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ABSTRACT

CARBON DIOXIDE AND GROWTH

LIMITATION OF A SUBMERSED AQUATIC PLANT

By

John Richard Craig

The net specific growth rate of Geratophyllum damersum L. within a

hypereutrophic wastewater pond in Michigan was controlled by the aqueous free

002 concentration in the following manner.

C - C

q

 

u = u
max K - C + C - C(c ;) T q)

where u = net specific growth rate (day-1), determined from ash-free dry weights,

u amaximumspecific growth rate (0.067 day-l), C = existing free CO concen-
max 2

tration (umol/l), Kc 8 Michaelis constant (1.5 umol/l), and Cq = threshold free

C02 concentration required for net carbon fixation (1.3 umol/l). Results suggest

that of the inorganic carbon species, C. demersum responds in a kinetic fashion

only to the free CO2 concentration.
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INTRODUCTION

Suhnersed vascular hydrophytes are a conspicuous component of

the biota of aerobic ponds in municipal wastewater lagoons systems in

Michigan. In these ponds, relatively stable zooplankton populations

develop in the absence of predation by planktivorous fish. Through

their intense algal grazing activity, these zooplankton provide the

necessary water clarity for development of high-density rooted hydrophyte

populations (McNabb, 1976). Ramani (1976) suggests that carbon often

becomes a limiting factor in the downstream.polishing ponds of’multi-

staged lagoon systems treating domestic waste. King (1970, 1972) reports

carbon limitation of algal species in algal-dominated aerobic and facu-

lative lagoons of these systems. A characteristic pattern for many

lagoons is for pH to increase and the corresponding equilibrium free

C02 concentration to decrease gradually with time from spring through

summer (King, 1972, 1976). This indicates that atmospheric recarbonation

and respiration of accrued organics can not keep up with the increasing

daily carbon demand of the developing populations of primary producers.

Botkin (1977) suggests that under conditions of non-limiting nitrogen,

phosphorus or any other ion, the rate at which the maximum standing crop

was reached would be controlled by the rate of infusion of C02 from the

atmosphere. In the time period of a growing season, carbon limits the

rate of biomass accrual while the extent of biomass accrual is roughly

a function of the amount of phosphorus, or possibly nitrogen.



In addition to controlling the rate at which an aquatic plant

can reach its maximum standing crop, carbon availability has been sug-

gested as a controlling factor in algal species dominance (King, 1970,

1972; Schindler and Fee, 1973). Klemovich (1973) Showed that three

different algal species differed significantly in their rate of free

CO2 uptake and the minimum.ambient concentration under which net uptake

could proceed. The rate of uptake of essential ions appears to be a

primary difference between plant species. 0n the basis of these differ-

ences, certain species might be predicted to out-compete others in

nutrient—deficient environments (Gerloff, 1975). McNabb (1976) from Ob-

servations of 30 oxidation pond systems in.Michigan concluded that the

pioneer species of hydrophytes in these ponds, such as Pbtamogeton

beiosus and P. berchtoldii, are displaced over time by Ceratophyllum

dsmsrsum and EZodea canadénsis. The success of C. demersum and E. cana-

dbnsis in displacing the early invading species may be due to their

ability to continue net uptake and photosynthesis to very low free carbon

dioxide concentrations.

The Monod (19h9) formulation of the familiar Michaelis-Menten

enzyme kinetics model has been applied to phyt0plankton growth kinetics

and the uptake of phosphorus (Fuhs, 1972), nitrate and ammonium (Eppley

and Thomas, 1969; Eppley 59.11;, 1969) and free 002 (Allen, 1972; King,

1976; Young and King, 1973). Application Of this empirical function was

based on the observation that the specific growth rate of an organism

and the concentration of the assumed growth limiting nutrient could be

related by a hyperbolic function described by the Monod equation. The

hypothesis to be tested by this study was that the net specific growth

rate of Geratophyllum demersum'is related to the free C02 concentration



over the growing season and that this relationship can be described by

the Monod formulation.



METHODS

The city of Belding, Michigan, located in the southwest quadrant

of the lower peninsula of the state, has a wastewater treatment system

consisting of a series of five oxidation ponds. The series has a total

area of approximately 23 hectares, has a'maximum.depth of 3 meters,

and serves a primarily residential community of approximately 5000

persons. Untreated domestic waste enters the series at pond 1 and

flows by gravity sequentially through the remaining four cells (Figure l).

The fifth cell serves as a seepage unit, discharging approximately 85%

of its input through the sand and gravel materials on which it is perched

(Bulthuis et al., 197k). The remaining effluent of pond 5 is used for

spray irrigation on adjacent land, is released to the Flat River in the

early spring and late fall, and is lost by evaporation.

There are three types of cells in the series: anaerobic,

faculative, and aerobic. The anaerobic nature of pond 1 is exhibited by

a lack of oxygen, apparent black color of the water, and the continuous

production of gas, presumably methane, breaking the surface of the pond.

Pond 2, a faculative cell, is characterized by a dense phytoplankton

bloom throughout the summer, a high surface water dissolved oxygen con-

tent with a decreasing concentration with depth, and, finally, black

gas-producing sediments. Ponds h and 5 are aerobic cells dominated by

submersed hydrophytes, and have a high dissolved oxygen concentration

throughout the water column during the growing season. The sediments

of these ponds have a light reddish—brown coloration characteristic of

h
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the aerobic oxidizing nature of the sediment-water interface. Pond 3

fluctuates between the faculative and aerobic state. The system began

operations in 1966.

The fourth pond in this series was the site of this work. It

has a surface area of 3.0 hectares and averaged 1.8 m.in depth during

the study. An average of approximately 12.2 million liters per week

entered the pond, while the outflow averaged 11.7 million liters per

week with the difference being accounted for by seepage and evaporation

(Mahan, l97h). After an initial h-week spring run-off period, the flow

rate through the pond remained relatively constant. During the study

period, pond h had a mean retention time of 32 days.

The pond was sampled regularly through the seasonal cycle of

growth (lh-day intervals) and senescence (21-day intervals) of the vas-

cular hydrophytes (May 23 - September 27, 1973). Approximately 20

quadrats of the major hydroPhyte species were randomly collected on each

sampling date to estimate their standing crop biomass. At the time of

biomass sampling, areal coverage of the hydrophyte was estimated for use

in subsequent calculations.

The pleustonic Lemna minor was collected by placing a floating

square 25 cm on a side (area I 625 ome) on the water surface. All of

the plants within the square were placed in a polyethylene bag for trans-

port to the laboratory. The submersed Geratophyllum damersum was col-

lected in two ways, depending on its aspect in the water column. When

anchored to the bottom, C. demersum was quantitatively sampled by gently

dropping a weighted plastic cylinder with an area of 0.1lh m2 to the

pond bottom and collecting the hydr0phytes within the cylinder. The

rooted potamogetons were also sampled in this manner. The floating mat

of C. demersum was sampled by raising an unweighted cylinder with an



area of 0.09h m2 from beneath the mat and collecting the plant material

within. The plant material from each quadrat was placed in individual

polyethylene bags. Upon return to the laboratory, the plants were

washed and separated into species. The plant samples were dried to a

constant weight in a forced draft oven at 80°C and dry weights determined.

A subsample was ground to a powder in a Wiley mill and incinerated in a

muffle furnace at 500°C for one hour. The percent of ash content was

determined and ash-free dry weights calculated.

The replicated hydroPhyte biomass data expressed as ash-free

dry weight per sampler were transformed to base 10 logarithms to achieve

homogeneity of variances. The transformed values for each species were

curve-fitted with a polynomial regession and the Simplest significant

curve to adequately describe the biomass relationships over the growing

season was chosen to express the data. The regression technique served

to remove the non-significant sampling variability and to produce a logi-

cal mathematical continuum between sampling dates. This regression tech-

nique utilizes information from all the available samples in determining

the value at any point in time. Estimated values for each of the

sampling dates were taken from the curves and converted from the log-

arithmic scale to the original scale by the formula: arithmetic mean =

antilog (log I + EMS/2) where EMS is the error mean square value from

the analysis of variance associated with the fitted curve. The biomass

estimates were expressed as ash—free dry weight per square meter (gm/m2)

and per pond (kg). Further details of the curve-fitting procedure are

given in Lisiecki and McNabb (1976).

The pond hydrophyte standing crop biomass estimates were used to

calculate the net specific growth rates after the method of Young and

Kins (1973).



dM/dt (1)

U = M

where u - net specific growth rate, time-l;

M = biomass;

t time.

The net specific growth rate as used here is defined as the change of

hydrophyte pond biomass per unit average hydrophyte biomass over the

time interval between sampling dates.

The net specific growth rates were calculated for each hydro-

phyte over the growing season from the following relationship:

3 AMgAt _ (Mt ' Mto) / (t ' to)
U — 4“ -r- (2)
At m (Mf + Mtoy/ 2

where “At = net specific growth rate over the sampling interval, day-l;

Mto’ Mt a pond standing crop biomass at the beginning and the end

of the sampling interval, kg;

AM = change in pond standing crop biomass, kg;

to, t 8 boundary parameters of the interval between sampling, day;

At = sampling interval, day;

m = average pond standing cr0p biomass during the sampling inter-

val, kg.

The average standing crop biomass over the sampling period rather than

the biomass at the beginning of the period was used to more closely

approximate the integral growth rate over that period (Young and King,

1973). This will yield a slightly lower net Specific growth rate but it

is considered to be a better estimate of the true rate over the changing

conditions in the pond during a given interval.

Percent transmittance of incident light was determined at

weekly intervals throughout the growing season with a submarine



photometer connected to a low resistance galvanometer (Fred Schueler,

Waltham, Massachusetts). Measurements, taken near mid-day in two hydro-

phyte-free portions of the pond, were made at 0.25 m intervals throughout

the depth of the pond and expressed as a fraction of the surface incident

light measured with the same photocell. The vertical extinction coeffi-

cients, n, were calculated from.the percent transmittance measurements

using the formula,

n z = 1n Io - 1n Iz ‘ (3)

where z is depth in meters, I0 is the light intensity at the water

surface, and I2 is the light intensity at depth 2 (Wetzel, 1975).

Vertical profiles at 0.5 meter intervals (surface, 0.5, 1.0,

1.5 m.and bottom) of dissolved oxygen, temperature, and pH were taken

11.1. 5333 at 14-hour intervals (1200, 1600, 2000, 2h00, ohoo, 0800, and 1200

hrs.) over 2h-hour cycles concurrently with biomass sampling. Dissolved

oxygen and temperature were monitored with a YSI (Yellow Springs Instru-

ment Company, Yellow Springs, Ohio) model 51 oxygen meter with a pressure-

compensated Clark-type polarographic oxygen sensor. Integral thermistors

permitted temperature readout and corrected for temperature-dependent

membrane diffusion effects and for differential oxygen solubility with

temperature. The dissolved oxygen probe was standardized against the

azide modification of the Winkler method (American Public Health Associa-

tion, 1971). The thermistor was checked for accuracy against two

mercury thermometers. The pH was measured with a Sargent-Welch model

PBX field pH meter using a glass electrode with a 3 m lead lowered

through the water column and a calomel reference electrode floated at

the surface of the pond. The pH meter was calibrated against pH 7 and

pH 10 standard buffer solutions. These instruments were calibrated

before each series of measurements.
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The free carbon dioxide (COzf) concentrations in the pond water

were calculated from the pH and temperature data and the carbonate-

bicarbonate alkalinity estimated to be 200 mg/liter as CaCO3 (h milli—

equivalents/liter). Typical summer alkalinity values for Pond h are in

the range of 175-225 mg/l (D. A. Bulthuis, pers. comm.). The equations

of Harvey (1957) and Park (1969) were used to calculate the concentra-

tions of free CO and H003- present in water at equilibrium,

 

2

H2

00 = a (h)

2: Ki (H + 2K2)

and

- - *3— ‘.

HCO3 - a H + 2K2 (S)

' +where CO2f 3 concentration of free carbon dioxide, H2003 free C02(g),

moles/liter;

HCO concentration of the bicarbonate ion, moles/liter;

a = carbonate-bicarbonate alkalinity, equivalents/liter;

H 8 hydrogen ion activity as determined by a pH meter,

moles/liter; and

K 8 temperature-dependent first and second dissociation con-

stants of carbonic acid from Buch (1951) as listed by

Harvey (1957).



RESULTS

Sampling for this study began in late May, 1973, with the

visual confirmation of germination of the vascular hydrophytes from

overwintering tissues.

The conditions of water temperature and light penetration

within hydrophyte-free portions Of the pond are recorded in Figure 2.

Pond water temperatures warmed from early May values of 10-12OC at mid-

day to a mean value of ls.9°c and range of 15.0 - 17.5°c at the start of

sampling on May 23. The mean water column temperature for the entire

sampling period, May 23 - September 27, was 27.700. The recorded.minimum

was 15°C on May 23 and the maximum was 28°C on August 15. Due to wind

mixing, the pond was generally homothermal with respect to depth through-

out the day. The diurnal variation in temperature averaged 3.500 for the

entire season. It ranged from a minimum.of 2°C on June 6-7 and progressed

to a maximum of 5.6°C at the close of the study on September 26-27.

From the onset of exponential growth of the submersed hydrophytes to

their seasonal maximum biomass, the pond water had a daily mean tempera-

ture of 23.8°c and a range of 21.0 - 28.0°c. The daily difference

between maximum and.minimum values averaged 3.300 during this period.

The light penetration in Pond h improved during May 17 - June 6,

permitting at leastllfl (1-6%) of the surface irradiance to reach the

bottom. The plants began to grow from the bottom during this interval.

Early in the year, the light transmission of Pond h expressed as vertical

extinction coefficients, n, reflect the rapid attenuation of light in the

11
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water column by a dense population of green algae (C. D. McNabb, pers.

comm.). The improvement in water clarity prior to June 6 can be attri-

buted to the rapid grazing of the early spring phytoplankton blooms by

abundant zooplankton (Lisiecki, 1976). These zooplankton poPulations

play a major role in maintaining excellent light penetration in the pond

through.much of the growing season (McNabb, 1976).

During the rapid development of the vascular hydrOphyte maxi-

mum.standing crOp from June 6 through August 15, the median n was 0.69.

This permitted 50% and 29% of the incident irradiance to reach the 1.0 m

depth and bottom, respectively. The discrepant value for n recorded on

July 12 can be attributed to turbidity caused by wind-induced re-suspen-

sion of sediment materials by storm.conditions on that date. The period

of hydrophyte senescence from August 23 through the close of sampling had

a median n of 1.51. This value corresponds to approximately 7% of the

incident light reaching the bottom and about 23% reaching the 1.0 m

depth. This reduction in n corresponds to a developing population of

the blue-green alga Microcystis aeruginosa Kuetz.from.June 20 through

the end of the study (C. D. McNabb, pers.comm.). During the period of

rapid development of the vascular hydrophytes, the light transmission of

the pond water remained consistently high, reaching the best values of

the season; during their senescence, it declined. Thus, despite the

variability over time, a trend in n can be seen related to the dynamics

of the hydrophyte community.

The vertical extinction coefficients for Pond A can be compared

with the range of values observed for natural lake waters. In very clear

lakes, such as Crater Lake, Oregon, extinction coefficients ca. 0.2 per

meter have been observed, while in highly stained lakes or lakes with

dense phytoplankton blooms, values ca. h.0 are common (Wetzel, 1975).



1h

The degree of water clarity over the study period can be further assessed

by calculating the depth at which 1% of the incident surface light would

remain if the 1.8 meter deep pond were of sufficient depth. Table 1

records the n values and the calculated depths of 1% light penetration

over the growing season. During the interval June 6 - August 15, there

was adequate light for rooted hydrophyte growth to a depth of 6 meters

(approximately 19.5 feet). McNabb (1976) reports that this degree of

water clarity in these vascular hydrophyte-dominated ponds is considered

excellent for recreational lakes in Michigan. Light transmission in

these shallow ponds equals, if not exceeds, that of lakes in the region.

The quantity of total direct solar radiation decreases approxi-

mately 3h% from June 15 to September 15, 1h% from.June 15 to August 15,

and only 3% from June 15 to July 15 at the h5°N latitude (Perl, 1935).

The maximum quantity of solar radiation occurs in mid-June. The absolute

quantity of radiation falling on the Pond A surface may vary due to the

slightly more southerly latitude (A2o N) of the Belding system and to

local climatic conditions. However, the general trend in distribution

over time is considered to be the same. It can be assumed that the

solar radiation input to the pond averaged to fairly uniform values over

the 1h day intervals between biomass sampling during the June 6 -

August 15 period.

The aerobic nature of Pond h is suggested in Table 2 by the

dissolved oxygen concentrations recorded both during the daylight period

and near the end of the non-photosynthetic period (OhOO hours). The pond

remained continually aerobic throughout the growing season. This provided

a necessary condition for the persistent growth of vascular hydrophyte

populations in the downstream.ponds of municipal waste stabilization

systems (McNabb, 1976).
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Table l. The penetration of light in the hydrophyte-free portions of

Pond h of the Belding, Michigan wastewater treatment system

during the growing season, 1973.

Vertical Extinction Calculated Depth of 1%

 

Date Coefficient, n, m’1 light penetration, in

meters

3/29 3.75 1.23

h/17 6.38 0.72

h/Zh 7.93 0.58

5/2 3.52 1.31

5/17 1.52 3.03

5/23 2.30 2.00

5/31 1.96 2.35

6/6 1.02 h.51

6/1h 0.6h 7.20

6/20 0.26 17.71

6/28 0.59 7.81

T/h 0.55 8.37

7/12 1.75 2.63

7/18 0.69 6.67

7/26 0.60 7.68

8/1 0.86 5.35

8/9 0.83 5.55

8/15 0.89 5.17

8/23 1.96 2.35

8/30 1.61 2.86

9/5 1.33 3.h6

9/13 1.96 2.35

9/20 1.hl 3.27

9/26 1.06 n.3u

4



l6

 

 

 
 

 

Table 2. Means and ranges of dissolved oxygen concentrations in the

water column of Pond h of the Belding, Michigan wastewater

treatment system during the 1973 growing season.

02 (mg/l)

Date Daylight Period 40300 Hours

Mean3 Range Meanb Range

5/23-2h 8.2 6.6 10.1 6.8 6.h - 7.7

6/6-7 7.8 5.2 9.0 6.5 6.2 - 7.0

6/20-21 10.1 6.3 15.8 8.0 5.2 - 10.0

7/h—5 12.6 2.h 18.0 11.7 5.8 - 1h.0

7/18—19 11.0 3.2 16.2 6.0 1.6 - 11.0

8/1-2 7.0 0.5 lh.5 9.1 5.8 - 9.8

8/15-16 10.8 2.h 15.6 10.3 6.2 - ll.h

9/5-6 8.2 1.h 12.5 6.5 6.2 - 6.9

9/26-27 10.9 1.6 16.0 10.0 7.6 - 10.5

a Mean of surface, 0.5, 1.0, 1.5 m depth at 0800, 1200, 1600, 2000 hrs.

at two stations.

b
Mean of surface, 0.5, 1.0, 1.5 m depth at OhOO hrs. at two stations.
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The pH of the pond over the study period was in a range charac-

teristic of an active photosynthetic system. Figure 3 records the

median pH and range during the daylight period through the growing

season. The pH values plotted in Figure 3 were recorded at 0800, 1200,

1600, and 2000 hours, at the surface, 0.5, 1.0, and 1.5 meter depth, and

at two locations in the pond. The range of pH values observed on each

sampling date can be attributed to the variation of light intensity and

concomitant photosynthetic activity with time of day, with depth and with

location in the pond. The median pH and range on May 23 reflect an in-

tense green algal bloom in the pond during early spring. The minimum

median seasonal pH of 8.h on June 6 reflects a respiratory event due to

the disintegration and decomposition of much of the hydrophyte over-

wintering tissues and the green algal biomass of the early spring blooms.

The temperature-dependent bacterial decomposition and subsequent recar-

bonation was accelerated by the rapid warming of the pond waters from

mideMay values in the interval of May 23 - June 6. The pond pH values

increase from June 6 through July 18 reflecting the photosynthetic con-

sumption of CO by the primary producers of the pond. The maximum

2

median pH of 9.6 was reached on July 18. Despite the daily variation of

pH during the light period, a trend can again be seen related to the

population dynamics of the vascular hydrophytes.

Figure A records the population development of the dominant

hydrophytes, Geratophyllum demersum L., Potamogeton fbliosus Raf.,

P. berchtoldii Fieber and Lemna minor L. The vegetative parts of

P. beiosus and P. berchtoldii are taxonomically quite similar and were

indistinguishable until mid-July when they could be accurately identi-

fied from reproductive structures. It was found that the Potamogeton

spp. biomass consisted largely of P. fbliosus. Pbtamogeton zosterifbrmis
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Fernald, Lemna trischa L. and the epipelic filamentous Chlorophycean

alga, Cladhphora fracta (Dillwu) Kuetzing were occasionally found in

trace quantities. The populations of submersed hydrophytes covered an

estimated 90-100% of the pond bottom during the period May 23 - August 15.

Coverage during the remaining portion of the season was approximately 85%

of the pond bottom. Areal coverage of the pond bottom averaged 9h% on a

seasonal basis. Biomass expressed as grams per square meter ash-free dry

weight and the percent ash of the dominant hydrophytes are given in Appen-

dix Tables Al and A2, respectively.

Ceratophyllum demersum L., the dominant submersed aquatic angio-

sperm, began development from dormant winter apices. These vegetative

propagules are dense clusters of dark green apical leaves of lateral

shoots with greatly augmented starch reserves and a thickened cuticle

(Sculthorpe, 1967). These perennating organs are formed by cessation of

elongation in the apical regions of the stem in response to unfavorable

environmental conditions such as nutrient deficiency, low temperatures,

shortened photoperiod, and possibly, low light intensities (Sculthorpe,

1967). The apices may be liberated and sink to the substrate because

of a specific gravity greater than water or remain attached to the

parent plant between seasons Of maximum growth depending on the rate of

disintegration of the parent plant. The overwintering C. demersum

apices in Pond h remained attached to significant portions of the biomass

from the previous growing season (Figure A). Terminal stem portions, 5

to 10 cm in length, were liberated with the decomposition of the basal

portions of the stem and settled into the sediments during the interval

of May 22 - June 6. Temperature and light intensity are considered to

be the major physical factors influencing the germination of these apices

(Sculthorpe, 1967). Ikusima (1965) reports that vegetative development
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in C. demersum is restricted at temperatures below 15°C. The dor-

mant apices responded to the rapid warming of the pond and the improve-

ment in the light penetration from early May values in the May 17 -

June 6 interval and growth commenced.

Shoots of C. damersum possess modified basal lateral branches

called rhizoid-shoots whose leaves are extremely finely divided into

whiteish thread-like segments. These rhizoids penetrate the substrate

and aid in anchorage of this rootless plant. The hydrophyte grew from

the pond bottom in this manner and eventually occupied the entire water

column. Individual plants pulled free of the substratum and formed a

floating mat during the period of most prolific production in the inter-

val of June 6 - July A. The mat began to disintegrate in the interval

of August 1 — August 15 and this continued leaving senescent plants along

the bottom at the end of the study in September.

On June 20, the mat biomass was 865 kg as ash-free dry weight

and, through continued recruitment from the bottom, reached lh50 kg on

July A. The mat biomass remained relatively constant during the rest of

its occurrence with 1385 kg recorded on July 18 and 1350 kg on August 1.

The mat varied in position and size (0.6 - 0.8 hectare) on the pond sur-

face depending on the wind direction and on the degree of wind-induced

aggregation or dispersion of the floating plant tissue. After its

initial formation, the mat biomass remained constant while the bottom-

anchored tissues increased in biomass. During the growing season,

C. demersum comprised between 72 and 99% of the total hydrophyte biomass.

The hydrophyte began development from viable tissue estimated to be 3-7%

of its maximum seasonal biomass. The maximum biomass was reached on

August 15 with 5101 kg of plant tissue present in the pond. At the close

of the study on September 27, 3368 kg of biomass remained.
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The rooted hydrophytes, P. beiosus and P. berchtoldii., began

development in late May from seeds and small pieces of meristematic tis-

sue produced during the previous growing season. They grew along the

pond bottom in a carpet-like fashion and, at maximum development, grew

to a height of 0.5 m. The Potamogeton spp. were overgrown by C. demersum

early in the growing season. They made up a sizeable portion of the

hydrophyte biomass early in the growing season, comprising 28% of the

biomass on June 6, but completed a cycle of vegetative growth, seed

setting, senescence, and disintegration by August 1. Their maximum

seasonal biomass Of 279 kg was recorded on July A (11% to total hydro-

phyte biomass on that date). The perennating seeds and stem fragments

were estimated to be h-7% of the seasonal maximum biomass.

From scattered fronds, the pleustonic Lemna minor expanded to

cover the floating mat of C. demersum as it developed. Although it

occasionally covered up to one hectare of the pond surface, L. minor

never made up a large portion of the total hydrophyte biomass (S 6%).

Lemna minor reached its maximum standing crop on July 18 with 238 kg

present on the pond.

Table 3 records the pond standing crop estimates for the major

hydrophyte species and the calculated net specific growth rates for the

intervals of time between biomass sampling. In Table A, the minimum

free 00 and H00 - concentrations in the water column are reported for

2 3

the photosynthetic (daylight) period.
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Table 3. Changes in the pond standing crop biomass and the net specific

growth rate, u, over the 1973 growing season for Ceratophyllum

domersum, Potamogeton spp.3, and Lemna minor in Pond h of the

Belding, Michigan wastewater treatment system. The biomass is

expressed on an ash-free dry weight basisb.

‘4— _ __A__‘ L

 

C. demersum Pbtamogeton spp.a L. minor

Pond c u Pond c u Pond u

Date Biomass -l Biomass -l Biomass -1

(kg) (day ) (ks) (day ) (ks) (day )

6/6 362 lhl nil

.066 .028

6/20 987 210 l

.053 .020 .lhl

7/h 216A 279 159

.032 -.0hl .028

7/18 3&16 155 238

.017 -.103 -.O70

8/1 h336 25 81

.012 -.lh3 .059

8/15 5101 nil 19h

-.005 -.057

9/5 5577 0 59

-.01h 0.0h2

9/26 3368 0 19

a P. beiosus and P. berchtoldii combined.

b Ash-free dry weight is based on the seasonal average of 78% of dry

weight for C; demersum, 80% of dry weight for Pbtamogeton spp., and

79% of dry weight for L. minor.

c Pond biomass based on the 9h.h% seasonal average areal cover of pond

bottom.

d Pond biomass based on areal cover of pond surface.
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Table A. Minimum free CO2 and HCO3- concentrations reached during the

daylight period in Pond h of the Belding, Michigan wastewater

treatment system during the 1973 growing season.

LAM _ ___ L

 

Mean water Mean water

Date columna columna

CO2f HCO3

(micromoles/liter) (millimoles/liter)

5/23 1.5 2.7

6/6 3h.3 3.9

6/20 2.2 3.1

7/h 1.7 2.9

7/18 1.3 2.8

8/1 1.5 2.8

8/15 1.9 3.0

9/5 2.1 3.1

9/26 h.3 3.h

a Mean of surface, 0.5, 1.0 and 1.5 m depths at two stations (n = 8).



DISCUSSION

The distinction between standing crop limiting and growth rate

limiting factors is an important one (O'Brien, 1972). The maximum

standing crop of aquatic plants has been shown to be a function of the

amount of phosphorus, or occasionally, nitrogen available (Gerloff,

1975). Carbon availability has been suggested as important in deter-

mining the rate at which the phosphorus or nitrogen determined standing

crop is reached (King, 1970, 1972; Schindler and Fee, 1973). Botkin

(1977) suggests that under non-limiting conditions of nitrogen, phosphorus

and other essential nutrients, the rate at which the plant population

would attain its maximum standing cropwould be limited initially by

carbon availability and eventually by light due to self-shading. The

light limitation would also serve to limit the maximum standing crap as

the optimum population density is exceeded (Botkin, 1977). Under luxury

consumption of essential nutrients, the plants are able to fully exploit

other environmental variables. From the data available to date, it

appears that temperature, light and carbon are the primary variables

interacting to control plant productivity in the downstream.aerobic ponds

of multistaged lagoon systems where vascular hydrophyte populations com-

monly develop (King, 1970; McNabb, 1976; Ramani, 1976). King (1976)

suggests that long detention times relative to the alkalinity of the

wastewater increase the probability of a carbon limitation of the pri-

mary producers of the lagoon.

25
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Gerloff (1975) reports the critical concentrations of phosphorus

and nitrogen for C. demersum as 0.10% and 1.30% of the dry weight, respec-

tively. The critical concentration is defined as the minimum concentra-

tion of an element in plant tissues which will permit maximum plant yield

and growth (Gerloff, 1975). Mahan (197A) in a concurrent study in Pond h

reports C. demersum tissue concentrations of phosphorus in the range of

1.09 - 1.55% of the dry weight during the growing season. C. damsrsum

showed luxury consumption of phosphorus throughout the growing season

accumulating phosphorus to levels exceeding some of the highest reported

in the literature (Mahan, 197%). Although seasonal nitrogen tissue

concentrations for C; d2mersum'are lacking, non-limiting levels of

nitrogen through the growing season are suggested by the presence in the

pond of a developing population of Microcystis aeruginosa. M. aeruginoea,

a non-nitrogen-fixing blue-green alga, has a high nitrogen requirement

(Gerloff gt_gg,, 1952). Comparison of the reported critical concentra-

tion of nitrogen forJM. aeruginosa of h.0% of the dry weight with that

for C. demsreum of 1.3% of the dry weight suggest abundant nitrogen

available to c. demersum (Gerloff _e_t_ p._1_., 1952; Gerloff, 1975). McNabb

(1976) reports a seasonal mean nitrogen tissue concentration of h.2%

of the dry weight for Geratophyllum growing in hypereutr0phic sewage

lagoon systems. The tissue concentration was found to be independent

of the mean ambient water.concentrations in the range of 0.5 - 13.5

mg/liter inorganic-N. 0n the strength of these observations, it was

assumed that neither phosphorus or nitrOgen was limiting to the growth

rate or maximum.standing crop of C; damersum in Pond h during this study.

Presumably, the concentrations of various trace nutrients required for

hydrophyte photosynthesis were also more than adequate.
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The relatively constant and high light regime of the shallow

Pond h during the period of hydrophyte growth permits a reasonable es-

timate of C. demersum kinetic parameters obtained under near Optimum

conditions in a natural light cycle.

Among potential limiting nutrients, carbon dioxide has a special

place in view of its immediate involvement in photosynthesis, its non-

conservative nature and its large net uptake relative to such elements

as nitrogen and phosphorus. 0n the average, 79 Percent of the dry weight

of the submersed vascular hydrophytes of Pond h is organic matter (Appen-

dix Table A2). This carbonaceous material is derived from the light-

dependent reduction of carbon dioxide by photosynthesis. The carbonate-

bicarbonate alkalinity system serves as a significant reserve photo-

synthetic carbon source and is supported by variable C0 exchange rates

2

with the atmospheric CO reserve and by temperature-dependent rates of
2

respiration of accrued organic matter by the biota. However, even in

sewage lagoon systems, the bulk of the CO available for immediate plant
2

uptake is from the alkalinity system (King, 1972). Although at a given

temperature, the total dissolved inorganic carbon is a function of the

carbonate-bicarbonate alkalinity, the partitioning of the carbon at

equilibrium among the components of the system (free carbon dioxide,

CO2 + H2003; 3

pH at that temperature (Stumm.and.MOrgan, 1970). Photosynthetic con-

bicarbonate, HCO -; and carbonate, C03) is a function of the

sumption of carbon raises the pH, shifts the partitioning of the total

inorganic carbon among its components, and reduces the chemical species

involved in cellular uptake to rate-limiting concentrations.

Hutchinson (1975) considering the available literature suggests

that C. dbmersum is able to use the bicarbonate ion as an additional

source of carbon for photosynthesis. The complexity of the chemical
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equilibria of the carbonate-bicarbonate alkalinity system does not permit

unequivocal demonstration of HCO3 uptake by aquatic plants by the means

employed to date. However, recent workers (Brown, §§_§l,, l97h; Carr,

3

alternative explanations for the phenomenon. Although bicarbonate uptake

1969; Van, gt 2%,, 1976) are not convinced of ECG uptake and offer

and utilization would be of significant competitive advantage, the mor-

phological, biochemical and physiological adaptions which serve to in-

crease the ease of net CO2 assimilation may be more than adequate to

explain the competitive success of certain aquatic plants.

If the growth of an organism fellows the empirical Monod (l9h9)

application of nutrient limitation to entire organisms of the Michaelis-

Menten enzyme kinetics formulation, a plot of the net specific growth

rate of the organism versus a non-conservative substrate (nutrient) con-

centration yields a right rectangular hyperbole of the form

S

where u = net specific growth rate, time‘l;

u I maximum.net specific growth rate, time-l;

K I half-saturation constant which is numerically equal to the

substrate concentration at which 11 = 3: ”max’ mass per unit

volume;

[3] 8 substrate (nutrient) concentration, mass per unit volume.

The parameters which characterize this equation and which must be esti—

mated from the observed data are the maximum net specific growth rate

(umax) which is theoretically obtainable with an infinite concentration

of the substrate, and the Michaelis constant (KS) which is numerically

equal to the concentration of the substrate corresponding to the half-

maximal net specific growth rate.



29

The minimum CO2f and HCO3- concentrations attained in the pond

during the growing season can be designated the CO2

H003- quit (HCOEq) concentrations (Klemovich, 1973; King and King, 197A).

quit (C02q) and the

Assuming cellular uptake of both CO2f and HC03-, these values represent

the minimumco2f and H003- concentrations permitting net uptake by C.

dbmersum under the near-optimum light and non-limiting nutrient condi-

tions in Pond h. The empirical C0 and HCO- concentrations are 1.3

2q 30

umol/l and 2.7 mmol/l, respectively. At the C02q or HCO3q concentration,

the rate of CO or HCO- extraction from the alkalinity and consequently
2f 3

the rate of gross production, equals the rate of respiration. Therefore,

the rate of net production equals zero. At this point a finite concen-

tration of both CO2f and HCO3- remains. This suggests that the curves

defined by Equation 6 do not go through the origin. Therefore, Equation 6

can be corrected for the CO2q and ECG;q values:

umax [S] ' Esq}, (7)

(Ks - [squ + ([8] - [squ
 

where [Sq] = the empirically determined.minimum substrate concentration

at which PG - R 8 PN 8 0.

The kinetic constants, ”max and KS’ were calculated using the

u versus u/[S] linear transfbrmation Of the original equation recommended

by Dowd and Riggs (1965) rather than the more familiar Lineweaver-Burk

(193A) double reciprocal transformation. The n versus u/[S] transforma-

tion is highly sensitive to departures from the linear relationship

expected on the basis of Michaelis-Menten kinetics (Dowd and Riggs,

1965). Therefore, this transformation may be used as a test of the

applicability of the Michaelis-Menten formulation to the uptake of either

chemical species of carbon. Equation 7 becomes:
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u = um - (Ks - [Sq])[u / ([8] - [sqh] , (8)

In Figure 5, plots of u versus u / ([S] - [Sq]) are given where u is equal

to the net specific growth rate (Table 3) of the dominant hydrophyte,

C. domersum, and where [S] is equal to both the average minimum.free

CO2 concentration and the average minimum HCO - concentration (Table A)

3

over the time interval for which the u was determined. The average

concentration over the interval was used rather than the concentration

at the beginning of the interval to more closely approximate the changing

conditions in the pond. The lines fitted to the observed data by the

method of least squares have a slope of —(KS - [Sq3) and the intercept

on the u-axis gives umax' The empirically determined constants for

C. dbmersum'under the light and nutrient conditions of Pond h for free

-1
CO2 are ”max 8 0.067 day , KS I 1.5 umol/l and CO2q 8 1.3 umol/l; and

for 3003', the constants are “max . 0.091 day‘l, KS 2 3.0 mmol/l, and

HCO3q 8 2.7 mmol/l.

The considerably better fit for u as a function of the free

CO2 concentration is reflected in the correlation coefficients (r a

-0.99 for C0 and r a -0.76 for 3003') for the fitted lines of Figure 5.
2f

Some degree of correlation of u with the HCO3 concentration is inevitable

since above a pH of approximately 8.35 both the CO2f and HCO3- concen-

trations are decreasing as defined by the equilibrium equations of the

carbon dioxide system. A direct kinetic response to the H003- concen-

tration at any pH reached during the growing season would appear as a

significant deviation from linearity of the CO data points. This

2f

strongly suggests that C. demersum is responding kinetically to the

2f concentration rather than the H003- concentration and

that the hydrophyte can assimilate and use only free C02 as its

equilibrium.CO
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to the net specific growth rates for C. demersum in Pond h

during the 1973 growing season.



32

photosynthetic carbon source.

In Figure 6, the net specific growth rates for C. demersum

are plotted against the average minimum free C02 concentration. The

equation for the fitted line is

([cozf] - 1.3) (9)

0.2 + (lctoJ- 1.3T

u = 0.067
 

The line fitted to the data of Figure 7 is given by

 

([HCO3'] - 2.7)

1* ' “91 R's-Tracey. at (1°)

where the growth rates for C. demersum are plotted against the average

minimum.HC03- concentrations in the pond.

Late in the growing season, from.August 1 through September 26,

the decline in the daily median pH and increase in CO2f and H003‘ does

not result in an increase in the net growth rate as expected. This can

be attributed to the influence of some other limitation, presumably

light. The seasonal decline in solar energy incident to the pond sur-

face equal to approximately a 3h% reduction of total radiation from

June 15 to September 15, the general decline in light transmission of

the pond water and self-absorption by the hydrophytes as they exceed

their optimum population density contribute to the light limitation

late in the growing season. For this reason, the point corresponding

to the interval August 1 - August 15 (identified as 8/8 on Figures 6

and 7) was excluded from the computation of the kinetic constants.

Graphic presentation of the conditions of carbonate-bicarbonate

alkalinity and pH at which the 002f and the HCO3- concentrations sig-

nificantly limit the net specific growth rate of C. dbmersum are given

in Figures 8 and 9, respectively. The basic chemical equilibrium
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relationships of the carbonate-bicarbonate alkalinity system (Harvey,

1957; Park, 1969) and Equations 9 and 10 were used to calculate the iso-

pleths of C021. and H003- at which net growth can proceed at some given

proportion of the maximum.rates determined for C. damersum. The cal—

culations were based on Ki and K values at 2h°C which corresponds

2

closely to the mean water temperature during the plant growth phase.

The effect of temperature is slight with a change of temperature of

10°C being equivalent to a change in pH of onLy 0.05 units.

In Figure 8, the curves identified as 0.95 “max’ 0.80, 0.50

and 0.0 correspond to CO concentrations of 5.3, 2.5, 1.5 and 1.3

2f

umol/l, respectively. In Figure 9, the curves identified as 0.80 umax’

3

mmol/l, respectively. The curve for 0.95 p , corresponding to 8.0

0.50 and 0.0 correspond to HCO concentrations of 3.9, 3.0 and 2.7

mmol HCO3-/1, lies outside the range of the figure.

As indicated in Figures 8 and 9, both the alkalinity and pH

or H00 -
2 3

concentrations at any given temperature. For example in Figure 8,

are of significance in determining the equilibrium free CO

the net growth rate of C. demersum would be half-maximal at an alkalinity

of 20 mg/l and a pH of 8.8, while at an alkalinity of 175 rug/1, half-

maximal growth would be permitted at a pH of 9.5.

At a given alka1inity and temperature, continued uptake of 0021,

by the primary producers results in an increase in the pH and a corres-

ponding decrease in the equilibrium CO2f concentration. Although a water

may contain a considerable amount of dissolved inorganic carbon in the

alkalinity system, the amount of CO2f available at any point in time is

fixed by the equilibrium reactions. The increase in plant biomass and a

resultant increase in the daily carbon demand, together with the inabil-

ity of atmospheric recarbonation and respiratory CO to meet that demand,

2
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should result in a gradual increase in the minimum, maximum and median

pH during each successive daylight period. This would result in a

higher pH and lower equilibrium CO concentration for a longer portion
2f

of each successive daylight period. Figure 3 reflects this phenomenon

in Pond h during the period of rapid plant growth from June 6 through

July 18. Comparison of the data of Figure 6 for the Pond 14 alkalinity

of h meq/l (200 mg/l as CaCOB) with the data of Figure 3 suggests that

C. demersum spent increasingly longer portions of successive daylight

periods at high pH values and the corresponding growth rate limiting

free CO2 concentrations during the interval June 6 - July 18. At the

Pond h alkalinity, C. demersum'would be able to attain net specific

growth rates of 0.50, 0.80 and 0.95 “max at pH values of 9.6, 9.5 and

9.2, respectively. At a pH of 9.7, C. demersum would be at its COZq

value and its net specific growth rate would be equal to zero. Even-

tually, in the absence of some other limitation, carbon dioxide would

not be available for a sufficient portion of each daylight period for

net biomass accrual to continue on a daily basis. At this point, the

hydrophyte has reached its seasonal maximum standing crop.

If an aquatic plant can use only free 002, photosyntheSis will

cease when the concentration of CO becomes negligible. However, if

2f

as an additional carbon source, photo-

3

synthesis will continue until a minimum HC03- concentration is reached.

The maximum pH attainable is then a function of the minimum HCO

the plant can utilize HCO

3

value and the alkalinity as described by the equilibrium equations of

the carbon dioxide system. Figure 10 records the conditions of alka-

linity and pH common to natural waters necessary to yield these threshold

CO2f and H003- concentrations. The curves of Figure 10, drawn for a
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temperature of ZROC, are equal to the CO concentration (1.3 umol/l)

2q

and the Eco;q concentration (2.7 mmol/l) for c. demersum. At alka-

linities less than approximately 2.75 meq/l (135 mg/l as CaCO and pH

3

in the range of 7-11, the H003- concentration would be insufficient as an

alternate carbon source for net production of the hydrophyte. Under

these conditions, typical of soft-water lakes, where both the total dis-

solved inorganic carbon concentrations and the equilibrium.CO concen-

2f

trations are low, bicarbonate utilization would be a significant adaptive

advantage to the plant. Examination of the literature suggests that

Ceratophyllum does exist at alkalinities less than 135 mg/l and at pH

values in the range of 7.0-9.0. MOyle (l9h5), based on extensive data

from.Minnesota lakes, reports CL dbmersum present at alkalinities from

22 to 376 mg/liter as CaCO3 (22-hh8 mg/liter as HCO3-) and a pH in the

range of 6.3 - 9.0. Livingston and Bentley (1970) report the distribu-

tion of Geratophyllum in lakes of western Massachusetts with alkalinities

of 30-llh mg/liter and pH values of 7.5 - 8.1. Figure 10 suggests the

potential range (shaded areas) of C. damersum as predicted by the empiri-

cally determined CO and ECG - concentrations. The conditions of alka-
2q 3q

linity and pH necessary to provide at least the minimum CO2f concentra-

tion.more adequately describe the distribution of the cosmopolitan hydro-

phyte, C. demersum, reported in the literature, than those conditions

necessary for the minimum.HCO3- concentration.

The rate of CO2f uptake is one primary quantitative nutritional

difference between plant species. King (1970, 1972) and Klemovich (1973)

showed that different algal species significantly differ in both the rate

of carbon fixation and the extent of carbon fixation, i.e., the minimum

CO2f concentration permitting net photosynthesis. Schindler gt_§l, (1973)
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and King (1972) suggest that carbon availability controls both the algal

species dominance and the rate at which the dominant species reach their

maximum.standing cr0p. In CO2f deficient environments, certain hydro-

phyte species might also be predicted to out-compete others. Examination

of the MOnod formulation suggests that the more efficiently a hydrophyte

uses low substrate concentrations the smaller its KS will be. The KS

value for a given substrate fOrmally resembles the Michaelis-Menten con-

stant of an enzyme and provides a yardstick for measuring the degree of

affinity which the experimental organism has for the limiting substrate

(Gerloff, 1975). This is the basis for competition under limiting sub-

strate concentrations. Assuming no other limitation, aquatic plant

species with low KS values for CO2f will outgrow those with higher KS

values at low CO2f concentrations.

With the accelerating eutrophication of our lakes, the aquatic

plants will be released from the constraints of standing crop limiting

N and P concentrations. This will place greater emphasis on non-conserva-

tive parameters such as carbon and light, and their control of the rate

at which the maximum.standing cr0p is reached. The rate of population

development may be important to management strategies of troublesome

hydroPhytes in recreational lakes or of hydrophyte-dominated ponds used

for wastewater reclamation as described by King (1976) and McNabb (1976).
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CONCLUSIONS

Examination of the growth pattern of the aquatic hydrophyte,

Cbratophyllum demersum, under conditions of non-limiting nutrients

and relatively constant near optimum light intensities, suggests a

close relationship between the free 002 concentration of the water

over the growing season and the net specific growth rate of the

plant. The free CO2 concentration was shown to limit the net

specific growth rate of the hydrophyte as described by the Monod

formulation. The kinetic constants determined are umax = 0.067

1
day- , KS . 1.5 mmol/l, and co2C1 = 1.3 unol/i. The rate at which

the maximum.seasonal standing crop was reached was therefore con-

trolled by carbon availability.

2

tion of the water for its photosynthetic carbon source. There

Cbratophyllum demersum responded solely to the free CO concentra-

was no evidence that HCO3- was utilized as an alternate carbon source.
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Table A-1. Biomass of vascular hydrophytes over the 1973 growing season

in Pond h of the Belding, Michigan wastewater treatment

 

 

 

 

system.

_ Ash-free Drngight_in g/m‘2

Species Date Mean (Y) 32 s- n

y

CeratophyZZuM' 5/23 26.03 1hh.69 2.92 17

danersum 6/6 17 . 57 320 . 1&5 h . 00 20

Open water 6/20 17.91 2h9.h7 3.62 19

7/h 80.h9 3103.h1 12.16 21

7/18 106.06 10h99.0h 23.51 19

8/1 159.u0 19131.18 32.60 18

8/15 88.26 h56h.5h 15.11 20

9/5 129.32 12791.05 27.h3 17

9/26 96.33 171h.09 10.0h 17

CeratophyZan 6/20 139 . 50 1993 . 82 1’4 . 12 10

danersum T/h 230.83 311438.99 51.19 12

Within Mat 7/18 182.h7 3132.ho 17.70 10‘

8/1 177.51 1h979.9h 38.70 10

Pbtamogeton spp.a 5/23 10.27 197.80 3.h1 17

Open water 6/6 11.39 133.39 2.58 20

6/20 10.11 105.85 2.h3 18

T/h 18.35 60h.97 5.97 17

7/18 20.h5 999.01 10.00 10

8/1 6.32 82.25 3.70 6

Potamogeton spp.a 6/20 8.71; 72.01: 2.68 10

Within Mat 7/h 2.h2 9.81 2.21 2

Lemna minor 7/h 18.38 298.08 3.86 20

Pond surface 7/18 2h.78 h51.55 h.75 20

8/1 20.10 590.00 5.h3 20

8/15 60.58 3hh5.78 13.13 20

a P. foliosus and P. berehtoldiv: combined.

 



h8

Table A-2. Percentage ash of dry-weight in the vascular hydrophytes in

Pond h of the Belding, Michigan wastewater treatment system

during the growing season, 1973.

EL _‘ A. gAA Aw

 

Species Date Mean (Y) s; 32 n

ceratophyllum 5/23 17.h3 .67 2.22 5

demersum 6/6 18.h5 .3h .59 5

6/20 29.68 1.97 19.h6 5

7/h 26.10 1.62 13.07 5

7/18 22.38 1.72 1h.75 5

8/1 21.60 1.1h 6.65 5

8/15 18.78 .73 2.6h 5

9/5 20.h6 2.66 35.27 5

9/26 20.85 1.31 8.62 5

12/13 21.71 1.72 1h.83 S

Pbtamogeton spp.a 5/23 18.09 1.69 1h.25 5

6/6 20.37 2.85 no.7h 5

6/20 22.27 1.30 8.h3 S

7/h 22.01 2.7h 37.h9 5

7/18 18.79 n.5h 61.93 3

8/1 19.00 1 33 8.82 5

Lemna minor 5/23 13.8h - - 1

6/20 22.82 1.18 2.76 2

7/h 21.35 1.20 7.20 5

7/18 20.78 .83 3.h8 5

8/1 19.09 .h2 .87 S

8/15 20.h3 .37 .67 5

9/5 19.hh .39 .76 5

9/26 19.87 .29 .h2 5
i

a p. foliosus and P. berchtoldii combined.
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