 i s the upper l ethal temperat ure.
Biological temperature curve s a re ge n e ral l y
asymmetrical, with t he maximum rates occu r ­
ring nearer the upper lethal temperatu r es
than the lower tempe ratures .

53. ~~~~~~~~~~e ac£.!i~atio~~ The temperature coe f f i ­

cients f or algal production are depende n t up on t he acc l ima­

t i on temperature a nd the length o f time the alga ha s bee n

expos e d to thi s temperature (Collins a nd Boylen 1 982b)

s i nce a lgae a re e xposed to seasonal t e mperature c hange s in

vari o us reg ions of the Un i t e d St ates . Fo r e xamp l e , al gae

g rowi ng in a northern reservoir will ha ve a l owe r op t i mum

temperature (ALGT2 and ALGT3) than · algae growi ng in a

southern r e s e r voir because t h e northe r n a lgae ha v e beco~e

acclimated t o diffe ren t climatic regimes . The l ower a nd

upper tempera ture bo un da r ies (ALGT1 and ALGT4) will a l so

be a f fec ted by acclimat i on a nd will d i f f e r subs tantially

a mong d iffer e nt f unct iona l g r o ups o f a lgae .

54 . Un fo r tunate l y , the re i s no s e t r ule t o de t e rmi ne

these coe ffic i ents based upon s i t e - s pe c i f i c t e mpe r a t ure

regimes . One c a n e s t i mate these value s f o r a g i ven spec ies

o r functiona l group based upon r e por t e d e xpe r imen ta l cond i ­

t ion s o r i n situ s t ud y c o nditions . Se ve r al i nvestigators

h a v e d etermi ned these val ues ba s e d upo n s t ud i e s wh e r e

severa l phy s ical f a c t o r s such as li ght intens i ty,
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t empera ture, and d a y length have b e en varied simul t ane ously .

Of t e n the algae we re prec o ndi t ione d a t a s pecif ic c ombina ­

t ion o f the s e f actors , which may hel p in parameter estima­

tion fo r a parti cular si t e. Values f o r the t e mpera t u r e

coefficients are g i v e n i n Table 11 .

Table 11

Te mpe ra t ur e coefficients f o r phyt opl a nkton (O e )

SPECIES

Amph idin ium c a r t e ri
Anacyst is nidulans
As terionella formosa
Aster i one lla f o rmo s a
Asterionella f ormos a
Ch lor e lla pyreno i dosa
Ch lorel l a pyrenoido sa
Chlore l la s p .
Deto nu1a confe r va cea
Detonu l a c onfervacea
Di t y lum brightwell i i
Duna l i e l la t e r io l ec t a
Dunalie l l a ter i olec t a
Mic r ocyst i s aer uginosa
Monochrysis l utheri
Nit zs c h ia c l oster i um
Nos t o c mus c o r um
Os c i 11 a t o r i a

tere bri f ormis
Phaeodac t y lum

t ri cornutum
Rhizoso lenia

f ragi lliss ima

Sce nedesmus s p .
Ske1eto nema cos t a tum
Ske1 e t onema costatum

Tha1assiosi r a
nord ens k i oldii

ALGTI

18

•1
7

o
1
5
8

1 2

,
1

o

7

1
2

•

~ ALGT3

24
38 40
2S 25
2 5 29
20 25
28 38
38 40
20 25
1 0 12
1 0 13
2 3 26
31 33
26 28
38 40
19 22
27 30
31 33

38 40

20 21

21

1 9 20
20
20

13 14

43

ALeT'

35

'0
42

16
1 5
30
36
36

36

30

21

16

REFERENCE

Jitts et a1 . 1964
Ca stenholz 1 96 9
Rhee and Got ham 19 81 a
Hutchinson 1967
Tall i nq 1 955
Cl e nde nn i ng e t al . 1956
Sorokin , Krauss 1962
Tamiya et al. 196 5
Guil1ard , Ry t h e r 1962
Smayda 19 69
Pa a s c h e 1 968
Eppley and Sloa n 1966
Jitts et a l . 1964
Castenho1z 19 69
J i t ts e t a 1 . 196 4
Harvey 1955
Cl ende nn i ng et a l. 1956

Castenholz 1 969

Li and Morris 1 98 2

I qnatia de s a nd Smayd a
1 970

Rhee a nd Gotham 1981a
Jor ge n s e n 1 96 8
Steemann-Nie1sen and

J o r ge n s e n 1968

J i tts et a l . 1 96 4



Zooplankton

TZMAJ(

55 . TZMAX i s t h e maxi mum ingest ion r ate for z oopl a nk­

t on (l/da y). The zo oplankton comp a r tment i ncludes the

groups Cladocera , Copepoda , and Rotatoria wh i ch are c lassi­

fi ed as e i ther he rbi vo r e s or as c a r nivores.

56. Two types o f feed i ng behavior e x ist: f i l ter

feed ing and grasping feed ing . Daphn ia and s ome copepods

a re filter f e e de r s . They collect particulate matter, in­

c luding a lgae and detritus, by sieving lake water through

t h e f i n e me s hes o f their fil ter i ng appara tus (Jorgensen

1 97 5 ) . Algae a re swept i nto t he f e eding appendages to the

mouth reg i o n where the y are ingeste d as bolu ses conta i n i ng

many cells. F i l ter - feed i ng zooplank ton make up t he g reater

proportio n of t he zooplankton communi ty a nd have been

studied i n g reater detail .

57 . The filter ing rate per animal decreases as food

c o nc entratio n increases : above a cri tical concentration of

food, the f e e d i ng rate is i ndependent of food concen tration .

58 . Factors that inf l uence f o od consumption by fi lte r ­

feeding zoop lan kton i nclud e (a) ani ma l d ens i t y , size , s e x,

reproduct ive state , nutr i t i o nal o r phys iolog i c a l s t a te as

we ll as (b) the t y p e , quality, concen tra t ion , and par tic le

s ize of food. Other f a c t ors include wa t er quali ty and

t emp e r a ture.

59. A s e c o nd type o f feeding behavior, r a pto r i a l o r

grasping feeding , is e xhibited by most copepods and some

c lado c era n s. They pursue prey and grasp large particles ,

i nclud i ng a lgae and detritus. Apparently, some c opepods

can switch feed i ng mod e s.
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