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ABSTRACT

SOME ASPECTS OF THE ECOLOGY OF NATURALLY OCCURRING
POPULATIONS OF SUBMERGED VASCULAR HYDROPHYTES IN
MUNICIPAL WASTEWATER LAGOONS 1I. PRIMARY
PRODUCTION AND PHOSPHORUS--NITROGEN

ACCUMULATION 1II. TRACE ELEMENT
ACCUMULATION III. POTENTIAL USE
AS A FEEDSTUFF AND A SOIL
CONDITIONER

By

Dennis P. Tierney

Primary production of Elodea canadensis and

Ceratophyllum demersum was determined for naturally occur-

ring populations collected from Fowlerville and Belding
sewage ponds and an urban catchment pond in Lansing,
Michigan. Plants were studied from late May to early
November, 1970. The relative intensity of environmental
resistance to plant growth was assessed for the habitats.
Simultaneously, the tissue accrual of phosphorus, nitrogen
and eight inorganic elements were quantitatively determined
(Co, Cd, Ni, Pb, Cu, Zn, Fe, Mn).

The relative intensity of environmental resistance
of the ponds was attributed to the different chemical

regimes. Plant growth was observed over analogous periods
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of the growth curve for E. canadensis in the Fowlerville

wastewater pond and the catchment pond and the comparative
growth rates were assessed. The measure used was doubling
time (DT) on a dry weight/square meter basis. The DT of

E. canadensis growing in the wastewater pond was ~4-fold

faster than populations existing in the catchment site.
Primary production and productivity measurements produced
the opposite conclusions. Where both species coexisted,

E. canadensis exhibited biomass dominance. The largest

maximum standing crop of 410 gm dry weight/m2 and primary
productivity of 6.9 gm dry weight/mz/day was observed in

E. canadensis growing in the catchment site. The differ-

ence has been attributed to a disparity in the sizes of
the initial biomass of the populations prior to the onset
of growth and a significantly greater shift in light and
water temperature in the Fowlerville wastewater habitat
prior to the achievement of maximum standing crop. This
increased the intensity of environmental resistance to
plant growth in that site relative to the catchment pond.
The size of the maximum standing crop was not
related to the ambient soluble-P or nitrate-N concentra-
tions. However, the phosphorus tissue accrual of C. demer-
sum and E. canadensis among the habitats appeared to
reflect the soluble-P concentrations. In all sites the
tissue concentration of phosphorus and nitrogen in the

submerged hydrophytes indicated the environmental level
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of both elements was not limiting to plant growth. Seasonal
mean phosphorus tissue levels of the plants collected from
the wastewater sites were about 1.0% of dry weight. Values
for aquatic macrophytes grown in natural lakes and streams
are 2 to 10-fold lower than those reported here. The

tissue nitrogen content noted here was similar to reported
literature values of 3 to 4% of dry weight.

Interspecific genetic differences in phosphorus
accrual were absent while the existence of such differences
were suggested for nitrogen accrual. Populations of each
species growing in more than one habitat exhibited signi-
ficant differences in phosphorus content, but not in
nitrogen accrual. Seasonal patterns of tissue-P in the
plants was fairly uniform while no trend was observed for
tissue-N. Generally, the rate of phosphorus uptake was
approximately equal to dry matter synthesis.

Mean tissue content of each trace element in E.

canadensis and C. demersum was determined over the periods

of growth up to and including maximum standing crop.

Quantities of trace elements were greater in E. canadensis

and C. demersum occurring in the Fowlerville wastewater
pond compared to the catchment pond. However, amounts of
some trace elements (Co, Cd, Pb, Fe) were higher in C.
demersum collected in the latter site than in the Belding
population. Pb concentrations were highest in the catch-

ment pond's C. demersum population than in either of the
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wastewater sites. The latter observation is attributed
to the Pb inputs from vehicle-industrial combustion asso-
ciated with an urban-industrial environment. The trace
element quantities ranked from least to most abundant
were similar regardless of the species or study site

(Cd < Co < Ni < Pb <Cu<12Zn< Fe <Mn). A similar rank-
ing has usually been observed in other aquatic plants and
terrestrial plants.

Interspecific differences in trace element accumu-
lation was demonstrated between species coexisting within
a site. Differences in trace metal content in populations
of a particular species growing in more than one study
site was attributed to environmental variation in the
habitats. Seasonal mineral accumulation capabilities of
the plants was a dynamic process. The uptake and release
of elements varies as a plant ages. For example, the
pattern of accrual and release to the environment during
autumnal decomposition varied considerably from the one
observed during vigorous growth of the species earlier in
the season. The relationship between rate of net dry
matter production and net trace element uptake was complex.
In some cases, uptake of the element was approximately
proportional to primary production. The elements most
often accumulated in proportion to dry matter synthesis

were copper, nickel, lead and cadmium.



Dennis P. Teirney

E. canadensis and C. demersum at the wastewater and

the catchment pond had trace element levels several-fold
higher than in land plants. For example, cobalt was 15-30
times higher while zinc was 2-4 times greater. Other ele-
ments were intermediate to these values. Compared to

other studies of E. canadensis as well as other aquatic

plant species, the levels observed here were in the same
range.

Aquatic vascular plants remove large amounts of
phosphorus, nitrogen and trace mineral elements from a
pond or shallow lake basin. For instance, harvesting of

E. canadensis at maximum standing crop from the catchment

pond removed 3 mg of Co and 1.3 gm of Fe per kilogram of
plant (DW) biomass per hectare. The quantity removed by
harvesting depends on the size of the standing crop and
the tissue level of the elements. The former factor is
usually the predominate one. Planting and harvesting of
managed crops of aquatic vascular plants in wastewater
effluents would remove inorganic elements prior to dis-
charge into natural waterways. However, extensive land
area would be required to significantly remove the annual
inorganic discharge of even a small rural community.

Use of the harvested plant material as a feedstuff
and as a humus-organic fertilizer has been studied. While
a favorable Ca:P ratio occurred in tissue of the wastewater

grown plants, the high accumulations of trace elements
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appears to render the former use tenuous. Levels of copper,
cadmium and manganese were above toxic levels noted for
common herbage fed livestock. Addition of harvested
aquatic plants to soil appears to have more feasibility,
especially on sandy soils or in other regions where trace
element content is deficient or depleted. Lead levels

were also high and require attention due to its histori-

cal toxic effects on animal and human life.
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PART 1

PRIMARY PRODUCTION AND PHOSPHORUS- -
NITROGEN ACCUMULATION



INTRODUCTION

The man-made increase of inorganic nutrients to
lakes and streams has often set the conditions for tem-
poral and/or spatial imbalances in the production-
respiration steady-state cycle. Nuisance growths of
algae and higher aquatic plants often reflect this insta-
bility in the form of excessive organic production and
subsequent oxygen demand upon decomposition. The bio-
logic problems tied to inorganic nutrient release,
though similar, differ from organic waste disposal where
the oxygen demand to and assimilatory capacity of the
receiving water mass are the major parameters of inter-
est. These types of measurements tell little about the
effect of the effluent's inorganic load to the receiving
water (Rohlich, 1969). Sawyer (1944) noted this differ-
ence and the need to further treat sewage effluents to
remove the fertilizing elements. Odum (1971), in a
broader scope, has indicated the need to establish com-
partmental land-use procedures, whereby portions of a
watershed are designated as areas for development of
renewable fund and flow resource reclamation facilities.
Ideally, the concept would encompass the application of

ecologic principles and modern engineering technology



to achieve realistic water-mineral recycling programs,
The recycling of fund resources (inorganic elements) as
well as flow resources (water) for application to bio-
logical resources (crops and soil) exemplifies Barry

Commoner's Second Law of Ecology: '"Everything must go

somewhere'" and the corollary that '"we must learn how to
restore to nature the wealth that we borrow from it"
(Commoner, 1971).

Some wastewater recycling projects have been
demonstrated in recent years (Pennypacker et al., 1967,
Merrell et al., 1967). Usually conventionally treated
wastewater was sprayed or distributed to adjacent land
areas rather than directly discharged into a natural
stream or lake, Reduction of the nutrient-laden waters
occurred by filtration and adsorption processes within
the soil as well as biological uptake by the indigenous
vegetation. Aquifers, streams and lakes within the
watershed were recharged and the renovated water was
made available for further use.

A wastewater reclamation experimental facility
is planned for Michigan State University, East Lansing,
Michigan. As envisioned, conventionally treated waste-
water will flow through a series of shallow man-made
lakes prior to being discharged onto forest and agricul-
tural crops. In contrast to the use of man-made lakes

in the Santee project (Merrell et al., 1967) as a purely



recreational resource, the lakes and biota therein will
hopefully be important components in reducing the
nutrient-load of the recycled water, as well as provide
recreational uses, Aquatic vascular macrophytes are
depicted as biological management tools in reducing the
inorganic mineral concentration of the wastewater.
Managed harvests of this vegetation would be prepared
and used as a livestock fodder. Although several bio-
logical investigations of aquatic plants are available
on the growth and tissue composition of mineral nutrients
(Westlake, 1963; Boyd, 1967, 1969; Harper and Daniel,
1934; Riemer and Toth, 1969; Forsberg, 1960), few are
available on hydrophyte growth and mineral accural in
wastewater derived lakes or lagoons. Studies to date on
the phosphorus and nitrogen accumulation in aquatic vege-
tation have been conducted in relatively oligotrophic

or mildly eutrophic nutrient regimes where soluble-P
usually varied from 0.01 to 0.35 mg/1l (Boyd and Hess,
1970; Boyd, 1970; Boyd, 1969; Forsberg, 1960). This
study was carried out in wastewater ponds where the
soluble-P generally ranged between 2.20 to 2.85 mg/l.
These environments were, then, extremely enriched in
regard to phosphorus. It was initially assumed that the
chemical milieu of the wastewater represented an enrich-

ment of other inorganic elements as well. To insure a



range of eutrophy, a non-sewage catchment pond was included
as a comparative baseline or '"control'" environment.

This paper considers the effect of a wastewater
pond's chemical regime on the growth, P-N accural, inter-
specific and habitat variation in P-N uptake and temporal
fluctuations in naturally occurring populations of sub-
merged hydrophytes. The use of the harvested hydrophytes
as a management tool for removal of phosphorus and nitro-

gen is discussed.

MATERIALS AND METHODS

Three study sites were utilized. One was a
caychment pond located on the property of the municipal
airport serving Lansing, Michigan. It lacks an inlet
and outlet, receiving water through precipitation, ground-
water seepage and surface runoff. Individual ponds in
established sewage-lagoon treatment facilities provided
the other two sites, These facilities consisted of
sequentially ordered five and three pond series serving
Belding (5,000 people) and Fowlerville (2,000 people),
Michigan, respectively. Neither, at the time of the
study, received industrial waste. It was primarily of
domestic origin.

Naturally occurring populations of submerged
hydrophytes were collected from the third pond at each

of these facilities and at the catchment site. Plant



species sampled were Ceratophyluum demersum and Elodea

canadensis. The former was present at all sites while

the latter was absent from the Belding location. Collec-
tions were obtained on a weekly to biweekly basis from
late May to mid-November during 1970. The sampling
method consisted of using the entire pond or a known
areal section as the '"universe.'" Sampling points were
generated within the "universe'" from a random numbers
table and individual samples obtained at the intersec-
tion of the coordinates.

Sample numbers ranged from three to ten. A float-
ing square-meter grid was used to quantitatively estimate
the standing crop on an areal basis. Material was clip-
ped, collected by hand, rinsed in the ambient water,
placed in plastic bags and stored on ice for the trip to
the laboratory. In the laboratory, samples were rinsed
of debris in tap-water and allowed to air-dry for 15
minutes. Specimens were then placed in a forced-air dry-
ing oven for 48 hours at 80°C. Wet and dry weights were
recorded after each procedure. The plants were subse-
quently ground in a micro-Wiley mill using a 40 mesh
screen., Homogeneous subsamples were obtained and stored
under dessication in glass bottles.

Chemical analyses were performed on the ground
subsamples of whole plants. The amount of phosphorus (as

P) in the tissue was determined spectrophotometrically by



a modification of the vannadomolybdate method of Rickey
and Avens (1955) subsequent to wet digestion. A mixture
of nitric and perchloric acid (3:1) to which 2.0 gm/1
sodium bromide had been added to remove arsenic, germanium
and silicon interference was used (Lueck and Boltz, 1956).
Nitrogen concentration (as N) was determined with a
Perkin-Elmer 240 Elemental Analyzer. Ash weight values
were obtained by dry digestion in a muffle furnace at
550°C for one hour. Statistical analysis of interspecific
and site variation in phosphorus and nitrogen accural was
performed according to Siegel (1956) and Sokol and Rohlf
(1969).

Water samples were obtained concomitantly with
the hydrophyte collections. Samples were gathered from
the water column at approximately one foot intervals using
a plexiglass tube and composited for each depth. All sam-
ples were stored in plastic bottles, preserved with HgCl
(Howe and Holly, 1969) and refrigerated prior to analysis.
The amount of phosphorus (as P) in the water was expressed
in mg/1 of total and soluble phosphorus. Determination
consisted of acid hydrolysis, chloroform extraction
(Wadelin and Mellon, 1953) and spectrophotometric quanti-
fication of the molydophosphorus complex (Anon., 1969).
Nitrogen determinations were performed for nitrate-N,
nitrite-N, ammonia-N and organic-N and expressed as mg/l.

The latter three were analyzed according to procedures in



Standard Methods For the Examination of Wastewater and

Sewage (Anon., 1969). Nitrate-N was obtained by the
brucine sulfanilic acid method (Jenkins and Medsker,
1964). Hardness (Ca and Mg), total solids and pH were
also recorded (Anon., 1969). Temperature was obtained

by thermistor.

RESULTS AND DISCUSSION

Hydrophyte Production and Environmental
Resistance

Changes in the standing crops of the submerged
hydrophytes during the growing season are shown in Figures
1-3. The maximum standing crop of 410 gm/m2 occurred with

Elodea canadensis growing in the airport catchment pond.

It was about 4-fold larger than E. canadensis growing in

the Fowlerville wastewater pond. Where both species co-

existed, maximum standing crops of C. demersum were 3 to

4-fold lower than E. canadensis. Relative to reported
values for emergent and submerged hydrophytes in the
literature, those observed here were several-fold lower
(McNabb et al., 1971). Similarly, the net mean primary
productivity of the submerged plants up to the maximum
standing crop was generally less than the growth rates

of aquatic macrophytes observed elsewhere (McNabb et al.,

1971). E. canadensis existing in the catchment pond had

the highest rate of 6.9 gms dry weight/mz/day. This 1is
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about 6-fold higher than the other values calculated for

E. canadensis and C. demersum in this study. Where both

species were present, productivity rates of E. canadensis,
the dominant species, were 3 to 6-fold higher. Net pro-
ductivity rates were lower for populations of the hydro-
phytes grown in the wastewater ponds than in the catchment
pond. It would appear that the latter was the more opti-

mal environment for E. canadensis growth.

The question of which habitat presented the least
environmental resistance to the growth of the submerged
hydrophytes is not adequately resolved when only the net
mean productivity rates and size of the maximum standing
crops are used as the comparative measures. As indicated
by McNabb and Tierney (1972), the standard field method
of measuring vascular hydrophyte growth (i.e., unit
weight/unit area/unit time) is usually unsuitable for
ascertaining the degree of coupling of a hydrophyte's
genome to a particular environment. It does not consider
differences in the quantity of plant biomass initially
present. An alternative method involves comparing the
time required for doubling plant biomass (doubling time-
DT) as measured from the onset of growth to the inflec-
tion point of the seasonal growth curve. The inflection
point represents the approximate period in which some
resource (as nutrients, lights, temperature) becomes

limiting. If the maximum doubling time (unlimited rate
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of growth) is known for a species, the relative suitability
of any particular habitat can be determined for that
species from several measurements of standing crop in the
period up to the inflection point. This period is termed
the accelerating phase of growth and when doubling time is
at a maximum in this period, the plant theoretically
grows in an unlimiting environment with respect to its
chemical-physical requirements.

Figure 4 indicates the doubling time (DT) of E.

canadensis in the airport catchment pond and the Fowler-

ville wastewater site. The rates were calculated using
analogous portions of the growth curves up to the inflec-
tion point. It can be seen that the wastewater site

offered less resistance to Elodea canadensis growth as

exhibited in a mean DT 4-fold faster than in the catch-
ment pond population. The wastewater pond, though con-
sidered limnologically extreme in nutrient levels (Table
1), represents the more favorable habitat for E. canaden-
sis. The genotype of this species is apparently more
fitted to the hypereutrophic conditions of the wastewater
pond. Genetic similarity of the populations is assumed.
Losses of biomass during the interval of measurement to
grazers or to decomposition were considered negligible
on the basis of field inspections.

Doubling times of 12 and 11 days were reported

by McNabb and Tierney (1972) for Elodea nuttallii and
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Ceratophyllum demersum, respectively. Vegetative growth

of both species occurred in wastewater ponds; the former
in the Fowlerville pond used in this study and the latter

in an Auckland, New Zealand pond. The DT of E. canadensis

measured in this study was 4-fold faster. Its adaptability
for vegetative growth in hypereutrophic environments seems
to be superior to the former species. However, the
chemical-physical conditions of wastewater ponds are not
always similar and this conclusion can only be considered
tentative.

No comparative doubling times were calculated for
C. demersum, since it was the subdominant species in two
sites (Figures 2 and 3) and was therefore considered to
be limited primarily by the biological interaction with

E. canadensis, rather than the chemical environment of

the respective ponds. However, the trace element accural
of the two species was not identical within a site
(Tierney, 1972a). The environmentally toxic concentra-
tion of an element(s) varies among terrestrial flora
(Bowen, 1966). There is no reason to doubt the existence
of aquatic species which are relatively tolerant of trace
metal concentrations found inhibiting to other hydro-
phyte species. The possibility of interspecific toxic
metabolic suppression of C. démersum cannot presently be

ruled out.
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Evidence also points to a potential physical con-
trol, namely, ambient water temperature, on the photosyn-
thetic rate of C. demersum. Laboratory studies of Saitoh
et al. (1970) indicate that 30°C is the optimum tempera-
ture for the highest apparent photosynthetic rate in C.
demersum. No readings reached this level during this

study. The obvious dominance of E. canadensis over C.

demersum as seen by the standing crop measurements may be
the result of temperature regime relatively more optimal
for the former species and it therefore would have a
higher rate of photosynthesis. The result of such a

condition would find the faster growing E. canadensis

eventually producing a shading effect on C. demersum
and limiting incident radiation available to it. The
biologic effect of shading combined with the suboptimal
water temperature could further reduce the rate of photo-
synthesis in C, demersum.

Even though the wastewater pond was the more

optimal environment for E. canadensis as determined by

the faster doubling time, the maximum standing crop
achieved by it was lower than that observed in the catch-
ment pond. Presumably, it would double 4-fold in weight
in the time it takes the catchment pond population to
double once and thereby eventually surpass it. However,
two factors are responsible for the lower maximum stand-

ing crop at Fowlerville; the variable intensity of
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environmental resistance and the initial seed or vegeta-
tive shoot density. Doubling time is a measure of the
former, but not the latter. As can be seen in Figures 2
and 3, the size of the initial standing crop of E.

canadensis at the onset of growth was about 50 and 6

gm/m2 in the catchment and Fowlerville ponds, respectively.
This is an 8-fold difference in dry weight. This initial
difference puts limits on the eventual size of the stand-
ing crop.

Ideally, the study was organized to follow the

growth of E. canadensis in the ponds through similar

periods of the year. This was done in an effort to have
roughly similar light and temperature regimes at both
sites. In that event, the main environmental variable
between sites would be the chemical regimes of the ponds.
Plant density and occurrence of annual growth were approx-
imately similar at both sites based on observations from
the previous year. However, an unfortunate incident
occurred in the Fowlerville site in the fall which altered
these conditions.

Personnel of the Fowlerville sewage facility
mechanically uprooted the submerged hydrophytes. One
effect of this effort was to reduce the overwintering
plant biomass and thereby reduce the size of the initial
plant biomass in the spring. The other effect of macro-

phyte uprooting was to delay the onset of growth (Figure 3).
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This shift obliterated any possibility of measuring the
growth of the two populations during the same time of
the year. Consequently, the effect of the chemical

regimes on the growth rate of E. canadensis is more

difficult to assess.

Figure 4 illustrates the reduction in growth rate
which occurred in late August and September to E. canaden-
sis in the wastewater pond. A doubling time of 19 days
elapsed from the inflection point of the growth curve up
to the maximum standing crop (Figure 3). The correspond-

ing duration of growth for E. canadensis in the catchment

pond was about 25 days. The wastewater population experi-
enced a 6-fold reduction in growth rate (3 to 19 days)
while the catchment pond population had a 2-fold reduction
(12 to 25 days). Apparently, the environmental resistance
of the wastewater site increased considerably more than
the catchment pond. This unequal variation in intensity
of environmental resistance combined with the lower vege-
tative shoot density accounts for the lower maximum

standing crop of E. canadensis in the wastewater site.

It is felt that the increase in environmental
resistance observed in the wastewater pond is related to
changes in two physical parameters, namely, ambient water
temperature and solar radiation, rather than any substan-
tial shift in the chemical melieu of the pond. The uproot-

ing of the plants shifted the growth phase of E. canadensis
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into August and September where rate-limiting effects of
falling water temperature and subsiding solar radiation
predominately slowed its growth rate. Water temperature
declined from a summer high of 28°C to 18°C from mid-July
to the end of September in the Fowlerville wastewater
pond. It remained near 25°C from mid-June to mid-August
in the catchment pond. These temperatures occurred
simultaneously with the onset of growth and continued
through the determination of maximum standing crop. It
is known that temperature effects the metabolism of
plants and the relationship is expressed in the form of
the Q10 approximation, where a 10°C degree rise or fall
in ambient temperature produces a corresponding 2-fold
change in the plant's metabolic rate (Galston, 1964).

Reduction in the metabolic rate of E. canadensis, based

on the comparative seasonal temperature reductions, would
appear to be significant in the wastewater situated
population.

The seasonal reduction in solar radiation was
similarly more significant throughout the growth of the

wastewater situated E. canadensis. The quantity of

direct solar radiation striking a water surface decreases
approximately 31% from mid-July to mid-September, and
only 12% from mid-June to mid-August at 45°N latitude
(Perl, 1935). The maximum quantity of total direct

radiation occurs in mid-June. Presumably, the autumnal
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shift in direct solar radiation followed a similar pat-
tern in the study ponds, though the absolute quantity
of radiation delivered would vary due to local climatic
conditions and the 42° N latitude position of these
ponds.

The effect of differences in temperature and
light was a striking increase in environmental resistance

to the growth of E. canadensis in the wastewater site

after growth had begun as compared to a more gradual
shift observed in the catchment pond. The relatively
larger shift in intensity of environmental resistance

in the wastewater site, particularly in late August and
September, contributed to the striking decrease in doubl-
ing time seen in Figure 4. The size of the maximum
standing crop in the wastewater site was, therefore,

less than that observed in the catchment pond.

Hydrophyte Production and Water
Nutrient Concentration

The size of the standing crops was not correlated
with the concentration of soluble phosphorus in the water.
A comparison of Table 1 and Figures 1 through 3 indicate
this point clearly, The catchment pond had the largest
standing crops and the lowest soluble phosphorus concen-
tration. Boyd and Hess (1970), however, found a positive

correlation between dissolved phosphorus in the ambient
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water and the size of Typha latifolia standing crops from

various habitats. The absence of a stimulatory effect of
high soluble phosphorus concentrations on submerged hydro-
phyte growth in this study may be explained with the use
of the luxury consumption and critical nutrient concentra-
tion concepts.

Gerloff and Krombholz (1966) established a tissue
phosphorus critical concentration of 0.13% for several
aquatic macrophytes in laboratory experiments. Below this
value the plant content of phosphorus is closely correlated
to plant yield, while phosphorus tissue content above this
value represents luxury uptake and has no stimulatory ef-
fect on plant yield. The lack of relationship between
standing crops (yield) in the catchment pond and the
wastewater ponds and their respective ambient soluble
phosphorus concentration is apparently due to the fact
that the phosphorus tissue content is approximately 4
to 8-fold higher than the critical concentration level
established by Gerloff and Krombholz (Table 2). Phos-

phorus tissue levels of E. canadensis and C. demersum

are, therefore, in the luxury consumption zone. The

phosphorus tissue concentration is no longer considered
limiting to growth, so differences in the ambient water
concentration would not be reflected in the size of the

plant yield.
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The phosphorus tissue levels of Typha latifolia

in Boyd and Hess's (1970) study are much closer to the
critical phosphorus concentration and approximately 20%
of the samples are equal to or lower than the 0.13% value,
while the mean tissue phosphorus content was only 0.21%
dry weight. Given the variability of field conditions
and the controlled nature of laboratory studies, the cri-
tical phosphorus tissue concentration of 0.13% is to be
understood as an estimation and variability about this
value is to be expected. Therefore, the correlation
between soluble phosphorus and aquatic plant yield would
be more likely to occur with the nutrient concentrations
observed by Boyd and Hess, where it is feasible that the
critical phosphorus tissue concentration had not been
obtained.

Seasonal mean tissue nitrogen concentrations
(Table 2) of the submerged hydrophytes collected from all
sites were 2 to 4-fold higher than the nitrogen critical
tissue concentration of 1.3% also established by Gerloff

and Krombholz (1966). Again, E. canadensis and C. demer-

sum were apparently in the luxury consumption zone for
this element. The differences in water nitrogen (as
nitrate) concentrations among the ponds would seemingly
not be reflected in the size of the yields (standing
crops) observed in the ponds. Boyd and Hess (1970) found

no correlation between ambient water concentrations of
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nitrogen (as nitrate) and the size of standing crops in

Typha latifolia collected from several habitats. Tissue

concentrations of nitrogen in approximately 70% of his
samples were larger than the critical concentration of
Gerloff and Krombholz.

Differences, then, in water concentrations of
either elements are apparently not reflected in the size

of the standing crops achieved by E. canadensis and C.

demersum. Both phosphorus and nitrogen water concentra-
tions appear to be unlimiting to growth in the wastewater
and catchment ponds. In terms of Gerloff and Krombholz's
critical concentration factors, all sites are nutrient
rich regarding these elements.

It should be cautioned that the relationship
between nutrient water concentration and plant growth is
complex. Obviously, environmental conditions are more
varied, dynamic and complex in field studies than with
the laboratory experiments of Gerloff and Krombholz from
which this analysis draws heavily. That other environ-
mental factors (as light and temperature) also influence
growth rates should be recognized and was noted in the

previous section.



25

Hydrophyte Mineral Accrual

The mean seasonal tissue accumulation of phos-

phorus by E. canadensis and C. demersum was 2-fold higher

in the wastewater populations than in the catchment pond
populations (Table 2). This difference is statistically
significant (Kruskal-Wallis anova, o level 0.001)., That
this difference was a reflection of the environmental
variation in phosphorus concentration is seen in'Figure
5. The relationship between C. demersum tissue concen-
tration and the external phosphorus water level is noted.
The mean tissue-P content is regressed against the mean
soluble phosphorus (as P) water concentration for the
three sites over the period of June 30 to August 20.
This corresponds to the period of growth from the onset
up to and including the achievement of maximum standing
crop. A significant correlation was obtained between
the external phosphorus level and the internal tissue-P
accumulations., Specifically, as the water concentration
of phosphorus increased from the catchment pond through
Belding and Fowlerville wastewater sites, parallel in-
creases were noted in the tissue content of C. demersum,

Though E. canadensis was absent from the Belding

pond, the accrual of phosphorus in this species seems to
also increase in response to increased environmental

concentrations (Table 2). For example, there is no
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interspecific phosphorus tissue accrual difference between

E. canadensis and C. demersum coexisting in either the

catchment pond or the Fowlerville site (Kolmogorov-Smirnov,
a level 0.01). Apparently this indicates there is a
similar response by the submerged plants to the environ-
mental levels of phosphorus encountered in this study.
Additionally, Adams et al. (1971) found the tissue-P

concentration of E. canadensis increased significantly

from clean water conditions to nutrient-enriched water
encountered downstream of domestic and industrial dis-
charge pipes.

Nitrogen accrual by coexisting populations of

E. canadensis and C. demersum is statistically similar

within the catchment and wastewater sites (Kolmogorov-
Smirnov, o level 0.05)., Though interspecific nitrogen
accumulation is not statistically evident, C. demersum
uniformly contains greater quantities of nitrogen
(Table 2).

While there existed distinct site differences
in the tissue-P level of the submerged plants, nitrogen
accumulation was not so clearly demarcated. C. demersum

and E. canadensis grown in the Fowlerville site contained

larger amounts of N than populations collected from the
catchment pond (Table 2). However, this difference was
only significant at an o level of 0.10. Yet, tissue-N

levels of C. demersum were significantly higher in samples
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collected from Belding than from the airport catchment
pond (Kruskal-Wallis, o level 0,001). Presumably, since
the nitrate-N and total-N water concentrations were sta-
tistically similar in the three ponds (Kruskal-Wallis,
a level 0.20) and the soluble and total-P water concen-
trations were statistically higher in the wastewater
sites (Kruskal-Wallis, o level 0.01), the nitrogen gradi-
ent among the ponds was smaller than the phosphorus
gradient (Table 1). The result is thét the wastewater
ponds are distinctly different in P concentration from
the catchment pond while less distinction exists in nitrate-
N and total-N water concentration. For these reasons, the
seasonal mean nitrogen content in C. demersum did not
exhibit the relationship seen in Figure 5 for tissue-P
accumulation.

The wastewater ponds' nitrite-N and ammonia-N
levels were significantly greater than values observed
in the catchment pond (Table 1). Ammonia-N, as well as
nitrate-N, is absorbed by plants (Price, 1970). Though
the total-N and nitrate-N values were similar for all
sites, the relatively greater availability of the absorb-
able nitrogen species in the wastewater sites may account
for the slightly higher tissue-N levels observed therein
(Table 2).

Though interspecific phosphorus accumulation

within a site is not evident between E. canadensis and
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C. demersum, interspecific variation in phosphorus
accrual has been observed by Boyd (1970). Several species
of emergent, floating leafed plants and submerged plants
exhibited different tissue-P quantities while coexisting
in the same pond. Gerloff and Krombholz (1966) also
found phosphorus as well as nitrogen variation in sub-
merged macrophytes collected from Lake Mendota, Wisconsin
just as Schuette and Alder (1927, 1929) did nearly forty
years earlier., Stake (1967, 1968) demonstrated such
interspecific mineral accrual as well.

Several instances of tissue phosphorus and nitro-
gen content varying among populations of an aquatic
macrophyte with a cosmopolitan distribution are known
(Boyd, 1969, 1970b; Adams et al., 1971; Gerloff and
Krombholz, 1966; Caines, 1965). Such differences are
usually attributed to the relative fertility of the
various habitats. Caines' (1965) investigation experi-
mentally demonstrated a parallel increase in tissuejP
of two submerged species after fertilization of a Scotish
loch. However, it should be noted that other aquatic
plants present actually exhibited a reduction in tissue-P
after fertilization. Plant response, then, to increasing
environmental nutrient levels is not clear-cut and prob-
ably differs with both species and individual elements as

Boyd and Hess (1970) noted.
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Boyd (1967), in a review of aquatic plant mineral
composition, indicated that submerged plants generally
contained 3 to 4% nitrogen by dry weight. As seen in
Table 2, the nitrogen content here is fairly compatible
with that estimate. Phosphorus levels for aquatic angio-
sperms ranged from 0.1 to 0.6% by dry weight (Boyd, 1967).
Other investigators indicated phosphorus tissue levels
are generally within this range (Stake, 1968; Gerloff and
Krombholz, 1966; Caines, 1965; Boyd, 1970d). Only Adams
et al. (1971) observed tissue levels of ~1.0% phosphorus
which were approximately similar to values noted in Table

2. The latter study also examined E. canadensis from

extremely eutorphic habitats and apparently confirms the
tissue-P accrual noted in the wastewater-grown plants,
Overall, the levels reported here were 2 to 10-fold
greater than those reported for aquatic vegetation col-
lected from less eutrophic lakes and streams.

Temporal variation in tissue-P content of the
submerged hydrophytes is indicated in Figures 6 and 7.
Phosphorus tissue levels in the aquatic vegetation col-
lected from the catchment pond was fairly constant through-
out the summer and fall with rather uniform standard
errors about the means. However, variation about the
means was more pronounced in the wastewater-grown plants
and the tissue-P level varied widely over the seasons in

C. demersum while levels were somewhat more uniform in
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E. canadensis observed in the Fowlerville wastewater site.

Apparently, the higher environmental phosphorus concentra-
tion promotes a greater variability in individual plant
accrual of phosphorus, Adams et al. (1971) also noted

increased variability in tissue-P content of E. canadensis

collected from a habitat of high ambient phosphorus con-
centration compared to samples obtained from an area of
low ambient phosphorus levels. Generally, tissue-P levels
were also higher during the summer for both species
sampled from the wastewater sites than the catchment
habitat, but values approached levels observed in vegeta-
tion from the latter site by late fall.

Literature values indicate that the phosphorus
and nitrogen content of aquatic emergent and submerged
plants declined as the plants aged (Boyd, 1970a; Stake,
1967, 1968; Caines, 1965) or varied indiscriminately
(Gerloff and Krumbholz, 1966). Presumably, the percentage
decline in macronutrients with growth observed by the for-
mer authors is the result of a mineral uptake rate less
than that for biomass synthesis. The fairly constant
seasonal phosphorus content of C. demersum in the catch-

ment pond and E. canadensis in the sites where it occurred

indicates the rate of phosphorus accrual is fairly close
to the rate of biomass synthesis. An inspection of
Figures 2-3 with Figures 6-7 indicate this relationship
during the period of growth up to and including the

achievement of maximum standing crop.
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Seasonal patterns of nitrogen accrual are noted
in Figures 8 and 9. No clear trends can be noted.
Obviously, the general decline noted by the above-
mentioned authors is absent. A suggestive decline occurs
with the onset of growth as a comparison of Figures 1 to
3 and Figures 8-9 indicates, but tissue values increase
at or prior to achievement of maximum standing crop.

No mention of direct inorganic phosphorus toxi-
city is found in the literature (Bowen, 1966). However,
high levels of phosphorus or calcium in forage can
indirectly hinder normal growth and development in
domestic ruminants (Underwood, 1966). Adequate phosphorus
and calcium nutrition depends on a low calcium to phos-
phorus ratio in the feed or forage. Dietary ratios
between 1:1 and 7:1 gave the best results in growing
Hereford calves while values between 1:1 to 3:1 are
favorable for growing chicks and pigs (Underwood, 1966).
The presence of ratios outside of these limits indicates
an excess of one element or the other. This excess
interfers with absorption of the other element and with
several mineral nutrients, such as magneisum, zinc and
manganese. Deficiency signs may, therefore, be induced
in the livestock for those elements, Indirectly, then,
high tissue-P levels may render forage vegetation unsuit-

able in the presence of normal calcium levels,
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The ratios calculated for E. canadensis and C

demersum are indicated in Table 3. The ratio was obtained
from the seasonal mean tissue concentrations of phosphorus

and calcium. E. canadensis sampled from the catchment

pond is limited as a forage to ruminants only. As far as
the nutritional requirements of livestock is concerned,
the most favorable rétios occurred in the wastewater
populations. Apparently, the higher tissue-P levels in
these populations established a lower Ca:P ratio. From
this standpoint, the submerged hydrophytes appear suit-
able as an animal fodder.

As noted by Tierney (1972b), trace element
accrual may limit such a feasibility. Also, the potential
for nitrate poisoning in livestock from submerged hydro-
phytes is unknown. Normally functioning terrestrial
plants usually contain relatively small amounts of
nitrate, but under certain environmental conditions
fairly high concentrations of nitrate may accumulate
(Tucker et al., 1961). Since only the total nitrogen

content of E. canadensis and C. demersum was ascertained,

no data is available on the tissue nitrate concentration.
Wick and Sandstrom (1939) found essentially no nitrate-N

in the tissues of E. canadensis collected from a small

stream. The difference between such a habitat and the
chemical regime of the wastewater ponds should be sub-

stantial. Examination for nitrate-N and other nitrogen
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compounds as well as phosphorus compounds needs to be per-
formed on submerged hydrophytes grown in wastewater. The
qualitative composition is as important as the purely

quantitative determination.

Hydrophyte Harvestability

The use of aquatic vascular plants as a means of
mineral nutrient removal from hypereutrophic waters has
been suggested by Boyd (1970) and others. Some basic
ecological information has been gathered on primary pro-
duction, growth rates and mineral composition of vascular
hydrophytes. This has, in turn, stimulated discussion of
their role as nutrient sinks in aquatic ecosystems as well
as the feasibility of harvesting these sinks. Such rea-
soning led, ultimately, to the question of how to dispose
of the harvested aquatic weeds. Several investigators
have directed their activities to the use of hydrophytes
as novel sources of protein for man and as fodder for
domestic livestock. To this end, numerous proximate
analysis studies have occurred assessing the nutritive
value of various species (Boyd, 1968a, 1968b, 1969;
Little, 1968; Lindstrom and Sandstrom, 1939; Nelson and
Palmer, 1939; Gortner, 1934). However, few feeding
studies exist demonstrating the actual dietary value
of vascular hydrophytes to domestic livestock or to man.

Furthermore, it has not been demonstrated that removal
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of vascular hydrophytes stabilizes or reduces the eutro-
phic state of the treated lake or stream. Bartsch (1972)
feels harvesting aquatic macrophytes is not effective as
a method of nutrient removal for lakes in general, rather
its effect is cosmetic. However, such mechanical crop-
ping is not entirely undesirable and in certain instances
is economically and politically favored (Thompson, 1972).
Yet, more direct methods such as diversion of nutrient-
laden effluent (Edmondson, 1972) and the dilution of
nutrient-rich waters (Oglesby, 1969) entering a lake or
stream have controlled the rate of eutrophication in
certain instances and appear more feasible as direct
eutrophication control measures,

Derr (1972), Boyd (1971), and others have stated
that a nutrient removal program designed to decrease
aquatic productivity by removal of dissolved nutrients
would be most effective if applied to effluents prior to
discharge into a lake or stream, and if a method(s) was
sought to remove all or most nutrients. Generally,
eutrophication control procedures center on the use of
chemical processes as the vehicle for nutrient removal
(Rohlich, 1969; Rohlich and Uttormark, 1972; Derr, 1972).
As seen earlier in this paper and in Tierney (1972a) as
well as Boyd (1969, 1970a, 1970b), aquatic vascular
plants accumulate several essential and nonessential

inorganic elements and thereby appear to meet the
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abovementioned criteria, If intensely managed communities
of selected aquatic vascular plants were grown in waste-
water stabilization ponds, nutrient removal by harvesting
may be more than cosmetic and aid in reducing the dissolved
nutrients concentration in the wastewater dischaige. Yet,
to date, information on the quantities of nutrients
actually removable has not been demonstrated in situ,

nor are cost estimates available for incorporating aquatic
plant harvesting procedures into established wastewater
stabilization systems.

Table 4 indicates the quantity of phosphorus and
nitrogen harvestable from the wastewater and catchment
ponds of this study. For example, under the climatic
conditions of this study, one acre with a one-cropping
format would remove ~16 pounds of P at the Fowlerville
site; the discharge of 5 persons per annum as calculated
on the basis of 3.2 1bs (DW) of P per person per year
(Van Vuran, 1948). Nitrogen removal consists of 58
lbs/acre, the equivalent discharge of 5 persons as well,
calculated on a waste of 11.4 1bs of N per person per
annum (Van Vuran, 1948). The original phosphorus (as P)
level was adjusted upward to account for increased con-
sumer use of phosphorus detergents.

Based on Rohlich and Uttormark (1972), 5-50% of
N and P is removed through primary treatment and conven-

tional activated sludge systems. Presumably, the removal
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efficiency in conventional wastewater stabilization
treatment operations would be within this range. Assum-
ing a mean seasonal efficiency of about 25%, the residual
quantity of P and N not removed and therefore available
to the macrophytes would be equivalent to approximately
2.4 1bs P per person per year and 8.5 1bs of N per
person per year. The harvested plants from Fowlerville
now represent the discharge of 7 persons per annum for
P and N.

The stabilization pond at Fowlerville was about
5 acres, large enough to only accumulate and remove the
P and N discharge of ~35 persons per annum. The city
of Fowlerville has about 2,000 inhabitants. Approxi-
mately 285 acres would be required to remove the P and
N load by harvesting the indigenous species of unmanaged
submerged hydrophytes. However, the land area required
could be reduced if intensive management of the hydro-
phytes increased the primary production and the number
of harvests per year. Data by McNabb et al. (1972) and
McNabb and Tierney (1972) indicate higher production is
achievable than what was observed here and several cut-
tings a year is not unrealistic for hydrophytes found
favorably "fitted" to the chemical regime of the hyper-
eutrophic wastewater systems. Assuming three cuttings
at the maximum standing crop observed in Fowlerville

with the naturally occurring unmanaged plants, the
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acreage requirement is reduced to about 95 acres. Doubl-
ing the size of the standing crop at the time of harvest
would tend to lower the acreage needed to ~48 with three
cuttings. One could, then, increase the retrival of P
and N by intensely managing hydrophyte growth, increas-
ing the number of harvests and obtaining the tissue levels
of P and N reported here from the wastewater ponds. How-
ever, the cost of daily operation and initial cost of
land may prove to be prohibitive.

An acre of land in the vicinity of small mid-
Michigan towns has an appraised value ranging from
175 to 2,000 dollars depending on a number of socio-
economic variables (Larson, 1972). The estimated cost
for 48 acres would range between $8,400 and $96,000 for
a community the size of Fowlerville. This represents
only the initial cost of land acquisition and does not
include the costs of construction, maintenance, harvest-
ing and disposal of the hydrophytes. Nor are estimates
of the revenue generating capacity of the harvested
plants as animal forage available. Comparative nutrient
removal cost estimates are available by Rohlich (1969),
Rohlich and Uttormark (1972), and Derr (1972) for conven-
tional treatment plants. Land costs should be roughly
similar per acre; however, chemical nutrient removal
processes require less acreage and are usually incor-

perated into the existing facility. Total land costs
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should be lower. Presently, the use of aquatic plants
for nutrient removal appears to be faced with limitations
due to the land area required, variability in size of
standing crops and limited growing season in temperate
climates.

In addition to the question of land requirements
and associated costs, biologic problems of disposal upon
harvesting require further attention. For instance, the
possibility exists of heavy metal accrual in the hydro-
phytes which would pose problems in their use as a feed-
stuff (Tierney, 1972b). Also, before a complete picture
of the hydrophytes potential in a biological nutrient
removal system can be formed, the efficiency of nutrient
removal needs to be obtained as well. Indirect estimates,
such as the pounds of P per person per year, do not fully
provide the answer. The measurement of the quantity of P
and N entering a system, the amount existing, the quantity
residing in the hydrophytes and in the sediments provide
the minimum data on which the efficiency of aquatic plants
as nutrient sinks can be ascertained. Though the value of
harvesting aquatic plants to reduce the ambient dissolved
nutrient loads of wastewater discharges is unresolved, one
ancillary aspect of harvesting appears beneficial. In
existing pond systems loaded with nuisance growths of
naturally occurring vascular macrophytes, annual removal

by mechanical harvesting would reduce the rate of autumnal
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organic sedimentation and, thereby, reduce the rate of
filling in of the ponds. This would effectively extend

the life expectancy of the ponds.

CONCLUSIONS

1. The wastewater chemical melieu was the more

favorable environment for the growth of E. canadensis.

The doubling time was about 4-fold faster for this species
in the Fowlerville wastewater pond than in the catchment
pond. The lower primary productivity rates and maximum
standing crops achieved by the wastewater-grown E. cana-
densis is due to reduced spring vegetative density and
autumnal shifts in light intensity and ambient water
temperature. The effect was to alter the intensity of
environmental resistance significantly in the wastewater
site compared to seasonal variations in the catchment
pond.

2. The size of the standing crop at the study
sites was not related to the ambient soluble-P or

nitrate-N concentrations. Tissue levels in E. canadensis

and C. demersum were above the critical concentration
level established by Gerloff and Krombholz (1966). Appar-
ently, tissue levels as high as those observed here indi-
cate that neither the environmental level of phosphorus

or nitrogen is limiting to aquatic macrophyte growth.
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3. Though the size of the standing crop did not
reflect the soluble-P concentration of the study sites,

phosphorus tissue accrual by C. demersum and E. canadensis

was related to the ambient soluble-P concentrations among
the study sites. The tissue phosphorus level increased
in the submerged vegetation in a parallel fashion to
environmental levels of soluble-P encountered among the
three Study sites, This site difference in tissue-P con-
tent of the plants is attributed to the different environ-
mental conditions and not to genetic uniqueness of the
spatially separated populations.

4, Phosphorus levels in the submerged aquatic
plants were 2 to 10-fold higher than values reported for
aquatic plants grown in natural lakes and streams. Nitro-
gen levels were similar to the reported range for sub-
merged hydrophytes.

5. E. canadensis and C. demersum did not demon-

strate any difference in phosphorus accumulation within
the same site. However, nitrogen accrual tended to be
higher in C. demersum. Presumably, interspecific genetic
differences in phosphorus uptake and accumulation are
absent while existence of such differences are suggested
for nitrogen accrual.

6. On the basis of the Ca:P ratios, the submerged
macrophytes appear suitable for use as an animal fodder.

However, no information on the content of tissue nitrate-N
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is available. The possibility of deleterious accumula-
tions of nitrate-N should be considered.

7. Temporal variation in tissue-P content was
fairly constant in the catchment pond plants while more
variability was observed in the wastewater populations.
Where percentage tissue-P values remained relatively
uniform, the rate of phosphorus uptake is considered
approximately similar to the rate of biomass synthesis
up to and including the achievement of maximum standing
crop. Percentage tissue-N varied widely and no seasonal
pattern emerged.

8. The quantities of phosphorus and nitrogen
harvestable under a one-crop format in the Fowlerville
wastewater pond was ~16 and ~58 lbs/acre, respectively.
These quantities could be elevated by increasing the
number of cuttings and the size of the standing crops
at time of harvest. Removal efficiencies were estimated
by calculating the annual per person discharge of P and
N in domestic sewage. Under the harvesting conditions of
this study, macrophyte removal only equalled the P and N
annual discharge of 7 people. Extensive land area would
be required to serve a community of only 2,000 inhabitants
effectively. The problem of disposal of the harvested

plants may also be troublesome,
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