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COEFFICIENTS FOR USE IN TIHE U. S. ARtMY CORPS OF

ENGINEERS RESERVOIR MODEL, CE-QUAL-RI

PART I: INTRODUCTION

Background

1. A numerical one-dimensional model (CE-QUAL-RI) of

reservoir water quality is being developed as part of the

Environmental and Water Quality Operational Studies

(EWQOS) . A User's Nanual (Environmental Laboratory 1982),

which describes the model and lists the data required, is

available from the U. S. Army Engineer Waterways Experiment

Station (WES) . One of the major types of input to the

model is a sot of coefficients used in equations which

describe rates of chanqce for various water quality

variables. Althouqh a description of the coefficients is

included in the User's Vanual, no values are supplied for

many of them. Most of these deal with biological processes

which are extremely difficult, and very costly, to measure;

in fact, for a pre-impoundment study, many coefficients

cannot be measured. For these reasons, users of CE-QUAL-Rl

will have to use coefficient estimates found in the

li tera t ure.

Purpose

2. The purpose of this report is to aid the users of

CE-QUAL-RI by sups:lying information about, and values for,

many of the coefficients needed for use of the model.

Table 1 lists those coefficients for which information is

supplied in this report. The coefficients presented are

* l 6
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suitable for the version of the model described in the

User's Manual (Environmental Laboratory 1982). Neither the

information concerning coefficient measurements nor the

coefficient values listed should be considered to represent

an exhaustive search of the literature. In many cases, the

parameter values found in the literature were inappropriate

to use in the model because of (a) the lack of information

necessary to convert the value to the proper units or (b)

improper experimental desiqn. Therefore, this report

includes literature values for experiments that were

already in appropriate form for use in CE-QUAL-Ri or r(2

readily transformable.

3. Althouqh parameter values for a given coeffi nt

may range over several orders of magnitude, it was fc

inappropriate to recommend a single value for a paramL. r.

Instead, experimentally determined values are ; resented to

provide the user with a range of values.

7
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Table 1

Alphabetical listing of coefficients in this report

,

PAGE NUMBERS

COEFFICIENT THIS REPORT USER'S MANUAL

ALGT1 42 193,194

ALGT2 42 193,194

ALGT3 42 193,194

ALGT4 42 193,194

BEFFIC 59 197

BENT1 62 198

BENT2 62 198

BENT3 62 198

BENT4 62 198
BS2SED 60 197

DETTI 72 199

DETT2 72 199

DOMT 1 84 209

DOM'i2 84 209

EXCO 13 182

EXT INP 15 187

EXTINS 15 182
FEFFIC 69 203,204,205

FSliTi 66 203, 204,205
Fs5 2 66 203,204,205
FSi T 3 66 203,20",205

FSIiT4 66 203,204,205

I"S 2 , IFS 63 201

I'2F1[ 63 201
[.,q " -201l

64 202

64
* 64
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Table I (Concluded)

PAGE NUMIBERS

COEFIC IENT TII IS REPORT USER'S IMANUAL

PR1EF 3 49 195
PS2CO2 38 191, 192
PS2L 40 ]1)1,192
PS2N 34 190, 192
PS2PO4 32 190, 192
QiOCOL 86 213
TB 56 197
B5ORq9 197

11'B E t-IS P 60 197
TCOLDK 80 207
TD E'TDK 77 207
TDOMDK 73 207
TDSETL 71 1.99
TFMAX 63 201
TV.MORT 69 203,204,205
TPRESP 70 203,204,205
TNII3DK 75 207
TN02DK 77 207
TPMIAX 20 189,192
TP ES P 18 187
ISEDDK 84 207
TS I:ITL 28 212
TSSE1TL 86 189, 192
TZMAX 44 195
'IZMORT 46 195
TZRESP 51 195
ZFFIC 47 195
ZOOTI 53 196
ZOOT2 53 190
ZOOT3 53 1 )(,
ZOOT4 53 196
ZS2P 53 196

t9



PART II: COEFFICIENTS

Coeff, cient Types

4. For those coefficients that are involved in

equations as rates of change, the user must supply values

that are appropriate to continuous exponential functions.

These values should be appropriate for the equation:

X(t) = X exp(K c*t) (i)

where

X(t) = final condition

X = initial condition
0
K = coefficient in units of 1/day in continuousc form

t = time in days

5. For those coefficients that are negative (e.g.,

mortality rate), the negative sign is introduced internally

by the model. If values are reported in the discrete form

suitable for the equation

X(t) = Xo (l+Kd)**n (2)

where

Kd  coefficient in units of 1/day in discrete form

n the number of time steps in days

the coefficient must be transformed. If the user has

coefficients in the discrete form in units of 1/day, they

can be transformed to the proper continuous form by using

the following relationship:

Kc l n (1+Kd) (3)

For a detailed explanation of the type of coefficients

used by CE-QUAL-Rl, please refer to the User's Manual,

pages 41 through 47 (Environmental Laboratory 1982).

Values included in this report are in the continuous form.

This entailed transforming values for those citations that

10
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were reported in the discrete form; transformations of

units to the form used by the model were also necessary.

Physiological Processes

6. For zooplankton, fish, and benthos, the

physiological processes modeled are ingestion, respiration,

and assimilation efficiency. The units for ingestion are

1/day. Assimilation efficiency is dimensionless and is

multiplied by ingestion to account for the assimilation

rate. In the literature, ingestion (I) or consumption is

equal to assimilation (A) + egestion (E) . The amount

assimilated may be separated into (a) that amount respired

(R) and (b) growth (G) . The products of growth may be

separated into excretion (X) , predatory mortality (PM),

nonpredatory mortality (NM), exuviae (V), secretion (S),

eggs or young (Y), harvest (H), and the change in weight

(WT).

7. In CE-QUAL-Rl predictions are made regarding WT.

In the literature it usually equals

WT = I-E-R-X-PM-NM-V-S-Y-H (4)

Ingestion, respiration, predatory mortality, nonpredatory

mortality, and harvest are explicitly modeled. Egestion is

calculated using ingestion and the assimilation efficiency.

Eggs or young are not considered lost in the model and are

not included in the equation. Excretion, exuviae, and

secretion are considered as part of the nonpredatory

mortality term. Values for growth shculd be used with

caution. Model users must know exactly what is included

in the growth term so that correct coefficient estimates

can be made.

8. The rates used in the model represent the

maximum rate for each process under conditions normally

i Z1
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found in reservoirs. These maximum rates are scaled down

in the model due to predicted conditions such as

temperature, nutrient, or food concentrations. Values

found in the literature for rates are often measured at a

set of specific conditions and may not represent a true

maximum rate. Values found in this report may not

necessarily 1(- miximum rates, but the authors felt that the

information may s'il be of use in setting coefficients.

The ingestion rate, nust be greater than the combined

mortality and respiration rates divided by the assimilation

efficiency.

9. Data input and coefficient selection are discussed

in detail. Guidance will be given with respect to how the

data item is used in the model and how the data item can

be calculated or determined. Values for the coefficients

are also given in tables based upon results from laboratory

and in situ experimental results. With careful

specification of coefficient values, calibration efforts

can be held to a minimum.

Light Extinction

10. Solar radiation is distributed vertically in the

water column in subroutine HEAT (which is called from

subroutine MIXING). The distribution is due in part to

the absorption of liq;ht by water, including dissolved

substances, and by absorption by particulate organic and

inorganic materials. Care must be taken when estimating

or measuring extinction coefficients, for the same coef-

ficient may have a different meaning depending on whether

it is used in CE-QUAL-RI or CE-THERM-Rl. Two extinction

coefficients are used in CE-THLPM-Rl: EXCO and EXTINS;

EXTINP is used only in CE-QUAL-Rl.

12
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EXCO

11. EXCO is the extinction coefficient for water,

including dissolved substances (i/m) . It can be estimated

from the equation (Williams et al. 1981)

EXCO = 1.I*Z**(-0.73) (5)

given the Secchi depth (Z) in meters, or it can be

measured directly with a photometer using the Beers-Lambert

Law

EXCO = (ln I-ln I )/Z (6)z

where

I = irradiance at water surface

I = irradiance at depth z
z

However, in situ measurements for EXCO are likely to

overestimate the extinction coefficient because it includes

extinction due to detritus, phytoplankton, zooplankton, and

inorganic suspended solids. Thus, the manual carefully

states on p. 182 that the calculated value of EXCO snould

reflect the maximum light penetration (i.e., the maximum

Secchi depth). This should minimize the overestimation

problem. In CE-QUAL-Rl and CE-THERM-RI, self-shading due

to these components is handled separately.

12. The light extinction coefficient for an

ultra-oliotrophic to oligotrophic lake rancies from 0.03 to

1.0 'im; for mesotrophic lakes the figures are from 0.1 to

.0/ir; for eutrophic lakes, from 0.5 to 4.0/m; and for

UIysrop.hic lakes, from 1.0 to 4.0/m (Likens 1975) . The

SIO it():! ucoefficiOnt of nnnochroimatic 11 ht by a 1-m

>9.; 11 i I led witer fIn<l's fram 0.0255 at 380 nim,

. . : , !.07 .t 38 :", 0.--,-) at (80 nm, to 2.42

. "' il t. i on (PAR) and

I



Table 2

Extinction coefficients for Water (1/m)

SITE DESCRIPTION EXCO REFERENCE

Lake Tahoe, California oligotrophic 0.2 Wetzel 1975
Wintergreen Lake, Michigan eutrophic 0.46-1.68 Wetzel 1975
Crystal Lake, Wisconsin oligotrophic 0.2 Wetiel 1975
Crater Lake, Oregon oligotrophic,

almost pure, blue 0.18 Spence 1981
Loch Borralie, Scotland calcareous water,

blue green 0.34 Spence 1981
Neusiedlersee, Austria turbid water,

sediment colored 3.31 Spence 1981
Loch Unagan, Scotland yellow substances 0.93 Spence 1981
Black Loch, Scotland brown substances

(peaty) 1.53 Spence 1981
Loch Leven, Scotland turbid, dense

phytoplankton 2.58 Spence 1981
Lake Paajarvi, Finland brown-stained 0.7 Verduin 1982
Highly stained lakes average 4.0 Wetzel 1975

14
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EXTINS and EXTINP

13. EXTINS is the self-shading coefficient due to

particulate inorganic material in both CE-QUAL-Rl and

CE-THER1,1-Rl. In CE-THERM-Rl, because organic particulate

materials are not explicitly modeled, the light attenuation

due to these materials must be handled through either

EXTINS or EXCO. If the suspended solids (SS) compart-

ment has been incremented in value to include organic

as well as inorganic particulates suspended in the

water column, then EXTINS (l/m*mg/L) represents the

extinction coefficient for all suspended solids, in-

cluding inorganic matter, phytoplankton, zooplankton,

and suspended detritus. However, if the SS compartment

in CE-THERM-RI does not include organic particulates--

i.e., if the magnitude of SS is identical in CE-QUAL-Rl

and CE-THERM-Rl--then light attenuation by organic matter

suspended in the water column cannot be handled by EXTINS.

Rather, the value of EXCO must be increased to handle the
"extra" attenuation due to phytoplankton, zooplankton, and

detritus. In either case, the magnitude of EXTINS should

be the same in both models. It should typically be of the

same order of magnitude as EXTINP.

14. EXTINP is the self-shading coefficient due to

organic particulate matter in CE-QUAL-Ri (l/m*mg1 /L) The

self-shading coefficient represents the decreased light

penetration or increased light extinction resulting from

phytot)lankton, zooplankton, and detritus suspended in the

water column. The light extinction coefficient in

subroutine HEAT is modified as a function of the

concentrations of these three constituents. Most

measurements of EXTINP refer only to algal biomass; it is

assumed in CE-QUAL-Rl that light extinction due to

15
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zooplankton and detritus is numerically equivalent to that

due to phytoplankton. Megard et al. (1980) and Smith and

Baker (1978) determined that each microgram per liter of

chlorophyll increased the light extinction coefficient by

about 0.022 and 0.016/m, respectively. Assuming a ratio

of carbon to algal biomass of 0.45 and a carbon/chlorophyll

(C/chl) ratio of 50, then algebraically each milligram per

liter of algal biomass should increase the light extinction

coefficient by about 0.20 to 0.141m, respectively. The

range of C/chl ratios, however, varies from 25-150,

resulting i-, a range of self-shading coefficients from

0.40/m*mgiL to 0.047/m. g/L. Values near 0.10 have

previously produced reasonable results (Environmental

Laboratory 1982).

15. Light extinction by algae is computed from in

situ light intensity measurements at depth intervals and

in situ determinations of chlorophyll a using the modified

Lambert-Bouguer Law (Megard et al. 1980). Bannister (1979)

extracted chlorophyll from cell suspensions and measured

the absorption spectrum to obtain the mean extinction

coefficient. Theoretical estimates for attenuation of

photosynthetically active radiation by chlorophyll a in

alga, rant- , between 0.06 and 0.018, depending on the size

and chlor-oihyll co(ntent of cells aad colonies (Kirk 1975).

The t."< t ti on 
, 

cUot fticIont wJ s d, tc' rmined to range between

0.0066 i;ii 0.02WO I n; m3 it libo-,tto v' dnalvsis

(aiinis ttr 197')) . \ 1u o : r ,s l -shIa:i ni c t tic tents

arc ,'1 , i )l '. V iel s ti( wi. in tills tIble w erle ,

• I ()~~i 1;1 1,1 iii T i , 01 I : I,.l:; , .'* , 'Ii I d I,, ,nid have<
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Table 3

Self-shading coefficients due to particulate matter
(l/m*mg/L)

TYPE COMMENT VALUE REFERENCE

Suspensoids average 0.12 Verduin 1982
Suspensoids Lake Paajarvi,

Finland 0.24 Verduin 1982
Organic matter Pacific Ocean 0.047 Verduin 1982
Phytoplankton Pacific Ocean 0.033 Verduin 1982
Phytoplankton - C/Chl ratio =120

diatoms dry wt/C ratio = 4 0.058 Verduin 1982
Phytoplankton - C/Chl ratio =30

diatoms dry wt/C ratio =4 0.014 Verduin 1982
Phytoplankton - C/Chl ratio =100

greens dry wt/C ratio = 2 0.024 Verduin 1982
Phytoplankton - C/Chl ratio 30

greens dry wt/C ratio =2 0.007 Verduin 1982
Phytoplankton Shagawa Lake,

Minnesota 0.03 Megard et al.
1980

17
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Phytoplankton

TPRESP

16. TPRESP is the maximum phytoplankton respiration

rate (1/day). Although two compartments are available to

simulate phytoplankton, a single respiration rate

coefficient is used and should reflect the composite

nature of the species assemblages. TPRESP should include

dark respiration and photorespiration. Endogenous or dark

respiration (mitochondrial) refers to the oxygen

consumption associated primarily with oxidative

phosphorylation and which produces carbon dioxide.

Photorespiration, commonly refered to as excretion, is the

release of dissolved organic matter (glycolate) and carbon

dioxide that occurs during light periods; it is the

oxygen-sensitive loss of carbon dioxide during

photosynthesis, stimulated by an increase in temperature or

oxygen concentration (Birmingham et al. 1982).

17. Measurement of dark respiration in the light is

hampered by the presence of photosynthetic oxygen

production and photorespiratory oxygen consumption; this

precludes direct measurement in the light using a p0 2

electrode. Oxygen consumption in the dark depends on the

previous light history in several ways. The duration,

spectrum and magnitude of light, as well as other factors,

determine the type and amount of photosynthate produced.

Subsequent respiration in the dark will be affected by the

metabolism of the photosynthate and by certain diel

rhythms. The previous light history thus may affect the

dark respiration for many hours after a light-dark

transition. Transient phenomena in oxv(en exchange also

are noted for approximately 10 min aftetr the, light-dark

-- - _ __III _... _ III if_ - "- -
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transition. Therefore, determination of oxygen consumption

should be made aftr a 5- to 10-min acclimation to a dark

environment. It can be measured polarographically using an

oxygen electrode, manometrically, or chemically.

18. Respiration rates, in many instances, are

expressed as milliters of oxygen consumed per milligram of

organism dry weight per hour. Since the model formulation

requires units of 1/day, these values must be converted.

For values in this report, the method outlined on page 188

of the User's Manual (Environmental Laboratory 1982) was

used. In addition, respiration values in Table 4 are in

continuous form.

19. The amount of excretion of organic matter by

phytoplankton is commonly expressed as a percent of

photoassimilated carbon. It is measured using 1"C as a

tracer in photosynthetic uptake rate studies. After

incubation and filtration of the algae, the filtrate is

then acidified and either (a) bubbled with air for 2 hr or

(b) allowed to stand overnight in a dessicator of sodium

hydroxide pellets. Rates of carbon dioxide release in the

light are lower than rates of dark respiration (Birmingham

et al. 1982). Percent extracellular release (PER) values

reported in the literature range from 7 to 50 for natural

phytoplankton populations (Nalewajko 1966). Berman (1976)

' ,reported PER values of 3 to 32 for natural phytoplankton

populations in Lake Kinneret.

20. The values given in Table 4 for dark respiration

rates are usually determined for a 1-hr time period.

19
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Table 4

Phytoplankton dark respiration rates (1/day)

SPECIES TPRESP REFERENCE

Mesodinium rubrum 0.05 Smith 1979
Thalassiosira allenii-

small cells 0.14-0.59 Laws and Wong 1978
Thalassiosira allenii-

large cells 0.05-0.42 Laws and Wong 1978
Monochrysis lutheri 0.15-0.32 Laws and Wong 1978
Dunaliella teriolecta 0.12-0.46 Laws and Wong 1978
Anabaena variabilis 0.10-0.92 Collins and Boylen

1982a
Coscinodiscus excentricus 0.075-0.11 Riley and von Aux

1949
Chlorella pyrenoidosa 0.01-0.03 Myers and Graham

1961
Phytoplankton 0.05-0.10 Ryther 1954

TPMAX

21. TPMAX is the maximum gross photosynthetic rate

(1/day). CE-QUAL-Rl uses gross production rates to

simulate the rate of change of algal biomass through time.

22. The physiological processes of phytoplankton that

are being modeled are gross production and respiration.

Gross production is the total rate of photosynthesis, which

includes the storage rate of organic matter by the

phytoplankton (net production) plus the organic matter

used by phytoplankton in respiration. That is,

gross production = net production + respiration (7)

23. Net production is the organic matter used for

other processes such as zooplankton grazinq, sinking,

excretion, and nonpredatory mortality. Extreme care must

be used in estimating these rates because the rates are
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often dependent on the experimental design. For example,

the maximum growth rate is often used in modeling studies

(see, for example, the Preliminary Generalized Computer

Program, Water Quality for River-Reservoir Systems, Oct.

1978, U. S. Army Engineer Hydrologic Engineering Center,

Davis, Calif.). The respiration rate is subtracted from

the maximum growth rate in order to predict a new mass.

However, the values of growth found in the literature are

most equivalent to net production in the above eguation

and have already accounted for respiration; in other words,

the model may predict low phytoplankton values because

respiration is beinq accounted for twice. If growth is

measured as the difference in mass between two points in

time, it must be realized that algae may have been lost to

grazinq, sinking, etc. Also, the true growth figure is

actually hiciher than reported.

24. Values are often reported as "v roduction" without

mention as to whether the figures represent qross or net

production, and the reader may have to evaluate the

experimental desion to determine the correct value.

25. There are four general methods used to measure

phytoplankton primary ilroductivity (Janik et al. 1981).

These involve the measurement of (a) chanqes in the oxygen

content ot water, (b) changcs in the carbon dioxide content

of water, (c) Incorration )f 1 'carbon tracers into the

organic mat tr o ohytoj lankton, and (d) measures of

chloroph'.1 . Readers :should refter to ,ank et al . (1981)

to ain i:ns iqht i ntu the' roW bems associated with the four

tnooS. 1 yap-:,: l , t hc ( (:Arboll t echlliowel< : yes a

* paso rpp W' h I -: bet u11 11 t al , r oss Prciuct i nfl,

,t :t o thk n'. i ort (Whi ttaktr 1975)

tn : C_ f c.uont 1.. used 1 ,e h(q , :Ceasuri,

I ) : ', : l,),I(' t i, ) v hvt I'Ink t(, his been Ihotosynth ,t i c
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oxvqen evolution and "C uptake. The I iht- and

daJrk-bottle IC C techniiue of Steemann-NieA s-n (1952)

requires the lowering of pairs of bottles in jected with

111 'C03 to fixed depths in the wat,r column for time ,oriods

of 1-5 hrs or by incubatinq the bottles under' known

conditions of 1 iqht and temp rature.

27. Under optimal conditions, a culture grows so that

the rate of addition of cells is roportional to the numbor

present (i.e., exponential growth). CelIs dIivide in a

characteristic time called the division , . lrration , or

Jo ubiLn time. Population u row t h to lows the solution to

the eOuat ion

t = the time
: the (rowth roust at -

The solution to this C";uat ion is

k In(N N ) '(t-t 0 (9)o 0

Subscriots denote ,-ilues at a known iult ml timc, and in

1iica tes na tu raI oarithls.

28. The lrowth con,-stant k is the number oa, the

logarithi-to- the-base-c units of increase oCr day. G;-owth

rate is sometinecS expressed as io¢aarithm-to-base-10 un its

o1 increase r- da, k or as loqarithm-to-base-2 units
{tsr danv, k °

whe re

? 10 ,loo (N/N) '(t-t) (1): l,/ ,()0

k)_ = loqa) (N/No)/(t-to) (n1

Conversions among the expressions are as ollows: let

k = growth rate measured in In units

k ,irowth rate measured in IOUc10 units

101
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k, - qrowth raite measurCd in loq 2 units

Now 1e t an al;a1 population of interest double in one day.

Then

N -2

N-

a -II

0

a1nd

k 0.693 =-v in 2 (12)

k10 0. )01 10o10 2, k : 2.3026 k0 (13)

k 2  1 .0 - log,) 2, k 0.6931 k 2  (14)

0 , lt the alga 1 p LoLlt7 ,Lndl-uIc in one day. Then

N - 4

N 00
t-t - 1

0

1 8 0386 In 4 (15)

' 0 ,02 'oq 4, k 23026 k]10 lO (16)

N 2 .0 loq2) 4, k - 0.6931 k.) (17)

1 i I', Ct thu al l 1 )I)ulation halIV 1n OnC day.

N 0.%

(7

t-t lo

k -0.693 (18)

k 0 1 -0. 301., k v- 2.3026 k10 19)

k 2  -1.0, k (1.6931 k 2  (20)

I li, reh, ,i at ioni between thu various q(rowth rates is

k yr 2.3026 k 1 0  21)

k 0.6931 k 2  (22)
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The composite gross production rate for this compartment

should also represent a weighted contribution for the

dominant species, or the dominant functional ciroups, to be

simulated by this compartment.

29. Literature values for TPMAX are given in Table 5.
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Table~ 5

Ore ss iroduct ion ri~te.j of ht ulankton I'~v

SPECI ES 'rPRAX TE2MP 0 c REFERENCL

D I ATOMS
tstci one11a turmosix 0.81 20 Helm and Armstroiq 1981

Asterionella formosa 0.69 10 Hutchinson 1957

Asterionelli fc)r mo sa 1.,38 2 0 Hutchinson 195,
Aster jonel la tormos~t 1 .66 I's Hutch inson 1957
Asterio-nella f,)rio s a 1 .71 20 Foqq 1969
i'ster Ionel lai f uSa 0. 28 4 Tall1inq 1955
Asterionelia t L)rmo s, 0.69 10 Tallinq 1955
Asterionelli t ormcosa 1.318 2 0 Tallinq 1955
Asterione [Ia fo rmosa 2.2 20 1c o enioL)u t and Amesz 1965
A st cri on eIl ,i foQ rmocsaL 1.9 18.5 Ioocrenhout and Amesz 1965
As tt2 r ion e Ila a 1)o n 1C, 1. 19 22 Fo~jq 1969
Asterionella j apon 1,:a 1 .3 18 floojenhout and Amesz 1965
Asterionella j apon i.ca 1.7 2,-5 lloocenhout and Amesz 1965
PM"'dulphia sp". 1 .5 11 Castenholz 1964
coscinodiiscus sp. 0.55 18 Foqq 1 q69
;-vclotella meneqhiniania 0. 34 16 HooqejOhout and Amesz 1965

C'.cute11a nana 3. 4 20 Ifooqenhout and Arnesz 1965
Detonula confervacca 0.b2 2 Smavda 1969

Jetonula confervacca 1.4 10 Hooqenhout and Amesz 1965

Vitylum riih'~1 2. 1 20 Paasche 1968

Fraqjilaria sp. 0.85 20 Rhee and Gotham 1981b

Fraqilaria sp. 1.7 11 Castenholz 1964

Melosira sp. 0.7 11 Castenholz 1964

Navicula rnintma 1.4 2)5 Hoouenhout and Amesz 1965

Navicula pelliculesa 2.0 20 Hooqenhout and Amesz 1965

Nitzschia closterium 1.66 27 Harvey 1937

Nitzschia palea 2.1 25 Hoogenhout. and Amesz 1965

Nitzsciiia turqidula 2.5 20 Paasche 1968

Phaeodacty lum tricornutum 1.66 25 Foqq 1969

Phiaeodactylu) tricornutuni 2.7 19 Hloogenhout and Amesz 1965

Rhizosolenia fragillissil)C 1.20 21 1Xqnatiades & Smayda 1970

Skeletonema costatum 1.26 18 Foggj 1969

Skeletonema costatum 2.30 20 Jorcqensen 1968

Skeletonema costatul 1.52 20 Steemann-Nielsen and
Jorqensen 1968

Skeletonema costatum 1.23 20 Jitts et al. 1964

Synedra sp. 1.2 11 Castenhclz 1964
Tha lass ios ira

nordenskioldii 0.77 13 OJtts et, al. 1964

natural diatom community 3.10 20 Verduin 1952

GREENS
Ankistrodesmus braunii 2.33 25 Hiooqenhout arid Amesz 1965

Chlaimydomonas moewusii 4.2 Hooqenhout and Amesz 1965

Chlorella pyrenoidosa 2.22 28 Shelef 1968

CiAlrella ellipsoidea 3.6 25 hooqlenhout and Amesz 1965

Chlorella luteoviridlis 0.56 22.4 Hoogerhout and Amesz 1965

Chlorella miniata 0.87 25 hooqenhout and Arnesz 1965

-hlurcl1a pyreneuidosa 2.14 25 Foqq 1969



Table 5 (continued)

SPECIES TPMAX TEMP O(C REF-ERENCE

Chlorella pyrenoidosa 1.95 25.5 Sorokin and Myers 1953

Chlorella pyrenoidosa 9.00 39 Castenholz 1969

Chiorella pyrenoidosa 9.2 39 iioogenhout and Amesz 1965

Chlorella seccharophilla 1.2 25 iooienhout and Amesz 196',

Chiorella variegata 0.86 25 flooqenhout and Amesz 1965

Cnlorella vulgaris 2.9 25 Ioogenhout and Amesz 1965

Chiorella vulgaris 1.59 20 Goidman a.nd Graham 1981

Dunaliella tertiolecta 1.0 16 H-ooqenhout and Amesz 1965

Dunaliella tertiolecta 0.77 36 Jitts et a!. 1964

HaematococcuS pluvialis 1.2 23 loogennout and Amesz 1965

Nanochioris atornus 1.0 20 fiooqenhout and Arnesz 1965

Platyrnonas subcordiformia 1.5 16 Hoogenhout and Amesz 1965

Scenedesmus sp. 1.34 20 Rhee and Gotham 1981b

Scenedesmus costulatus 2.0 24.5 Hoocienhout and Anesz 1965

Scenedesmus oioliquus 2.11 20 Goldman and Graham 1981

Scenedesmus obliquus 2.2 25 tioogenhout and Amesz 1965

Scenedesmus quadricauda 4.1 25 Hoogenhout and Amesz 1965

Scenedesmus quadricauda 2.29 27 Goldman et al. 1972

Selerastrum capricornutun 2.45 27 Goldman et al. 1972

Selenastrum westil 1.0 25 Hoogenhout and \muesz 1965

Stichococcus sp. 0.70 20 Hoogenhout and Axnesz 1965

GOLDEN-BROWN 16
Botrydiopsis intercedens 1.5 25 Hoogenhout and Amesz 16

Bumilleriopsis brevis 2.9 25 Hoogenhout and Arnesz 1965

Cricosphaera carterae 0.82 18 Fogg 1969

IsochrysiS galbana 0.55 20 Fogg 1969

isocnrysis galbana 0.80 25 HoogenhoUt and Axnesz 1965

Monochrysis lutheri 1.5 15 Hoogenhout and Amesz 1965

Monochrysis lutheri 0.39 24 jitts et al. 1964

Monodus subterraneuS 0.93 25 Hoogenhout and Arnesz 1965

Momodus subterraneus 0.39 30 Fogg 1969

Tribonema, aequale 0.70 25 iHoogenhout and Amesz 1965

Tribonema minus 1.00 25 Hoogenhout and Amesz 1965

Vischeria stellata 0.70 25 Iloogenhout and Anmesz 1965

Euglena gracilis 2.2 25 Hoogenhout, and Axnesz 1965

Euglema gracilis 0.00 36 Marre 1962

DINOFLAGGELATE
Amphidinium carteri 1.88 18 Fogg 1969

Amphidiniumf carteri 0.32 32 Jitts et al. 1964

Ceratium tripos 0.20 20 Fogg 1969

Gonyaulax polyedra 2.1 21.5 Hoogenhout and Axnesz 1965

Gymlodiniuml splendens 0.92 20 Hoogenhout and Amnesz 1965

Peridinium sp. 0.90 18 Hoogenhout and Amesz 1965

Prorocentrium gracile 0.83 18 Hfoogenhout and Amesz 1965

Prorocentriumf micans 0.71 25 Hoogenhout and Amesz 1965

Prorocentrium micans 0.30 20 Fogg 1969
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Table 5 (concluded)

SPECIES TPMAX TEMP 0 C REFERENCE

BLUEGREENS
AqImenellum quadriplaticum 8.0 39 Hoogenhout and Amesz 1965
Anabaena cylindrica 0.96 25 Hoogenhout and Ainesz 1965
Anabaena variaoilis 3.9 34.5 Hoogenhout and Axnesz 1965
Anacystis nidulans 2.9 25 Hoonenhout and Amesz 1965
Anacystis nidulans 8.28 38 Marre 1962
Anaicystis nidulans 11.00 40 Castenholz 1969
Chl1oropseudomonas

ethyliczn 3.3 30 Hoogenhout and Amesz 1965
:yanidiun caldar-jum 2.4 40 Hooqenhout and Amesz 1965
Cylindrospermum sphaerica 0.17 25 Hoogenhout and Amesz 1965
Gl1oeotrichia echinulata 0.20 26.5 Hoogenhout and Amesz 1965
,Microcystis aeruqinosa 0.25 20 Holm and Armstrong 1981
Microcystis aeruginosa 1.6 23 Hoogenhout and Amesz 1965
Microcystis luminmosis 1.50 40 Castenholz 1969
Nostoc muscorum 2.9 32.5 Hooqenhout and Amesz 1965
Oscillator-ia princips 0.50 40 Castenholz 1969
Uscillatoria subbrevis 5.52 38 Mar-re 1962
OscillIatoria terebriformis 3.36 40 Castenholz 1969
Oscillatoria rubescens 5.04 30 Zimmerman 1969
Rhoda ps e uomo nas

sphaeroides 10.8 34 Hoogenhout and Amesz 1965
Rhodospirllum rubrum 4.85 25 Hoogenhout and Amesz 1965
Schizothrix calcicola 3.4 30 Hoogenhout and Amesz 1965
Synechococcus lividus 4.98 40 Castenholz 1969
Synechococcus sp. 8.0 37 Hoogenhout and Amesz 1965
Tolypothrix tenuis 4.0 38 Hoogenhout and Amesz 1965
Leptocylindrus danicus 0.67- 10-

2.0 20 Verity 1981
Anabaena variabilis 0.07- 10-

2.0 35 Collins and Boylen 1982a
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TSETL

30. TSETL is the phytoplankton settling rate (m/day).

Mechanisms of suspension can influence the settling or

sinking rate of algae. Morphological mechanisms include

cell size, colony formation, cyclomorphosis, protuberances,

and flagella. Physiological mechanisms include fat accu-

mulation; regulation of ionic composition of cell sap; and

the response of an organism to light, photoperiod, and

nutrient concentration. Physical mechanisms include water

viscosity and the role of water movements.

31. Two methods used to measure sinking rates experi-

mentally are (a) the settling chamber method with or with-

out the use of a microscope, and (b) the photometric tech-

nique. In the settling chamber, the descent time is

determined (a) by fnllowing with a microscope or, in the

case of large particles, with the naked eye, the cell tra-

jectory between two marks at a known distance apart; (b)

by measuring the time a cell takes to fall to the bottom

of a settling chamber of known height placed on the stage

of an inverted scope; or (c) using a 1-mm-deep Sedgwick

Rafter counting chamber with a compound microscope. Esti-

mation of relative sinking rate has been obtained by

placing a well-mixed suspension of phytoplankton into a

graduated cylinder and determinincl the concentration in

various layers after a given time.

32. Photometric determination of sinkini rate mea-

sures changes in optical density of a phytopIonkton sus-

pension measured at 750 nm after introducinq; the phyto-

pllankton suspension into a cuvette.

33. These techniques are influenced by the "wall-

of fct," that is, the effect of the settling chamber wall

and convect ion current on the sinking velocity. To provide

adequate fall for a)ttainment C)f terminal velocity and to

28
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minimize overcrowdinq, the selection of chamber size is

important.

34. The sinking rates of natural populations havte

also been determined by comparinq changes in population

density with depth and calculatinq a mean rate of descent.

Hlowever, determination of sinkinq rate in situ is compli-

cated by water movements and losses due to qrazin . Mathe-

matical expressions may also be used to determine sinkin(I

rates (Riley et al. 1949).

35. The application of experimentally determined

sinking rates to nitural populations or ecosystem models

must be qualified and used with caution. In lakes and

reservoirs, vertical iradients of liqht, temperature, and

nutrient concentration contrast with the constancy of the

settlinq chamber and photometer cuvette environments in

sinking experiments. The influence of liciht and nutrients

on sinkin ; rates toc<ether with the turbulent motion of the

natural environment suqqest that in vitro sinkinki results

may not be particularly representative of natural popula-

tions. Values for settlinq rates are given in Table 6.

I
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Table 6

Phytoplankton settling rates (m/day)

SPECIES TSETL REFERENCE

DIATOMS
EXPERIMENTAL STUDIES
Asterionella formosa 0.26-0.76 Smayda 1974
Asterionella formosa 0.4 Margalef 1961
bacteriastrum hyalinum 0.39-1.27 Smayda & Boleyn 1966
Chaetoceros didymus 0.85 Eppley et al. 1967b
Chiaetoceros lauderl 0.46-1.54 Smayda & Boleyn 1966
chaetoceros lauderi 0.46-1.54 Smayda & Boleyn 1966
Chaetoceros spp. 0.25 Margalef 1961
Chaetoceros spp. 5.0 Sverdrup et al. 1942
Chaetoceros spp. 4.0 Allen 1932
Cosclnodiscus wailesii 7.0-30.2 Eppley et al. 1967b
Coscinodiscus sp. 1.95-6.83 Eppley et al. 1967b
Coscinodiscus sp. 14.7 Eppley et al. 1967b

Cyclotella meneqhiniana 0.08-0.24 Titman and Kilham 1976

Cyclotella nana 0.16-0.76 Eppley et al. 1967b

Ditylum brightwellii 0.60-3.09 Eppley et al. 1967b

oitylum orightwellii 2. Eppley et al. 1967b

Ditylum brightwellii 5.8-8.6 Gross & Zeuthen 1948

Fragilaria crotonensis 0.27 Burns and Ross 1980
Leptocylindrus daricus 0.08-0.42 Margalef 1961
>ielosira aqasslzii 0.67-1.87 Titman and Kilham 1976

Nitzschia closterium 0.52 Margalef 1961
Ntzschia seriata 4.0 Allen 1932
Nitzschia seriata 0.35-0.50 Smayda & Boleyn 1965

Phaeodactylum tricornutum 0.05-0.06 Riley 1943
Phaeodactylum tricornutum 0.02-0.04 Riley 1943
Rhizosolenia hebetata

f. semispina 0.22 Eppley et al. 1967b

Rhizosolenia setigera 0.11-2.23 Smayda & Boleyn 1966

Rhizosolenia setigera 0.10-6.30 Smayda & Boleyn 1966

Rhizosolenia stolterfothii 1.0-1.9 Eppley et al. 1967b

Rhizosolenia spp. 0-0.72 Margalef 1961
SKeletonema costatum 0.30-1.35 Smayda & Boleyn 1966
Stephanopyxis turris 1.1 Eppley et al. 1967b
Stephanopyxis turris 2.1 Eppley et al. 1967b

Thalassionema nitzschiodes 0.35-0.78 Smayda (unpubl.)
Thalassiosira fluviatilis 0.60-1.10 Eppley et al. 1967b
Thalassiosira cf. nana 0.10-0.28 Smayda & Boleyn 1965
Thalassiosira rotula 1.15 Eppley et al. 1967b

Thalassiosira rotula 0.39-2.10 Smayda & Boleyn 1965

Thalassiosira sop. 0-0.16 Margalef 1961

THEORETICAL
Diatoms 0.3 Bramlette 1961
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Table 6 (concluded)

SPECIES TSETL REFERENCE

DINOFLAGELLATES
EXPERIMENTAL STUDIES
Gonyaulax polyedra 2.8-6.0 Eppley et al. 1967b

COCCOLITHOPHORIDS
EXPERIMENTAL STUDIES
Coccolithus huxleyi 0.28 Eppley et al. 1967b
Coccolithus huxleyi 1.20 Eppley et al. 1967b
Cricosphaera carterao 1.70 Eppley et al. 1967b
Cricusphaera elongata 0.25 Eppley et al. 1967b
Cyclococcolithus fracilis 13.2 Bernard 1963
Cyclococcolithus fraqilis 13.6 Bernard 1963
Cyclococcolithus fraqilis 10.3 Bernard 1963

THEORETICAL
Coccoliths 1.5 Bramlette 1961

MICROFLAGELLATES
EXPERIMENTAL STUDIES
Cryptomonas erosa 0.31 Burns and Rosa 1980
Cryptomonas marsonii 0.32 Burns and Rosa 1980
Raodomonas minuta 0.07 Burns and Rosa 1980
Dunaliella tertiolecta 0.18 Eppley et al. 1967b
Monochrysis lutheri 0.39 Eppley et al. 1967b
Monochrysis lutheri 0.39 Apstein 1910

GREENS EXPERIMENTAL
Closterium parvulum 0.18 Burns and Rosa 1980
Dunaliella tertiolecta 0.18 Eppley et al. 1967b
Lagerhaemia quadriseta 0.08 Burns and Rosa 1980
Scenedesmus acutiformis 0.10 Burns and Rosa 1980
Selenastrum minutum 0.15 Burns and Rosa 1980

BLUEGREENS EXPERIMENTAL
Anabaena spiroides 0.10 Burns and Rosa 1980
Gomphosphaeria lacustris 0.11 Burns and Rosa 1980
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PS2P04

36. PS2PO4 is the phosphorus half-saturation coeffi-

cient (HSC) (mg/L) . In practical terms, the HSC of a nu-

trient approximately marks the upper nutrient concentration

at which growth ceases to be proportional to that nutrient.

The modeled uptake of phosphorus by algae follows Monod ki-

netics. The value of the HSC can be calculated for the

hyperbola using the Monod equation. PS2PO4 is defined as the

concentration of phosphorus at which the rate of uptake is

one-half the maximum.

37. Half-saturation coefficients generally increase

with nutrient concentrations (Hendrey and Welch 1973,

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

fact reflects both the change in species composition of the

phytoplankton assemblage and the adaptation of the plankton

to higher nutrient levels. A reservoir characterized by

low nutrient concentrations is generally also characterized

by low half-saturation coefficients. Phosphorus is commonly

the nutrient that limits the growth of algae in lakes and

reservoirs.

38. The procedure of 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 population is suspended.

39. Units of measurement must be expressed in terms

of the chemical element and not the compound; i.e., the

half-saturation constant for phosphorus should be specified

as mg/L of phosphorus and not mg/L of orthophosphate. Micro-

moles per liter or microgram-atom values may be converted

by multiplying by the molecular weight of the element
-3

times 10 . Values for the HSC are given in Table 7.
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'able 7

Phytoplankton half-saturation coefficients for P limitation (mg/L)-

SPECIES PS2PO4 REFERENCE

Asterionella formosa 0.002 Helm and Armstronq 1981
Asterionella japonica 0.014 Thomas and Dodson 1968
Bidduiphia sinensis 0.016 Quasim et al. 1973
Cerataulina oergonll 0.003 Finenko and Krupatikina 1974
Chaetoceros curvisetus 0.074-. 105 Finenko and Krupatikina 1974
Chaetoceros socialis 0.001 Finenko and Krupatikina 1974
Chlorella pyrenoidosa 0.38-.475 Jeanjean 1969
Cyclotella nana 0.055 Fuhs et al. 19-/2
Cyclotella nana 0.001 Fogg 1973
Dinobryon cylindricum 0.076 Lehman (unpubl. data)
Dinobryon sociale

var. americanum 0.047 Lehman (unpubi. data)
Eugl~ena gracilis 1.52 Blum 1966
Freshwater phytoplankton 0.02-.075 Halmann and Stiller 1974
Microcystis aeruginosa 0.006 Holm and Armstrong 1981
>4itzschia actinastreoides 0.095 von Muller 1972
Plediastrum duplex 0.105 Lehman (unpubl. data)
Pithophora oedogonia 0.098 Spencer and Lembi 1981
Scenedesmus obliquus 0.002 Fogg 1973
Scenedesmus sp. 0.002-.05 Rhee 1973
Thalassiosira fluviatilis 0.163 Fogg 1973
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40. PS2N is the nitrogen (N) half-saturation coeffi-

cient (mg/L). Uptake rates of nitrate (N03) or ammonium

(NH4) by algae give hyperbolas when graphed against N03

or NH4 concentration in the environment. Half-saturation

coefficients (i.e., the concentration of N at which the

rate of production is one-half the maximum) can be calcu-

lated for the hyperbolas using the Monod equation. This

constant reflects the relative ability of phytoplankton

to use low levels of nitrogen.

41. The role of N as a growth-limiting factor has

been relatively neglected when compared with phosphorus,

presumably because the latter is the growth-limiting factor

in most natural fresh waters. However, it has been found

that nitrogen becomes the limiting nutrient where phos-

phorus is abundant because of its release from geological

deposits or from external loadings.

42. There are several methods for measuring half-

saturation constants for N limitation. The chemostat

method requires the measurement of the remaining nitrogen

concentration at a number of fixed dilution rates (i.e.,

growth rates) in nitrogen-limited chemostat cultures.

Culture media are prepared with nitrate or ammonium as the

nitrogen source, with one-fifth or less than the usual

amount of N03 or NH4 added to the culture media to ensure

that during growth, nitrogen will be depleted before other

nutrients. A second, less desirable, method is to use

nitrogen-starved cells as an innoculum for cultures con-

tdininq known concentrations of nitrogen and then (a) mea-

sure the concentration of nitrogen in the extracellular

fluid at some later time to determine the rate of nitroqen

uptake and (b) measure the increasinq cell concentration

to determine growth kinetics. The problems associated
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with this method Lre that the organisms arc poorly adapted

to their subsequent growth environment, so growth can occur

only after uptake of a substantial amount of nitrogen.

43. Some trends can be seen in the data for half-

saturation coefficients: (a) organisms with a high ISC

for nitrate usually have a high HSC for ammonium uptake as

well, (b) large-celled species tend to show higher 11SC's

(c) fast-growing species tend to have lower HSC's than

slow growers.

44. The nitrogen HSC as used in CE-QUAL-Ri should

reflect the uptake of both N03 and NH4. Both compounds

are taken up for use in production in proportion to their

concentration in the layer.

45. A factor that will lead to selection for a par-

ticular functional group or species is the availability of

combined nitrogen. In situations where the level of com-

bined nitrogen is relatively low compared witn other essen-

tial elements like phosphorus, those bluegreen species that

can fix nitrogen will be at a selective advantage. Nitro-

gen fixation is not explicitly included in the model for-

mulation for phytoplankton; however, if bluegreen algae

are an important component in one of the compartments, the

nitrogen half-saturation coefficient may have to be -e-

duced to a low value to reflect nitrogen fixation. Values

for thL ,C for nitrogen are given in 'Table 8.

4
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Table 8

Phytoplankton half-saturation coefficients for N limitation (my/L)

N
SPECIES PS2N SOURCE REFERENCE

DIATOMS
Biddulphia aurita 0.056-.197 N03 Underhill 1977
Chaetoceros gracilis 0.012 N03 Eppley et al. 1969
Chaetoceros gracilis 0.007 NO4 Eppley et al. 1969
Coscinodiscus lineatus 0.161 N03 Eppley et al. 1969
Coscinodiscus lineatus 0.036 NH4 Eppley et al. 1969
Cyclotella nana 0.025-.117 N03 Carpenter & Guillard 1971
Cvclotella nana 0.111 MacIssac and Dugdale 1969
Cyclotella nana 0.027 Caperon and Meyer 1972
Cyclotella nana 0.031 Eppley et al. 1969
Cyciotella nana 0.007 NH4 Eppley et al. 1969
Ditylum brightwellii 0.037 N03 Eppley et al. i.69
Ditylum brightwellii 0.020 NH4 Eppley et al. 1969
Dunaliella teriolecta 0.013 N03 Caperon and Meyer 1972
Dunaliella teriolecta 0.003 NH4 Caperon and Meyer 1972
Dunaliella teriolecta 0.087 N03 Eppley et al. 1969
Fraqilaria pinnata 0.037-.100 N03 Carpenter & Guillard 1971
Leptocylindrous danicus 0.078 N03 Eppley et al. 1969
Leptocylindrous danicus 0.013 NH4 Eppley et al. 1969
Navicula pelliculosa 0.923 N03 Wallen and Cartier 1975
Phaeodactylum tricornutum 0.161 N03 Ketchum 1939
Rhizosolenia robusta 0.186 N03 Eppley et al. 1969
Rhizosolenia robusta 0.135 NH4 Eppley et al. 1969
Rhizosolenia

stolterfothii 0.105 N03 Eppley et al. 1969
Rhizosolenia

stolterfothii 0.009 NH4 Eppley et al. 1969
Skeletonema costatum 0.027 N03 Eppley et al. 1969
Skeletonema costatum 0.014 NH4 Eppley et al. 1969

BLUEGREENS
Anabaena cylindrica 4.34 N03 Hattori 1962
Anabaena cylindrica 2.48 N02 Hattori 1962
Asterionella formosa 0.074-.093 N03 Eppley and Thomas 1969
Asterionella formosa 0.062 NH4 Eppley and Thomas 1969
Microcystis aeruginosa 0.56-.207 NH4 Kappers 1980
Oscillatoria agarthii 0.22 N03 van Liere et al. 1975

MICROFLAGELLATES
Bellochia sp. 0.001-.016 N03 Carpenter & Guill d 1971
Monochrysis lutheri 0.026 N03 Caperon and Meyer 1972
Monochrysis lutheri 0.052 NH4 Caperon and Meyer 1972
Monochrysis lutheri 0.037 N03 Eppley et al. 1969
Monochrysis lutheri 0.007 NH4 Eppley et al. 1969

COCCOLITHOPHORIDS
Coccolithus huxleyi 0.006 N03 Eppley et al. 1969
Coccolithus huxleyi 0.002 NH4 Eppley et al. 1969
Coccochloris stagnina 0.019 N03 Caperon and Meyer 1972

(continued)
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Table 8 (concluded)

N
SPECIES PS2N SOURCE REFERENCE

GREENS
Chlorella pyrendoidosa 0.006-.014 Pickett 1975
Chlorella pyrendoidosa 1.15 N02 Knudsen 1965
Pithophora oedogonia 1.236 N03 Spencer and Lembi 1981

DINOFLAGELLATES
Gonyaulax polyedra 0.589 N03 Eppley et al. 1969
Gonyaulax polyedra 0.099 NH4 Eppley et al. 1969
Gymnodinium splendens 0.235 N03 Eppley et al. 1969
Gymnodinium splendens 0.019 NH4 Eppley et al. 1969
Gymnodinium wailesii 0.223 N03 Eppley et al. 1969
Gymnodinium wailesii 0.088 NH4 Eppley et al. 1969

CHRYSOPHYTES
Isochrysis galbana 0.006 N03 Eppley et al. 1969
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PS2CO2

46. iIS2C02 is the half-saturation coefficient for car-

bon dioxide (m9/L) . The coef ficient is used in the Monod

eqjuation to determine the rate factor for C02 limitation.

PS2C02 is defined as the concentration of C02 at which the

rate of production is one-half the maximium. In practical

terivs, the HSC approximately marks the upper nutrient con-

centation at which qjrowth cea,.ses to be proportional to that

n'Utrient.

47. Thiere is ai iiversity ()f );,inions is to whiether

loaiec-IrD(Afl (C) limiits photosvn.'tla s i1n Pt1i.tA' I"n n Tik':1

d~~~2' 11a eaI. 1974) 111L aadta nu ce r

li~ats ilu i : lt s )i:1:>SA' ~ A

~j I :~it.~tIan i ~ la:. c1uin. rn~s:: ~in1 r

s e 1 r r1 Ae p Ve 1 . 1o exap1 , t te II S~~ Aron

lox 02 'AL~l i Table 9 fo(-)1-s1s aricrnta

Increses ith increa sin(o pli. This is reae: t1th

of ct.5pil oil thle relaitive rwot1.1 of thleinra:

ca ron pec esof carbonl dlioxide, )i ca rhona t~e icon , .1nkJ

c a rionate ion in sol ut ion . ii-lf S ste rat ionl cool, fci en t

vauetor cairbon di oxide are uiiven in Ta'lble
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PS2L

48. PS2L is the liqht half-saturation coefficient

expressed as kcal/m 2/hr. It is the lioht intersity at

which the rate of production is at one-half the maximum

rate.

49. The shape of the curve rclating; light and pro-

duction has been studied extensively. It is jenerally

known that (a) at lower liqlht intensities, production pro-

ceeds linearly with increasino li :ht intensity and (h) as

intensity is increased further, the ,r(,duction rat , tends

towards a m1x iNMum value. The si !1plcs t rqt resentat ion of

this response is che Monod function.

50. It has been shown th it the: photosyno the tic ra t,

of crtain alial species is inhibited it h iah I i ;ht inten-

sities. Th is 'henoien(Th Ca nn( t me simul ted 0v the >ond

function use2d in CL- , AL-k]. Other formul atioins h ave been

developed to represent th is effect (Steele 1)2 ) . Photo-

inibit ion at hi,:h li,;i t intensities ma be more impo)ltant

in oli ,otrophic waters than in eutrophic waters.

51. The value of this parameter can be obtained b

runnini a set of experiments to determine the orodact ion

rate at various 1ioiht intensities ranoinc from liolht-

l imitin, to l ioh t-saturatinq conditions. The value can be

determiined f)r net pnotosynthetic rate by measurino
14carbon, fixed or oxygen evolved, at different liqjht

levels. The light half-saturation constant for growth

rate can be determined by measurinq mrowth rate (i.e. , by

measuring either dry weight, cell volume, chlorophyll con-

centration, or optical density) at variuos liqht intensi-

ties. Values for the HSC for light intensity are given in

Table 10.
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Table 10

Phjyjtplankton half-saturation coeffici.ents for lihtt limitation

Ikcal/m2/hr)

SPECIES PS2L PROCESS REFLERNCE

,'phidinium carteri 5.75 Dunstan 1973
Anphiprora sp. 6.42 growth Admiraal 1977
Chlorella pyrenoidosa 12.7-38.0 photosyn Myers and Graham 1961
Chlorophyte 1.2-4.2 Bates 1976
Chroomona.; salina 6.25 growth Hobson 1974
Coccolithus huxleyi 1.2 Parsons & Takahashi 1973
Coccolithus huxieyi 5.75 Dunstan 1973
Cryptomonas ovata 16.0 growth Cloern 1977
Cyclotlla nana 5.15 growth Dunstan 1973
Ditylum brightwelli 5.4 Bates 1976
Fra3ilaria sp. 9.4 growth Rhee and Gotham 1981b
Gonvaulax polyedra 15.4-18.9 growth Prezelin and Sweeney 1977
Gonyaulax polyedra 15.4-19.1 photosyn Prezelin and Sweency 1977
Isochrysis galbana 6.18 Dunstan 1973
Isochrysis sp. 5.0 growth Hiobson 1974
:ixed population 16.0 growth Gargas 1975
.avicula arenaria 6.42 growth Admiraal 1977
Nitzschia dissipata 6.64 growth Admiraal 1977
Oscillatoria agardhii 0.8 growth van Lierre et al. 1978
Phaeocactyl um

tricornutum 51.0-71.4 photosyn Li and Morris 1982
Prorocentrum micans 5.66 Dunstan 1973
Scenedesmus protuberans 2.57 growth van Lierre et al. 1978
Scenedesmus sp. 6.0 growth Rhee and Gotham 1981b
Scenedesmus sp. 6.8 photosyn Rhee and Gotham 1981b
Skeletonema costaturm 0.18-4.2 Bates 1976
Thalassios ira

fluvatilis 6.25 growth Hobson 1974
Tha lass iosira

nordenskioldii 12.0 growth Durbin 1974
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ALOTl, ALGT2, ALG'P3, ALGTr4

52. All temperature coefficients are in degrees

Celsius.

a. ALGT1 is the lower temperature bound at
which phytoplankton metalolism c-ontinues.

b. ALGT2 is the lowest temperature at which
processes are occurrincl near the maximum rate.

C. ATGT3 is the uipper temperature it ...hich
Processes are -accurrinyq it the -:a.ximum rate.

d. ALGTI4 is the upper lethaltepiar.
B] olu(;ical temperaturt. caurves ar, , aenerally

as.~mericlWith Lte 2:LXIMUM rates Occur-
ri nearer the aipp 2r lcthal t.:lnoeratures

thuthu lower temiper-atares.

53 . Tem,:n ratur: acclimation . The temperature cf1-

cicnts for aiaIpoutonare ucoecndesnt upon the acclima-

t ion te rt i nd th,. lenuit-h -75 timec the aiqa has been

exposed w:- thlis temper a ture (Ccliiac- andi 3ovl-en 11b1'2b)

s 1 fc, :1 rae e 1 oe : saon t,,i,-no rature chanqe a in-

Sr ow 1'n t ia a art- f Zr 1i! 1a lower m'' LI:7

, V,



temperature, and day length have been varied simultaneously.

Often the algae were preconditioned at a specific combina-

tion of these factors, which may help in parameter estima-

tion for a particular site. Values for the temperature

coefficients are given in Table 11.

Table 11

Temerature coefficients for phytoplankton ('C)

SPECIES ALGTI ALGT2 ,ALOT3 ALGT4 REFERENCE

Amphidinium carteri 18 24 35 Jitts et al. 1964
.,nacystis nidulans 38 40 Castenholz 1969
Astcrionella formosa 25 25 Rhee and Gotham 1981a
Asterionella formosa 25 29 Hutchinson 1967
Aster loiella formosa 4 20 25 Talling 1955
ChIoteila pyrenoidosa 1 28 38 40 Clendenninq et al. 1956
'hlurella pyrenoidosa 38 40 42 Sorokin & Krauss 1962
'hlorella sp. 20 -25 Tamiya et al. 1965
Detonula cnfer'vacea 1 10 12 16 Guillard & Ryther 1962
Detor confeivacea 10 13 15 Smayda 1969
Litylum bri :htwellii 3 23 26 30 Paasche 1968
Dunaliela teria (cta 31 33 36 Eppley and Sloan 1966

un lIi'll teriolecta i2 26 26 36 Jitts et al. 1964
s i, ri,,ru inosa 38 40 Castenholz 1969

>kmnochrxsi' e :theri 19 22 Jitts et al. 1964
.,ltzse i clustermur' 27 30 Harvey 1955

" 31 33 36 Clendennina et al. 1956
scill itor 't

' '::n" 538 40 Castenholz 1969
}sae da * ylu -a

-1uT 2C 21 30 Di and Morris 1982

: 11 2a 1 t i i t ades and Sm lda
3970

" 2 1 .hee a ',tham 198bi 1l
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Zooplankton

TZMAX

55. TZMAX is the maximum ingestion rate for zooplank-

ton (i/day). The zooplankton compartment includes the

;roups Cladocera, Copepoda, and Rotatoria which are classi-

fied as either herbivores or as carnivores.

56. Two types of feeding behavior exist: filter

feeding and grasping feeding. Daphnia and some copepods

are filter feeders. They collect particulate matter, in-

cluding algae and detritus, by sievino lake water throuqh

the fine meshes of their filtering apparatus (Jorqensen

1975). Algae are swept into the feeding appendages to the

mouth region where they are inqested as boluses containing

many cells. Filter-feeding zooplankton make up the greater

proportion of the zooplankton community and have been

studied in greater detail.

57. Tie, filtering rate per animal decreases as food

concentration increases; above a critical concentration of

food, the feeding rate is independent of food concentration.

58. Factors that influence food consumption by filter-

feeding zooplankton include (a) animal density, size, sex,

reproductive state, nutritional or physiological state as

well as (b) the type, quality, concentration, and particle

size of food. Other factors include water quality and

temperature.

59. A second type of feeding behavior, raptorial or

grasping feeding, is exhibited by most copepods and some

cladocerans. They pursue prey and grasp large particles,

including algae and detritus. Apparently, some copepods

can switch feeding modes.
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60. Several experiments have been able to demonstrate

a maximum grazing rate allowing for long-term acclimation

to food concentration above the incipient limiting level.

Values for TZMAX rangle from 0.045 to 3.44 I/day.

61. Dissolved organic matter (DON) is another poten-

tial source of food for zooplankters, although this feeding

transfer is not modeled Ln CE-QUAL-RI. Values for maximum

ingestion rates for zooplankton are given in Table 12.

Table 12

Maximum inqestion rates for zooplankton (1/day)

PREDATOR VALUE FOOD SOURCE REFERENCE

Bosmina 0.01 detritus Bogdan and McNauqht 1975
Bracnionus rubens 3.438 Chlorella

vulgaris Pildrska 1977
Cladocerans 0.15 detritus Bogdan and McNaucht 1975
Copepods 0.10 detritus Boqdan and McNauuht 1975
Daphnia 0.01 detritus Boqdan and McNaught 1975
Daphnia magna 0.251 Saccharomyces

cervisiae McMahon and RPiler 1965
Dapnnia magna 0.452 Tetrahymena

pyriformis McMahon and Rigler 1965
Daphnia magna 0.301 Chlorella

vulgaris McMahon and Riqler 1965
Daphnia magna 0.045 Escherichia

celi McMahon and Rigler 1965
Daphnia magna 0.760 Chlorella

vulgaris Kerstinq and Van De
Leeuw-Leeqwater 1976

Daphnia magna 0.350 Saccharomyces
cerivisiae Rigler 19b1

Daphnia maqna 1.9 Chlorella
vulqaris Ry her 1954

Daphnia magna 2.2 Navicula
pelliculosa Ryther 1954

Dapnnia macna 2.3 Scenedesmus
quadricauda Ryther 1954

Daphnia pulex 0.120 Chlorococcum
sp. Monokov and Sorokin 1961

Daphnia rosea 0.900 Rhodotorula
glutinis Burns and Riqler 1967

Diaptomus 0.47 detritus Boquan and McNauqht 1975

IN SITU EXPERIMENTS
Heart Lake, Canada 0.801 Various Haney 1973
Lake Vechten, The

Netherlands 0.24 Various Gulati 1978
Lake Krasnoye, USSR 1.20 Various Andronikova 1978
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62. '1'MORT is the maximum nonpredatory mortality rate

for zooplankton (l/day) . Nonpredatory mortality rate may

be obtained by measuring total mortality and predatory mar-

ta1-ity and subtracting to obtain the difference (a direct

ipproach is to measure mortality rate and eliminate preda-

tars altoqethier) .Nonpredatory mortality may be influenced

Lcy oxyven concentration, temperature, diet, age, and popu-I lation den itv. Nonpredatory mortality rates are normally

less than 1 percent per day. Values for maximum nonpreda-

tLry iiert.-lity rate are given in Table 13.

Table 1 3

Zcooplankton mortali ty raites (1 /djay)

P~~ 1 L-S TZ 0R I REFEREN~CE

ii a ;bj~d~us0.003-0.048 Patfenhoffer 1976
.~1~,Iindc~a0. 024 Mull in and ;3rooks 1970

~ar:;xavuzootlankton 0.002-0.013 Petipa et al. 1970
I~ -tiCUILta 0.0016 Clark and Carter 1974

I 0.006-0.017 Petipai ot al. 1970
t ,.)1 a ' l t a 0.017 Hall 1964

-AL;: L~ ,IIt 0.012 Craddock 1976
a0.018-0.027 Frank et al. 1957

I~ tl arva0.001 Clark and Carter 17

0.001-0.007 Dodson 1972
0.001 Clark and Carter 1974
0.002 Wright 1965

1 '.~es0.004-0.155 Gehrs and Robertson 1975
I

ma0.001 Clark and Carter 1974
inv(rc zcmpl aktun 0.010-0.013 Petipa ot al. 3970

P 1.116r;sp 0.003-0.006 Petipa et al. 1970
~i:cia'n-'lsutus 0.006-0.015 Mullin and B~rooks 1970

III,;~p: uI'.a rulatas 0 .003 Hall et al. 1970



t);3. zriFFIC, tli zooap I nktui is sl; x: rt icn ,-,ff icir'

r,) 1d12es ion less) , is the 01 Itrirt toll of O O1S11(

(G) to fDOo ISSiriilaled (A) , Ie*, food ,~Ctuo 111'1, rh

trol' anx inIdividua L 's digesti ve 'ttf The lm oto

e~fficiency is used to modli f'Con;jti and to (&:termine

tn(e goontitv. at ene!c;y ent i nrin I Indi%'i duo 1 o)r p01211 t ion.

t). 4 f the falc to rs a c t jno isim ltin effi cienc

the1' mo St s: ion 1 i fican t i S food t,-e p. Fur nri o~e

vores , tlie range in ZE. LE Iis Wid becaiuse tizs nIr~i"s

oftn consuiei toads of k orv in O1er; cantCIL- ind dileCStix-

oi) it'' Anan tile crcnl-voIes , for which i ty.pe va"rie's

I tttle2, A, C, rwxres between 0.80Oind 0.93. V"alues far zc)-

21 0K anass121 lt aneftf icic lire 01o 1von in Table 14.
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Tanle 14

Zooplankton assimilation efficiency coefficients (dimensionless)

SPECIES ZEFFIC REFERENCE

Acartia clausi 0.66-0.73 Penchen'-Finenko 1977
Bosmina coregoni 0.09-0.77 Semenova 1974
Bosmina longirostris 0.32-0.31 Gutel'mackher 1977
Calanus tirmarchicus 0.43-0.96 Marshall and Orr 1956
Calamoecia lucase 0.63-0.67 Green 1975
Ceriodaphnia reticulata 0.106 Czeczuga & Bobiatynska-Ksok 1970
Ceriodaphnia reticulata 0.47-0.73 Czeczuga & Bobiatynska-Ksok 1970
Cyclops strennus 0.50 Schindler 1971
Cyclops vicimus 0.80 Monakov 1972
Daphnia longispina 0.10-0.25 Monakov & Sorokin 1961
Daphnia longispina 0.42 Monakov 1972
Daphnia magna 0.60-0.84 Schindler 1968
Daphnia pulex 0.14-0.31 Richman 1958
Daphnia schodleri 0.60-0.90 Hayward & Gallup 1976
Daphnia sp. 0.08-0.25 Cohn 1958
Diaptomus graciloides 0.81 Penchen'-Finenko 1977
Diaptomus graciloides 0.45-0.50 Klekowski & Shushkina 1966
Diaptomus siciloides 0.40-0.83 Comita 1972
Diaptomus oregonensis 0.77 Richman 1964
Eurycercus lamellatic 0.07-0.32 Smirnov 1962
Holopedium qibberrum 0.10-0.47 Gutel'mackher 1977
Leptodora kindtil 0.40 Cummins et al. 1969
-eptodora kindtii 0.87 Hillbricht-Ilkowska & Karabin 1970
Macrocyclops albidus 0.45-0.50 Klekowski & Shushkina 1966
Mesocyclops albidus 0.20-0.75 Klekowski & Shushkina 1966
Polyphemus pediculus 0.42 Monokov 1972
Siaa crystallima 0.17-0.99 Monakov 1972
Simocephalus espinosus 0.46 Sorokin 1969
Simocephalus vetulus 0.31-0.72 Klekowski 1970
Simocephalus vetulus 0.31-0.72 Ivanova & Klekowski 1972
10 herbivores 0.476 Comita 1972
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09. - 1 I zuo)la11k t,,I aIre_ select L\*L, feedelr rul nJl

t rilm. a CconIb i 11a1t in ()1 lt (aI) an o rqan jasm' I mcihflflfi C11 1 lmit a-

t 10115s i n captu rrii and process i nq food i tems o)t r,".r1 n'!

s iz 'I nd Con f i I na~ t ion , b ) the chemi Cal c(Imlos i t ion th

t od i temIs , a ndo c ) feed myq behavior. Food p ~r'c
diemnstratetn it in insmconsumes.-; 1f0J ;t (9: In '

port ion i f ferent from t no t ood ic ten 'arlt i V ,C ()nt I- i L U-

t Ionr t o thle to")tal of a 1i I aca-, i I abl toI ()): -- niI t no e(vII I- ! (,er. .

If all foods occurF at the aecocn rin t_ Iun the:. pi-

ference tactors etlual the traictu~ os 0:f 1 blea' t 101 contrIbuted ,

by each food)Q compa r t men t. So ,is')nal -i ahand ancte of phyvto plank -

ton, baC tori a, and deLtr i tus maIy be_ thet- m i n flcto r deter-

mnini nq tine percent comlpos it ion of these' com1ponnts In trio

diets of m-Iany zooplankters.

0.Pi 1amen tous bluen reen ailyac aire itnera1lly nrot

cons ide red to be as assimilaible as reOther alba i cie

'ihoW are seldom):I found in the 'juts, at zoop ank ton , b<'s

they either lire not eaten or are act ively reetd Mst

spec ies ot iroon a li;ac and di atoms are f iite red aitabu

the same rate andi dikyeated . Hlowever, it is not necessa r i ly

thne taIxonom1ic p)ositionl Of thet a11(1, thalt m',akes it suitable

or unsui table as food, but rather the aIttributes Of ec~ih

aloal species such as s ize, Shape, and toxic ity.

6 7. Al honnh ample evidence exists to sho_-w that detri -

tus is consumed by zooplankton , no evidence ox ists to show

that it is consum,,ed proeferent ial ly ; rather, det r itus is

11iooSted in proportion to its composi tion in the environl-

I-ont.1 When detritus is included as a food source ina

* ra z iny fo rmulIat ion , it s houlId be q iven equal rank inol w-i Lb

otner an it ible foods . it shoul1d be no ted that bacteria

that colhn izt detritus constitute an important source of

prFote1 il inI the (Aiet -
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Table lb

Zoolankton maximum resplration rates (1/day)

SPECI ES TZPESP REFEkENC.

Bosmina coregoni 0. 170 Manullova 1958
Bosmina lonqirostris 0.185 Slushchenya 1958
Ceriodaphnia reticulata 0.18-.50 ,;ophen 19it,
CopepUda 0.075-. 204 l. ,p, litb
Copepod adults 0.043-. 1 W I I1 1 1 -a s 'ii2
Copepod copepodites 0.0O4-.171 W1 .l' 1'82
Copepod nauplii 0.165-.695 W, I11 11H2
Copepod total 0.056-.183 P8ia
Daphnia ashlandii 0.447-.74 1v ,: ,;ct i 7,,
Daphnia clavipes 0.117-.165 1 it l6e8
Daphnia cuculata 0.161 M n'ilot 195)
Daphnia qaleata 0.13-.772 LIRow t't '1. 19"5
Daphnia hyalina 0. 179 blazka l-tb6
Daphnia longispina 0.121-.135 Tezuka 1971
Daphnia longispina 0.16 Manullova 1958
Daphnia longispina 0.146 Shushkina and Pecen' 1964
Daphnia magna 0.085-. 175 Kersting and

Van De Leeuw-Leeowater 1976
Daphnia magna 0.014 Sushchenya 1958
Daphnia oregonesis 0.194 Richman 1964
Daphnia pulex 0.582 Buikema 1972
Daphnia pulex 0.18-.19 Tezuka 1971
Daphnia septopus 0.008-.18 Comita 1968
Oaphnia siciloides 0.006-.52 Comita 1968
ivaphanosoma brachyurum 0.272 Sushchenya 1958
Diaptomus kenai 0.272-.448 Duval and Geen 1976
Leptodora kindtii 0.471 Moshiri et al. 1969
Leptodora kindtii 0.125 Hillbricht-Ilkowska and

Karabin 1970
Simocephalus vetulus 0.131 Sushchenya 1958
Simocephalus vetulus 0.154 Manuilova 1958
Simocephalus vetulus 0.096-.201 Ivanova and Klekowski 1972
Total zooplankton 0.063-.210 Williams 1982
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73. ZS211 is the zooplankton half-saturation coeffi-

cient for grazing on algae and detritus (mg/LI . it has

beon found that zooplankton exhibit reduced feeding; rates

at high food concentrations; the relationship between

feed ini rate and food Concen t-irat ion has been reporte~d t o

be curvi 1 ineari by a number of) investiqgators (b3urns ind1

Riqler 1967, Pa1rsons et ll. 1967, Mc~ucen 1970, Frost 1972 ,

Monakov 1972, Caiudy 1974, and Chishol:z, et al . 1975).

7-4 . '[hei mios t rca 1 is tic calcu la tion of zooplank ton)

<:al;rt('t is baised onl thei r rateL of rL:nova11 of biom, ass

*~ t90MI 1 1 i 1961); the tu ti-(., it is imiportalnt thait

V ut I I,: I~jW rI a tst te-mis of b)iovolui-e( or bio-

I9 1:i5,. 91 1 1,orI -. P!It- (t~Q1 ost used to deter-

vie ~ ~ ~ ~ ~ ~ ~ I : .: vt ot v nConItro-s and exper-

o19 76

o197 6
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*. , , t; i , ,it ure b unjinI t}i
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• !. ,2 ;,.- o tha] turpLrature (°C).

t

i'ii~kt mp : it ire 2 I, 1ie ts (*C)

.. "A 1 ,. 2 ',4 R E F E R E N C E

I, -l ±; NA' 2 24 NA Green 1975
',ri ui.ti NA 24 27 NA Gophen 1976

-A 20 24 NA Burns 1969
I.:}: sr I ll.' NA it. i8 :4A Nauwurck 1959

,i::,, NA 24 26 35 McMahon 1965
NA 25 NA NA Burns 1969

* ft: :.. . *:i NA 24 25 NA Kryutchkova and
Kondratyuk 1966

Ipnna Pis i,2 &A 2v 24 NA Burns 1969
I v. NA 20 24 NA (,eller 1975

L, ip1:.,s puiex NA NA 25 NA Geller 1975
D.phn .s rasea NA 20 24 NA Burns & Riqler 1967
-.,phnil rosea NA 14 15 NA Kibbv 1971

Do' nn 1a schedlerl NA 20 22 NA Burns 1969
ii On iA schedleri NA 20 24 NA Hayward & Gallup 1976

Liapt:,':us sp. NA lk 18 NA Nauweick 1959

* NA nt avallbile.
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Table 20

Daily ration of benthic organisms (from Leidy and Ploskyj 1980)
(1/day)

SPECIES FOOD RATION REFERENCE

NEMATODA
Aphelenchus

avenae fungal mycelia 0.26 Soyza 1973
Plectus

palustris Acinetobacter
sp. 6.50 Duncan et al. 1974

MOLLUSCA
Dreissena

polymorpha bacteria 0.01-.12 Sorokin 1966
Goniobais

clavaeformis aufwucks 0.01-. 24 Malone and Nelson 1969

ARTHROPODA
d-yalella

azteca sediments 0.17-1.03 Hargrave 1970
Pontogammarus

robustoides Cladophora sp. 0.007-. 98 Kititsyna 1975
Pontogamma rus

robustoides Tubifex sp. 0.187-1.63 Kititsyna 1975

PODOCOPA
Chaoborus

flavicans natural phyto-
plankton
population 0.036-. 114 Kajak and Dusoge 1970

Herpetocypris
reptans Spirogyra sp. 1.28 'akovleva 1969

Herpetocypris
reptans Zygnema sp. 0.93 Yakovieva 1969

herpetocypris
reptans Mougeotia sp. 0.93 Yakovleva 1969

terpetocypris
reptans Chironomus

plumosus 0.66 Yakovleva 1969
Herpetocypris

reptans Asellus aquaticus 0.66 Yakovieva 1969
rerpetocypris

reptans fish fry 1.09 Yakovleva 1969
Procladius

choreus Chironomidae 0.007-. 11 Kajak and Dusoge 1970

EPHEMEROPTERA
Stenonena

pulchellum Navicula minima 0.234 Trama 1972

PLECnP;ERA
Acroneuria

californica Hydropsyche sp. 0.002-.087 Heiman and Knight 1975
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Pe it hos

77. 1I3MA.\ is the maximum ingestion rate for benthos

(1,'dy)ano ic, m-easured at food dens ities abDove the iIC ilpi -

ent 1 imi t in food concentration. The food s;ource for this

comoar tm-en ~t is Orjanlic sedir-ien t its dominant memb,,ers, !or

most reservoir benthic conimunit les aire the iquaiticoli-

chaetes andl (hi ronomidale. F 'iiter feeder(TS , preCdatorS,

depo-it teedors , and sur face qrazers are aill reor e(n tedl

in most benthic communities.

78 . Da i l% rations (an arnrrox ima tion of the Ja)il v,

q;raizinm raite) of some Ljenth ic species colp i led P he" Iiiy

and1( Ploskey (1980) are listed in Table 20.( . t he'1 valIueCs

for mnaximuml" inilestion rate are qivenl in 'lable 21.

TFable 21

Benthos maximum-. ingestion rates (1/day)

~P ICI Es FYA REFERENCE

Acroneuria califlornica 0. 002-.09 Heciman and Knight 1975
Asellus- aqju-ticus 0.25 Prus 1972
Carnivores 0.0282 Bigelow et al 1977
Chaoborus flavicans 0.036-.114 Kajak and Dusoge, 1970
Deposit feeder 0.111 Gordon 1966
iyalella azteca 0.17-1.3 Harcqrave 1970
Omnivores 0.043 Bigelow et al. 1977
I'untaqammarus robustiodes 0.074-.98 Kititsyna 1975
Procladius choreus 0.07-.11 Kajak and BDisoqTe 1970
Selective deposit feeder 0.05 Bigelow et al. 197
Stenonema puichellum 0.21-.23 Trama 1972

57



'PL3MORT

719. TBMORT is the nope~ oymr~Iiorate f(2r

bentnos (1,/d-ay) .Lcidy and Ploskey (1980) ,in their re-

view of tho I itor, ture, show 2o bc nthcs nonpredator.2y

rnortalitx; rates to- be, between U.001 and 0.02/day,,.

o0 ivL~JF L S trl iSS asirnM1i LI ) 1: cf +~ uel 11C

(iDIrnns I-, c - "n
co n>sma .0: *.
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Table 22

Benthos assimilation efficiencies (dimensionless)

SPECIES VALUE REFERENCE

Anatcupna dijari 0.30 Teal 1957
Asellus aquaticus 0.30 Klekowski 1970
AsCi.us aquaticus 0.26-0.44 Prus 1971
Bafislola crotchii 0.31-0.40 Winterbourn 1974
.ilopsectr.a dlves 0.20 Teal 1957

,'arn,,vores 0.20-0.97 Lawton 1970
;,.!'uMirus pscL.olinunaeus 0.10-0.20 Barlocher and Kendrick 1975

I ;a."ruus pseucd imna cus 0.42-0.75 Barlocher and Kendrick 1975Iar-irus se :Jolimnaeas 0.10 Marchant and Hynes 1981
,;,I u us pi11 x 0. 30-0.40 Nilsson 1974
:I.,, 9S: , :ni -rlor 0.17-0.32 Cummins 1973
tii, 1dliscas 0 59 Stockner 1971
liya±i, ila ,zteca 0.05-0.80 Hargrave 1970
Hvrphilla trianjularis 0. 55 Hallmark and Ward 1972

p I ( tor-," 0.07-0.12 Grafius 1973
lc ;te: -  

cjI;:> 0.36 Klekowski et al. 1970
Lt r j rs iiwricin' s 0.07 Guthrie and Brust 1969
AIllodrLis :II fmeiter 0.5 Teal 1957

,uos,. invertei:rtis 0. 5 Monakov 1972
Pot ,cp.r r' enkir i 0.04 Heywood and Edwards 1962
PO .ncophVdx ,-n at us 0. 10-0.30 Otto 1974
te , 1 3 1-.'.S t . tI 0.i McDiffett 1970

P.,r-hsemI, 0.77-0.91 Lawton 1970
1 "'7' 0.57 McCullough 1975

Stenorem 0.52 Trama 1957
.Y-1.ry't1oJU,, ,)2ut U 007-0.55 McCullough 1975
'ub0rex tub.fx 0.5 Ivlev 1939

-.
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BS2SED

81. BS2SED is the hal f-saturat ion coofficient for

benthos feeding on organic sediment (q/m ) Leidy and

Ploskey (1980), after a thorough review of the litera-

ture, wrote that they were unable to find a sinale reference
that documented, in units convertible to carbon, the chance

in benthic qrazing as a function of food concentration. In

addition, the value of the coefficient depends on the deuth

of the sediment being modeled, which is itself a variable.

The authors of the present report recommend using values

slightly smaller than half the initial condition for the

sediment, which is reported in g/mli2

TBRLSP

82. TBRESP is the maximum respiration rate for ben-

thos (1/day). Respiration rates are estimated directly by

monitorino uenthic oxygen consumption by manometric, chemi-

cal, or polarographic methods. Values for the respiration

rate for benthos are qiven in Table 23.
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T,b1 2 3

M,J x I r resE r atr a t I to , fI Lent h s (iidloS)

SC I E, S I'5SR' 1FTI' " C IFERE-NCE

A'ca It la If. 129-. 215 NA* Williams 1982
Anc'lus atluvvitilis 0.035-.041) 16 Bcrq 1952
n.ctes sp. 0.47-.72 10 Fox et al. 1937
tnthvna tentackilat a 0.020 13 Berg 6 Ockelmann 1959
tilt:'ynia l',hi .0.031 13 Bero & Ockelmarin 1959

C:1ir:no0rus anthracinus 0.005 11 lierg et al . 1962
':.ltrcnomus strenKel 0.12-.14 30 Plpatzer-Schultz 1970
Chleon dlptei um 0.1b- .46 10-16 Fox and Simmonds 1933
Coenls sp. 0.075 10 Fox et al. 1935
Corethra flI'.i cans 0.002 11 Bcrgq et al. 1962
Corycaeus 0.051-.270 NA Williams 1982
i.;h :nuras venosus 0.17-.34 10 Fox et al. 1935
I*'.'I0 ,:era si:?IMl1ans 0.063 20 Olson and Rueoer 1968

era vuloata 0.072-.19 10 Fox et al. 1935
wra da~mica 0.095-.21 10 Fox et al. 1935

*pnemerella lonita 0.24 10 Fox et al. 1935
...:,-bdellia oculata 0.034 20 Mann 1956
tiroIella testacea 0.052 20 Mann 1956
6a:%:i'rus pulex 0.10-.12 NA Fox and Simmonds 1933
astropoda, Veliqer 0.107 NA Williams 1982

olo)siphonia comp"n nata 0.044 20 Mann 1956
ilelobdella staqnalis 0.052 20 Mann 1956
llyodrilus hammoniensis 0.0009 11 Berg et al. 1962
La 1vaceans 0.014-.043 NA Williams 1982
Lumbrlcillus rivalis 0.006 11 Berg et al. 1962
.;'mnatea aricularia 0.016 13 Berg & Ockelmann 1959
Lymnaea palustris 0.027 13 Berg & Ockelmann 1959
-ymnaea pereaer 0.023 13 Berg & Ockelmann 1959
Many ,,roups 0.0001-.04 NA Olson and Rueger 1968
.-I'Axas ,Jlutillusa 0.026 13 Berg & Ockelmann 1959
Oliqotrichs 0.257 NA Williams 1982
Phvsa tontinalis 0.041 13 Berg & Ockelmann 1959
Piscicola qeometra 0.088 20 Mann 1956
Procladius sp. 0.002 11 Berg et al. 1962
Tintinnids 0.245 NA Williams 1982
Tubifex oarbatus 0.005 11 Berg et al. 1962
iubifex tubifex 0.001 11 Berg et al. 1962
Valvata piscinalis 0.041 13 Berg & Ockelmann 1959

* NA not available.

0 1

t 1



83. 1, .:- 11 i t if~hOL t cnlptcr~ltui I K V IVt~

2~~~ t.I SibC 24 .

E -N 'I is t ht. I )W,_ I t 0;'tj Y t L. -

o~ C1

cc-sss~l :I x :n - ca i t n s L.

IN S tIIC il I e Lll~lI tLV

I~t:.'Pi 4 b 1, 24t

C LIS i N 4

:i~t~hUS .tiiL Lio 3 13 NA* - <A

~u1"u c ss 8

- 1,r- tl:n tis 1v li 1>1, I1. 1

84 .N i

tU .: 1 L7, 1 1 LI

1.- 1

l~stL j e. I < ' I i' II '



/

3 C. L.'LA.\, 1 .i. t Li 7U 2.:u: Ingest i v. i t •

VIL..' 2 ;, ::: .1 I)l v ,.. .w <.'i c:;, bu t .L i, .( ,.

:> . ,...tSt .. L:> :;m '.t "]: , k; :I, ' I12u.B 'iOL lit> ' ' :

* . ,' . £:,: vs t. LO Vat: t:' ITL :P I . :. I .m t I ' : -

.,: .iS ::&i d V ) ih ) .:k - \<).' < S ; ' .:: : -

* . t,:.i,::t i,:.c, I .27. 7- t71.

.1.1.', . [ - i -i 'n ;I! ::,,, ,',t )I... Ix.Y : < '

-I£11 I I I 20 , , III II 1I e u: x



oftu i ialLvi otiiain hlf-,Satur- t ion coe7ffic ien ts.

tS t i~j I.~ t i shj halj f- sait U rn L ionI coo f f iC it-21 t S I ar(2iVO

[l5-21KN is the ficnthic- fo-2d LII ! f ishes '(F15113) half-
s~~trat on co ftic jont for Lenthos and sedimen

b. i'50o0( isL te1 pLin1,t ivo r oas fi1-she s' (PISI12 ) ha If -
sa-t nra ti on coc et ic lent for 'Loui 1inkton , cictr itus,

F5Sis t, he pi scivoroa) Is ft 'The',(11)hat
i tuo i tt io (m(oot t fi cient f ori ed i n, on i' 1S113 and

'Iablez 25

(im LsJ an Jon k in s I~

I ~ ,) P' R~1 ArEFERENCE7

'0i11 :. i nnu ws 4. b 'lom1 sn 1941
1 7. willilams 1959

mi 1i 5w. ( Gammon 1963
I r Ijf L,-n fai'i I 4 .4 1)iiis and Warren 1965

rayi-Aej ht'*Q7.,) ioret tct al. 1969
i 0.' 'it Xr poy- d It 31.1I Andrews and Stickney 1972

~91 P I--,t ke rI co act orS foCr fi ShI com)-,partmets 2 and

Arc aIS follows:

a. 2ALG is the preference of FI 52 for alonei
(dlimens ionlless)

b. F'2DET is the preference of f'1S112 for de2tritus
(dimensionless)

c . F2 ZOO is the proeforence o)f 1F 1 S112 for- sooc la nK -
ton (dimensionless)
F 3BlEN i s the pre Fe rcnce o)f F 15113 f or h en t i ios
(d i mcn Sioun Ile s s) .

e . 1' 35 Li the i, rceie rn c o f IPUI S i i 3 for sc i( mon t
(dii mens ion) lo-ss

.4



1 71 1 1 1 A t i 11,I t> c~ 12 l~u tl o r > ~<~ u
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. t -,m t his in1f ma t ion

T' abo 2b

I 1.]! o,©o O\'2r1Od,¢ as a fraction: (II il (h 3 lo-t
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92. An example is given for calculating preference

factors for the third fish compartment when actual quanti-

ties consumed are known. Suppose a particular species of

fish consumes 2 g out of an available 16.0 g of benthos and

0.26 g out of an available 120.0 g of sediment. The pre-

rerence factor (P) for the ith food category equals

Pi = (Li/Ai)/SUMi(Ei/Ai)) (22)

where

Ei = the amount of the ith food consumed

Ai = the amount of the ith food available

For the above examples the preference factors would be

P(benthos) = (2.0/16.0)/0.127166 = 0.983

P(sediment) = (0.26/120.0)/0.127166 = 0.017

FSdiTI, FSHT2, FSHT3, FSHT4

93. Upper and lower temperature tolerances for fish

ingestion are presented as follows:

a. FSHT1 is the lower temperature boundary,
usually 0 'C, at which metabolism continues.

b. FSHT2 is the lowest temperature at which pro-
cesses are occurring at the maximum rates.

C. FSIIT3 is the upper temperature bounding the
range of maximum rates.

d. FSHT4 is the upper lethal temperature.

94. For most warmwater species, upper and lower tem-

perature tolerances are sim,,ilar, the lower limit being

rea ched at 0°C and the upp(,r limit between 33 and 37 'C;

the opt imom tem erat are is about 27°C. ''oldwater species

such as salmoniLs reach A, lewer temperature limit at 0°C,

but the upe)r li mit is near 25CC; the optimum temperaturc

is about 14'C. Temperature tolerance values and the vari-

ous acclimation temperatures (ACCL), where available, are

given in Table 27.

66
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Table 27

T Lprature coefficients for fish ingestion ('C)
(from ed and Jenki-ns 1977)

SPECIES ACCL FSHTI FSHT2 FSHT3 FSHT4 REFERENCE

Pickerals 0 24 34.4 Leidy and Jenkins 1977

Minnows 0 27 33.4 Leidy and Jenkins 1977

Catfish 0 30 37.1 Leidy and Jenkins 1977

Sunfish 2.5 27.5 35.7 Leidy and Jenkins 1977

Black bass 1.6 27 36.5 Leidy and Jenkins 1977

crappie 23 32.5 Leidy and Jenkins 1977

Yellow perch 0 24.2 30.9 Leidy and Jenkins 1977

Yellow perch 29 Schneider 1973

Fingerling salmon 15 Brett et al. 1969

Bluntnose minnow 5 26.0 Hart 1947

Bluntnose minnow 10 28.3 Hart 1947

Bluntnose minnow 15 1.0 30.6 Hart 1947

Bluntnose minnow 20 4.2 31.7 Hart 1947
Bluntnose minnow 25 7.5 33.3 Hart 1947

Flathead minnow 10 28.2 Hart 1947

Flathead minnow 20 1.5 31.7 Hart 1952

Flathead minnow 30 10.5 33.2 Hart 1952

Creek chub 5 24.7 Hart 1952

Creek chub 10 27.3 Hart 1952
Creek chub 15 29.3 Hart 1952

Creek chub 20 0.7 30.3 Hart 1952

Creek chub 25 4.5 30.3 Hart 1952

Chab 14 27.1 Black 1953

Finescaled sucker 14 26.9 Black 1953

White sucker 25 31.2 Brett 1944

White sucker 5 26.3 Hart 1947

White sucker 10 27.7 Hart 1947

White sucker 15 29.3 Hart 1947

White sucker 20 2.5 29.3 Hart 1947

White sucker 25 b.0 29.3 Hart 1947

White sucker 27 McCormick and Mischuk 1973

Brown bullhead 5 27.8 Hart 1952
Brown bullhead 10 29.0 Hart 1952

3rown bullhead 15 31.0 Hart 1952

Brown bullhead 20 32.5 Hart 1952

Brown bullhead 25 33.8 Hart 1952

brown bullhead 30 34.8 Hart 1952

Brown bullhead 34 34.8 Hart 1952

Black bullhead 23 35 Black 1953

Channel catfish 25 35.5 Allen and Strawn 1968

Channel catfish 35 38 Allen and Strawn 1968

Channel catfish 18 Andrews and Stickney 1972

Channel catfish 15 0.0 30.3 Hart 1952

Channel catfish 20 2.5 32.8 Hart 1952

Channel catfish 25 6.0 33.5 Hart 1952

Bluegill 15 2.5 30.7 Hart 1952

Bluegill 20 5.0 31.5 Hart 1952

Bluegill 25 7.5 Hart 1952
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Table 27 (concluded)

SPECIES ACCL FSIITI FSHT2 FSHT3 FSHT4 REFFRENCE

Bluegill 30 1i.i 33.8 Hart 1952
Bluegill 22 33.8 McComish 1971
Longear sunfish 25 35.6 Neill et al. 1966
Longear sunfish 30 36.8 Neill et al. 1966
Longear sunfish 35 37.5 Neill et al. 1966
Pumkinseed 25 24.5 Brett 1944
Smallmouth bass 35 1.6 26.3 35.0 Horning and Pearson 1973
Smallmouth bass 28.3 Peck 1965
Largemouth bass 27.5 30 Strawn 1961
Largemouth bass 25 Niimi and Beamish 1974
Largemouth bass 20 5.5 32.5 Hart 1952
Largemouth bass 25 34.5 Hart 1952
Largemouth bass 30 11.8 36.4 Hart 1952
Yellow perch 5 21.3 Hart 1947
Yellow perch 10 1.1 25.0 Hart 1947
Yellow perch 15 27.7 Hart 1947
Yellow perch 25 3.7 29.7 Hart 1947
Yellow perch-

juvenile 24 20 23.3 McCauley and Read 1973
Yellow perch-

adult 24 17.6 20.1 McCauley and Read 1973
Yellow perch 8 18.6 Ferguson 1958
Yellow perch 10 19.3 Ferguson 1958
Yellow perch 15 23.0 Ferguson 1958
Yellow perch 20 23.1 Ferjuson 1958
Yellow perch 25 24.5 Ferguson 1958
Yellow perch 30 26.7 Ferguson 1958
Sockeye salmon-fry 5 0 22.2 Brett 1952
Sockeye salmon-fry 10 3.1 23.4 Brett 1952
Sockeye salmon-fry 15 4.1 24.4 Brett 1952
Sockeye salmon-fry 20 4.7 24.8 Brett 1952
Sockeye salmon-

juvenile 15 15 17 Brett et al. 1969
Coho salmon 5 0.2 20.9 Brett 1952
Coho salmon 10 1.7 23.7 Brett 1952
Coho salmon 15 3.5 24.3 Brett 1952
Coho salmon 20 4.5 25.0 Brett 1952
Chinook salmon 18.4 Olson and Foster 1955
Northern pike 25 32 Scott 1964
Lake trout 11.7 McCauley and Tait 1970
Lake trout 8 10.9 Rawson 1961
Rainbow trout 18 17 20 McCauley and Pond 1971
Brook trout 5 23.7 Fry et al. 1946
Brook trout 10 24.4 Fry et al 1946
Orook trout 15 25.0 Fry et al. 1946
Brook trout 20 25.3 Fry et al. 1946
Brook trout 25 0.5 25.3 Fry et al. 1946
Brook trout 14 19 Graham 1949
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FEFFIC

95. FEFFIC, the assimilation efficien , for tis!,

(dimensionless), ranges from 0.66 to 0.98; a value of 0.80

is realistic for most fish (Leidy and Jenkins 1977). The

assimilation efficiency is multiplied by the ingestion ratcL

to obtain an assimilation rate. Values for fish jssimila-

tion efficiency are given in Table 28.

Table 28

Assimilation efficiencies of fish (dimensionless)

SPECIES FEFFIC REFERENCE

Bleak 0.80 Mann 1965
Blueback herring 0.80 Burbridge 1974
Bluegill 0.80 Pierce and Wissing 1974
Bluegill 0.97 Gerking 1955
Carnivorous fish 0.80 Wingerg 1956
Carp 0.74 Ivlev 1939a
Carp 0.95 Kobashi and Deguchi 1971
Cichlasoma bimaculatum 0.69-0.89 Warren and Davis 1967
Cutthroat trout 0.84-0.86 Krokhin 1959
Ctenopharyngodon 0.14 Fisher 1970
Dace 0.79 Mann 1965
Goldfish 0.71-0.86 Davies 1964
Green sunfish 0.94 Gerking 1952a
Longear sunfish 0.94-0.97 Gerking 1952a
Northern pike 0.72 Johnson 1966
Perca fluvatilis 0.35 Klekowski et al. 1970
Perch 0.79 Mann 1965

Reticulate sculpin 0.74-0.84 Davis and Warren 1965
Roach 0.78 Mann 1965
White bass 0.66-0.69 Wissing 1974

TF MO RT

96. TFMORT is the nonpredatory mortality rate for

fish (!/day). Mortality rate is that fraction of fish bio-

mass that is converted to detritus by death. Nonpredatory

mortality rates can be hiqhly variable depending on species,

aje, exploitation rate, and numerous environmental variables.
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,i ii t, ! cF Lit Xllat-,id Le idy and Je2n kins (1977 ) is

V '4:-) hsreviewed techlniijues for caicu-

i :i i Li aI- :rti t -v r,,tes (ttal I, insta-ntaneous, condi-

* ,r~, ~1,ar~ is ~n) .Val1ues f',r nonprodatory

TablDe t 29

i 11.n-nIrcdatar'!-)v mortality I dteus (I/day)

C 'iVdRT LPLI"C E

2 ad 0.002 albou 1961
I tI 1 0. 0 U2 1,itriairche 1968
I :I 1 1 0.0002 Gekia1952b
Iui I1 0. 001 Ricker 1,)45

i~roo ti rI t (). 001 La t t 1i9 62
BrCoo k t t 0. 0 0 -0 04 Alexaiati anki Shetter 1961
Br jo'%k 1,v . 5 -I . 2 l4 atch ndWebster 1961
Brown LL'I 11,i 0. 001 MbmonadSeel1ey 1961
B ro ";n b -11I 0. 001 aat 1967
Chan'Inel. citl~ U. u0 1 Picker 1953
Cuttt-roi ir )ut 0. 001-.602 iiansken 1971

Cuttnr. t mt 000i 5ill and Cope 1961
ti rur 0.001 t~l ob5

ait -iSS 0. 00037 MIraz irnd 'Inrei:-en 1955
su uou acI J. 002 (knet ll. 1966

0 .002 dobr, 1900
a~- Ju 11<mI Ol. ia.0 i~ nd Peterson 1955

K - S ; 0.0(W2 kicker 1947
L, I 1.0 5r 1)7

;t~ a, . ViMc~rrvnind Seelev 1961

'I'K-'is the fish respi rat ion rate ( 1/day)

a r aret ; eetypei~s ()f rc ;pi ration thalt can be be fined:

K tai rOreKD rtio- O~venconIsutmed in the absence

a :aissrable ovement (i Ti onactive respira-tion, basal

)t~ ~ r-~ irmetaiboli si) ,(b) routine rospi ration--ate of
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eXY'Jen Co1s Upt io al f is h showil i 110 no nl Act '. vity , and (c)

ac i x repi a L on-flJ~i~h~ rct of oxy~jii ccnsumpt ion

onIJe r Canlt-inuoCus foce ctiOrsp-iration. It would

,appear that the 1lest. estim,,ates o)f the rate of re-spiration

tur no( r!ia IaICtiVe2 f ih aS I 0Va I Le tL' o r rout ine metabol ism

* ,tv no 2 Wove) (ioer1956) .Values for fishI re2-

r rat. I ra te arI ju in T'1ble -'C

I ishi maximum respi rat-ion raites (1 day)

S E l I; TRSP ~ TYP FERENCE

lirown ba'Llinead'l 0.001 rotne Iearnish 1964
Brook trout 0.0 ouie iearish 1964
Ca'-rp 0.001 routine Reamish 1964
Lake t rea"t 0. 00 1 s ta,,n dar G --i ibson and Fry 1954
Rainbow trout 0. 002 standa rd Flurke et alI. 19 54
Salve linus

ftonIlt inl 1ts 0.000- .U'4 ;tndla,i Madsen et -il . 1977
Sal veli nus

funtinll is U .019-. 10l lct 1 Mladsen et ail .1977

SockeyeO salm'on 0 .002 s taind a rd frett 1944
Thlito" sucker 0002 ro ut icmj Belm~iish 1964

o therI Coe f fjic i ,t s

TI' S ET F

99. U~oTL.is the dectrital s'.ttl ilo Velocity (rn/day)

Dtrital 5;,ttinqj velo)cities vary from, 0.001 to over 200

pl/dcay de'pend i n on thle dletri tal cha racteri st ,CS and reser-

ve: hydroi-dynamIiiic s. Sett.linj rates shouldi be obtained from

.scun t se t tl nj chamber s tudie (s because advecti yev and

L,-rbailunt lorces in the, mixedl lav.t-r that can reduce settli nq

InI a ruse'LVUiI olc e e l For Ialst a too ieS'

s:t1 1in; 'C octli a> it I S; L) 00 t 1. D/day



Much higher values are often reported for fecal pellets, as

shown in Table 20; however, such high settling coefficients

may be questionable because they produce unrealistically

low detritus values in the modeling studies. Values for

detritus settling velocities are given in Table 31.

Tib l 31

Detritus stItt Iin 1 veloc ities - (M/day)

u-; :i&l.: TDSL'TI, REFERENCE

CC ratim balticumn 9.0 Apstein 1910
Chactoceros borealis 5.0 Apstein 1910
ChaetocerOs didV111uS 0.85 Eppley et al. 1967b
Cricosphaier car terj 1 . 70 Eppley et al. 1967b
Ditylu:ll bi i';iltwelili 2.0 Apstein 1910
L'ocal pcl lets :

\cr rti: cla si i 116.0 Smayda 1971
[ocal pellets:

Lupausila krohnii 240.0 Fowler and Small 1972
Fecal pel Ict';:

Luphaus li pacifica 43.0 osterberg et al. 1963
Fecal pe<llets :

l1onteI l meadii 4.0-88.0 Turner 1977
Pha odactylu tricornutum 0.02-.04 Riley 1943
RIl izosolenia herbetata 0.22 Eppley et al. 1967b
Stephanopl.xis tunis 2.1 Eppley et al. 1967b
Tabellaria flocculosa 0.46-1.5 Smayda 1971
Thu lassiosira psuedonana 0.85 lecky and Kilha;s 1974

DETTI, DLTT2

100. Il:TT] is th, lower temperature boundary at whic8

decomposition continues to occur. It is usually 0 0C.

101. a1T1"1'2 is the temperature at which decomposition

occurs near the maximum rate. Temperature coefficients

for decomposition are (iven in Table 32.

72

" 'I

... . t i ' -- "1



Table 32

Temperature coefficients for decomposition ('C)

SUBSTRATE OR SITE DI-1T DETT2 RI:FERENCI:

Pseudomonas fluorescens:
natural substrate 0 25-30 Tison and Pope 1980

E. coli: natural
substrate 0 37 Tison and Pope 1980

Glucose: Lake George,
New York 0 25 Tison et al. 1980

Glucose 0 20-30 Bott 1975
Glucose: Lake Wincira, 25-30 Bovien and Brock 1973

Wi s.

TDOMDK

102. TDOMDK is the dissolved urqinic matter (DOM) de-

cay rate (i/day). DOM in natural wters is the orogenic

substrate for heterotrophic metabolism. The composition of

natural DOM is hilhly variable and little understood, but

its sources are oenerally irouped into (a) excretion from

phlvtoplankton and macrophytes, (W) decomposition of pnv to-

plankton and macrophytes, (c) excretion by animals, and

(d) allochthonous drainage (e.g., humic compounds from up-

stream sources).

103. Aquatic bacteria appear to be chiefly responsible

for the removal of D(*! compounds from the water; they are

the major agents for bacterial mineralization of orc:anic

solutes in fresh water (WrigIht 1975), usinq organic matter

as an energy source. Various methods have been tested to

determine the decay rate of DOM in water. ,MIodification of

the basic Parson and Strickland (1" 03) technique have oen

developed to quantify the kinetics.

104. DO% decomposition rates have also been repre-

sented by filtered carbonaceous biochem, ical oxytien demand

(tOD) decay rates. If sufficient oxyen is available, the

7
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aerobic biological decomposition of organics will continue

until all the DOM is consumed. In the standard test for

BOD, a sample is diluted with water containing a known

amount of oxygen. The loss of oxygen after the sample has

been incubated for 5 days at 20 'C is known as the 5-day

BOD. The value of the first-order decay rate is generally

about 0.05 to 0.20 per day.

105. The BOD test suffers from several serious defi-

ciencies. The test has no stoichiometric validity, for

example: the arbitrary 5-day period usually doesn't corres-

pond to the point where all the organic matter is consumed.

106. contributing to the errors involved in measuring

decay rates of DOM is the extensive variability in the com-

position and stage of decomposition of DOM. Allochthonous

inputs of DOM are likely to be more refractory than autoch-

thonous inputs, and as a result, decomposition rates will

be slower and decay may be incomplete; therefore, the length

of time the organic matter is available for dec )mposition

is important. In addition, as particles sink out of the

euphotic zone, both dissolveo and detrital organic sub-

strates may be limited to more resistant fractions thereby

arresting attached microbial growth. Therefore, the rate

of DOM decomposition may be lower in the hypolimnion of a

stratified reservoir.

107. Oxygen consumption rate (mq 02/L/hr) can be

transformed int,) a mineralization rate of organic carbon

(mg C/L/hr) by application of a conversion factor of 0.29

(Seepers 1981). Values for DOM decay rate are qi\en in

Tab Le 3 3.

4
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Table 33

DOM decay rates (i/day)

COMPOUND TDOMDK REFERENCE

Acetate 0.2 Wright 1975
Amino acids 0.64 Williams et al. 1976
Glucose 0.24 Williams et al. 1976
Glucose 0.32-.50 Toerien and Cavari 1982
Glucose 0.111 Wright 1975
Glutamate 0.11-.625 Carney and Colwell 1976
Glycine 0.312-.45 Vaccaro 1969
Glvcine 0.048 Vaccaro 1969
Glycolate 0.024-.432 Wright 1975
Glycolate 0.012-.25 Wright 1975
Glycolic acid 0.004 Tanaka et al. 1974

TNII 3DK

108. TNH3DK is the ammonia decay rate (i.e., the rate

at which ammonia is oxidized to nitrite) (1/day). Ammonia

is qenerated by heterotrophic bacteria as the primary end

product of decomposition of organic matter, either directly

from proteins or from other nitrogenous organic compounds.

Although ai:uonia is a major excretion product, this nitrogen

Source, is minor in comparison to decomposition.

109. Nitrification is the biological conversion of

ur&;anic and inorganic N compounds from a reduced state to a

inure oxidized state (Alexander 1965). The nitrifying bac-

,.r capabie ,' oxidation of NH4+ to N02- are largely con-

i:a,i te, t e species Nitrosomonas, bacteria which are meso-
_~~ p ~i<" (I - 7 oc).

110. I<itrif ication rate can be determined by a number

I1 t: 1 techniqupes. Courcha inc (1)68) has lotted ni-

a ,s ,D on a iUa rithlniic scale and determined the

" 1 vt e from the slope of the line . Thomann et al.

1 7) is ed a fin ite-diffe rence at )lroxilmat ion to sol1 V a

75)
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set of simultaneous linear equations.

Ill. Laboratory measurements for the ammonia decay

rate can produce results that differ from what might be

measured in situ. Several environmental factors influence

the rate of nitrification, including p11, temperature, sus-

pended particulate concentration, hydraulic parameters and

benthos.

112. Nitrification can be measured as a one- or two-

step process. In the one-step method, only the end product

of the entire reaction, nitrate, is measured. In the two-

step method, (a) nitrite accumulation is measured as ammonia

is oxidized to nitrite and (b) nitrate accumulation is

measured as nitrite is oxidized to nitrate. Oxidation of

ammonia to nitrite is the rate-limiting step in the total

reaction; therefore, experiments that measure the rate of

the total reaction (i.e., the one-step method) can be used

to estimate this parameter. Ammonia oxidation rates are

given in Table 34.

Table 34

Ammonia oxidation rates (i/day)

S ITE TN1I3DK REFERENCE

Wastewater treatment plant 0.05-0.30 Wild et al. 1971
Grand Ri VL r, Ill. 0 .80 Bansal 1976
drasmerc Lake, U.K. 0.001-.013 Hall 1982
Truckee River, Nev. 0. 09-1.30 Bansal 1976
Upper Mohawk River, N.Y. 0. 23-0.40 Bansal 1976
Middle Mohawk River 0. 30 Bansal 1976
Lower Mohawk River 0. 30 Bansal 1976
)hi River 0.25 Bansal 1976
iq Blue River, Neb. 0. 17-0.25 Bansal 1976
.'lint River, .Mich. 0. 76-0.95 Bansal 1976

76
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113. T>Nd2DK is trhe 6ecey raite of nitrite to nitraite

TI TD Ky

114. I'D1IIDK is the deitritus decay rate I/day) .Detri-

tus is uefined by Wetzel et al. (1972) consists of orjanic

ca rl hen lost from an orqlan i si by nonpreda torv m eans ( incl udi na

eqest ion, excretion, secretion, etc.) from anyv trophic level

com"Ponent, or moopt from sources external to the ecosysten,

that enter and, cycle2 inl the sy'stem- (i .0 . , 1l11oC11thon)OUS

or,;anic carbon) . For CLQA-lthis should D)2L 00llucd(re,-

to be partiLculate material onl,,..

115. The rate of detritus decay can be deemndby

eais urinq the use of o'on dur in;i decomlposition, with re,-

slts exoreCsseai as a Iirt - ader decayv cctu I icient (k Ls

C -- axyde usdmM"a). Inv workecrs nav e esured

ra-tes of oxyoeCn uptalke by de tri tus , suas athat oxyqen

up)take is re~latedi to the or,; mi c m-,atter available for decoi--

posit-on. Cumu" a11d de Il Cruz (1967) and( Fenchal (11970),

f or examp 1 e c, deo1s11 tua inverse re at ionl between de t ri -

tUS Znrticle2 sineC anld 0-,V',(I easOtinxvlen uptake Is
n te ra)t ive me a1su r t 1 1 ox ida tlV :e OCS2 p Oe e ce or r ino

in the b oeoth cheiv cai 1mad cii oo lea 1 rca ucano, S ub-

steac 1"C are sully, ra jpidly oiie;respi ralt ao of the

1-, as~ci-tedwith deitritus is priiarilv bactcil

ii t nen alae , protoIo, and un ii, y ais contribute.
.,ei ereuun of he x';.en ~ tae rf 1ke thle me talbo 1iso-

aI t-mo I t s a t c" i oo r tanI i so1"S illvo I yea inl the decompos 1-

tl(: 1 of at utural substances.

116.Asu aeritall particle decomlposes-, with timle,

taix a dccl in(, in I-)\.pak cmpni ab suicce-'

I-l onS comu i )ficr'oniss this decl inc occurTs
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Detritus decay rts(,dy

DETRITIS SOUIRCE RELTKIFERE;NCE

Beech 0 .001-.004 ifanlon 1982
Cladcphera cjlomerata 0.007 Piecznska 1972
Dead ircen algae 0.016-. 076 O)tsuki andJ ianya 1972
Dead mi.xed alijae 0.007-. 111 Je~wcll and mcCarty 1971
Dead mixed aiqjac 0.007-.06 Fitzierald 1964
6l10eot rich ia

echinulata 0.001-.007 Piecznska 1972
Isoetes lincustris 0.003-.015 lianlon 1982
;cat packs 0.005-.017 Sedtell et al. 1975
Osier 0.001-. 005 Hlanlon 1982
PkotaMOCJtjon CrispuIs 0.002-. 004 Roqeors and Blreen i982
Po teolqe tonl

pefoisus0.002-.007 Ilanlon 1982

122. 1'Ck LDK is the coli form decay rate (1day). Es-

toCtsisl 1 :r:i dik-olff ra tes 'Ma1% be obtained in thle

I~ i tr 'Ii t. it. In si tu, where t here are no flow

(2 f1:: refatanient nature, a

commn UI a11 (iuc)f aconse roa ti ve

trat tno' i', ic leenUr ra1dioisotope)) to

steio t Li J iSci1,arse I)Lpum is samled1((,

dit 1r, )c Jfm t he co(nce(,nt ratlonn of t racer, and

ti~o0O~ tt t 1 tU rom~ t~hc li lotion-correctedI

col : r )l. illi: tk~anioue ivcs misleadinq results-

11n CISf ,S Lh ~ 0tIt is diluted by wIter hea1vily, Con-

L'iir:1natedl W~ith toi ii c lischIirane. S ince thle ti-acer Was

mnt roi cied 'I I It,- tht) 1 %,10 1v tou k-now h) 'v: many of

thu ~ ~ ~ ~ ~ ~ ~ ~ ~ h. -;ravi1cl trso mtdi tt rcer-dosed

e f Isen andl 1s-ow many cme from re -(- (,I j(st-do siil nq eff1u -

cit- .Ii [it p Aelm is reduce'd whewre the flow req me is,-

00 t tit~tl. Ihle (/,ison (A- al1. 1978).



123. i'lie re are two approa-ches to es timatin( U ie-of f
ra tes . 'Frost and Streeter (1924) were_ able to estimate the

die-of f rate us ino sea-sonal averaqes of coliform counts

from a downs tream stat ion , by a ssuImin. p1 Uti flow inl the

r-i ve r. Errors in the2 rates determined by this approaich are

aIttr ibutacle to (a) (dilution and to lonq itudinal mixi no

tnat produced overestimates and (b)) unconsidered sources of

califamsthat producedl underestimates.

124 . I n a second approachi, a ma thema t ical mlodecl of

tne r low an Iix n inl the sy'steml is used to co-rr-ect the

;*eaISUremen~LS for thu effectS Of- dilution!. In th.-s manner
%1, 1rai is (17)aaLe olfr d e-ofl in v;astewVater mato-

ra'tlion ponds as a f i-st -ocl o ro:ca ract ion I n a1 series o*

cory!e e ixed-' s teady -s cat ato rs 1__,~~ . r r1o rs I n tine

aeca:ratesde~termin111ed inl thils wax r rlai v triV

Able2 to the11 rel iabi lit-v Of- thu_ system mdel

125 . Table 36 ;ivyes i(ca- rat ot- colI i :0 rnJ

ILeal 1 st reI:tococcus .Inla e37fmMit indba-

,IriiL -i,), h edian die-off vailue was 0.0)40', 'or

frswtrcol iforml". InI jeneral 1, theL die2-of fl Io()Ws firISt-

ure dcykilnut ic:s, althiou'"I a si'niflcaInt incr-ease in

coi or lveIsis comnl b'voin thel, fir-st vea

mlos ownls tream' t on he outf Vt I

12k, . FIcite)rs at tect 111u aol i torl: decay rate cue

se~iiIOcttion, soa iito tt otdeficioncius7

pro t onii iorlcterl a I'l toxins, and Imhvslochemlica 1



I

Table 36

Col i form Ind tocal streptcoccus decay rates (1/day)

SPEC I ES TCOLDK Ci-'RE NC i

Focal coliform 0.048-.096 I'vans et a]. 1968
FCcal streptococci 0.0b3 Evans ot al. 1968
Fecal streptococci 3.004-.01- Goldr(-ich et al. 1968
Total coliform 4.48-5.52 Kittrrll and Furfari 1963
Total coliform 0.199-.696 Flock 1971
Total co1i form . 99 :,rais 1974
Total coliform 0.168-1.56 -'eld reicii ct al. 1968
To tal coliform 0.009-.028 Klcck 1971
TL'ota l ccl ifom u.021-.038 Evans et al. 1968
Tot 1 c(,! . 0.04' .049 Frost and Streeter 1924
"otal colif 00 04-.]03 ioskins e al . 1927
Vu al coi j:.. 0 48-2.04 Mitchell and Chamberlain 1978
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Table 37

Freshwatcr die-uff tat s of coliiform bacteria measured in situ (/da_
(from Mitchell and Chaberlain 1978)

S ITE TEMP/SEASON RATE REFERENCE

Ohio River Sunune 20'C 1.175 Frost and Streeter 1924
Ohio River Winter 5'C 1.08 Frost and Streeter 1924
Lipper Illinois River June-Sept. 2.04 Hoskins et al. 1927
tipper illinois River Oct.-May 2.52 Hoskins et al. 1927
tipper Illinois River Dec. Mar. 0.576 Hoskins et al. 1927
Upper Illinois River Apr.--Nov. 1.032 Hoskins et al. 1927
Lower Illinois RIv,.rI June-Sept. 2.04 Ioskins et al. 1927
Lower Illinois Rivo. r Oct.-May 0.888 Hoskins et al. 1927
Lower Illinois River Dec.-Mar. 0.624 Hoskins et al. 1927
Lower Illinois Rivr Apr.-Nov. 0.696 lioskins et al. 1927
Shallow turbulent

stream Summer 15.12 Kittrell and
Koschtitzky 1947

Missouri Rinvor Winter 0.48 Kittrell and Furfari 1963
tennessee River

(Knoxville) Summer 1.03 Kittrell and Furfari 1963
Tennessee River

(Chattanooga) Summer 1.32 Kittrell and Furfari 1963
Sacramento River, Calif. Summer 1.752 Kittrell and Furfari 1963
Cumberland River, Md. Summer 5.52 Kittrell and Furfari 1963
Groundwater stream 10C 0.504 Wuhrmann 1972
Leaf River, Miss. NA 0.408 Mahloch 1974
Wastewater laqoon 7.9-25.50C 0.199-.696 Klock 1971
Maturation ponds NA 1.99 Marais 1974
Maturation ponds 191C 1.68 Marais 1974
Oxidation ponds 200c 2.59 Marais 1974

• I



'1TSEDDK

127. TSEDDI is the orqani sediment decomposi tion

rate (.1 /day) .While sediment consists primarily of settled

org~anic detritus, the decompositionl rate should reflect thle

changjing nature of thle detritus as it reaiches the sediment;

i.e., it becomes more refractory since thle labile portion

of the organic detritus decomposes as it settles thi~ugh

the Water Column. In addition, since thle initial value for

sedi"'Ient is in q/m 2  the thickness of thle sediment layer,

aloo wthTS LD will ffect the amount of piedicted de-

compo sit ion . Thus, if highl initial Values are Used for

sediment, TSEDDK may have to be lowelred S ince on11V the top)

few cenlti:me ters of sediment are usual lv involved in aero-bic

decomposi tion .liargjraive (1969) found thle fol lowino re la-

tionship between thle rate of oxyg~en comsuLmpt ion by seime-1(nts

(ml 02/,m2 '/h r) and thle tempo rat ulre (T', 'C)

ln (0 consumption rate) = l.74*ln(T)-I.30 (23)

At 6' C this wouldi be 214.3 mgj 02/m2 day, assuming' a Constant

ra'te for thle day and the Conlve rsion formla1 found in th e

~ I-QALElU se r's Manuall ( Unvi ronmec tai 1 1 bdora to rv 1982,

p. 188) .At 25"' C thle raite would be 25k)7 m // - The

amo1untI Of sedim-'ent (in 111,0112) times the vailue for 'iS.iDN

times 1 .4 ( i .Ce., tile ste i oh iO51tr i ckegiiva lent of oxvaenl

upta-ke to sediment dora y ) shoul1 d cc neair the 6-25 'C

128 . DO(ml ', thle or itUi cal low tem pe rat ul rfor IDiM

deca:,y, i's usually ii "C.

129 . DoMT2 is the opt imum temLpera torc for hWlM deca-y

( c) .Tempe rature coo ,f f ic01en ts for- IXm.I decay aIre 11vo 1i

iahle 38.
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T1i)lC l b

Temperat u re CoAft icicnts for 1X3m doeav ( C)

SUI3STRAYtL DOMT1 D)MT2 Rii I:RENC 1:

lu2ose 5.0 35. 5 Toeriun and Cavari 1982
Glucose: lake

3eorge, N.Y. 0 25 Tison et al. 1980
Glucose 0 20-30 Bott 1975
liucose: Lake

Wingra, Wis. 0 25-30 Boylen and Brock 1973

Ni3TI , Nii3T2

130. Researchers have ienerally found temperature to

affect nitrification rates, cspecialy in the ran!e of 10

to 35 °c.

I . Ni3Tl is the lower temperature boundary at
which ammonium nitrification continues. It
is qenerally 0 'C.

_. NH3F2 is the optimum temperature for oxida-
tion of Ni3-N. The optimu temperature for
nitrification is qenerall' accepted to ;)e
between 25 and 30 'C.

iemperature factors for anmonia oxidation are qiv(-n in

Table 39
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