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ABSTRACT

Cloern, J.E., 1978. Simulation model of Cryptomonas ovata population dynamicsin
southern Kootenay Lake, British Columbia. Ecol. Modelling, 4: 133— 149.

A one-dimensional transient model is developed to simulate observed population
dynamics of asmall flagellate (Cryptomonas ovata) in southern Kootenay Lake, B.C.,
during a 1-year period (1June 1974— 31 May 1975). The model considers advective dis-
placement of C. ovata as water flows from its southern entrance into the lake and moves
northward toward sampling sites. Specific growth rate is computed from an experimen-
tally determined function of mean irradiance, water temperature, and nutrient (ammoni-
um and phosphate) concentration in the upper 10 m of the water column. Cell losses are
assumed to result from zooplankton grazing and inhibition due to presence of the blue-
green alga Anabaena.

The model simulates well the timing and magnitude of all observed population changes
and, moreimportantly, it gives insight into the important mechanisms which regulate
population density of C. ovata in this natural system.

INTRODUCTION

One of the most intriguing problems facing aquatic ecologistsisthe chal-
lenge to develop aredlistic and precise simulation model of phytoplankton
population dynamics, species composition, and primary productivity. Most
previous attemptsto simulate algal population dynamics have treated the
phytoplankton as a homogeneous unit. However, recent studies have begun
to stressthe very real physiological differenceswhich exist among phyto-
plankton species. Perhaps the most realistic simulation approach isto treat
each species separately and deal with its particular response to changing
environments. Although this approach requires species-specific kinetic infor-
mation, the output of such models will be valuable in explaining natural
phenomenalike seasonal succession; and since each algal speciesisutilized to
adifferent degree by organisms at higher trophic levels, it may also lead to
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more realistic simulations of secondary productivity. This rationale moti-
vated development of the following model to simulate population dynamics
of oneimportant phytoplankter (Cryptomonasouata) in southern Kootenay
Lake, British Columbia.

LIMNOLOGY OF SOUTHERN KOOTENAY LAKE

The main body of Kootenay Lake occupies part of the Purcell Trench
located in southeastern British Columbia (Fig. 1). Its main axis runsnorth—
south for approximately 105 km, its mean depth is 109 m, and maximum
width is 6.4 km. The main basin isdrained by a shallower west arm, and its
major influent isthe Kootenay River which enters from the south and con-
tributes about 80% of total inflow (Northcote, 1972). Thislake has been of
particular interest during the past 25 years becauseit experienced atempo-
rary but dramatic increase in phosphate loading. Recent limnological changes
have been documented by Zyblut (1970), Taylor (1972), Northcote (1972,
1973), Davis (1973), and Cloern (1976a). Parker (1973, 1976) has developed
adetailed simulation model of the lake's plankton populations and water
chemistry.

Past studies have emphasized the Kootenay River's rolein dominating the
physical and biological nature of Kootenay Lake. Consequently, thisinvesti-
gation was concentrated on that part of thelake which is most directly influ-
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Fig. 1. Map of Kootenay L ake showing the location of sampling stations (triangles).
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enced by theriver — i.e., the southern arm. A 1-year study of southern
Kootenay Lake defined the temporal changesin those driving variables
(water chemistry, irradiance, temperature, and plankton composition) which
most significantly affect phytoplankton population development. A detailed
description of this study isgiven elsewhere (Cloern, 1976a). Briefly, three
sampling stations were selected along an east—west transect located about
11 km from the mouth of the Kootenay River (Fig. 1). At each station,
water samples were collected at depths of 1, 5, and 10 m. These were ana-
lyzed in the laboratory for nitrate, ammonium, and reactive phosphate con-
centrations. Similar water samples taken from each depth at each station
were preserved and returned to thelaboratory for phytoplankton enumera-
tion. Zooplankton tows were also taken at the three stations and depths.
Water temperature and light intensity were measured at 1-m intervalsfrom
the surface to 10 m, and profiles of irradiance in the water column were used
to estimate the coefficient of light extinction (Hutchinson, 1957) at each
station.

Southern Kootenay L ake was sampled on 22 dates between 6 June 1974
and 15 May 1975. Results are given as a mean of pooled measurements taken
from all three depths at all three stations, and therefore represent mean
values associated with the upper 10 m of the water column for each sampling
date. Daily estimates of all measured variables were obtained for the simu-
lated year with a bicubic-splineinterpolation routine (IMSL Library 1,
1975), and these results are shown in Figs. 2—7.

Nutrients

Mean nitrate concentrations fluctuated erratically in southern Kootenay
Lake (Fig. 2), particularly during the spring months when runoff and
Kootenay River discharge were high. Ammonium concentrationsalso varied
during the spring and then stabilized at about 1 uM after September. Total
inorganic nitrogen (ammonium plus nitrate) never fell below 3 uM and was
often above 5 uM (Fig. 2). Total soluble phosphate concentrations changed
dramatically throughout the year (Fig. 3) and varied between 0.0 and 0.95
M,

Plankton

Total filter-feeding zooplankton density exhibited three major peaks
between June and October 1974 (Fig. 4). The first peak was exclusively
Diaptomus ashlandi. The August— September peak comprised mainly
Diaptomus and Diaphanosoma leuchtenbergianum, and a third peak included
these two species plus smaller populations of Daphnia galeata and Bosmina
coregoni.

The species composition and population densities of southern Kootenay
Lake's phytoplankton are detailed in Cloern (1976a). Changesin population
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Fig. 2. Daily estimates of mean ammonium (A) and nitrate (B) concentration (uM) in the
upper 10 m of southern Kootenay Lake. Day 1 = 1 June 1974.

density of the two Anabaena species (A.circinalisand A. macrospora)are
given here (Fig. 5) since this blue-green genus may inhibit growth of Crypto-
monas ovata (see below). Total Anabaena density exhibited two peaks
during the summer—fall of 1974. Thefirst peak (around day 70) was almost
exclusively A. circinalisand the later peak (around day 110)was mostly A.
macrospora.
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Fig. 3. Daily estimates of mean soluble phosphate concentration (uM) in the upper 10 m
of southern Kootenay Lake. Day 1 =1 June 1974.
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Fig. 4. Daily estimates of total filter-feeding zooplankton density (number of animals/1) in
the upper 10 m of southern Kootenay Lake. Species included are Diaptomus ashlandi,

Diaphanosoma leuchtenbergianum, Daphnia galeata, and Bosmina coregoni. Day 1 =1
June 1974.

0

Physical parameters

Only slight temperature differences were found between stations, and the
upper 10 m of southern Kootenay Lake were homothermic on most
sampling dates. Mean water temperature increased during June and July
1974, reached a maximum of 20°C in August, and then declined gradually
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Fig. 5. Daily estimatesof Anabaena circinalis plus Anabaena macrospora density (num-
ber of filaments/ml) in the upper 10 m of southern Kootenay Lake. Day 1 = 1 June 1974.
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Fig. 6. Daily estimates of mean water temperature (°C) in the upper 10 m of southern
Kootenay Lake. Day 1= 1June 1974.

to awinter minimum of 3°Cin March 1975 (Fig. 6). Water clarity (measured
as extinction coefficient) changed dramatically throughout the year (Fig. 7).
Spring months were characterized by very high turbidity resulting from the
large silt load during maximum Kootenay River discharge. Asriver discharge
declined, water clarity increased through the summer and fall and reached a
maximum in March 1975.

Daily insolation and photoperiod were estimated with a sub-model since
continuous meteorological dataare not collected near Kootenay Lake. Total
clear-sky solar radiation incident to the earth's surfaceis given by the
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Fig. 7. Daily estimates of light-extinction coefficient (m™') in the upper 10 m of southern
Kootenay Lake. Day 1 = 1 June 1974.




Milankovitch equation (List, 1958):

S, t
Io=w—r-f o %a-cosZ, dt,
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(1)

where 1, isin ly/day, S, isthe solar constant (1.94 ly/min), r is the earth-to-
sun separation, t, istime of sunrise, ¢, istime of sunset, « isthe atmospheric
transmission coefficient, and Z, issolar zenith angle. Z,, r, t, and ¢, can be
computed for any day of the year at any given latitude (49° 20' for southern
Kootenay Lake) by the methods of McCullough and Porter (1971).
Assuming that a is 0.84 (Huang and Park, 1975), total clear-sky insolation
was computed for every day of the simulated year by numerically integrating

Eq. (1).

Clear-sky radiation was corrected for cloud cover with the formula of

Berliand (Huang and Park, 1975):
I,=(1—0.386-C—0.36-C%1,,

(2)

where Cis mean monthly cloudiness (Monthly Record, 1974, 1975). The
diffuse component (I,) of solar radiation was assumed to be a function of

the incident component (Parker, 1973):

I;= (0.054 + 0.07 -a-exp (0.226. Z*"2)) - I, ,

(3)

where aisalbedo (0.1 over water). Total daily insolation isthen the sum of

(2)and (3).

24

271 [,

18}

12t

PHOTO PERIOD

0l

DAY NUMBER

1180

1150

1120

190

160

1240

1210

INCIDENT RADIATION

30

e 0
0 30 60 90 120 150 180 210 240 270 300 330 360

Fig. 8. Hours of sunlight (photoperiod = 0) and total daily insolation (©), 400— 700 nm,
reaching the surface of southern Kootenay Lake. Day 1 = 1 June 1974.
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Fig. 9. Daily estimates of mean insolation (ly/h) in the upper 10 m of southern Kootenay
Lake. Day 1 = 1 June 1974.

MEAN INSOLATION-UPPER TEN METERS

Assuming that photosynthetically useable radiation includes those wave-
lengths between 400 and 700 nm, daily useable insolation incident to
Kootenay Lake was computed as:

I,=0.41. (1, +1), (4)

where the fraction 0.41isfrom List (1958). Daily estimates of I, and photo-
period (PP= number of daylight hours per 24 h) are shown in Fig. 8.

Light intensity at depth z isdetermined by mean surface irradiance and
extinction coefficient (k) of the water column:

I
I, =pp exp(~k-2z), ()

and mean light intensity (ly/h) in the upper 10 misthen:
10m

I, “pr exp(—k-2z)dz. (6)

Daily estimates of I, are shownin Fig. 9.
GROWTH KINETICS OF CRYPTOMONAS OVATA

Laboratory experiments with batch cultures of Cryptomonas ovata var.
palustris (obtained from the Indiana University Culture Collection of Algae)
have defined the growth rate of this organism in response to irradiance, tem-
perature, and nutritional state (Cloern, 1976b), where nutritional stateis
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defined asintracellular quantities of nitrogen and phosphorus. The specific
growth rate of C. ovata isdefined by the following function of irradiance
and temperature:

W= el T) = exp (1~ Wlgpuery) | (1)
opt(T)

where u' has unitsday ™!, T istemperature (°C), and | is photosynthetically

useable irradiance (ly/h). Eq. (7) is Steele's (1965) empirical relation

describing growth rate as a function of light intensity, modified by the ob-

servation that maximum specific growth rate (u,,) and optimum irradiance

(1,,, ) both are exponential functions of temperature (Cloern, 1976b):

Um(T) = 0.02 - exp (0.17-+ T) (8)
Lypyry = 0.06 . exp (0.22.T). 9

When algal cells become nutrient-limited (usually by limited availability
of nitrogen or phosphorus), their growth rate issmaller than that given by
Eq. (7). Laboratory studies (e.g. Droop, 1968; Caperon and Meyer, 1972;
Rhee, 1973) have shown that growth rate isdetermined by intracellular
nutrient quantities, and the following function has been used to define this
relationship:

y 47 Qo

W= 7 (10)
where g isinternal quota(umol/108 cells) of limiting nutrient, and g, isamini-
mum maintenance level of that nutrient. Maintenance levels of nitrogen
(gon) @and phosphorus (gop) Were measured as 0.36 pmol N/10° cells and
0.0035 pmol P/10° cells for Cryptomonas ovata (Cloern, 1976b).

Computation of specific growth rate then requires a measure of internal
nitrogen and phosphorus quotas (gx and(gp). These can be estimated if the
kinetics of inorganic nitrogen and phosphorus uptake are known. Absorptior:
of nitrogen and phosphorus by algal cellsisgenerally described by an expres-
sion that isanalogous to Michaelis—Menten enzyme Kkinetics:

~dg_Vm 5 (11)

Tdt K, +S°
where V,,, isthe maximum uptake rate, K isthe half-saturation constant, and S
is nutrient concentration in the surrounding medium. The parameters V,,,
and K, were measured in the laboratory to define the kinetics of nitrate,
ammonium, and phosphate absorption by Cryptomonas ovata var. palustris
in avarying regime of light intensitiesand temperatures (Cloern, 1976b).
Mean maximum uptake rate of ammonium (V,,x) was 0.034 pmol N/10°%
cellsh, and the mean half-saturation constant (Kx) was 0.76 uM ammoni-
um. Phosphate-uptake kinetic parameters were: V,,p = 0.0004 pmol P/108
cellsh, and K = 0.84 uM phosphate. Nitrate uptake proceeded at a very
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slow rate in the presence of ammonium, thus suggesting that ammonium is
the primary inorganic nitrogen source for C. ovata in Kootenay Lake. The
nutritional state of C. ovata (gn, gp) Can thus be approximated by inte-
grating the rates of ammonium and phosphate uptake:

dgx _ Vin * Ne

At T Ko+ N, (12)
dgp _ Ve - Pe
At Ky + P (13)

where N, and P. are measured ammonium and phosphate concentrations.
Once nutritional state isdefined, the reductions in growth rate resulting
from nitrogen-limitation and phosphorus-limitation are given by:

rN=gN“(J,9E (14)
an
gp

where ry and rp are relative growth rates (¢/¢'). Assuming that growth rate is
limited by either phosphorusor nitrogen (but not both simultaneously) at
any point in time, the reduction in growth rate resulting from nutrient-limi-
tation isdefined as:

r=minimum of (ry, rp) . (16)
Then specific growth rate (day ') at any given combination of irradiance,
temperature, and nutritional stateis

p=rop (17)

THE MODEL

Since Kootenay Lake isa complex ecological system, a number of simpli-
fying assumptions were made. In particular, the upper 10 m of southern
Kootenay Lake were assumed to be well-mixed and to have homogeneous
water chemistry, plankton density, and temperature. Although variability
existed both with depth and among stations, this variability was not of suffi-
cient magnitude to warrant use of a multi-dimensional spatial model. How-
ever, since the main inflow to Kootenay Lake isthe Kootenay River entering
from the south, and since there is considerable advective displacement of
planktonic organisms as water flows from south to north, this hydrodynamic
component had to be considered. The following model assumes a constant
velocity of water flow from the mouth of the Kootenay River up the north—
south axis of the lake, and that dispersion of plankton by turbulent eddy
diffusion issmall relative to advection in this system.
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Given these assumptions, the population size of Cryptomonasovata at any
point along the north—south axis of Kootenay Lake and any point in time
isgoverned by the following equation (e.g. DiToro et d., 1971):
oP oP
ac GO P Viae
where Pis algal density (number of cells/ml), Visthe assumed constant
velocity of flow from south to north, X isdistance from the mouth of the
Kootenay River, and G(t) isatime-variable net specific growth rate. Eq. (18)
can be solved analytically if theinitial and boundary conditions (defining
C. ovata density at theriver mouth) are specified.

If inflow from the Kootenay River contributes ** seed" organisms which
initiate population development in the lake, then one might expect high
popul ation densities to enter southern Kootenay Lake when river flow is
high (during spring months) and/or when environmental conditions are most
conducive for growth (summer months). Similarly, one would expect small
population densities at the river—lake boundary during the winter. The
following boundary and initial conditions are consistent with this expected
behavior and with observed population densities at the beginning of the
simulated year:

(18)

(a) Px(0) =20, allX, t=0.

(b) Po(t) = 20 , X=0,t< 160
Po(t)=Py(t—1)— 0.3, X=0,160< t< 221
Po(t) =2, X=0,221<¢t< 344

Po(t)=Po(t —1)+0.3, X=0,844<t< 365

Given these boundary conditions, the solution to Eq. (18)is (from A.R.
Koch, personal communication, 1976):

t
Py(t) = Po(t — X/V) - exp f G(t)dr . (19)

(t—X/V)Ug

Note that the parameter X/V isa constant time delay associated with
movement of a water mass from the mouth of the Kootenay River to point
X upthelake. If t < X/V, Uy=0;andif t> X/V, U, = 1. Eq. (19) describes
the population size of Cryptomonas ovata at the sampling stations if an
integrable net growth rate function G is specified.

Net growth rate

Cryptomonas ovata's mean specific growth rate (day ') in the upper 10 m
of the water column isdefined as:

1 10m 1

rp
=iom, 1am/ wdtde. =
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Note that integration with respect to time simply scales growth rate linearly
to photoperiod (PP), and that laboratory measurements of u.,,(7") were based
on adaily photoperiod of 15-h light per day. After integration, Eqg. (20)
becomes:

it PP Lo (i T 100 e (1 L]
H="180% exp {1 Tooecr) exp (—10 - k) exp (1 7 ,(21)

opt(T)

where I ismean hourly irradiance reaching the surface of thelake (= I,/PP).
Since net growth rate is the difference between this mean specific growth
rate and specific death rate,

G(t) = u(?) —d(2), (22)

daily estimatesof C. ovata’s |lossrate are required. Zooplankton grazing is
assumed to be a mgjor cause of cell lossin Kootenay Lake. Although the
filtering rate of crustacean zooplankters is a species-specific function of tem-
perature and algal density, one can assume a constant filtering rate by all
individuals for simplicity. Based upon the works of McMahon and Rigler
(1965), Richman (1966), and Kibby (1971), an intermediate filteringrate of
1.8 ml/day was chosen to represent the grazing pressure by Diaptomus, Dia-
phanosoma, Daphnia, and Bosmina. The specific death rate of C. ovata due
to grazing isthen

dyp = 0.0018 - ZP, (23)

where dp is specific loss rate (day ') of cellsin arepresentative liter of the
upper 10 m, and ZP istotal number of zooplankters per liter.

Population density of Cryptomonasovata exhibited a dramatic summer
decline that was coincident with the appearance of Anabaena circinalis and
Anabaena macrospora, and C. ovata initiated afall population pulse only
after these two blue-greensdisappeared. Fogg (1962) and LeFeévre (1964)
reviewed evidence that blue-greens may control the species composition of
freshwater phytoplankton through their excretion of organic compounds,
and Vance (1965) found that a blue-green (Microcystis) culture explicitly
inhibited C. ovata growth. This evidence suggests that Cryptomonasovata’s
lossrate in Kootenay Lake may bedirectly proportional to the total density
(number of filaments/ml) of A. circinalis and A. macrospora (= BG):

dgec =0 -BG. (24)

The coefficient § was estimated by taking that value (8 = 0.0015) which
produced the best fit between simulated and observed population dynamics.
The specific death rate of C. ovata isthen the combined loss rate from
grazing and inhibition by Anabaena:

d=0.0018 - ZP + 0.0015 - BG . (25)
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Fig. 10. Simulated (solid line) and observed (©) population densities (number of cells/ml)
of Cryptomonas ovata in the upper 10 m of southern Kootenay Lake. Day 1 = 1 June
1974.
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Fig. 11. Optimum growth rate (day~!) of Cryptomonas ovata in the upper 10 m of
southern Kootenay Lake (A),and the modified growth rate after incorporation of the
nutrient-limitation effect (B). Day 1 = 1 June 1974.



146

0.48(
042 T
0.36
0.30+

0.24 -

LLOSS RATE

0.18+

0.12

0.06 -

.00 A 1 1 I L e —— A 1
0 0 30 60 90 120 150 180 210 240 270 300 330 2BO

DAY NUMBER

Fig. 12. Specific loss rate (day~!) of Cryptomonas ovata in the upper 10 m of southern
Kootenay Lake. Day 1 = 1 June 1974.

Model implementation

Although G (z) isnot in the form of acontinuous analytic function, its
required integral can be approximated as:

b b
det:E G, (26)

where population growth has occurred in the timeinterval (a, b). Eq. (19)
was solved (assuming a constant time-delay of X/V = 40 days) to give daily
estimates of C. ovata population density at the sampling site. Results of this
simulation are shown in Fig. 10 along with observed population densities.
Fig. 11 compares optimum growth rates (Eq. (21)) with growth rates com-
puted after incorporation of the nutrient-limitation effect (Eq. (17)). The
difference between these two plotsis a measure of the reductionin growth
rate due to nutrient-limitation. Daily estimates of specific death rate are
shown in Fig. 12.

DISCUSSION

The general behavior of thissimulation model (Fig. 10) agrees well with
observed population dynamics. The model predicts an early rapid population
increase followed by a brief decline in growth, and then a population maxi-
mum around day 55. This early-summer maximum was followed by a rapid
population decline that persisted until about day 110 (mid-September). At
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thistime Cryptomonasovata exhibited an autumn pulse that lasted briefly
and then declined to winter minimum levels. The reappearance of C. ovata
during April and May 1975 isalso simulated by the model. Both the timing
and magnitude of all major population changes agree well between the
simulated population and observed behavior. Thelone exception is

the model's failure to time accurately the autumn pulse.

The mechanisms underlying this complex population behavior are shown
in Figs. 11 and 12. Note that specific growth rate was highest between days
55and 125 (August— September) when water temperature (Fig.6) and insola-
tion (Fig.9) were most conducive for growth. If the rate of cell division is
proportional to photosynthetic rate, then this figure also represents annual
changes in the specific rate of primary productivity by C. ovata. Population
development was not limited by nutrient availability during the early part of
the growing season (June— July) or during the winter months. However,
growth rate was severely reduced by nutritional state in late September
(days110—130in Pig. 11). This coincides with the period of very low dis-
solved phosphate concentrationsseen in Kootenay Lake (Fig. 3), and
suggests that phosphate-limitation contributed to the rapid decline of the
autumn pulse.

Specific death rate was high during those same periods when growth rate
washigh — days55—95and 110120 (Fig.12). Lossrates corresponded to high
zooplankton density (Fig. 4) and/or high blue-green density (Fig. 5), and the
mid-summer decline of C. ovata is explained by the predominance of both
zooplankton and Anabaena. Notice that both zooplankton and Anabaena
densities reached relative minima around day 100, thus allowing for the
increase in net growth rate that resulted in the autumn population peak.
Anabaena macrospora reached high densities around day 115 (Fig. 5), and
this reappearance coupled with phosphate limitation to cause the rapid
decline of this autumn peak. The simulated third peak of C. ovata (day 155)
occurred in response to the disappearance of both zooplankton and
Anabaena, and to increased phosphate concentrations.

Population density of C. ovata wasvery small during the winter months
because low water temperatures allowed for only small growth rates (Fig.
11), and because the Kootenay River was assumed to be bringing in fewer
individuals. As water temperature increased, and asinitial population
densities from the river increased, C. ovata began a new annual cycle of
growth during April and May 1975.

Although this model doesagood job of simulating observed population
dynamics, it can be improved with more detailed field data. In particular, the
assumption of constant water velocity is unrealistic. Water velocities were
periodically measured with drogues at the sampling stations and were found
to vary erratically in both magnitude and direction (Parker, 1976). These
measurements were not made often enough to elucidate any clear relation-
ship between Kootenay River discharge and lake flow. However, since the
Kootenay River exhibits dramatic changes in flow throughout the year
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(Parker, 1976), one can reasonably assume that the river's flow regime signifi-
cantly affects lake hydrodynamics near the sampling stations. Continuous
monitoring of both river and lake flows would give the temporal changesin
water velocity needed to make the model more realistic.

Further improvement would result from the measurement of Crypto-
monasovata population densities in the southern part of the lake. Water
samples wereperiodically taken from the river's mouth and found to contain
Cryptomonascvata, but continuous sampling was not maintained. This
information could have given areal measure of theriver's rolein providing
an initial source of C. ovata throughout the year, and would have obviated
the need for an arbitrary function of boundary population densities Py(t).

Laboratory measurement of Anabaena's effect on Cryptomonas ovata
growth would also add veracity to the model. At this point, the assumption
of acompetitive interaction between these two algae is speculation. How-
ever, theinclusion of an Anabaena-effect was clearly necessary to mimic
observed temporal changesin Cryptomonasdensity during the summer
months. Simulated population changesdo not match true population
behavior when death rate issimply taken to be aresult of zooplankton
grazing. Both effects are necessary.

Even with these limitations, the model's output closely matches both the
timing and magnitude of all major population changes. More i mportantly,
the model offersvaluable insight into the mechanisms which regulate the
population dynamics of Cryptomonas ovata in areal system. It explainsthe
temporal changesin specific growth rate (and hence primary productivity),
and tells precisely when growth rate islimited by nutrient availability, light,
and temperature. The model also givesa measure of cell losses from grazing,
and this quantification of zooplankton grazingisafirst step in describing
energy flow from phytoplankton to zooplankton. The success of this effort
will hopefully encourage further simulations at the species level.
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