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ABSTRACT

Auer, M, T. 1998. Development and parameterization of a kinetic framework for modeling light-and phosphoruslimited
phytoplankton growth in Cannonsville Reservoir. Lake and Reserv. Manage. 14(2.3):200-300.

A mechanistie framework for simulating phytoplankton growth kinetics in lakes and reservoeirs is described. The
framework is based on published physiclogical submodels describing light-and phosphoruslimitation of phytoplankton
growth and the relationship between the rates of growth and respiratdon. The physiological submodels were tested and
related kinetic coefficients defined through a program of field measurementand laboratory experimentation. Values for
kinetic coefficients were determined using the natural phytoplankton assemblage of Cannonsville Reservoir, a partofthe
New York City drinking water supply system. The suite of submodels was shown to satisfactorily represent the
phytoplankton response to variation in the light and nutrient regime of the reservoir. Efforts to test submodels and
determine kinetic coefficients on a site-specific basis are believed to enhance the credibility and reliability of the model
framework in its application for water quality management.
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Mathematical modeis are widely used to support
the development of water quality management plans
for lakes and reservoirs. Current management models
focus on nutrient-food web dynamics and are signifi-
cantly more complex than the empirical correlations
and simple budget models widely applied in the past
(Chapra and Auer 1998). The greater mechanistic
resolutionafforded by nutrientfood web models comes
atacost: algorithms for componentsubmodels mustbe
developed and values for kinetic coefficients defined.
The supporting science must keep pace with develop-
ments in complexity in order to maintain a satisfactory
level of model reliability, Our research group has pro-
moted an ‘integrated approach’ to modeling (Auer
and Canale 1986; Auer and Niehaus 1993; Canale etal.
1993; Canale etal. 1995; Doerr et al. 1996), where sub-

!Contribution No, 187 of the Upstate Freshwater Institute,

models are tested and model coefficients determined
on a site-specific basis through companion programs
of field monitoring and laboratory experimentation.
Here we present a kinetic framework for modeling
light and phosphoruslimited phytoplankton growth
built from published physiological submodels. We
describe the suite of field measurements and laboratory
experiments used to verify these submodels and to
determine values for associated kinetic coefficients for
Cannonsville Reservoir (New York), a part of the New
York Citywater supply. Our approach builds on previous
efforts in Green Bay, Lake Michigan (Auer et al. 1986)
and Onondaga Lake, New York (Storey et al. 1993)
where natural phytoplankton assemblages were used to
obtain site-specific information on nutrient and phyto-
plankton dynamics. The kinetic framework presented
here was used by Doerr et al. (1998) in developing a
ago Comprehensive water quality model for the reservoir.



Theoretical Basis

Mechanistic phytoplankton growth models (cf.
Chapra 1997) are based on mass balances on algal
tanding crop (e.g. carbon, chlorophyll, dry weight)
and one or more growth-limiting nutrients (taken here
o be phosphorus, P). Mass balance equations for the
growth limiting nutrient may be written for both
‘material in the water {dissolved or external P) and that
tored within the alga {cellular or internal P).

dX
—=[p-k]'X (1)
dt
P _ sources — sinks - X (2)
dt
dQ
S =PHQ (3)

where X is a measure of phytoplankton biomass
{(ugChl -L1); W is the specific growth rate coefficient
(dY); k_is a first-order coefficient which quantifies
losses to grazing, respiration, and settling (d?); Pis the
external P concéntration (ugP-L?); p is the specific
phosphorus uptake rate (ugP ugChl*-d?);and Qisthe
internal P concentration, often termed the cell quota
(ngP- pgCht?),

A variety of physiological submodels (cf. Bowie et
al, 1985; Chapra 1997) may be applied to describe the
role of environmental factors in mediating nutrient
and phytoplankton dynamics. For example, it may be
modified to accommodate the effects of light and
nutrient availability:

“’=umax'1‘.®l"¢l (4)

where p__ . is the maximum specific growth rate co-
efficient (d 1) ata particular temperature (for optimum
light and excess nutrients) and where ¢, and ¢, are
dimensionless attenuation factors (range, 0—1) for
phosphorus and light limitation, respectively.

Two approaches have been most commonly (cf,
Bierman and Dolan 1981; Bowie et al, 1985; Chapra
1997) used in defining the attenuation factor for
phosphorus (¢,): the Monod model (Monod 1950; see
also Auer and Canale 1982a and Auer et al. 1986),
based on external P concentration, and the Droop
model (Droop 1974; see also Auer and Canale 1982a
and Auer etal. 1986), based on internal P concentration.
The Monod model relates the attenuation factor to the
external {usually soluble reactive or orthophosphate)
P pool:

¢p = £

5
k, +P (5)
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where k_is the halfsaturation constant for growth asa
function of the external P concentration (ugP-L%).

The magnitude ofk_reflects the affinity of the orgamsm
or assemblage for P, i.e., the ability to acquire the nu-
trient at low concentrations, In the Droop model, the
attenuation coefficientisrelated to the internal P pool:

where Q is the minimum cell quota, representmg aﬁ :
starvatlonlevel ofhnuhngnumentwhere growthc ase_s -

applled for simulation of the hght att
(¢,). The firstis a saturation funcuon s1

the Monod model:
1
0:= k, +1

{1965) funcuon accommodates ‘the: observatlon_thaf' oo
growth may be inhibited at high ‘light intensities
and defines an optimum hght level: for: growth"
(Iupt, HE m* st} SRy CRe

I — et 1

¢, =

opt

The loss term (k, ) identified in Equatlon 1 accom-
modates settling, grazing, and respiration ~ the latter
being the only intrinsic feature related to net pro-
duction, Laws and Chalup (1990) have proposed that
algal respiration be described asa basal rate, mcreasmg
in proportion to the growth rate of the aIgae

k - kbasal + ¢R (10)

where k_is the respiration rate coefficient (d1), klm . 18
the mamtenance or dark respiration rate coefficient
(d1), and ¢, is a dimensionless multiplier relating the
rates of respiration and growth.

The final model framework for simulating
phytoplankton growth as a function of light intensity
and levels of external and internal P is achieved by
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substituting the submodels presented as Equations 4-
10 to Equations 1-3,

Methods and Materials

Experimental Design

Two types of experiments were conducted, both
using the natural phytoplankton assemblage of

Cannonsville Reservoir. The first type was a series of -

‘light-dark bortle’ (change in dissolved oxygen) incu-
bations to determinevalues for the coefficients defining
rates of photosynthesis and respiration, An aliquot of
water was spiked with phosphorus to assure nutrient
saturation and incubated overarange oflightintensities
yielding values forp__ .. (Eq. 4), k (Eq. 8), Iu (Eq.9),
and k,__ and ¢, (Eq 10) Paired ‘llght-dark bottle’
experiments, conducied on unspiked samples and
accompanied by characterization of external and
internal nutrient levels, were used to derive estimates
of i ... (Eq.4), k (Eq.5),and Q, (Eq. 6). The second
type of experlment employed radioisotopes to measure
rates of phosphorus uptake and establish values for the
coefficients p___and k_ (Eq. 7).

Experimental Protocol

Field Methods

A gradient in algal standing crop and phosphorus
levels exists along the major longitudinal axis of
Cannonsville Reservoir in response to discharges from
the West Branch of the Delaware River, the system's
major tributary (Effler and Bader 1998). Nutrient
conditions also vary temporally with a switch from
phosphorus to nitrogen limitation in mid- to late-
summer. The ratio of nitrate-nitrogen {NO,-N) to
soluble reactive phosphorus (SRP) in water samples
(Efflerand Bader 1998) was used toidentify the limiting
nutrient. The guidelines of OECD (1982) were applied
in establishing the boundary between Nand P limitation
with N:P ratios >15:1 corresponding to P-limitation,
More than order of magnitude differences in algal
standing crop and internal and external phosphorus
were observed over the study period. This degree of
spatial and temporal variability is ideal for the study of
nutrient effects on phytoplankton growth,

Surface water grabsamples were collected from six
stations on the reservoir {cf. Effler and Bader 1998)
between April and October 1995; an additional sample
was collected at Station 4 for respiration experiments
on 14 September 1997. Samples were split into two

aliquots, and one aliquot was spiked with phosphorus
(as KH,PO,, to a concentration 150 pugP-L! above
ambient). This level of P addition insured phosphorus
saturation (22 pgP-gChl?) for chlorophyil levels in
excess of 75 ugChl' L, well within the bounds of algal
standing crop for these experiments. Samples were
then shipped on ice to laboratories at Michigan
Technological University, arriving the day following
collection.

Laboratory Methods

Uponreceiptatthelaboratory, sampleswere placed
in an incubator at 20 °C and aerated under satur-
ating light conditions (600 LE-m?s?) for 12 hours to
acchimate to experimental conditions. Samples were
analyzed for chlorophyll {Parsons et al. 1984) and
soluble reactive, total dissoived (TDP), dissolved organic
(DOP = TDP-SRP) and particulate (PP) phosphorus
(APHA 1992} prior to each experiment.

Spiked and unspiked samples were incubated at 20 °C
over a range of light intensities (0 to 1200 pE - m?'s')
and photosynthesis and respiration were measured as
oxygen production and consumption, respectively, with
an Orion Research electrode (Model 97-08). Rates of
oxygen production and consumption were converted
to specific rates of growth and respiration as described
below:

Ry 10

B 11
e (11)

where R, is the rate of oxygen production or con-
sumpuon (mgO ‘L1d1), ., is the carbon to chloro-
phyll ratio {80 ugC-ugChl'), and PQ is the photo-
synthetic quotient (821g0, 12 ugC*') and 10° converts
mg to pig, Light-enhanced and basal respiration (mea-
sured on spiked samples} were defined as the rates of
oxygen consumption immediately and 12 houss after
the lights were turned off. Growth rate data for spiked
sampleswere fit to the functions presented asEq. 8and
9 to test the utility of these models for the light-growth
response and to provide estimates of i ., k,and 1
Growth and respiration rate data for spiked samples
were fit to the function presented as Eq. 10 to test the
model proposed by Laws and Chalup (1990) and to de-
rivevaluesfork __ and¢,. Growthrate data forunspiked
samples were fit to the finctions presented asEq. band 6 to
evaluate therole of phosphorusas the nutrientlimiting
algal growth and to provide estimates of k and Q,.
Phosphorusuptake rates were measured byadding
orthophosphorus at levels of 0, 1, 2, 4, 12, 20, and
40 ugP-L! above ambient (0.6 to 4.4 ngP-1L1) to other-
wise unspiked samples. These enrichments then
received phosphoricacid labeled with **P (New England
Nuclear) ataspecificactivity of {17 pCi-mI1) and were

|
|
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incubated at a saturating light intensity (600 pE-m*'s*)
for 40 minutes (because the uptake-substrate relation-
ship becomes nonlinear with time). Subsamples were
collected at B-minute intervals and filtered through
‘0- and 0.45-um membranes to separate algal and
heterotrophic bacterial uptake (cf. Currie and Kalff
1984). Algal uptake dominated in all experiments and
only those results (3.0-um filter) are presented here.
The filters were transferred to scintillation vials, 10 mi
of liquid scintillation cocktail was added (ScintiVerse
BD: Fisher) and radioactivity was measured using a
eckman 151801 liquid scintillation counter (counting
efficiency=281%). Volumetric phosphorusuptake rates
pgP 1L} -d?) were calculated for each enrichment level
asthe initial slope of a plot of the mass of P incorporated
into the particulate phase versus time and converted to
chlorophyli-specificrates by dividing by the chlorophyll
concentration, Rates of chlorophylkspecific phosphorus
" uptake at each enrichment level were then fit to the
- function presented as Eq. 7 to provide estimates of p_
and k.

Results and Discussion

Specific Growth Rate (1)

Measurements of photosynthesis madeatsaturating
light intensities (600 uE-m™®-s*) on unspiked samples
- were used to determine the specific growth rate of the
- natural phytoplankton assemblage under ambient
nutrient conditions (Fig. 1), Growthrates werc reason-
ably constant (see results below) within periods
characterized by phosphorus (11 April ~ 25 July and
10 October ~ 13 November) and nitrogen (1 August—
3 October) limitation, respectively (Fig. 2). The tran-
sition to N-limitation was characterized by a shift in the
phytoplankton from a diatom-cryptomonad assemblage
to one dominated by cyanobacteria and, later, crypto-
monads. The return to P-limitation in the fall was
accompanied by another shift, here to an assemblage
dominated by diatoms (Siegfried, unpub. data). During
Plimitation, the specific growth rate (mean for all
stations) ranged from 0.52 to 1,61 d*! with a reservoir-
wide mean of 1.11 £0.%23 d*. Under N-limitation, the
specific growth rate was somewhat lower, ranging from
0.56 to 1.42 d! with a mean of (.84 +0.27 d*. The
variation in the specificgrowth rate within these periods
is of a magnitude expected for observed fluctuations
in the phosphorus status of the water column (SRP =
2.8 1.7 pgP LY ¢, = 0.7-0.9, based on the Monod
mode} and k_ as determined below. The difference in
average specific growth rates between the P- and N-
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Figure 1.-Specific growh rate, mean for all stations, under ambient.
nutrient conditions. Shading indicates period of nitrogen limitafion
as defined in text. IR e A

limited periods is also well within' the bounids. for
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Figure 2.-N:P ratio (as NO,N:SRP) used in defining conditions of
nitrogen- and phosphorus limitation. Solid line indicates boundary,
N:P = 15:1. Lettered notation identifies dominant phytoplankton
groups: D = diatoms, Cr = cryptomonads, Cy = cyanobacteria
(Siegfried, unpubl. data),
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atasaturating lightintensity on unspiked samples from
each sampling station, i.e., representing a range in am-
bient nutrient conditions. The value for p__ . was
determined as the slope of a plot (Fig. 3a) of Q versus
pQ (linearization of Eq. 6; cf. Auer and Canale 1982a).
The analysis was limited to the April to July period of
Pdimitation because the relationship between phos-
phorus cell quota and growth rate (Eq. 6) is not valid
under N-limitation. Thevalueforp, ., so derivedis 1.67
.6 d' Ambient specific growth rates during this
P-limited period averaged 66% of ju__, i.e., ¢, = 0.66.
Thisaver-age ambientrate is less than would be expected
based on the Droopmodel which predictsa ¢,=0.83 for
a Q, of 0.29 pugP-ugChl! (as determined below) and
the measured reservoir-wide period-average Q of

1.7 ugP pgCht,
Based on P-1 Curves

During the period of N-limitation, N-fixing
cyanobacteria dominated the plankton assemblage and

a. Droop Model (linear form)

— 60

'3 y=1.6662x-0.4799

2 R*=0.8391 .
£ 40 *

-1

et

B

£

o 2.0

2 intercept .

2 e $10p i5 -Qy Mgy
& 00 a2 : : : :

0.0 0.5 1.0 L5 2.0 2.5 3.0
Cell Quota (pgP-pgChi'!)
b. Light Saturation Model
I.5 =

kS .

. - asymptote is Yo, 1
jé 1.0 - =

3 - " .

B

&

L}

é 95 | -}

2 Lo

cg‘ | = half-saturation constant

! defined by dotted line
0.0 T . : .
0 200 400 600 300 1060 1200

Light Intensity (pE- -m 2 s't)

Figure 8.—Determination of the maximum specificgrowthrate (i), _.)
through application of (a) the Droop model for nutrient lmutatlon
and (b) the saturation model for light limitation.

K. Was estimated from photosynthesis measurements
made on Pspiked samples, i.e., neither N nor P were
limiting. Incubation of samples over a range of light
intensities yields photosynthesis-irradiance (P-I) curves
(Fig. 3b) with p__ . determined as the asymptote for
the hght-saturauon moedel (Eq. 8) or the maximum
value for the lightinhibition (Eq. 9) model. Experi-
ments were conducted on a weekly basis over the
period 1 August to 17 October 1995, The mean value
forp_ . over this period was 1.08 £0.6 d*, with a range
of 0.28 to 2,48 d* (Table 1}. Ambient specific growth
rates averaged 78% of i . over this interval (Fig. 1),
nearer the maximum than for Plimited conditions
and consistentwith the higherreservoir-wide cell quota
values observed at this time (averaging 3.0 jgP-ugChlt').
Differences in the u__ estimates for N- and P-limited
periods corresponded to species shifts in the phyto-
plankton.

Growth and Nutrients ( kp, Q,)

Paired measurements of growth rate (unspiked
samples) and phosphorus chemistry were used to
determine values for the kinetic coefficients embodied
in the physiological submodels which characterize ¢,.
A plot of growth rate as a function of SRP (Fig. 4a with
Hower = 167 d) fit to the Monod model (Eq. 5) yields
the value of the halfsaturation constant for growth
(k =0.5 ugP-L"). The value for k? lies close to the limit
of analytical detection for SRP indicating that the
phytoplankton assemblage can acquire P at very low
levels. The coincidence of a low k, and low ambient
external P levels imparts considerabie unceriainty to
the appiication of the Monod model as all terms in
Eq. b are at or near the analytical detection limit. An
additional concern in application of the Monod model
(cf. Chapra 1997) lies with the knowledge that low
ambient external P levels do not necessarily reflect
conditions of growth limitation because internal P
fevels may remain sufficient for extended periods
following P depletion in the water column (Auver and
Canale 1982b). Application of the Droop model evolved
in response to these problems,

Growthrate datawere plotted as afunction of DOP
concentration to test the Monod model for thispotential
phosphorus source. The DOP pool is used by algae
once SRP has been depleted below some critical level
(e.g., 1 to 2 ugP(L"; Connors et al. 1996) activating the
enzyme systems which mediate DOP hydrolysis.
Although SRP levels were often near or below this
threshold (Fig. 5, left panels) and aslow, butsystematic
depledon of DOP was evident (Fig. 5, left panels),

sthere was no apparent relationship between DOP

concentration and growth rate. DOP utilization




Table 1.—Kinetic coefficients derived from P-I curves.
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DateResponse Mo (@) k (UE-m? s?) I, (HE'm®s") Dominant Group ™
8/1  Saturation-lowk 1.08 20 - - Cyanobacteria -
8/8  Saturation -low k; 0.84 20 ~ o Cyanobacteria:

8/15  Saturation - low k; 0.94 75 - i Cryptomonads g
8/22 Saturation - low kx 1.08 75 - _ : Dlnoﬂagellates'_.-f' g
8/29  Satration-lowk, 0.56 75 - ; '-_Cryptomonads' o
9/5  Saturation - low k; 248 40 - Coiinpde L

9/12 Saturation - high k.( 1.78 140 - ' : Cr}rptomonads'_.'.'_'. - .
9/19 Saturation - low k, 0.42 20 - G Dlatom S
9/26  Inhibition 0.28 950 Dmoﬂagellates Sl
10/3  Inhibition 0.75 - 300 Diatoms

10/10 Saturation - high k[ 1.64 300 D]ato{ns

10/17  Saturation - high k 1.08 150

and growth rate may appear to be uncoupled because
DOP is converted to SRP prior to uptake. In this case,
growth rate would be related directly to SRP levels (and
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Fignre 4.-Application of growth rates measured under ambient
nuirient conditions in determining kinetic coefficients associated
with (a) the Monod model (},lm’.r and k.} and (b) the Droop model
(B 302 Q)

indirectly to the rate of DOP hydrolyms) rathe han j" S

directly to DOP concentrations.: ..

The Droop model (Eg. 6) prov:des an aitemattve': i
to the Monod model, descrabmg the. reiatwnship w
between growth rate and cell quota (Fig. 4b). The lin- .
earized form of Eq. 6 hasan interceptof-Q. |t .. 'whlch S
can be used to determine the value for the. r_mmmum ST
cell quota (Fig. 3a). A linear regressmri_o_. these data: -
» and Q of L67+0.6:d!. and__'.'- -'
0.2940.27 pgP-ugChl H, respecuvely Phosphorus-lumted o
conditions, as defined by the Droop model; occur be-. -
low the inflection point in the Droop curve (Q=1Q;; -
Fig. 4b; ¢f. Auer et al. 1986). Values. for the cell quota’.
approached the limiting regmn for brief perlods in
spring and in mid-summer (Fig: 5, nght panels) but'-. s
generallyremained atlevels assocmtedwnth phosphorus .

yields values for u__

sufficiency (Q>1).

Nutrient Uptake (p, ., k )

Application of the Droop modeI for phosphorus—_:
limited phytoplankton growth requires simulation of -
levels of external P (Eq. 2). Algal nutrient uptake, a.
process well described by Michaelis-Meénten kinetics.
(Eq. 7), is a key term in the external P mass balance.
Radioisotope measurements of phosphorus uptake
(Fig. 6) were made on the natural phytoplankton
assemblage using samples collected on five dates over
the period 15 August — 12 September 1995. Uptake
rates were plotted as a function of the external P (SRP)
concenfration (asillustrated in Fig. 6), yielding estimates
for the maximum specific rate of phosphorus uptake
(p,.,» mean for all dates = 4.64 +4.03 pgp- ugChl!-d?,
range = 1.3 to 11.4) and the halfsataration constant for
phosphorus uptake (k_ = 7.1 +4.1ugP L, range =4to
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"7 14). Auerand Canale (1982b) demonstrated thatvaria-

bilityin the magnitude ofp___andk_could be associated
with changesin the internal phosphorus pool. However,
no systematic variation in cell quota was observed over
the period when phosphorus uptake studies were
conducted and Q levels in the reservoir remained
within the saturated region (>2 pgP:pgChl?; Fig. 4b).

Station 1

Growth and Light (I oo )

Kinetic coefficients relating growth and light
intensity were determined by fitting measurements of
growth rate made on P-spiked samples over a range of
light intensities to the lightsaturation and light-
inhibition functions introduced previously as Egs. 8

“u ua

(1-TyD3M.g31) eond 1100

Station 6

SRP (solid) and TDP (open) (ugP-L)

276 3ie

%0 150 210 270 330

JD 1995

JD 1995

Figure 5.-Total dissolved and soluble reactive phosphorus (left panels) and cell quota {right panels) in Cannonsville Reservoir, Shaded area
in left panels identifies period of P-limitation based on N:P ratio used for determination of growth rate. Shaded areain right panels identifies

levels of cell quotn indicative of P-Emitation.




-and 9. P-I curves were developed on 12 dates and exhi-
bited 1 of 8 characteristicresponses (Fig. 7):saturation/
‘Tow k,, saturation/high k;, and inhibition. A saturation
‘response with a low k was typical of the first eight
experiments, inhibition for the next two, and a satura-
on response with a high k, for the last two. Values for
M. determined from these P-I curves were reported
above. The mean values for k were 53137 pE-m* s for
the eight saturation response /low k experiments and

120
a. 22 August 1995
10,0 -
8.0 -
6.0
40
20 Oy = 11.4 pgP-ugChl-t-d?!
l k, =8 pgP-L!
P 0.0
e 1] 10 10 10 20 P
1
o
e
=
2.5
) b. 29 August 1995
an 20 - 'S
=.
d_' 15 | "
on 19
> 1.4-1
0.5 - O = 1.9 pgP-pgChit-d-
v/ ky, =4 ugP Lt
R, Y
CG 0 10 20 10 0 P
it
5
I
A 38
30 c. 6 September 1995
2.5
2.0 |
15
1.0 4 *
(4 Bmax = 3.8 pgl pgChl-'-d!
0.5 - km = 14 I‘lgp,L-[
0.0 . _ , ’
0 10 20 130 40 P

SRP (pgP-L)

coefficients for phosphorus intake,

Figure 6.~Application of the Michaelis-Menten modelin determining
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225 pE-m* ¢ for the two saturation response/high k
experiments (Table 1). The average value for I, for
the two experiments where inhibition was observed
was 275 UE' m?®-s’. The phytoplankton assemblage
(Table 1) was largely dominated by cryptomonads and
cyanobacteria during the period ofsaturation response/
lowk resultsand by diatomsand dinoﬂageliates'dufing
inhibition and saturation response/hlgh kI results
(Siegfried, unpubl. data). ' :

Saturation < low K;
22 Angust 1995 o0l

15 R _.--__.' ﬁ

: _: 800 1000 1200

Saturation - lugh k,
17 October 19957

1.5

0.5

0.0

¢ 200 400 600 800 10007 - 1200

Inhibition
3 October 1995

Specific Growth Rate (d!)

L35

¢ 200 400 600 800 1000 1200

Light Intensity (WE-m2 -s!)

Figure 7.—Characteristic responses observed in the development of
P-I curves.
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Figure 8.-Determination of (a) rates of basal respiration under
ambient nutrient conditions and (b) values for the respiration rate
coeffictents k__ and ¢. Shaded areain the top panelillustrates fit of
the k__, coefficient to ambient measurements,

Respiration ( kbml, Jo)

Basal rates of community (algae plus bacteria)
respiration were measured over the April to November
interval of 1995 during ‘light bottle-dark bottle’ experi-
ments. Aregression of the volumetric rate of community
respiration as a function of chlorophyll concentration
yielded the specificrate of algal respiration as the slope
and the volumetric rate of bacterial respiration as the
intercept. The average rate of basal algal respiration
over the study period was 0.3 +0.2 d*, ranging from
0.08 to 1.1 d* (Fig. 8a).

The physiological submodel employed here for
respiration (Eq. 10; Lawsand Chalup 1990) represents
the process as a basal rate, increasing linearly in

AUER

proportion to the algal growth rate. Paired
measurements of the growth and ‘light-enhanceq’
respiration rate were then plotted (Fig. 8D), yielding
the proportionality constant for respiration as the
slope (¢, = 0.23 +0.16) and the basal respiration rate
Ky = 0.20 10.08) as the intercept. The value for
k... determined in this fashion compares well with that
derived through regression (presented above) and
provides a reasonable representation of ambient
respiration rates (Fig. 8a).

Summary

Amechanistic framework for modeling the kinetics
oflight-and phosphoruslimited phytoplankton growth
in lakes and reservoirs has been presented. The
physiological submodels which constitute that frame-
work, all derived from the literature, performed wellin
describing the relationship between rates of growth
and respirationand ambient environmental conditions.
Values for the kinetic coefficients embodied in that
framework (summarized in Table 2) were determined
through a program of field monitoring and laboratory
experimentation. The magnitude of the coefficients
and theirdegree of variation were shown to be consistent
with the behavior of the phytoplankton assemblage
(e.g., shiftsinspecies composition) and the phosphorus
status (e.g., degree and type of nutrient limitation) of
the reservoir,

The selection of physiological submodels for
inclusion in a kinetic framework should be guided by
the degree of model resolution required. The cell
quota approach for determination of M. Providesa
single estimate which integrates temporal and spatial
variability in nutrient status and assemblage physiology
appropriate for calculations overaseasonal time frame.
Estimation of Hpaer from P-I curves can provide
coefficientvalues over muchshorter intervals, usefulin
racking changes in kinetics associated with shifts in
species composition, The former approach utilizes
unperturbed samples (no nutrient spiking) and thus
may best represent the true nutrient physiology of the
assemblage. Of the submodels tested for simulating P-
limitation, the Droop formulation is to be preferred
over the Monod approach where ambient P levels are
near the limitofanalytical detection. TheDroopmodel
does, however, require addition of celi quota as a state

variable and simulation of uptake. The effects of light
onrespiration, atleast under saturating intensities, are
significant and this phenomenon should be included
in the kinetic framework. The results presented here
suggest that the capability to vary values for kinetic
coefficients to accommodate shifts in species

i
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Table 2.—Kinetic Coefficients

Coefficient Notation .‘Units SR - .":fallie' E

Maximum specific growth rate Wit I & i 167 +0.6
o 1.0840.6

Halfsaturation constant for growth as a kP pgi’ Lt . B 05

function of external nutrient concentration e

Minimum cell quota Q, ugp: ugchl-i' o

Maximum specific uptake rate P pgP-ugChlt- d1 o

Halfsaturation constant for uptake as a k_ ugP- 'L“: :

function of external nutrient concentration T

HalEsaturation constant for growth asa k uE- m? s1 o

function of light intensity R

Optimal (saturating) light intensity opt uE-m"z-s‘l.. s

Basal respiration rate ko ar o

Multiplier relating respiration and growth rate ¢q dimensionless |

composition might be a valuable feature of the model Refer ences

{cf. DiToro and Connolly 1980; Bierman and Dolan
1981).

This research has demonstrated that published
physiclogical submodels have utility in describing
phytoplankton growth dynamics for Cannonsville
Reservoir. The determination of kinetic coefficients
on a sitespecific basis is expected to enhance the
reliabilityand credibility of the resulting model. Future
demonstrations of the successful application of this
framework to other lakes and reservoirs, especially
those of differing trophic status, would offer further
validation for the use of such models for management
purposes. It is recommended that these results be
applied in model sensitivity analyses to identify those
kinetic coefficients meritingsite-specific determination.
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