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PREFACE
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1983. "Coefficients for the U. S.
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Model, CE-QUAL-R1," Technical Report! |
E-83-15, U. S. Army Engineer Waterwavs ™
Experiment Station, Vicksburg, Miss.
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COEFFICIENTS FOR USE IN THE U. S. ARMY CORPS OF

ENGINEERS RESERVOIR MODEL, CE-QUAL-R1

PART I: INTRODUCTION

Background

1. A numerical one-dimensional model (CE-QUAL-R1l) of
reservolr water quality is being developed as part of the
Environmental and Water Quality Operational Studies
(EWQOS). A User's Manual (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 1s a set of coefficients used in equations which
describe rates of change for various water quality
variables. Although a descrintion of the coefficients is
included in the User's Manual, no values are supplied for
many of them. Most of thesc deal with biological processces
which are extremely difficult, and very costly, to measurc;
in fact, for a pre-impoundment study, many coecfficients
cannot be measured. For these reasons, users of CC-QUAL-RI1
will have to usc coefficient estimates found in the

literaturce.

Purposce

2. The purposc of this report is to aid the users of
CE-QUAL~R1 by supplying information about, and values for,

many of

the coecfficients neecded for use of the model.
Table 1 lists those coefficients for which information 1s

supplied in this rewvort. The coefficients presented are

By N




suitable for the version of the model described in the

User's Manual (Environmental Laboratory 1982). ©Necither 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 werec inappropriate
to use 1n the model because of (a) the lack of information
necessary to convert the value to the proper units or (b)
improper experimental design. Therefore, this report
includes literature values for experiments that were
already in appropriate form for use in CE~-QUAL-RLl or ce
readily transformable.

3. Although 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 parame.cr.
Instead, experimentally determined values are presented to

provide the user with a range of values.
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Table 1

Alphabetical listing of coefficients in this report

COEFFICIENT

ALGT1
ALGT2
ALGT3
ALGT4
BEFFIC
BENTI1
BENT2
BENT3
BENT4
BS2SED
DETT1
DETT?2
DOMT1
DOMT 2
EXCO
EXTINP
EXTINS
FEFFIC
FSHTI
FSHT2
FSHT3
FSHTd
PSZB
ISR
FE200

IS

*
PACGE NUMBERS
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42
42
42
42
59

62
62
62
62
60
72
72
84
84
13
15
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69
66
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60
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61
64
64
6+
85
ae
10
1

USER'S MANUAL

193,194
193,194
193,194
193,194

197

198

198

198

198

197

199

199

209

209

182

187

182
203,204,205
203,204,205
203,204,205
203,200,205
203,204,205
201

201

201

202

200

202

202

202

210
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Table 1

(Concluded)

COLFFICIENT

THIS REPORT

*
PAGE NUMBERS

USLR'S MANUAL

PRLEEF 3 49
PS2CO2 38
PS2L 40
PS2N 34
PS2P04 32
QlOoCOoL 86
TBMAX 56
TBMORT 59
TBRESP 60
TCOLDK 80
TDETDK 77
TDOMDK 73
TDSETL 71
TFMAX 63
TFMORT 09
TEFRESP 70
TNH 3DK 75
TNQ2DK 77
TPHAX 20
TPRESP 18
TSEDDK 84
TSETL 28
TSSETL 86
TZMAX 44
TZMORT 46
TERESD 51
JLFF1C 47
Z00T1 53
Z200T2 53
Z200QT3 53
20074 53
282p 53
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195
191,192
191,192
190,192
190,192
213

197

197

197

207

207

207

199

201
203,204,
203,204,
207

207
189,192
187

207

212
189,192
195

195

195

195

196

196

196

196
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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_*t) (1)
where
X(t) = final condition
XO = initial condition
Kc = coefficient in units of 1/day in continuous
form
t = time in days
5. For those cocfficients that are negative (e.q.,
mortality rate), the negative sign is introduced internally
by the model. 1If values are reported in the discrete form

suitable for the equation

X(t) = X_ (1+K ) **n (2)
where
Kd = cocfficient in units of 1l/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 1l/day, they
can be transformed to the proper continuous form by using
the following relationship:

K

i}

In (1+K (3)

)
c d
For a detailed explanation of the type of coefficients
used by CE-QUAL-R1l, plecase 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




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
l/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 cach process under conditions normally

11
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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 e maximum rates, but the authors felt that the
information may s'111 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 coetficient selection are discussed
in detail. Guidance willl 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 coetficient 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 light 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-Rl or CE-THERM-Rl. Two extinction
coefficients are used in CE-THERM~R1: EXCO and EXTINS;
EXTINP is used only in CE-QUAL-R1.

12
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11. EXCO 1s the extinction coefficient for water,
including dissolved substances (i/m). It can be estimated
from the equation (Williams et al. 1981)

EXCO = 1.1*%2**(-0,73) ()
given the Secchi depth (2) in meters, or it can be

measured directly with a photometer using the Beers-Lambert

Law
EXCO = (ln I-1n I )/Z {6)
where
I = irradiance at water surface
I2 = irradiance at depth 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 should
reflect the maximum light penetration (i.e., the maximum
Secchi depth). This should minimize the overestimation
problem. In CE-QUAL-R1 and CE-THERM-R1l, self-shading due
to these components is handled separately.

12. The light extinction coefficient for an
ultra-oligotrophic to oligotrophic lake ranaes from 0.03 to
1.0/m; for mesotrophic lakes the figures are from 0.1 to
2.0/m; for cutrophic lakes, from 0.5 to 4.0/m; and for

dys+trophic lakes, from 1.0 to 4.0,/m (Likens 1975) .  The

extinction coefficient of monochromatic light by a 1-m
coitn ot distilled water ranges from 0.0255 at 380 nm,
0L oD e, 0L TR it 580 iy, 0455 at 680 nm, to 2.42
. L voooninEon 1I95TY 0 Other values are agiven in
Sheotononthetrc i ooy adlation (PARY and
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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 Wetzel 1975
k 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 Ynagan, Scotland yellow substances 0.93 Spence 1981
Black Loch, Scotland brown substances
1 (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




EXTINS and EXTINP

13. EXTINS 1is the self-shading coefficient due to
particulate inorganic material in both CE-QUAL-R1 and
CE-THERM-R1. 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 (l1/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-R1l does not include organic particulates--
i.e., if the magnitude of SS is identical in CE-QUAL-R1
and CE-THERM~-Rl--then light attenuation by organic matter
suspended in the watcr column cannot be handled by EXTINS.
Rather, the value of EXCO must be increased to handle the
"extra" attcnuation duc to phytoplankton, zooplankton, and
detritus. In either case, the magnitude of EXTINS should
be the same 1in both models. Tt should typically be of the
same order of magnitude as EXTINP.

1l4. EXTINP is the self-shading coefficient due to
organic particulate matter in CE-QUAL-R1l (l1/m*mg/L). The
self-shading coefficient represents the decrcased light
penctration or increased light extinction resulting from
phytoplankton, zooplankton, and detritus suspended in the
water column. The light extinction coefficient in
subroutine HEAT 1is modified as a function of the
concentrations of these three constituents. Most
measurements of EXTINP refer only to algal biomass; it 1is

assumed in CE-QUAL-R1 that light extinction due to

o e e i
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zooplankton and detritus is numerically eqguivalent to that
7 due to phytoplankton. Megard et al. (1980) and Smith and
Baker (1978) determined that each microgram per liter of
1 chlorophyll increased the light extinction coefficient by
Q 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

cocfficient by about 0.20 to 0.14/m, respectively. The
range of C/chl ratios, however, varies from 25-150,
resulting in a range of self-shading coefticients from
0.40/m*my,L to 0.047/m". y/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
Lambert-Bouguer Law (Megard et al. 1980). Bannister (1979)
extracted chleorophyll from cell suspensions and measured
the absorption spectrum to obtain the mean extinction
cocfficient., Theoretical estimates for attenuation of
photosynthetically active radiation by chlorophyll a in
algace ranvge between 0.06 and 0.018, depending on the size
and chlorojphyll content of cells aad colonies (Kirk 1975) .

The vxtinction cocetficient was determined to range between

0.0006 and 0,0205% 1 rm*mg m3 1n laboratory analysis
(Bannister 19790, Value s tor selt=-shaging cocetticients
are given n Tabae a0 Vilues sticwn an this table woere
Orlathally roejportod rnoownits o 1 owm* g chl oa L, and have
boeen coprorted tooanits asea Lo Ji-cUAT =R assumine a
C ochl oo RSV VAT UVE S R G N WU R RS RS ST I ISP D JS SV
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) Table 3
Self-shading coefficients due to particulate matter
(1/m*mg/L)
3
TYPE COMMENT VALUE REFERENCE
' Suspensoids average 0.12 Verduin 1982
Suspensoids Lake Paajarvi,
g 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
1 Phytoplankton Shagawa Lake,
Minnesota 0.03 Megard et al.
1980
g
]
!
)!
|
1
17
o
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j Phytoplankton

; TPRESP

t 16. TPRESP is the maximum phytoplankton respiration
rate (l/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
3 respiration (mitochondrial) refers to the oxygen
consumption associated primarily with oxidative

] phosphorylation and which produces carbon dioxide.

y Photorespiration, commecnly 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 pOZ
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 oxvaen exchange also
are noted for approximately 10 min after the light-dark
18
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) transition. Therefore, determination of oxygen consumption
should be made after a 5- to 10-min acclimation to a dark

3 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 !“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 l-hr time period.

19
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Table 4

Phytoplankton dark respiration

rates (1l/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-R1l 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)

used by phytoplankton in respiration.

plus the organic matter

That 1is,

gross production = net production + respiration (7)

23. Net production is the organic matter used for

other processes such as zooplankton grazing, 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 liydrologic 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 equlivalent to net production in the above cquation
and have already accounted for respiration; in other words,
the model may predict low phytoplankton values because
respiration 1s becing accounted for twice. If growth is
measured as the difference in mass between two points in
time, it must be realized that algace may have been lost to
grazing, sinking, ctc. Also, the true growth figure is
actually higher than reported.

24. Values are often reported as "production" without
mention as to whether the figures represent gross or net
production, and the reader may have to evaluate the
experimental desian to determine the correct value.

25. There arce four general methods used to measure
rhytoplankton primary productivity (Janik et al. 1981).
These involve the measureoment of (a) changes in the oxygen
content of water, (b)) changes in the carbon dioxide content
of water, (c¢) incorporation of !"carbon tracers into the
organic matter of vhytoplankton, and (d) measurces of
chlorophyll. Readers should reofer to Janix et al. (1981)
to o gain insight into the problems associated with the four
moe thods., For cxarm: le, the s rcarbon techniaue aives a
roasurement which s botween not and aross production,

eorendines o the lenath of the oxporiment (Whittaker 1975) .

2000 ihe most frequently used method for measuring
srisary croduction by phvtoer lankton has been photosynthetic
21
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oxygen evolution and LYc uptake. The light- and

dark-bottle !'*C technigue of Steemann-Nielsen (1952)

requires the lowering of pairs of bottles injected with

H1vCc0o3 to fixed depths in the water column for time periods
E of 1-5 hrs or by incubating the bottles under known
conditions of light and temperature.

27. Under optimal conditions, a culture grows so that
the rate of addition of cells is vproportional to the number
present (i.e., exponential growth). Cells divide in a
characteristic time called the division, generation, oOr
doubling time. Ponulation arewth follows the solution to

the evuation

dN B (8
whoere
N the numboer or concont et Coeells In the
culture
t = the tine
K = the growth constant - (1

The solution to this equation 1s
kK = In(N/N )7 (t=-t ) {3)
o 0
Subscripts denote values at a knewn initinl time, and In
indicates natural lowuarithms.

28. The crowth constant k is the number o!f the

logarithm-to-the-basce-¢ units of increase ver dav. Growth
rate is somotines expressced as logarithm-to-base-10 units
of increase ver day, R]O: or as logarithm-to-base-2 units

ver day, kKo,

whore

K = loa(N/N )/ (t-t ) (1
10 o 0
k, = lo(!2 (N/NO)/(t—tO) (11)

Conversions among the oxpressions are as follows: leot

k = growth rate mecasured in 1n units

klO - growth rate measurcd in 10”10 units '

i
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kK. =

D
&

arowth rate measurced in log, units

Now let an alual population of interest double in one day.
Then
N o= 2
N_o= 1
(@]
t-t_ — |
)
and
k= 0.693 = 1n 2 (12)
] klO = 0.301 loqlo 2, k = 2.3026 klO (13)
k2 - 1.0 = loq2 2, k = 0.6931 kz (14)
! Oor, let the algal population quadruple in one day. Then
N - 4
N ool
&)
t-t = 1
Q
and
o= 1,386 In 4 (15)
! 2 . o= 2 2
10 0.u02 lmqlo 1, k 2.3026 klO (16)
K 2.0 l(\q) 1, k = 0.6931 k, (17)
Sioilaryiy, let the algal population halve in one day.
Men
N 0.5
. 1
o
t-t 1
e let
, kK = -0.0693 (18)
. I co= . - C
klO 0.301, K 2.3026 klO (19)
- - - — 4 - )
kz 1.0, k 0.6931 k2 (20)
his, the relation between the various growth rates is
i1ven by
- o= b . 3
k 2.3026 k]O (21)
K = 0.6931 k2 (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 groups, to be

simulated by this compartment.

29. Literature values for TPMAX are given in Table

5.




Gross production rates of phytoplankton

Table

5

TEMP PC

sPECIES TPMAX
DIATOMS
Asterionella tormosa 0.81 20
Asterionella formosa 0.69 10
Asterionella formosa 1.38 20
Asterionella tormosa 1.66 25
Asterionella tormosa 1.71 20
Asterionella formosa 0.28 4
Asterionella tormosa 0.69 10
Asterionella tormosa 1.38 20
Asterionella formosa 2.2 20
Asterionella formosa 1.9 18.5
Asterionella taponica 1.19 22
Asterionella japonica 1.3 18
Asterionella japonica 1.7 25
#1ddulphia sp. 1.5 11
Josclnodlscus Sp. 0.55 18
Cyclotella meneghinlana 0.34 16
Jyclotella nana 3.4 20
Petonula confervacea 0.62 2
vetonula contervacea 1.4 10
Ditylum brightwellll 2.1 20
Fraglilaria sp. 0.85 20
Fragilaria sp. 1.7 11
Melosira sp. 0.7 11
Navicula minima 1.4 25
Navicula pelliculosa 2.0 29
Nitzschia closterium 1.66 27
Nitzschia palea 2.1 A
Nitzschia turgidula 2.5 20
Phaeodactylum tricornutum 1.66 25
Phaeodactylum tricornutum 2.7 19
Rhizosolenia fragillissima 1.20 21
Skeletonema costatum 1.26 18
Skeletonema costatum 2.30 20
Skeletonema costatum 1.52 20
Skeletonema costatum 1.23 20
Synedra sp. .2 11
Thalassiosira
nordenskioldii 0.77 13
natural diatom community 3.10 20
GREENS
Ankistrodesmus braunii 2.33 25
Chlamydomonas moewusii 4.2
Chlorella pyrenoidosa 2.22 28
Cnlcrella ellipsoidea 3.6 25
Chlorella luteoviridis 0.56 22.4
Chlorella miniata 0.87 25
chlorella pyrenoidosa 2.14 25
25
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REFERENCE

Holm and Armstrong 1981
Hutchinson 1957
Hutchinson 1957
Hutchinson 1957
Fogg 1969
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Talling 1955
Hoogenhout and
Hoogenhout and
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Castenholz 1964
Hoouenhout and Amesz 1965
Hoogenhout and Amesz 1965
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Hoogenhout and Amesz 1965
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Hoogenhout and Amesz 1965
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Fogg 1969
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Steemann-Nielsen and
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1965

and
and
1964

Amesz
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1965
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Table 5 (continued)

SPECIES TPMAX  TEMP °C REFERENCE
Chlorella pyrenoidosa 1.95 25.5 Sorokin and Myers 1953
Chlorella pyrenoidosa 9.00 39 Castenholz 1969
Chlorella pyrenoidosa 9.2 39 Hoogenhout and Amesz 1965
Chlorella seccharophilia 1.2 25 Hoogenhout and Amesz 1965
Chlorella variegata 0.86 25 Hoogenhout and Amesz 1965
Cnhlorella vulgaris 2.9 25 Hoogenhout and Amesz 1965
Chiorella vulgarils 1.59 20 Goitdman and Graham 1981
Dunaliella tertiolecta 1.0 16 Hoogenhout and Amesz 1965
Dunaliella tertiolecta 0.77 36 Jitts et al. 1964
Haematococcus pluvialis 1.2 23 Hoogenhout and Amesz 1965
Nanochloris atomus 1.0 20 Hoogenhout and Amesz 1965
Platymonas subcordiformia 1.5 16 Hoogenhout and Amesz 1965
Scenedesmus Sp. 1.34 20 Rhee and Gotham 1981b
Scenedesmus costulatus 2.0 24.5 Hoogenhout and Amesz 1965
Scenedesmus opliquus 2.11 20 Goldman and Graham 1981
Scenedesmus obliguus 2.2 25 Hoogenhout and Amesz 1965
Scenedesmus quadricauda 4.1 25 Hoogenhout and Amesz 1965
Scenedesmus quadricauda 2.29 27 Goldman et al. 1972
Selepastrum capricornutum 2.45 27 Goldman et al. 1972
Selenastrum westil 1.0 25 Hoogenhout and Amesz 1965
Stichococcus sp. 0.70 20 Hoogenhout and Amesz 1965
GOLDEN-BROWN
Botrydiopsis intercedens 1.5 25 Hoogenhout and Amesz 1965
Bumilleriopsis brevis 2.9 25 Hoogenhout and Amesz 13965
Cricosphaera carterae 0.82 18 Fogg 1969
Isochrysis galbana 0.55 20 Fogg 1969
Isocnrysis galbana 0.80 25 Hoogenhout and Amesz 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 Amesz 1965
Monodus subterraneus 0.39 30 Fogg 1969
Tribonema aequale 0.70 25 Hoogenhout and Amesz 1965
Tribonema minus 1.00 25 Hoogenhout and Amesz 1965
Vischeria stellata 0.70 25 Hloogenhout and Amesz 1965
Euglena gracilis 2.2 25 Hoogenhout and Amesz 1965
Euglena gracilis 0.00 36 Marre 1962
DINOFLAGGELATE
Amphidinium carteri 1.88 18 Fogg 1969
Amphidinium carteri 0.32 32 Jitts et al. 1964
Ceratium tripos 0.20 20 Fogg 1969
Gonyaulax polyedra 2.1 21.5 Hoogenhout and Amesz 1965
Gymnodinium splendens 0.92 20 Hoogenhout and Amesz 1965
Peridinium sp. 0.90 18 Hoogenhout and Amesz 1965
Prorocentrium gracile 0.83 18 Hoogenhout and Amesz 1965
Prorocentrium 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 °C REFERENCE
BLUEGREENS
4 Agmenellum quadriplaticum 8.0 39 Hoogenhout and Amesz 1965
; Anabaena cylindrica 0.96 25 Hoogenhout and Amesz 1965
Anabaena variabpbilis 3.9 34.5 Hoogenhout and Amesz 1965
Anacystis nidulans 2.9 25 Hoocenhout and Amesz 1965
Anacystis nidulans 8.28 38 Marre 1962
@ Anacystils nidulans 11.00 40 Castenholz 1969
Chloropseuaomonas
ethylicum 3.3 30 Hoogenhout and Amesz 1965
Cyanidiunm caldarium 2.4 40 Hoogenhout and Amesz 1965
Cylindrospermum sphaerica 0.17 25 Hoogenhout and Amesz 1965
3 Gloeotrichia echinulata 0.20 26.5 Hoogenhout and Amesz 1965
Microcystls aeruginosa 0.25 20 Holm and Armstrong 1981
Microcystis aeruginosa 1.6 23 Hoogenhout and Amesz 1965
Microcystils luminmosis 1.50 40 Castenholz 1969
NostoC muscorum 2.9 32.5 Hoogenhout and Amesz 1965
Oscillatoria princips 0.50 40 Castenholz 1969
Uscilllatoria subbrevis 5.52 38 Marre 1962 :
4 Oscillateoria terebriformis 3.36 40 Castenholz 1969 :
Oscillatoria rubescens 5.04 30 Zimmerman 1969 !
Rhodopseudomonas
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 6,07~ 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 usc of a microscope, and (b) the photometric tech-
nigque. In the settling chamber, the descent time is
determined (a) by following with a microscope or, in the
case of large particles, with the naked ecye, 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 l-mm-deecp Sedawick
Rafter counting chamber with a compound microscope. Fsti-
mation of relative sinking rate has been obtained by
placing a well-mixed suspension of phytoplankton into a
graduated cylinder and determining the concentration in
various layers after a yiven time.

32. Photometric determination of sinking rate mea-
sures changes 1in optical density of a phytopionkton sus-
pension measured at 750 nm after introducing the phyto-
plankton suspension 1nto a cuvette.

33. These techniques are influenced by the "wall-

"

ef foct, that 1is, the effect of the scttling chamber wall
and convection current on the sinking velocity. To provide

adequate fall for attainment of terminal velocity and to




minimize overcrowding, the selection of chamber size is
important.

34. The sinking rates of natural populations have
also been determined by comparing changes in population
density with depth and calculating a mean rate of descent.,
dowever, determination of sinking rate in situ is compli-
cated by water movements and losses due to grazina. Mathe-
matical expressions may also be used to determine sinking
rates (Riley ot al. 1949).

35, The application of experimentally determined
sinking rates to natural populations or ccosystem models
must be qualified and used with caution. In lakes and
reservoirs, vertical gradients of lignt, temperature, and
nutrient concentration contrast with the constancy of the
settling champer and photometer cuvette environments in
sinking experiments. The influence of light and nutrients
on sinkin.g rates together with the turbulent motion of the
natural environment suggest that in vitro sinkina results
may not be particularly representative of natural popula-

tions. Values for scttling rates are given i1n Table 6.
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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
pacteriastrum hyalinum 0.39-1.27 Smayda & Boleyn 1966
Chaetoceros didymus 0.85 Eppley et al. 1967b
Cnaetoceros lauder: 0.46-1.54 Smayda & Boleyn 1966
Chaetoceros lauderi 0.46-1.54 Smayda & Boleyn 1966
Chaetoceros spp. 0.25 Margalef 1961
Chactoceros spp. 5.0 Sverdrup et al. 1942
Chaetoceros spp. 4.0 Allen 1932
Coscinodiscus wailleslil 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 meneghiniana 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
Ditylum prightwellitl 2. Eppley et al. 1967b
Ditylum brightwellii 5.8-8.6 Gross & Zeuthen 1948
Fragilaria crotonensis 0.27 Burns and Ross 1980
Leptocylindrus danicus 0.08-0.42 Margalef 1961
Melosira agassizil 0.67-1.87 Titman and Kilham 1976
Nitzschia closterium 0.52 Margalef 1961
Nltzschla seriata 4.0 Allen 1932
Nitzschlia seriata 0.35-0.50 Smayda & Boleyn 1965
Phaecodactylum traicornutum 0.05-0.06 Riley 1943
Phaeodactylum tricornutum 0.02-0.04 Riley 1943
Rhizosolenia hepetata

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
Rhizosoclenia 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 Spp. 0-0.16 Margalef 1961
THEORETICAL
Diatoms 0.3 Bramlette 1961
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{ Table 6 (concluded)
SPECIES TSETL REFERENCE
DINOFLAGELLATES
EXPERIMENTAL STUDIES
4 Gonyaulux polyedra 2.8-6.0 Eppley et al. 1967b
COCCOLITHOPHORIDS
EXPERIMENTAL STUDIES
Coccolithus huxleyi 0.28 Eppley et al. 1967b
i Coccolithus huxley: 1.20 Eppley et al. 1967b
Cricosphaera carterae 1.70 Eppley et al. 1967b
Cricosphaera elongata 0.25 Eppley et al. 1967b
t Cyclococcolithus fracilis 13.2 Bernard 1963
[ Cyclococcolithus fragilis 13.6 Bernard 1963
Cyclococcolithus fragilis 10.3 Bernard 1963
THEORETICAL
Coccoliths 1.5 Bramlette 1961
MICROFLAGELLATES
3 EXPEKIMENTAL STUDIES
] Cryptomonas erosa 0.31 Burns and Rosa 1980
‘ Cryptomonas marsonii 0.32 Burns and Rosa 1980
Rhodomonas 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
bDunaliella 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
31
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PS2pP04

36. PS2P04 1is 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. PS2P04 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

times 10-3. Values for the HSC are given in Table 7.
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Vable 7
Phytoplankton half-saturation coefficients for P limitation (mg/L)

SPECIES PS2P0O4 REFERENCE
Asterionella formosa 0.002 Hclm and Armstrong 1981
Asterionella japonica 0.014 Thomas and Dodson 1968
Biddulphia sinensis 0.016 Quasim et al. 1973
Cerataulina pbergonii 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. 1972
Cyclotella nana 0.001 Fogg 1973
Dinobryon cylindricum 0.076 Lehman (unpubl. data)
Dinobryon sociale

var. americanum 0.047 Lehman (unpubl. data)
Euglena gracilis 1.52 Blum 1966
Freshwater phytoplankton 0.02-.075 Halmann and Stiller 1974
Microcystis aeruginosa 0.006 Holm and Armstrong 1981
Nitzschia actinastreoilides 0.095 von Muller 1972
Pediastrum duplex 0.105 Lehman (unpubl. data)
Pithophora oedogonia 0.098 Spencer and Lembi 1981
Scenedesmus obligquus 0.002 Fougg 1973
Scenedesmus sp. 0.002-.05 Rhee 1973
Thalassiosira fluviatilis 0.163 Fogg 1973
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40. PS2N 1is the nitrogen (N) half-saturation coeffi-
cient (mg/L). Uptake rates of nitrate (NO3) or ammonium
(NH4) by algae give hyperbolas when graphed against NO3
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
dermosits 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 scource, with one-fifth or less than the usual
amount of NO3 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-
taining known concentrations of nitrogen and then (a) mea-
surc the concentration of nitrogen in the extracellular
fluid at some later time to determine the rate of nitrogen
uptake and (L) measure the increasing cell concentration

to determine growth kinetics. The problems associated
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with this method are that the organisms arc poorly adapted
to their subsequent growth environment, .o 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 HSC

for nitrate usually have a high HSC for ammonium uptake as
well, (b) large-celled species tend to show higher HSC's

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

N

slow growers.
44. The nitrogen HSC as used in CE-QUAL-R1 should
reflect the uptake of both NO3 and NH4. Both compounds

R

are taken up for use 1n production in proportion to their

concentration in the layer.

45, A factor that will lead to sclection 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 algace

are an important component in one of the compartments, the

nitrogen half-saturation coefficient may have to be ce-
duced to a low value to reflect nitrogen fixation. Values

tor the 5¢ for nitroygen are given in Table 8.
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Table 8

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

N
SPECIES PS2N SOURCE REFERENCE

DIATOMS
Biddulphia aurita 0.056-.197 NO3 Underhill 1977
Chaetoceros gracilis 0.012 NO3 Eppley et al. 1969
Chaetoceros gracilis 0.007 NO4 Eppley et al. 1969
Coscinodiscus lineatus 0.161 NO3 Eppley et al. 1969
Coscinodiscus lineatus 0.036 NH4 Eppley et al. 1969
Cyclotella nana 0.025-.117 NO3 Carpenter & Guillard 1971
Cyclotella nana 0.111 MacIssac and Dugdale 1969
Cyclotella nana 0.027 Caperon and Meyer 1972
Cyclntella nana 0.031 Eppley et al. 1969
Cyclotella nana 0.007 NH4 Eppley et al. 1969
Ditylum brightwellii 0.037 NO3 Eppley et al. 1.69
Ditylum brightwellii 0.020 NH4 Eppley et al. 1969
Dunaliella teriolecta 0.013 NO3 Caperon and Meyer 1972
Dunaliella teriolecta 0.003 NH4 Caperon and Meyer 1972
Dunaliella teriolecta 0.087 NO3 Eppley et al. 1969
Fragilaria pinnata 0.037-.100 NO3 Carpenter & Guillard 1971
Leptocylindrous danicus 0.078 NO3 Eppley et al. 1969
Leptocylindrous danicus 0.013 NH4 Eppley et al. 1969
Navicula pelliculosa 0.923 NC3 Wallen and Cartier 1975
Phaeodactylum tricornutum 0.161 NO3 Ketchum 1939
Rhizosolenia robusta 0.186 NO3 Eppley et al. 1969
Rhizosolenia robusta 0.135 MNH4 Eppley et al. 1969
Rhizosolenia

stolterfothii 0.105 NO3 Eppley et al. 1969
Rhizosolenia

stolterfothii 0.009 NH4 Eppley et al. 1969
Skeletonema costatum 0.027 NO3 Eppley et al. 1969
Skeletonema costatum 0.014 NH4 Eppley et al. 1969
BLUEGREENS
Anabaena cylindrica 4.34 NO3 Hattori 1962
Anabaena cylindrica 2.48 NO2 Hattori 1962
Asterionella formosa 0.074-.093 NO3 Eppley and Thomas 1969
Asterionella formosa 0.062 NH4 Eppley and Thomas 1969
Microcystis aeruginosa 0.56-.207 NHY4 Kappers 1980
Oscillatoria agarthii 0.22 NO3 van Liere et al, 1975
MICROFLAGELLATES
Bellochia sp. 0.001-.016 NO3 Carpenter & Guill- d 1971
Monochrysis lutheri 0.026 NO3 Caperon and Meyer 1972
Monochrysis lutheri 0.052 NH4 Caperon and Meyer 1972
Monochrysis lutheri 0.037 NO3 Eppley et al. 1969
Monochrysis lutheri 0.007 NH4 Eppley et al. 1969
COCCOLITHOPHORIDS
Coccolithus huxleyi 0.006 NO3 Eppley et al. 1969
Coccolithus huxleyi 0.002 NH4 Eppley et al. 1969
Coccochloris stagnina 0.019 NO3 Caperon and Meyer 1972

(continued)
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Table 8 (concluded)

s N

SPECIES PS2N SOURCE REFERENCE

1 GREENS

| Chlorella pyrendoidosa 0.006-.014 Pickett 1975

b Chlorella pyrendoidosa 1.15 NO2 Knudsen 1965
Pithophora cedogonia 1.236 NO3 Spencer and Lembi 1981
DINOFLAGELLATES
Gonyaulax polyedra 0.589 NO3 Eppley et al. 1969
Gonyaulax polyedra 0.099 NH4 Eppley et al. 1969
Gymnodinium splendens 0.235 NO3 Eppley et al. 1969
Gymnodinium splendens 0.019 NH4 Eppley et al. 1969
Gymnodinium wailesii 0.223 NO3 Eppley et al. 1969
Gymnodinium wailesii 0.088 NH4 Eppley et al. 1969

i CHRYGOPHYTES
Isochrysis galbana 0.006 NO3 Eppley et al. 1969
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PS2C02

46. PS2C02 is the half-saturation coefficient for car-

bon dioxide {(my/L). The coetficient is used in the Monod
cquation to determine the rate factor for CO2 limitation,
PS2C02 1s defined as the concentration of (C02 at which the
rate of production is one-half the maximum. In practical
terms, the HSC approximately marks the upper nutrient con-
centatlion at which growth ceases to be proportional to that
nutrient.

47. There i1s a diversity of opinlons as to whether

lnorganic carbon (C) limits photosynthesis in pnytoplankton,

soldman ot al. (1974) have arauced that noraanic coaroen
almost never limits crowth 1n natural ol ool populations.

In contrast, Kinag {1970) has shown toat Jo2 avarlability

Linmits the arowtin of auuaatlc popsulat tons., Johmson oot gl
i ooy

(19707 demonstrated Je2 lindltation o laxes contaminatoed oy
ACld mIne wastes, and Sschindlor and Poeo 1373) denonstrated
Golimitation in o laxe during the surnmoer whon nitrooen and
vhosphorus were avatlable.s  Carbon dioxitde fiteitation 13
clearly gt dependent. For oxample, the HSC for carbon
aloxide glven in Table 9 for Scenedesnmus capricornutun
increases with increasing pl. This is rvelated to the
effoct of pit on the relative proportions of the inorganid
carbon specles of carbon dioxide, picarbonate ion, and
carbonate ion in solution. Half-saturation cocfficient

values for carbon dioxide are given in Table 9.
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Table
Phyt: pl ankton half-sat dration coetd
SPECLES PS2CLL
Chlorella vulgaras 0.20 7
Chilorella emersonil 0.068-.411
Mixed blucareen algae 0.08B
Mixed bluvgreen alyae 0.031
Mixeg oluavgreen algae 0.057
Scuenedesmus quadricauda 0.14 7
; scenedesmus quadricauda 0.36 7
i seenedesmus gquadricauda 0.54-.71 7
sSconedesnus
). capricoernutum 0.40-.41 7
Scenedesmus
caprlcornutun 0.63-1.0 7
Socenedesnus
caprivernutum 1.2-1.5 7
seonedesmus obllquus 0.16 7
]
{
’
i '
i
|
'
b
- -~ ) l’
"~ . R gt~

Pl KANGE

1-702

.2

9

c

5-1.39
.44-7.61

.05-7.

1293

.25-7.39

.43-7.59
1-7.42

{glqn}ﬁ'ﬁn

CG2 limitation lmi/g)

REFERENCE

coldman and Gralb.arm 1981
Beardall and Raven 1981
Goltermar. 1975

rurester 1971

Shamieh 1968

Goldman et al. 1974
Goldran et al. 1974
soldman et al. 1974
Goldian et al. 1974
Soldman et al. 1674
Goldiran et al. 1974

soldman and Graham 1981
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PS2L
48. PS2L 1is the light half-saturation coefficient
expressed as kcal/m2/hr. It 1s the liaht intersity at

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

rate.

49. The shape of the curve relating light and pro-
duction has been studied extensively., Tt is generally
Known that (a) at lower light intensities, production pro-
ceeds linecarly with increasing licht intensity and (b) as
intensity 1s increased further, the sroduction rate tends
towards a moximum value. The simplest representation of
this response i1s the dMonod function.

50. It has been shown that the photosyvnthetic rate
of certain alual species 1s 1nhibited at hiagh light inten-
sities. This phenomenon connot be simulated by the Monod
function used 1in Ch-tiAL-R1. Other formulations have been
developed to represent this effect (Steele 1962).  Photo-
inhibitlion at hivh light Intensitics may be more important
in oligotrophic waters than in eutrophic waters.

51. The value of this varamcter can be obtained by
running a sot of experiments to determine the oroduction
rate at various light intensities ranaina from liaht-
limiting to light-saturating conditions. The value can be
determined for net photosynthetic rate by measurina
l4carbon, fixed or oxygen evolved, at different light
levels.  The light half-saturation constant for growth
rate can be determined by measuring growth rate (i.c., by
measuring cither dry weight, cell volume, chlorophyll con-
centration, or optical density) at variuos light intensi-
ties. Values for the HSC for light intensity are given in
Table 10.
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v

Aamphidinium carteri

REFERENCE
Dunstan 1973

Table 10
Phytoplankton half-saturation coefficients for liyght limitation
Fnytoplankton halt-saturation coetficients tor light limitation
tkcal/m?/hr)
SPECIES PS2L PROCESS
5.75
6.42 growth

Amphiprora sp.
chlorella pyrenoidosa
Chlorophyte
Chroomonas salina
Coccolithus huxleyi
coccolithus huxleyi
Jryptomonas ovata
Cyclotella nana
Ditylum brightwelli
Fragilaria sp.
Gonyaulax polyedra
Gonyaulax polyedra
Isochrysis galbana
Isochrysis sp.
A1xed population
Navicula arenaria
Nitzschia dissipata
Jdscillatoria agardhii
Phaeoaactylum
tricornutum
Prorocentrum micans

12.7-38.0 photosyn
1.2-4.2

6.25 growth
1.2

5.75
16.0 growth
5.15 growth
5.4

9.4 growth

15.4-18.9 growth
15.4~19.1 photosyn

5.0 growth
16.0 growth
6.42 growth
6.64 growth
0.8 growth

51.0-71.4 photosyn

Admiraal 1977

Myers and Graham 1961
Bates 1976

Hobson 1974

Parsons & Takahashi 1973
Dunstan 1973

Cloern 1977

bDunstan 1973

Bates 1976

Rhee and Gotham 198lb
Prezelin and Sweency 1977
Prezelin and Sweeney 1977
Dunstan 1973

Hobson 1974

Gargas 1975

Admiraal 1977

Admiraal 1977

van Lierre et al. 1978

Li and Morris 1982
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 costatun 0.18-4.2 Bates 1976
Thalassiosira

fluvatilis 6.25 growth Hobson 1974
Thalassiosira

nordenskioldii 12.0 growth Durbin 1974
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ALGTL, ALGT2, ALGT3, ALGT4

52. All temperature cocfficients are in degrees

Celsius.
a. ALGT] is the lower temperature bound at
which phytoplankton metaltolism continues.

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

|01

ALGT3 is the upper temperature uat which
p . .
processes are occurring at the maximum rate.

[Ro

ALGT4 is the upper lethal remprraturec.
Biological temperatur: curves are generally
asyvemetrical, with the maximum rates occur-
ri. - recarer the apper lothal temperatures
than the lower temperatures.

53. Temperature acclimation.  The temperature coceffl-
Cients for alaal production arce dewendent upon the acclima-
tion temoeratuare and thoe lenath ~f time the alya has been
exposed to thils temperature (Collins and Bovlen 13%¢2b)
since alugac o exposed o scasonal tenperature changes in
varlious recions of the inated States., o example, alygac
SGUDW NG Lhoa northosn vescery iy w111 hoave o lower ontimum

tomp sratire (AT STD e 0 T s oo 1R
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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.

coefficients are given in Table 11.

Table 11

Temperature coefficients for phytoolankton (°C)

Values for the temperature

SPECIED
Amphidinium carteri
Anacystis nidulans
Asterionella formosa
Asterionella formosa
Asterionella formosa
chlorella pyrenoidosa
Chlorella pyrenoidosa
Jhlorella sp.
Detornula confervacea
Detonula confervacea
Sltylum brichewellid
bDunaliella teriolecta
Suniliella teriolecta
A1Crocystis arruginosa
Monochrysis Lutherd
~itzschia closterium
Nestoe muscerun
.scillateria

terepriformes
Fhacoda-stylun

Lrioornut ur
wWhrtzosolongg

N R T Ut SR

ALGT1
18

ALGT2

ALST

ALGT4
35

36

30

REFERENCE

Jitts et al. 1964
Castenholz 1969

Rhee and Gotham 198la
Hutchinson 1967
Talling 1955
Clendenning et al. 1956
Sorokin & Krauss 1962
Tamiya et al. 1965
Guillard & Ryther 1962
Smayda 1969

Paasche 1968

Eppley and Slocan 1966
Jitts et al. 1964
Castenholz 1969

Jitts et al. 1964
Harvey 1955

Clendennina et al. 1956

Castenholz 1969
L1 and Morris 1982

[anatiades and Smavda
1970
Rhee and Gotham 1Y81a
Joragensen 19oR
Steemanrn-Nilelsen and
I oensen 1nR
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Zooplankton

TLMAX

55. TZMAX 1s the maximum ingestion rate for zooplank-
ton (i/day). The zooplankton compartment includes the
groups Cladocera, Copepoda, and Rotatoria which are classi-
fied as elther 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 sievinag lake water through
the fine meshes of their filtering apparatus (Jorgensen
1975). Algae are swept into the feeding appendages to the
mouth region where they are 1ngested as boluses contalning
many cells. Filter-feeding zooplankton make up the greater
proportion of the zooplankton community and have been
studied in greater detail.

57. Tne 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 incluvde (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
temperaturce.

59. A sccond type of feeding behavior, raptorial or
grasping feeding, 1s 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. Scveral experiments have been ablce to demonstrate

a maximum grazing rate allowing for long-term acclimation

to food concentration above the incipient limiting level.

Values for TZMAX range from 0.045 to 3.44 1l/day.

61. Dissolved organlc matter

tial source of food for zoopvlankters,

transfer is not modeled

in CE-QUAL-R1.

(DOri) 1s another poten-

although this feeding

Values for maximum

ingestion rates for zooplankton are given in Table 12.

Table 12

Maximum ingestion rates for zooplankton (l/day)

PREDATOR VALUE FOOD SOURCE REFERENCE
Bosmina 0.01 detritus Bogdan and McNaught 1975
t Bracnionus rubens 3.438 Chlorella
vulgaris Pilarska 1977
Cladocerans 0.15 detritus Bogdan and McNaucht 1975
Copepods 0.10 detritus Bogdan and McNauuht 1975
Daphnia 0.01 detritus Bogdan and McNaught 1975
Daphnia magna 0.251 Saccharomyces
cervisiae McMahon and Rialer 1965
Dapnnia magna 0.452 Tetrahymena
pyriformis McMahon and Rigler 1965
Daphnia magna 0.301 Chlorella
vulgaris McMahon and Rigler 1965
Daphnia magna 0.045 Escherichia
coli McMahon and Rigler 1965
Daphnia magna 0.760 Chlorella
vulgaris Kersting and Van De
Leeuw-Leegwater 1976
Daphnia magna 0.350 Saccharomyces
cerivisiae Rigler 1961
Daphnia magna 1.9 Chlorella
vulgaris Ry _her 1954
Daphnia magna 2.2 Navicula
pelliculosa Ryther 1954
bapnnia maagna 2.3 Scenedesmus
quadricauda Ryther 1954
Daphnia pulex 0.120 Chlorococcum
sp. Monokov and Sorokin 1961
Daphnia rosea 0.900 Rhodotorula
glutinis Burns and Rigler 1967
Diaptomus 0.47 detritus Bogaan and McNaught 1975
IN SITU EXPERIMENTS
Heart Lake, Canada 0.801 Various Haney 1973
Lake Vechten, The
Netnerlands 0.24 various Gulati 1978
Lake Krasnoye, USSR 1.20 Various Andronikova 1978
15
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PLMORT

62. TYMORT is the maximum nonpredatory mortality rate
tor zooplankton (l/day). Nonpredatory mortality rate may
be obtained by measuring total mortality and predatory mor-
tality and subtracting to obtain the difference (a direct
approach is to measure mortality rate and eliminate preda-
tors altogether). Nonpredatory mortality may be influenced
py oxydgen concentration, temperature, diet, age, and popu-
lation density. Nonpredatory mortality rates are normally
less than 1 percent per day. Values for maxinum nonpreda-

tory mortality rate are given in Table 13.

Table 13
Zooplankton mortality rates (l/day)

SPECLES TZMORT REFERENCE

Jalanus nelagolandicus 0.003-0.048 Paffenhoffer 1976
Cilanes aelaolandicus 0.024 Mullin and Brooks 1970
Jarnivorous zooplankton 0.002-0.013 Petipa et al. 1970
Jetioaaphnla reticulata 0.0016 Clark and Carter 1974

naaplil 0.006-0.017 Petipa et al. 1970

galeata 0.017 Hall 1964

palex 0.012 Craddock 1876

PlLlex 0.018-0.027 Frank et al. 1957

retrocurva 0.001 Clark and Carter 1974

rosed 0.001-0.007 Dodson 1972

rosed 0.001 Clark and Carter 1974

: Sh. 0.002 Wright 1965
Dlap tomus clavaipes 0.004-0.155 Gehrs and Robertson 1975
Dlannanc. st
leucht enbergiana 0.001 Clark and Carter 1974
omnivoreas zoeplankton 0.010-0.013 Petipa et al. 1970
Paracalancs sp. 0.003-0.006 Petipa et al. 1970
Ribincalanus nasutus 0.006-0.015 Mullin and Brooks 1970
Stowocephalus serrulatus 0.003 Hall et al. 1970
o
o
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CEFFLC

v3. ZEFPIC, the zooplankton assinmaiation cffiiciency

Is the of

(AYy, i.e.,

(U0G) wdimensionless), Droportion tooa consamed

assimilated tood actually absorbed

individual's digestive The assimilation

;
(G) to food
from an systenm.

J cfficiency is used to modify consumption and to dotermine

u the quantity of ecnergy enterinag an

mdividual or population.

L the

VOTraes,

0.

most

the

Of the
siunificant 1s food

range

in ZEFPIC 1s

type.

wlde

or

because

herbivores-detri-

thoese animals

factors aftfecting assimilation efficiency,

often consune toods of varying enceryy contene and digesti- L

bility. Among the carnivores, for which tood type varies

Values for
in Table 14.

t little, A/C ranaes between 0.30 and 0.95. Z00-
ff

plankton assimlilation efficiency are given
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Table 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 firmarchicus 0.48-0.96 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 gibberrum 0.10-0.47 Gutel 'mackher 1977
f Leptodora kindtii 0.40 Cummirs et al. 1969
L weptodora kindtii 0.87 Hillbricht-Ilkowska & Karabin 1970
i Macrocyclops albidus 0.45-0.50 Klekowskl & Shushkina 1966
k Mesocyclops albidus 0.20-0.75 Klekowski & Shushkina 1966
, Polyphemus pediculus 0.42 Monokov 1972
k Siaa crystallima 0.17-0.99 Monakov 1972
Simocephalus espinosus .46 Sorokin 1969
Simocephalus vetulus 0.31-0.72 Klekowski 1970
Simocephalus vetulus 0.21-0.,72 Ivanova & Klekowski 1972
10 herbivores 0.476 Comita 1972
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05. All zooplankters are sclective feeders resulting
rrom a combination ot (1) an organism's mechanical limita-
tlons in capturling and processing food 1tems of varying
size and confiauation, (b)) the chemical composition of the
tood 1tems, and (¢) feeding behavior, Food preference is
demonstrated 1t an oraganism consumes o food item in o pro-
portion different from the tood ltem's relative contribu-
tion to the total of all available foods in the envirenment,
If all foods occur at the same concentration, then the pro-
ference factors equal the fractions of ingestlon contributed
by cach food compartment. sScasonal abundance of phytoplank-
ton, bacteria, and detritus may be the main factor deter-
mining the percent composition of these components in the
dlets ot many zooplankters.

bo. [ilamentous bluegrcen algace are gaencrally not
considered to be as assimilable as are other alual snecies.,
They are seldom found in the guts of zooplankton, bocausc
they cither are not caten or are actively rejected.  Most
speclies of green alyae and diatoms are filtered at about
the same rate and digestoed. However, 1t 1s not necessarily
the taxonomic position of the aluya that makes 1t suitable
or unsultable as food, but rather the attributes of cach
algal species such as size, shape, and toxicity.

67. Although ample evidence exists to show that detri-
tus is consumed by zooplankton, no evidence exists to show
that it 1s consumed preferentially; rather, detritus 1s
inagested in proportion to its composition in the environ-
nent.  When detritus is included as a food source in a
arazing formulation, it should be given equal ranking with
cothier suitable foods. It should be noted that bacteria
that colonize detritus constitute an important source of

proteln 1n the diet.
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Table lé6

Zooplankton maximum respiration rates (l/day)

TZRESP

REFEKLNCE

SPECIES

Bosmina coregoni 0.170 Manuillova 1958
Bosmina longirostris 0.18% sushchenya 1958
Ceriodaphnia reticulata 0.18-.50 sophen 1976
Copepoda 0.075-.204 Bishiop, l1Y68
Copepod adults 0.043-.131 williams 194a2
Copepod copepodites 0.0,4-.171 williars 196¢
Copepod nauplii 0.165-.695 williams 1482
Copepod total 0.056-.183 williams 198¢
Daphnia ashlandii 0.447~.74 Duvel anid geern 1970
Daphnia clavipes 0.117-.165% Comita 1968
Daphnia cuculata 0.161 Manailova 1950
Daphnia galeata 0.13-.772 LakRow vt al. 1975
Daphnia hyalina 0.179 Blazka 1460
baphnia longispina 0.121-.135 Tezuka 1971
Daphnia longispina 0.16 Manuilova 1958
Daphnia longispilna 0.1l46 Shushkina and pPecen' 1964
Daphnia magna 0.085-.175 Kersting and

Van De Leeuw-Leegwater 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
Daphnia siciloides 0.006-.52 Comita 1968
Dir1aphanosoma brachyurum 0.272 Sushchenya 1958
Diaptomus kenail 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. 452P is the zooplankton half-saturation cocffi-
cient for grazing on algae and detritus (mg/L). 1t has
been found that zooplankton exhibit reduced feeding rates
at high food concentrations; the relationship between
feeding rate and food concentration has been reported to

be curvilinear by a number of investigators (burns and

Rigler 1967, Parsons ot al. 1967, McoOucen 1970, Frost 1972,

Monakov 1972, Gaudy 1974, and Chisholm ot al, 1975).
74.  The most realistic calculation of zooplankton
GraZiing rate i1s based on their rate of removal of biomass

of tood (Mullin 1963); thercetfore, 1t i1s important that

Lhvest Lrators report results 1 terms of blovolume or bio-
Es dnstoead o cell o nantor, e method most used to deter-

Tlne dnoestron rate s boocount prey oan ocontroels and eoxper-

Lot b I s te bt o o bankt o, values for
S . TR | NS L 1 1lLhe 17
- ; . Lot (. 1)

.. o ikl Padire 1976
: oo baadie 1976

: o taetie 1976

Coatad tandle 1976

Pt it covttIcionts

Coor gt e boeund at o owhiach
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Sertodapbingg reticulata
SN Laociaiuvata
apnnla lonisping
CARLI L M

1 Ddp nniaonaeina
Japania midlend rrfiana
Dapntita pulex

Darnnia pulex
Laphnla pulex
Daphrira rosea
caphnia rosea
vapnnia schedlery
Daphnia schedlerd
Diaptomus sp.

* NA = not avail

—

able.

oot lTowest temperature at which pro-
G cC Uit neal the maximunm rate
o o terperature boundinag the

o din rates (7C) .

o

; ! aper Tetnal temperature (°C) .
Tabile 13
ankton temperature covfticients (°C)
ZouTl o SOUll ZUoT3 o ZU0TH REFERENCE
NA* R 24 N Green 1975
NA 24 27 NA Gophen 1976
NA 29 24 NA Burns 1969
NA It 18 NA Nauwerck 1959
NA 24 26 35 McMahon 1965
NA 25 NA NA Burns 1969
NA 24 25 NA Kryutchkova and
Kondratyuk 1966
NA 2u 4 NA Burns 1969
NA 20 24 NA Geller 1975
NA NA 25 NA Geller 1975
NA 20 24 NA Burns & Rigler 1967
NA 14 15 NA Kibby 1971
NA 20 22 NA Burns 1969
NA 20 24 NA Hayward & Gallup 1976
NA 16 18 NA Nauwerck 1959
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Th. o oAs with the phytoplancton, zooplankton arce able
to awapt to the acodoeont temerature with time.  Thnic Is
derenstrable tnroucshout the Jafferent regiong of Che nited
Stotes and ot drfferent taimees of the yeoar.s  dooplankton
Pounat o temperate rtoectons of the United Stetes are oxposed
Lo Lower ovoercae tenperatures thrcoughout the yvear and con-
soctaent Iyobiove Tower temperature factors (L.c., 20071,
LoD, DooT s, and SooTdy than these found in more soutiiern
ot ons ., Haatn, these values are unavailable fror the
Ditoerature buat have poen estimated by Leiay and Ploskey

3

SaU ) ased ol oo clinatlen temperaturces (Gable 19).

Table 19

Accliiviteon temperature, upper and
Iow o be el terperatare, and the temperaturc range
Do comeant maslnum irozing rate for zooplankton
sroosen b 1 d tw;'!imirﬂ.ltilx‘e' stress (°CYy
(12 dy an i ovloskey 1980)
(‘\&‘ P o T B o S T T T
T 20071 SO 2 EARIRMER 20074
! 0 ) S 25
L 0 10 12 20
I 2 10 18 33
iy 5 20 24 33
S0 7 25 30 34
) 10 24 34 34
8 1 30 34 54
' ‘ 3 34 4
Dt [ 3+ 54 34
Lot o
oo
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Daily ration of benthic organisms

Table 20

(from Leidy and Ploskey 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
dyalella
azteca sediments 0.17-1.03 Hargrave 1970
Pontogammarus
robustoides Cladophora sp. 0.007-.98 Kititsyna 1975
Pontogammarus
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 Yakovleva 1969
Herpetocypris
reptans Zygnema sp. 0.93 Yakovleva 1969
Herpetocypris
reptans Mougeotia sp. 0.93 Yakovleva 1969
Herpetocypris
reptans Chironomus
plumosus 0.66 Yakovleva 1969
Herpetocypris
reptans Asellus aquaticus 0.66 Yakovleva 1969
rnerpetocypris
reptans fish ry 1.09 Yakovleva 1969
Procladius
choreus Chironomidae 0.007-.11 Kajak and Dusoge 1970
EPHEMEROPTERA
Stenonema
pulchellum Navicula minima 0.234 Trama 1972
PLECOPYERA
Acroneuria
californica Hydropsyche sp. 0.002-,087 Heiman and Knight 1975
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Benthos

TBNAX

77. TBMAN 1s the maximum ingestion rate for benthos
(l7day) ana 1s nmeasured at food densitices apove the incipi-
ent limiting food concentration. The food source for this
compartment is organic sedinent; its dominant members for
most rescrvolr benthic communities are the aguatic oligo-
chaetes and Chironomidae. Filter f{ceders, predators,
deposit feeders, and surface grazers arce all reproesented
in most benthic communities,

78. Daily rations (an approximation of the Jdaily
grazing rate) of some benthic species compiled by Leidy
and Ploskey (1980) are listed in Table 20.  oOther values

for maximun ingestion rate are qgiven in Table 21.

Table 21

Benthos maximum ingestion rates (l/day)

SPLCIES TBMAX REFERENCE

Acroneurla californica 0.002-.09 Heiman and Knight 1975
Ascllus agquaticus 0.25 Prus 1972
darniveres 0.0282 Bigelow et al 1977
Chavborus flavicans 0.036-.114 Kajak and Dusoge 1970
Deposit feeder 0.111 Gordon 1966
Hyalella azteca 0.17-1.3 Hargrave 1970
gmnivores 0.043 Bigelow ¢t al. 1977
Pontagammarus robustiodes 0.074-.98 Kititsyna 1975
Procladius choreus 0.07-.11 Kajak and Dusoge 1970
selective deposit feeder 0.05 Bigelow et al. 1977
Stenonema pulchellum 0.21-.23 Trama 1972

57




e

TBMORT

79. TBMORT

benthes (1l/day).
view of the

mortality

BEFF LU
30, R LY
(dimenstonicray .

N PR i - .
oyooLne ARG AU

T1Tn

O e e
valuos Do IR

Table 2

rates to

is the

Leidy

literuture,

is tne
"he oS
roto ot

nonpredotory mortality

and

show 105

assimilation

5 &

3

imilat.o

doroc

Ploskey

b
be between 0.001

{1980),

n

rate for

+

-

cfificiency

R N

\

t 1
Jdroe

1

heir re-

and 0.02/day.

nthos nconpredatory

nthios
Do ded
in




Benthos

Table 22

assinilation efficiencies

(dimensionless)

SPECIES
Anatepina dijari

Asellus aquaticus
AsSe€:1us aguaticus
Banusi1ola crotchil
Jaloupsectra dives
Jarnivores

saamarus pseuwdolimnaeus
sammarus pseudoslimnacus
sarmmarus pseudolimnacus
GATUTA I US U oK
slossesoma nilarior
tivdiiodascus

tiyalvlla azeteca
Hydrophilus triangularis
Leprdostona

LESELl sponsa

Lethoceras americanus
Limnodrilas noffmeistert
Moust wnvertenrates

Pot cmopyvrares cenkira)
Poromophyliax cingalatus
Ptercnareys soottl
Pyrrhosoma

S1mnlium

Stenonema

Irrcorycthodes minutus
fubtrex tubitfex

OO OO0 COLOODOCOOODTDOCOCOOO0OCOOCO
w
ur

.75

.40

.97

.40

.80

.12

.30

.91

.55

REFERENCE

Teal 1957
Klekowski
Prus 1971
Winterbourn 1974

Teal 1957

Lawton 1970

Barlocher and Kendrick 1975
Barlocher and Kendrick 1975
Marchant and Hynes 1981
Nilsson 1974

Cummins 1973

Stockner 1971

Hargrave 1970

Hallmark and Ward 1972
Grafius 1973

Klekowski et al. 1870
Guthrie and Brust 1969

Teal 1957

Monakov 1972

Heywood and Edwards 1962
Otto 1974

McDiffett 1970

Lawton 1970

McCullough 1975

Trama 1957

McCullough 1975

Ivlev 1939

1970
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BS2SED

81. BS2SED is the half-saturation cocfficient for
benthos feeding on organic sediment (q/mz). 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 change
in benthic grazing as a function of food concentration. 1In
addition, the value of the coefficient depends on the devoth
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

. . . , .2
sediment, which 1is reported in g/m

TBRESP

82. TBRESP is the maximum respiration rate for ben-
thos (1/day). Respilration rates are cstimated directly by
nonitoring benthic oxygen consumption by manometric, chemi-
cal, or polarographic methods. Values for the respiration

rate for benthos are given in Table 23.

60
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3 SPeCIES THRESP

Table 23

Maximum respiration rates for benthos (1/7day)

REFERENCE

Acartia n,o129-.215 NA* Williams 1982
Ancylus tluviatilis 0.035-.049 16 Berag 1952
pBactes sp. 0.47-.72 10 Fox et al. 19137
Blthynia tentaculata 0.02 13 Berg & Ockelmann 1959
Bitnynia leachs v.031 13 Berg & Ockelmann 1959
chilrenomus anthracinus 0.005 11 Bery et al. 1962
CHLECnOmMUS strenzkel 0.12-.14 30 Plpatzer-Schultz 1970
Chloeon dipterum 0.16-.40 10-16 Fox and Simmonds 1933
Joenls sp. 0.075 10 Fox et al. 1935
Corethra flavicans 0.002 11 Berg et al. 1962
i Jorycaeus 0.051-.270 NA Williams 1982
EChyonurys venosus 0.17-.34 10 Fox et al. 1935
Ephenera simualans 0.063 20 Olson and Rueger 1968
Epaenera vulaata 0.072-.19 10 Fox et al. 1935
r iphemera damica 0.095-.21 10 Fox et al. 1935
nemerella 1gnita 0.24 10 Fox et al. 1935
Lriebdella oculata 0.034 20 Mann 1956
t.rpobdella testacea 0.052 20 Mann 1956
Gammarus pulex 0.10-.12 NA Fox and Simmonds 1933
L sastropoda, Veliger 0.107 NA Williams 1982
slossiphonia complinata 0.044 20 Mann 1956
tlelobdella stagnalis 0.052 20 Mann 1956
Ilyodrilus hammoniensis 0.0009 11 Berg et al. 1962
Larvaceans 0.014-.043 NA Williams 1982
Lumbricillus rivalis 0.006 11 Berg et al. 1962
Lymnaea aricularia 0.016 13 Berg & Ockelmann 1959
Lymnaea palustris 0.027 13 Berg & Ocxelmann 1959
Lymnaea pereger 0.023 13 Berg & Ockelmann 1959
Many Jroups 0.0001-.04 NA Olson and Rueger 1968
Ayxas glutinosa 0.026 13 Berg & Ockelmann 1959
Oligotrichs 0.257 NA Williams 1982
Physa fontinalis 0.041 13 Berg & Ockelmann 1959
Piscicola geometra 0.088 20 Mann 1956
Procladius sp. 0.002 11 Berg et al. 1962
Tintinnids 0.245 NA williams 1982
Tubifex parbatus 0.005 11 Berg et al. 1962
Tubifex tubifex 0.001 11 Berg et al. 1962
Valvata piscinalis 0.041 13 Berg & Ockelmann 1959
! * NA = not available.
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aietl, BENTZ2, BENT3, BENTd

83. Values tfor benthos

given 1n Table 24.
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ditriculty in estimating half-saturation cocfficients.
of tish half-saturation coefficients are agivern in

. PE2BEN 1s the benthic-feeding fishes' (FIsSiH3) half-

saturation cocefficient for benthos and scediment
Jrazinag {(ma/L) .

b, PFsiyoo 1s the planktivorous fishes' (FISH2) half-
saturation coefticient for zooplankton, detritus,
and alaae (na/0) .

Cc.o FS2E8H 1s the plscivorous fishes' (FISHD) half-
saturation coefficient for feeding on PLSH3 and
Itz o (masL) .

Table 25
vated u¢1'—ndtuxxtlanLi4li[ﬁ1Llnnts tor faish arowth (mg/L)
{from Leidy and Jenkins 1977)

polis fﬂav TYPE VALUT REFERENCE

U L DINNOWS 4.0 Thompson 1941

oLk TNNOwWs 7.2 Williams 1959

s M1INNOWsS 5.t Ggammon 1963
Late osoulpan midaye larvae 4.4 tavis and Warren 1965
SN mixed Jdiet 5.9-7.9 Brett ct al. 1969
St mixed diet R Andrews and Stickney 1972
O, F2DET, P2iou, P3BEN, F3SED

91. Protfterence factors for fish compartments 2 and 3

as follows:

a.  F2ALG 1s the preference of FISHZ for alagace

- (dimensionless) .

b. F2DET is the preference of PISH2 for detritus

- (dimensionless) .

c. F2200 1s the preference of PISH2 for zooplank-
T ton (dimensionless).

.  F3BEN 1s the preference of FPISHI for bonthos

- (dimensionless) .

.  P38ED 15 the pretevence of PISH3 for sediment

s) .

(dimensionles

04




relating to ractors

(1977)

Prroarmatlon fish preterence 1s suppliled

Loeandy and Jenkins and 1s reprinted here in Table 26

w. Unrortunately, the different fish foods

Groe eNpressed

s5 tractions ot the total diet rather than as cuantitics

(1.0 rams) o consumed, making vreforence Sactors divificult

trom this intformation.

. h v b
R M R R )

Table 26

(o9
~
P

1sh food expressed as a fraction of the <

(froum pLeidy and Jenkins 1977)

: 'z“':ZVC IO Pl '.')ill‘}x}'l'}.’\f] '/JL)Q}’I, BLNTHOS bl
Coare Shiond 0,10 0.80 0.05 U.05
il st
) 130 U.50 0.10 0.14
. M RS o
1) AV, 0.U5 0.15 U.55 UL lu
LW Lo J.U5 0.060 0.15
- it U.90 U.J5
J. U 0.40C 0..20 g.10
“ 0.2C 0.2J U.6d
i : L J.65 U.05 .15
[N U.th J.05 0.15
U.ouU Jd.ouh UL 15
: Ut u Jodh .15
(R
. [T 0.15
; .84
- v n.1ls
T [
U.1v .70
" .00
S 0.d0
. : ~ ULl 0.D05H
. Y U.20 V.60
; R . w e 0.34
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92. An example is gilven for calculating preference
factors for the third fish compartment when actual quanti-
ties consumed are known. Supposce 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-

terence factor (P) for the ith food category equals

Pi = (Ei/t’\i)/SUMi(Ei/Ai)) (22)
where
i = the amount of the ith food consumed
Aj = 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

FSiTl, 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 1s the lowest temperature at which pro-

B cesses are occurring at the maximum rates.

¢c. FSHT3 is the upper temperature bounding the
range of maximum rates.

d. FSHT4 is the upper lethal temperature.

94. For most warnwater species, upper and lower tem-
perature tolerances are similar, the lower limit being
reached at 0°C and the upper limit between 33 and 37 °C;
the optimum temperature 1s about 27°C.  “oldwater species
such as salmonids reach a lower temperature limit at 0°C,
but the upper Limit 1s near 25°C; the optimum temperature
1s about 14°C. Temperature tolerance values and the vari-
ous acclimation temperaturces (ACCL), where available, are

glven in Table 27.
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Table 27

Temperature coefficients for fish ingestion (°C)
(from Leidy and Jenkins 1977)

SP@EEES ACCL E§EI$ §§Ezg FSHT} FSHT4 REFERENCE

Pickerals 0 24 34.4 Leidy and Jenkins 1977
1 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
E Black bass 1.6 27 36.5 Leidy and Jenkins 1977

Jrappie 23 32.5 Leidy and Jenkins 1977
L Yellow perch 0 24.2 30.9 Leidy and Jenkins 1977

Yellow perch 29 Schneider 1973

Fingerling salmon 15 Brett et al. 1969
4 Bluntnose minnow 5 26,0 Hart 1947

Bluntnose minnow 10 28.3 Hart 1947
A 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

Chub 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 0.0 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

B8rown bullhead 20 32.5 Hart 1952

Brown bullhead 25 33.8 Hart 1932

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 catfaish 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
Bluegill
Bluegill
Longear sunfish
Longear sunfish
Longear sunfish
Pumkinseed
Smallmouth bass
Smallmouth bass
Largemouth bass
Largemouth bass
Largemouth bass
Largemouth bass
Largemouth bass
Yellow perch
Yellow perch
Yellow percn
Yellow perch
Yellow perch-

juvenile
Yellow perch-
adult
Yellow perch
Yellow perch
Yellow perch
Yellow perch
Yellow perch
Yellow perch
Sockeye salmon-fry
Sockeye salmon-fry
Sockeye salmon-fry
Sockeye salmon-fry
Sockeye salmon-
juvenile
Coho salmon
Coho salmon
Coho salmon
Coho salmon
Chinook salmon
Northern pike
Lake trout
Lake trout
Ralnbow trout
Brook trout
Brook trout
Brook trout
Brook trout
Brook trout
Brook trout

ACCL FSHT1 FSHT2 FSHT3 FSHT4
30 11.13 33.8
22 33.8
25 35.6
30 36.8
35 37.5
25 24.5
35 1.6 26.3 35.0
28.3
27.5 30
25
20 5.5 32.5
25 34.5
30 11.8 36.4
5 21.3
10 1.1 25.0
15 27.7
25 3.7 29.7
24 20 23.3
24 17.6 20.1
8 18.6
10 19.3
15 23.0
20 23.1
25 24.5
30 26.7
5 0 22.2
10 3.1 23.4
15 4.1 24.4
20 4.7 24.8
15 15 17
5 0.2 20.9
10 1.7 23.7
15 3.5 24.3
20 4.5 25.0
18.4
25 32
11.7
8 10.9
18 17 20
5 23.7
10 24.4
15 25.0
20 25.3
25 0.5 25.3
14 19

REFERENCE

Hart 1952
McComish 1971

Neill et al. 1966
Neill et al. 1966
Neill et al. 1966

Brett 1944

Horning and Pearson
Peck 1965

Strawn 1961

Niimi and Beamish 1974

1952
1952
1952
1947
1947
1947
1947

Hart
Hart
Hart
Hart
Hart
Hart
Hart

McCauley and Read 1973

McCauley
Ferguson 1958
Ferguson 1958
Ferguson 1958
Fer juson 1958
Ferguson 1958
Ferguson 1953
Brett 1952
Brett 1952
Brett 1952
Brett 1952

et al. 1969
1952

1952

1952

1952

and Foster 1955
1964

Brett
Brett
Brett
Brett
Brett
Olson
Scott

McCauley and Tait 1970

Rawson 1961

McCauley and Pond 1971

Fry et al. 1946
Fry et al 1946
Fry et al. 1946
Fry et al. 194¢
Fry et al. 1946

Graham 1949

and Read 1973
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FEFFIC

95, FEFFIC, the assimilation efficien - for tish
(dimensionless), ranges from 0.66 to 0.98; a valuc of 0.8U
is realistic for most fish (Leidy and Jenkins 1977). The
assimilation efficiency is multiplied by the lngestion rate
to obtain an assimilation rate. Values for fish assimila-

tion efficiency are given in Table 2v.

Table 28

Assimilation efficiencies of fish (dimensionless)

SPECIES FEFFIC REFERENCE
Bleak 0.80 Mann 1965
Blueback herring 0.80 Burbridge 1974
Bluegill 3.80 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
Cuttnroat 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 Klekowskli 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

TEMORT

96. TFMORT 1is the nonpredatory mortality rate for

fish (!/day). Mortality rate is that fraction of fish bio-
mass that 1s converted to detritus by death. Nonpredatory
mortality rates can be highly variable depending on species,

age, exploitation rate, and numecrous environmental variables.
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29.

le 29

Pisn nenpredatory mortality rates (1/day)

ti v, matural, and fishing
ol e 1ven in Table
Tab

Sl Lins TEMORT

Sraorleaan shiad
sluerill
fluesrll
Llucalltl
Broork trout 0.001
Broos tirout 0.003-.¢
BYroox tirvut U.56-1.
Brown bullicad U.001
pBrown bullhead 0.00]
Channel catfish U.00l1
Jutthroat trout 0.9001-.002
Juttnroat trout U.001
0.001

Frosnwatol drum
0.0003
0.002

0.002
0.002
0.000.
0.001
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Northern prse 0.002
Nortiern o R UL 002
R bass Ug.002
walio, o U.a0l
witbter cat s 0. 001
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ys. TERESE 18 the fi1sh

fnere are three tyvpes of res
(1) standard resviration--ox
8 mieasurable movement (1L.e.

of recting metabolism), (b)

REPERENCE

Walburyg 1961

Patriarche 1968

Gerking 1952b

Ricker 1945

Latta 1962

Aloxander and Shetter 1961
tiatch and Webster 1961
MceCammon and Seeley 1961
Rawstron 1967

Ricker 1958

Hansen 1971

Ball and Cope 1961

sutler 1965

Mraz and Threilnen 1955
Geen et o al. 1966

Grocebner 1960

Johnson and Peterson 1955
Ricker 1947

Y son 1957

MeCammon and Seceley 1961

respiration rate (l/dav).

piration that can be defined:
vaen consumed 1n the absence
, nhonactive respiration, basal

routine respiration--rate of
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CXygen consunptlion ot fish
active respiratron--maximum
under continuous forced act
appear that the best estima
for normal active fish are
{L.c., type 2 above) (Winbe

spiration rate are given in
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showilinug nor

“ate of ox
ive resplra
tes of the
values tor
r 1956).

Table 5C.

ble 50

mal activity, and (c)
yygen ceonsumption
tion. It would

rate of resplration
routine metabolism

Values for fish re-

Fish maximum respilration rates (1 day)

SPECIES TFRESP

Brown bullhead 0.001

Tvpi

routine

REFERENCE
Beamish 1964

3rook trout 0.003 routinge Beamish 1964
carp 0.001 routine Beamish 1964
Lake trout 0.001 standuard  Gibson and Fry 1954
Rainbow trout 0.002 standard  Florke ot al. 1954
Salvelinus

fontinalis 0.006-.024 standard Madsen ot al. 1977
Salvelinus

fontinalils U.019-.101 active Madsen et al., 1977
Socreye salmon  0.002 standard  Brett 1944
White sucker 0.002 rout ine Beamish 1964

Other Coefficients

TDSETL,

99.  ThenTl is the detrital scttling velocity (m/day).
Detrital scttling velocitices vary from 0.001 to over 200
m/day depending on the detrital characteristics and reser-
veir hydrodynamics.  sScttling rates should be obtailned from
juivscent settling chamber studies because advective and
turbalent forces 1n the mixed laver that can reduce secttling
In a reservoll are nodeled sovarately. For must studices,

seotling veiocitios are in the rance of 0.05% v 1.0 m/day.
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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 veloclities are given in Table 31.

Tuble 31

Detritus scttling velocities (m/day)

SOURCE

TDSETL REFERENCE

Ceratium balticum 9.0 Apstein 1910
Chactoceros borcealls 5.0 Apstein 1910
Chactoceros didyvmus 0.85 Eppley et al., 1967b
Cricosphacta carterace 1.70 Lppley et al. 1967b
Ditylum brightwelll 2.0 Apstein 1910

tecal pellets:

Acartia clausia 116.0 Smayda 1971
Fecal pellets:

Luphausi1a Krohnil 240.0 Fowler and Small 1972
Fecal pellets:

Luphaustia pacifica 43.0 Osterberg ot al. 1963
Fecal pellets:

Pontella meadil 54.0-88.0 Turner 1977
rhacodactylum tricornutum  0.02-.04 Riley 1943
Rhizosolenia herbetata 0.22 Eppley ot al. 1967b
Stephuanopyxis tunis 2.1 ppley ot al., 1967b
Tabellaria flocculosa 0.46-1.5 Smavda 1971
Thalassiosira psuedonana 0.85 Hecoky and Kilham 1974

DETTL, DiTT2

100. DETT) is the lower temperature boundary at whica
decomposition continues to occur. It 1s usually 0 °C.

161. opTT2 is the temperature at which decomposition
occurs near the maximum rate. Temperature cocfficients

for decomposition are given in Table 32.
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Table 32

Temperature coefficients for decomposition (°C)

SUBSTRATL OR SITE DETTL DETT2 REFERENCE

Pscudomonas fluorescens:
natural substrate 0 25-30 Tison and Pope 1980
L. coli: natural
substrate 0 37 Tison and Popc 1980
Glucose: Lake George,
New York 0 25 Tison ¢t al. 1980
Glucose 0 20-30 Bott 1975
Glucose: Lake Wingra, 25-30 Boylen and Brock 1973
Wis.
TDOMDK

102. TDOUMDK 1is the dissolved organic matter (boM) de-
cay rate (i/day). DOM in natural waters 1s the organic
substrate for heterotrophic metabolism. The composition of
natural DOM 1is highly variable and little understood, but
1ts sources are gencrally grouped into (a) excretion from
phytoplankton and macrophytes, (b)) decomposition of phyvto-
plankton and macrophytes, (c) excretion by animals, and
(d) allochthonous drainage (¢.g., humic compounds from up-
stream sources).

103. Aquatic bacteria appedar to be chiefly responsible
for the removal of DOM compounds from the water; they are
the major agents for bacterial mineralization of oraanic
solutes in fresh water (Wright 1975), using organic matter
a5 an energy source. Various methods have been tested to
determine the decay rate of DOM in water. Modification of
the basic Parson and Strickland (1%63) technigue have oeen
developed to quantify the kinetics.

104. DOM decomposition rates have also boeen ropre-
sented by filtered carbonaceous biochemical oxyaen demand

(BOD) decay rates. Tf sufficient oxyaen is available, the
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acrobic 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 valuec 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 1s 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 1inputs, 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
1s 1mportant. In addition, as particles sink out of the
euphotic zone, both dissolvea 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 (mg 03/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 1981l). Values for DOM deccay rate are given in
Table 33,

o —— b m




Table 33
DUOM decay rates (l/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
Glycine 0.048 Vaccaro 1969
Glycolate 0.024-.432 Wright 1975
Glycolate 0.012-.25 Wright 1975
Glycolic acid 0.004 Tanaka et al. 1974
TNH 3DK

108. TNH3DK 1s the ammonia decay rate (i.e., the rate

at wnich ammonia 1s oxidized to nitrite) (1/day). Ammonia

1s generated by heterotrophic bacteria as the primary end
product of decomposition of organic matter, either directly
from proteins or from other nitrogenous organic compounds.
Although ammonia 1s a major excretion product, this nitrogen
SOUrce 1s minor 1n comparison to decomposition.

109. Nitrification 1s the biological conversion of
organic and inorganic N compounds from a reduced state to a
more vxidized state (Alexander 1965). The nitrifying bac-
torta capable of oxidation of NH4+ to NO2- are largely con-
Dined te the specles Nitrosomonas, bacteria which are meso-

prslie (1=-37 °C).

110, wNitrification rate can be determined by a number
ol wifiterent technigques.  Courchaine (1968) has plotted ni-
trocenous BUD on a logarithmic scale and determined the
doec ey rate from the slope of the line.  Thomann ot al.

17l used a finitte-difference approximation to solve a

~J
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set of simultanecous linear equations.
111. 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 pl, temperature, sus-
pended particulate concentration, hydraulic parameters and
benthos.

112. Nitrification can be measurced 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 1s oxidized to nitrate. Oxidation of
ammonia to nitrite 1s 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 ecstimate this parameter. Ammonia oxidation rates are

given in Table 34.

Table 34

Ammonia oxidation vates (l/day)

SIT TNI3DK REFERENCE

Wastoewater treatment plant 0.05-0.30 Wild et al. 1971
Grand River, I11. 0.80 Bansal 1976

, Grasmere Lake, UJK. 0.001-.013 Hall 1982
Truckee River, Nov. 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 Monhawk River 0.30 Bansal 1976
Ohl1o River 0.25 Bansal 1976
Big Blue River, Neb. 0.17-0.25 Bansal 1976
Flint River, Mich. 0.76-0.95 Bansal 1976
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UNU2DK
113, TNOZ2DK 1is the decay rate of nitrite to nitrate

(Lrday) .

TDLTDR
114. IDETDK 1s the detritus decay rate (1/day). Detri-
tus as uefined by Wetzel et al. (1972) consists of organic
carbon lost from an organism by nonpredatory means (includlna
cyestlion, excretion, secretion, ectc.) from any trophic level
component, or 1nput from sources cxternal to the cecosysten

that enter and cycle 1n the system (i.e., allochthonous

fow

organic carbon). For CE-QUAL~RL, this should boe considere
to be particulate material only.

115. The rate of detritus decay can be determined by
seasuring the use of oxygen during decomposition, with re-
SULts exprossaod as a flirst-order decay coeefficient (k basce
o= mgooxyvygen asced/madday) . Many workers have mweasured
rates of oxyaen uptake by detritus, sucaestinoe that oxyaer
dptake 1s related to the organic matter available for decom-
posltion.  Jdum and de 1a Cruz (1967) and Ptenchal (1970),
for example, demonstrated an inverse relation between detri-
tus particle sizeo and oxvaen consumptlon.  ONyden uptaxe 1s
a4 Intevrative measurce ot all oxidative processes occurrinag
n tne sample, both chemical and piclogical:  reducing sub-
stances are usually rapidly oxidized: respiration of the
Sraanlsms assoclated with detritus 1s primarily bacterial,
altnouah alagae, protozea, and funal may also contribute.
Measurenent of the oxysen uptake reflects the metabolism
Of cunmunitles of microorganisms involved in the decomposi-
ti1on of natural substances.

116, As a detrital particle decomposes with time,

Nere s oo decline in ooxygen uptake accompanioed by osuccoes-—

Sl of communit ies of microorganisms; this decline occurs

~)
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Table 35

Detritus decay ratcsij}[gﬁgl

Beech 0.001-.004 itanlon 1982
Cladcphera glomerata 0.007 Piccznska 1972
bead green algae 0.016-.076 Otsuki and lHanya 1972
Dead mixed algae 0.007-.111 Jewell and McCarty 1971
Dead mixed algae 0.007-.06 Fitzierald 1964
Gloeotrichia

cchinulata 0.001-.007 Piecznska 1972
Isoetes lancustris 0.003-.015 ianlon 1982
Leat packs 0.005-.017 Scaell et al. 1975
Osier 0.001-.005 Hanlon 1982
Potamogeton crispus 0.002-.004 Rogers and Breen 1982
Potomogeton

perfoliatus 0.002-.007 Hanlon 1982
FCOLDR

122, 7TCOLDK 1s the coliform decay rate (1/dav). lhis-

tirartes o colirorm dic-off rates may be obtained in the

Lasorators oro1n situ. In situ, where there are no [low 1
reqgioe deetor, crowhere flows are of o transient nature, a
commonly et rethnad s Lo add a slua of a conservative

tracer subnstance (1vodve, rare colement, or radiolsotope) to
stoady-state Jdischariage.  The Jdischarae plume is sampled,
dilution 1o oostivated from the concentration of tracer, and
thie decay rate is ostimated from the dilution-corrected
colitorm counts. s tochnigque uilves misleading results
1N cases wacere the tracer is diluted by water heavily con-
taminated with the same discharae.  Since the tracer was
introduced as o slua, there 1s no way to know how many of
trne surviving coliforms originated in the tracer-dosed

cffluent and how many came from pre- or post-dosing cfflu-

cnt. This proolem 1s reduced where the flow regime is

suffreiently ctable (Yison et al, 1978).
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123, There are two approaches to estimating dic-off
rates.  Frost and Strecter (1924) were able to estimate the
die-off rate using scasonal averages of coliform counts
from a downstream station, by assuming plug flow in the
river. krrurs in the rates determined by this approach arc
attributanle to (a) dilution and to lonaitudinal mixing
tnat produced overestimates and (b) unconsidered sources of
colltorms that produced underestimates.

124. In a sccond approach, a mathematical model of
the flow and mixing in the system is used to corvrect the
measurements for the effects of dilution. In th.s manner
Marals (1974) analyzed coliform die-off in wastewater matu-
ration ponds as a first-order decay reaction in o sceries of
comwletely mixed steady-s:cate reactors.  orrors in the
decay rates determined 1n this way are primarily attribot-
able to the reliability of the system model.

125, Table 3o glves decay rates ror coliform and
fecal streptococcus. In Table 37 from Mitchell ind Cham-
berlain (1978), the median die-off value was 0.040 'hir {or
freshwater coliform. In general, the dic-otff follows fi1rst-
order Jdecay Kinoetloes, although a significant increasce in
coliforr levels is commonly obscerved in the first several
miles downstream tfrom the outfall.

120, Pactors atfecting coliforn decay rate include
sodinentation, solar radiation, nutrient deficiencies,
predation, alaae, bacterial toxins, and vhysiochemical

factors.

jos




Table 36
Coliform and tecal streptococcus decay rates (l/day)

SPLECILS TCOLDK REFERENCH

.048-.096 Evans ¢t al. 1968

L0063 Evans et al. 1968
.004-.01: Geldreich ot al. 1968
.48-5.52 Kittrell and Farfari 1963
.199-.696 Klock 1971

.99 Marals 1974

.168-1.56 Geldreich ct al., 1968
.009-.028 Klecck 1971

L021-.038 ifvans et al. 1968

L0455 -.049  Prost and Streeter 1924
0.4-.105 iloskins et al. 1927
.48-2.04 Mitchell and Chamberlain 1978

Fecal coliform
Fecal streptococci
Pecal streptococcei
Total ceoliform
Total cuoliform
Total coliform
Total coliform
Total coliform
Total cclitorm
Total colil r»m
fotal colir

local colit.mm

T OC SO ORLC OO
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Table 37

Freshwater die-off rates of coliform bacteria measured in situ (L/day)

(from Mitchell and Chamberlain 1978)

SITE TEMP/SEASON RATE REFERENCE

ohio River Summer 20°C 1.175 Frost and Streeter 1924
Ohio River Winter 5°C 1.08 Frost and Streeter 1924
Upper Illinols River June-sept, 2.04 Hoskins et al. 1927
Upper Illinois River Oct.~-May 2.52 Hoskins et al. 1927
Upper Illinois River Dec. Mar. 0.576 Hoskins et al. 1927
Upper [1linois River Apr.-dov. 1.032 Hoskins et al. 1927
Lower Illinois River June-Sept, 2.04 Hoskins et al. 1927
Lower Illinols River uct.-May 0.888 Hoskins et al. 1927
Lower Tllinols River Dec.-Mar. 0.624 Hoskins et al. 1927
Lower Illinois River Apr.-Nov. 0.696 Hoskins et al. 1927
Shallow turbulent

stream Summer 15.12 Kittrell and

Koschtitzky 1947

Mlssourl River winter 0.48 Kittrell and Furfari 1963
lennessee River

(Knoxville) Summer 1.03 Kittrell and Furfari 1963
Tennessee River

(Chattanooyga) Summer 1.32 Kittrell and Furfari 1963
sacramento River, Calif. Summer 1.752 Kittrell and Furfari 1963
Cumberland River, Md. sSummer 5.52 Kittrell and Furfari 1963
Groundwater stream 10°C 0.504 Wuhrmann 1972
Leaf River, Miss. NA 0.408 Mahloch 1974
Wastewater lagoon 7.9-25,5°C 0.199-.696 Klock 1971
Maturation ponds NA 1.99 Marais 1974
Maturation ponds 19°C 1.68 Marais 1974
Oxidation ponds 20°C 2.59 Marais 1974

§3
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TSEDDK

127. TSEDDK 1s the organic sediment decomposition
rate (1/day). While sediment consists primarily of scttled
organic detritus, the decomposition ratce should reflect the
changing nature of the detritus as it reaches the sediment;
l.¢., 1t becomes more refractory since the labile portion
of the orgyanic detritus decomposes as it settles through
the water column. In addition, since the initial value for
sediment 1s 1n q/m2 the thickness of the scediment layer,
along with TSEDDK, will affect the amount of predicted de-
composition. Thus, 1f high initial values are used for
sedliment, TSEDDK may have to be lowered since only the top
tew centimeters of sediment are usually involved in aerobic
decomposition. largrave (1969) found the following rela-
tionship between the rate of oxygen comsumption by scediments

(ml 02,/m2/hr) and the temperature (T, °C):

In (O, consumption rate) = 1.74*In(7T)-1.30 (23)

2
At 6° C this would be 214.3 my O2/m2/day, assuming a constant
rate for the day and the conversion fornula found in the
CE-QUAL-R1 User's Manual (bnvivonmental Laboratory 1982,

p. 188). At 25° C the rate would be 2507 mq/mz/day. The
amount ot sediment (in mq/mz) times the value for TSLEDDK
times 1.4 (l1.¢., the stolchiometric oquivalent of oxyaen
uptake to sediment decay) should be near the 6-25 °C

Fande .,

DUMTY, DONT2

128. DOMTL, the critical low temperature for DOM
daocay, 1s usually 0 °C.

129. BDOMT2 1s the optimum temperature for DOM decay
(°C) . Temperature cocoffilcients for DoM decay are aiven in

Table 38.
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Temperature cocfficients for DOM decay (°C)

SUBSTRAYE
Glucose
Glucose: lLake
seorge, N.Y.
Glucose
Glucose: Lake
Wingra, Wis.

Ni3TL, Ni3T2

Table 38

DOMT DOMT 2 REFERENCE

5.0 35.5 Toerien and Cavari 1982
0 25 Tison et al. 1980

0 20-30 Bott 1975

0 25-30 Boylen and Brock 1973

130. Resecarchers have generally found temperature to

affect nitrification rates, vspeclally In the ranae of 10

to 35 °C.

1.

0.

remperature tfac

Table 39.

Temperature

SPECTES OR 51

Nltrosomnonas

Wastoewatoer trea
plant

Ann Arpor, Muich

NH3TL 1s the lower temperature boundary at
which ammonium nitrification continues. It
1s generally 0 °C.

NH3T2 1s the optimum temperature for oxida-
tion of NH3-N. The optimum temperature for
nitrification 1s generally accepted to be
between 25 and 30 °cC.

tors for ammonia oxidation are given in

Table 39

cocfficionts for anmonia oxidation (°¢)

TE NHSTL O NI

ED REFERENCL

D 30 Knowles ot al. 1965
tmoent

) 25 Wild ot al. 1971
L 2 20 Borchardt 1966
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